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EXECUTIVE SUMMARY

Environmentd assessments made by the Southern Appdachian Mountains Initiative (SAMI) are based on
chemicd transport modeling conducted by the Georgia Ingtitute of Technology (GIT) and the Tennessee
Vdley Authority (TVA). For thiswork GIT and TVA used the GIT Urban-Regiond Multiscde URM-

1ATM mode. Both GIT and TV A used subcontractors—Universty of Alabamain Huntsville(UAH) and
Alpine Geophysics, LLC (AG), respectively—to do the meteorological modeling. Thiswasdoneusing a
verson of the RAMS meteorologicad model that was modified and tested by Dr. Kevin Doty at UAH.

Simulated meteorol ogical fieldswere produced to drivethetrangport, diffusonand chemica reactionsinthe
URM-1ATM modd. SAMI recognized early tha, in an effort to address multiple ar quality-related
impacts from ozone, fine aerosols (vishility) and acid deposition, it had to examine multiple pollutants over
relaively long time periods. Thisrequired amethodology for estimating seasond (for ozone) to annud (for
vighility and deposition) pollutant levels. Smulaionsof 7- 12 monthsin length wereimpracticd for sudying
multiple emission scenarios given the schedule and budget for the SAMI assessment. Therefore, SAMI
chose to build its assessment using episodic modding.

A contractor to SAMI classified as many days as possible during the 1991-1995 period according to
meteorology and levels of ozone, aerosols and wet deposition observed at two target Sites: Great Smoky
Mountains Nationa Park and Shenandoah Nationa Park. Key time periods, or episodes, wereidentified
from these classfications as being representative of smilar conditions over the entire 5year period.

Weightswere assigned to the episodes (either by day or week, depending on pollutant), enabling SAMI to
scale up episodic model resultsto seasona and annua averageconditions at thetarget Stes. Consequently,
69 daysin nineindividua episodeswere selected to represent seasond or annua pollutant conditionswitha
minimum of bias. Two episodes occurred in winter (outside the 0zone season), two werein spring and four
werein summer. Episodes were 6 to 9 dayslong.

Individua dayswere classfied, when datawere available, asfaling into one of four ozone classes ranging
fromlow to very high ozonelevels. Smilarly, dayswere classfied asfaling into one of fivevishility dasses
based on fine aerosol mass. Weeks were classfied as faling into one of four wet deposition categories
based on the sum of mgjor cation and anion wet deposition species. Each target Site had its own separate
st of classfied daysand weeks. Each modeing episode experienced preci pitation, but some weeks had
only light amounts and others experienced moderate or heavy amounts. Ozone season episodes
experienced awiderange of daily ozonelevels. However, vishility conditions(total aerosol mass) exhibited
less variation within each episode.

UAH experimented with different modd options and input data before sel ecting acommon set to be gpplied
across dl episodes. A modeling domain was designed that, except for one episode, covered dl the
continentd United States. The lone exception was the first episode modeled: a summer period that,
because of light winds, was adequately smulated using a somewhat smaler grid. Initid and boundary
nudging fields were derived usng the NCEP Reandys's data set. Nested model grids of different spatial
resolution were used. In dl casesthe finest had agrid cell spacing of 12 km.
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Severd problems were experienced early in the modding. One criticd problem was achieving surface
temperature and water vapor mixing ratio vaues that were unbiased, on average, across the modding

domain. Selective, nontuniform surface nudging was implemented in the model. Note that no direct
nudging of meteorologica variables was done in the lower portion of thefinest (12-km) grid. However, a
unique form of surface heat and moigture flux nudging on the finest grid was gpplied to improve modd

performance. Another critical problem was initiating convective precipitation in regions where the

predominant forcing mechanism was active & sub-grid scales. In genera, convective precipitation was
difficult to reproduce. Problemswith precipitation modding caused significant delaysin selecting thefind

verson of the modd. Some changes were made to the standard RAMS convective parameterization

scheme, and for one episode an entirely different schemewas subgtituted. Other adjustmentswere madeto
gandard RAMS microphysics, radiation schemes, the water vepor diffuson scheme, the soil moisture
intidization process and afew other physica parameterizations. All changes were made after efforts to
model an episode indicated biases in various output variables.

Each meteorological smulation was evauated against observations. Standard Nationa Westher Service
(NWS) surface observations were used to compute a suite of datisticad metrics of surface model
performance for temperature, mixing ratio, and wind speed and direction. NWSand TVA precipitation
measurementswere used to compute errorsin model precipitation amount. NWSupper air datawere used
to evaluate modd performance. Theselatter data heavily influenced the nudging fields. Thus, upper leve
comparisonswith modd resultsonly indicated how well themodel nudging was able to maintain considency
with the nudging fidds

Grid-averaged modd bias, grosserror, and other metricswere andyzed for the 12-km grid. Two different
techniques were used to estimate grid-wide metrics. One method first produced a gridded field of

observations by interpolating from the surface observations and then comparing vertically interpolated (to
correct for height mismatch) model results with gridded observations. The other method compared

observationsa measurement sitesdirectly with modd resultsfor grid cdlscontaining the Steswithout doing
any spdid interpolations of observations or mode output. Statistica metrics varied between the two
approaches. For example, the gridded method estimated amean temperature bias of about - 1.2 °C across
al 9 episodes, wheress the direct-comparison method yielded a bias, for 7 of the episodes, of -0.8 °C.
However, the gridded technique produced a negative bias over eevated terrain that was an artifact of the
methodology and contributed to the appearance of a has that was essentidly unverifiable. Thus, the
differencein results between the two methodsis not considered important, whereas a surface temperature
bias of about -1 °C is considered to be quite good.

In other episode averaged comparisons, modeled surface wind speed was found to be biased high across
episodes by roughly 0.8 to 1.1 m s*. Modeed surface mixing ratio was found to be biased low by an
amount somewhere between 0.1 and 0.6 g kg*. Modeled surface wind direction was computed by both
methodsto have abias, across episodes, within one degree of zero. Therefore, two methodsboth indicated
that the meteorologica modeling provided reasonably accurate surface-level reproductions of relevant
parameters. Of course, larger biases and prediction errors were found when comparing mode resultsand
observations on adaily and an hourly basis.

Comparisons between modeled fields and observations doft indicated that the maximum daily computed
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mixing height over the fine grid was nearly aways within £400 m of that estimated from upper air data. A
couple episodes indicated some modest bias one way or the other. However, the spatia and temporal
average for most episodes was typicaly within £200 m. A check of model conformity to upper air
conditionsfor three of the episodes reved ed that temperatures usualy agreed within about 0.5 °C and wind
gpeeds usudly agreed within 1 m s*. Thislevel of agreement was expected because of the influence of

nudging.

Anoverview isprovided of meteorologica modeing performance datisticsfrom over 20 modeling episodes
other than SAMI. Regarding surfacetemperature, other studies have achieved results having biasesin the-
0.7 to 1.6 °C range. Mogt if not al of these sudies relied on nudging to achieve such good results. The
biases produced for the SAMI work are not that much different considering that no direct nudging of low-
level temperature was done on the finest resolution grid. Likewise, mixing ratio bias for the non-SAMI
episodes ranged between -2.0 and 0.8 g kg™, while SAMI episodes were between -0.6 and 0.0 g kg™.
Wind speed root mean square error (RM SE) ranged between 1.6 and 3.2 m s™ for the non- SAM| studies,
and SAMI RMSE was between 1.9 and 2.8 m s™. Finaly, wind direction biasesaslarge as 120 degrees
occurred in non-SAMI episodes, while the largest for a SAMI episode was 103 degrees. These
comparisons indicate that the SAMI modeling produced results that are at least as accurate as those for
modeling done using other modds, domains, and time periods.

One of the most important questions addressed in this report concerns whether the RAM S meteorological
fields are adequate for ther intended use in supporting the acid deposition modeling in SAMI. For the
reasons discussed in Chapter 9, we are not ableto answer thisquestion definitively, yet asgnificant amount
of information was developed in this study that supports our finding that the RAMS modeling results are
auitable for use in the UAM-AERO acid deposition modeding athough a number of important questions
remain to be answered fully.

Thereis no smply way to answer definitively the question of whether the RAMS fidlds are adequate as
input to the SAM I acid deposition modd. Thereare no universaly accepted performance benchmarksthet,
if passed, would alow one to declare unequivocaly that the RAMS fields are appropriate for use. For
complex amaospheric modeling problems like the ones being addressed by SAMI, it is quite doubtful that
such a set of definitive performance criteria will ever be completely sufficent.  The question of
meteorological data set adequacy depends, at aminimum, upon the pecific host emissonsand air quaity
models and the nature of the modeling episodes being used. Meteorological fidds that might be adequate
for use in one Stuation may be quite deficient in another if the particular chemicd and physica processes
that must be smulated are different. Thus, quantitative statistical and graphica performance criteria, though
helpful, are inherently insufficient in teling mode ers and decis on- makers whether meteorological fiddsare
adequate for ar qudity modding. In this study, we developed and then applied a multi-step evauation
process whereby the adequacy of the RAMS fidds for use in the SAMI acid deposition modeling was
evaluated.

In addition to comparing the SAMI resultswith alarge range of previous meteorologica modd evauation
dudies in the U.S,, we dso compared the RAMS evauation results with a recently proposed set of
meteorologica model evauation benchmarks based on the most recent model evauation literature. While
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these benchmarks are not aimed at assgning apassing or failing grade to a particular meteorological mode
gpplication, they do help put theresultsinto a ussful context for decison-makers. Based on these and other
analysesreported in Chapter 9, our overdl conclusonsregarding the adequacy of the RAM Smodding and
the reliability of the meteorologicd fidds supplied to the URM-AERO model are asfollows:

>

The SAMI meteorologicad modeling activity clearly sdlected an appropriate regiond prognostic
mode for usein the assessment;

The RAMS moddling was carried out in a logical, sound, well-documented manner that was
congstent with good scientific principles and the procedures commonly used in the application of
this sophisticated modd;

The suite of evauation procedures employed to test the RAMS model were comprehensive and
reflected severa different mode testing perspectives,

The data base available to test the RAMS modd was extremely limited, precluding a number of
meaningful, stressful tests of the modd to ascertain whether it suffers from internal, compensating
errors, asthe result, modd testing was confined principaly to an operationd evauation;

Generdly, the RAMS performance for surface and doft winds, temperatures, mixing ratios, and
precipitation are consstent with contemporary modeling experience and with new proposed
evauation benchmarks;

In some cases, notably the under-prediction biasfor surface temperature and over-prediction bias
for surface wind speed, the RAM S modd exhibits (for some episodes) featuresthat could have an
effect on the air quality modd estimates, however, this has not been verified through sengtivity
experiments with the URM-AERO modeling system to demonstrate that these biases are indeed
important. In other cases, notably mixing ratio, the RAMS performance was much better than is
typicaly encountered with modeling of this complexity; and

None of the performance testing results conducted have revealed flawsin RAMS performance of
such a magnitude as to clearly indicate the presence of errors that would render the model
inappropriate for use asinput to regiond ar quaity models.

We conclude that the RAM S meteorologica fields may be used, with appropriate cautions, asinput to the
regiona emissons and photochemical/aerosol modes for each of the episodes selected for the SAMI
assessment.



Description of Selected Acronyms

Acronym Description

AG Alpine Geophysics

AVHRR Advanced Very High Resolution Radiometer
FDDA Four-Dimensona Data Assmilation

GIT Georgia Indtitute of Technology

GSM Great Smoky Mountains National Park

MAPS Modd Performance Evaduation Andyss and Plotting Software
MM5 NCAR/PSU Mesoscae Modd version 5

MPE Mode Performance Evauation

NADP Nationd Atmospheric Deposition Program
NCAR Nationa Center for Atmospheric Research
NCEP Nationa Centersfor Environmenta Prediction
NDVI Normdized Differentid Vegetation Index

NOAA Nationa Oceanic and Atmaospheric Adminigtration
NWS Nationa Westher Service

PBL Planetary Boundary Layer

PSU The Pennsylvania State University

RAMS Regiond Atmaospheric Modeling System
SAMI Southern Appaachian Mountain Initiative

SST Sea Surface Temperature

SNP Shenandoah Nationa Park

UAH Universty of Alabamaat Huntsville

URM Urban-Regiond Multiscale Modd

UTC Universd Time Coordinate  (UTC - 5 hours = Eagtern Standard Time)
TVA Tennessee Vdley Authority



1 INTRODUCTION
1.1 Overview

Compuiter- based modeling done aspart of anintegrated environmenta impact assessment ponsored by the
Southern Appdachian Mountains Initiative (SAMI) can be classified into four categories. 1) emissions, (2)
meteorologicd, (3) air qudity (atmospheric chemigtry), and (4) environmentd effects. Together thisbody of
work represents an interdisciplinary approach for developing a comprehensive view of the relationships
between anthropogenic emissions and the environment of the southern Appaachiansasof the mid-1990s.
In addition, SAMI is using its modding system to forecast environmenta changes expected to occur in
response to dternative future emisson scenarios. This report, prepared by contractors to SAMI and a
member of the SAMI Atmospheric Modeling Subcommittee, describes the second modeling component
that deals with the meteorologica State of the amosphere.

Meteorologica modeling is necessary to provide certain required inputs to emissons modding and to
describe the state of the atmosphere in which alarge number of chemica reactions determine air qudity.
Meteorology influences the transport and dispersion of pollutants, chemical reaction rates, and the natura
(so-cdled “deposition”) processesthat remove pollutantsfrom thear. Therefore, meteorologica modding
isacritica early sep in the SAMI integrated assessment. The meteorologicd modeding done for SAMI
represents a state-of-the-art andysis usng a three-dimensond Eulerian (“grid”) modd whose domain
coversthe continental United States. Airflow, air turbulence, temperature, water vapor, cloud liquid water
and rain water content of the atmosphere were each computed to a depth of over 17 km through the
amosphere. This information in various forms was passed to the emissions and air quality modes after
completion of the meteorologicd smulations.

1.2 Episode Selection Criteria

Modd smulationsof the atmosphere, whether meteorologicd or chemica, makeintensve use of computer
resources. Evenwithtoday’ s high-speed machines, modeling of more than afew weeksisusudly cost- ad
time-prohibitive. Unfortunately, an assessment of ar pollution impacts must examine pollutant levels over
multiple seasonsor yearsin order to provide useful estimates of long-term environmentd effects. Therefore,
SAMI dected to modd air pollution using an episodic gpproach. 1n essence, thisapproach salectsasubset
of modeling days that have some known relaionship to longer time periods of interest. After modding is
donethe results can then be extrapol ated to the longer periods. An unavoidablelossin accuracy occursas
aresult. However, if modding episodes are carefully selected then, in theory, the effect on accuracy canbe
quantified.

Before SAMI sdlected moddling episodesit hired a contractor to devel op an episode characterization and
selection scheme. This scheme is described in detal in section 4.1. The focus of the scheme was to
characterize short periods (days or weeks) according to the level of pollutants observed during those
periods. Anobservationa database was assembled for aperiod from 1991 through 1995. Thisdatabase
included meteorologica data and ground-level air quality dataat selected target Stes. Theair qudity data
base components were hourly ozone mixing ratio, 24-hour average fine particle mass concentrations, and
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weekly wet deposition totalsfor four cation/anion species, SO,*, NO5, Ca?* and M. Estimated weskly
dry deposition totalswere later examined to classify time periodsfor dry deposition, but these datawere not
part of the episode selection process. Time periods for each pollutant type were then classified and the
ability of various days to represent entire classes was estimated based on a satisticd andyss. Findly,
various episodes were selected based on their overdl ability to represent a full range of annua pollution
conditions. SAMI sdlected nine episodes, atotal of 69 days, for modeling. Detailsof the episode selection
criteriaare found in section 4.1.

13 M eteorological M odel Evaluation

Mode performance evauation (MPE) is the process of testing a mode's ability to estimate accurately
observed atmospheric properties over arange of synoptic and geophysica conditions. When conducted
thoughtfully and thoroughly, the process focuses and directs the continuing cycle of model devel opmert,
data collection, modd testing, diagnogtic anayss, refinement, and re-testing. At times, however, this
process has been foreshortened in order to "vaidate' the modd with reedily available data so thet its
operationd or scientific use can be justified. Below, we briefly summarize the philosophy and objectives
that govern the evaduation of the RAM S prognostic modd for the SAMI gpplication and then identify the
specific evauation procedures that we employed to cdculate the modd’s performance reative to
measurements. 1 n Section 9.3 we present aforma processfor judging the adequacy of the RAM Sreaults.

131 The Importance of Meteorological M odel Performance Evaluation

Higtoricaly, the practice of meteorologica MPE congsted of comparing observed and predicted (actudly,
estimated) atmospheric Satevariables. The principa assessmentsincluded comparisons of two-dmasord
fiddsof predicted and observed variables, tempora comparisons of differences between observationsand
edimates for individua monitoring Sites, Spatid comparisonsof differences, asshown through residua maps,
and arange of gatidics, including regiond and sub-regiona average bias, root mean square error, and
differencesin areawide satigtics (e.g., preci pitation amounts) independent of time and location. Thefocus
of al these types of comparisons have typicaly been within the planetary boundary layer (PBL) up to 850
millibars (mb) or so. A millibar is a unit of pressure often used in meteorology as a surrogate for height
above the surface. Pressure decreaseswith dtitude. The standard (average) pressure at sealevel istaken
to be 1013 mb.

No standard practice for judging meteorologicd mode performance has evolved. While urbanscale
photochemicd ar quality models have been accepted for use in regulatory control Strategy assessments
when average discrepancies (e.g., gross errors) for ozone are of the order of 35% or less, and inaccuracy
or biaswas"not large.” (i.e., + 5-15% according to EPA definition), an andogous set of performance goals
has yet to be adopted for meteorologica modd s intended for air quality use (Seaman, 2000). Evenwhen
performance gods have been specified and achieved by air quality modds, the models passing arbitrary
performance criteria have often been found to contain sgnificant flaws, typicaly in the form of internd

compensating errors. Such errors can compromisetheoverdl reigbility of themodeling gpplications. Thus,
requiring a prognostic meteorologica modd to pass smilar ad hoc performance godsrunsasmilar risk.
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A key limitation in meteorologica mode performance eva uation to date has been thegenerdly inadequate
level of stressfulness to which models have been subjected in testing. Three main outcomes of testing are
possible A mode performs inadequately and is so judged, amodd performswell and is so judged, or a
model appears to perform adequately but is, in fact, Sgnificantly flawed. To ensure during testing that a
modd reveds any flaw(s), it must be adequately "stressed,” that is, subjected to testing that is designed to
reved and even highlight or amplify inherent inadequacies. Because performance testing of prognostic
meteorologica models has not been sufficiently stressful, flawed modes (actuadly modds plus input data
bases) containing internal compensating errors have occasionaly beenaccepted for use. Recommendations
for improvementsto the meteorologica M PE process have been proffered by severd scientists (Tesche et
al., 1990; Tesche, 1991ab; 1994; Hanna, 1994; Seaman, 2000) motivated by a number of objectives,
including improving the process, adequatdly stressing modds, improving the quadity of available databases,
gtandardizing the practice, and demydtifying the practice through clearer communication.

Guiddineshave been developed (Reynoldset d., 1994; Roth et ., 1998) for providing asound context for
model performance evaluation, establishing a common understanding of the process, and ensuring that
evauation efforts are properly formulated and reasonably complete. Elements of an “ideaL modd
evauation process’ include: (a) evaduating the scientific formulation of the modd through athorough review
process, (b) assessing the fiddlity of the computer code to the scientific formulation, governing equations,
and numerica solution process, (¢) eva uating the predictive performance of individua process modulesand
preprocessor models (e.g., emissonsand meteorologica), (d) eva uating the predictive performance of the
full modd, (€) conducting sengtivity andyses, (f) carrying out corroborative andyses, (g) carrying out
comparative modding, and (h) implementing a quality assurance activity. Idedly, dl of these activities
should be carried out in accordance with the procedures prescribed in an application-specific MPE
protocoal.

Obvioudy, the effort suggested above is considerably greater than that customarily devoted to MPE for
either meteorologicd or ar quaity models. However, integrated meteorological, emissonsand air qudity
models are being viewed as essentid tools in the development of emissions control plans. The costs of
controls are sufficdently high that decision-makers as well as society in genera will wish assurance that
imposed controls will be effective in reducing ar pollution levels. It isthus vitd that the overdl planning
process includes sufficient time and resources for conducting thorough eva uations of modd performance.

132 Evaluation Objectives

The objective of the RAM S performance evaluation was to assess the adequacy of the surface and doft
meteorological fidds estimated by the modd for the nine (9) episodes selected by SAMI. More
specificaly, we have attempted to assessthe adequacy and rdliability of the meteorologica fieldsfor input to
the URM-1ATM regiond photochemica modd. Meteorologica inputsrequired by URM-1ATM indude
hourly estimates of surface pressure and clouds; the three-dimensiond distribution of winds, temperatures,
and mixing ratio; and other physicd parameters or diagnosed quantities such asturbulent mixing rates (i.e.,
eddy diffusvities) and planetary boundary layer heights. As described below, the RAMS evauation
centered on compari sons between surface and d oft meteorol ogica measurements obtained principdly from
Nationa Westher Service (NWS) reporting stations.
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1.33 The Evaluation Process

As noted, the primary am of the RAMS evauation was to assess whether the smulated fields from the
meteorologicad modeling systems may be relied upon to provide wind, temperature, mixing, moisture, and
radiation inputs to URM-1ATM for avariety of adverse ozone, visibility and acid deposition periodsin the
eadtern U.S. We use the term "modding system" to refer to the RAMS modd source code, its
preprocessor and data preparation programs, the underlying data base, and the post- processor programs
that map (i.e., interpolate) the smulated meteorologica fidds onto the air quaity modd grid meshes.

Idedly, a comprehengive evauation of RAMS would include dl of the steps identified previoudy:

Such an intengive evaluation process is rardly, if ever, carried out due to time, resource and data base
limitations. Neverthdess, it is useful to identify the ideal evauation framework so that the results of the
actual evauation can bejudged in the proper perspective. Thisaso alowsoneto set redistic expectations
for the reliahility and robustness of the actua evauation findings.

The RAMS modding system is well-established with arich development and refinement history spanning
more than two decades (Pidke et d., 1992). The mode has seen extensive use worldwide by many
agencies, conaultants, university scientists and research groups. Thus, the current version of the modd as
well as its predecessor versons have been extensvely "peer-reviewed' and consderable agorithm

development and module testing has been carried out with al of the important process components.

Accordingly, the performance evauation focused three stepsin the ided testing process, namdly:

> Evauate the full modeing system'’s predictive performance;

> Evauate the direct meteorologicd output from the models aswell asthe mapped fiddsthat @
processed into air quality model-ready inputs, and
> Implement aquaity assurance activity.

Performance testing of the RAMS moded is divided into two generd categories: operationd and scientific.
The operational evaluation refers to an assessment of a mode’s ability to estimate atmospheric
observations independent of whether the actua process descriptions in the model are accurate (Tesche,
1991ab). Itisan examination of how well themodel reproducesthe observed meteorologicd fiddsintime
and space consgtent with the input needs of the air quality model. Here, the primary emphasisis on the
mode's ability to reproduce hourly surface wind speed, wind direction, temperature, and mixing ratio
observations across the 12 km grid domain. The operationa evaluation provides only limited information
about whether the results are correct from ascientific perspective or whether they are thefortuitous product
of compensating errors. Thus, a"successful” operationd evauationisanecessary but insufficient condition
for achieving a sound, reliable performance testing exercise. An additiond scientific evauation is dso
needed.

The scientific eval uation attemptsto e ucidate the relism of the basic meteorologica processessmulated
by themodd. Thisinvolvestesting the mode asan entire system (i.e., not merely focusing on surfacewind
13



predictions) as well as its component parts. The scientific evauation seeks to determine whether the
modd's behavior in the aggregate and in its component modules is conagtent with prevailing theory,
knowledge of physical processes, and observations. The main objectiveisto reved the presence of bias
and internd (compensating) errorsin the model that, unless discovered and rectified, or at least quantified,
may lead to erroneous or fundamentally incorrect technica or policy decisons. Typicdly, the scope of the
scientific evaluation islimited by the availability of specid meteorological observations (radar profiler winds,
turbulence measurements, PBL heights, precipitation and radiation measurements, inert tracer diffuson
experiments, and so on). Unfortunately little if any of this type of supplemental data collection was
performed during the SAMI episodes. Thus, the scientific evauation component in this study is quite
limited, focusng on the models ahility to reproduce daily precipitation amounts. Furthermore, due to the
lesk of adequate diagnogtic information, where errors in the modeled precipitation fidds arise, it isvery
difficult to assign a specific course.

1.34 Complementary Per spectives Brought to this Evaluation

One consequence of SAMI’s selection of two different groups to perform the meteorologica modeling
elements of its sudy is that somewhat different perspectives are introduced into the modd performance
evauation portion of the research. Generdly spesking, the researchers a8 UAH examine mode

performance from a‘synoptic’ or broad-scale perspective while scientists at AG emphasizethefiddity of
model predictionsin thevicinity of surface and doft measurement steswithin the planetary boundary layer.
Whilethereisdefinitely overlap between the two perspectives, the andytical procedures, statistica metrics
and graphica toolsemployed by thetwo groupsdiffer somewhat, reflecting their particular perspectiveand
experience in prognogtic modd evduation.  Actudly, these differences are a strength, leading to

complementary and corroborating examinations of performance and producing insghts into the modd’s
operation that might not be as thoroughly examined via one approach done. Asaresult, the results of the
episodes evaluated by UAH (e.g., July 1995, May 1995, May 1993, March 1993, February 1994, and
July 1991) are presented using the UAH-devel oped analysis software. In contrast, the MAPS evaluation
software developed by AG was used in performance testing of the August 1993, June 1992, and April-

May 1995 episodes. While the graphical presentation methods differ dightly, both have been used

extensvely and effectively in past eva uations reported broadly in theliterature. Thus, reeders should have
minima difficulty understanding each gpproach.

Tointegratethe UAH and AG evduationswith acommon set of satigtica and graphicd tools, wehaveadso
re-evaluated saven of the episodes (four from UAH and three from AG) usng certain of the MAPS
gatistica and graphical measures. Moreover, the UAH surface layer methodology was used to compute
egimate mixing ratio, temperature, and wind speed and direction performance satistics for al nine of the
SAMI episodes. Thus, the RAMS evduation presented in this report features two complimentary
perspectives from which the moded testing is carried out together with two additional anayses that
summarizemogt or dl of the modeing episodes using common gatistica and/or graphicd tools. Wefed this
additiond effort strengthens the overdl evaudtion of the modd and far outweighs any inconvenience
introduced by, say, different plotting methods in a common report.

14



135 Structure of Report

Thisreport isorganized asfollows. Details of the meteorologicad modd are described in section 2 and the
gpplication of the mode is described in section 3. Section 4 outlines the episode sdection process. The
gpproach for the meteorological mode performance evauation is described in section 5. Results of the
surface evaudion of the modding are presented in section 6 and the evauation of conditions aoft is
presented in section 7. A comparison between SAMI modeling performance and that for other modeling
exercisesispresented in section 8. Thereport issummarized in section 9 together with an assessment of the
suitability for the RAMS meteorologica fidd as inputs to the URM-1ATM mode.

20 THE METEOROLOGICAL MODEL
2.1 Overview of RAMS

The Regiona Atmaospheric Modeling System (RAMS) verson 3awas the meteorologicad modd used for
the SAMI smulations. A description of the RAMS model and the modeling process is provided in the
SAMI meteorological modedling protocol (see Appendix 4). The reader is referred to the protocol
document for details not covered here.

RAMS is a three-dimensond primitive-equation modd which has a sgma-z vertica coordinate and a
choice of horizontal coordinates. For the SAMI smulations the horizonta coordinate system was an
oblique stereographic map projection which yiddsmap scalefactorscloseto 1.0 if the map projection pole
ischosen closeto the center of the coarse grid domain. RAMSisamerger of ahydrogtatic modd originaly
developed at the Univerdty of Virginia (Pieke, 1974; Mahrer and Pielke, 1977; McNider and Pieke,
1981, 1984) and a non-hydrostatic model developed by Tripoli and Cotton (1982) at Colorado State
Universty. RAM Swas chosen asthe meteorologica model because of its previous successful smulations
inthe southeastern United States of circulationsimportant inair pollution (e.g., Casey et d. 1995; Mudler et
al. 1996) and because of the experience of the UAH contractor in using the modd.

The July 1995 episode wasthefirst smulation performed. Thiswasfollowed by atemptsa smulating the
April 1994 episode. Examination of the results of these two Smulations led to a series of changes to the
RAMS system to improve performance in light of the SAMI requirements. The rest of the episodes were
performed with essentially afixed set of procedures and program codes. Theinability to producearedistic
precipitation field for the April 1994 case led to it being replaced by the July 1991 episode.

2.2 RAMSHorizontal Grid Structure

Figure 21 shows the nested horizonta grid structure used for the July 1995 episode. The coarse,
intermediate, and fine grids had grid cdls of 48-, 24-, and 12-km, respectively. The next smulation
attempted was the April 1994 episode and it reveded that the origina grid structure would need to be
changed because of unacceptable interactions between the eastern portions of the 12- and 24-kmgridsin
high gpeed flows. The nested grid arrangement used for al the other episodes is shown in
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Hgure 2-2. The coarse, intermediate, and fine grids for this new grid setup had grid cdls of 96-, 24-, and
12-km, respectively. The 96-km grid was chosen so that itsborderswere asfar as possible from the other
two grids and from naturd boundaries such as the Rocky Mountains and land-ocean boundaries pardle

with one or more grid edges.

SAMI RAMS Domain : Oblique Stereographic Projection

Grid 1 CLAT=37.800 CLON= —865.100 DX= 48.00 kmm DY= 48.00 kim NX= 69 NY= B1
Grid 2 CLAT=35.748 CLON= —80.045 DX= 24.00 Iom DY= 24.00 km NX= 70 NY= 88
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Figure2-1. Nested grid system used for the July 1995 episode only. Only every other grid point is plotted for each of the
gridsby a“+”.“CLAT” and “CLON”" in thetop |abel refer to the central latitude and longitude, respectively, for each grid.
“DX” and “DY” refer to the horizontal mesh sizeinkm. “NX” and “NY” refer to the number of the grid pointsin the west-
east and north-south directions, respectively.
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SAMI RAMS Domain : Oblique Stereographic Projection

Grid 1 CLAT=37.000 CLON= —85.000 DX= 98 00 km DY= 96.00 ki NX= B3 NY= 860
Grid 2 CLAT=36.077 CLON= —81.256¢ DX= 24.00 kin DY= 24.00 km NX=106 NY= 80
Grid 3 CLAT=36.521 CLON= —81.641 DX= 12.00 kim DY= 12.00 km NX=100 NY= 74
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Figure 2-2. Nested grid system used for all the episodes after the July 1995 episode. Only every
other grid point is plotted for each of the gridsby a“+”. “CLAT” and “CLON" in the top label
refer to the central latitude and longitude, respectively, for each grid. “DX” and“DY” refer tothe
horizontal mesh sizeinkm. “NX” and “NY” refer to the number of the grid pointsin the west-east
and north-south directions, respectively.

2.3 RAMSVertical Grid Structure

RAMS employs asgma-z vertica coordinate defined by

_H (Zk' E)
(21 hk_m;

where h, isthe sgma-z coordinate a level k, z isthe actua height above mean sealevd, Hisascadeheight

a the top of the model domain where the sgma-z levels are horizontd, and E isthe terrain height above

mean sealeve. RAM Shastwo vertica gridswhich are staggered with repect to each other. Thefird grid

has only the vertica veocity defined on it and itsfirst level is a the surface. The second grid with dl the

other variables hasitsfirst level below ground but has the same total number of levels. For the SAMI grid
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35 verticd levels were chosen with H equd to 17.4 km. The SAMI grid is shown in Figure 2-3 for the
second vertica grid with the exception that the first Sgma-z leve is plotted at the surface. The Sgma-z
surfaces follow the terrain surface in an gpproximate manner and are flat over areas where the terrain
surfaceisuniform. In sgma-z coordinates, for either vertica grid, thefirst level above ground has adepth of
20m.
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Figure 2-3. Sigma-z vertical coordinate system with 35 levels used for all episodes. Hypothetical
mountain is shown with a maximum altitude of about 1.2 km which is about the maximum height of the
actual terrain on the 12-km horizontal grid over the southern Appalachian Mountains.
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24 RAMS Modd M odifications
241 Surface Grid Files

Theorigind schemein RAMS cd culatesthe surfacefields of terrain, vegetation type, land percentage, and
sea surface temperatures (SST) for each grid from data files which are part of the moddling syssem. The
leaf areaindex (LAI) and vegetation fraction are ca culated primarily through asingle seasond temperature.
Thesoil typeisadso specified asasingletype. Thelatter goproach for the LA, vegetation fraction, and soil

type was used for the July 1995 episode. | nitid amulations of the next episode (April 1994) reveded that
the LAI and vegetation fraction fields would need to be defined in a better way. Soil type and vegetation
fraction data were obtained from the Earth System Science Center (ESSC) of the Pennsylvania State
Universty (http://www.essc.psu.edu/). The State Soil Geographic (STATSGO) data set provided 1-km
resolution soil type datafor the continental United States. The vegetation fraction data were derived from
Advanced Very High Resolution Radiometer (AVHRR) satdlite imagery usng a normalized differentid

vegetation index (NDVI). These data had a spatid resolution of 1 km and were available as biweekly
composites. NDVI data sets were chosen with beginning and ending times which best fit the SAMI

episode. Another mgjor data set was a CD-ROM collection from the Internationa Satellite Land Surface
Climatology Project (ISLSCP). Thisdata set provided global 1° |atitude-longitude resolution for leaf area
index, soil type, and vegetation fraction data. The 1° soil type and vegetation fraction data provided
coverage for thosefiddsfor the 96-km coarse grid which were not covered by the STATSGO and NDV I
data. The 1° lesf areaindex datawasinterpol ated to each of the nested SAMI grids. The | SLSCP sail type
and vegetation fraction data were monthly averages from the year 1987 and were used by choosing the
closest month for the SAMI episode being considered. Another mgjor data set which will be discussed
further in section 3.1 isthe Nationd Centersfor Environmenta Prediction/Nationa Center for Atmospheric
Research (NCEP/NCAR) reanalysisdata (Kanay et a. 1996). The reanaysis datawas used to provide
SST data rather than the RAMS monthly climatologica vaues for al episodes. Origind resolution of the
reanalyis SST datais 1.875° longitude and gpproximately the same resolution by latitude. All the episodes
after the July 1995 episode used these data sets to define the surface characteristics.

The soil moigturefor the July 1995 episode wasinitidized by interpreting the reanaysis soil moisture vaues
asafraction of saturation and multiplying them timesthe RAM S saturation vaues. As discussed in section
6.1 there was a Sgnificant dry biasfor boundary layer vaues of water vgpor mixing ratio in the July 1995
smulation. The remaining episodes used aspecified fraction of the reanaysis soil moisturefor initidizing the
RAMS soil moisture vaues. The remaining episodes aso used the surface nudging technique describedin
section 2.4.2.5 which reduces the impact of the soil moisture. In areas where the surface nudging is not
done (primarily over mountainous areas) the primary influence of the soil moisture is the impact on the sol
specific heat values.

Figure 2-4 illudrates the terrain fidd for the 12-km grid. The highest terrain had an dtitude on the order
of 1.1 km.
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Figure 2-4. Terrain for the 12-km grid used for episodes after the July 1995 episode. The highest values are
near 1.1 km over the West Virainia-Virainiaand Carolinas-Tennessee borders.

24.2 Model Physics Changes
2421  Microphysics

The complete RAM S microphysics suite of condensate regimesincludes cloud water and Six precipitation
types. rain, pristineice, snow, ice aggregeates, graupe, and hail. A subset of thesetypeswas selected for the
SAMI smulationsbecause of time congtraints and computer memory limitations. Only cloud water andran
precipitation water were activated for dl episodes. In attempting to smulate the second episode (April

1994) it became apparent that severa changes would be required in the microphysics with such alimited
choice of condensate types. Unredligtic cloud water values at heights above 5 km led to changing the
RAMS autoconversion of cloud water to asimple scheme asin Kesder (1969)

Tr. _ i
(1) T - ka[r c rcrit]'

where . isthe dloud water mixing ratio, r.i; is athreshold value, and k. is a constant set to 10% s, When

cloud water va ues are bel ow the threshold val ue the autoconversion tendency is set to zero. Thethreshold
value was determined by
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where I, & IS the saturation water vapor mixing ratio. Equation (2) then sets the threshold vaue to the
smallest of either 10% of the saturation water vapor mixing ratio or 0.50 g kg™.

Two other changes where made to accommodate the small selection of condensate types. One was to
meake the termind velocity of rain a function of temperature. For temperatures above (O°C the default
RAMS vaues where used. For temperatures below —20°C avalue of 1 m s* was used to imitate the
effects of smdl ice particles. For temperatures between the two limits a linear trandtion was used. The
other change was to use the same temperature limits to make the collection efficiency a function of

temperature. For temperatures above 0°C the fficiency was set to 1.0 and for temperaturesbel ow —20°C
it was set to 0.50.

24272 Kuo Convective Scheme

The only choice of a convective parameterization for this verson of RAMS is a modified Kuo (1974)
scheme with a smple downdraft. Initid smulations of the July 1995 episode revealed a need for some
changes to the convective updraft cdculations. Theinitid smulations reveded areas with unredidicdly
deep convection and also large areas of model convection were produced where none was observed. A
ample entrainment model as originally proposed by Turner (1962) was introduced

where M and R are the updraft mass and radius, respectively. The updraft radius was set to 1500 m asa
typica vaue after Kain and Fritsch (1990). This change reduced the tendency for convection to be too
deep in some areas. The default RAMSS code alowed convection to occur in areas with large convective
available potentid energy (CAPE) but also with extremely large magnitudes of convective inhibition (CIN)
(Colby, 1984), whichin redlity prevent convection from occurring. A CIN calculation wasintroduced into
the Kuo scheme such that no convection was alowed to occur if the CIN was less than -20 J kg™
regardless of the CAPE vaue. Thischange produced the needed results when compared with observations
for initid amulations of the July 1995 episode.

Thelast changeto the Kuo convective scheme dlowed moreflexibility in the maximum downdraft cooling a
thesurface. Theorigina formulation set the surface cooling magnitudeto the largest difference between the
updraft and the environment with alimit of 2.5°C imposed. Asan dternativethe evaporation formulafrom
Rutledge and Hobbs (1983) was used to caculate cooling rates beneath cloud base. This approach

alowed more redligtic variability for downdraft temperatures as a function of the relative humidity of the
environmen.

2423 Radiation Calculations
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Resaultsfrom the July 1995 and April 1994 episodesreveded that clouds and preci pitation were having too
large of an impact on surface temperatures. In areas of precipitation this was characterized by surface
temperatures being too cool during the daytime and to a lesser extent being too warm at night. One
possible explanation for thisisthat cloud water valuesmay betoo large given the smple set of microphysics
chosenfor thesesmulations. No observationsexist to verify cloud water va ues but the modd vauesfor dl
the smulations seemed reasonable even with the microphysics options chosen.  The Stephens (1978)
parameterization uses the vertical liquid water path (LWP) asameansto introduce condensate effectsinto
the radiation caculations. The LWP for agiven modd layer is given by

4 LWP = fr r Dz,

where f is an arbitrary factor which will be discussed later, r isthe ar dengity, r; isthe total condensate
mixing ratio including cloud and dl types of precipitation, and Dz is the thickness of the modd layer. To
help with the problems discussed above, r; was changed to include only cloud water and not precipitation
water. Inthe origind version there was no factor f but wasintroduced to reduce the LWP values. For the
longwave caculations f was set to 102 while for the shortwave caculations it was set as a function of
temperature. For temperatures greater than —-5°C it was set to 0.50 and for temperatures|essthan—15°Cit
was set to 102 For temperatures in between it was set as a linear transition between the two values.
These changes hel ped with the temperature errorsin areas of precipitation but did not remove them entirely.

Intheorigind RAM S codethe cloud fraction which isused in the radiation caculationsis ether one or zero.

The Ek and Mahrt (1991) cloud fraction scheme was introduced as described by Mocko and Cotton
(1995). Thisdlowed cloud fractionsin the unstable boundary layer to be afunction of the horizontal mesh
gze, the surface moisture flux, and the standard deviation of the subgrid-scdevertical velocity. Thischange
was made in an effort to improve the surface temperature performance of the mode!.

24.2.4  Nudging

The origind nudging scheme in RAMS can be described as

(5) %= (A, A).

where A, isagiven modd variable, A, isthe value being nudged towards, and W isaweight which isthe
inverse of atime scaewhich providesthe magnitude of the desired nudging. Theweight W isthe maximum
of twoweighting schemes: oneisaquadratic function of the horizontal distancefrom the nearest modd grid
edge, and the other isalinear function of height. The quadratic scheme can be described by

(6) Wh =Wmax +M/min ) Wmax )% !

where d is the horizontal distance from the nearest mode grid edge, d,, is the distance beyond which
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Wh=Wnin, and the weights Wi, and W are defined by the time scdes asin (7). The disance d, is
represented by the RAMS variable NUDLAT.

W, =YTNUDLAT
@) 1I'Wmm =1/ TNUDCENT

%Wtopm =1/TNUDTOP

The verticd scheme is described by (8) where z isthe height of agiven modd grid point, z isthe height of
the top modd levd, z, isaspecified height which isthelowest height where the linear schemeis caculated,
and Wi, max IS defined by atime scde asin (7). The height 3 is represented by the RAMS variable
ZNUDTOP. TheRAMSvariablesTNUDLAT, TNUDCENT, TNUDTOP, NUDLAT, and ZNUDTOP
are specified in the RAMSfile "RAMSIN."

Z-Z
Zt' Zb

Z- 7
Zt‘ Zb

(8) Wz :Wmin +Wtop,max

For heights below z, the quadratic schemeisused to give W whilefor heights above z, the maximum of the
two schemesisused. Intheorigind verson of RAM Sthereisno provisonfor varying theRAM Svarigbles
TNUDLAT, TNUDCENT, TNUDTOP, NUDLAT, and ZNUDTOP acrossthenested grids. Thesewere
made variable for the SAMI episodes after the July 1995 episode and the values used are described in
section 2.6. The values were chosen so that nudging was performed strongly on the coarse grid but then
reduced sharply on theintermediate grid and with little or no nudging on thefinegrid. Theexceptiontothis
was near the modd top where strong nudging wasdoneon al gridsto control noise production near thetop
boundary.

Thisorigind RAMS weighting scheme was modified for the SAMI smulaionsasin (9):
(9) Wadj :W W prWcoI

whereW ; isthe new adjusted weight and W, and W o are adjustmentsto the origind RAM Sweight W.

The W,y adjustment is set to zero for thelowest 2 kmin order to alow themodd physicsto perform fully
without interference from the nudging fieldswhich do not have the spatia and tempora resolution to beused
there. The W, was aso used to turn off the nudging of moisture for lower levels where the nudging fidds
were less accurate with respect to the observed moisture.

Theorigind RAMS modd usesthe Louis (1979) parameterization in determining the surface fluxes which
eliminatesthe need for any iterative ca culationsto determine the Monin-Obuk hov (1954) length. Beljaars
and Holtdag (1991) provide evidencethat the difference between the L ouis (1979) approach and an exact
caculation can belargein stablestuations. Therefore, an efficient iterative gpproach which explicitly solves
for the Monin-Obukhov length asafunction of the surface Richardson number wasimplemented using the
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generd recommendations of Beljaars and Holtdag (1991). The trangition of the surface fluxesto the free
convection regime was implemented in afashion smilar to Beljaars (1994).

24.25  SurfaceNudging

The July 1995 episode and attempts at Smulating the April 1994 episode demondtrated the inability to
specify soil moisture adequately to enable reasonable cal culation of the surface heat and moisture fluxes by
the modd. Thisled to unacceptable errors in temperature and moisture in the planetary boundary layer
(PBL) which could become quite large in the 10-day smulations required for SAMI. A scheme was
developed which used observed analyses of near-surface temperature, moisture, and wind to improvethe
PBL performance of the modd. The basics of the scheme are described by equations 10-14. They usea
generic varigble “A” which can represent temperature, water vapor mixing retio, or wind speed. Using
Monin-Obukhov (1954) smilarity theory the vertica gradient of avariable“A” inthe PBL surfacelayer is
given by (10) (see e.g., Bdjaars and Holtdag, 1991):

o) U
(100  A- Ao:Adn—-y &2, & 2= AF
Vig z ~ glz &Ly

where the subscript z represents values a a specified leve above the surface a height z (2 m for
temperature, 10 m for winds), the subscript “0” represents surface vaues, A* is the smilarity scaling
parameter, \ is the von Karmen congtant, z is an appropriate roughness length, Y is the integrated
gmilarity function, and L is the Monin-Obukhov (1954) length. The right-hand side of (10) expressesthe
equation in a Imple manner where the von-Karmen congtant and the terms in the brackets have been
relabeled as“F.”

(11) Az obs~ AO -

A"’Sén—-y 9— +y é—-u Aobs
Vk g

Equation (11) showsthe same relationship but expressed for the observed value of A denoted by A, gsWith
acorresponding scaling parameter A;bs . Thisisacorrect atement if one assumesthat the function “F’

remains unchanged which is acceptable for the short time steps used in the model.  Subtracting (11) from
(20) givesequation (12) which expressesthe difference between the observed and modd smilarity scaing
parameter as afunction of the difference between the observed and modd values a height z

(12 DA =Awe- A :M

The scaling parameter is then nudged toward a vaue in agreement with smilarity theory by (13), where
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Dt; is a specified time scale (10 min for dl episodes), and Dt,, isthe modd time step.

*
(13) A:EW: A* + E[))'? Dt

The surface "skin" vaues of A are nudged in asimilar manner based upon the difference between the
observed and modd vaues at height z asin (14).

Az,obs - Az

(14  Aoren= Aot
Dts

Dtm

Test amulations showed that this technique improved near-surface values of temperature and moisture
sgnificantly but had little effect on winds. All three variables were nudged in this manner but the mgor
impact was on the surface fluxes of heat and moisture. The near-surface analyses of the required observed
vauesare obtained by atechnique which isdescribed in section 3.2. Figures 2-5to 2- 7 illusrate the regions
wherethe surface nudging was performed onthe 96-, 24-, and 12-km grids, respectively. Thesurfacedata
used to create the observed surface andysiswere only available for the United States and southern Canada
Surface nudging was not done in areas with no available data, areas over water, and areas exceeding

specified terrain dope limits for each grid.
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Figure 2-5. Colored areas denote where surface nudging was performed on the 96-km grid as described in
the text. Non-colored regions are where surface nudging was not performed because of terrain slope, awater
surface, or unavailability of data.
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Figure 2-6. Colored areas denote where surface nudging was performed on the 24-km grid as described in
the text. Non-colored regions are where surface nudging was not performed because of terrain slope, awater
surface, or unavailability of data.

Figure 2-7. Colored areas denote where surface nudging was performed on the 12-km grid as described in
the text. Non-colored regions are where surface nudging was not performed because of terrain slope, awater
surface, or unavailability of data.



24.26  Surface Energy Budget

Initid smulations of the April 1994 episode reveded a strong cool bias of surface temperatures over
vegetated areas. This led to changes in the radiation baance for the soil and vegetation canopy which
considerably decreased the cool bias. The gpproach chosen was a smple version based on ideas taken
primarily from Avissar and Mahrer (1988) but aso some detailsfrom Sdllerset d. 1986 and Y amazaki et
al. 1992.

First the changesto the radiation balancefor the soil surfacewill be discussed briefly. Thetransmissvity for
both shortwave and longwave radiation for vegetation was ca culated by

(15 t . =ep| 050L ),

wheret,q iSthevegetation transmissvity and L isthelesf areaindex. The net shortwave radiation for soil
covered by vegetation is given by

16 R.=0 fatoR

where Rs«ii iSthe shortwave radiation absorbed by the soil, R isthe downward shortwave radiation just
above the surface, a4 isthe soil albedo, and f,is an abedo reduction factor. The latter factor was set to
0.50 over mainly mountainous areas where the surface nudging is not done to help the remaining cool bias.
The net shortwave radigtion for bare soil isgiven by (16) with the vegetation transmissvity setto 1.0. The
only other change made for the soil shortwave radiation was to set the albedo to afixed vaue of 0.80 for
areas with snow cover for the February 1994 episode. The contribution from the atmospheric downward
longwave to soil covered by vegetation is given by

(17) RL,soiI :evt veg RL’

where R_ & 1S the longwave radiation absorbed by the soil, R_ is the downward longwave radiation just
above the surface, and e, isthe vegetation emissvity. The atmospheric longwave redigtion for bare soil is
given by (17) with the vegetation transmissivity and the vegetation emissivity st to 1.0. The longwave
contribution from the vegetation to the soil surface is described by

4
(18) Rivsoil = eé(l' t vegxl' eV)S TZ tegey (1' t veg)s T~ eyS Ty ,
() (b) (c)
where R, «il IS the longwave radiation emitted by the vegetation and absorbed by the soil, ey isthe soil
emissvity, Ty isthe soil skintemperature, T, isthe bulk canopy vegetation temperature, ands isthe Stefan

Boltzmann condant. In (18) term () represents the radiation initidly emitted from the soil and reflected
back to the surface, term (b) represents the radiation emitted from the vegetation to the surface, and term
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(c) represents the emission from the soil surface itsdlf. For soil with no vegetation terms (a) and (b) are
zero.

Tota shortwave radiation absorbed by the vegetation, Rsyeg, IS given by (19) where a, isthe vegetation
dbedo. Term (a) in (19) isthe portion of the downward solar radiation which is directly absorbed while
term (b) isthat portion which is absorbed after one reflection from the ground.

19 Relte falRefat.R
(@) ()

The atmospheric longwave radiaion absorbed by the vegetation, R e iSgiven by (20). Theremaining
components of the vegetation longwave balance are given by (21) whereterm (8) representsthe absorption
of someof thelongwave radiation emitted by the vegetation initialy and then reflected from the soil surface,
and term (b) represents the emission of longwave radiation from both sdes of the vegetation canopy.

) R..=e0tR

(21) RLv,veg = ej(l-t Vegxl_ eg% Tj- Zev(l't veg% Tj
(a) (b)

The bulk specific heet for the vegetation canopy was changed to the formulation suggested by Sdllers et
al. 1986

(22)  ¢,,0.20 cwlLAl -

where ¢, is the vegetation specific heet, ¢, IS the specific hest for liquid water, and LA isthe leaf area
index.

2427 Alternate Convective Par ameterization

Initid smulations of the July 1991 episode (chosen to replace the April 1994 episode) showed poor
precipitation performance using the Kuo convective parameterization. An dternate scheme wasused only
for thisepisode. It consstsof aplumemode for the convective updraft and downdraft and amass baance
gpproach to determine the environmenta subsidence. A closure scheme is then used for weighting the
contributions from the updraft, downdraft, and environment to the grid- scaletendencies of temperature and
moisiure.

The updraft plume mode follows the Kain and Fritsch (1990) approach for calculating the entrainment of
environmentd arr into the updraft. Theleve chosen for sarting the updraft parcel isthe onewith thelargest
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CAPE greater than 50 J kg* with a CIN greater than —20 J kg and with a positive grid-scale vertical
veocity. Theinitid updraft radiusistaken asthe largest of the following: aradiuswhich isafunction of the
bulk Richardson number, aradius based on the planetary boundary layer (PBL) mass flux, and aradius
which isafunction of the depth of the PBL.. The updraft caculationsaso includethefollowing: 1) asmple
form of Kesder (1969) microphysics; 2) the effects of water loading, friction, and perturbation pressureon
the vertica velocity; 3) freezing of condensate water; and 4) the updraft radius is calculated by a mass
conservation approach.

The downdraft caculations dso use a plume moded and are done after the updraft calculations. Theinitia

and highest garting level for the downdraft cdculations is the leve of the minimum saturated equivaent
potential temperature (LFS). Downdrafts are attempted Starting at this level and at consecutively lower
levels down to the updraft condensation level (LCL). The acceptable downdraft is the first one which

reaches the ground or if none reach the ground the one with the deepest thickness. Theinitid downdraft
darting radiusis set to the average updraft radius between the LFSand L CL heights. Thedowndraft plume
modd includes the effects of water loading, ice mdting, friction, entranment, and the evaporation of

precipitation. The downdraft is fed by a steady-date caculation of precipitation from the updraft. This
initid downdraft cdculation is then modified to achieve arain-cooled pool of air below cloud base. The
tota mass of the cool poal is caculated from the initid downdraft values of vertica velocity and radius at
cloud base and atime scde required to build the updraft above cloud base, which for this discussion is
denoted by t,. Theinitid downdraft radius profile between the levels LFS and LCL is then adjusted by
iteration to provide atime required to build the complete cool pool which is closeto thetime scalet .

The last mgor set of cdculationsinvolve the determination of an environmentd radius, R, which controls
the magnitude of the environmental subsidence and providesameansto weight the updraft, downdraft, and
environmental contributions to the total tendencies. The radius R ischosen asthelargest of thefollowing:
the radius of PBL air required to build the updraft, the surface cool pool radius, the maximum updraft
radius, and aradius based on the mean wind speed over the updraft depth and atime scale based on the
mean Brunt-Vasdafrequency over theupper hdf of theupdraft. Theenvironmenta heating and moistening
rates are determined by the vertica gradients of temperature and moisture multiplied by an environmentd
vertica velocity, W.. The veocity W, is caculated from amass flux conservation approach which alows
environmental subsidence to complete the mass baance from the resdud of the updraft and downdraft
meass fluxes. The find gep in determining the grid-scale tendencies is an area weighting of the updraft,
downdraft, and environmenta tendencies.

24.28 Changesin Other Physical Parameterizations

Thediffusvity of water vapor was changed to aformul ation which included the effects of pressurefollowing
theformulagiven by Pruppacher and Klett (1980). Thetherma conductivity of dry air wasaso changed to
aformulagiven by Pruppacher and Klett (1980). The saturation vapor pressure formulation after the July
1995 episode was changed to the absolute norm of the eighth order scheme described by Flatau et d.
(1992) to accommodate a broader range of possible temperatures.

A summary of the changes described in this section across the episodesis given in Table 2-1.
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Table2-1 Summary of main changesto the RAM S modeling system across all episodes.
EPISODES
Modification Type July May May Mar Feb July Aug June | April
1995 | 1993 | 1995 | 1993 | 1994 | 1991 | 1993 | 1992 | 1995
Surface Grid no yes yes yes yes yes yes yes yes
Definition
Microphysics no yes yes yes yes yes yes yes yes
Kuo Convective yes yes yes yes yes yes yes yes yes
Scheme
Radiation yes yes yes yes yes yes yes yes yes
Calculations
Nudging yes yes yes yes yes yes yes yes yes
Surface Layer yes yes yes yes yes yes yes yes yes
Calculations
Surface no yes yes yes yes yes yes yes yes
Nudging
Surface Radiation no yes yes yes yes yes yes yes yes
Budget
Alternate Convective | no no no no no yes no no no
Parameterization
Water Vapor yes yes yes yes yes yes yes yes yes
Diffusivity Change
Thermal Conductivity | yes yes yes yes yes yes yes yes yes
Change
Saturation Water no yes yes yes yes yes yes yes yes
Vapor Change
25 Other Differenceswith Respect to M eteor ological M odeling Protocol

This section summarizes departures from the meteorol ogica modeling protocol (see Appendix 4) that were
not described previoudy. The protocol mentioned the possibility of performing 4-km smulations. Time
congraintsdid not alow for this. A cumulus parameterization (Kuo schemefor al episodes except the July
1991 episode; dternate scheme for the July 1991 episode) was used on dl grids whereas the protocol
indicated the poss bility of not using acumulus parameterization on the 12-kmgrid. Without usng acumulus
parameterization on the 12-km grid it would have been difficult to achieve any sgnificant precipitation for
the warm-season cases. Time congraints did not alow for the comparison of model cloud fields with
satellite data. A comparison with the Pennsylvania State University - National Center for Atmospheric
Research (PSU-NCAR) mesoscale model, version 5, (MM5) was performed for the April 1994 episode.
Neither MM5 or RAMS was capable of aredlistic precipitation forecast over the Appaachians so that
episode was replaced by the July 1991 episode. Time condraints also prevented the caculation of
Lagrangian particle modd trgectories as mentioned in the protocol.

2.6 RAMSIN Selections
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Thefilewhich providesthe choicesfor variousRAM Smodd optionsiscaled the RAMSIN file. Table2-2
givesasummary of themain RAMSIN varigbleswhich are either not afunction of the nested grid or which
were congtant across the grids.  Unless stated otherwise the vaues mentioned were used for dl the
episodes. The variable ITM DIFF controls the type of time differencing used and was set to 3 which uses
legpfrog time differencing for the velocity components and pressure and uses forward time differencing for
al other variables. The variable NONHY D was set to 1 which activated the nonhydrostatic mode. The
frequency at which the radiation tendencies were updated is controlled by the variable RADFRQ and was
st t01200s Thefreguency at which the convective tendencieswere updated is controlled by thevariable
CONFRQ and was set to 1200 sfor al the episodes except the July 1991 casewhereit was set to 1800 s.

Thebasic diffuson schemeiscontrolled by the IDIFFK variableand it wasset to 1. Thischoice makesthe
horizontd diffusion afunction of the gradients of the horizontal wind components; the horizonta grid size;

and the variables CSX, XKHKM, and AKMIN. It dso makes the verticd diffusion caculated by a
turbulent kinetic energy scheme according to Mellor and Y amada (1982). Thevariable CSX wassett00.3
and XKHKM was set to 1.0 for al gridsand smulations except the July 1995 episodewhereit wasto 3.0.

The horizonta momentum diffuson coefficients for variables other than momentum are obtained by

multiplying the horizontal momentum diffuson coefficients by the factor XKHKM. If asmulation remains
gable then in generd one desires to use a minimum amount of diffuson and therefore XKHKM was
reduced for the other episodes. The varidble AKMIN sets a minimum vaue for the diffuson andisina
later table. Thevariable NLEVEL controlsthe degree to which water in its various phases effects severd

cdculations. Setting NLEVEL=3 dlowsthe maximum influence. ThevariablesIRAIN, IPRIS, ISNOW,
IAGGR, IGRAUP, and IHAIL control the activation of thefollowing condensate regimes, respectively: rain,
priineice, snow, ice aggregates, graupe, and hail. Only rainwasconsdered inthe SAMI smulationssoit
was the only one with anon-zero value. The variable ISWRTY P was st to 1 which activated the Chen

and Cotton (1983) shortwave radiation parameterization which includesthe effectsof clouds. Thevarigble
ILWRTY Pwas et to 1 which activated the Chen and Cotton (1983) longwave radiation parameterization
that also includes the effects of clouds.

Table2-2 Summary of main RAMSIN variables which are either not afunction of the
nested grid or which were constant across the grids.

RAMSIN Variable Name Vaue

ITMDIFF 3

NONHYD 1

RADFRQ 1200s

CONFRQ 1200 s (July 91 used 1800 s)

IDIFFK 1 (all grids)

CSX 0.3

XKHKM 1.0 (all grids) (July 95 used 3.0 for al grids)
NLEVEL 3

IRAIN 1

IPRIS 0

ISNOW 0

IAGGR 0

IGRAUP 0

IHAIL 0
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Table2-3 Summary of main RAMSIN variables which are afunction of the nested grid
for the July 1995 episode.

RAMSIN Varigble Name 48-km grid 24-km grid 12-km grid
TIMESTEP 80 40 20
TNUDLAT 3,600s 3,600s 3,600s
TNUDCENT 10,800 s 10,800 s 10,800 s
TNUDTOP 600 s 600s 600 s
ZNUDTOP 12 km 12km 12km
NUDLAT 15 15 15
AKMIN 15 15 15

Table 2-3 givesasummary of the main RAMSIN variables which are afunction of the nested grid for the
July 1995 episode. Asdiscussed earlier the nudging time scaleswere held constant acrossthe gridsfor this
episode. The AKMIN parameter was also held constant at 1.5 across al the grids.

Table2-4 givesasummary of themain RAMSIN variableswhich areafunction of the nested grid for dl the
other episodes. The nudging time scaes below a height of 12 km varied in the following manner: for the
96-km grid the time scale increased from 1 h at the outer boundary to 3 h at the 15" row/column inward,
for the 24-km grid the time scaleincreased from 3 h a the outer boundary to 24 h at the 19™ row/column
inward, and for the 12-km grid thetime scalewas held congtant at 24 h which essentidly amountstollittle or
nudging. The top nudging time scale was held congtant at a vaue of 10 min across adl the grids. The
AKMIN diffuson parameter increased from 0.5 for the 96-km grid to 1.0 for the 12-km grid.

Table2-4 Summary of main RAMSIN variables which are afunction of the nested grid for
all episodes other than the July 1995 episode.

RAMSIN Variable Name 96-km grid 24-km grid 12-km grid
TIMESTEP 120s 60s 30s
TNUDLAT 3,600 10,800 s 86,400 s
TNUDCENT 10,800s 86,400 s 86,400 s
TNUDTOP 600 s 600 s 600 s
ZNUDTOP 12 km 12km 12km
NUDLAT 15 19 19
AKMIN 05 0.8 10
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3.0 OVERVIEW OF RAMSSIMULATION PROCESS
31 NCEP/NCAR Reanalyis Data

Figure 3-1 provides a description of the mgjor data sets and programs which are required for a SAMI

RAMSsmulation. Insection 2.4.1 the various data sets used to define surfaceconditions were discussed.
Herethe discussion will focus on the sources and preparation of the atmospheric datafor the RAMS modd.

The only source for atmospheric three-dimensond variables was the NCEP/NCAR reandysis data
(Kanay et a. 1996) (http://dss.ucar.edu/pub/reanadysis/). The reandyss data set is the result of alarge
effort to andyze global databack to 1957 with afixed state- of-the-art analys sforecast system. Part of the
effort was a comprehensive quality control scheme that screened al observations used by the system.
Therefore, no further checks of this kind were made for the SAMI smulations. The reandyss data
variablesare amixture of mode and observations, with observations dominating in those areas where data
ismoreplentiful. Reandyssfiddsare classfied as A-D accordingtothefollowing: A) variableswhich are
dominated by observations (e.g., upper-air temperatures and winds); B) variables which are affected by
obsarvations but dso are sgnificantly influenced by the modd (e.g., upper-air humidity and surface
temperature); C) variableswhich are only modd dependent; and D) variableswhich areonly climatologica
vaues. Thenudging scheme described in section 2.4.2.4 used the class A variables of the upper-air winds,
temperatures, and pressure and the class B variable of the water vapor specific humidity. Nudging with
respect to the specific humidity was the strongest over the coarse grid and was essentidly zero for thefine
grid (12-km) except for levels above 13 km. Thelatter choice was madein light of the early smulations of
the April 1994 episode which attempted to nudge strongly toward the reanalysis values abovethe PBL on
al grids and produced modd vaues of clouds and precipitation which were too smal.

3.2 Preparation of RAM S Input and Nudging Files

In Figure 3-1 the surface grid definitions files and the NCAR/NCEP reandlyss data are input into the
RWGRIB program which transformsthe reandys s datato the RAM Sgrid and makes other adjustmentsto
make the data compatible with the RAMS moded. Details of this procedure are given in the SAMI

meteorological modeling protocol (see Appendix 4). The bulk of the computation time at this step isthe
adjusment of the divergent component of the horizontal wind to insure a near- zero vertica velocity at the
model top. The output from RWGRIB is composed of three-dimensond fields of horizontd wind

components, water vapor mixing ratio, potentia temperature, and a scaed pressure (the Exner function)

every 6 h for the episode period for the coarse grid. The firs RWGRIB file output is used by RAMS to
initidizedl the nested gridswhereas dl the other times are used for nudging as described in this section and
in section 2.4.2.4. RWGRIB filesfor the 24- and 12-km grids are obtained by interpol ation done by the
RAMS modd interndly.

An independent run of RWGRIB uses the hourly surface observations obtained from NCAR to cregte
analyses on the coarse grid of the near-surface values of temperature, water vapor, and wind speed. The
NCAR daa st used for this was DSA72.0 which is the hourly arways surface data
(http://dss.ucar.edu/datasets/dsA72.0/).  Agan detalls of this procedure ae given in the SAMI
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meteorologica modeling protocol (see Appendix 4) but the basic method is a Barnes (1973) andyss
scheme as implemented by Koch et d. (1983). These andyses are used in two ways. The firg is the
surface nudging scheme described in section 2.4.2.5. Therequired surface nudging fields on the 24-kmand
12-km grids were obtained by bilinear interpolation from the 96-km analyss. The second isto verify the
model coarsegrid resultsand will beused in section 6 for the various episodes. Limited qudity control was
performed on thisdata. Each station variable was compared againg its neighboring station vaues and not
included in the analysisif it exceeded specified criteria

Oncetheinitia, nudging, and surface analyss fields are produced by RWGRIB a RAM S modd
smulation can be sarted. After completion of aRAMS smulation the rlevant data are sent to the Air
Quadity Modding phase.

(RAMS) [NCEP/NCAR]
terrain { 10 min or 30 sec data} Surface Definition Reanalysis Data
land percentage { 10 min data} A ’ Files Atmospheric Data
vegetation type { 30 sec data} {1.875 degree data}

[PSU-ESSC] l
soil type{1 km data} »
vegetation fraction { 1 km data} (RWGRIB)
” [NCAR]
Create_lnltlal_ and ¢ < hourly surface
Nudging Files obSEVALions
[NCEP/NCAR] for RAMS
Reanalysis Data >
Sea-Surface Temperatures
{1.875 degree data}
(RAMYS) . .
) Air Quali
[GEWEX] Create A_tmospherlc ——p M o(gelintgy
leaf-areaindex { 1 degree data} Files

vegetation type { 1 degree data}
soil type {1 degree data}

Figure 3-1. Flow diagram of major data sets and programs for a RAMS simulation for a SAMI episode.
Namesinside[ ] represent data sources, namesinside () represent computer programs, and namesinside{ }

represent the horizontal resolution of the original data source. See the text for additional detalls.
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4.0 THE SAMI MODELING EPISODES
4.1 SAMI Episode Selection

This section provides an overview of the episode selection process. Additional details are described in
Appendices1 and 2. SAMI’ sintegrated assessment isfocusng on theimpactsof ozone, vishility, and acid
deposition onthe naturd resourcesin the Southern Appa achian mountains. Theimpacts of these pollutants
are generdly measured on an annuad or seasond time scale. Therefore, model predicted changes in
pollutants need to be estimated on an annua and/or seasond basis.

Idedly, severd years of meteorology would be modded to smulate the variability in meteorologica
influenceson ar qudity over alongtime period. A presumably robust responseto future control strategies
could be predicted by examining the average predicted changein annua and/or seasond air quality metrics
derived from modeling multiple years.

Due to the amhitious SAMI god of modding multiple pollutantsin a*“ one amaosphere’ approach, SAMI
chose to use a sophiticated 3 dimensiona Eulerian air quaity mode (the UrbanRegiond Multi-scale
model) to smultaneoudy modd ozone, vighility, and acid deposition. The Urban-Regiond Multiscae
modd (URM-1ATM) trestsgaseous, aerosol, and precipitation chemistry. Computer limitations (evenwith
the fastest modern CPUs available) forced SAMI to limit the number of potentid modding days to
gpproximately 50-100.

Therefore, it became necessary to model anumber of discreet episodesin order to gpproximate afull year
or season.  The chalenge was to determine how to mode the seasona and/or annual metrics for 3
pollutants for the SAMI area with a limited set of modding days. A contractor, SAl, Inc., developed
software to aid in the selection of the SAMI episodes.

The objective of the episode selection process was to identify multi- day episodesthat could represent the
range of effects of emissons controlson ar quality vaues. An attempt wasmadeto optimizethe sdlection
process across seasond 0zone, annud vighility, and annud acid deposition, for two Class| areas. Great
Smoky Mountains Nationa Park (GSM) and Shenandoah National Park (SNP). These two Parkswere
used to represent dl of the Class| areasin the SAMI region. Optimizing acrosstwo Class | areas (rather
than a larger number) greatly smplified the episode sdection process. GSM and SNP were chosen
because they contained the most complete ambient data sets, they are spatidly representative of the
southern and northern portion of the SAMI domain respectively, and they arethemost visited Class 1 areas
in the SAMI region.

Higtorica ambient air quality and meteorologica datafrom the 1991- 1995 time period were used to classfy
each day using the Classification and Regression Tree analyss software (CART) (Brieman, 1984). More
details on the use of CART and the development of the episode sdlection software can befound in SAl's
episode selection documentation (Deuel, 1998).
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In the andyss, each pollutant was represented by adaily or weekly ambient air quality vaue. Ozone was
represented by the daily Wi,s cumulative exposure index defined as

Wize = é [Os] fw[Os]

where [O3] isthe one hour average ozone mixing ratio and fy isaweghting function of [Os]. Thesumin
the equation is done over al hours during April-October to compute a seasond index. For classification
purposes, adaily Wiz (the sum being done over dl hours in a Sngle day) was cdculated for each day
during the ozone season in the 1991-1995 ozone data base.

Visghility was represented by the 24-hour average sum of sulfate, nitrate, organic carbon, and soil fine
massl. The mass measurements were from the IMPROV E monitoring network. Acid depostion was
represented by the weekly sum of wet deposition of sulfate, nitrate, calcium, and magnesium as measured
by the NADP monitoring network.

Thedaily (and weekly for acid deposition) observed ar qudity information wasdividedinto 4 or 5* classes’
beforebeing input into CART. The classeswere defined from low to high observed air qudity vaueswith
Class 1 being the lowest (or cleanest) and Class4 or 5 being the highest (or dirtiest). The ozoneand acid
deposition classficationswere Class 1, 2, 3, and 4 defined asthe cleanest 70%, 20%, 7%, and 3% of days
(weeks) respectively. The vighility classfication was Class 1, 2, 3, 4, and 5 defined asthe cleanest 30%,
20%, 20%, 17%, and 3% of days respectively.

Air qudity data were combined with observed meteorologica data within CART to alow days to be
segregated into “bins’. Binsrepresent Smilar patterns of meteorology within Smilar ranges of observed air
qudity values. CART was run for each pollutant for both Class| areas cregting Six sets of bins.

Thefollowing ar quality and meteorologica datawas used as CART input:

Table4-1. Air Quality Variables (used only for ozone)

Maximum observed ozone concentration in the Baltimore/Washington area

Maximum observed ozone concentration in the region between the GSM and SNP

Maximum observed ozone concentration in the Knoxville/Chattanooga area

Previous day’ s maximum observed ozone concentration in the Baltimore/Washington area

1
2
3
4. Maximum observed ozone concentration in the Atlanta area
5
6

Previous day’ s maximum observed ozone concentration in the region between the GSM and SNP

1. The CART analysiswas run for both annual visibility and “summer” visibility (June, July, and August). During the
episode selection process SAMI decided to limit the visibility analysis to calculation of the annual average only.
Therefore, all episode selection results presented in this document are for the annual average. Itis possibleto usethe
sel ected episode days to recal cul ate the summer average visibility using the episode selection software. But the errors
associated with the summer average visibility would be relatively large since only 4 out of 9 episodes occur during the
summer.
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7. Previousday’s maximum observed ozone concentration in the Knoxville/Chattanooga area

8. Previousday’s maximum observed ozone concentration in the Atlanta area

Table4-2. Surface Meteorological Variablesfor Ozone and Visibility

1. Average surface wind direction from 0000-0700 LST. The measured values were used for the averaging,
and the final vector direction was cast into one of five bins, one representing calm and four centered on
N, S, E, and W.

Ibid., but from 0800-1500 LST
Ibid., but from 1600-2300 LST
Average surface wind speed from 0000 to 2300 LST

Cumulative surface precipitation measured from 0000-2300 LST.
Average solar radiation from 0800-1500 LST

Average dew point temperature depression® from 0000-2300 L ST (Look Rock’ only)

Average relative humidity from 0000-2300 L ST (Big Meadows* only)

O | |[N|[o|a|s[w]|D

M aximum surface temperature

10. Minimum surface temperature

Table4-3. Surface Meteorological Variablesfor Acid Deposition

1. Cumulative surface precipitation measured from 1200 L ST on day one of the measurement period to 1200
L ST on day eight of the measurement period

2. eight-dimensional array variable indicating whether precipitation occurred for each day of the
measurement period (this variable will consist of a series of ones and zeros, with one indicating that
precipitation occurred, for example, 11001101)

3. Average (over days and time) solar radiation from 0800-1100 LST
4. lbid., but from 1200-2300 LST

5. Average (over days and time) dew point temperature depression from 0000-1100 L ST (Look Rock
only)

6. Average (over days and time) dew point temperature depression from 1200-2300 L ST (Look Rock
only)

7. Average (over days and time) relative humidity from 0000-1100 LST (Big Meadows only)

8. Average (over days and time) relative humidity from 1200-2300 LST (Big Meadows only)

9. Average (over days) maximum surface temperature (treated as pm for averaging)

10. Average (over days) minimum surface temperature (treated as am for averaging)

2. Dew point depression is defined as the difference between the ambient temperature and the dew point temperature (a
measure of the moisture content of the air). A large dew point depression indicates that the air isrelatively dry; asmall
dew point depression indicates that the air isrelatively moist.

3. Look Rock dataisfrom Great Smokies

4. Big Meadows datais from Shenandoah
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Table4-4. Upper Air Meteorological Variablesfor Ozone and Visibility

1. Winddirection bin at the 850 mb pressure level from the morning sounding for each individual site.
Wind directions were cast into five bins, one representing calm and four centeredon N, S, E, and W.

Ibid., but from the afternoon sounding

wind speed at the 850 mb pressure level, from the morning sounding, for each individual site

Ibid., but from the afternoon sounding

Ibid., but from the afternoon sounding

Average temperature at the 850 mb pressure level, from the morning sounding over al sites

Ibid., but from the afternoon sounding

2
3
4
5. Average height of the morning 850 mb pressure level over all sites
6
7
8
9

Same variables as above, but for the 700 mb pressure level

Table4-5. Upper Air Meteorological Variablesfor Acid Deposition
1. Sameupper air variables as for ozone and visibility except the morning and afternoon sounding
variables were averaged over a seven day period

CART definesthe best way to sort the dayswithin each pollutant class, given observed meteorologica and
ar qudity variables, to explainthe variation in observed air qudity data. Thefollowing number of binswere
identified by CART:

Table4-6. Summary of CART bins
Shenandoah Great Smokies
Seasonal Ozone 32 32
Annual 29 26
Vishility
Annual 12 19
Acid
Deposition
4.1.2 Important Meteorological and Air Quality Variables

For each pollutant and for each park, certain variables were important in distinguishing between bins. For
ozone at GSM, the most important variables were relaive humidity, morning wind speed a 850 mb a
Greensboro, evening 700 mb height at Athens, and maximum observed ozone between GSM and SNP.

For ozone a SNP, the most important variables were rdative humidity, evening 700 mb temperature at
Huntington, incoming solar radiation, average surface wind speed, and maximum observed ozone between
SNP and GSM and in the Batimore/\Washington area.

For annud vishility & GSM, the most important variableswere maximum surfacetemperature, morning 700
mb wind speed at Athens, morning 700mb wind direction at Nashville, 700mb
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temperature a Nashville, precipitation a GSM, morning 850 mb wind speed at Athens, and evening 850
mb height at Greensboro.

For annud vighility at SNP, the most important variableswere minimum and maximum surface temperature,
morning 700 mb temperature at Dulles, precipitation at SNP, morning 700 mb wind speed at Huntington,
and morning 700 mb height at Greensboro.

For acid (wet) deposition at GSM, the most important variables were precipitation at GSM, average
maximum temperature, solar radiation, 700 mb height at Greensboro, and dew point temperature.

For acid (wet) deposition at SNP, the most important variableswere precipitation at SNP, morning 700mb
wind direction at Greensboro, evening 850 mb wind speed a Dulles, and the number of days of measurable
precipitation (during the 8 day period).

413 CART Performance

The accuracy of the CART process can be examined by looking at the number of “misclassfied days’ in
each class for each pollutant and Class | area. The episode days are identified asaClass 1, 2, 3,4, 0r 5
day sothat dl of the Class 1 days should be sorted into Class 1 binsat the end of the CART processand
each of the Class 2 days should be sorted into Class 2 bins, etc. Daysthat are classified into thewrong bin
(based on their observed air qudity vaue) are termed misclassfied days. A large number of misclassified
days may indicate that more independent variables were needed in order to differentiate between days. It
may aso indicate that the relationship between the observed air qudity va ue and the observed meteorology
may be weak.

The CART reaultsindicate that the number of misclassified ozone and acid deposition days (weeks) are
relatively smdl. Thenumber of misdassfied vighility daysismuch larger. Thisislikdy duetothedifference
inthe definition of the visibility classes as compared to the other pollutants. The software had aparticularly
difficult imediginguishing theClass 1, 2, and 3 vishility daysfrom each other. Performancefor theClass4
and 5 days was much better.

Detalls of the classification gatistics and a more complete description of the meteorologica variables that
were important in the classification can be found in the SAI report (SAI, 1998).

4.1.4 Episode Selection Software

The outputsfrom the CART software andysis becamethe basis of the episode selection. CART sorted all

of the days into classes and bins (by pollutant and air qudity “Class I’ areq). At this point, some

combination of days could be selected to represent the seasona and annua air quality metrics. Theclass
definitions could be used to ensure that avariety of ar quaity vaues were selected and the bin definitions
could be used to ensure that avariety of meteorologica regimeswere represented. But it would be nearly
impossibleto hand sdlect daysfor each pollutant and Class| areain an effort to replicate each of theannua

and seasond metrics.
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Therefore, software was developed to ad in the sdection of episode days. The software automaticaly
sdlects a set of days given certain user defined inputs. The software attempts to optimize across the
pollutants and Class | areasin an effort to minimize the errors associated with using aset of episode daysto
represent annua or seasond air quality metrics.

415 Episode Software “ Theory”

Thefollowing isthe basi ¢ theory behind the episode sel ection software. Each bin containsacertain number
of days and each day has an observed air qudity vaue. Therefore, if you add up the vaue of dl the days
for al binsfor each pollutant/Class| ares, it should equa the annua or seasond metric. Additiondly, if you

multiply the mean vaue of the population in each bin by the number of daysin each bin and then sum the
tota, you will arrive a the same annud or seasond metric.

This cdculation provides abasis for the episode selection. If asingle day was selected from each CART
bin and that day had a vaue exactly equa to the mean vaue of the bin, then the annua or seasona metric
could easlly be replicated (assuming the number of daysin each bin is known). Additiondly, this would
ensure that each meteorologica/ar quaity regime would be represented by at least one episode day.

Table 4-7 showsasmple mathematical example. Let’ sassumethat for asingle pollutant at asngle Class|
areathere are 2 classes and 2 bins in each class. There are atotd of 40 observation days with atota
annuad metric of 210. The“weight” of each binisca culated asthe number of daystimesthe observed daily
vauesinthebin. If an episode day was sdlected from Class 1, bin 1 and that day had avaue of 3, thenthe
vaue could be multiplied by the number of daysin thebin to get atotal weight of 21. Thisrepresents 10%
of thetotal annual weight. Sointhiscase, the single episode day would represent 10% of theannua metric.
Note that thistakesinto account both the magnitude of the ambient value and the frequency of occurrence.
If oneday was sdlected from each of the 4 binsand each day had avaue exactly equa to the mean of each
bin, then the annual metric could be exactly recaculated. Of course, in most cases, salected episode days
will not have avaue exactly equd to the mean value of thebin. Thisisapotentia source of “error” inthe
episode selection process.

Table4-7
Class Bin Number Days Mean Value Weight (days X mean) % of Annual Weight
Class 1 Bin1 7 3 21 10.0
Bin2 13 8 104 49.5
Class 2 Bin1l 15 2 30 14.3
Bin2 5 11 55 26.2
Total 10 210 100%

The above example assumesthat a |east one episode day is chosen from each bin. Unfortunately, thiswas
not possiblein the SAMI episode selection process. Thereareatotal of 150 bins between the 3 pollutants
and 2 Parks. There are too many hins to be able to select a sngle day from each one. Additiondly, the
callection frequency of the ambient air qudity dataaddsto the difficulty of episode seection. Theambient
ozone data is avalable on a dally bass. But the IMPROVE vishility data are only collected on
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Wednesdays and Saturdays. Thismeansthat even if aWednesday and Saturday were sdected from the
same week, al of the days in between need to be modeled to form a continuous episode. Modding afull
week only yiddstwo vdid vighility days. The acid deposition dataare collected asatota weekly sample.
Modeling a single acid depostion “day” actualy means modding an entire 8 day period (Tuesday-
Tueday). Also, it was recommended by SAI to exclude “misclassfied” days from consderation as
episode days. Thisadso made it more difficult to string together continuous episode periods. With al of
thesefactors, modeling at least asingle day from each bin may have entailed modeling as many as 300-400
actud modding days.

Sincethe gpproximate number of modeling days needed to be limited to ~50- 100 days, sacrificeshad to be
made in sdlecting episode days. Not al bins could be represented. Thiswastaken into account when the
episode softwarewas designed. The software established rulesfor sdlecting binsand aso contained scaling
factorsto account for errors and biasesintroduced by not representing all episode bins and/or classesand
by not selecting misclassified days.

4.1.6 Episode Software Rules

If episode days were not selected from al bins and/or classes then the order in which days were sdlected
becomesimportant. There needsto beaway to salect from the“most important” binsfirst. Also, Sncethe
episode sdlection was optimized across the 3 pollutants and 2 parks, a pollutant order and a park order
needed to be established.

The*importance’ of the binswas established by usng the previoudy defined “weight” of each bin (weaghtis
equa to the number of days times the ambient vaue). Within each park for each pollutant, the bins were
ordered by their tota weight. This ensures that days with a high frequency of occurrence and/or a high
magnitude are sdected fird. In theory, the binsthat are not used in the episode sdection should be bins
with low weights that contribute a relatively smdl portion of the annua and/or seesond metrics. This
episode selection rule was hardwired into the software.

Another sdlection rule was that a day/week had to be selected for each park/metric combination prior to a
second day being selected for any park/metric combination. There were 3 metrics and 2 parks, so Sx
days'weeks would be sdected before each park/metric combination was repeated. The order of the
park/metric sdlection is chosen by the user in the episode selection input file,

4.1.7 Episode Selection Error Terms

All days must be modeled in order to represent an entire five-year data period without introducing non-
model errors or biases. However, this scope of modeling was not possible. Therefore, an attempt was
meade to minimize nont-model errors caused by modeling only a subset of days.

Thereisvariability within each pollutant classidentified by CART. Non-modd error occursin part because
most days chosen to represent aclass of daysdo not contribute to the seasond or annua metric for agiven
pollutant category in amanner identica to dl daysinaclass. The exception isthe unlikely occurrence of a
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day on which the pollutant metric (for example, W) equasthe average daily metric acrossdl daysinits
class. Theextent to which asubset of daysfailsto replicate conditionsacrossal daysis one component of
non-mode error associated with episodic modding.

418 Biased (Unscaled) Error

Another component of non-model error is due to the inability of the episodic days that are sdlected to
represent dl CART classbins. Within the episode software, the error associated with not selecting day's
fromal binsistermed “biased error” or “unscded error”. Thiserror termisbased on the amount of weight
represented by the selected episode days. The biased error is equa to the amount of weight that is not
represented by the sel ected episode days.®> Sincenot sdlecting al bins alwaysresultsin an underestimate of
annual/seasona weight, the biased error term isawaysnegative. For example, the biased error for ozoneat
Shenandoah is-16.6%. This means that the selected episode days represent 83.4% of thetotal seasond
ozone weight. In the SAMI episode
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seection the biased errors ranged from —16.6% to -55.2%. In all cases, the primary goal in the
episode selection was to minimize the biased errorsfor all pollutants and parks.

4.1.9 Distance (Scaled) Error

The episode sdlection software attempts to minimize the error in day selection by creating severa “ scaing
factors’ which try to account for unrepresented bins, classesand misclassified days. The complete equation
to caculate the annua and/or seasond metricsisequation 4- 1 in the episode software documentation. The
documentation aso contains a complete description of equation 4-1.

where:

A isthe value of the metric dueto al sdected, representative days

S is the number of seasons or yearsincluded in the data set

N is the tota number of daysincluded in the data set

P; isthe number of daysinbin j (P; = n; if the user specifiesthat al days can be used to represent

5. The biased error is also affected by how close the selected days are to the mean value of their respective bins. The
difference between the mean and the selected day(s) is part of the unbiased error calculation. Errors associated with
selected days with values higher than the bin mean can be canceled out by days with values lower than the bin mean.
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the bin; when only properly classfied days are used, they may differ).
nclass isthe number of distinct vaues of the dlassfication variable
by is the number of binswith predicted vauek of the dlassfication varidble
WA, istheweight for binj usngdl daysinbin |
WP; istheweight for bin j usng only the properly classfied days, or al days, in bin j, degpending on

the user’ s specification
Ik runs over dl binswith the classfication vaue k, from which a representative day was chosen
N; isthe number of properly classfied days, or dl days, in bin j, depending on the user’s
specification

m is the number of representative days chosen from bin |
Ak is the observation-based vaue of the metric for representative day j inbin k

Within equation 41 are severd scaing factors which attempt to reduce the error associated with not
sdecting dl bins. There are three generd scaling factors:

The WA/WP portion of the equation is a scaling factor to account for misclassfied days. In the episode
selection, SAMI choseto alow the sdlection of only properly classified daysasepisodedays. Thescding
factor accounts for the number of unused misclassified days.

The B/P, portion of the equation is a scaling factor to account for unsalected bins within each class. It is
assumed that dl bins within adasshaveasmilar mean vaue. Therefore, the weight of the selected binsis
used to gpproximate theweight from the unsdected bins. Thereissome uncertainty inthisassumption since
the mean va ues between bins in the same class can differ (dthough not by alarge amount).

The N/Py portion of the equation isascaling factor to account for classes not selected. Thiswould only be
used if no binswithin aclass were sdlected®. Thefactor usesthe values of the days selected to account for
the bins and classesthat were not sdected. Thereisalarge amount of uncertainty in thisassumption. For
example, the vaues of aClass 1 day should not be used to gpproximate vaues from a Class4 bin. If the
missing classisahigh or low dass, it isprobably apoor assumption to adjust the values based on binsfrom
other classes (it may be reasonable to scale for Class 2 based on Class 1 or 3 days.)

Equation 4-1 performsthe scding of the results and cdculatesafind “distance’ or “scaed” error. In most
cases this error term is < 10%. But since the scaled error has a number of assumptions built into it, the
unscaed error was used asthe primary judgment of episode selection error. The scaled error was used as
a secondary measure.

Using equation 4- 1, the episode selection software outputs al of the information necessary to recaculatethe
annua and/or seasond metrics from the sdected episode days.

6 In testing of the software, it was found that the largest source of error (creating alarge scaling factor) was not
selecting at least one bin from each class for each pollutant. 1t was made a priority to always choose at |east one day
for each class. Thiswas accomplished for all pollutants except dry deposition.
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4.1.10

Reproducing the Annual and Seasonal Metrics

Selecting the episode days to be modeled was an iterative process that took morethan ayear to complete.
This process occurred in pardld with the early stages of the actud modeling. In the end, nine episodes
were sdlected to represent the range of conditionsfor ozone, visibility and acid deposition at Greast Smoky
Mountains and Shenandoah National Parks. Detailsof the selection processare described in Appendix 2.

The episode sdlection software tool that was a criticd component in the selection process outputs the
necessary information to reproduce the annual and seasonal metrics from the selected episode days’. The
following series of tables contain the scaling factors and other information needed to recreste the annud
totals for acid deposition and visihility and the seasond totd for ozone.

The following is an explanation of the variables used to reconstruct the annual/seasond metrics.

Table4-8. Variable definitions

Date of thefirst day of each acid deposition week or the actual episode daysfor ozoneand

Date visibility.

The CART hin classification for each day/week

1S*N/P(j) 1 divided by the number of years (or seasons) of air quality data used

Class The class that each day/week was assigned to.

B (Class) A scaling factor which accounts for bins and/or classes not sdected. A separate “B” scaling
factor is applied to all selected days within the same class.

WA/WP A scaling factor which accounts for misclassified dayswithinabin. A separate WA/WP scaling
factor is applied to all selected days within the same bin.

n@)/m(@) The number of daysin the bin. n(j) is the number of days in the bin selected. This number is
divided by the number of days selected from the same bin (m(j)). For example, if 2 days from the
same bin are selected, then each day will be weighted by half of the number of daysinthebin. This
avoids double counting the weights.

Deposition/ The observed ambient value of wet deposition, dry deposition, PM2.5, or ozone on the selected

PM2.5/ day/week. The units are kg/ha/week, ug/m3, ng/m3, and W126, respectively.

W126

Contribution Thisisthe absolute contribution to the annual or seasonal total. Thisvalueis calculated by the

(absolute) formula: [1/S*N/P(j)] * [B(Class] * [WA/WP] * [n(j)/m(j)] * [Deposition/PM2.5/W126]. The

absolute contribution is weighted by both the ambient concentrations and the frequency of
occurrence. The absolute contribution attributable to each episode day represents a portion of
the annual or seasonal metric.

Contribution
(%)

Thisisthe same as the absol ute contribution except normalized to 100%. The percent contribution
of each day/week represents the percentage that each day/week contributes to the annual or
seasonal total. For example, an ozone day with a contribution percentage of 4.2% means that the
observed W126 on that day represents 4.2% of the seasonal total W126. (It does not represent 4.2%
of the daysin a season.)

7 The episode software only cal cul ates the metrics for GSM and SNP. Interpolation methods need to be applied to
calculate the metrics for the other SAMI class 1 areas. Different methods will be used for each pollutant.
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Table4-9. Episodic days selected for GSM wet acid deposition modeling

Deposition | Contribution | Contribution
Date |Bin[1/S*N/P(j) | Class | B(Class) | WA/WP |n(j)/m(j) | (kg/ha/week) | (absolute) (%)
910723 | 19 0.2 4 16 1 5 549 8.78 232
920623 | 15 0.2 2 2023 1122 17 0.89 6.87 181
930323 | 4 0.2 2 2023 1186 8 113 434 114
930511 | 12 0.2 3 1.846 1.268 4 164 3.07 81
930803 | 12 0.2 3 1.846 1.268 4 189 354 9.3
40208 | 4 0.2 2 2023 1186 8 117 449 118
950425 | 7 0.2 1 1136 1081 25 0.69 4.24 112
950523 | 1 0.2 1 1136 1.093 61 0.17 258 6.8
Total 37.90 100.0
Table4-10. Episodic days selected for SNP wet acid deposition modeling
Deposition | Contribution | Contribution
Date [Bin| 1/S*N/P(j) | Class | B(Class) | WA/WP [n(j))/m(j)| (kg/ha/week) | (absolute) (%)
910723 | 12 0.2 4 1.286 113 25 5.12 3.72 131
920623 | 1 0.2 1 1474 1 38 0.21 2.35 8.3
930323 | 6 0.2 3 1.286 1403 14 197 9.95 35.0
930511 | 12 0.2 4 1.286 113 25 2.84 2.06 7.3
40208 | 8 0.2 2 1186 1619 45 124 214 75
950425 | 3 0.2 2 1186 1541 11 102 4.10 144
950523 | 8 0.2 2 1186 1619 45 141 244 8.6
950711 | 1 0.2 1 1474 1 38 0.15 168 5.9
Total 28.45 100.0
Table4-11. Episodic days used for GSM dry acid deposition modeling
Deposition | Contribution | Contribution
Date |Bin| 1/S*N/P(j) | Class | B(Class) | WA/WP | n()/m(j) (ug/m3) (absolute) (%)
910723 | 16 0.2 1 1314 1019 19.75 3.62 191 10.8
920623 | 16 0.2 1 1314 1019 19.75 7.16 379 213
930323 | 7 0.2 1 1314 1.068 12 6.73 2.7 128
930511 | 5 0.2 2 5.667 1 2 9.65 219 123
930803 | 16 0.2 1 1314 1019 19.75 6.02 3.8 179
940208 | 7 0.2 1 1314 1.068 12 341 115 6.5
950523 | 16 0.2 1 1314 1.019 19.75 6.17 32.6 184
950711 | 21 0.2 2 5.667 1135 6 8.14 62.8 35.4
Total 1775 1000
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Table4-12. Episodic days used for SNP dry acid deposition modelin

Deposition Contribution | Contribution
Date | Bin [1/S*N/P(j)|Class| B(Class) | WA/WP | n(j)/m(j) (ug/m3) (absolute) (%)
910723 | 17 0.2 1 1171 1.273 19 8.97 50.8 127
930323 | 17 0.2 1 1171 1.273 19 9.58 54.3 136
930803 | 17 0.2 1 1171 1.273 19 1355 76.8 19.2
10208 | 11 0.2 1 1171 1.087 18 1342 615 154
950425 | 17 0.2 1 1171 1273 19 6.31 35.7 9.0
950523 | 17 0.2 1 1171 1273 19 7.49 424 106
950711 | 17 0.2 1 1171 1273 19 13.68 775 194
Total 399.0 100.0
Table4-13. Episodic days selected for GSM visibility modeling
PM 25 | Contribution | Contribution

Date Bin |1/S*N/P(j) | Class| B(Class) | WA/WP | n(j))/m(j) | (ng/m3)| (absolute) (%)
910727 | 22 0.2 5 1667 1031 35 26605 32007.8 36
910731 | 18 0.2 5 1667 1 1 31824 10610.1 12
920624 | 16 0.2 4 1.383 1404 9 20918 73110.9 8.3
930324 7 0.2 2 1.223 1.872 50 8223 188262.0 213
930327 1 0.2 1 1.263 2.743 13 4505 40578.6 4.6
930515 | 15 0.2 3 1311 1.445 16 15464 93743.8 10.6
930804 | 17 0.2 3 1311 1521 10 10029 39996.3 45
930807 | 17 0.2 3 1311 1521 10 9338 372405 4.2
930811 | 16 0.2 4 1.383 1404 9 19024 66491.1 75
940209 9 0.2 1 1.263 1904 27 3919 50890.8 5.7
950426 4 0.2 2 1.223 1.156 11 6538 203354 2.3
950429 6 0.2 3 1311 1.894 16 9766 77597.8 8.8
950527 | 16 0.2 4 1.383 1404 9 17516 61220.5 6.9
950712 | 16 0.2 4 1.383 1404 9 17785 62160.7 7.0
950715 | 22 0.2 5 1.667 1031 35 25882 31138.0 35

Total 885384.1 100.0
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Table4-14. Episodic days selected for SNP visibility modeling

PM 25 | Contribution | Contribution
Date Bin [1/S*N/P(j)| Class| B(Class) | WA/WP [n()/m(j) | (ng/m3) | (absolute) (%)
910724 | 29 0.2 4 1215 1.157 8 16610 37359.3 3.7
910731 | 24 0.2 4 1.215 1.613 6 23289 54770.0 55
920624 | 25 0.2 4 1.215 1 35 16664 14172.7 14
920627 | 25 0.2 4 1.215 1 35 18077 153745 15
930324 9 02 2 1467 1 5 5580 8185.9 0.8
930331 | 12 02 1 1.9 2.805 18 3892 74672.7 75
930512 | 13 0.2 4 1.215 1.609 7 23834 65231.5 6.5
930515 | 14 0.2 3 149 1.246 13 9576 462234 46
930804 | 27 0.2 3 149 1414 75 13994 442251 44
930807 | 13 0.2 4 1.215 1.609 7 16282 445624 45
930811 | 23 0.2 4 1.215 1.392 5 18647 31537.3 32
940209 | 12 0.2 1 1.9 2.805 18 3715 71276.7 7.1
950426 1 02 2 1467 1.736 21.333 5548 60283.5 6.0
950429 1 02 2 1467 1.736 21.333 9031 98129.1 9.8
950503 1 0.2 2 1.467 1.736 21.333 6745 73289.8 73
950524 | 29 0.2 4 1.215 1.157 8 16746 37665.2 3.8
950527 7 0.2 3 149 1.174 10 11944 41786.3 42
950712 | 20 0.2 5 1 1.568 7 26001 570774 57
950715 | 20 0.2 5 1 1.568 7 38917 85430.6 85
950719 | 27 0.2 3 149 1414 75 12226 38637.7 39
Total 999391.1 100.0
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4-15. Episodic days selected for GSM 0zone modeling

W126 Contribution | Contribution
Date Bin |1/S*N/P(j)| Class| B(Class) [WA/WP|[n({)m()| (ppb) (absolute) (%)
910726 23 0.2 3 1747 1.056 8 8718 25733 38
910727 7 0.2 2 1217 1.207 5.333 499.3 782.3 11
910728 3 0.2 1 1 1.349 30 2434 19701 29
910731 7 0.2 2 1217 1.207 5.333 620.7 9725 14
920624 16 0.2 4 1178 1081 9 1396.5 3201.0 47
920626 21 0.2 1 1 1.263 23 833 484.0 0.7
920628 25 0.2 3 1.747 1473 5 763.8 1965.5 29
930511 10 0.2 2 1217 1.162 6 638.3 10832 16
930513 1 0.2 1 1 1138 94.8 89 1920.3 2.8
930515 5 0.2 2 1217 1623 1575 488.6 3040.0 44
930516 10 0.2 2 1217 1162 6 5519 936.6 14
930517 13 0.2 2 1217 1442 3 703.6 740.9 11
930805 5 0.2 2 1217 1623 1575 385.8 2400.4 35
930806 1 0.2 1 1 1138 94.8 104.2 22483 33
930807 3 0.2 1 1 1.349 30 290.8 23537 34
930808 2 0.2 2 1217 1.882 7 558.2 1789.9 26
930809 7 0.2 2 1217 1.207 5.333 549.6 8611 13
930811 5 0.2 2 1217 1623 1575 568.5 3537.1 52
950426 5 0.2 2 1217 1623 1575 540.6 33635 49
950429 12 0.2 3 1.747 149 25 807.6 10511 15
950501 1 0.2 1 1 1138 94.8 168.6 3637.8 53
950502 1 0.2 1 1 1138 94.8 785 1693.8 25
950503 2 0.2 2 1217 1.882 7 5484 17585 26
950524 25 0.2 3 1.747 1473 5 8204 21112 31
950525 12 0.2 3 1747 149 25 7.7 1004.4 15
950526 29 0.2 3 1747 1438 15 767.1 578.1 0.8
950527 2 0.2 2 1217 1.882 7 6584 2111.2 31
950529 1 0.2 1 1 1138 94.8 87.9 1896.6 28
950711 30 0.2 3 1747 1 3 1017 1066.0 16
950712 25 0.2 3 1747 1473 5 874.6 2250.6 33
950713 25 0.2 3 1.747 1473 5 1086.4 2795.7 41
950714 | 31 0.2 4 1178 1281 105 13511 4281.6 6.3
950715 29 0.2 3 1747 1438 15 1012.2 762.9 11
950717 32 0.2 3 1747 1327 4 824.2 1528.6 22
950719 31 0.2 4 1178 1281 105 1161.2 3679.8 54
Total 68431.2 100.0
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Table4-16. Episodic days selected for SNP 0zone modeling
W126 | Contribution | Contribution
Date Bin | 1/S*N/P(j)| Class | B(Class) | WA/WP |n(j))/m()| (ppb) (absolute) (%)
910723 29 0.2 3 1425 1174 1 11431 3825 0.6
910726 18 0.2 2 1101 1.688 5818 658.9 15414 23
910728 | 18 0.2 2 1191 1.688 5.818 7378 17259 26
910730 1 0.2 1 1 1089 | 52875 62.8 7232 11
910731 18 0.2 2 1101 1.688 5.818 638.5 1493.6 23
920624 18 0.2 2 1101 1.688 5818 3915 915.8 14
920625 4 0.2 1 1 1134 53 2245 2698.6 41
920626 | 18 0.2 2 1191 1.688 5.818 547 1279.6 19
920628 18 0.2 2 1101 1.688 5.818 449 10504 16
920629 22 02 3 1425 1.323 12 1022.1 4624.7 7.0
930511 | 29 0.2 3 1425 1174 1 1019.6 A1l 05
930512 10 0.2 3 1425 1.497 9.333 9584 3816.2 58
930513 1 0.2 1 1 1.089 52.875 724 8338 13
930805 4 0.2 1 1 1134 53 704 846.2 13
930806 1 0.2 1 1 1089 | 52875 89.8 1034.2 16
930809 | 18 0.2 2 1191 1.688 5.818 7454 1743.7 26
930810 18 0.2 2 1101 1.688 5818 567.9 13285 20
930811 18 0.2 2 1101 1.688 5818 549.3 1285.0 19
950427 6 0.2 4 1.205 1477 2 1167.8 8314 13
950428 2 0.2 1 1 1452 37 2506 2692.6 41
950429 3 0.2 2 1101 1.356 23 428.7 3184.8 48
950501 1 0.2 1 1 1.089 52.875 65.8 757.8 11
950502 1 0.2 1 1 1089 | 52875 85.6 985.8 15
950503 1 0.2 1 1 1089 | 52875 140.6 1619.2 24
950524 10 0.2 3 1425 1497 9.333 11216 4466.1 6.7
950525 18 02 2 1101 1.688 5818 620 14504 22
950528 1 0.2 1 1 1089 | 52875 72 829.2 13
950529 1 0.2 1 1 1089 | 52875 58.1 669.1 10
950711 10 0.2 3 1425 1497 9.333 9358 3726.2 5.6
950712 27 0.2 3 1425 1554 3 901.7 1198.1 18
950713 | 26 0.2 4 1.205 1013 5 1162.6 1419.1 21
950714 | 30 0.2 4 1.205 1.108 13 1456.6 5056.4 7.6
950715 28 0.2 4 1.205 1181 7 1334.7 2659.2 40
950717 23 0.2 2 1101 1.379 12 5273 20785 31
950718 | 18 0.2 2 1191 1.688 5.818 430.6 1007.3 15
950719 15 0.2 2 1191 1577 19 452 3891.2 59
Total 66186.7 100.0
4.2 The 11-19 July 1995 Episode

The synoptic discussion for each episodewill havefour basic dements. Thesearethefollowing: discusson
of why the episode was chosen (expanded discussion of thisis available in section 4), discusson of the
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departure of the 500- mb geopotentia height from alonger term mean, discussion of themain upper-arr and
surface wesather features during the episode, and adiscussion of the main features of the meteograms of the
NWS sites closest to the Great Smoky Nationa Park (GSM) and the Shenandoah Nationa Park (SNP).
The 500-mb geopotentia height anomaly plotswere obtained from the Nationa Oceanic and Atmospheric
Adminigration - Cooperative Ingtitute for Research in Environmenta Sciences (NOAA-CIRES) Climate
Diagnostics Center web page (www.cdc.noaa.gov/HistData). The episode synoptic discussion utilized the
NOAA publication Daily Weather Maps. Because of the importance of the Class| areasin GSM and
SNP, meteograms of the closest NWS sitesto these locationswereincluded. For GSM it was Knoxuville,
Tennessee (about 22 km from the center of GSM), and for SNIP it was Charlottesville, Virginia (about 44
km from the center of SNP). Because of missing data problems at Charlottesville, the dternate Sites of

Staunton, Virginiaand Martinsburg, West Virginia (49 and 105 km from the center of SNIP, respectively)
were also used.

The July 1995 episode was Class 1 for acid deposition at SNP. The episode contained one Class 5
vighility day and one Class4 vighility day & GSM, and two Class5 and one Class 3 vishility daysat SNP.
For ozoneat GSM therewerefive Class 3 daysand two Class4 days. For ozoneat SNPtherewerethree
Class 2 days, two Class 3 days, and three Class 4 days. Overal, this episode experienced periods of low
vighility and high ozone. Apat from SAMI it iswel known for ardatively short but intense heart wave
which claimed around 800 lives across the country (Changnon et a. 1996; Kunkd et d. 1996)

The anomaly fidd (showing departures from a 15-year mean) for the 500-mb geopotentia height for this
episodeisshowninFgure4-1. Heightswere on average 30-45 m abovethe long-term mean over portions
of Midwest. This resulted in surface high pressure over the same area for much of the period which
contributed to the heat wave. The 500-mb ridge intensified and moved eastward from the Nebraska
Kansasareaon 10 July to northern lllincisby 14 July. During this period most precipitation occurred onthe
periphery of the ridge over the Great Lakes and coadtd areas of the Atlantic and Gulf coasts.
Temperatures warmed during this period so that by 14 July alarge portion of the Midwest had maximum
temperatures 35°C or higher. For the period 15-20 July the 500-mb ridge dowly weakened and moved
southward taking up a postion generdly from Texas to Georgia. At the same time a cold front moved
dowly southeastward from the northern Great Plains and became Stationary acrossthe South by the end of
the period. Thisbrought cooler and lesshumid air to much of the eastern United States along with scattered
precipitation.

Figures 4-2 and 4- 3 contain time series of observationsfor Knoxville, while Figures4-4 and 4-5 show the
same for Staunton, Virginia. The Charlottesville, Virginia Ste had large segments of missng data for this
episode. Maximum temperatures a Knoxville warm to near 35°C on 15 July and then dowly decline
thereafter dueto anincreasein cloud cover from scattered afternoon convection and the frontal passageon
18 July. The frontd passageis clearly indicated by the drop inthe dew point temperatures and themixing
ratios. The reative humidity showed the typica maximanear saturation in the mornings and minimain the
afternoonsin the range of 45-55 %. Six-hour precipitation amounts were only on the order of 1 mmand
were recorded on 16 July and 17 July but the associated cooling can be seen in the transient dips on the
temperature curves for the same times. Wind speeds at Knoxville were generaly below 3-4ms™* with the
maximum value of 6 m s* on 15 July. Winds were generdly calm a night. With the upper-air ridge and
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surface high pressure to the west for most of the period wind directions were generally west to northwest.
The same plots for Staunton in Figures 4-4 and 4-5 show similar patterns except no precipitation was
recorded and the dew point temperature and mixing ratio showed more variability.

ECOmb GEOPOTENTIAL HEKSHTS yfdomy  OH—Day ANOMALY FOR:
Tue JUL 11 1995 — Wed JUL 19 19495

NCEP OPERATIOMAL DATASET

HaA—CRES “Climote Olagnoatics Cankar

Figure4-1. Anomaly field for the 500-mb geopotential heights created by taking the mean valuefor the
period 0000 UTC July 11— 1200 UTC July 19 1995 and subtracting from it the 15-year mean for the same
period. Unitsarein decameters (dam). Image obtained from NOAA-CIRES CDC.

52



45 a0
~~ 40
A" =
» 35
2 3
3 g
< 30 Q
5 =1
o -
o 2
B 20

15 - I I I I I I I I I I -5

JUL 10 JUL 12 JUL 14 JUL 16 JUL 18

1056
=
X 95+ =

P

S i .
> 8 =
o
T 5 o
o -
E =0
S 65 ot
) o

58
)]
£ . Q
3 4
= &
© d3 4 ~
[0’

29 — | | | | | | -7

JUL 14 JUL 18 JUL 18
Time

Figure 42. Top Panel: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee from 9 July 1995 1200 UTC to 20 July
1995 1200 UTC. Temperatures are with respect to the left vertical axiswhile the dewpoint temperatures
are with respect to theright vertical axis. The tick marks on the horizontal axisareat 1800 UTC each day
but are only labeled every other day. Bottom Panel Hourly observed relative humidities (per cent) at 2 m
(solid curve) and mixing ratios (g kg™) at 2 m (dashed curve) at Knoxville, Tennessee from 9 July 1995
1200 UTCto 20 July 1995 1200 UTC. Relative humiditiesare with respect to the left vertical axiswhilethe
mixing ratios are with respect to theright vertical axis. Thetick marks on the horizontal axisare marked in
the same way as for the top panel.
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Figure4-3. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions
(degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 9 July 1995 1200 UTC to 20 July 1995 1200
UTC. Wind speeds are with respect to the | eft vertical axis while the wind directions are with respect to
theright vertical axis. Thetick marks on the horizontal axisare at 1800 UTC each day but are only labeled
every other day. Bottom Panel Six-hourly observed precipitation amounts (mm) at Knoxville, Tennessee
from 9 July 1995 1200 UTC to 20 July 1995 1200 UTC. Thetick markson the horizontal axis are marked in
the same way as for the top panel.
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Figure4.4. Top Panel: Hourly observed temperatures (°C) at 2 m (solid curve) and dewpoint temperatures
(°C) at 2 m (dashed curve) at Staunton, Virginia from 9 July 1995 1200 UTC to 20 July 1995 1200 UTC.

Temperatures are with respect to the | eft vertical axiswhile the dewpoint temperatures are with respect to
the right vertical axis. The tick marks on the horizontal axisare at 1800 UTC each day but are only labeled
every other day. Bottom Panel Hourly observed relative humidities (per cent) at 2 m (solid curve) and
mixing ratios (g kg™) at 2 m (dashed curve) at Staunton, Virginiafrom 9 July 1995 1200 UTC to 20 July 1995
1200 UTC. Relative humidities are with respect to the left vertical axis while the mixing ratios are with
respect to the right vertical axis. The tick marks on the horizontal axis are marked in the same way asforthe
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Figure4-5. Top Panel: Hourly observed wind speeds (m s) at 10 m (solid curve) and wind directions (degrees)
at 10 m (dashed curve) at Staunton, Virginiafrom 9 July 1995 1200 UTC to 20 July 1995 1200 UTC. Wind speeds
are with respect to the left vertical axiswhile the wind directions are with respect to theright vertical axis. Thetick
marks on the horizontal axis are at 1800 UTC each day but are only labeled every other day. Bottom Panel Six-
hourly observed precipitation amounts (mm) at Staunton, Virginiafrom 9 July 1995 1200 UTC to 20 July 1995 1200
UTC. Thetick marks on the horizontal axis are marked in the same way asfor the top panel.

4.3 The 9-18 May 1993 Episode

The May 1993 episode was categorized as Class 3 for GSM and Class 4 for SNP for the metric of acidic
deposition. For vishility there was one Class 3 day at GSM and one Class 3 and Class 4 days at SNP.
For ozone at GSM there was one Class 1 day and four Class 2 days. For ozone at SNP there was one
Class 1 day and two Class 3 days. Thisepisodewassmilar to the May 1995 episodeinthat it was chosen
for abroad range of conditionsincluding moderate to high acidic deposition, moderate ranges of vishility,
and mainly low levels of ozone.

56



The anomaly field for the 500-mb geopotentia height for this episode is shown in Figure4-6. It showsan
area of above normd heights over western Canada and the western United States. Two areas of below
normd heights were observed: one over the southern Great Plains and another over southeastern Canada.
The two below normal areas are reflections of two closed upper-leve low circulaions which controlled
much of the weather over the eastern United Statesfor this episode. The episode started on 9 May with an
upper-leve trough over the Rocky Mountainsand aridge fromthe Great Lakesto Forida. Theassociated
surface featuresincluded afrontal system from North Dakotato Texas and a high pressure ridge covering
the eastern third of the United States. For the period 10-12 May an upper-level closed low remained over
parts of Oklahoma, Kansas, Missouri, and Arkansas aong with its surface low pressure center. A dow-
moving cold front or trough from this surface low moved across parts of the southern Gulf of Mexico
coastal states during this period. At times another frontal system extended northward or northeastward
from thissame surface low to the Greet L akes or New England. By 13 May the upper-leve cutoff low had
opened and moved to the Southeast. A new upper-leve closed low was devel oping southeast of Hudson
Bay. One frontd system extended from Oklahoma northeastward to the mid- Atlantic while another was
located across southern Canada. For the period 14-16 May theintense upper-level low south of Hudson
Bay created fast zond flow for the northern United States. In response the southern Canadian frontal

system moved south and by 16 May was located from the mid- Atlantic westward to aweak surface low
over the Ohio Valey and then west to Texas and then northward as a Sationary front over the Rocky
Mountains. This same frontd system was quas-stationary for the period 17-18 May with severa waves

moving dong it.

Figures 4-7 and 4-8 show the time series of observationsfor Knoxville, Tennesseewhile Figures4-9 and
4-10 show the samefor Martinsburg, West Virginia Martinsburg was chosen asthe nearest NWS siteto
SNPin place of Staunton and Charlottesville, Virginiawhich both had large periods of missng data.

K noxville maximum temperatures at the beginning of the episode were near 26°C and then declined to near
22°C on the afternoon of 13 May in response to the clouds and preci pitation from the closed upper-leve
system in the Southern Plains moving eastward. For the rest of the episode, maximum temperatures
increased dowly once againto near 26°C. Dew point temperaturesfollowed asimilar pattern, starting near
20°C and decreased to 10°C on 14 May, and then increased to 20°C by 18 May. The corresponding 2-m
mixing ratios started a 15 g kg* on 9 May, decreased to near 8 g kg* on 14 May, and then Sowly
increased back to 15 g kg™ by 18 May. The 100% relative humidity values suggest morning fog whichwas
confirmed by surface observations. The highest wind speedswere near 6 ms™ on the afternoons of 12 and
16 May. Otherwise afternoon wind speedswere generally 2-4ms™. Nighttimewind speedswerelight or
cam. Wind directions covered a broad range but were typically southwest to northwest. M easured 6-h
precipitation fel on 12-13 May with amounts of 2-18 mm and with amounts under 1 mm during 16-18

May.

For Martinsburg Smilar patternswere observed except that maximum temperatures madeless of arecovery
after the middle of the episode. Dew point and mixing ratio vaues were dso smdler than Knoxville in
generd, and especidly for late in the episode with Martindourg being north of a sationary front. Wind
peeds were somewhat faster and precipitation amountswere smaler. On 13 May 6-hvauesupto 6 mm
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were observed while lighter amounts of near 2 mm were observed on 16 May.
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Figure4-6. Anomaly field for the 500-mb geopotential heights created by taking the mean valuefor the
period 0000 UTC 09 May - 1200 UTC 18 May 1993 and subtracting from it the 15-year mean for the same
period. Unitsarein decameters (dam). Image obtained from NOAA-CIRES CDC.
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Figure 47. Top Panel: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint

temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 09 May 1993 to 1200
UTC 18 May 1993. Temperatures are with respect to the left vertical axis while the dewpoint temperatures
arewith respect to theright vertical axis. Thetick marks on the horizontal axisare at 1800 UTC each day
but are only labeled every other day. Bottom Panel Hourly observed relative humidities (per cent) at 2 m

(solid curve) and mixing ratios (g kg ™) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 09

May 1993t0 1200 UTC 18 May 1993. Relative humidities are with respect to the left vertical axiswhile the
mixing ratios are with respect to theright vertical axis. The tick markson the horizontal axisare marked in
the same way asfor the top panel.
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Figure4-8. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions (degrees) at 10
m (dashed curve) at Knoxville, Tennessee from 1200 UTC 09 May 1993 to 1200 UTC 18 May 1993. Wind speedsare
with respect to the | eft vertical axis while the wind directions are with respect to the right vertical axis. Thetick marks
on the horizontal axis are at 1800 UTC each day but are only labeled every other day. Bottom Panel Six-hourly
observed precipitation amounts (mm) at Knoxville, Tennessee from 1200 UTC 09 May 1993 to 1200 UTC 18 May 1993.
Thetick marks on the horizontal axis are marked in the same way asfor the top panel.
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Figure4-9. Top Panel: Hourly observed temperatures (°C) at 2 m (solid curve) and dewpoint temperatures
(°C) at 2 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC 09 May 1993 to 1200 UTC 18 May
1993. Temperatures are with respect to the left vertical axis while the dewpoint temperatures are with
respect to theright vertical axis. Thetick marks on the horizontal axisare at 1800 UTC each day but are
only labeled every other day. Bottom Panel Hourly observed relative humidities (per cent) at 2 m (solid
curve) and mixing ratios (g kg™) at 2 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC 09
May 1993 to 1200 UTC 18 May 1993. Relative humidities are with respect to the left vertical axiswhilethe
mixing ratios are with respect to theright vertical axis. Thetick marks on the horizonta axisare marked in
the same way as for the top panel.
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Figure 4-10. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions (degrees)
at 10 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC 09 May 1993 to 1200 UTC 18 May 1993.
Wind speeds are with respect to the left vertical axiswhile thewind directions are with respect to theright vertical
axis. Thetick marks on the horizontal axis are at 1800 UTC each day but areonly labeled every other day. Bottom
Pandl Six-hourly observed precipitation amounts (mm) at Martinsburg, West Virginiafrom 1200 UTC 09 May 1993
to 1200 UTC 18 May 1993. Thetick marks on the horizontal axis are marked in the same way asfor the top pand.

4.4 The2l March - 1 April 1993 Episode

The March 1993 episode was categorized as Class 2 for GSM and Class 3 for SNP for the metric of
acidic deposition. For vishility therewas one Class 1 and one Class 2 days for both GSM and SNP. This
episode was outside the norma 0zone season and ozone classes were not defined. The episode was
chosen for low to moderate acidic deposition and high to moderate ranges of vighility.

Theanomaly field for the 500-mb geopotentid height for thisepisodeisshowninFigure4-11. A largearea
of above norma heights with values up to 150 m above norma existed over southern Canada and the
northern United States whereas an areawith below normd heightswith asmaller magnitude existed over the
southeastern United States. Thisanomaly pattern was the result of two closed upper-leve sysemsduring
the episode generdly located over the central United Statesand an active subtropical jet stream acrossthe
southern United States. The episode began on 21 March with mainly zona upper-leve flow acrossthe
extreme northern United States and with a trough extending from the northern Rocky Mountains
southwestward to Arizona. Surface features included a ridge of high pressure from southern Ontario
southward to the Ohio River Valley. East of thisridge alow and associated fronts were moving acrossthe
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eastern United Stateswhile another low pressure center and associ ated frontswerelocated over the central

and southern Rocky Mountains. By 23 March thewestern upper-leve trough moved east and developed a
closed low over lowa. In conjunction with thisthe western frontal system had a so moved east to the Ohio
River Vdley with a cold front southward to the Gulf of Mexico and a warm front across the southern

Appaachians. For the period 24-25 March the Ohio Vdley surface syssem moved off the mid-Atlantic
coast with the southern portion remaining asastationary front dong the Gulf coast. High pressure built over
the Great L akesand New England. The closed upper-leve low moved littlewith aposition essentidly over
lllinois. For 26-27 March the upper-leve low dowly moved to Georgia as a new upper-leve trough
moved into the Southwest. A new surface system devel oped dong the Gulf Coast stationary front and was
located over Georgiaon 27 March. During 28-30 March the eastern upper-level low and its associated
surface system moved northward aong the east coast and eventudly offshorewhilethe new western upper-
levd trough moved inland to a position near Texas by 30 March. Thislatter upper-level sysemwasadso
associated with a developing surface system over the southern Great Plains. For the remainder of the
episode for the period of 31 March to 1 April the new upper leve trough intensfied and became aclosed
low over Illinoisby 1 April. Theassociated surfacelow degpened and becameamagjor ssorm moving from
Oklahomato Ohio and pulling first awarm front and then acold front acrossmost of the southern portion of

the immediate SAMI region. This system produced precipitation at both GSM and SNP but with the
heavier amounts at GSM.

Figures 4-12 and 4-13 show the time series of observationsfor Knoxville, Tennessee while Figures4-14
and 4-15 show thesamefor Martinsburg, West Virginia. Martinsburg was chosen asthe nearest NWSsite
to SNP in place of Staunton and Charlottesville, Virginiawhich both again had large periods of timewith
missing data Maximum temperatures at Knoxville increased to near 22°C on 25 March and then

decreased to 14- 17°C for the period 26-28 March. Thiswasin association with thefrontal sysemmoving
up the East coast which brought light precipitation and northerly flow. Maximum temperaturesincreased to
20-23°C for the remainder of the episode in advance of the last strong storm system. Dew point
temperatures a Knoxville were in the range of +2 to +15°C during the same period. Mixing ratio vaues
were in the range of 4 to 11 g kg*. Wind speeds a 10 m were generaly under 5 m s* except for 31
March and later when speeds reached 7 m s* in advance of the last storm system. Wind directions were
highly varigble with the multiple storm systems.  Three precipitation periods were delineated by the 6-h
observed precipitation amounts. For the periods 22- 23 March and 26-28 March amountswere under 10
mm. Thethird precipitation event had amounts up to near 30 mm. Conditionsat Martinsburg wereSsmilar
except for the following: temperatures and mixing ratios were smdler, wind speedswere generdly higher,
and precipitation amounts were smaller.
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Figure4-11. Anomaly field for the 500-mb geopotential heights created by taking the mean valuefor the
period 0000 UTC 21 March- 1200 UTC 1 April 1993 and subtracting from it the 15-yeer meanfor thesame
period. Unitsarein decameters (dam). Image obtained from NOAA-CIRES CDC.
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Figure 412. Top Panel: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 21 March 1993 to 1200
UTC 1 April 1993. Temperatures are with respect to the left vertical axiswhile the dewpoint temperatures
are with respect to theright vertical axis. Thetick marks on the horizontal axisare at 1800 UTC each day
but are only labeled every other day. Bottom Panel Hourly observed relativehumidities(per cent) at 2 m
(solid curve) and mixing ratios (g kg ™) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 21
March 199310 1200 UTC 1 April 1993. Relative humidities are with respect to the left vertical axiswhile
the mixing ratios are with respect to the right vertical axis. The tick marks on the horizontal axis are
marked in the same way as for the top panel.
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Figure 4-13. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions
(degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 21 March 1993to 1200 UTC 1
April 1993. Wind speeds are with respect to the left vertical axis while the wind directions are with
respect to the right vertical axis. Thetick marks on the horizontal axisare at 1800 UTC each day but are
only labeled every other day. Bottom Panel Six-hourly observed precipitation amounts (mm) at
Knoxville, Tennessee from 1200 UTC 21 March 1993 to 1200 UTC 1 April 1993. The tick marks on the
horizontal axis are marked in the same way asfor the top panel.
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Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint

temperatures (°C) at 2 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC 21 March 1993 to
1200 UTC 1 April 1993. Temperatures are with respect to the left vertical axis while the dewpoint
temperatures are with respect to the right vertical axis. Thetick marks on the horizontal axis are at 1800
UTC each day but are only labeled every other day. Bottom Panel Hourly observed relative humidities
(per cent) at 2 m (solid curve) and mixing ratios (g kg™) a 2 m (dashed curve) at Martinsburg, West Virginia
from 1200 UTC 21 March 1993 to 1200 UTC 1 April 1993. Relative humidities are with respect to the left
vertical axis while the mixing ratios are with respect to the right vertical axis. The tick marks on the
horizontal axis are marked in the same way as for the top panel.
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Figure 4-15. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions (degrees)
at 10 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC 21 March 1993 to 1200 UTC 1 April 1993.
Wind speeds are with respect to the left vertical axiswhile the wind directions are with respect to the right vertica
axis. Thetick markson the horizontal axisare at 1800 UTC each day but are only labeled every other day. Bottom
Pandl Six-hourly observed precipitation amounts (mm) at Martinsburg, West Virginiafrom 1200 UTC 21 March
1993 to 1200 UTC 1 April 1993. Thetick marks on the horizontal axis are marked in the same way asfor the top
panel.

4.5 The 6-14 February 1994 Episode

The February 1994 episode was categorized as Class 2 for GSM and for SNP for the metric of acidic
deposition. For vishility therewasone Class 1 day for both GSM and SNP. Thisepisodewas outsidethe
normal ozone season and was chosen for moderate acidic deposition and high vighility.

Theanomaly field for the 500-mb geopotentid height for thisepisodeisshowninFigure4-16. A largearea
of below norma heights extended from most of southern Canada southwestward across the Great Lakes
and then mogt of thewestern United States. Above normal heightswere observed over the Southeast. The
500-mb heights which were above norma over the Southeast are somewhat mideading in that a mgjor
incurson of Arctic air occurred during the period 9-11 February for the eastern half of the United States
and was accompanied by amgjor ice storm from Texasto Ohio. The episode began on 6 February with an
intense upper-leve closed low over Hudson Bay and broad cyclonic flow over much of the United States.
At the surface there was one frontal system across the northern United States from the Rocky Mountains
eastward to New England and another one acrossthe Gulf Coast states. A surface high of 1044 mb was
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over Alberta and would be the source of the Arctic ar for later in the period. During 7-10 February the
Canadian high pressure moved south and east and brought much below norma temperaturesto most of the
eastern United States. By 10 February the upper-leve flow had become more zond acrossthe northern-
half of the United States and with a sharp trough over Texasand New Mexico. A southern frontd system
on 6 February dissipated while a northern one in advance of Arctic air moved south and east. By 10
February the Arctic front waslocated from Georgia southwestward to the Gulf of Mexico. A largeareaof
overrunning freezing precipitation developed in back of the front and wasthefirst phase of anice storm for
much of the Southeast. During the period 10-11 February the upper-leve trough over Texas moved
eastward and in conjunction aweak wave developed on the southern fronta system bringing more winter
precipitation to much of the Southeast. By 12 February the Arctic air had retreated to New England witha
large area of Pacific high pressure building over the western United States behind a developing fronta
system across the Great Plains. The upper-level flow was characterized by a trough from the northern
Plains southwestward to Arizona. For the period 13-14 February the Plains fronta system moved
eastward off the Atlantic coast and was followed by high pressure over much of the Southeast. Another
Arctic front moved across New England. By 14 February the upper-level flow had become zond over
much of the United States except over New England where the flow wasinfluenced by aclosed low over
southern Quebec.

Figures 4-17 and 4-18 show the time series of observationsfor Knoxville, Tennesseewhile Figures4-19
and 4- 20 show the samefor Martinsburg, West Virginia. Martinsburg was chosen asthe nearest NWSsdte
to SNPin place of Staunton and Charlottesville, Virginiawhich both again had large periods of time with
missing data. The highest maximum temperature at Knoxville was near 20°C on 8 February followed by a
drop of about 20°C with te passage of the Arctic front on 9 February. Temperatures only sowly

recovered to 5°C on 12 February before another frontal passage on 13 February reduced temperaturesto
near -5°C at the end of the episode. Dew point temperatures were in the range of -5 to 15°C with the
mixing ratios of 2-11 g kg*. The dmost continuous relative humidity above 95% during the period 9-12
February coincide with the mgor period of frozen precipitation. The highest 10-m wind speeds werein
advance of the Arctic front on February 9with valuesnear 10ms™. Otherwisewind speedsweretypically
in the range of 3-5ms*. Thewind direction was dominated by northerly to northeasterly flow except for
the period 11-13 February when winds were generdly westerly. The main precipitation event of 9-11
February had 6-h amounts up to 44 mm. Conditions at Martinsburg were smilar except for the following:
1) temperatures were colder, 2) dew point temperatures and mixing ratios were smdler, 3) the highest
wind speeds were at the end of the episode during the period 12-13 February, and 4) 6-h precipitation
amounts were less than or equa to 8 mm and were more scattered across the episode.
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Figure4-16. Anomaly field for the 500-mb geopotential heights created by taking the mean value for
the period 0000 UTC 6 February - 1200 UTC 14 February 1994 and subtracting from it the 15-year
mean for the same period. Units are in decameters (dam). Image obtained from NOAA-CIRES CDC.
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Figure 417. Top Panel: Hourly observed temperatures C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 6 February 1994 to 1200
UTC 14 February 1994. Temperatures are with respect to the left vertical axis while the dewpoint
temperatures are with respect to theright vertical axis. The tick marks on the horizontal axisarea 1800
UTC each day but are only labeled every other day. Bottom Panel Hourly observed relative humidities
(per cent) at 2 m (solid curve) and mixing ratios (g kg™) at 2 m (dashed curve) at Knoxville, Tennessee
1200 UTC 6 February 1994 to 1200 UTC 14 February 1994. Relative humidities are with respect to the left
vertical axis while the mixing ratios are with respect to the right vertical axis. The tick marks on the
horizontal axis are marked in the same way as for the top panel
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Figure4-18. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions
(degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 6 February 1994 to 1200 UTC 14
February 1994. Wind speeds are with respect to the left vertical axiswhile the wind directions are with
respect to theright vertical axis. Thetick marks on the horizontal axis are at 1800 UTC each day but are
only labeled every other day. Bottom Panel Six-hourly observed precipitation amounts (mm) at
Knoxville, Tennessee from 1200 UTC 6 February 1994 to 1200 UTC 14 February 1994. Thetick markson
the horizontal axis are marked in the same way asfor the top panel.
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Figure 419. Top Panel: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC 6 February 1994 to
1200 UTC 14 February 1994. Temperatures are with respect to the left vertical axis while the dewpoint
temperatures are with respect to the right vertical axis. Thetick marks on the horizontal axis are at 1800
UTC each day but are only labeled every other day. Bottom Panel Hourly observed relative humidities
(per cent) at 2 m (solid curve) and mixing ratios (g kg™) at 2 m (dashed curve) at Martinsburg, West Virginia
from 1200 UTC 6 February 1994 to 1200 UTC 14 February 1994. Relative humidities are with respect to the
left vertical axis while the mixing ratios are with respect to the right vertical axis. Thetick marks on the
horizontal axis are marked in the same way as for the top panel.
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Figure 4-20. Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions (degrees) at 10 m
(dashed curve) at Martinsburg, West Virginia from 1200 UTC 6 February 1994 to 1200 UTC 14 February 1994.
Wind speeds are with respect to the left vertical axiswhile thewind directions are with respect to theright vertical
axis. Thetick markson the horizontal axisare at 1800 UTC each day but are only labeled every other day. Bottom
Pandl Six-hourly observed precipitation amounts (mm) at Martinsburg, West Virginiafrom 1200 UTC 6 February
1994 to 1200 UTC 14 February 1994. Thetick marks on the horizontal axis are marked in the same way asfor the
top panel.

4.6 The 21 July - 1 August 1991 Episode

The July 1991 episode was chosen to replace an April 1994 episode for which attemptsto smulatereaigtic
precipitation amounts had failed. The July 1991 episode was Class 4 for acidic deposition at both GSM
and SNP. For vishility there were two Class 5 days at GSM and two Class 4 days at SNP. A broad
range of ozone conditions were represented at both parks with Classes 1-3. Thisepisoderepresentshigh
acidic depostion, low vishility, and low to moderate ozone at both GSM and SNP.

The anomaly field for the 500-mb geopotentid height for this episode is shown in Figure 4-21. Themain
feature affecting this episode was the area of below normal heights south of Hudson Bay to the Grest Lakes
area. Thiswastheresult of an upper-leve closed low inthat region for much of the episode. Severd short
wavesrotated around this circulation and their associated surface fronts travel ed southeastward acrossthe
Midwest and Southeast and then stalled over parts of the Southeast. Thisresulted inan activeand very wet
pattern for aress along and east of the Appaachians with locally heavy rains and flooding. The episode
began on 21 July with an upper-level closed low northeast of Hudson Bay and a trough extending

southward to the Geat Lakes. Another Canadian trough was located over western Canada. At the
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surface high pressure waslocated over the Great Lakesand over the Southeast with afrontal system across
the northern United States. During 22-25 July the closed upper-levd low remainedinthevicinity of Hudson
Bay and the northern frontal system dowly moved southeastward and by 25 July it was a Sationary front
extending from Texas to Kentucky to Maryland. During thistime severd minor waves moved aong the
front. The remainder of the episode experienced another fronta system moving southeastward from the
northern Plains which once again became Stationary over the Southeast in about the same postion. Both
fronts produced showers and thunderstorms aong and south of their postions.

Figures 4-22 and 4-23 show the time series of observations for Knoxville, Tennessee while Figures4-23
and 4- 24 show the samefor Martinsburg, West Virginia. Martinsburg was chosen asthe nearest NWS Site
to SNPin place of Staunton and Charlottesville, Virginiawhich both again had large periods of time with
missing data Maximum temperatures at the beginning of the episode, from 21-23 July at Knoxville, were
near 34°C and then decreased to near 29-30°C for therest of the episode with increased afternoon clouds
and showers. Dew point temperatures ranged from 18-22°C with the rdlated mixing ratiosin the range of
14-19 g kg*. Afternoon wind speeds were typicaly 3-5 m s* with generdly light or cdlm winds at nigh.
Wind directionswere highly variable across the episode. The 6- h precipitation anountswereaslargeas 13
mm with precipitation being recorded on 24, 26, and 28 July. Conditions at Martinsburg were smilar
except for the following: 1) lower temperatures and mixing ratios, 2) higher wind speeds, and 3) lower
precipitation amounts. Aswill be seen when the 12-km model results are discussed (in section 6.6.2), the
Tennessee Vdley Authority rain gauge network indicated that much heavier precipitation occurred in the
mountains than either Knoxville or Martinsburg recorded.
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Figure4-21. Anomaly field for the 500-mb geopotentia heights created by taking the mean valuefor the
period 0000 UTC 21 July - 1200 UTC 1 August 1991 and subtracting from it the 15-year meanfor thesame
period. Unitsarein decameters (dam). Image obtained from NOAA-CIRES CDC.
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Figure 422. Top Panel: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 21 July 1991 to 1200UTC
1 August 1991. Temperatures are with respect to the left vertical axiswhile the dewpoint temperatures
are with respect to theright vertical axis. Thetick marks on the horizontal axisare at 1800 UTC each day
but are only labeled every other day. Bottom Panel Hourly observed relative humidities (per cent) at 2m
(solid curve) and mixing ratios (g kg™*) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 21
July 1991t0 1200 UTC 1 August 1991. Relative humidities are with respect to the left vertical axiswhile
the mixing ratios are with respect to the right vertical axis. The tick marks on the horizontal axis are
marked in the same way as for the top panel.
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Figure 4-23. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions
(degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 21 July 1991 to 1200 UTC 1
August 1991. Wind speeds are with respect to the | eft vertical axis while the wind directions are with
respect to theright vertical axis. Thetick marks on the horizontal axis are at 1800 UTC each day but are
only labeled every other day. Bottom Panel Six-hourly observed precipitation amounts (mm) at
Knoxville, Tennessee from 1200 UTC 21 July 1991 to 1200 UTC 1 August 1991. The tick marks on the
horizontal axis are marked in the same way asfor the top panel.
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Figure 424. Top Panel: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) a Martinsburg, West Virginiafrom 1200 UTC 21 July 1991 to 1200
UTC 1 August 1991. Temperatures are with respect to the left vertical axiswhile the dewpoint temperatures
are with respect to theright vertical axis. Thetick marks on the horizontal axis are at 1800 UTC each day
but are only labeled every other day. Bottom Panel Hourly observed relative humidities(per cent) at 2m
(solid curve) and mixing ratios (g kg™) at 2 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC
21 July 1991 t0 1200 UTC 1 August 1991. Relative humidities are with respect to the left vertical axiswhile
the mixing ratios are with respect to the right vertical axis. Thetick marks on the horizontal axis are marked
in the same way as for the top panel.
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Figure 4-25. Top Panel: Hourly observed wind speeds (m s™) a 10 m (solid curve) and wind directions (degrees)
at 10 m (dashed curve) at Martinsburg, West Virginiafrom 1200 UTC 21 July 1991 to 1200 UTC 1 August 1991.
Wind speeds are with respect to the left vertical axiswhile thewind directions are with respect to theright vertical
axis. Thetick marks on the horizontal axisare at 1800 UTC each day but are only labeled every other day. Bottom
Pandl Six-hourly observed preci pitation amounts (mm) at Martinsburg, West Virginiafrom 1200 UTC 21 July 1991
t0 1200 UTC 1 August 1991. Thetick marks on the horizonta axisare marked in the sameway asfor the top pane.

4.7 The 3-12 August 1993 Episode

The 3-12 August 1993 episode contained one Class 3 day for acid deposition at GSM. Alsoat GSM, the
episode contained two Class 3 vishility daysand one Class4 visbility day. At SNP, therewasoneClass3
and two Class 4 vishility days during the episode. For ozone at GSM there were two Class 1 and four
Class 2 days while a SNP there was one Class 1 and three Class 2 days. Thus, this episode was chosen
for periods of moderately low visibility and high ozone.

The anomaly field for the 500-mb geopotentia height for this episode is shown in Figure 4-26. Heights
were about average over the southeastern U.S. and about 20 to 30 m below the long-term mean over
portions of upper Midwest.

Figures4-27 and 4-28 show thetime series of observationsfor Knoxville. Maximum daily temperaturesat
Knoxville were in the 29° C to 33° C range during the episode with the minimum occurring during the
middle of the period. The rdative humidity showed the typica maximanear saturation inthe morningsand
minima in the afternoon in the range of 40-65 %. Precipitation occurred on severa days of the episode.
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The greatest Sx-hour precipitation amounts occurred on 5 August (27 mm) and 13 August (23 mm) with
lesser amounts (2mm to 17 mm) being recorded during other 6-hr periods on the same or other days.
Wind speeds at Knoxville were generdly in the 1.5 ms™ to 4 ms™ range athough occasionally windsdid
resch ashigh as 7 ms*. Windsweregeneradly calm at night. At Knoxville, windswere generally westerly
for the first three days of the episode, becoming northerly for the 6" through 9" and then southeasterly
through southwesterly through the remainder of the period.

The meteorologica times series a Martinsburg, WV areshown in Figures4-29 and 4-30. At Martinsburg
maximum daily temperatures were in the 26° C to 32° C range. As a Knoxville, the minimum occurred
during the middle of the period. Rdative humidity showed the typical maxima near saturation in the
mornings and minima in the afternoon in the range of 35-55 %. Precipitation occurred on afew days at
Martinsburg during the episode. The greatest Sx-hour precipitation amounts occurred on 7 August (19
mm) with lesser amounts (2mm to 16 mm) recorded during other 6-hr periods on the sameor other days.
Wind speeds were generaly in the 2.5 ms™* to 5ms™ range athough occasionally winds did reach ashigh
as 8 ms'. Windswere generdly cam at night. Wind directions were generally varigble a Martingourg
during the episode and missing data occurred for many hours.

4.8 The 22-29 June 1992 Episode

The 22-29 June 1992 episode contained one Class 2 day for acid deposition at GSM and oneClass 1 acid
deposition day at SNP. The episode contained one Class 4 visghility day at GSM while SNP had two
Class4 days. For ozone at GSM there was one Class 3 and one Class 4 dayswhile at SNP there were
three Class 3 days, one Class 1day and one Class 3 day as well.

The anomay field for the 500-mb geopotentiad height for this episode is shown in Figure 4-31. Heights
were sysematically lower than average over the eastern U.S. during the June 1992 episode. Over the
southeastern U.S,, the geopotentia heights were typicaly 30 to 60 m or more lower than the long-term
mean. The greatest depression wasin the upper Midwest where the means were as much as 150 m lower
than normd.

Figures4-32 and 4- 33 show thetime series of observationsfor Knoxville. Maximum daily temperatures at
Knoxvillewerein the 24° C to 31° C range during the episode with the maxima occurring during themiddle
and at the very end of the period. Reative humidity showed maxima near saturation on about haf of the
mornings and minima in the afternoon in the range of 40-65%. Light precipitation (i.e,, lessthan 1 mm)
occurred on three days of the episode. Wind speeds at Knoxvillewere generdly inthe 1.5ms* to5ms?*
range athough occasionaly winds did resch as high as 7 ms*. Windswere generdly cam at night. At
Knoxville, winds were generdly westerly for thefirst three days of the episode, becoming northerly for the
remainder of the period.

The meteorologica times series a Martinsburg, WV areshown in Figures4-34 and 4-35. At Martinsburg
maximum daily temperatures climbed steadily throughout the episode from 22° C to 30° C. Nighttimelows
were around 12° C. The rdative humidity showed the typica maximanear saturation in the mornings and
minima in the afternoon in the range of 35-55 %. Light precipitation occurred on a couple of days a
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Martinsburg during the episode. The greatest six-hour preci pitation amounts occurred on 25 June (6 mm)
with 3mm recorded on 24 June. Wind speeds a Knoxville were generally inthe 2 ms* to 6 ms* range
dthough occasiondly winds did reach as high as 7 ms* to 8 ms™. Winds were cam at night. Wind
directionswere generdly westerly at Martinsourg for thefirgt haf of the episode, becoming northerly onthe
26™ through 28" and then becoming southerly on the 29". Missing data were reported for many hours.

4.9 The 24 April —3 May 1995 Episode

The 24 April —3 May 1995 episode contained one Class 1 day for acid deposition at GSM and one Class
2 acid deposition day at SNP. AT GSM, the episode contained one vighility day in each of Classes 2, 3,
and4. At SNP, there werethree Class 2 visihility days during the episode. For ozone at GSM therewas
one Class 1, two Class 2, and one Class 1 dayswhile a SNP there were three Class 1, one Class 2, and
one Class 4 days.

The anomaly field for the 500-mb geopotentia height for this episodeis shown in Figure 4-36. Heights
were about 25 m to 75 m below the long-term mean over the southeastern U.S. with larger depressions
from norma over the upper Midwest.

Figures4- 37 and 4- 38 show thetime series of observationsfor Knoxville. Maximum daily temperaturesat
Knoxville were in the 16° C to 24° C range during the episode with the maximum occurring during the
middle of the period (i.e,, 29 April). Rdative humidity showed the typicd maxima near saturation in the
mornings and minima in the afternoon in the approximate range of 30-80 %. Precipitation occurred on
severd daysof theepisode. The greatest six-hour preci pitation amounts occurred on afew daysduring the
period. On 1 May, the highest 6-hr precipitation total was 17 mm with 9 mm in the subsequent 6- hr period.

Trace amounts (< 2mm) were reported on a couple of other days. Wind speeds at Knoxville were
generdly inthe 1.5 ms™ to 5 ms* range dthough occasionaly winds did reach ashigh as8 ms™. Winds
were generdly cam at night. The wind directions & Knoxville generdly westerly for the first four days of
the episode, becoming southerly by 1 May and then veering to the west for much of the remainder of the
period.

The meteorologica times series a Staunton, VA are shown in Figures 4-39 and 4-40. At Staunton,
maximum daily temperatureswerein the 18° C to 24° C range. The minimum temperature occurred on 27
April. Reative humidity showed the typicad maxima near saturation in the mornings and minima in the
afternoon in the range of 30-55%. No precipitation was measured at Staunton during the episode. Wind
eedswere generdly inthe 1.5 ms™ to 5 m s™* range athough occasionally winds did reach ashigh as8 m
s*. Windsweregenerdly calm at night. West to southwesterly wind directionswere measured a Staunton
during thefirst few days of the episode, becoming northeast easterly for the remainder of the period. There
were many hours for which wind direction data were missng at Staunton.
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Figure4-26. Anomay Field for the 500-mb Geopotential Heights Created by Takingthe Mean Vauefor
the Period 0000 UTC 3 August— 1200 UTC 12 August 1993 and Subtracting From it the 15-Year Meanfor
the Same Period. Unitsarein Meters.
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Figure 4-27. Top Panel: Hourly Observed Temperatures C) at 2 m (solid curve) and Dewpoint
Temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee From 3 August 1993 1200 UTC to 12
August 1993 1200 UTC. Bottom Panel: Hourly Observed Relative Humidities (%) at 2 m (solid curve)
and Mixing Ratios (gm kg™) at 2 m (dashed curve) at Knoxville, Tennessee From 3 August 1993 1200 UTC
to 12 August 1993 1200 UTC.
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Figure 4-28. Top Panel: Hourly Observed Wind Speeds (m s') at 10 m (solid curve) and Wind
Directions (degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 3 August 1993 1200UTCto12
August 1993 1200 UTC. Bottom Panel: Six-Hourly Observed Precipitation Amounts (mm) at Knoxville,
Tennessee From 3 August 1993 1200 UTC to 12 August 1993 1200 UTC.
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Figure 429. Top Panel: Hourly Observed Temperatures °C) at 2 m (solid curve) and Dewpoint
Temperatures (°C) at 2 m (dashed curve) at Martinsburg, West VirginiaFrom 3 August 1993 1200 UTCto 12
August 1993 1200 UTC. Bottom Panel: Hourly Observed Relative Humidities (%) at 2 m (solid curve) and
Mixing Ratios (gm kg ™) at 2 m (dashed curve) at Martinsburg, West VirginiaFrom 3 August 1993 1200 UTC
to 12 August 1993 1200 UTC.
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Figure 4-30. Top Panel: Hourly Observed Wind Speeds (m s*) at 10 m (solid curve) and Wind Directions
(degrees) at 10 m (dashed curve) at Martinsburg, West Virginia From 3 August 1993 1200 UTC to 12 August 1993
1200 UTC. Bottom Panel: Six-Hourly Observed Precipitation Amounts (mm) at Martinsburg, West Virginiafrom 3
August 1993 1200 UTC to 12 August 1993 1200 UTC.
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Figure4-31. Anomaly Field for the 500-mb Geopotentia Heights Created by Taking the Mean Vauefor
the Period 0000 UTC 22 June — 1200 UTC 29 June 1992 and Subtracting From it the 15-Y ear Meanfor the
Same Period. Unitsarein Meters.
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Figure 4-32. Top Panel: Hourly Observed Temperatures °C) at 2 m (solid curve) and Dewpoint
Temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee From 22 June 1992 1200 UTC to 29 June
1992 1200 UTC. Bottom Panel: Hourly Observed Relative Humidities (%) at 2 m (solid curve) and Mixing
Ratios (gm kg™) at 2 m (dashed curve) at Knoxville, Tennessee From 22 June 1992 1200 UTC to 29 June
1992 1200 UTC.
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Figure 4-33. Top Panel: Hourly Observed Wind Speeds (m s*) at 10 m (solid curve) and Wind
Directions (degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 22 June 1992 1200 UTC to 29
June 1992 1200 UTC. Bottom Panel: Six-Hourly Observed Precipitation Amounts (mm) at Knoxville,
Tennessee From 22 June 1992 1200 UTC to 29 June 1992 1200 UTC.
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Figure 434. Top Panel: Hourly Observed Temperatures °C) at 2 m (solid curve) and Dewpoint
Temperatures (°C) at 2 m (dashed curve) at Martinsburg, West VirginiaFrom 22 June 1992 1200 UTC to 29
June 1992 1200 UTC. Bottom Panel: Hourly Observed Relative Humidities (%) at 2 m (solid curve) and
Mixing Ratios (gm kg™*) at 2 m (dashed curve) at Martinsburg, West Virginia From 22 June 19921200UTC
to 29 June 1992 1200 UTC.

91



11 3p0
10 - 360
T o - 330
N 8 —aoog
é L 270 5
7 A - a0 &
S 6 b
Q5 Y - 180 3
n 4 - 150 &
o g - 120 S-
b - 90 S
= 2 L 80
1 - 30
0 , 0
JUN 23 JUN 29
VS
g s
g, |
5o :
o
)
o 5
kY
o]
24
o
o 3 +
0,
z -
5
ol A
an +
| O T T T T T T T —*=
© JUN 23 JUN 26 JUN 27 JUN 2¢
Time

Figure 4-35. Top Panel: Hourly Observed Wind Speeds (m s*) at 10 m (solid curve) and Wind Directions
(degrees) at 10 m (dashed curve) at Martinsburg, West Virginia From 22 June 1992 1200 UTC to 29 June192120
UTC. Bottom Panel: Six-Hourly Observed Precipitation Amounts (mm) at Martinsburg, West Virginiafrom 22
June 1992 1200 UTC to 29 June 1992 1200 UTC.
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Figure4-36. Anomaly Field for the 500-mb Geopotentia Heights Created by Taking the Mean Vauefor
the Period 0000 UTC 24 April — 1200 UTC 3 May 1995 and Subtracting From it the 15-Y ear Meanfor the
Same Period. Unitsare in Meters.
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Figure 4-37. Top Panel: Hourly Observed Temperatures (°C) at 2 m (solid curve) and Dewpoint
Temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee from 24 April 1995 1200 UTC to 3 May
1995 1200 UTC. Bottom Panel: Hourly Observed Relative Humidities (%) at 2 m (solid curve) and Mixing
Ratios (gm kg™) at 2 m (dashed curve) at Knoxville, Tennessee From 24 April 1995 1200 UTC to 3 May
1995 1200 UTC.
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Figure 4-38. Top Panel: Hourly Observed Wind Speeds (m s*) at 10 m (solid curve) and Wind
Directions (degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 24 April 1995 1200 UTC to 3
May 1995 1200 UTC. Bottom Panel: Six-Hourly Observed Precipitation Amounts (mm) at Knoxville,
Tennessee From 24 April 1993 1200 UTC to 3 May 1995 1200 UTC.
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Figure 439. Top Panel: Hourly Observed Temperatures °C) at 2 m (solid curve) and Dewpoint
Temperatures (°C) at 2 m (dashed curve) at Staunton, Virginia From 24 April 1995 1200 UTC to 3 May 1995
1200 UTC. Bottom Panel: Hourly Observed Relative Humidities (%) a 2 m (solid curve) and Mixing Ratios
(gmkg™) at 2 m (dashed curve) at Staunton, Virginia From 24 April 1995 1200 UTCto3May 1995 1200UTC.
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Figure 4-40. Top Panel: Hourly Observed Wind Speeds (m s*) at 10 m (solid curve) and Wind Directions
(degrees) at 10 m (dashed curve) at Staunton, Virginiafrom 24 April 1995 1200 UTC to 3 May 1995 1200 UTC.
Bottom Panel: Six-Hourly Observed Precipitation Amounts (mm) at Staunton, Virginiafrom 24 April 1995 1200
UTCto 3 May 1995 1200 UTC.

97



4.10 The 22-30 May 1995 Episode

The May 1995 episode was categorized asaClass 1 for GSP and Class 2 for SNPfor the metric of acidic
deposition. For vishility there was one Class 4 day at GSM and one Class 3 and one Class 4 days at
SNP. For ozone both Parks registered Class 1, Class 2, and Class 3 days. For GSP the number of days
(in parentheses) for each classwas. Class 1 (1), Class 2 (1), and Class 3 (3). For SNP the number of
days (in parentheses) for each classwas. Class 1 (2), Class2 (1), and Class 3 (1). So overdl thisepisode
was chosen for a broad range of conditions which can briefly be summarized as low to moderate acidic
deposition, moderate ranges of vishility, and low to moderatdly high levels of ozone.

The anomay field for the 500-mb geopotentia height for this episode is shown in Fig 4-41. It reveds
below normal heightsfor much of thewestern and central United States and above normd heightsfor much
of the eastern and southeastern United States. The boundary between these two areas represented an
active frontd areawith severa sorm systems with the strongest being during the period 27-30 May. The
surface low with the latter system tracked from Kansason 27 May to northeast of Maineon 30 May. This
system produced an unusua F4 tornado in Great Barrington, Massachusetts (Storm Data). Duringthetime
of 22-26 May the surface pattern was predominated by a quasi- tationary front which extended generdly
from Texas northeastward to New England. By 26 May the eastern portionsof thisfront had moved south
such that the frontal position was located from Texasto Virginia Severd waves which moved dong this
front brought considerable precipitation to the central and northern United States. Very little precipitation
fdl across the immediate SAMI regon during this period where surface high pressure dominated. The
episode ended with the strong storm system mentioned earlier which pulled the stationary front back north
asawarm front acrossthe entire SAMI region during 28-29 May followed by acold fronta passageduring
29-30 May.

Figures 4-42 and 4-43 show the time series of observations for Knoxville, while Figures 4-44 and 4-45
show the samefor Staunton, Virginia. The Charlottesville, Virginiasite again had large segments of missing
data for this episode. Knoxville experienced a dow warming trend for 22-27 May with maximum

temperatures increasing from near 25°C to near 30°C on 27 May. Maximum temperatures decreased for
28-29 May inresponseto increased cloudsand precipitation related to the strong sysem moving acrossthe
northern United States. Dew point temperatures showed asimilar trend, increasing from near 12°ConMay
22 to 22°C on 27 May followed by fairly constant values until adecrease on the morning of 30 May witha
cold frontal passage. Therelated mixing ratiosincreased from 10 gkg* on May 22 to near 17 g kg on 27
May followed by adight decrease until the cold frontal passage on 30 May when val ues decreased to near
11 gkg®. Onseverd morningsthe rdative humidity wasat 100% which probably meant fog was observed.

Windsweretypicaly light or calm at night with afternoon maximum spesds generdly of 3-5ms™ and from
directions of 180-270° in response to the surface high pressure for most of the week. Precipitation was
only observed on 27-28 May with 6-h amounts ranging up to 12 mm. Staunton experienced Smilar

conditions with the following exceptions. Temperatures were cooler in generd with the lowest maximum

temperatures near 17°C recorded during 27-28 May when Knoxville was the warmest for the episode.

Thiswastheresult of being north of the gationary front much of thetime. Afternoon maximum wind speeds
were higher than Knoxville, being in the range of 4-7ms™. No precipitation was recorded at Staunton for
the entire episode.
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Figure4-41. Anomaly field for the 500-mb geopotential heights created by taking the mean vauefor the
period 0000 UTC 22 May - 1200 UTC 30 May 1995 and subtracting from it the 15-year mean for the same
period. Unitsarein decameters (dam). Image obtained from NOAA-CIRES CDC.
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Figure 442. Top Pand: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 22 May 1995 to 1200
UTC 30 May 1995. Temperatures are with respect to the left vertical axiswhile the dewpoint temperatures
are with respect to theright vertical axis. Thetick marks on the horizontal axisare at 1800 UTC eachday
but are only labeled every other day. Bottom Panel Hourly observed relative humidities (per cent) at2m
(solid curve) and mixing ratios (g kg™*) at 2 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 22
May 1995 to 1200 UTC 30 May 1995. Relative humidities are with respect to the left vertical axiswhilethe
mixing ratios are with respect to theright vertical axis. Thetick marks on the horizontal axisare marked in
the same way asfor the top panel.
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Figure 4-43. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions
(degrees) at 10 m (dashed curve) at Knoxville, Tennessee from 1200 UTC 22 May 1995 to 1200 UTC 30
May 1995. Wind speeds are with respect to the left vertical axis while the wind directions are with
respect to theright vertical axis. Thetick marks on the horizontal axis are at 1800 UTC each day but are
only labeled every other day. Bottom Pane Six-hourly observed precipitation amounts (mm) at
Knoxville, Tennessee from 1200 UTC 22 May 1995 to 1200 UTC 30 May 1995. Thetick marks on the
horizontal axis are marked in the same way asfor the top panel.
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Figure 444. Top Pand: Hourly observed temperatures (C) at 2 m (solid curve) and dewpoint
temperatures (°C) at 2 m (dashed curve) at Staunton, Virginiafrom 1200 UTC 22 May 1995t0 1200 UTC 30
May 1995. Temperatures are with respect to the left vertical axiswhile the dewpoint temperatures are with
respect to theright vertical axis. Thetick marks on the horizontal axisare at 1800 UTC each day but are
only labeled every other day. Bottom Panel Hourly observed relative humidities (per cent) at 2 m (solid
curve) and mixing ratios (g kg™ a 2 m (dashed curve) at Staunton, Virginiafrom 1200 UTC 22 May 1995 to
1200 UTC 30 May 1995. Relative humidities are with respect to the left vertical axiswhile the mixing ratios
are with respect to theright vertical axis. Thetick marks on the horizontal axis are marked in the same way
asfor the top panel.
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Figure 4-45. Top Panel: Hourly observed wind speeds (m s™) at 10 m (solid curve) and wind directions (degrees)
at 10 m (dashed curve) at Staunton, Virginiafrom 1200 UTC 22 May 1995 to 1200 UTC 30 May 1995. Wind speeds
are with respect to the left vertical axiswhile the wind directions are with respect to theright vertical axis. Thetick
marks on the horizontal axisare at 1800 UTC each day but are only labeled every other day. Bottom Pand Six-
hourly observed precipitation amounts (mm) at Staunton, Virginiafrom 1200 UTC 22 May 1995 to 1200 UTC 30
May 1995. Thetick markson the horizontal axis are marked in the same way asfor the top panel.
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5.0 TECHNICAL APPROACH TO THE MODEL PERFORMANCE EVALUATION

51 Components of the RAM S Evaluation

Thegoa of the RAMSmodel evaluation isto assesswhether and to what extent confidence may be placed
inthemodeling system to provide meteorologica variables such aswind, temperature, moisture, cloud, and
precipitation inputsto the SAMI URM-1ATM air qudity mode. Theterm"modeing system’ refersbothto
the core RAMS modd code as well asits various preprocessor and data preparation programs, and the
supporting data bases used to exercise the mode. The main objective of the evduation isto reved the
presence of bias and internal, compensating errorsin the modd that, unless discovered and rectified, or at
least quantified, may lead to erroneous or fundamentaly incorrect decisons based on air quaity mode
usage. If theevauation issufficiently rigorousand no significant errorsor causesfor concern areidentified,
then there is judtification for declaring the modd suitable for use in its intended purpose, i.e, supporting
regiond acid deposition and vighility modding.

The present evauation of the RAMS modd congsts of two components. The operational evaluation

entalls an assessment of the modd's ahility to estimate correctly key meteorologica variables including
surfacewind, temperature, and mixing ratioslargely independent of whether the actua process descriptions
inthemode areaccurate. Theoperationd eva uation essentidly testsswhether the predi cted meteorol ogica

fields used as inputs URM-1ATM are reasonable, consistent and agree adequately with available
observations. In this study, the operationd eva uation focuses on the RAMS' ahility to reproduce hourly
surfacewind speed, wind direction, temperature, and mixing ratio observations acrossthe SAMI modeling
domain. Tables5-1and 5-2identify thefull set of datistical measuresand grgphicd displaysthat havebeen
produced the SAMI RAMS smulations. (Only for the July " 95 and July " 91 episodes was amore limited
Set of evauation Statistics/displays devel oped).

Idedlly, the scientific evaluation addressesthe redism of the meteorologica processessmulated by the
model through testing the modd as an entire system (i.e., not merely focusing on surface wind predictions)
aswdl asits component parts. The scientific eva uation seeksto determine whether the modd'sbehavior,
in the aggregate and in its component modules, is consistent with prevailing theory, knowledge of physica
processes, and observations. Idedly, the scientific evauation conssts of a series of diagnogtic and
mechanigtic testssaimed at: (a) examining the existence of compensatory errors, (b) determining the causes
of fallure of aflawed modd, (¢) stressngamodd to ensurefalureif indeed the modd isflawed, (d) provide
additiond insight into mode performance beyond that supplied through routine, operationa evauation
procedures. Unfortunately, a detailed scientific evauation of the RAMS modd was not possiblewith the
SAMI datasets dueto the absence of the specific measurements needed to test the process modules (e.g.,
s0il moisture, Reynolds stress measurements, and so on). However, we can provide alimited scientific
eva uation through comparisons of the modeled and observed liquid precipitation fields. However, where
discrepancies exig, there isinsufficient data to alow a definitive diagnosis of the potentid causes.

5.2 Data Supporting Model Evaluation

Hourly surface observations were obtained from NCAR to support an evauation of RAMS near-surface
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temperature, water vapor, and wind speed fields. The specific NCAR data set used for this purpose was
D472.0 which is the hourly airways surface data. The primary data set available for comparing moded

performance doft wasthe NCEP/NCAR reandysisdatafiles. Thereandyssdatasst istheresult of alarge
effort to reandyze globd data back to 1957 with a fixed state-of-the-art andyss/forecast sysem. The
reanayds data variables are a mixture of model and observations, with observations dominating in those
areas where datais more plentiful. Thereanayssdatawere processed asdescribed in section 3.2and in
the SAMI meteorologica modeling protocol (Norris and Doty, 1998).

53 Statistical and Graphical Evaluation Tools

The operationa evauation includes the caculation and andyss of severd daistica measures of mode
performance and the plotting of specific graphical displaysto ducidate the basic performance of the mode
in dmulating amospheric variables. These specific datisticdl measures are defined below. These
procedures have been employed extensvely in other prognostic model performance testing (see, for
example, Steyn and McKendry, 1988; Ulrickson and Mass, 1990; Hanna, 1994; Tesche and McNaly,
1993, 1996; McNally and Tesche, 1996a,b, 1998; Seaman and Stauffer, 1996; Seaman & d., 1997;
Tescheet d., 2000). Theseanaysisproceduresareincorporated into theM odel Performance Evauation,
Andysds, and Platting Software (MAPS) system (McNaly and Tesche, 1994) which dsoincludesavariety
of other datistica and graphica testing methods for photochemica and meteorologica models.

531 Mean and Global Statistics

Severa datistica measures are caculated as part of the meteorological model evauation. In the definitions
below, the variable F represents a model- estimated or derived quantity, e.g., wind speed, wind direction,
PBL height, mixing ratio, precipitation amount, or temperature. The subscripts e and o correspond to
mode-estimated and observed (i.e., measured) quantities, respectively. Thesubscript i refersto theninth
hour of the day.

Mean Estimation (M ¢). The mean modd edimate is given by:

19
Me= N §1 Fe
where N is the product of the number of smulation hours and the number of ground-leve monitoring
locations providing hourly-averaged observational data. F.; represents the model-estimate a hour i.

Mean Observation (M,). The mean obsarvation isgiven by:
1)
M o~ ﬁ el F Oi
Here, F,; represents the observations at hour i.

Average Wind Direction. Because wind direction has a crossover point between 0 degrees and 360
degrees, sandard linear statistica methods cannot be used to calculate the mean or sandard devietion. The
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method proposed by Y amartino (1984) performswell in estimating the wind direction standard devition.
Specificdly, this quantity is calculated by:

s.=acsn (b) [ 1+0.1547 b?]

where:
1/2

b=|10- [(sna)’+(cosa)” ]
Here, a isthe measured hourly or instantaneous wind direction vaue.
532 Difference Statistics

Residual (d). For quantities that are continuous in space and time (i.e., wind speed, temperature,
pressure, PBL height, species concentrations) difference gatigtics provide consderable insight into the
mode’ s performance, tempordly and spatidly. Difference satisticsare based on the definition of aresdua
quantity. A mixing ratio resdud, for example, is defined as

di = Ce( Xi !t)' Co( Xi ’t)
whered; isthei-th resdua based on the difference between modd- estimated (c.) and observed (c,) mixing
ratio at location x and timei. Inthe definitionsthat follow, we shdl usetheletter ¢ to denote any continuous

amospheric varidble (e.g., temperature, precipitation amount, PBL height).

Standard Deviation of Residual Distribution (SDr). Thestandard deviation of theresdud didtribution
isgiven by

e 1 J o}
D, = g—é (di - MBE )’z
'1i=1 (%]

wheretheresidud is defined as;
di: Ce(xi ’t)'Co(Xi ’t)

and MBE is the firsd moment, i.e., the mean bias error, defined shortly. This dtatistic describes the
"digperson” or spread of theresidua distribution about the estimate of the mean. The standard deviationis
cdculated using dl estimation-observation pairs abovethe cutoff level. The second moment of theresidud

digtribution isthe variance, the square of the standard deviation. Since the standard deviation hasthesame
units of measure asthe variable (e.g., meters/sec for wind), it isused here asthe metric for dispersion. The
gandard deviation and variance measure the average "spread” of the resduds, independent of any

systematic biasin the estimates. No direct information isprovided concerning sub-regiona errors or about
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large discrepancies occurring within portions of the diurnd cycle dthough in principle these, too, could be
estimated.
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Mean BiasError (MBE). The mean bias error isgiven by:

N
]

MBE :%a (Ce (xi 1) -Co(xi 1))

i=1

where N equasthe number of hourly estimate- observation pairsdrawn from al vaid monitoring station data
on the smulation day of interest.

Mean Normalized Bias Error (MNBE). The mean normalized bias error, often just called the bias, is
given by:
N i - .
MNBE :%é (Ce (1) - o (., 1)

X 100 %
i=1 Co(Xi ,t)

Mathematicaly, the bias is derived from the average Sgned deviation of the mixing retio (or temperature)
resduas and is calculated using dl pairs of estimates and observations above the cutoff leve.

Mean Absolute GrossError (MAGE). The mean grosserror is caculated in two ways, smilar to the
bias. The mean absolute gross error is given by:

14
MAGEzﬁa | e (i, 1) - Colxi 1)

i=1

Mean Absolute Normalized Gross Error (MANGE). The mean absolute normalized grosserror (or
smply ‘grosserror’) is.

18 lelxin ) colxi )|
N 5 Co (xi» 1)

MANGE= x 100 %

QO

The gross error quantifies the mean absolute deviation of the resduals. 1t indicates the average unsgned
discrepancy between hourly estimates and observations and is caculated for al pairs. Gross error isa
robust measure of overall moded performance and provides a useful basis for comparison anong model
amulaions across different modd grids or episodes. Unless caculated for specific locations or time
intervals, gross error estimates provide no direct information about sub-regiond errors or about large
discrepancies occurring within portions of the diurna cycle.

Root Mean Square Error (RM SE). Theroot mean square error is given by:

. 12

LIJ\I ou
RMSE = aI ' oi|8

1
N ¢

('DfD> (O}
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The RMSE, aswith thegrosserror, isagood overal measure of moded performance. However, sncelarge
errors are weighted heavily, large errorsin asmal subregion may produce large aRM SE even though the
errors may be smdl esewhere.

Systematic Root Mean Square Error (RMSE;). A measure of themodd'slinear (or systematic) bias
may be estimated from the systematic root mean square error given by:

_é14 . LU
RMSEs_é_a |Fei'F0|| I;I
é N 5 a

Unsystematic Root Mean Square Error (RMSE;). A measure of the modd's unsystemdtic biasis
given by the unsystematic root mean square error, that is:

_é139 . 2l
RMSE. =g —a IFe-Falg
é N iy a

The unsystematic difference is a measure of how much of the discrepancy between estimates and
observationsis due to random processes or influences outsde the legitimate range of the modd.

A "good" mode will provide low vaues of the root mean square error, RMSE, explaining most of the
variation in the observations. The systematic error, RM SE; should approach zero and the unsystematic
error RM SE, should gpproach RMSE since:

RMSE? = (RMSEs)? + (RMSEy)?

It isimportant that RMSE, RM SE;;, and RM SE,, are d| andyzed. For example, if only RMSE isestimated
(and it appears acceptable) it could consst largdly of the systematic component.  This bias might be
removed, thereby reducing the bias transferred to the photochemical model. On the other hand, if the
RMSE consgtslargdy of the unsystematic component (RMSE,), thisindicatesfurther error reduction may
require mode refinement and/or data acquisition. It aso provides error barsthat may used with the inputs
in subsequent sengitivity anayses.

5.3.3 Skill Measures

Index of Agreement (1). Following Willmont (1981), the index of agreement is given by:

N (RMSE) °

1
o
1
@ D> (D> (D> (D> (D~
Doz

2

( |Fe|' 0|+|Foi'Mo|)

(o N ey e ey ey e

Il
=
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This metric condenses dl the differences between modd estimates and observations into one Satistica
quantity. It istheratio of the cumulative difference between the modd estimates and the corresponding
observationsto the sum of two differences: between the estimates and observed mean and the observetions
and the observed mean. Viewed from another perspective, the index of agreement is a measure of how
well the modedl estimates departure from the observed mean matches, case by case, the observations
departure from the observed mean. Thus, the correspondence between estimated and observed values
across the domain at agiven time may be quantified in asingle metric and displayed asatime series. The
index of agreement has atheoretical range of 0 to 1, the latter score suggesting perfect agreement.

RM S SKill Error (Skillg). The root mean square error skill ratio is defined as:

RMSE,

[o]

Variance Skill Ratio (Skillyy). The variance rtio ill is given by:

ille=

S(i”Var = S:)e

(o]

5.34 Graphical Tools

Many fesatures of meteorologicad mode smulationsare best andyzed through graphicad means. Inaddition
to reveding important qualitative re ationships, graphica displaysaso supply quantitativeinformeation. The
main graphica displays used to anayze the performance resultsinclude:

> The temporal correation between estimates and observations,

> The spatid didribution of estimated fieds;

> The correlation among hourly pairs of estimates, observations and resduds,

> The variation in bias and error estimates as functions of time and space;

> The degree of mismatch between volume-averaged mode estimates and point measurements,
and

> Log p/Skew-T plots of wind, temperature and mixing ratio.

These plotting methods are exemplified in the many recent prognostic meteorological model evauation
studies (see, for example, Seaman, 2000; Tesche, et a., 2000).
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Table5-1. Statistical Measures and Graphical Displays Used in the Operational Evaluation of RAMS Surface Meteorological

Variables

Statistical M easure

Graphical Display

Surface Winds (ms'l)

V ector mean observed wind speed

V ector mean modeled and observed wind speeds as a function of time

V ector mean predicted wind speed

Scalar mean modeled and observed wind speeds as a function of time

Scalar mean observed wind speed

Model ed and observed mean wind directions as afunction of time

Scalar mean predicted wind speed

Modeled and observed standard deviationsin wind speed as a
function of time

M ean observed wind direction

RMSE, RMSE,, and RM SE, errors as a function of time

Mean predicted wind direction

Index of Agreement as afunction of time

Standard deviation of observed wind speeds

Surface wind vector plots of modeled and observed winds every 3-hrs

Standard deviation of predicted wind speeds

Standard deviation of observed wind directions

Standard deviation of predicted wind directions

Total RMSE error in wind speeds

Systematic RM SE error in wind speeds

Unsystematic RM SE error in wind speeds

Index of Agreement (1) in wind speeds

SKILLE skill scoresfor surface wind speeds

SKILLvar skill scoresfor surface wind speeds

Surface Temperatures ( °C)

M aximum region-wide observed surface temperature

Normalized biasin surface temperature estimates as afunction of time

Maximum region-wide predicted surface temperature

Normalized error in surface temperature estimated as afunction of time

Normalized biasin hourly surface temperature

Scatter plot of hourly observed and modeled surface temperatures

Mean biasin hourly surface temperature

Scatter Plot of daily maximum observed and modeled surface
temperatures

Normalized gross error in hourly surface temperature

Standard deviation of modeled and observed surface temperatures as a
function of time

Mean gross error in hourly surface temperature

Spatial mean of hourly modeled and observed surface temperatures as
afunction of time

Average accuracy of daily maximum temperature
estimates over all stations

Isopleths of hourly ground level temperatures every 3-hr

Variance in hourly temperature estimates

Time series of modeled and observed hourly temperatures as sel ected
stations

Surface Mixing Ratio (gm/Kg)

M aximum region-wide observed mixing ratio

Normalized biasin surface mixing ratio estimates as a function of time

M aximum region-wide predicted mixing ratio

Normalized error in surface mixing ratio estimates as a function of time

Normalized bias in hourly mixing ratio

Scatter Plot of hourly observed and modeled surface mixing ratios

Mean biasin hourly mixing ratio

Scatter Plot of daily maximum observed and modeled surface mixing
ratios

Normalized gross error in hourly mixing ratio

Standard deviation of modeled and observed surface mixing ratios asa
function of time

Mean gross error in hourly mixing ratio

Spatial mean of hourly modeled and observed surface mixing ratiosas a
function of time

Average accuracy of daily maximum mixing ratio

Isopleths of hourly ground level mixing ratios every 3-hr

Variance in hourly mixing ratio estimates

Time series of modeled and observed hourly mixing ratios at selected
stations
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Table5-2. Statistical Measures and Graphical Displays Used in the RAMS Operational Evaluation of Aloft Meteorological Variables

Statistical Measure

Graphical Display

Aloft Winds (Ms™)

Vertically averaged mean observed wind speed aloft for each
sounding

Vertical profiles of modeled and observed horizontal winds
at each sounding location

Vector averaged mean predicted wind speed al oft for each
sounding

Vertically averaged mean observed wind direction aloft for each
sounding

Vertically averaged mean predicted wind direction aloft for each
sounding

Aloft Temperatures ( °C)

Vertically averaged mean temperature observations al oft for each
sounding

Vertical profiles of modeled and observed temperatures at
each sounding location

Vertically averaged mean temperature predictions aloft for each
sounding

Aloft Mixing Ratio ( gm/Kg)

Vertically averaged mean mixing ratio observations aloft for each
sounding

Vertical profiles of modeled and observed mixing ratios at
each sounding location

Vertically averaged mean mixing ratio predictions al oft for each
sounding
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6.0 EVALUATION OF SURFACE METEOROLOGICAL FIELDS

There is a variety of methods that can be used to evauate the performance of meteorologica modeling.
Besdesthe statisticd measures described in section 5, there are different ways of manipulating both model
results and observations for direct comparison between them. Therefore, it is not surprising, with two
groups doing the meteorologica smulationsfor SAMI, that each shared some common eva uation e ements
while aso having preferences for somewhat different approaches. This section describesthe performance
evauationsfor each episode. Smilarities and differences in techniques are highlighted, where gppropriate.
Note that differences in techniques are more a matter of preference than correctness. Each technique
requires some assumptions that influence the outcome. It is possible, by using avariety of approaches, to
look a modd performance from different viewpoints and gain a clearer understanding of the resuilts.

Both sets of modeling episodeswere evauated by focusing primarily on model performancefor the 12-km
grid. In addition, both approaches computed bias, relative error, root mean square error, and index of
agreement for temperature, wind speed and direction, water vapor mixing ratio and precipitation. Both
approaches aso examined modd performance using measurements made near the surface (section 6) and
aoft (section 7).

Methodologicd differenceswere mainly dueto the emphasison andyzing avariety of resdud meesures(i.e
differences between predictionsand observations at discrete monitoring locations) for the April 1995, June
1992 and August 1993 episodes (the so-called Alpine Geophysics, or AG, episodes), whilefor the other
(so-cdled Universty of Alabama in Huntsville, or UAH) episodes more emphass was placed on the
computation of spatia biases and comparisons between the model and measurements for two ground
gationsnear GSM and SNP. In addition, surface statistical resultsfor the AG episodeswere computed by
comparing model resultsfor thelowest leve directly with surface observations. Surface observationswere
not measured at the exact same heights above ground as the corresponding mode level, so some
differences between model and observation are caused by the height difference. For the UAH episodesthe
model-to-observation comparisons were done by verticdly interpolating, usng smilarity theory, modd

parametersto match the measurement heights. Thisreduces biasfor these comparisonsin many situations,
but can aso introduce bias under certain conditions. Likewise, the computation of spatid differencesin
modeled fields done for the UAH episodes provides a picture of mode performance thet is easy to
understand, but it iscomplicated by thefact that observations must be spatialy interpolated for comparison
with model results across dl portions of the grid. The AG method for spatia comparison is more
sraightforward and does not rely on spatid interpolation assumptions, but results are somewhat more
difficult tovisudize. Therefore, no“perfect” system for mode eva uation exigts, but the techniquesused by
UAH and AG are complementary and comprehensive.  Section 8 provides an analysis of RAMS
performance across all SAMI modeling episodes using a common set of performance metrics.

However, oneimportant agpect of the meteorological modding that was not assessed wasthe smulation of
cloud cover. Cloudsplay important rolesin controlling the surface energy baance, vertica long- and short-
wave radiation fluxes (the latter influencing photochemica reaction rates), precipitation formation and
heterogeneous chemicd reactions. Although no forma attempt was made to determine the success of cloud
modeling, a smple comparison was made between cloud cover observations at two NWS sites near the
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GSM (Knoxville and Asheville) and cloud cover as expressed in the URM-1ATM by cloud information
passed toit from RAMS. Thiscomparison, donefor the April 1995 and June 1992 episodes, revealed that
the cloud cover (expressed asfractiona cloud cover) in URM-1ATM wasfar lessthan observed. Thereis
insufficient information to draw conclusions, but it should be noted that, for episodes experiencing extengve
cloud cover, an underestimation bias could contribute to biases in smulated near-surface air temperature
(underestimates at night and overestimates during the day), wind speed, wind direction, and even to some
extent water vapor mixing ratio. Inaddition, insufficient cloudswould likely lead to an under- representation
of heterogeneous chemica processes such as the agueous phase oxidation of sulfur dioxide to sulfatein
cloud water.

6.1 11-19 July 1995 Episode Results

Verification of the UAH episodes was done with respect to the eastern portions of the coarse grid (48-km
for the July 1995 episode, 96-km for dl the rest) and the 12-km grid. Unless otherwise noted the entire
amulaionwasused, including theso-cdled "ramp-up days'. Theverificationtoolsfor the coarsegrid were
horizonta plots of the bias and the root mean square error (RMSE) statistics for temperature and water
vapor mixing ratio & 2 m, and for wind direction and wind speed a 10 m. Horizontal plots were dso
presented of thetotal model and observed precipitation onthe coarse grid. Thebiasand RM SE are defined
by 6.1-6.4

(61) pBias =i_§ (A= A):
n =1

100 D& - A0
(62) BiAS =2 § CAn" A
n =1 Ac 17

63 Rus == |a (A A),
n Vi=l

ll2
n
(6.4 RMSE =10 a E?AW_AQQ ,
n I:le Ac ﬂ

where n is the number of comparison times, Ay, is the modd vaue of the variable "A", and A. isthe
comparison vaue for the same variable. Equations (6.2) and (6.4) express the bias and RMSE,
respectively, asapercentage of the comparison vaues. Unlessotherwisenoted, al hoursof an episodewill
comprisethe number of comparisontimes. For the coarse grid the comparison values are obtained by usng
a Barnes (1973) andysis (as discussed in section 3.2) of NWS hourly observations which gives an
observed andysison thesamegrid asthemode coarsegrid. Oneimportant note must be made about such
an obsarved analysis. it is not anaccurate indication of actua conditionsin high terrain areas because the
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observations are dmogt entirdly made from locations outside the mountainous areas. For example, if the
mode isperforming correctly in Stuationswhere the temperatures are decreasng with haight, then therewill
be a cool "bias’ over high terrain areas. For the 12-km verifications the modd vaues are bi-linearly
interpolated to an observation Ste (usualy Knoxville, Tennessee or Charlottesville, Virginia) and the
comparison values are the actual reported station values.

Two other verification toolswere used for precipitation. Onewasto interpolatethe mode 12-km 24-hour
precipitation amounts to rain gauge positionsat GSM and SNP. The other used the 12-km 6-hour mode
precipitation amounts interpolated to al available NWS stes within the 12-km domain. Thesevaduesare
then used to cdculate rainfal statistics as described by McBride and Ebert (2000) and Schaeffer (1990)
which dl use the contingency table categories shown in Table 6-1. The categories of correct no-ran
forecasts, false darms, misses, and hits are denoted by Z, F, M, and H, respectively.

Table6-1. Contingency table categories used for comparing 12-km 6-hour model precipitation with 6-hour
observed values at National Weather Service sitelocations. Terminology taken from McBride and Ebert (2000)

Predicted
Observed No Rain Rain
No Rain Z F
Rain M H
+
(6.5 PBIAS = F*H
M tH
H
(6.6) POD =
M *tH
F
(6.7) FAR =
F+H
68 ANR =—%
Z*tTF

(699 HK =POD +ANR -1

HZ - MF
(M+F)(H+M +F+Z2)+(HZ -MF)

(6.10) ET =

Each of the precipitation atistics will be calculated for thresholds of 0.2, 2, 5, 10, 15, 25, 35, 50, and 75
mm with respect tothe observed 6-hour amounts. The precipitation bias (PBIAS) asdefined by (6.5) isthe
tota number of modd forecasts of precipitation divided by the total number of observed precipitation
events. The precipitation probability of detection (POD) given by (6.6) isthetotal number of correct model

115



forecadts of precipitation divided by the tota number of observed precipitation events. The precipitation
fdsedam ratio (FAR) defined by (6.7) isthe total number of times of modd predictions of precipitation
when there was none observed divided by the total number of mode forecasts of precipitation. The
accuracy for non-rain events (ANR) given by (6.8) isthe totd number of correct mode forecasts of no
precipitation divided by thetotal number of observed no precipitation events. The Hanssen Kuipers score
(HK) described by (6.9) is acomposite of the POD and ANR and hasarange of +1. Schaeffer (1990)
origindly introduced a modified critica success index which has become known as the equitable threat
score (ET) and is defined by (6.10). It hasarange of +1.0 to-1/3. The correct way to verify modd grid
precipitation forecasts with observations is to have observations of enough density to create an observed
andyssonthesamegrid mesh asthemodel. That was outside the scope of thisreport so model vauesare
essentialy being compared againgt point measurements. Apart from mode precipitation errorsthisimplies
that the modd will have alow bias on larger observed thresholds which will be especidly true when the
precipitation is predominately convectivein nature.

6.1.1 48-km Results

Figure 6- 1 shows the bias and RM SE of temperatures at 2-m for the 48-km grid using hourly datafor the
entire episode. The immediate SAMI region away from the Appaachian mountains generdly hed bias
vauesof + 1°C but with awarm bias of +2°C and higher over the Ohio valley and northwestward to the
northern Plains and southward to the Gulf coast. The RMSE for temperature was generaly 3°C or lessin
most places. In Figure 6- 2 the bias and RM SE of the water vapor mixing ratio at 2-m are expressed asa
percentage of the observed vaues. A definite dry biasis observed with alarge area of the eastern United
Stateshaving vaues of 5-15 % bel ow observed values. Thiswasmainly dueto the difficulties of specifying
the RAM S soil moisturewhichwasdiscussed in section 2.4.1. Thewater vapor bias paternsexplan much
of thetemperature bias. Wherethe near-surface mixing ratio istoo dry arethe same areaswith awarm bias
and conversdly. An example of the latter is over centrd Georgia where temperatures were cooler than
observed and the surface moisture was too wet. The RM SE vaues for the mixing ratio were generdly in
therange of 10-20 % of the observed vdues. GIT wasableto usethisepisodeinthe Air Quality Modeling
phase by utilizing aboundary layer correction filefor thewater vapor mixing ratios. Thisdid not changethe
modd precipitation or the cloud water vaues but did improve the water vgpor vauesin thelowest layers.
Thewind speed biasand RM SE at theleve of 10 min Figure 6-3 show biasvauesgenerdly inthe+ 0.5m
s* range and RMSE vaues around 1 m s*. Thelarge biasvauesover Mainein Figure 6-3 may be dueto
boundary problems or some other reason. Thewind direction biasin Figure 6-4isgenerdly in therange of
+10 degrees, while the wind direction RMSE approaches 90° over alarge area of the Southeast. One
reason for thisis that in light wind conditions such as this episode the observed winds are dominated by
local terrain effects which can not be duplicated on mode grids even at the 12-km resolution. The
comparison of the total modd precipitation with the total observed for the episode is given by Figure 6-5
which confirmsthe dry bias observed in the near- surface mixing ratio vaues. Themost extremedrynessin
model precipitation was observed over the Kansas-Missouri areaand over the Gulf Coadt.
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Figure6-1. (a) Bias of the model minus the observed temperature at 2 min degrees Celsiusfor the
July 1995 episode for the 48-km grid. (b) Root mean square error (RMSE) of the samefield for the
sametime and grid.
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Figure 6-2. (&) Bias of the model minus the observed water vapor mixing ratio at 2 for the July 1995
episode for the 48-km grid. (b) Root mean square error (RM SE) of the same field for the sametime and grid.
The bias and RM SE are expressed as a percentage of the observed value.
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Figure6-3. (a) Bias of the model minus the observed wind speed at 10 m in m s™* for the July 1995 episode
for the 48-km grid. (b) Root mean square error (RM SE) of the same field for the same time and grid.
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Figure 6-4. (@) Bias of the model minus the observed wind direction at 10 m in degrees for the July 1995
episode for the 48-km grid. (b) Root mean square error (RM SE) of the samefield for the sametime and grid.
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Figure6.5. (a) Modd precipitation in mm for the entire July 1995 episode for the 48-kmgrid. (b) Andyss
of observed total precipitation for the same period for the 48-km grid. Andyzed vauesin excessof 50 mm
have been truncated to 50 mm.
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6.1.2 12-km Results

Figure 6-6 shows the bias and RM SE for the near-surface varigblesfor Knoxville, Tennesseefor the July
1995 episode for the 12-km grid. Nighttime temperatures at 2 m had a bias on the order of +1°C and a
minimum cool bias of about -2°C in the afternoon. RM SE valueswere near 2°C at night and approached
3°C in the afternoon. The mixing ratio a 2 m had a dry bias a &l hours of around -1 to -2 g kg* and
RMSE vaues of around 2 g kg*. The wind speed bias at 10 m was generdly positive with the largest
vaues of +1 to +2 m s* occurring after midnight and around noon. RM SE va ues for wind speed were
largest a night with values around 2 m s*. The wind direction bias a 10 m had less of an overall pattern
with vaues of £60 degrees and with perhaps a consistent negative bias in the afternoon hours. RMSE
vaues for the wind direction were largest a night with values approaching 180 degrees. Some of these
large values are reflective of very light or cdm wind conditions. Figure 6-7 shows the same variables for
Staunton, Virginiawhich was used in place of Charlottesville, Virginiabecause of large segments of missing
data The overdl patterns were very smilar to Knoxvillewith the exception of smaler wind speed RMSE
a10m.

Table 6-2 compares the 24-h 12-km precipitation with the daly rain gauge values at GSM and SNP.
Mode vaueswere reasonable at the Elkmont and Big M eadows sites but the modd missed the largevaues
at theLook Rock siteat GSM. Table6-3 givestherainfdl Satisticsfor dl the NWS steswithin the 12-km
domain for the entire episode. Thedry biasis dearly evident with dl measures of skill having poor vaues
for thresholds of 5 mm and above.
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Figure 6-6. Diurnal time series of bias (solid dots) and root mean square error (vertical bars with horizontal

hash marks) for the model minus the station observation for Knoxville, Tennesseefor the period 1200 UTC 9
July - 1200 UTC 20 July 1995. Model values are obtained by horizontal interpolation of the hourly 12-km
gridpoint values to the observation site. Time (CDT) is plotted on the horizontal axis. (a) Top plotisfor
temperature at 2 m in°C while the bottom plot isfor water vapor mixing ratio at 2 mingkg™. (b) Topplotis
for wind speed at 10 min m s while the bottom plot is for wind direction at 10 m in degrees.
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Figure6-7. Diurnal time series of bias (solid dots) and root mean square error (vertica barswith horizontal

hash marks) for the model minus the station observation for Staunton, Virginiafor the period 1200 UTC 9

July - 1200 UTC 20 July 1995. Model values are obtained by horizontal interpolation of the hourly 12-4m
gridpoint valuesto the observation site. Time (CDT) is plotted on the horizontal axis. () Top plotisfor

temperature at 2 m in°C while the bottom plot is for water vapor mixing ratio at 2 min g kg™ (b) Topplatis
for wind speed at 10 min ms™ while the bottom plot is for wind direction at 10 m in degrees.



Table6-2. Midnight to midnight 24-h precipitation valuesin inches for the period 11-19 July 1995. TheL ook
Rock site is within the Great Smoky Mountain National Park while the Big Meadows site is within the
Shenandoah National Park. Model values at the two observation sites were obtained by linear horizontal
interpolation of the 12-km gridpoint data.

L ook Rock Iliggllz Elkmont Elkmont M e;Ba(Ij%ws
pay | PV | Mode | Observed | Modd | Observed | P'9MeadowsModd
1 000 000 000 000 000 000
) 0.00 0.00 0.00 0.00 0.00 000
13 000 000 000 000 000 000
" 0 000 000 000 000 000
15 021 001 0.00 0.00 0.00 000
16 0% 004 001 003 000 000
17 100 010 0 008 o 006
18 0.00 003 0.00 002 0.00 004
19 000 001 000 000 000 006
TOTAL 215 019 003 013 02 016

Table6-3. Rainfall statistics for various thresholds for 6-hour model precipitation from the 12-kmgid
compared against 6-hour observed values at al National Weather Service sites within the 12-kmgid
for the July 1995 episode. Statistic abbreviations and definitions are described in the text. Categories
with -99 are those where model datadid not exist for acalculation. The row labeled "OBSEVENTS'is
the sum of all hon-zero precipitation 6-hour events across all observation sites for each threshold.
THRESHOLD (mm)
0.2 2 5 10 15 25 35 50 75
STATISTIC
BIAS 19802 | 0.2018 | 0.0247 0 0 0 0 0 -99
POD 0.2129 | 0.0263 0 0 0 0 0 0 -99
FAR 0.8925 | 0.8696 1 -9 -99 -99 -9 -99 -99
ANR 0.9303 | 09962 [ 0.999% 1 1 1 1 1 1
HK 0.1432 | 0.0225 | -0.0004 0 0 0 0 0 -99
ET 0.05 0.02 -0.00 000 | 000 | 000 | 000 | 000 -99
OBSEVENTS 202 114 81 48 32 19 7 3 0
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6.2 22-30 May 1995 Episode Results
6.2.1 96-km Results

Figure 6-8 shows the bias and RMSE of 2-m temperatures for the 96-km grid using hourly data for the
entire episode. This episode was the first to use the surface nudging technique as described in Section
24.25. As aresult the bias vaues outside of the immediate SAMI region were +1°C with vaues
approaching -4°C over the higher terrain of the Appaachians. The latter festure was an indication of the
modd decreasing temperatureswith height in areas where the observed andysiswas dominated by lower-
level obsarvations. RMSE vaues were generdly 0.5-1.5°C in the nudged areas and approached 4.5°C
over the higher terrain of the Appdachians. In Figure 6-9 the bias and RM SE of the 2-m water vapor
mixing ratio are expressed as a percentage of the observed values. Biasand RM SE vaueswere generaly
within 2% of the observed values outsde of the immediate SAMI region except near the coastlines of the
Greset Lakes, the Atlantic, and the Gulf of Mexico wherethe observed andysisis probably inadequate. The
10-m wind speed biasin Figure 6-10 shows errors of +0.5 m s* over most of the southeastern United
States with larger values over the Great Lakes region and southeastern Canada. The 10-m wind speed
RMSE showed a smilar pattern with values near 1 m s* over most of the southeastern United States and
with larger vaues esawhere. Figure 6-11 shows 10-m wind direction biases generdly of +20° with the
largest magnitudes in the coastd areas of the mid-Atlantic and New England and the central Great Plains.
The RM SE wind direction values over the southeastern United Stateswere generdly in the range of 40-60°,
Thisisthe result of the Southeast being dominated by surface high pressure and light wind conditions for
much of the episode. The modd and analyzed observed precipitation for the entire episode for the 96-km
grid are presented in Figure 6-12. The modd smulation reproduced the large areas of precipitation quite
well but over-predicted precipitation in awest-east band extending fromlowaeastward to Pennsylvania.
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Figure 6-8. (a) Bias of the model minusthe observed temperature at 2 m in degrees Celsiusfor the
May 1995 episode for the 96-km grid. (b) Root mean square error (RMSE) of the samefield for the
sametime and grid.
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Figure 6-9. (@) Bias of the model minus the observed water vapor mixing ratio at 2 m for the May 1995
episode for the 96-km grid. (b) Root mean square error (RM SE) of the same field for the sametime and grid.
The bias and RM SE are expressed as a percentage of the observed value.
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Figure6-10. (a) Bias of the model minus the observed wind speed at 10 m in m s™* for theMay 1995 episode
for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the same time and grid.
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Figure6-11. (@) Biasof the model minus the observed wind direction at 10 m in degreesfor the May 1995
episode for the 96-km grid. (b) Root mean square error (RMSE) of the same field for the sametime and grid.
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Figure 6-12. (@) Model precipitation in mm for the entire May 1995 episode for the 96-km grid. (b)
Analysis of observed total precipitation for the same period for the 96-km grid. Analyzed vauesin excess
of 70 mm have been truncated to 70 mm.

131



6.2.2 12-km Results

Figure 6- 13 showsthe biasand RM SE for the near- surface variablesfor Knoxville, Tennesseefor the May
1995 episode for the 12-km grid. For the 2-m temperatures a generally consistent bias of -2°C was
evident across the daily period and with RMSE values of 2-4°C. A consistent biaswas observed aswell

with the 2-m mixing ratio of -1 g kg* and with RMSE vauesof 1-2 g kg*. The 10-mwind speed biaswas
near 0.5 m s during the daytime and with a positive values at night which approached 1.5 ms*. The
RMSE vaues for the wind speed were generdly in the range of 1-2 m s* across the day. The wind
direction bias and RMSE were the largest during the night with magnitudes of 60° and larger. Daytime
vaues of the same quantitieswere generdly lessthan 60°. The same plotsfor Staunton, Virginiain Figure6-
14 show sSmilar patterns but with larger valuesfor the biasand RM SE for thetemperature and mixing ratio.

Table 6-4 compares the interpolated 12-km daily precipitation with selected rain gauge Stesat GSM and
SNP. Themode episodetotasat Look Rock and Elkmont of about 11 and 9 mm, respectivey, compared
well with the observed values at the same respective sites of 4 and 17 mm. At Big Meadows the model
episodetota of ~3 mm ismuch smdler than the observed value of near 52 mm. The observed andyses at
96-km does not show any precipitation of this magnitude so this may have been amoreloca precipitation
event which the mode did not smulate,

Table 6-5 givestheranfal satisticsfor al the NWS steswithin the 12-km domain for the entire episode.
The"OBSEVENTS' row indicatesthat nearly dl the 6-h observed amountswere 15 mm or less. Most of
the heavy precipitation for this episode was outside of the 12-km domain. The bias vaues show over-
prediction for the thresholds of 2 mm and less and under-prediction of thethresholds of 5 mm and higher.
Thefdsedarmratioswere 0.80 or higher for dl thethresholds. Inspection of the model and observed 6-h
precipitation amounts for the 96-km grid (not shown) indicate atendency for themodd to over-predict the
area of light precipitation which explains part of the false darm ratio patterns.
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Figure6-13. Diurnal time series of bias (solid dots) and root mean square error (vertical barswith horizontal
hash marks) for the model minusthe station observation for Knoxville, Tennesseefor the period 1200 UTC 22
May 1995 to 1200 UTC 30 May 1995. Modd values are obtained by horizontal interpolation of the hourly 12-
km gridpoint valuesto the observation site. Time (CDT) is plotted on the horizontal axis. (a) Top plotisfor
temperature at 2 m in°C while the bottom plot isfor water vapor mixing ratio at 2 mingkg™. (b) Topplotis
for wind speed at 10 min m s while the bottomplot is for wind direction at 10 m in degrees.
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Figure 6-14. Diurnal time series of bias (solid dots) and root mean square error (vertical bars with
horizontal hash marks) for the model minus the station observation for Staunton, Virginiafor the period
1200 UTC 22 May 1995 to 1200 UTC 30 May 1995. Model vaues are obtained by horizontal interpolation of
the hourly 12-km gridpoint valuesto the observation site. Time (CDT) is plotted on the horizontal axis. (a)
Top plot isfor temperature at 2 m in°C while the bottom plot isfor water vapor mixing ratioat 2mingkg™
(b) Top plot is for wind speed at 10 m in m s* while the bottom plot is for wind direction at 10 m in
degrees.
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Table6-4. Midnight to midnight 24-h precipitation valuesin mm for the period 24-29 May 1995. The Look
Rock and Elkmont sites are within the Great Smoky Mountain National Park whilethe Big Meadows siteis
within the Shenandoah National Park. Model values at the observation sites were obtained by linear
horizontal interpolation of the 12-km gridpoint data.

Big
L ook Rock Look Rock Elkmont Elkmont M eadows Big Meadows
Day Observed Modd Observed M ode Observed M odel
24 0.00 0.00 0.00 0.00 0.00 0.00
25 0.00 2.90 0.00 179 44.50 0.80
26 0.00 179 0.00 3.63 0.00 1.29
27 0.80 3.88 840 173 0.00 0.04
28 130 0.09 840 0.27 6.90 0.98
29 150 2.00 0.00 181 0.50 0.02
TOTAL 3.60 10.66 16.80 9.23 51.90 3.13

Table 6-5. Rainfall statistics for various thresholds for 6-hour model precipitation from the 12-km grid
compared against 6-hour observed values at all National Weather Service sites within the 12-kmgridfor
the May 1995 episode. Statistic abbreviations and definitions are described in the text. Categorieswith-
99 are those where model datadid not exist for acalculation. Therow labeled "OBSEVENTS" isthesum
of all non-zero precipitation 6-hour events across all observation sites for each threshold.

THRESHOLD (mm)
0.2 2 5 10 15 25 35 50 75
STATISTIC

BIAS 311 1.38 0.56 054 042 025 | 0.00 0.00 -99.0
POD 0.59 0.23 0.09 0.02 000 | 000 | 000 0.00 -99.0
FAR 0.81 0.84 0.84 0.96 1.00 100 | -990 | -99.0 -99.0
ANR 0.77 0.94 0.99 0.99 1.00 100 | 100 1.00 1.00
HK 0.37 017 0.08 002 [ -000 | -0.00 | 0.00 0.00 -99.0

ET 0.10 0.08 0.05 001 [ -000 | -0.00 | 0.00 0.00 -9

OBSEVENTS 311 176 110 46 19 4 1 1 0
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6.3 9-18 May 1993 Episode Results
6.3.1 96-km Results

Figure 6-15 shows the bias and RM SE of 2-m temperatures for the 96-km grid using hourly data for the
entire episode. Again, because of the surface nudging technique the bias outside of the immediate SAMI

region and higher terrain was £1°C. Bias vaues as large as -5°C were observed over parts of the
Appaachians. Asmentioned in other episodes the negative bias over higher terrain is an indication of the
mode being cooler as it should be than the observed andys's which was dominated by stesnot in high
terrain. The cool biasin lower terrain areas where surface nudging was not performed is, among other
things, the result of the inability to specify soil moisture adequately. The RMSE vaues showed asmilar
pattern with vaues of 1°C outside of theimmediate SAMI region and values ashigh as5°Cin higher terrain
aress. In Figure 6-16 the bias and RMSE of the 2m water vapor mixing ratio are expressed as a
percentage of the observed vaues. Bias and RMSE values were generdly within 2% of the observed
vaues outside of the immediate SAMI region except near the coastlines of the Greet Lakes. The 10-m
wind speed biasin Figure 6-17 wasgeneraly intherange of £0.50 ms™ but with valuesaslargeas+2.5m
s* in southesstern Canada. RMSE values were generally under 2 m s* over most of the eastern United
States. The 10-mwind direction biasin Figure 6- 18 was generdly in therange+10 degreesbut with values
as large as +20 degrees over two regions. one over farts of Oklahoma, Kansas, Arkansas, and

Mississppi, and the other over lowa. RM SE vaueswere generaly in arange of 20-50 degrees except for
awest-east band of near 60 degreesfrom eastern Oklahomanortheastward to the Mid-Atlantic. Thiswas
coincident with thefrontal position which wasin that vicinity for much of theweek. Windsaretypicdly light
near agtationary front and therefore are more difficult to model. Thetota model and observed precipitation
on the 96-km grid are shown in Figure 6-19. The large- scale patterns were reasonably smulated by the
mode but precipitation was over-predicted dong the Ohio River Vdley across parts of southern lllinois,
Indiana and Ohio and northern Kentucky.

136



Figure6-15. (@) Biasof the model minusthe observed temperature at 2 m in degrees Celsiusfor the
May 1993 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the
sametime and grid.
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Figure 6-16. (@) Biasof the model minus the observed water vapor mixing ratio at 2 m for the May 1993
episode for the 96-km grid. (b) Root mean square error (RM SE) of the same field for the sametime and grid.
The bias and RM SE are expressed as a percentage of the observed value.
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(b)

Figure6-17. (a) Bias of the model minus the observed wind speed at 10 min m s for theMay 1993 episode

for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the same time and grid.
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Figure 6-18. (@) Bias of the model minus the observed wind direction at 10 m in degrees for the May 1993
episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the sametime and grid.
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Figure 6-19. (a) Model precipitation in mm for the entire May 1993 episode for the 96-km grid. (b)
Analysis of observed total precipitation for the same period for the 96-km grid. Anadyzed vauesin excess
of 70 mm have been truncated to 70 mm.
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6.3.2 12-km Results

Figure 6- 20 showsthe bias and RM SE for the near- surface variablesfor Knoxville, Tennesseefor theMay
1993 episode for the 12-km grid. A fairly consistent bias of near -2°C was observed with RM SE values
generdly from 2-6°C. A dry biasof about 2 g kg* existed acrossthe hourswith RM SE val ues gpproaching
3gkg" at times. Wind speed biases were on the order of +1 m s™ at night but near zero in the afternoon
with RMSE vaues of 1-2ms™. Wind direction biaseshad no clear diurna pattern with valuesgeneraly in
therangeof +30 degrees. RM SE valueswere aslarge as 120 degreeswith the largest values a night when
winds are light or cam.

The reaults for Martinsburg, West Virginia in Figure 6-21 show overdl different patterns. Temperature
biases were negative at night and decreased to about - 3°C in the early morning hoursbut were near zerofor
the afternoon. RMSE were as large as 5°C inthe early afternoon. Themixing ratio biaswas near zero for
al hoursand RMSE vaueswere generaly 2 g kg™ or less. Wind speed biaseswereintherangeof +1ms
! with anegative bias at night and a positive bias during theday. RMSE valuesfor wind speed were2mss™
or less. Wind direction biases were the largest around noon with values of +60 to +90 degrees. At other
timesthewind direction vaueswerein the range of +30 degrees. RM SE valuesaso werethelargest inthe
afternoon with values around 90 degrees.

Table 6-6 compares the interpolated 12-km daily precipitation with sdected rain gauge Stesat GSM and
SNP. The modd episode totals at Look Rock and Elkmont of about 12 and 17 mm, respectively, were
amaller than the observed vaues a the same repective sites of 24 and 34 mm. At Big Meadowsthe model
episode total near 11 mm was dso smaler than the observed vaue of near 36 mm.

Table 6-7 givestheranfal satisticsfor al the NWS steswithin the 12-km domain for the entire episode.
The"OBSEVENTS' row indicatesthat nearly al the 6-h observed amountswere 15 mmor less. Thebias
va ues show over- prediction for the thresholds of 2 mm and less and under-prediction of thethresholdsof 5
mm and higher. The false darm ratios were 0.72 or higher for dl the thresholds.
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Figure 6-20. Diurnal time series of bias (solid dots) and root mean square error (vertical bars with horizontal

hash marks) for the model minusthe station observation for Knoxville, Tennessee for the period 1200 UTC 09
May 1993 to 1200 UTC 19 May 1993. Moddl va ues are obtained by horizontal interpolation of the hourly 12-
km gridpoint valuesto the observation site. Time (CDT) is plotted on the horizontal axis. () Top plotisfor

temperature at 2 m in°C while the bottom plot is for water vapor mixing ratioat 2min gkg™. (b) Topplotis
for wind speed at 10 m in m s™ while the bottom plot is for wind direction at 10 m in degrees.
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Figure 6-21. Diurnal time series of bias (solid dots) and root mean square error (vertical bars with
horizontal hash marks) for the model minus the station observation for Martinsburg, West Virginiafor the
period 1200 UTC 09 May 1993 to 1200 UTC 19 May 1993. Model vaues are obtained by horizontal
interpolation of the hourly 12-km gridpoint valuesto the observation site. Time (CDT) isplotted on the
horizontal axis. (a) Top plot isfor temperature at 2 m in°C while the bottom plot is for water vapor mixing
ratioat 2mingkg™. (b) Top plotisfor wind speed at 10 m in m s™* while the bottom plot is for wind
direction at 10 min degrees.
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Table 6-6. Midnight to midnight 24-h precipitation valuesin mm for the period 10-17 May 1993.
The Look Rock and Elkmont sites are within the Great Smoky Mountain National Park whiletheBig
Meadows site is within the Shenandoah National Park. Model values at the two observation sites
were obtained by linear horizontal interpolation of the 12-km gridpoint data.
L ook Big Big
Look Rock | Rock Elkmont | Elkmont | Meadows | Meadows
Day Observed | Modd Observed M odel Observed Modd
10 0.0 19 0.0 2.6 0.0 14
11 25 2.7 0.0 2.3 0.5 0.9
12 0.0 2.7 0.0 2.3 109 18
13 14.0 13 29.2 8.1 25 37
14 0.0 0.8 51 0.5 0.0 0.0
15 74 0.0 0.0 0.0 0.0 0.0
16 00 0.2 0.0 0.0 218 3.3
17 0.0 2.6 0.0 16 0.0 0.0
Total 239 122 34.3 174 35.7 111
Table6-7. Rainfall statisticsfor various thresholds for 6-hour model precipitation from the 12-kmgid
compared against 6-hour observed values at all National Weather Service sites within the 12-kmgid
for the May 1993 episode. Statistic abbreviations and definitions are described in the text. Categories
with -99 are those where model data did not exist for acalculation. Therow labeled "OBSEVENTS' is
the sum of all hon-zero precipitation 6-hour events across all observation sites for each threshold.
THRESHOLD (mm)
0.2 2 5 10 15 25 35 50 75
STATISTIC
BIAS 2.86 121 0.72 042 | 026 | 000 | 000 -99 -99
POD 0.66 0.33 0.18 006 | 000 | 000 | 0.00 -99 -99
FAR 0.77 0.72 0.75 086 | 1.00 -99 -99 -99 -99
ANR 0.80 0.96 0.99 100 | 100 | 100 [ 100 [ 100 | 100
HK 0.46 0.29 0.17 005 | -000 | 000 | 000 -99 -99
ET 0.14 0.15 011 004 | -000 | 000 | 000 -9 -99
OBSEVENTS 364 210 111 52 27 1 2 0 0
6.4 21 March to 1 April 1993 Episode Results
6.4.1 96-km Results

Figure 6- 22 showsthe biasand RM SE of the 2-m temperaturesfor the 96-km grid usng hourly datafor the
entire episode. Again asthe result of the surface nudging technique bias values werein the range of £1°C
outside of theimmediate SAMI region. Biasvalues gpproached -5°C over thehigher terrain of the southern
Appaachians. Consstent with other episodes, the observed analysisused in calculating the biasis based on
observations which are dmogt entirely outside of the higher terrain of the Appalachians. Asaresult when
temperatures on average are decreasing with height one would expect the modd to be cooler than the
"observed andysis' over mountainous areas. RMSE vaues were usudly 1°C or less with higher values
approaching 5°C over parts of the Appaachians. In Figure 6-23 the bias and RMSE of the 2-m water
vapor mixing ratio are expressed as a percentage of the observed values. Bias and RM SE vaues were
generdly within arange of +5% outsde of theimmediate SAMI region and areas close to the Great L akes.
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Bias vaues over the southern Appaachians were in the range of -5 to -10%. The RMSE vaues were
generdly under 3% outsde the immediate SAMI region and were in the range of 5 to 15 % over the
Appdachians. The 10-m wind speed biasin Figure 6-24 showed most of the eastern United States with
vauesof +0.5to +1.5m s*. RMSE vauesfor wind speed were generdly under 2ms™. The 10-mwind
direction bias in Figure 6- 25 showsvauesgenerdly intherange of +5to +20 degrees. The RMSE vaues
for wind direction werethelargest in asouthwest to northeast corridor from Louisanato New England with
largest values being near 70 degrees over the Appaachians in western Pennsylvania. Thetota modd and
observed precipitation for the episode are given in Figure 6-26. The moded smulated the large-scale
patternsin areasonable manner with a possible over- prediction of preci pitation acrosswestern portions of
the Carolinas and Virginia
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Figure 6-22. (a) Bias of the model minus the observed temperature at 2 m in degrees Celsiusfor the
March 1993 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the
same time and grid.
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Figure 6-23. (@) Biasof the model minus the observed water vapor mixing ratio at 2 m for the March 1993
episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefidd for thesametimeand grid.
The bias and RM SE are expressed as a percentage of the observed value.
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Figure 6-24. (a) Bias of the model minus the observed wind speed at 10 m in m s* for the March 1993
episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the sametime and grid.
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Figure 6-25. (a) Bias of the model minus the observed wind direction at 10 min degreesfor the March 1993
episode for the 96-km grid. (b) Root mean square error (RM SE) of the same field for the sametime and grid.
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Figure 6-26. (a) Model precipitation in mm for the entire March 1993 episode for the 96-km grid. (b)
Analysis of observed total precipitation for the same period for the 96-km grid.
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6.4.2 12-km Results

Figure 6-27 shows the bias and RM SE for the near-surface variables for Knoxville, Tennessee for the
March 1993 episode for the 12-km grid. A biasof -2 to -4°C for the 2-m temperature was evident for
most hours except early in the daytime when vaues were close to zero. RMSE vaues for the 2m
temperature were 6°C or less. Mixing ratio biases at 2 m werefairly consistent, being in therange of -0.5
to-1 g kg®. RMSE for the mixing ratio were 1 g kg* or less. Thewind speed biasat 10 mwasusualy in
the range of +0.50 to +1 m s™* with RMSE valuesaslargeas2ms™. Wind direction biaseswereusudly in
therange of £30 degreeswith RM SE vauesaslarge as 90 degrees. Thesameplotsfor Martinsburg, West
Virginiain Figure 6-28 were smilar except for larger RM SE vaues for temperature.

Table 6-8 compares the interpolated 12-km daily precipitation with selected rain gauge stesat GSM and
SNP. The model over-predicted tota precipitation at Look Rock and Elkmont and under-predicted total
precipitation at Big Meadows.

Table 6-9 givestheranfal satisticsfor al the NWS steswithin the 12-km domain for the entire episode.

The"OBSEVENTS' row indicatesthat nearly dl the 6-h observed amountswere25 mmor less. Thebias
vaues indicate some sKill for thresholds of 10 mm and below.
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Figure 6-27. Diurna time series of bias (solid dots) and root mean square error (vertical bars with horizontal

hash marks) for the model minusthe station observation for Knoxville, Tennesseefor the period 1200 UTC 21
March 1993 t0 1200 UTC 1 April 1993. Model values are obtained by horizontal interpolation of the hourly
12-km gridpoint valuesto the observation site. Time (CDT) is plotted on the horizontal axis. (a) Topplotis
for temperature at 2 m in°C while the bottom plot is for water vapor mixing ratio at 2 min g kg™ (b) Topplat
isfor wind speed at 10 min m s™* while the bottom plot is for wind direction at 10 m in degrees.
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Figure 6-28. Diurnal time series of bias (solid dots) and root mean square error (vertical bars with
horizontal hash marks) for the model minus the station observation for Martinsburg, West Virginiafrom
1200 UTC 21 March 1993 to 1200 UTC 1 April 1993. Modd vaues are obtained by horizontal interpolation
of the hourly 12-km gridpoint values to the observation site. Time (CDT) isplotted on the horizontal axis.
() Top plot isfor temperature at 2 m in °C while the bottom plot isfor water vapor mixing ratioat 2ming
kg™. (b) Top plotisfor wind speed at 10 min m s while the bottom plot is for wind direction at 10 min
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Table6-8. Midnight to midnight 24-h precipitation valuesin inches for the period 23-3LMach 1993
The Look Rock and Elkmont sites are within the Great Smoky Mountain Nationa Park whilethe Big
Meadows siteis within the Shenandoah National Park. Model values at the two observation sites
were obtained by linear horizontal interpolation of the 12-km gridpoint data.

L ook Big Big
L ook Rock Rock Elkmont Elkmont Meadows Meadows

Day Observed Mode Observed M odel Observed M odel

23 18.03 10.90 25.90 19.40 6.40 13.20
24 1.00 140 0.50 250 4.80 5.00
25 0.00 12.90 0.50 13.90 0.00 0.40
26 14.20 17.70 10.20 20.70 0.00 0.30

27 12.40 6.60 15.20 8.60 30.70 27.30
28 3.60 5.70 1.80 6.30 6.90 3.00
29 0.00 0.00 0.00 0.00 18.80 0.00
30 0.00 0.00 0.00 0.00 0.80 0.00
31 6.90 17.2 1.30 14.80 6.40 8.10
TOTAL 56.13 72.40 55.40 86.20 74.80 57.30

Table6-9. Rainfall statistics for various thresholds for 6-hour model precipitation from the 12-kmgid
compared against 6-hour observed values at all National Weather Service sites within the 12-kmgrid
for the March 1993 episode. Statistic abbreviations and definitions are described in the text.

Categories with -99 are those where model data did not exist for acalculation. Therow labeled "OBS
EVENTS" isthe sum of all non-zero precipitation 6-hour events across all observation sites for each

threshold.
THRESHOLD (mm)
0.2 2 5 10 15 25 35 50 75
STATISTIC
BIAS 1.92 1.35 1.21 0.91 0.60 0.16 0.00 0.00 -99
POD 0.72 0.49 0.29 0.10 0.03 0.00 0.00 0.00 -99
FAR 0.63 0.64 0.76 0.89 094 1.00 -99 -99 -99
ANR 0.72 0.90 0.4 0.97 0.99 1.00 1.00 1.00 1.00
HK 044 0.38 0.24 0.08 003 | -000 | 0.00 0.00 -99
ET 0.19 0.20 0.12 0.04 002 | -000 | 0.00 0.00 -99
OBSEVENTS 1030 577 314 162 87 32 8 1 0

6-14 February 1994 Episode Results

96-km Results
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Figure 6- 29 showsthe biasand RM SE of the 2-m temperaturesfor the 96-km grid using hourly detafor the
entire episode. Bias values were mainly in therange of +1°Cindl areas. Thetypica "cool bias' over the
higher terrain in the Appalachians observed in other episodesis not evident here. Thisispossbly because
of the nature of strong shallow Arctic air masses where astrong inverson exists most of the time such that
temperatures increase rather than decrease with height near the surface. RMSE vaues for the 2m
temperature were generdly 1°C or less outside of the immediate SAMI region but were aslarge as 5°C
over the Appaachiansand near the Great Lakes. Figure 6-30 showsthe biasand RM SE of the 2-mwater
vapor mixing ratio expressed as a percentage of the observed values. Bias vaues were generdly in the
range of £2% away from coadtal areasand the Great Lakes. RM SE val ueswere usualy bel ow 4% except



again for coasta areas and the Great Lakes. Reasons for the higher values for the biasand RMSE in the
coastal areas and the Great Lakesinclude the following: 1) the observations used to create the observed
andysis may not provide the required resolution in those areas, and 2) for the Great Lakes it was outsde
the scope of this project to acquire actual water temperatures and ice coverage which both effect the
surface evaporation and, therefore, the 2-m water vgpor mixing ratios. The 10-m wind speed bias and
RMSE in Figure 6-31 both show in generd values of +2.5 ms* or less. The 10-mwind direction biasin
Fgure 6- 32 showsvauesgenerdly intherange of -5to +25 degrees, with the largest values being over the
Appdachians, New York, and parts of lllinois, Missouri, and lowa. The large differences over the
Appdachians are indeterminate because of the lack of observations. The wind direction RMSE vaues
were typicaly 40-60 degreesbut aslarge as 90 degreesin somelocations. Thetotal modd and observed
precipitation aregivenin Figure 6-33. Themodd reproduced the large-scae patternswell with the possible
exception of over-predicting precipitation over the southern Appaachians.
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Figure 6-29. (@) Biasof the model minusthe observed temperature at 2 m in degrees Celsiusfor the
February 1994 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for
the sametime and grid.
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Figure 6-30. (@) Bias of the model minus the observed water vapor mixing ratio at 2 m for the February
1994 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the sametime and
grid. The biasand RM SE are expressed as a percentage of the observed value. Valuesin excess of 10%

have been truncated to 10%

158



N —

-1D U6 40 D& K L 2D =26 30 34 4D 4B 40 o84

1.0 1.5 20 25 3.0 35 4.0 45 50 55 60 BS

(b)

Figure 6-31. (a) Bias of the model minus the observed wind speed at 10 m in m s™ for the February 1994
episode for the 96-km grid. (b) Root mean square error (RM SE) of the same field for the sametime and grid.
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Figure 6-32. (a) Bias of the model minus the observed wind direction at 10 min degrees for the February
1994 episode for the 96-km grid. (b) Root mean square error (RM SE) of the same field for the sametime and
grid.
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Figure 6-33. (a) Model precipitation in mm for the entire February 1994 episode for the 96-km grid. (b)
Analysis of observed total precipitation for the same period for the 96-km grid.
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6.5.2 12-km Results

Figure 6-34 shows the bias and RM SE for the near-surface variables for Knoxville, Tennessee for the
February 1994 episode for the 12-km grid. Temperaturesat 2 m showed afairly consstent warm bias of
about +1°C with RMSE vaues of 2-4°C. The 2-m water vapor mixing ratio showed aconsistent dry bias
of about -0.50 g kg with RMSE valuesof 1 gkg* or less. The 10-mwind speed reveded afairly uniform
bias of 1-2 m s* with RMSE vaues of 3m s* or less. Thewind direction bias had no clear pattern with
vauesof -60 to +30 degrees and with RM SE values aslarge as 90 degrees. The patternsfor Martinsbug,
West Virginiain Figure 6-35 were very smilar except for atemperature bias closer to zero.

Table6-10 comparestheinterpolated 12-km daily precipitation with selected rain gauge Stesat GSM and
SNP. Themodel under-predicted total precipitation by about 12 mm at Look Rock and over- predicted by
about 23 mm at Elkmont. The comparison at Big Meadowswas good with the model under-predicting the
total precipitation by about 4 mm. Comparisons for each day were also quite reasonable.

Table 6-11 givestherainfdl Satiicsfor dl the NWS siteswithin the 12-km domain for the entire episode.
The"OBSEVENTS' row indicatesthat nearly dl the 6-h observed amountswere25 mmor less. Thebias
vauesindicate some skill for thresholdsof 10 mm and below. Theoverdl patternsof thebias(BIAS), fdse
darmratio (FAR), and accuracy of norain (ANR) indicate atendency for themodel to develop large-scde
precipitation patterns correctly, but to over- predict the amounts and areaof smaller precipitation amounts
and the timing and location of heavier amounts.
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Figure6-34. Diurnal time series of bias (solid dots) and root mean squareerror (vertica barswith horizontal
hash marks) for the model minus the station observation for Knoxville, Tennessee for the 1200 UTC 6
February 1994 to 1200 UTC 14 February 1994. Model values are obtained by horizontal interpolation of the
hourly 12-km gridpoint valuesto the observation site. Time (CDT) isplotted on the horizontal axis. (a) Top
plot isfor temperature at 2 m in °C while the bottom plot is for water vapor mixing ratioat 2mingkg™. (b)
Top plot isfor wind speed at 10 m in m s™ while the bottom plot is for wind direction at 10 m in degrees.
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Figure 6-35. Diurnal time series of bias (solid dots) and root mean square error (vertical bars with
horizontal hash marks) for the model minus the station observation for Martinsburg, West Virginiafor the
period 1200 UTC 6 February 1994 to 1200 UTC 14 February 1994. Modd values are obtained by horizontal
interpolation of the hourly 12-km gridpoint valuesto the observation site. Time (CDT) isplotted on the
horizontal axis. () Top plot isfor temperature at 2 m in °C while the bottom plot is for water vapor mixing
ratioat 2ming kg™ (b) Top plotisfor wind speed at 10 m in m s™* while the bottom plot is for wind
direction at 10 min degrees.
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Table6-10. Midnight to midnight 24-h precipitation valuesin mm for the period 8-13 February 194
The Look Rock and Elkmont sites are within the Great Smoky Mountain National Park while the Big
Meadows site is within the Shenandoah National Park. Model values at the two observation sites
were obtained by linear horizontal interpolation of the 12-km gridpoint data.

Big Big
Look Rock Look Rock Elkmont Elkmont | Meadows | Meadows

Day Observed Model Observed Model Observed Model
8 0.80 130 2.00 3.20 6.40 0.60
9 24.90 2190 24.10 26.40 10.90 0.10
10 52.80 40.00 33.80 47.50 6.90 5.00
11 30.20 3340 28.70 33.80 17.80 34.00
12 0.30 0.00 0.00 0.00 1.30 0.10
13 1.00 160 130 210 150 1.10
Total 1100 98.20 89.90 113.00 44.80 40.90

Table6-11. Rainfall statisticsfor various thresholds for 6-hour model precipitation from the 12-kmgid
compared against 6-hour observed values at all National Weather Service sites within the 12-kmgid
for the February 1994 episode. Statistic abbreviations and definitions are described in the text.

Categories with -99 are those where model data did not exist for acalculation. Therow labeled "OBS
EVENTS' isthe sum of all non-zero precipitation 6-hour events across all observation sites for each

threshold.
THRESHOLD (mm)
0.2 2 5 10 15 25 35 50 75
STATISTIC

BIAS 157 1.08 0.89 1.09 0.75 0.32 0.14 0.0 -99
POD 0.76 0.56 0.38 0.29 0.16 0.05 0.00 0.00 -99
FAR 052 0.48 057 0.73 0.78 0.83 1.00 -99 -99
ANR 0.79 0.93 0.96 0.98 0.99 1.00 1.00 1.00 1.00
HK 055 0.49 0.34 0.27 0.15 005 | -000 | 000 -99
ET 0.30 0.31 0.22 0.15 0.10 004 | -000 | 000 -99

OBSEVENTS 790 473 34 116 61 19 7 1 0
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6.6 21 July - 1 August 1991 Episode Results
6.6.1 96-km Results

Fgure 6-36 showsthe biasand RM SE of the 2-m temperaturesfor the 96-km grid using hourly datafor the
entire episode. Again as the result of the surface nudging technique bias valueswere mainly in the range of
+1°C in dl areas outside of the immediate SAMI region. Bias vaues approached -4°C over the higher
terrain of the Appdachians. The RM SE vaduesfollowed asimilar pattern with values 1°C or less outside of
theimmediate SAMI region but with values up to 4°C over higher terrain. Again, as mentioned before, the
larger magnitude of the bias and RM SE vaues over the higher terrain of the Appdachiansis patidly the
result of the observed andysis being dominated by observationsnot located in highterrain areas. For those
aress outsde of the highest terrain but gill in the area where nudging was not performed with regard to
temperature the larger errors are the result, among other things, of the inability to goecify soil moisture
correctly. The bias and RMSE of the 2-m water vapor mixing ratio in Figure 6-37 show that most areas
had bias vduesin the range of -2 to -4% of the observed values. RM SE vauesfollowed asmilar pattern
with values generaly 2% or less outside the Appaachians and up to 12% in the higher terrain aress. The
10-m wind speed biasin Figure 6-38 was generdly intherange of +0.5ms™ but with values gpproaching
+3ms™ near the Atlantic coast. RMSE vauesfollowed asimilar pattern with most aress having valuesof 1
ms™ or less but values as high as 5 m s* on the Carolinacoasts. Thelarger errors near the Atlantic coast
could bethe result of model windswhich weretoo strong or insufficient dataused for the observed analysis
to definethe coastal windsadequately. The 10-mwind direction biasin Figure 6- 39 showed vauesin most
areas of +£10 degrees but with higher values in parts of the Mississppi Valey and dong the East coast.
RMSE vdues followed asmilar pattern with valuestypicaly at 60 degreesor lessbut with vaduesaslarge
as 100 degrees over partsof Virginiaand North Carolina. The areawith largest wind direction errorswas
inland from the areawith larger wind speed errors. Comparison with the mean observed wind speed at 10
m (not shown) indicates that much of the area with the largest RMSE wind direction errors occurred in
regions with mean wind speeds of 2 m s* or less. Asindicated before, the wind direction in light wind
regimesis dependent on loca terrain which could not be duplicated at the resol utions used for this project.
The total model and observed precipitation are shown in Figure 6-40. The modd smulated the overdl
precipitation patternswell but overestimated preci pitation amounts compared to the observed analysis. The
modd precipitation is discussed more fully in Section 6.6.2 for the 12-km results.
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Figure 6-36. (@) Bias of the model minusthe observed temperature at 2 min degrees Celsius for the
July 1991 episode for the 96-km grid. (b) Root mean square error (RMSE) of the samefield for the
sametime and grid.
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Figure 6-37. (&) Biasof the model minus the observed water vapor mixing ratio at 2 m for the July 1991
episode for the 96-km grid. (b) Root mean square error (RM SE) of the same field for the sametime and grid.
The bias and RM SE are expressed as a percentage of the observed value.
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Figure 6-38. (a) Bias of the model minus the observed wind speed at 10 m in m s for the July 1991 episode
for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the same time and grid.
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Figure 6-39. (@) Bias of the model minus the observed wind direction at 10 m in degreesfor the July 1991
episode for the 96-km grid. (b) Root mean square error (RMSE) of the same field for the sametime and grid.
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Figure 6-40. (a) Model precipitation in mm for the entire July 1991 episode for the 96-kmgrid. (b) Andyss
of observed total precipitation for the same period for the 96-km grid. Vauesin excess of 200 mm have
been truncated to 200 mm.
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6.6.2 12-km Results

Figure 6-41 showsthe bias and RM SE for the near- surface variablesfor Knoxville, Tennesseefor the July
1991 episode for the 12-km grid. A bias of -2 to -4°C for the 2-m temperature was evident for the
nightime hoursand abias of - 1 to -2°C during the daytimewith RM SE vauesbeing thelargest a night with
vauesup to 4°C. A consistent dry bias of -1 to-2 g kg* was observed with RMSE vauesup to 2 g kg™
A positive wind speed bias of about 0.50 m s* was observed at night but with a bias near zero during the
daytime. RMSE values for the wind speed were 1 m s* or less. The wind direction bias had no clear
pattern and wastypicdly in therange of +30 degreeswith RM SE vauesup to 90 degrees. The patternsfor
the Martinsburg, West Virgnialocation in Figure 6-42 were smilar with the following exceptions 1) a
moist bias up to 2 g kg* during the daytime, and 2) a positive wind speed bias at night aslargeas 1 ms™
and a negative wind speed bias during the day aslargeas-2 ms™.

Figure 6-43 shows the total moded precipitation for the 12-km grid plus the total observed precipitation
observed from the Tennessee Valey Authority network analyzed to portions of the 12-kmgrid. The12-km
model precipitation isreasonable over the northern and southern sections of the Tennessee-North Carolina
border but overestimates precipitation over centra portionsof the latter areawherethe model had in excess
of 200 mm but observations showed only vaues around 80 mm. The modd did duplicate the observed
vaues in excess of 200 mm over the steeply doped terrain over extreme western South Carolina. The
mode area with amounts in excess of 200 mm over parts of Virginia and the Carolinas was probably
overdone (as will be seen by the rainfall gatisticslater in this section) but locdly very heavy ranfdl was
reported in these areas in the publication Storm Data with amounts of 100-150 mm.

Dally rain gauge datawere not available for this episode for the Look Rock, Elkmont, and Big Meadows
gtes at GSM and SNP. Table 6-12 gives the ranfdl satidtics for dl the NWS stes within the 12-km
domainfor theentireepisode. The"OBSEVENTS' row indicatesthat the 6- h observed amounts covered
al thethreshold values. The bias statistic indicates that amounts 10 mm and under were modeled with a
high bias. Again the comhination of high vaues for the andyss of no-rain (ANR) and fase darm raio
(FAR) gatidtics indicate the modd's tendency to get large-scale patterns of precipitation correct but to
over-predict the mesoscae coverage of precipitation.

172



27 ISR i i e o I 5

TEMEPLERA'TLIRY, (4]
0
T

TIMLICDL

REREEI20s0000sseteatiiisen

-5 T T T T
L1} 1] 12 [}]
TIVE LN

MIXING RATIO [(3 Kir)

@

T 55

S 37

s GHHEHE N
2 -1

z2 35

= -5 ] ! A
a TIML L

2 18

': —

= 60

2 -hiH

Z 158 ; ! s

TIME IR

(b)

Figure6-41. Diurnd time series of bias (solid dots) and root mean square error (vertical bars with horizontal

hash marks) for the model minusthe station observation for Knoxville, Tennessee for the period 1200 UTC 21
July 1991 to 1200 UTC 1 August 1991. Model values are obtained by horizontal interpolation of the hourly
12-km gridpoint values to the observation site. Time (CDT) isplotted on the horizontal axis. (a) Top plotis
for temperature at 2 m in °C while the bottom plot is for water vapor mixing ratio at 2 min g kg™ (b) Topplot
isfor wind speed at 10 min m s™ while the bottom plot is for wind direction at 10 m in degrees.
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Figure 6-42. Diurnal time series of bias (solid dots) and root mean square error (vertical bars with
horizontal hash marks) for the model minus the station observation for Martinsburg, West Virginiafor the
period 1200 UTC 21 July 1991 to 1200 UTC 1 August 1991. Model values are obtained by horizontal
interpolation of the hourly 12-km gridpoint valuesto the observation site. Time (CDT) isplotted on the
horizontal axis. (a) Top plot isfor temperature at 2 m in °C while the bottom plot is for water vapor mixing
ratioat 2mingkg™. (b) Top plot isfor wind speed at 10 m in m s™* while the bottom plot is for wind
direction at 10 m in degrees.

174



-20 O 2D 40 €0 &80 100 120 140 160 1HO 200 220

@

-20 O 20 40 &0 &80 100 120 140 160 1HO 20D 220

(b)

Figure 6-43. (a) Model precipitation in mm for the entire July 1991 episode for the 12-km grid. (b)
Analysis of observed total precipitation for the same period for the 12-km grid using the Tennessee Valey
Authority raingauge network. For both plots valuesin excess of 200 mm have been truncated to 200 mm.
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Table6-12. Rainfall statisticsfor various thresholds for 6-hour model precipitation from the 12-kmgid
compared against 6-hour observed values at all National Weather Service sites within the 12-kmgid
for the July 1991 episode. Statistic abbreviations and definitions are described in the text. Categories|
with -99 are those where model data did not exist for acalculation. Therow labded "OBSEVENTS' iS
the sum of all hon-zero precipitation 6-hour events across all observation sites for each threshold.

THRESHOLD (mm)
0.2 2 5 10 | 15 25 35 | 50 75
STATISTIC

BIAS 275 | 259 206 | 146 | 082 | 048 | 038 | 042 | 033
POD 053 | 034 022 | 011 [ 005 | 000 | 000 | 000 | 000
FAR 08l | o087 090 | 092 | 094 [ 100 | 1200 [ 100 [ 100
ANR 070 | o084 091 | 09 | 099 [ 100 | 100 [ 100 [ 100
HK 023 | 018 013 | 008 | 003 | -000 | -000 [ -000 | -0.00
ET 007 | 005 004 | 003 | 002 | -000 | -000 [ -000 | -000

OBSEVENTS | 577 335 222 127 | 8 46 29 12 3
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6.7 3-12 August 1993 Episode Results
6.7.1 Surface Temperatures
6.7.1.1  Statistical M easures of Near-Surface Temperatures

Table 6-7.1 presents statistical summaries of the modeled and observed near-surface temperatureson the
12 km and 24 km gridsfor the 10 modeling days. (In thefollowing anayseswefocuson the 12 km results;
the 24 km results are presented for completeness)) The daily maximum temperatures during the August
episode began at 36.7°C on the 3° and dropped to alow of 31.7°C on the 7", Theresfter, awarming
trend ensued with the daily maximum temperature rising up to 34.4°C onthe 10". Asindicatedin Table 6-
7.1, RAMS did agood job of reproducing the daily maximum temperatures on each day. The episode-
averages of the dally maximum observed and predicted temperatures were 33.6°C and 34.8°C,
respectively, for a 3.6% discrepancy. Also from Table 6-7.1, the mean biasin predicted hourly surface
temperatures acrossthe 12 km domain rangesfrom-0.7°C t0 0.1°C. On average acrossthe August 1993
episode, the mean biasin surface temperature prediction for the RAMS modelsis-0.4°C. The average
gross errors in surface temperature predictions for the 10 days were 1.6°C.

6.7.1.2  Spatial Mean Surface Temperatures

Figures 6-44 and 6-45 present the spatial mean near- surface temperatures and mean normdized biasin
hourly temperaturesacrossthe 12 km and 24 km domainsasafunction of timeof day. Considering first the
goatid mean temperature plot Figure 644), we see that RAMS tends to follow the hourly mean

temperature measurements fairly well except for a few hours around the time of the daily maximum

temperature. At thistime, the spatid mean RAM Stemperature prediction ‘clips' the afternoon peaksby a
one to two degrees C. RAMS a0 exhibits a dight temperature overestimation a night. This very high

degree of tempord correlation in the spatid mean time series is not normally seen in prognostic modd

evauations

The exact causy(s) for the negative daytime (underestimetion) and positive nighttime (overestimation) biases
are difficult to isolate. Because the near surface predictions from RAMS are taken from grid layer 1
(approximate height of 13 m) one might expect RAMS nighttime estimates to be dightly warmer than the
mesasurements (at 2 m) which areinfluenced by nocturnd radiationa cooling a theground. At midday, the
RAMS predictions would be expected to be dightly lower than the measurements during this super-
adiabatic period, dl other factors being equd.

6.7.1.3  Mean Normalized Biasin Surface Temperatures
In Figure 645, the mean normdized bias in RAMS estimates of hourly near-surface temperature
predictions on the 12 km grid are fairly smdl throughout the episode. Typicaly, RAMStendsto dightly

overestimate (~ 3%-5%) hourly temperaturesin the morning hours and under predict (~2%-4%) laterinthe
day. These periods of under and overestimation of near-surfacetemperatures, revealed inthe hourly bias
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time series plots, are ‘masked’ through the computation of daily average bias atistics (see Table 6-7.1)
because of the cancdlation of postive and negative biases within the diurnd cycle.

6.7.1.4  Surface Temperature Fields

Hourly averaged ground-leve temperature fidlds for the 12 km domain are shown in Figure 6-46 for four
representative hours on 3 August 1993. In the figures, the bold numeras represent the measured
temperaturesin degrees C. Evident in thefiguresisthe cooler air temperatures over the highterrain of the
Appdachian mountains and the warmer areas in coastd environments, particularly during the afternoon
periods.

6.7.2 Surface Wind Speed and Direction
6.7.2.1  Statistical M easures of Near-Surface Wind Speed and Direction

Table6-7.2 presentsavariety of Satigtica measuresof RAM Smode performancefor thewindsduring the
3-12 August 1993 episode. To begin, the table ligts the daily mean observed and modeled surface wind
gpeed for the 10 days during the episode. On the 12 km grid, RAM S estimates mean wind speeds (2.66 m
s1) that are on average more than twice the magnitude of the episode mean obsarvations (1.11 ms?).
RAMS overestimates the daily average observed wind speed on each day. Over the entire episode,
RAMS over-predicts surface wind speeds by 140%. However, it should be noted that on haf the days, the
average observed wind speed acrossthe 12 km domain islessthan 1 ms™. Part of thisover-prediction is
expected because the height of the firss RAMS grid layer (~20 m) exceeds that of standard anemometer
height (10 m). Since wind speeds typicdly increase rgpidly with height within the lowest portion of the
boundary layer, the moddled winds in layer 1 should be systematicaly higher than the measurements.

Modeed wind directions show fairly good agreement with the observations on most days of the August
episode. Across the full 10-day period the mean modeled (178.9 degrees) and observed surface wind
directions (203.5 degrees) differ by only 25 degrees. Fom day-to-day, the difference between dally
average and observed wind direction variesfrom 4 to 107 degrees. Thedaily averageindex of agreement
parameter for MM5 modeling ranges between 0.64 and 0.84 with a 10-day mean of 0.75. Theseresults
are consistent with those achieved with the MM 5 resultsfor summertime ozone episode gpplications. Table
6-7.2 d=0 ligs the systematic and unsystematic components of the RMSE errors. For dl days the
systematic component islarger than the unsystematic component suggesting that more of the RM SE errors
are due to systematic biases that might be reduced through further refinement of model agorithms and/or
gpplication procedures. Onefactor contributing to the systematic RM SE is the differencein height above
ground between the lowest RAMS level and standard instrument heights.

6.7.2.2  Vector Mean Wind Speeds

Figures 6-47 through 6-48 present various surface wind speed and wind direction summary plotsfor the 3-
12 August 1993 episode. To begin, Figure 6-47 givesthe vector mean mode ed wind speed (the solid line)
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and the vector mean observed wind speed (the dashed line) for the RAMS modd over the 12 km domain.
The plot showsthat RAM S systematically overestimates the observed mean wind speedsfor every day of
the episode. For many of the days the vector mean winds on both the 12 km and 24 km grids possess
tempord variability amilar to that exhibited in the measurements event though the predicted vaues are
systematicaly biased high. On many of the days, the model representsthe afternoon wind speed increase
fairly wel notwithstanding the over-prediction.

6.7.2.3 Mean Wind Direction

Figure 6-48 presents the hourly variation in model ed versus observed surface wind directions over the 10
days. Generaly, thereisvery good agreement with the exception of 8 August and early onthe 9" when the
modd predictswindsthat are 100 degrees or more out of phase with the observations. Overall, however,
the agreement with mean wind direction is very good.

6.7.24  Root Mean Square Error in Wind Speeds

The RMSE errors and index of agreement are shown in Figures 6-49 and 6-50, respectively. InFigure6-

49, threelinesareplotted. The dotted line depictsthe unsystematic component of the RM SE (i.e., RMSE))
while the dashed line (the middie line) corresponds to the systematic component (RMSEs). The tota

RMSE error isgiven by the solid line, dwaysthe topmost linein thefigure. The episode average vaues of
the unsystematic, systematic, and totdd RMSE errorsare1.28 ms*, 1.72ms” and 2.18 m s, respectively.
Examingtion of Figure 6-49 reved sthat there does not appear to be any significant error growth throughout
the smulation with the exception of 7-8 August when the errors are somewhat larger than for therest of the
episodedays. Also, thefact that most of the RAMS RM SE error isfrom the systematic component (model

physics- related) is graphicdly evident in the figure.

6.7.25 Index of Agreement in Surface Wind Speeds

The index of agreement (1) results for the August 1993 episode (Figure 6-50) are quite consistent with
resultsin other MM5 and RAMSS performance evaluations conducted elsewhereinthe U.S. The RAMS
results exhibits typica hourly variation in the agreement index parameter. Theindex is lowest during the
morning period when wind speeds are lowest and the directions are more variable. In the afternoon when
Speeds are greater, theindex increases. The mean vaue of |, over the entire episode is 0.75.

6.7.2.6 Ground-L evdl Wind Fidds

Figures 6-51 presents afternoon RAM S surface wind field comparisons over the 12 km domains on four
different days during the August 1993 episode. The bold red vectors in the plots correspond to the
observed surface winds; lighter black vectors correspond to modeled winds. While there are obvioudy
some locations where the modeled and observed winds do not agree well, for the most part both the
RAMS modeed winds do a reasonable job of replicating the observed vaues.
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6.7.3 Mixing Ratios
6.7.3.1  Statistical M easures of Near-Surface Mixing Ratios

Satidicd resultsfrom the operationd evauation of near surface pecific humidity (or mixing ratios) arelisted
in Table 6-7.3 for the August 1993 episode for the 12 km and 24 km grids. Acrossthe 12 km domain the
agreement between the episode mean daily maximum observed (20.1 g/Kg) and modded (17.2 g/Kg)
mixing ratiosisfarly good. RAMS systematically underestimatesthe maximum ratio on each day by 2to 3
o/Kg. Themean biasand error in mixing ratios are dso quite good, with 10-day mean vauesof -0.6 g/Kg
and 1.1 g/Kg respectively. These results suggest that the mode! is doing afairly good job of reproducing
the daily maximum and hourly specific humidity across the 12 km domain.

6.7.3.2  Spatial Mean Surface Mixing Ratios

Figure 6-52 presents the spatial mean surface mixing ratios for the August 1993 episode. At both 12 km
and 24 km scaes, the modd does a very good job of estimating the spatid trends in specific humidity
across the entire episode. The dight tendency to underestimate mixing ratio is evident in the plots. A
portion of this underestimation may be attributed to the vertical mismatch between the height of the mixing
ratio measurement and the firss RAMS grid leve from which the predicted mixing rétio is derived.

6.7.3.3 Biasin Surface Mixing Ratios

The systematic underestimation of near-surface mixing ratio isagain seenin the normaized biastime series
for the 12 km and 24 km grid domains shown in Figure 6-55. The largest biases in mixing ratio tend to
occur during the nighttime hours. At midday, the mixing ratio bias estimates are close to zero on most days.
No gpparent diurnd performance problems are evident in the mixing ratio results.

6.7.34  Surface Mixing Ratio Fields

Figure 6-54 presents examples of ground-level mixing ratio fields across the 12 km domain at two time
periods (0300 and 1500 EST) on 7 August. These plots arefairly typica of the entire set of mixing ratio
fieds for the August 1993 episode. No strong gradientsin mixing ratios are evident in these or the other
hourly fields for this episode and there is generdly good agreement between the predicted humidity and
those observed at the various monitoring stations (represented by the numerdsin the figures).

6.7.4 Precipitation
6.7.4.1 Statistical Measures of Total Daily Precipitation
Rain occurred on 8 of the 10 days of the August 1993 episode asindicated in Table6-47. Themaximum

observed totd dally precipitation a any rain gauge varied between 9.0 mm and 119 mm with an episode
mean of 50 mm. RAMS predicted arange of rainfal of 11.5 mm to 102.7 mm with an episode mean of
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40.3 mm. The mean observed and predicted precipitation acrossdl rain gaugeswas 5.3 mm and 6.7 mm,
yielding an overd| discrepancy of 26% which represents excellent agreement for a mesoscale prognostic
mode. The biasin daily rainfal predictions ranges from —0.30 mm to 10.38 mm with an episode mean of
1.9 mm. Only on 5 August did themodd experiencesgnificant difficulty reproducing thedaly rainfdl totas.
Thedally grosserrorsin rainfal ranged between 0.41 mm and 13.91 mm with an episode mean of 5.8 mm.
Overdl, the modd did an excdlent job of Smulating the daily and episode average ranfdl totas.

6.7.4.2  Temporal Distribution of Total Daily Rainfall Across All Sites

Figure 655 presents time series plots of the daily precipitation totals derived from the measured and
predicted vaues averaged across dl reporting gations in the 12 km and 24 km domains.  With the
exception of the modest over-prediction on 5 August, the day-to-day rainfdl predictions maich the
obsarvationsvery closely inthiscomparison. Webdieve, however, that the excellent agreement suggested
in the dally total spatia time series plot (Figure 6-55) paints too optimigtic a picture of the modd’s
replication of the precipitation fieldsfor thisepisode. Thefollowing graphicd toolsindicatethet therearein
fact some larger differences between daily average prediction and observation.

6.7.4.3  Spatial Distribution of Daily Total Measured and Observed Rainfall

One of the chdlenging problemsin evauaing meteorological model precipitation predictionsis devisng a
schemefor comparing point rainfal measurementswith spatialy distributed (i.e., gridded) modd predidions

In Figure 6-56 we make this comparison by presenting in the top pand thegridded dally precipitationtotals
(in mm) across the 12 km domain for 7 August 1993. In the bottom panel, we present the daily total
measurements (aso in mm) utilizing the same color coding scheme. Comparing the predicted and observed
rainfall totals on 7 August, we see that thereis abroad band of predicted precipitation (> 25 mm) across
Tennessee and central Kentucky extending to the east coast. Such a broad swath of precipitation is not
evident in the monitors athough there are many areas where large voidsin the measurement network exigt.
From Table 6-7.4 we note that on the 7", there was a 4.34 mm over-prediction biasin the modd which
might explain aportion of the apparent discrepancy between the modeled field and observed vauesin the
12 km grid results.

6.7.4.4 Corrdation of Daily Maximum Rainfall Across All Sites

Figure 6-57 presents a scatter plot of predicted and observed daily tota precipitation on 7 August 1993.
Comparison of this plot with the spatid timeseriesplot in Figure 6-55 clearly underscoresthe need for use
of multiple statistical and graphica toolswhen eva uating the performance of complex atmospheric models.
Whilethe spatid time seriesplot in Figure 6-55 suggests very good mode performance based on averages
across al monitoring stations, the Scatter Plot in Figure 6-57 reved s that this seemingly good agreement
comes as the result of cancelation of modd over- and under-predictions a the numerous individua
monitors. Indeed, visud inspection of the Scatter Plot suggestslittleif any correlation between the various
reporting sites. Thus, while RAM S appearsto do a crediblejob of estimating thetota precipitation across
the 12 km domain on each day during the August 1993 episode, the spatid didtribution of rainfal events
exhibits much less ill.
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Table6-7.1. RAMS Model Evaluation Resultsfor the 3-12 August 1993 SAMI Episode — Surface Temperatures (deg C). (a) 12 Km Grid

Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9Aug 10Aug 11 Aug 12 Aug Mean
Attribute Day 215 | Day?216 | Day217 | Day?218 | Day?219 | Day220 | Day221 | Day 222 | Day 223 | Day 224 Value
Max Observed Temp. 36.7 33.9 33.9 35.0 317 32.2 32.8 344 333 317 33.6
Max. Predicted 35.0 317 Al 324 334 36.0 371 375 377 33.2 3438
Temperature
Mean Bias (deg C) -04 -0.7 -04 -05 -0.5 0.1 -0.3 -0.7 -0.7 05 -04
Gross Error (deg C) 19 19 13 16 16 15 17 17 17 13 16
Table6-7.1. RAMS Model Evaluation Resultsfor the 3-12 August 1993 SAMI Episode — Surface Temperatures (deg C). (b) 24 Km Grid
Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9 Aug 10Aug 11 Aug 12 Aug Mean
Attribute Day 215 | Day 216 | Day217 | Day 218 | Day 219 Day 220 | Day 221 | Day222 | Day223 | Day 224 Value
Max Observed 37.2 37.2 36.1 36.7 37.2 36.7 36.7 372 372 36.1 36.8
Temperature
Max Predicted 335 386 36.2 346 351 354 36.8 35.6 36.9 3438 358
Temperature
Mean Bias (deg C) -0.7 -0.7 -0.6 -0.6 -0.5 -0.2 -04 -0.7 -0.8 0.2 -05
Gross Error (deg C) 20 20 18 19 17 17 18 18 19 14 18
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Table6-7.2. RAMSmodel evaluation results for the 3-12 August 1993 episode — surface wind speeds (meters/sec). (a) 12 Km Grid

Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9 Aug 10 Aug 11 Aug 12 Aug Mean
Attribute Day 215 | Day?216 | Day?217 | Day218 | Day219 | Day220 | Day221 | Day 222 | Day 223 | Day 224 Value

Mean Observed Wind | 2.05 202 101 0.96 0.74 053 113 116 0.89 0.65 111
Speed
Mean Predicted Wind | 3.98 392 292 258 2.76 0.93 159 219 262 312 2.66
Speed
Observed Standard 191 188 179 2.38 1A 157 158 184 170 138 180
Deviation
Predicted Standard 174 125 139 3.07 231 161 173 206 161 117 179
Deviation
RMSE 237 221 192 256 254 173 178 196 210 258 218
RMSEg 196 184 160 184 191 136 131 151 160 231 172
RMSE, 130 120 105 176 1.66 1.02 115 122 133 112 128
Index of Agreement, | 0.73 0.70 0.79 0.84 0.79 0.77 0.70 0.78 0.74 0.64 0.75
ille 0.73 0.67 0.62 0.78 0.90 0.66 0.79 0.72 0.84 0.82 0.75
illy ar 0.98 0.68 0.81 130 123 1.06 118 117 0.97 0.85 102
Mean Observed Wind | 2257 250.3 299.0 184.8 2838 823 76.2 1102 1287 147.8 1789
Direction (°)
Mean Predicted Wind | 2294 2319 2585 210.0 267.3 1889 1215 150.7 1811 1955 2035
Direction (°)




Table6-7.2. RAMSmodel evaluation results for the 3-12 August 1993 episode — surface wind speeds (meters/sec). (b) 24 Km Grid

Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9 Aug 10 Aug 11 Aug 12 Aug Mean
Attribute Day 215 | Day?216 | Day?217 | Day218 | Day219 | Day220 | Day221 | Day 222 | Day 223 | Day 224 Value

Mean Observed Wind 199 167 1.09 057 0.24 0.78 127 124 108 0.90 1.08
Speed
Mean Predicted Wind 391 327 2.56 165 0.72 161 2.36 265 2.65 2.96 243
Speed
Observed Standard 221 231 212 2.33 203 191 213 215 200 153 207
Deviation
Predicted Standard 237 225 1.99 2.85 294 211 2.30 2.37 213 193 232
Deviation
RMSE 271 250 221 242 264 2.00 210 229 239 284 241
RMSEg 174 193 178 162 157 127 124 153 168 230 167
RMSE, 0.83 154 128 176 210 151 163 165 169 163 156
Index of Agreement, | 0.73 0.76 0.79 0.85 0.82 0.81 0.82 0.80 0.76 0.63 0.78
ille 0.83 0.67 0.63 0.79 110 0.85 0.79 0.79 0.86 107 084
illy ar 111 0.99 097 126 152 119 111 113 128 127 118
Mean Observed Wind 2354 258.8 2710 2319 169.2 150.3 1539 1544 1836 1488 1957
Direction (°)
Mean Predicted Wind 2275 2350 2434 2182 2390 1889 180.3 189.5 1922 188.6 2103
Direction (°)




Table6-7.3. RAMSmodel evaluation results for the 3-12 August 1993 SAMI episode — surface mixing ratios (gm/kg). (a) 12 Km Grid

Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9Aug 10Aug 11 Aug 12 Aug Mean
Attribute Day 215 | Day?216 | Day217 | Day?218 | Day?219 | Day220 | Day221 | Day222 | Day 223 | Day 224 Value

Maximum Observed 218 210 197 206 205 203 196 183 182 208 20.1
Mixing Ratio
Maximum Predicted 184 177 174 173 174 169 16.8 157 16.8 172 172
Mixing Ratio
Mean Bias -0.8 -0.6 -04 -05 -04 -0.6 -0.8 -0.7 -05 -03 -0.6
(gm/Kg)
Gross Error (gm/Kg) 14 11 10 11 10 10 12 11 12 1.0 11
Table6-7.3. RAMSmodel evaluation results for the 3-12 August 1993 SAMI episode — surface mixing ratios (gm/kg). (b) 24 Km Grid

Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9 Aug 10Aug 11 Aug 12 Aug Mean

Attribute Day 215 | Day?216 | Day217 | Day?218 | Day?219 | Day220 | Day221 | Day222 | Day 223 | Day 224 Value

Maximum Observed 242 24.0 240 241 24.1 240 233 220 228 229 235
Mixing Retio
Maximum Predicted 192 184 184 183 187 183 185 186 193 19.7 187
Mixing Ratio
Mean Bias -05 -04 -0.3 -03 -04 -05 -0.6 -05 -05 -01 -04
(gm/Kg)
Gross Error 12 11 10 10 10 11 12 12 12 12 11
(gm/Kg)




Table6-7.4. RAMSmodel evaluation results for the 3-12 August 1993 SAMI episode — daily total

recipitation (mm). (a) 12 Km Grid

Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9Aug 10Aug 11 Aug 12 Aug Mean
Attribute Day 215 | Day?216 | Day217 | Day?218 | Day?219 | Day220 | Day221 | Day222 | Day 223 | Day 224 Value
Maximum Observed 340 520 85.0 26.0 119.0 520 320 90 - - 50.0
Precipitation
Maximum Predicted 115 376 51.6 26.1 102.7 229 400 300 - - 403
Precipitation
Mean Observed 15 49 48 12 256 35 09 01 - - 53
Precipitation
Mean Predicted 24 33 147 25 27.7 24 0.6 0.3 - - 6.7
Precipitation
Mean Bias (mm) 0.93 -1.27 10.38 133 434 -0.81 -0.30 0.23 - - 19
Gross Error (mm) 2.89 6.44 1391 3.00 164 235 130 041 - -- 58




Table6-7.4. RAMSmode evaluation results for the 3-12 Au

ust 1993 SAMI episode — daily total

recipitation (mm). (b) 24 Km Grid

Performance 3Aug 4 Aug 5Aug 6 Aug 7 Aug 8 Aug 9Aug 10Aug 11 Aug 12 Aug Mean
Attribute Day 215 | Day?216 | Day217 | Day218 | Day?219 | Day220 | Day221 | Day222 | Day223 | Day 224 Value
Maximum Observed 67.0 520 85.0 67.0 1190 67.0 470 74.0 - - 723
Precipitation
Maximum Predicted 133 314 49.3 46.7 975 300 322 24.6 - - 40.6
Precipitation
Mean Observed 18 36 41 19 183 36 11 09 - -- 44
Precipitation
Mean Predicted 18 2.7 94 26 185 21 05 05 - - 48
Precipitation
Mean Bias (mm) 0.03 -0.65 5.92 0.67 204 -1.36 -0.58 -0.38 -- -- 0.7
Gross Error (mm) 267 494 9.96 324 12.34 291 140 120 - -- 48
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Figure6-44. Spatial Mean Ground-Level Temperatures for the 3-12 August 1993 Episode.
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Figure 6-45. Mean Normalized Biasin Ground-Level Temperatures for the 3-12 August 1993 Episode.
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Figure6-47. Vector Mean Wind Speed for the 3-12 August 1993 Episode.
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Figure 6-48. Mean Wind Direction for the 3-12 August 1993 Episode.
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Figure 6-49. Root Mean Square Error in Ground-Level Wind Speeds for the 3-12 August 1993 Episode.
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Figure 6-50. Index of Agreement in Surface Wind Speed for the 3-12 August 1993 Episode.
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Figure 6-51. Ground-Level Wind Fieldsfor the 3-12 August 1993 Episode.
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Figure 6-52. Spatial Mean Ground-Level Mixing Ratios for the 3-12 August 1993 Episode.
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Figure 6-53. Mean Normalized Biasin Ground-Level Mixing Ratios for the 3-12 August 1993 Episode.
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Figure 6-55. Spatial Mean Daily Precipitation (mm) for the 3-12 August 1993 Episode.
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6.8 22-29 June 1992 Episode Results
6.8.1 Surface Temperatures
6.8.1.1  Statistical M easures of Near-Surface Temperatures

Table 6-8 gives the Satistical results for predicted and observed near- surface temperatures for the eight
modding days of the 22-29 June 1992 episode. Thedaily maximum temperatures during the June episode
began at 27.8°C on the 22™ and increased to a high of 36.1°C on the 26™, whereupon a cooling trend
ensued with the maximum temperatures dropping down to 32.2°C onthe 28", Asindicatedin Table6-8,
RAMSdid avery job of reproducing the daily maximum temperatures on each day with the exception of 26
Junewherethe peak was underestimated by 3.4°C. The episode-averagesof the daily maximum observed
and predicted temperatures were 32.7°C and 32.8°C, respectively, for a 0.3% discrepancy. Alsofrom
Table 6-8, the mean biasin predicted hourly surface temperatures acrossthe 12 km domain rangesfrom -
1.7°C to -0.2°C. On average across the June 1992 episode, the mean biasin RAM S surface temperature
prediction—1.1°C. The average gross errorsin surface temperature predictionsfor the 8 dayswere 1.8°C.

6.8.1.2  Spatial Mean Surface Temperatures

Figures 658 and 6-59 show the spatia mean near-surface temperatures and mean normaized biasin
hourly temperatures as a function of time of day. From the spatid mean temperature plot (Figure 6-58),
RAMS generdly follows the hourly mean temperature measurements fairly well. However, the moddl

systematicaly underestimates the afternoon spatiad mean peak vaues on each day and this discrepancy
appears to worsen as the episode ensues. By the 29", the mean under-prediction a midday is roughly
6°C. Recdl from Table 6-8.1 that the model reproduced the domain-wide maximum temperature on this
day towithin 0.3°C. Inaddition to this systematic tendency to underestimate the average high temperatures
across the monitoring network, the modd a so tendsto underestimate the nighttime lows by adegree or so,
a least on the 12 km grid. The under-prediction of the afternoon peaks is more pronounced than the
August episode where RAMS clipped the afternoon peaks by a one to two degrees C. The temporal

correlation shown in the spatial mean time series (Figure 6-58.) is more typica of that normaly seen in
prognostic modd evauations compared with the August 1993 episode results (Figure 6-44). Aswiththe
August episode, the cause of daytime underestimation biases is difficult to identify unambiguoudy but we
attribute part of this discrepancy to the difference in heights between measurement and layer 1 modd

predictions.

6.8.1.3 Mean Normalized Biasin Surface Temperatures

In Fgure 6-59, the mean normdized bias in RAMS esimates of hourly near-surface temperature
predictions on the 12 km grid are fairly smdl throughout the episode athough they are dightly larger than
thosein the August episode (Figure 6-45). For the June episode RAM Stendsto dightly underestimate (~
5% to 10%) hourly temperaturesin the morning hours and on acouple of daysto over predict (~ 2%-3%)
midday. The sustained periods of underestimation of near-surface temperatures shown in the hourly bias
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time seriesplotsare corroborated by the systematic under-prediction biasesfor each day lisgedin Table 6-
58.

6.8.1.4  Surface TemperatureFields

Hourly averaged ground-leve temperature fidlds for the 12 km domain are shown in Figure 6-60 for four
representative hours on 25 June 1992. On this day, the genera afternoon warming trend in the southern
datesis evident.

6.8.2 Surface Wind Speed and Direction
6.8.21  Statistical Measures of Near-Surface Wind Speed and Direction

Table6-8.2 presentsavariety of Satigticd measuresof RAM Smode performancefor thewindsduring the
22-29 June 1992 episode. Onthe 12 km grid, RAM S estimates mean wind speeds (2.55 m s*) that areon
average 66% grester than the magnitude of the episode mean observations (154 ms?). RAMS
overestimatesthe daily average observed wind speed on dl but oneday (28 June). Mean wind speedsfor
the June episode are higher than those encountered in the August 1993 period discussed previoudy. Part of
the over-prediction in surface wind speed is due to the difference between the heights of the surface wind
measurements and the height of the firs RAMS grid layer.

Modeled wind directions show reasonable agreement with the observations on most days. Across the 8-
day episode, the mean modeed (229.7 degrees) and observed surface wind directions (250.3 degrees)
differ by only 21 degrees. From day-to-day, the difference between daily average and observed wind
direction variesfrom 10 to 150 degrees. On the day with the largest wind discrepancy (28 June), afront
moved through the region.

Thedaily averageindex of agreement parameter for the MM5 model ranges between 0.66 and 0.89withan
8-day mean of 0.75. Theseresults are cons stent with those achieved in the August 1993 episode and with
other prognostic model applications (see Chapter 8). Table6-8.2 dsoligsthe sysematic and unsystemdtic
componentsof the RMSE errors. For dl but thefirst and last daysin the episode the systematic component
islarger than the unsystematic component suggesting that more of the RM SE errors are due to systematic
biasesthat might be reduced through further refinement of modd agorithms and/or application procedures.
The episode average RMSE error is 1.89 ms™.

6.8.2.2  Vector Mean Wind Speeds

Figures 6-61 through 6-62 present various surface wind speed and wind direction summary plots for the
22-29 June 1992 episode. The vector mean modeled wind speed (Figure 661) is sysematicaly
overestimated compared to the observed mean wind speeds for every day of the June episode and this
overestimation tendency isquite smilar to that encountered in the August episode (Figure 6-47). For many
of the June episode days the vector mean winds on both the 12 km and 24 km grids possess tempora
variability amilar to that exhibited in the measurements event though the predicted va ues are sysematicaly
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biased high. On some of the days, the modd represents the afternoon wind speed increase fairly well
notwithstanding the over-prediction.
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6.8.2.3 Mean Wind Direction

Figure 6-62 presentsthe hourly variation in mode ed versus observed surface wind directions over the eight
Junemodding days. Aswiththe August episode, thereisgenerdly very good agreement with the exception
of 28 June and early on the 29" when the modd predicts winds that are about 80 to 90 degrees more
southerly than the observations. Overdl, however, the agreement with hourly mean wind direction across
the various monitoring sitesis quite good.

6.8.24  Root Mean Square Error in Wind Speeds

The RM SE errorsand index of agreement are shown in Figures 6-63 and 6-64, respectively. The episode
average values of the unsystematic, systematic, and total RMSE errorsare1.24ms*, 1.38 ms* and 1.89
ms?, respectively. These results are an improvement over the August 1993 episode. From Figure 6-63
there does not gppear to be any sgnificant error growth throughout the latter two thirds of the smulation.
Slight error growth occurs during the first three days of the episode when the errors are somewheat larger
than for the rest of the episode days. That the preponderance of the RAMS RMSE error is from the
systemétic component (modd physics- related) is graphicaly evident in Figure 6-63.

6.8.25  Index of Agreement in Surface Wind Speeds

The index of agreement results for the June 1992 episode (Figure 6-64) are quite congstent with other
prognostic model evauations. For this episode, RAMS exhibits typica hourly variation in the agreement
index parameter with the lowest values occurring during the morning period when wind speeds are lowest
and the directions are more variable. In the afternoon when speeds are grester, theindex increases. The
mean vaue of the index of agreement varies diurndly throughout the episode; the mean over the whole
period is 0.75

6.8.2.6  Ground-Level Wind Fields

Figures 6-65 presents afternoon RAMS surface wind field comparisons over the 12 km domains on four
different days during the June 1992 episode. Generdly, the RAMS modeed winds on these days are in
reasonable agreement with the observed vaues. 1n examining the full set of hourly surface wind plots for
this (and the August 1993) episode, wedid not find instanceswherethere were substantia discrepanciesin
the predicted versus observed surface wind fields, which would have raised concerns about the fiddlity of
the modding.

6.8.3 Mixing Ratios

6.8.3.1  Statistical Measuresof Near-Surface Mixing Ratios

Satidicd resultsfor near surface mixing ratios are listed in Table 6-60 for the June 1992 episode. Across
the 12 km domain the agreement between the episode mean daily maximum observed (19.3 g/Kg) and
modeled (16.8 g/Kg) mixing ratiosisfarly good. RAMS systematicaly underestimates the maximum ratio
on each day except 22 June by 2t0 4 g/Kg. The mean biasand error in mixing ratios are also quite good,
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with 8-day mean vaues of -0.3 g/Kg and 1.0 g/Kg respectively. Aswiththe August 1993 episode, these
results suggest that RAM Sisdoing afairly good job of reproducing the daily maximum and hourly specific
humidity across the 12 km domain.

6.8.3.2 Spatial Mean Surface Mixing Ratios

Figure 6-66 is agpatia mean surface mixing ratio plot for the June 1992. RAMS does an excdllent job a
both 12 km and 24 km scalesin estimating the mean trend in specific humidity acrosstheentireepisode. As
with the August 1993 episode, there is a dight tendency to underestimate mixing ratio.

6.8.3.3  Biasin Surface Mixing Ratios

Theminor underestimation of near- surface mixing ratio isa o goparent inthe normaized biastime seriesfor
the 12 km and 24 km grid domains shown in Figure 6-67. Thelargest biasesin mixing ratio tend to occur
a night or late in the afternoon or evening. At midday, the mixing ratio bias estimates tend to change from
posgitive to negative during the firgt five days of the episode. No significant diurna performance problems
are evident in the mixing ratio results.

6.8.34  Surface Mixing Ratio Fields

Figure 6-68 presents examples of ground-level mixing ratio fields across the 12 km domain at two time
periods (0300 and 1500 EST) on 26 June 1992. These plots are typica of the mixing ratio fiedsfor the
Juneepisode. Similar to the August 1993 episode, no strong gradientsin mixing ratios are evident in these
or the other hourly fields. Thereisgenerdly good agreement between the predicted and observed mixing
ratios at the various monitoring stations.

6.8.4 Precipitation
6.84.1  Statistical Measuresof Total Daily Precipitation

Rain occurred on 5 of the 8 days during the June 1992 episode (see Table 6-8.4). The maximum dally
precipitation at any rain gauge varied between 4.0 mm and 122 mm with an episode mean of 53.8 mm.
RAM S predicted arange of daily maximum rainfal totalsfrom 9.0 mmto 110.5 mm with an episode mean
of 41.7 mm. The mean observed and predicted precipitation across dl rain gauges was 2.9 mm and 3.9
mm, yielding an overd| discrepancy of 35% which condtitutes good agreement for amesoscaemodel. The
biasin daly rainfal predictions ranges from —0.60 mm to 4.82 mm with an episode mean of 0.9 mm. Only
on 27 Junedid themode experience significant difficulty reproducing thedaily rainfal totalsasevidenced by
bias and error scores of 4.82 mm and 11.57 mm, respectively. The dally gross errorsin rainfal ranged
between 0.23 mm and 11.57 mm with an episode mean of 4.0 mm. Overdl, the modd didagood job of
amulating the daily and episode average rainfall totals when averaged across dl monitoring stations.

6.8.4.2  Temporal Distribution of Total Daily Rainfall Across All Sites
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Figure 669 presents time series plots of the daily precipitation totals derived from the measured and
predicted vaues averaged across dl reporting gations in the 12 km and 24 km domains. With the
exception of the 50% over-prediction on 27 June (see Table 6-8.4), the day-to-day rainfal predictions
match the observations very closdy in this comparison. However, as with the August 1993 episode, the
very good agreement seen in the dally total spatid time seriesplot (Figure 6-69) masks much larger errors
when the modd’ s skill a individuad monitoring stations on specific daysis concerned (see below).

6.8.4.3  Spatial Distribution of Daily Total Measured and Observed Rainfall

Figure 6-70 compares the gridded daily precipitation predictions (in mm) acrossthe 12 km domain for 27
June 1992 while the bottom panel presentsthe daily tota measurements (also in mm). On 27 June 1992,
RAMS predicts bands of predicted precipitation (>25 mm) across portions of northern Alabama,
Tennessee and southeastern Kentucky, western Virginia and south Carolina. Data from the sparserain
gauge network does not show such high rainfall amountsin the same areas as predicted. Onthe 27", (see
Table 6-8.4) themodel did overestimate the domain-wide precipitation by 50% so thismay explainin part
why there are few monitors that are associated with precipitation above 25 mm (i.e., colored red).

6.84.4  Corrdation of Daily Maximum Rainfall Across All Sites

Figure 6-71 presents a Scatter Plot of predicted and observed daily total precipitation on 27 June 1992.
While the spatid time series plot in Figure 6-69 suggests good mode performance (based on averages
acrossdl monitoring sations), the Scatter Plot reved sthat thisgood agreement derivesfrom cancellation of
over- and under-predictionsat the variousrain gauges. The Scatter Plot suggests poor correl ation between
prediction and observation a theindividud reporting sites. Thus, aswith the August 1993 episode, RAMS
does acredible job of estimating the total preci pitation when averaged across the monitoring network on
each episode day but the mode’ s ahility to predict the exact rainfdl amounts paired in time and space with

gpecific monitorsis generdly poor.
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Table6-8. RAMS Model Evaluation Results for the 22-29 June 1992 SAMI Episode — Surface Temperatures (deg C).

Performance 22 June 23June | 24June 25June | 26June 27 June | 28June 29 June Mean
Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value
Maximum Observed 278 311 333 350 36.1 328 322 333 327
Temperature
Maximum Predicted 30.2 315 334 334 37 338 340 330 328
Temperature
Mean Bias (deg C) -0.2 -0.7 -1.2 -1.1 -11 -1.6 -11 -1.7 -11
Gross Error (deg C) 14 16 18 19 20 19 18 23 18

Table6-8. RAMS Model Evaluation Results for the 22-29 June 1992 SAMI Episode — Surface Temperatures (de;

C). (b) 24 Km Grid

Performance 22 June 23June | 24June 25June | 26June 27 June | 28June 29 June Mean
Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value

Maximum Observed 389 344 36.1 36.1 36.1 36.7 378 356 36.5
Temperature
Maximum Predicted 321 332 345 338 323 315 320 338 329
Temperature
Mean Bias (deg C) -0.2 -0.7 -0.7 -1.0 -1.0 -1.1 -1.2 -1.3 -0.9
Gross Error (deg C) 15 17 17 19 20 19 20 2.3 19

Table6-8. RAMSModel Evaluation Results for the 22-29 June 1992 Episode — Surface Wind Speeds (meters/sec). (a) 12 Km Grid

Performance 22June | 23June | 24June | 25June | 26June | 27June | 28June | 29June Mean
Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value

Mean Observed Wind 192 133 255 1.66 0.78 167 131 1.07 154
Speed
Mean Predicted Wind 201 254 427 3.62 2.68 2.06 114 2.06 255
Speed
Observed Standard 247 1.65 191 187 204 184 173 161 1.89
Deviation
Predicted Standard 217 157 148 125 156 147 144 152 156
Deviation
RMSE 152 1.89 2.38 212 2.08 1.70 161 184 1.89
RMSEg 0.77 1.49 1.86 172 161 1.36 133 091 1.38
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Table6-8. RAMSModel Evaluation Results for the 22-29 June 1992 Episode — Surface Wind Speeds (meters/sec). (a) 12 Km Grid

Performance 22June | 23June | 24June | 25June | 26June | 27June | 28June | 29June Mean
Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value
Index of Agreement, | 0.89 0.74 0.66 0.74 0.81 0.69 0.68 0.79 0.75
Sillg 0.52 0.71 0.79 0.68 0.70 055 052 0.78 0.66
Silly ar 0.88 101 0.79 0.69 0.79 0.81 0.84 091 0.84
Mean Observed Wind 3031 187.3 210.8 2425 2277 3121 273 1315 250.3
Direction (°)
Mean Predicted Wind 248.2 222.3 221.0 224.3 2245 2354 237.0 2245 229.7
Direction (°)

Table 6-8. RAMS Model Evaluation Results for the 22-29 June 1992 Episode — Surface Wind Speeds (meters/sec). (@) 12 Km Grid. (b)

24 Km Grid

Performance 22June | 23June | 24June | 25June | 26June | 27June | 28June | 29June Mean

Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value

Mean Observed Wind 133 0.97 1.38 1.30 0.83 091 057 1.10 105
Speed
Mean Predicted Wind 215 241 2.88 295 184 161 192 265 230
Speed
Observed Standard 297 235 233 219 234 226 221 215 235
Deviation
Predicted Standard 281 265 242 207 250 221 239 221 241
Deviation
RMSE 1.88 221 2.46 221 2.30 1.95 214 2.20 217
RM SEg 0.80 142 1.62 156 150 1.40 137 155 140
RMSE; 1.69 1.67 181 154 172 1.35 1.60 153 161
Index of Agreement, | 0.92 0.86 0.79 0.80 0.83 0.84 0.86 0.81 0.84
Skillg 057 0.75 0.79 0.75 0.77 0.63 0.74 0.74 0.72
Silly ar 0.95 117 105 0.96 111 1.10 112 1.08 107
Mean Observed Wind 299.5 2314 216.2 243.6 2773 3165 2451 1824 2515
Direction (°)
Mean Predicted Wind 269.6 2438 233.2 2324 2350 2415 240.2 235.1 2414
Direction (°)
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Table6-8. RAMS Model Evaluation Results for the 22-29 June 1992 SAMI Episode — Surface Mixing Ratios (gm/Kg).

(@ 12Km Grid

Performance 22June | 23June | 24June | 25June | 26June | 27June | 28June | 29June Mean

Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value

Maximum Observed 126 179 199 213 20.7 192 193 234 193
Mixing Ratio
Maximum Predicted 159 161 164 16.8 179 174 173 16.7 16.8
Mixing Ratio
Mean Bias -03 -0.2 -0.2 04 -0.3 -05 -0.3 -05 -03
(gm/Kg)
Gross Error (gm/Kg) 0.7 0.9 11 10 11 10 1.0 12 10
Table6-8. RAMS Model Evaluation Results for the 22-29 June 1992 SAMI Episode — Surface Mixing Ratios (gm'Kg).
(@ 12 Km Grid. (b) 24 Km Grid
Performance 22June | 23June | 24June | 25June | 26June | 27June | 28June | 29June Mean
Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value
Maximum Observed 219 24.3 213 27 219 245 21 234 228
Mixing Retio
Maximum Predicted 198 194 193 193 190 191 192 204 194
Mixing Ratio
Mean Bias -0.2 -01 -0.2 -0.2 -01 -0.3 -0.2 -03 -0.2
(gm/Kg)
Gross Error 0.7 09 10 10 10 09 09 11 09
(gm/Kg)
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Table6-8. RAMS Model Evaluation Results for the 22-29 June 1992 SAMI Episode — Daily Total Precipitation (mm).

(@ 12Km Grid

Performance 22June | 23June | 24June | 25June | 26June | 27June | 28June | 29June Mean

Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value

Maximum Observed - - 40 27.0 48.0 1220 68.0 - 53.8
Precipitation
Maximum Predicted - - 9.0 208 340 1105 A1 - 4.7
Precipitation
Mean Observed 0.0 08 35 89 14 29
Precipitation
Mean Predicted 0.6 19 31 134 0.7 39
Precipitation
Mean Bias (mm) -- - -0.17 1.06 -0.60 482 -0.60 - 0.9
Gross Error (mm) -- - 0.23 1.95 4.46 1157 171 - 40

Table6-8. RAMS Model Evaluation Results for the 22-29 June 1992 SAMI Episode — Daily Total Precipitation (mm). (b) 24 Km Grid

Perfor mance 22June | 23June | 24June | 25June | 26June | 27June | 28June | 29June Mean
Attribute Day 174 | Day175 | Day 176 | Day 177 | Day 178 | Day 179 | Day 180 | Day 181 Value
Maximum Observed - - 140 350 9.0 1220 68.0 - 67.4
Precipitation
Maximum Predicted - - 10.1 65.1 56.3 101.0 1259 - 717
Precipitation
Mean Observed 0.2 18 32 7.0 18 2.8
Precipitation
Mean Predicted 038 19 27 9.6 0.7 31
Precipitation
Mean Bias (mm) -- -- 0.18 0.00 -0.65 3.09 -0.91 - 0.3
Gross Error (mm) -- - 042 241 412 9.01 212 - 3.6
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Figure 6-58. Spatial Mean Ground-Level Temperatures for the 22-29 June 1992.
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Figure 6-59. Mean Normalized Biasin Ground-Level Temperatures for the 22-29 June 1992 Episode.

216

192



—486.C
60 80
| | | ]
18.0 21.0 23.0 2b5.0 27Y.0 29.0 31.0 33.0
() 0100 UTC (2100 EST)

| | |
19.0 21.0 23.0 256.0 27.0 R29.0 31.0 33.0

(b) 0700 UTC (0300 EST)
Figure 6-60. Ground-Level Temperature Fieldsfor 25 June 1992.
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Figure6-61. Vector Mean Wind Speed for the 22-29 June 1992 Episode.
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Figure6-62. Mean Wind Direction for the 22-29 June 1992 Episode.
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Figure 6-63. Root Mean Square Error in Ground-Level Wind Speeds for the 22-29 June 1992 Episode.
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Figure 6-64. Index of Agreement in Surface Wind Speed for the 22-29 June 1992 Episode.
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Figure 6-65. Ground-Level Wind Fields for the 22-29 June 1992 Episode.
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Figure 6-65. Concluded.
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Figure 6-66. Spatial Mean Ground-Level Mixing Ratios for the 22-29 June 1992 Episode.
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Figure6-67. Mean Normalized Biasin Ground-Level Mixing Ratios for the 22-29 June 1992 Episode.
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Figure 6-69. Spatial Mean Daily Precipitation (mm) for the 22-29 June 1992 Episode.
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Figure6-71. Scatter Plot of Daily Maximum Rainfall (mm) for 27 June 1992.
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6.9 24 April —3 May 1995 Episode Results
6.9.1 Surface Temper atures
6.9.1.1  Statistical M easures of Near-Surface Temperatures

Table 672 presents the Satistics for predicted and observed near-surface temperatures for the ten

modeling days of the 24 April —3May 1995 SAMI episode. The daily maximum temperatures during the
episode began at 22.8°C on the 24™ and increased to ahigh of 31.1°C onthe 30™. Later, astrong cooling
trend developed and the maximum daily temperatures dropped down t023.3°C by 3May. RAMSdida
very job of reproducing the daily maximum temperatures on each day. The episode-averagesof thedaily
maximum observed and predicted temperatures were 26.9°C and 26.6°C, respectively, for a 1.1%

discrepancy. Also from Table 6-9, the mean biasin predicted hourly surface temperatures acrossthe 12
km domain ranges from -1.9°C to 0.7°C. On average across the episode, the mean bias in surface
temperature prediction —0.8°C. The average gross errors in surface temperature predictions for the 10
days were 1.8°C, the same as the June 1992 episode.

6.9.1.2  Spatial Mean Surface Temperatures

Figures6- 72 and 6- 73 depict time series plots of the spatia mean surface temperaturesand normdized bias
in hourly temperatures. From the spatid mean temperature plot (Figure 6-72), RAM Sfollowsthe hourly
mean temperatures fairly wel but, as with the August 1993 and June 1992 episodes, the model
systematically underestimates the afternoon pesksin the latter part of April, but does agood job onthe 1%
and 2 of May. These discrepancies at midday are typically on the order of 2 to 3*C. The under-
prediction of the afternoon peaksis more pronounced than the August 1993 episode but about the same as
the June 1992 episode.

6.9.1.3 Mean Normalized Biasin Surface Temperatures

In Figure 6-73, the mean normdized bias in RAMS edimates of hourly near-surface temperature
predictionson the 12 km grid is quite large on the first three days of the episode but beginsto diminish and
level out asthe episode ensues. The hourly temperature biasesfor the April-May episode are Sgnificantly
larger than thosefor the August and June episodes. RAM Stendsto underestimate (~ 10% to 15%) hourly
temperatures in the afternoon and evening hours and during the morning as well on severd days. The
sustained periods of underestimation of near-surface temperatures shown in the hourly biastime seriesplots
are corroborated by the systematic under- prediction biases for most dayslisted in Table 6-9.1.

6.9.1.4  Surface Temperature Fields
Hourly averaged ground-leve temperature fields for the 12 km domain are shown in Figure 6- 74 for four

representative hourson 29 April 1995. On thisday, lower temperatures are evident in regions of elevated
terrain compared to the coastal and interior sections of the Midwest.
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6.9.2 Surface Wind Speed and Direction

6.9.21  Statistical M easures of Near-Surface Wind Speed and Direction

Statistica measures of mode performancefor thewindsduring the 24 April-3 May 1995 episode arelisted
in Table 6-9. On the 12 km grid, RAMS estimates mean wind speeds (2.98 ms™?) that are on average
60% greater than the magnitude of the episode mean observations (1.86 ms?). RAMS overestimatesthe
daily average observed wind speeds during this episode by about the same amount as the June 1992
episode. Mean wind speeds are aso higher than those encountered in the August 1993 period.

Modeed wind directions show reasonable agreement with the observations on the firg five days of the
episode and fairly poor agreement on the last five days. Across the 10-day episode, the mean modeled
(257.0 degrees) and observed surfacewind directions (261.4 degrees) differ by only 4 degrees. From day-
to-day, however, the discrepancies between dally average and observed wind direction varies from 2 to
158 degrees. On the 29™ through the 3™ of May, the mean (absolute) discrepancy between daily averaged
modeled and observed wind direction is 131 degrees. During the latter haf of the episode a wesk front
moved through the eastern U.S. producing rain and unsettled westher, contributing in part to the generdly
poorer modd performance for daily averaged wind direction.

Thedally averageindex of agreement parameter for the MM5 mode ranges between 0.72 and 0.88 witha
10-day mean of 0.81. Theseresults are better than those achieved with the August 1993 and June 1992
episodes. Table 6-8.2 dsoligsthe systematic and unsystematic components of the RMSE errors. For dl

but 1 May, the systematic component is larger than the unsystematic component. The episode average
RMSE error is 1.84 ms*, nearly identical to the June 1992 episode.

6.9.2.2  Vector Mean Wind Speeds

Figures 6-75 through 6- 78 present various surface wind speed and wind direction summary plots for the
April-May 1995 episode. Aswith the August and June episodes, the vector mean modeled wind speed
(Figure6-75) issystemdticaly overestimated compared to the observed mean wind speedsfor every day of
the episode except 1 May. Thisoverestimation tendency bears severa similaritiestothat encounteredinthe
August 1993 and June 1992 episodes (see Figures 6-47 and 6-61). On severd of the days, the mode
represents the afternoon wind speed increase fairly wel notwithstanding the over-prediction.

6.9.23 Mean Wind Direction
Figure 6-76 presentsthe hourly variation in modeled versus observed surface wind directions over theten

April-May modeling days. Thereisgenerdly good agreement for thefirg five days, but beginning with 29
April, the model’ s wind direction predictions begin to diverge significantly from the observations.
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6.9.24  Root Mean Square Error in Wind Speeds

The RM SE errors and index of agreement are shown in Figures 6- 77 and 6- 78, respectively. The episode
average vaues of the unsystematic, systematic, and total RMSE errorsare 1.46 ms*, 1.84ms* and 2.35
ms™, respectively. These results are poorer than the August 1993 and June 1992 episodes. From Figure
6- 77 there does not appear to be any significant error growth during the smulation but theRMSE errorsare
greater then the June and August episodes. The systematic component (modd physics- related) of the
RMSE error isclearly thelarger contributor to thetotal RM SE error in this episode as shown graphicaly in
Figure 6-77.

6.9.2.5 Index of Agreement in Surface Wind Speeds

The index of agreement results for the April-May 1995 episode (Figure 6-78) are quite good. Thisis
somewhat surprising given the poorer wind direction and RM SE error performance of the model for this
episode relative to the August 1993 and June 1992 periods. For this episode, RAMS exhibits typica

hourly variaion in the agreement index parameter with the lowest vaues occurring during the morning

period. In the afternoon when speeds are greater, the index increases. The mean vaue of the index of
agreement variesdiurnaly throughout the episode; the mean over thewhole periodis0.81, animprovement
over the 0.75 figure obtained with the August and June episodes.

6.9.2.6  Ground-Level Wind Fields

Figures 6-79 presents afternoon RAMS surface wind field comparisons over the 12 km domain on four
different days during the April-May 1995 episode. The modeled winds on these days are in reasonable
agreement with the observed vaues. When examining the full set of hourly surface wind plots for the
episode we did not find instances where there were mgjor regiona discrepancies in the predicted versus
observed surface wind fields.

6.9.3 Mixing Ratios
6.9.3.1  Statistical M easures of Near-Surface Mixing Ratios

Statidticd resultsfor near surface mixing ratiosarelisted in Table 6-9 for the June 1992 episode. Acrossthe
12 km domain the agreement between the episode mean daily maximum observed (13.1 g/Kg) and
modeled (13.5 g/Kg) mixing ratiosisquite good. RAMSdightly underestimates the maximum ratio on most
days. Themean biasand error in mixing retios are aso quite good, with 10-day mean vauesof -0.1 g/Kg
and 0.7 g/Kg respectively. Aswith the August 1993 and June 1992 episodes, these results indicate that
RAM Sdoesafairly good job of reproducing thedaily maximum and hourly specific humidity acrossthe 12
km domain.

6.9.3.2  Spatial Mean Surface Mixing Ratios

234



Figure 6-80 is a spatid mean surface mixing ratio plot for the April-May 1995 episode. The agreement
between prediction and observation isexcellent at both 12 km and 24 km scales. Except on the night of 29
April, there is no discernable tendency in this plot to underestimate mixing retio.
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6.9.3.3 Biasin Surface Mixing Ratios

The minor underestimation of hourly mixing ratio isevident in the normaized biastime sriesshowninFHgure
6-81. Thelargest biasesin mixing ratio tend to occur at night or in the early morning hours athough on 1
and 2 May there is a tendency to overestimate during the middle of the day. No sgnificant diurnd
performance problems are evident in the mixing retio results.

6.9.34  Surface Mixing Ratio Fields

Figure 6-82 presents examples of ground-level mixing ratio fields across the 12 km domain a two time
periods (0300 and 1500 EST) on 30 April 1995. These plots show fairly low humidity and week spetia
gradientsin the fidds, predominantly in alditudina direction. Thereisgeneraly good agreement between
the predicted and observed mixing ratios at the various monitoring stations.

6.9.4 Precipitation
6.94.1  Statistical Measuresof Total Daily Precipitation

Rain occurred on 8 of the 10 days during the 24 April — 3 May 1995 episode (see Table 6-9). The
maximum daily precipitation at any rain gauge varied between 3 mm and 48 mmwith an episode mean of 21
mm. RAMS predicted arange of daily maximum rainfal totas from 2.0 mm to 38.6 mm with an episode
mean of 20.1 mm. The mean observed and predicted precipitation acrossall rain gaugeswas 2.5 mmand
4.1 mm, yidding an overal discrepancy of 64% which condtitutesfar agreement. RAMS performancein
predicting rainfal for this episode is poorer than for the August 1993 and July 1992 episodes.

Thebiasin daly rainfdl prediction ranges from —5.95 mm to 10.23 mm with an episode mean of 1.5 mm.
On May 1% and 2, RAMS over-predicted the mean daily rainfal amounts by 10.5 mm and 5.9 mm,
repectively. The dally gross errors in rainfal ranged between 0.02 mm and 10.63 mm with an episode
mean of 3.5 mm. Overdl, themodd did afair job of smulating the daily and episode averagerainfall totas
when averaged across dl monitoring stations.

6.9.4.2 Temporal Distribution of Total Daily Rainfall Across All Sites

Figure 683 presents time series plots of the daly precipitation totals derived from the measured and
predicted vaues averaged across dl reporting gations in the 12 km and 24 km domains. With the
exception of the sgnificant over-prediction on 1 May and 2 May (see Table 6-9), the day-to-day rainfal
predictions match the observations closgly in this comparison.

6.9.4.3  Spatial Distribution of Daily Total M easured and Observed Rainfall
Figure 6-84 compares the gridded daily precipitation predictions (in mm) across the 12 km domain for 2

May 1995 while the bottom panel presentsthe daily total measurements (also in mm). On2 May, RAMS
predictsbands of moderate precipitation (> 21 mm) across central Tennessee, southeastern Kentucky, and
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northern Alabama. Data from the rain gauge network corroborates the generd features of this predicted
ditribution but the network isfar too sparse to make definitive spatial comparisons.

6.9.4.4  Corrdation of Daily Maximum Rainfall Across All Sites

Figure 6-85 presents a Scatter Plot of predicted and observed daily tota precipitation on 2 May 1995.
Whilethe spatid time series plotsin Figure 6-83 suggestsfair mode performance based on averagesacross
al monitoring stations, the scatter plots again reved that this agreement derivesfrom cancellation of over-
and under-predictions at the various rain gauges. The Scatter Plot suggests generdly poor correlation
between prediction and observation at the individud reporting Sites. Thus, as with the August 1993 and
June 1992 episodes, RAM S does acrediblejob of estimating thetotal preci pitation when averaged across
the monitoring network on each episode day but the modd’ s ability to predict the exact rainfal amounts
paired in time and space with specific monitorsis generally poor.
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Table6-9. RAMS Model Evaluation Results for the 24 April —3 May 1995 SAMI Episode — Surface Temperatures (deg C). (a) 12 Km Grid

Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean
Attribute Day 114 | Day 115 | Day 116 | Day 117 | Day 118 | Day 119 | Day 120 | Day 121 | Day 122 | Day 123 Value
Maximum Observed 228 239 26.1 272 283 288 311 300 272 233 26.9
Temperature
Maximum Predicted 244 258 248 26.0 284 278 290 29.2 26.7 240 26.6
Temperature
Mean Bias (deg C) 0.7 -0.7 -05 -11 -1.9 -1.8 -12 -05 0.0 -13 -08
Gross Error (deg C) 18 15 16 19 23 23 20 14 15 19 18
Table6-9. RAMS Model Evaluation Resultsfor the 24 April — 3 May 1995 SAMI Episode — Surface Temperatures (deg C). (b) 24 Km Grid
Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean
Attribute Day 114 | Day 115 | Day116 | Day 117 | Day118 | Day 119 | Day 120 | Day 121 | Day 122 | Day 123 Value
Maximum Observed 339 294 283 311 311 378 322 344 322 322 323
Temperature
Maximum Predicted 298 275 280 284 293 295 304 314 299 305 295
Temperature
Mean Bias (deg C) -05 -0.7 -0.6 -0.7 -1.0 -09 -05 -0.6 -0.7 -10 -0.7
Gross Error (deg C) 18 17 17 18 18 19 17 16 18 20 18
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Table6-9. RAMS Model Evaluation Results for the 24 April — 3 May 1995 Episode — Surface Wind Speeds (meters/sec). (a) 12 Km Grid

Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean
Attribute Day 114 | Day 115 | Day 116 | Day 117 | Day 118 | Day 119 | Day 120 | Day 121 | Day 122 | Day 123 Value

Mean Observed Wind 253 241 122 291 2.36 0.91 0.83 2.28 183 136 1.86
Speed
Mean Predicted Wind 246 377 352 555 3.77 148 2.89 155 225 258 298
Speed
Observed Standard 267 2.06 222 242 2.37 218 258 241 340 188 242
Deviation
Predicted Standard 322 2.00 2.00 243 2.69 237 299 312 427 2.29 273
Deviation
RMSE 215 218 224 3.09 246 213 271 195 2.26 231 2.35
RMSEg 153 166 173 2.73 1A 175 207 121 208 168 184
RMSE, 149 138 131 140 145 115 170 151 163 157 146
Index of Agreement, | 0.83 0.74 0.82 0.72 0.78 0.81 0.82 0.82 0.88 0.76 0.81
ille 0.56 0.68 0.60 0.62 0.63 054 0.70 0.63 049 0.92 0.64
Sillyar 120 101 0.95 0.99 115 116 118 131 125 127 115
Mean Observed Wind 346.6 2925 2370 1995 287.8 26.2 106.6 351 120 3511 2614
Direction (°)
Mean Predicted Wind 3183 290.2 260.6 240.2 250.2 246.7 235.0 2374 240.0 2509 257.0
Direction (°)
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Table6-9. RAMS Model Evaluation Results for the 24 April — 3 May 1995 Episode — Surface Wind Speeds (meters/sec). (b) 24 Km Grid

Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean
Attribute Day 114 | Day 115 | Day 116 | Day 117 | Day 118 | Day 119 | Day 120 | Day 121 | Day 122 | Day 123 Value

Mean Observed Wind 20 153 097 120 151 048 123 186 140 0.76 129
Speed
Mean Predicted Wind 213 2.70 319 318 281 152 092 151 142 124 2.06
Speed
Observed Standard 317 258 298 3.38 299 262 250 2.76 297 231 283
Deviation
Predicted Standard 297 2.70 341 377 354 3.09 3.09 355 359 317 329
Deviation
RMSE 204 238 283 3.00 267 2.36 242 247 238 254 251
RMSEg 132 183 213 222 167 1.80 1.69 145 140 159 171
RMSE; 155 149 183 191 204 149 167 197 190 1.96 178
Index of Agreement, | 0.88 0.81 0.86 0.88 0.86 0.89 0.82 0.83 0.88 0.83 0.85
ille 049 0.60 0.64 057 0.70 058 0.68 0.73 0.64 0.90 0.65
illy ar 094 1.09 118 114 120 121 128 132 121 145 120
Mean Observed Wind 3285 2017 202.6 2280 2730 56.4 62.0 40.8 72 444 2619
Direction (°)
Mean Predicted Wind 303.7 2852 2544 2412 2438 2374 2254 2213 2297 2332 2475
Direction (°)
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Table6-9. RAMS Model Evaluation Results for the 24 April —3 May 1995 SAMI Episode — Surface Mixing Ratios (gnm/Kg). (a) 12 Km Grid

Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean
Attribute Day 114 | Day 115 | Day 116 | Day 117 | Day 118 | Day 119 [ Day 120 | Day 121 | Day 122 | Day 123 Value

Maximum Observed 157 9.9 9.8 130 136 135 16.0 146 152 9.7 131
Mixing Ratio
Maximum Predicted 155 138 8.6 128 132 123 135 145 155 150 135
Mixing Ratio
Mean Bias 01 -03 -04 03 -0.2 -05 -01 0.2 01 -04 -01
(gm/Kg)
Gross Error (gm/Kg) 0.8 05 0.6 0.8 0.7 0.7 0.9 0.8 0.8 0.6 0.7
Table6-9. RAMS Model Evaluation Results for the 24 April — 3 May 1995 SAMI Episode — Surface Mixing Ratios (gm/Kg). (b) 24 Km Grid

Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean

Attribute Day 114 | Day 115 | Day 116 | Day 117 | Day 118 | Day 119 | Day 120 | Day 121 | Day 122 | Day 123 Value

Maximum Observed 199 180 16.6 179 173 16.7 185 199 186 186 182
Mixing Ratio
Maximum Predicted 17.2 171 16.8 16.8 158 154 16.3 174 170 17.7 16.8
Mixing Ratio
Mean Bias -01 -0.2 -01 0.2 -01 0.0 01 0.2 0.2 -01 0.0
(9m/Kg)
Gross Error 0.6 0.6 0.6 08 0.7 08 08 0.7 0.7 0.6 0.7
(gm/Kg)
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Table6-9. RAMS Model Evaluation Results for the 24 April — 3 May 1995 SAMI Episode — Daily Total Precipitation (mm). (a) 12 Km Grid

Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean
Attribute Day 114 | Day 115 | Day 116 | Day 117 | Day 118 | Day 119 | Day 120 | Day 121 | Day 122 | Day 123 Value

Maximum Observed - - 10.0 30 370 30 70 270 330 480 210
Precipitation
Maximum Predicted - - 20 72 129 9.7 26.6 38.6 285 353 201
Precipitation
Mean Observed - - 01 0.0 0.2 0.0 0.0 32 7.6 85 25
Precipitation
Mean Predicted - - 01 0.0 20 0.2 05 137 135 28 41
Precipitation
M ean Bias (mm) -- -- -0.07 -0.01 150 0.20 0.29 10.23 5.71 -5.95 15
Gross Error (mm) -- - 0.14 0.02 175 0.22 0.34 10.63 7.96 6.50 35
Table6-9. RAMS Model Evaluation Resultsfor the 24 April — 3 May 1995 SAMI Episode — Daily Total Precipitation (mm). (b) 24 Km Grid

Performance 24 Apr 25 Apr 26 Apr 27 Apr 28 Apr 29 Apr 30 Apr 1May 2May 3May Mean

Attribute Day 114 | Day 115 | Day 116 | Day 117 | Day 118 | Day 119 | Day 120 | Day 121 | Day 122 | Day 123 Value

Maximum Observed -- - 10.0 530 410 240 197.0 270 450 480 55.6
Precipitation
Maximum Predicted - - 17.8 273 328 253 43.6 371 40.6 A3 R4
Precipitation
Mean Observed - - 0.2 11 12 04 13 29 6.3 5.7 24
Precipitation
Mean Predicted - - 0.2 0.8 24 0.6 17 91 102 22 34
Precipitation
M ean Bias (mm) -- - -0.10 -0.40 0.97 0.02 -0.14 6.58 3.88 -3.64 0.9
Gross Error (mm) -- - 0.32 0.77 250 0.46 171 742 6.37 4.64 3.0
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Figure6-72. Spatial Mean Ground-Level Temperatures for the 24 April — 3 May 1995 Episode.
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Figure6-73. Mean Normalized Biasin Ground-Level Temperatures for the 24 April — 3 May 1995 Episode.
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Figure6-74. Ground-Level Temperature Fieldsfor 29 April 1995.
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Figure 6-74. Concluded.
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Figure6-75. Vector Mean Wind Speed for the 24 April — 3 May 1995 Episode.
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Figure 6-76. Mean Wind Direction for the 24 April —3 May 1995 Episode.
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Figure6-77. Root Mean Square Error in Ground-Level Wind Speeds for the 24 April — 3 May 1995 Episode.
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Figure6-78. Index of Agreement in Surface Wind Speed for the 24 April — 3 May 1995 Episode.
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Figure6-79. Ground-Level Wind Fields for the 24 April — 3 May 1995 Episode.
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Figure6-79. Concluded.
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Figure 6-80. Spatial Mean Ground-Level Mixing Ratiosfor the 24 April — 3 May 1995 Episode.
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Figure6-81. Mean Normalized Biasin Ground-Level Mixing Ratios for the 24 April — 3 May 1995 Episode.
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Figure 6-82. Ground-Level Mixing Ratio Fields for 30 April 1995.

255



24 Hour Precip. (MM)

24 Hour Precip. (MM)

40

30

20

10

40

30

20

10

B ¥ T 1
B F i
IIIIIIIIII|IIIIIIIIII Mﬁmﬂm—m¢Hllllllllll'““““" IIIIIIIIII|IIIIIIIIIII IIIIIIIIIII|IIIIIIIIIII IIIIIIIIIII|IIIIIIIIIII IIIIIIIIIII|IIIIIIIIIII

0 12 24 36 48 60 T2 84 96 108 120 132 144 166 168 180 192

=6 Apr.

=27 Apr,

=8 Apr.

Time

29 Apr.

30 Apr.

(@ 12Km Grid

1 May

£ May 3 May

e T

T

LTI

7
Ll

T

}é

=

=G Apr.

=7 Apr,

=0 Apr.

Time

=9 Apr.

30 Apr.

(b) 24 Km Grid

1 May

12 24 36 48 60 T2 84 96 108 120 132 144 156 168 180 192

£ May 3 May

Figure 6-83. Spatia Mean Daily Precipitation (mm) for the 24 April =3 May 1995 Episode.
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Figure 6-84. Daily Precipitation Fieldsfor 2 May 1995.

257



Predicted 24 Hour Precip. (MM)

Predicted 24 Hour Precip. (MM)

40

30

20

10

40

30

=20

10

Observed 24 Hour Frecip. (MM)

(b) 24 Km Grid

258

[TT T T I T T T T[T T I T T T T I T[T T T T T I T T T[T TTTTTT T
E_ L
% E
3 ¥ ¥ _
ok ]
2 L
¥ ]
e " x :
_*l%lllllllll*lllllllll|||||||||||||||:
aJ 10 20 30 40
Observed 24 Hour Precip. (MM)

(@ 12Km Grid
L I O
R .
- % .
r * kK ]
¥ .
g{ﬁ % -
i ¥ ]
4 *3
3 -

|¥||||I||||*||||I|||||||||I|||||||||:
g 10 20 30 40



Figure6-85. Scatter Plot of Daily Maximum Rainfall (mm) for 2 May 1995.

7.0 EVALUATION OF ALOFT METEOROLOGICAL FIELDS

The NCEP/NCAR reandysis data (Kanay et a. 1996) was processed as described in section 3.2 andin
the SAMI meteorologica modeing protocol (see Appendix 4) for use in the RAMS modd. For each
episode coarse grid upper-air mode results are compared with the 6-h reendyss fiedds. The primary
metrics are the bias and RM SE of the model minusthe reandysis at 850 mb for temperature, mixing ratio,
and wind speed. Threeissues need to be remembered for these comparisons. 1) thereandysisdatahave
an origind longitudina resolution of 1.875° (corresponds to about 165 km at 37° north latitude) and the
RAMS mode is capable of resolving scales smaller than this even on the coarse grid; 2) no nudging was
performed below 2 km above the surface so the 850-mb fiel ds are less constrained by the nudging towards
thereandysisfidds, and 3) winds and temperatures are strongly constrained by upper-ar observationsover
the United States and to alesser extent the water vapor mixing ratios as discussed in section 3.1. Because
of these issues not dl differences between the model and the reanalysis data can be attributed to model
error. Another comparison made hereis between the moded and observed afternoon mixing heightsfor the
coarse grid. This comparison is an important one because of itsimplications for the air quaity modeling
phase but dso adifficult one because of the nature of mixing heights. Inthe RAMS modd the mixing height
isnot aprognogtic variable. It was diagnosed from the vertica profile of the vertica exchange coefficient
(Ky,) for hest at each grid point. In most cases the mixing height was st at the height where Ky, dropped
below avaueof 1 m? s, Moreinvolved procedureswere used when therewere multiple maximain the K ,
profile. Likewise an estimate of an observed mixing height hasto be diagnosed from other quantities. The
procedure chosen for this report was to teke the average of two estimates of the observed mixing height.
Both used the reanalyss data as a proxy for rawinsonde data and one used observed anadyses of
temperature.  One estimate was to ke the height where the dry-adiabat with the maximum hourly
temperature a 2 m between 1800-000 UTC intersected the potentia temperature profileat 1200 UTC of
thesameday. The second estimate diagnosed the mixing height a 0000 UTC by locating aninversonwith
specified criteria. The actuad comparison at each grid point is then the difference between the average
mode mixing height between 1800-0000 UTC and the observed mixing height (asjust described) for the
sametime. Thisdifference was then averaged over dl daysof the episode. Thistype of difference should
give abroad representation of the model performance for afternoon mixing heightsfor the coarsegrid. An
exception to this procedure was for the February 1994 case, where the model mixing heights were
averaged only for the period 1800-2200 UTC and the 0000 UTC invers on-derived mixing height was not
used as part of the estimate of the observed height. These changes were made for this episode given the
earlier sunset timesfor this case.

Thissection dso presentsabrief evauaion of MM5 and RAMSmode performancein amulating the upper
level horizontal winds and temperatures for the 26-28 June 1991 and 17-19 July 1991 episodes. Dueto
dataand resource condraints, thiseva uation waslimited to abrief comparison of daily averaged windsand
temperatures which are verticaly integrated from the surface to the top of the meteorologica model
domains. Thus, thisandyssisat best asummary indication of the coarser performance characteristics of
the two modd s in reproducing the vertica wind and thermodynamic structures of the two episodes.
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7.1 11-19 July 1995 Episode

Figure 7-1 shows the bias and RM SE of the 850-mb temperature in °C for the July 1995 episode. Bias
vaues were generdly in the 0-1°C range from the Ohio Valley northwestward to the northern Plainsand O
to -2°C range everyplace dse. RMSE vaues were generdly 1-1.5°C except over New England where
higher values were observed. The 850-mb mixing ratio patternsin Figure 7-2 can be explained in part by
the surface temperature biases described in section 6.1 and the mixing height differences shownin Figure7-
4. Thewarm bias of surface temperaturesin Figure 6-1 from the northern Plains southeastward to Ohio
and then southward to the Gulf coast correspond well to a high bias of modd mixing heights in the same
areas of 200-400 m. Althoughthemixed layer vauesof mixing ratio in these same areaswere generdly too
dry compared to surface observations, the fact that the mode mixing heights were gpparently too high
impliesthe usua sharp trangtion to lower mixing ratios above the PBL was dso dlevated. This probably
explains the positive bias in mixing ratio of +2 g kg* and higher over parts of the Ohio and the mid-
Missssppi valeys. TheRMSE of mixing raioin Figure 7- 2 had amost the same pattern and magnitude as
the bias. The bias of the 850-mb wind speedsin Figure 7-3 shows generd negativevaluesof 0to-1ms*
over the Southeast, the northern Plains, and the eastern Great Lakesareaand 0to +0.50 ms™ elsewhere.
The same high bias seen in other surface and 850-mb fieldsis seen in the 850-mb wind speed over parts of
New England. RMSE values of the wind speed a 850 mb were mostly in the 1-2 m s* range.
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Figure 7-1. (&) Biasof the model minusthe NCAR/NCEP reanalysistemperature at 850 mb in degrees C for
the July 1995 episode for the 48-km grid. (b) Root mean square error (RM SE) of the samefield for the same
time and grid.
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Figure 7-2. (a) Biasof the model minusthe NCAR/NCEP reanalysiswater vapor mixing ratio at 850 mbin
g kg™ for the July 1995 episode for the 48-km grid. (b) Root mean square error (RMSE) of the samefield
for the sametime and grid.
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Figure 7-3. (a) Biasof the model minusthe NCAR/NCEP reanalysiswind speed at 850 mb in m s*forthe
July 1995 episode for the 48-km grid. (b) Root mean square error (RMSE) of the samefield for the same
time and grid.
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Figure 7-4. Biasof the mean model mixing height during the period 1800-000 UTC minus the observed
mixing height for the period averaged over the entire July 1995 episode for the 48-km grid. Differencesare
inunits of m. Seethetext for additional details.

7.2 22-30 May 1995 Episode

Figure 7-5 showsthe bias and RM SE of the 850-mb temperaturein °C for the May 1995 episode. A cool
bias as large as-2.5°C was observed over the southeastern United Stateswhich wasin contrast to awarm
bias aslarge as +1.5°C over the centra Great Plains and extending northeastward to Canada. Thelargest
RM SE values were over the southeastern United States and approached 2.5°C. The bias and RM SE of
the 850-mb water vapor mixing ratio in Figure 7-6 show agenera positive bissaslargeas 1.5 g kg over
the central Great Plains. RM SE valueswere generally under 2 g kg* with amaximum along the Gulf coast
of near 3.5gkg*. Figure7-7 showsthe biasand RMSE of the 850-mb wind speed. A largeareahad bias
vauesin therange of +0.50 m s* and RMSE values of 2.5 m s* or less. The maximum bias and RMSE
vaueswere over an areaextending northeastward from the central Great Plainsand coincided in part with
the area of pogitive bias vaues for temperature and mixing ratio. These coincident patterns are near the
maximum of the convective precipitation (not shown) and may be related to deficiencies in the Kuo
convective scheme for this case. Figure 7-8 gives the bias in the afternoon mixing heights which shows
vauesgenerdly intherangeof £200 m. Thelarge negative valuesover the southern Appaachiansareinan
areawherethereislittle observed data.
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Figure 7-5. (a) Biasof the model minusthe NCAR/NCEP reanalysis temperature at 850 mb in degrees C for
the May 1995 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the same
time and grid.
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Figure 7-6. (a) Biasof themodel minusthe NCAR/NCEP reanalysiswater vapor mixing ratio at 850 mbin
g kg™ for the May 1995 episode for the 96-km grid. (b) Root mean square error (RMSE) of the samefield
for the sametime and grid.
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Figure 7-7. (a) Biasof the model minusthe NCAR/NCEP reanalysiswind speed at 850 mb in m s forthe
May 1995 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the same
time and grid.
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Figure 7-8. Biasof the mean model mixing height during the period 1800-000 UTC minus the observed
mixing height for the period averaged over the entire May 1995 episode for the 96-km grid. Differences
arein unitsof m. Seethetext for additional details.

7.3 9-18 May 1993 Episode

Figure 7-9 showsthe bias and RM SE of the 850-mb temperaturein °C for the May 1993 episode. A cool
bias of -0.5 to -2°C was obsarved east of the Mississippi River. RMSE values in the same area were
genedly in the range of 1.5 to 2.5°C. The bias and RMSE of the 850-mb water vapor mixing ratio in
Figure 7-10 reved a general moist bias of 0.5 to 1 g kg* over much of the esstern United States with
RMSE values up to 2 g kg". Figure 7-11 shows the bias and RMSE of the 850-mb wind speed. Bias
vaueswere generdly intherange of -0.5to +1 m s but with portions of lowaand Kentucky having values
of 1.5 ms". RMSE of thewind speed were generally under 2 m s™ except for three areaswherevauesin
excessof 3ms* were observed: northeastern |owa, the Kansas-Missouri border, and the K entucky, West
Virginia, and Virginiaborder. Figure7-12 givesthe biasin the afternoon mixing heightswhich showsvaues
generdly in the range of 200 mwith somevauesat or above 400 m over areas near the Gresat Lakes, the
lower Ohio Vdley, and the lower Mississppi Vdley. Agan the large negative vaues over the southern
Appdachians are in an area where there is little observed data to determine an estimate of the observed
mixing height. The bias patternsin this case are harder to explain than the onesfor the July 1995 and May
1995 episodes. However, dl the bias magnitudes are reasonable given the modd capabiilities and
observation limitations.
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Figure 7-9. (a) Bias of the model minusthe NCAR/NCEP reanalysis temperature a 850 mbin degressC for
the May 1993 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the same
time and grid.
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Figure 7-10. (a) Bias of the model minusthe NCAR/NCEP reanaysiswater vapor mixing ratio at 850 mb
in g kg™ for the May 1993 episode for the 96-km grid. (b) Root mean square error (RMSE) of the same
field for the sametime and grid.
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Figure7-11. (a) Bias of the model minus the NCAR/NCEP reanalysis wind speed at 850 mb in m s™for
the May 1993 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the
sametime and grid.
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Figure 7-12. Bias of the mean model mixing height during the period 1800-000 UTC minusthe observed
mixing height for the period averaged over the entire May 1993 episode for the 96-km grid. Differences
arein unitsof m. Seethetext for additional details.

74 21 March to 1 April 1993 Episode Results

Figure 7- 13 shows the bias and RM SE of the 850-mb temperaturein °C for the March 1993 episode. A
cool biasof -0.5 to-1.5°C covered much of the eastern United States. RM SE vauesfor temperaturewere
2°C or less over most areas. The bias and RMSE for water vapor mixing ratio in Figure 7-14 show a
general biasof +0.5t0 +1 g kg* with RMSE vauesof 2 gkg” or less. Theresultsfor wind speed in Figure
7-15 show values generdly intherange of +1 m s* with RMSE vauesusudly 2ms™ orless Themixing
height bias in Figure 7-16 shows vaues in the range of +200 m with the following exceptions. over the
Appadachians where observations are rare, long coastdl areas, and over parts of lowaand Wisconsin.
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Figure 7-13. (@) Bias of the model minusthe NCAR/NCEP reanalysistemperature at 850 mb in degrees C
for the March 1993 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the
sametime and grid.
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Figure 7-14. (a) Bias of the model minusthe NCAR/NCEP reanalysis water vapor mixing ratio at 850 mb
in g kg™ for the March 1993 episode for the 96-km grid. (b) Root mean square error (RMSE) of the same
field for the sametime and grid.
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Figure 7-15. (a) Bias of the model minus the NCAR/NCEP reanalysis wind speed at 850 mb in m s™for
the March 1993 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the
sametime and grid.
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Figure 7-16. Biasof the maximum model mixing height minusthe maximum observed mixing height for
the period 1800-0000 UTC averaged over the entire March 1993 episode for the 96-km grid. Differences
arein unitsof m. Seethetext for additional details.

75 6-14 February 1994 Episode Results

Figure 7-17 shows the bias and RM SE of the 850- mb temperature in °C for the February 1994 episode.
A west-eadt band extending from the lowa- Missouri border eastward to the mid- Atlantic had awarm bias
of 2°C or more with the maximum vaues near 4°C over the centrd Mississippi Vdley. The RMSE values
followed the same pattern with maximum vaues near 7°C. Explanationsfor this behavior are not evident
without further investigation but may bereated to the need for better vertical resolution at dtitudes above 5
km. This episode had the strongest average jet-stream level windsand it isin these Stuations that vertical
resolution can be especidly important. An increase in vertica resolution can affect both mass and wind
fields Thisissuewasevident early inthe cregtion of thissmulation but time congtraintsdid not alow for the
exploration of different grids. The biases of 850-mb water vapor mixing ratio (Figure 7-18) weremostly in
the range of +£0.50 g kg™ with RMSE valuesof 1.5gkg” or less. A generd postivebiasof +1to+3ms™
was observed for wind speed (Figure 7-19). The area of largest bias was over the Great Lakes, New
England, and dong the Appaachians. The RMSE values for wind speed followed the same pattern with
values up to 6.5 m s'. Mixing height bias (Figure 7-20) was in the range of +200 m southesst of the
Appaachians and vaues were generdly -200 to -400 m to the west. The area with larger under-
predictions coincidesin part with the area of positive temperature biaseswhich may imply themodd created
an Arctic layer which was too shalow compared with observations.
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Figure7-17. (a) Biasof the model minusthe NCAR/NCEP reanalysis temperature at 850 mb in degrees C

for the February 1994 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for
the sametime and grid.
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Figure 7-18. (a) Biasof the model minusthe NCAR/NCEP reanalysis water vapor mixing ratio at 850 mb
in g kg™ for the February 1994 episode for the 96-km grid. (b) Root mean square error (RMSE) of the
same field for the same time and grid.
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Figure 7-19. (a) Bias of the model minus the NCAR/NCEP reanalysis wind speed at 850 mb in m s™for
the February 1994 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for
the sametime and grid.
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Figure 7-20. Bias of the model mixing height averaged over the period 1800-2200 UTC minus the
observed mixing height averaged over the entire February 1994 episode for the 96-km grid. Differences
arein unitsof m. Seethetext for additional details.

7.6 21 July - 1 August 1991 Episode Results

Figure 7-21 showsthe biasand RM SE of the 850-mb temperaturein °C for the July 1991 episode. A codl
bias ranging from -0.50 to -1.50°C was observed over much of the eastern United States. RMSE for
temperature were generaly 2°C or less. Figure 7-22 showsageneral moist bias at 850 mb of +0.50to +1
g kg* with RMSE vaues usudly 1.5 g kg* or less. Thewind speed a 850 mbin Figure 7-23 had typical
biasvauesof -0.50to +1.50 m s with higher values aong the Atlantic coast. RM SE values demonstrated
asimilar paitern with values as large as 4.5 m s*. The bias of the mixing heightsin Figure 7-24 showed
vaues typicdly in the range of £ 200 m. The larger negative vaues over the higher terrain of the
Appaachians are in areas where the observed analysis has a small observationa density.
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Figure 7-21. (@) Bias of the model minusthe NCAR/NCEP reanaysis temperature a 850 mb in degreesC
for the July 1991 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the
sametime and grid.
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Figure 7-22. (&) Bias of the model minusthe NCAR/NCEP reanalysiswater vapor mixing ratio at 850 mb
in g kg™ for the July 1991 episode for the 96-km grid. (b) Root mean square error (RMSE) of the same
field for the sametime and grid.
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Figure 7-23. (a) Bias of the model minus the NCAR/NCEP reanalysis wind speed at 850 mb in m s™for
the July 1991 episode for the 96-km grid. (b) Root mean square error (RM SE) of the samefield for the
sametime and grid.
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Figure 7-24. Bias of the model mixing height averaged over the period 1800-0000 UTC minus the
observed mixing height averaged over the entire July 1991 episode for the 96-km grid. Differencesarein
unitsof m. Seethetext for additional details.

7.7 3-12 August 1993 Episode Results
7.7.1 Statistics of Aloft Predictions of Temperaturesand Winds

Table 7-7 summarizesthe predicted and observed, vertically-integrated horizontal windsand temperatures
for the 312 August 1993 episode. The measurements are derived from the various NWS upper air

reporting Sites over the eastern U.S. From the table there is good agreement between the predicted and
observed vertically averaged temperatures for each smulation day. For example, the vertically-averaged
predicted and observed temperatures on the 12 km domain are 14.0°C and 12.5°C, respectively. The
predicted and observed wind speedsand directionsared so in very good agreement. Specificaly, themean
aoft predicted and observed wind speeds are 6.9 ms™ and 6.7 ms?, yidding anet 3%discrepancy. Part
of this good agreement is due to the fact that doft temperature and wind observations from the NWS
radiosondes were employed in the RAMS FDDA nudging schemes. However, the actud weighting

coefficients used in the nudging were smdl so that the RAMS fields were not under a heavy congtraint to
meatch the observationslocaly. Whilethisapparent good agreement in the estimation of aoft temperatures,
wind speeds, and wind directions shown in the summary satistics of Table 7-7 is encouraging and gives
some confidence that the modeled wind patterns are a reasonable approximation to the conditions that
actudly occurred, thisevaduation isinsufficient by itself to judge the reasonableness of themodd predictions
aoft.
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7.7.2 Vertical Profiles of Mixing Ratios, Temperatures and Winds

Further ingght into the d oft moded performance can be devel oped by examining so-called * skew- T’ plotsof
the modeled and observed wind and thermodynamic profiles. Such plots were developed for the RAMS
output for every availablerawinsonde sounding inthe SAMI domain.) Thefull set of plotsare contained on
the CD archive). Figure7-24 isan example of askew- T plot at the Greensboro, SC siteat 1300 EST on 7
August 1993. Thesolid blueline representsthe RAM Supper air temperature profilewhilethesolid red line
correpondsto radiosonde observations. Thethin blue and red lines denote the mixing ratio predictionsand
observations, respectively. Modeled and observed horizontal windsare showninthedick plotstotheright.

Perusal of the results from the Greensboro site midday on 7 August reveds that there is quite good
agreement between model ed and observed temperatures through the planetary boundary layer (pbl). Also,
above 900 mb, there is fairly good agreement between predicted and observed winds. Within the first
1000m of the atmosphere, however, there is about a 90 degree discrepancy between the predicted and
observed horizonta winds. Also, the modd produced larger mixing ratios through the pbl compared with
the measurements athough close to the ground they are in good agreement. As noted above, afull set of
these plots have been developed and archived; however, project resources have not alowed a more
detalled andysgsof thisintriguing dataset. A systematic inter-comparison of the modeled vertical structures
within the lowest thousand meterswould be very interesting, particularly in regions of complex topography.
These data sets have been archived for SAMI and are available to partiesinterested in conducting further
anayses.

7.8 23-29 June 1992 Episode Results
7.8.1 Statistics of Aloft Predictions of Temperaturesand Winds

Table 7-8 summarizes the doft wind comparisons for the 23-29 June 1992 episode. Aswith the August
episode, thereisgood agreement between the predi cted and observed vertically averaged temperaturesfor
eech Smulation day. The verticaly-averaged predicted and observed temperatures on the 12 km domain
arel3.5°C and 13.8°C, respectively. The mean predicted and observed wind aoft wind speedsare 7.3 m
s* and 6.6 ms*, giving a 11% discrepancy.

7.8.2 Vertical Profiles of Mixing Ratios, Temperatures and Winds

Figure 7-25 givesaskew-T plot at the Greensboro, SC at 2000 EST on 25 June 1992. Onthisevening a
Greensboro, thereisgood agreement between modeled and observed temperatures above about 300m agl.
At the surface, the model estimate the onset of a shallow nocturna temperature inverson while the data
show the remainder of a dightly superadiabatic layer extending to ground. Throughout the depth of the
model domain, thereisfarly good agreement in the modeled and observed horizontal winds. Aswith the
August 1993 episode, RAM S giveslarger mixing ratios through the pbl compared with the measurements
athough close to the ground they are again in good agreemern.
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7.9 24 April —3 May 1995 Episode Results
7.9.1 Statistics of Aloft Predictions of Temperaturesand Winds

Table 7-9 summarizes the aoft wind comparisons for the April-May 1995 episode. Thereisreasonably
good agreement between the predicted and observed vertically averaged temperaturesfor each smulation
day. The verticaly-averaged predicted and observed temperatures on the 12 km domain are 6.6°C and
6.0°C, respectively. Themean predicted and observed wind aloft wind speedsare 10.0ms* and9.1ms
! producing a 10% discrepancy.

7.9.2 Vertical Profiles of Mixing Ratios, Temperatures and Winds

Figure 7-26 shows a skew-T plot a Greensboro at 0800 EST on 29 April 1995. On this morning a
Greensboro, there is good agreement between modeled and observed temperatures at the ground and
above about 2000m. Within theboundary layer, however, thereisabout a3° C postive (warm) biasinthe
modeled temperatures. At the surface, the model estimates the remnants of the nocturna temperature
inverson and this feeture is dso evident in the data. Throughout the depth of the model domain, thereis
fairly good agreement in the modeled and observed horizonta winds. Unlike the August 1993 and June
1992 episodes, RAMS gives lower mixing in the first 2500 m of the atmosphere compared with the
measurements, above this height, the RAMS fields are more moist compared with the observations.

Table7.7. Mean of the Vertically Averaged Profiles of Modeled and Predicted Temperatures and Winds for the 3-12
August 1993 Episode—12 Km Grid.
Observed Predicted
Observed Predicted Observed Predicted Wind Wind
Temp. Temp. Wind Speed Wind Speed Direction Direction
Date (deg ©) (deg ©) (ms?) (ms™) (deg) (deg)
11 Aug 138 136 38 42 191 219
10 Aug 137 135 45 35 68 127
9 Aug 135 135 4.3 3.2 25 344
8 Aug 13.0 132 5.5 5.1 273 265
7 Aug 12.6 134 9.2 107 282 269
6 Aug 132 134 8.2 9.6 252 243
5Aug 138 14.0 8.2 8.2 284 270
4 Aug 156 154 8.8 9.1 255 244
3Aug 16.7 164 79 85 251 248
AVE 125 140 6.7 6.9 - --
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Table7.8. Mean of the Vertically Averaged Profiles of Modeled and Predicted Temperatures and Winds for the
22-29 June 1992 Episode—12 Km Grid.

Observed Predicted
Observed Predicted Observed Predicted Wind Wind
Temp. Temp. Wind Speed Wind Speed Direction Direction
Date (deg C) (deg C) (ms™ (ms™ (deg) (deg)
23 June 10.7 110 5.9 75 262 242
24 June 132 13.2 85 10.5 248 251
25 June 149 14.2 82 9.1 261 252
26 June 15.2 14.7 7.0 8.3 258 249
27 June 139 137 6.8 6.6 300 295
29 June 141 133 54 43 331 288
29 June 149 14.3 41 47 219 216
AVE 138 135 6.6 7.3 -- --

Table7.9. Mean of the Vertically Averaged Profiles of Modeled and Predicted Temperatures and Winds for the
24 April — 3 May 1995 Episode—12 Km Grid.

Observed Predicted
Observed Predicted Observed Predicted Wind Wind
Temp. Temp. Wind Speed Wind Speed Direction Direction
Date (deg C) (deg C) ms™ ms™ (deg) (deg)
25 April 25 2.8 9.7 10.0 310 298
26 April 46 44 6.8 8.2 282 255
27 April 7.7 75 8.8 110 216 217
28April 6.2 9.6 9.6 111 277 278
29 April 6.9 6.4 6.2 6.6 313 269
30 April 8.7 8.3 85 10.2 232 227
1 May 74 84 10.2 10.6 292 263
2May 5.9 7.0 134 139 247 254
3 May 41 49 8.8 9.1 336 316
AVE 6.0 6.6 91 10.0 - --
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Figure 7-24. Comparison of Observed (red) and Predicted RAMS (blue) Upper Air Wind, Temperature and Mixing Ratios
on 7 August 1993 at Greensboro, NC: 1300 EST.
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Figure 7-25. Comparison of Observed (red) and Predicted RAMS (blue) Upper Air Wind, Temperature and Mixing
Ratios on 25 June 1992 at Greensboro, NC: 2000 EST UTC.
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Figure 7-26. Comparison of Observed (red) and Predicted RAMS (blue) Upper Air Wind, Temperature and Mixing
Ratios on 29 April 1995 at Greensboro, NC: 0800 EST.
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8.0 RAMS PERFORMANCE ACROSS SAMI EPISODES

In addition to performing evduationsof RAM Smodd performancefor the Specific episodes assigned them,
the UAH and AG team el ected to add an additiona analysisaimed at portraying model performancewitha
unified set of datistical and graphica procedures.  Although outside the scope of UAH and AG work
efforts, this supplement work was performed in order that SAMI might be ableto interpret the performance
of the model usng a common suite of evauation tools. This was accomplished, in part, by usng AG's
MAPS evduation software, previoudy introduced in Chapter 5. An added benefit is that the SAMI
episodes can then be compared with other RAM S and MM5 evauations carried out by Alpine Geophysics
acrossthe U.S. over the past five years.

In this section we present the results of Six (6) UAH episodes and three (3) AG episodes using two distinct
software products. Thefirst, developed by UAH, computes episode- composite near-ground leve biasand
error performance daigtics for temperature, wind speed and mixing ratio. The UAH agorithms utilize
amilarity theory to develop scaing reaionships to extrgpolate Layer 1 RAM S temperatures, winds, and
mixing ratios (at 20 m agl) to the heights a which these parameters are commonly measured (i.e. 2 m for
temperatures and mixing ratios; 10 m for winds). The second product is MAPSwhich produces avariety
of statistical and graphica eva uation products based on the model- produced output at Layer 1. MAPSis
used to develop sixteen (16) different statistical measures of performance in addition to a variety of

graphicd displays. Findly, we present summary tables and figures that compare the SAMI RAMS
evauation results with other studies.

8.1 Episode Composite Near-Ground L evel Performance M easures

Table 81 presents near-ground level episode composite bias and error statistics for temperature, wind
speed, wind direction, and mixing ratio. These statisticswere ca culated by UAH using code developed to
extrapolate RAMS Layer 1 output to standard measurement heights.

8.11 Biasand Error in Mean 2 m Temperatures

The bias and error composite satistics for 2 m temperaturesfor nine (9) SAMI episodesare presented in
Table 81 and Figure 8-1. Therangein overdl biasin near surfacetemperatureis—2.55°F to 1.17°Fwith
amean over dl episodes of —1.20°F (one degree F=0.55 degrees C). For the root mean square error
(RMSE), the range over the episodesis 3.82°F to 5.38°F with a mean vaue of 4.45°F. These biasand
eror gaigtics are displayed graphicdly in Figure 8-1. Only the February 1994 and July 1995 episode
exhibited a tendency to overestimate near-surface temperatures and the RM SE errorsfor al episodesare
farly amilar to the mean vaue.

8.1.2 Biasand Error in Mean 10 m Wind Speeds
Biasand error compositesfor 10 m surfacewindsaregivenin Table 8- 1 and Figure8-2. Therangeinbias
of near surface wind speeds across the 9 SAMI episodes is 0.18 ms* to 1.33 m s* with amean over dll

episodes of 0.82 ms*. Thus, RAMS overestimated surface wind speeds condstently in every SAMI
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episode even when the mode predictions are extrapolated down to the nomina height of the observations.
For RMSE, the range over the episodesis 1.51 to 2.75 with amean value of 2.05 ms™. Thewind speed
bias and error gatistics are shown in Figure 8-2. Thereis consderable variahility in the degree to which
RAMS overestimates surface wind speeds across the episodes. This over-prediction istheleast with the
May 1995 episode and is greatest for the February 1994 and April-May 1995 episodes. Lessvariability
across episodesis seen in the RM SE plots, interestingly, here the May 1995 episodeis not the onewith the
lowest error even though it had the lowest speed bias, suggesting the presence of cancellation of errorsin
the bias caculation for this episode.

813 Biasand Error in Mean 10 m Wind Directions

Wind direction bias and error estimates for the 10 m surface winds are presented in Table 8-1 and Figure
8-3. The biasin episode composite near surface wind directions acrossthe 9 episodesis—3.76 degreesto
12.30 degrees with a mean over dl episodes of —0.76 degrees. Only the March 1993 and May 1995
episodes had postive directiona biases but thereisredly little Sgnificance to the Sgn of this bias quantity
given the scae of the SAMI domain. More meaningful isthe RM SE inwind direction. Heretherange over
the episodesis 63 degreesto 83 degreeswith amean vaue of 72.2 degrees. Asshownin Figure 8-3, there
isactudly very little variability in wind direction RM SE across the 9 SAMI episodes based on these near-
surface wind gtatistics. Of coursefrom anair quality modeling perspective, the bias needsto be examined
at shorter times scales than the episode composite and this will be donein alater section.

8.14 Biasand Error in 2 m Mixing Ratios

The bias and error composite satistics for 2 m mixing ratiosarelisted in Table 8- 1 and presented in Figure
8-4. Therangein overd| biasin near surface mixing ratio is—1.76 g/Kg to —0.00 g/Kg with amean of —
0.60 g/Kg. over dl episodes. The RMSE rangesfrom 0.59 g/Kgto 4.12 g/Kg with amean vaue of 1.55
o/Kg. Asnoted in thetable, we suspect that the particularly large mixing ratio biasand error satisticsfor the
April 1995 episode may be the result in a breakdown in the surface layer vertica extrgpolation scheme
rather than an indication of poor modd performance. Asnoted in Section 6.7 wherein a more detailed
eva uation of surface mixing ratioswas carried out, we did not see performancethispoor. Itisasopossble
that the extrapolation scheme may have experienced difficultieswith the July 1995 episode aswell but this
episode was not examined intensively with the MAPS software. Aside from the suspected problemswith
the bias and error satigtics for these two episodes, the overdl summariesin Figure 8-4 suggest good and
congstent performance across al 7 remaining SAMI episodes.

8.2 Time Series of Spatial Mean Surface Winds, Temperature and Mixing Ratios

Two-thirds of the UAH RAMS modeling episodes were re-evauated usng AG's MAPS evauation
software and then compared with the three RAMS runs previoudly discussed in sections 6.7 through 6.9.
Below, we present datistica and graphica results of these comparisons. The datigtica results are
presented in Tables 82 and 83 in terms of episode average Satistics for the 12 km and 24 km grid
domains, respectively. Here we focus on the 12 km results. Figures 8-5 through 8- 10 display the hourly
results in the form of spatid mean time series, firgt introduced in Chapter 7. Note also that the results
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presented below are derived from Layer 1 RAMS predictions (~20 m) and do not exactly correspond to
the height of the measured surface temperatures, winds and mixing ratios.

821 Spatial Mean Temperatures

Spatid mean ground-level temperature time series are presented in Figure 85 for seven (7) SAMI
episodes. Three of these (3-12 August 1993, 22-29 June 1992, and 24 April-3 May 1995) have dready
been discussed in sections 6.7 through 6.9. Ground-leve biasand grosserror Satisticsfor temperature are
liged in Table 8-2a. The biasin episode average ground level temperatures across the 7 episodes ranges
from —1.46°C to 0.51°C with a mean over al episodes of 0.79°C. The range in gross error over the
episodesis 1.60°C to 2.24°Cwithameanvaueof 1.94°C. AsshowninHgure8-5, RAMS matchesthe
diurna variation in temperature fairly well with two exceptions. Fird, there is a systematic tendency to
underestimate the afternoon temperatures due to mismatch between 2m measurement height and the20m
height of the lowest RAM S prediction. More obviousisthe systematic underestimation of temperaturein
the February 1994 episode for the 8-10 February period. For these three days, the model systematically
under-predicts the ground level temperatures, day and night, by 4t08°C. Otherwise, thetime seriesplots
arefairly consstent across the episodes and similar to other mesoscale modd gpplications.

8.2.2 Vector Mean Wind Speeds

Hourly spatid mean ground-level wind speed time series are presented in Figure 8-6 and the episode
average bias and gross error statistics are listed in Table 8-2b. The mean predicted wind speeds are all

positively biased (i.e, they al overestimate the observations) and the average discrepancy between

modeled and observed episode average wind speed ranges from 35% to 140% with a mean over dl

episodes of 67%. As shown in Figure 8-6, the hourly spatia mean wind times series for predictions and
observations have large day-to-day variability with each episode and from episode to episode. RAMS
tendency to over-predict the 10 mwindsisevident intheseplots. The greatest discrepanciesoccur during
the early part of the 8- 13 February 1994 episode (especidly 9 February). Despite the seemingly large
differences between predicted and observed spatia mean windsfrom day-to-day and episode-to-episode,
theseresultsare generdly cons stent acrossthe episodes and smilar to other mesoscale modd gpplications.

8.2.3 Mean Wind Direction Differences

The spatia mean wind directiontime seriesare shown in Figure 8- 6 and the episode average biasand gross
eror daigics are listed in Table 8-2b. The episode mean differences between predicted and observed
surface winds ranges from 4 to 103 degrees with acomposite mean of 39 degrees. From Figure8-7 there
is generdly good agreement in the day-to-day and hour-to-hour wind directionsfor most of the episodes.
The greatest wind direction discrepancies occur for the March 1993 and February 1994 episodes.
8.24 Index of Agreement

Spatial mean index of agreement scores for the seven (7) SAMI episodes are listed in Table 82 and
presented graphicaly in Figure 8-8. The index ranges from 0.72 to 0.81 with a composite mean over al

293



episodes of 0.76. While each of the index of agreement time sries exhibit unique diurnd festures, the
gmilarity of the mean index scores is quite remarkable. Thereisactudly very little variation in the index
scores across the episodes even though the episodes themsalves cover a broad range of synoptic and
dimatic conditions.

8.2.5 RMSE Errors

Table 8-2 presents the RM SE errors for the seven SAMI episodes. The episode average RMSE errors
range from 1.90 ms™ to 2.76 ms™ with a mean across the seven episodes of 2.18 ms™. For dl but the
May 1995 episode, the systematic component exceeds the systematic component of the RM SE error and
for the May episode the two components are nearly identical. Thus, thereis consstency in the finding that
(because the systematic component isnearly awaysthe larger of thetwo) the preponderance of theRAMS
modding uncertainty tendsto result from input uncertaintiesand theinherent difficultiesin prescribing modd

inputs from sparse measurements. The spatial mean RM SE error plots again identify the 8-10 February
1994 period as one of concern duetothelarge (i.e., >5ms*) RMSE errorsduring the early portion of the
episode.

8.2.6 Spatial Mean Mixing Ratios

Spatid mean ground-level mixing ratio time series are presented in Figure 8-10 and the episode average
datidicd summariesaregivenin Table8-2c. Thebiasin episode average ground level mixing ratiosacross
the 7 episodes ranges from —0.60 g/K g to 0.03 g/Kg with amean over dl episodes of —0.10 g/Kg. The
range in gross error over the episodes is 0.44 g/Kg to 1.10 g/Kg with a mean vaue of 0.78 gKg. As
shown in Figure 8-10, RAM S provides an excdlent match of thediurna variation in mixing ratiosfor each
episode studied.

8.3 Comparison with Other Prognostic Modd Evaluation Studies

Table 84 summarizes episode composite temperature, wind speed, wind direction and mixing retio
datigtics for nearly thirty (30) MM5 and RAMS modd gpplications over the past five years. The table
focuses on results from prognostic modd gpplications on 12 km grid neshes since this the scale most
commonly reported. Most of the studies, however, dso included modd evauation a 36 km and 4 km
scaesaswell. Thisinformation has dso been compiled and is available from AG. While these detidtics
may be hdpful in making general comparisons between studies and episodes, it isclear that the calculation
of an episode mean Statistic often conced simportant day-to-day and/or hour-to- hour variaionsthat may be
quite important in judging the adequacy of a meteorologicd or ar qudity modd smulation.

831 Biasand Error in Mean Temperatures

From Table 8-4athe mean biasand grosserrorsin theensemble of RAMSand MM5 studiesreviewed are
—0.5°C and 1.9°C, respectively. The standard deviations for these quantities are 0.6°C and 0.5°C,
respectively. Comparing the seven (7) SAMI episodes with the broader set of evauations, wefind that for
gross eror, al SAMI episodes fdl within at least + one standard deviation (i.e., 1 Sgma) of the ensemble
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mean. Four of the seven SAMI episodesyield mean bias Satisticsjust outsdethe, + 1 Sgmaof —0.8°C to
0.4°C. However, two points are worth noting. First, a number of the studies reported in Table 8-4
employed verticd grid sructuresthat shalower first layers compared with the 20 mfirst atmosphericlayer in
RAMS. Indeed, many of the MM5 runs used firgt grid cells of 9-10 min thickness. Thus, one cannot
rigoroudy apply the Satistical summaries without recognizing the impact that the height mismatch between
measurement and prediction has on the Satistics. Second, the whether or not a particular episode falls
within or outsde of the + 1 sgma range should not be taken as an indicator of mode acceptance or
reection. Thisrangeisused heresmply to facilitate compari sons between modding sudiesand isexplicitly
not suggested as amodel performance criterion to berigidly applied.

8.3.2 Biasand Error in Mean Mixing Ratios

The mean biasand grosserrorsin mixing ratios are presented in Table 8-4b for theensembleof RAMSand
MM5 gtudies. The mean valuesfor biasand error are-0.4 g/Kg and 1.4 g/K g, respectively. The standard
deviationsfor these quantitiesare 0.7 g/Kg and 0.5 g/K G, respectively. For mixing ratio bias, wefind that
al SAMI episodes fdl wdl within a leest + one standard deviation (i.e., 1 Sgma) of the ensemble mean.
For grosserror in mixing ratio, for of the seven SAMI episodesyield smdler errorsthat— 1 Sgmarange of
0.9 g/Kg and the other two episodes are at the low end of therange. Thus, RAMS performs better that
average to mixing réio.

8.3.3 Aver age Discrepancy in Mean Wind Speed

Table 84c ligts the average discrepancy (i.e. accuracy) of wind speed prediction for the ensemble of

RAMS and MM5 gtudies. The mean and standard deviation of wind speeds across these studies are
44.3% and + 42.8%, respectively. With the exception of the 3-12 August episode, dl of the SAMI

episodes had wind speed accuracies that were well within the 1 sgmarange. One of the reasonswhy the
3-12 August episode produced larger percentage differences between predicted and observed windswas
dueto the systematicaly lower wind speedsthat occurred during this episode and thefact that lower vaues
inthedenominator produce higher percentage vauesfor theaccuracy measure. Whenthisfact istakeninto
account, we see that the RAMS performance for wind speed is also quite comparable to other recent
Sudies.

8.34 RMSE Errors

The mean and standard deviations of the RMSE errors, listed in Table 8-4c, are2.07ms* and+ 0.38ms
! respectively. With the exception of the 8-13 February 1994 episode, dl of the SAM| episodes had wind
speed RMSE errors that were well within the 1 sgmarange. Even congdering the February episode, we
concludethat the modd’ s performance based on the RM SE errorsis a so quite comparableto other recent
dudies. However, asdiscussed earlier, there remains concern over the model’ s performance for the 8-10
February 1994 portion of the modeling period and thisinterva islargely responsible for the larger than
expected RM SE error for this episode.
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8.35 Index of Agreement

The mean and standard deviations of the Index of Agreement are 0.74 and + 0.06, respectively. With the
exception of the 24 April —3 May 1991 episode, al of the SAMI episodes had wind speed RM SE errors
that were wdl withinthe 1 sgmarange. The April-May episodeisjust outsidethe+ 1 sgmarange. Thus,
for theindex of agreement datistic aswell, RAMS' performance is quite consistent with other MM5 and
RAMS smulations dsawherein the U.S.

8.3.6 Aver age Discrepancy in Mean Wind Direction

Table8-4c showsthat the mean and standard deviations episode average wind direction difference are 24.6
degrees and 30.7 deg, respectively. Only the 23-31 March 1993 and 8-13 February 1994 episodefall
outsde of the + 1 sgmarange. Each episode has amean wind direction difference of approximately 100
degrees. Theremaining Sx episodesarewe | withintherange. Thedirectiond biasesin thesetwo episodes
should be examined further to assesstheir potentia impact on air quality modd cdculations. Recall from
Figures 8-7c and 8- 7d that there were severa periods during each episode, lasting from 1 to 3 days, when
sgnificant biases occurred in the spatia mean predicted and observed wind directions. With these two
exceptions, we believe that RAMS' performance for wind direction is condgstent with other MM5 and
RAMS studies.

296



Table8-1. Statistical Summaries of RAMS Performance for All SAMI Episodes Using the UAH Surface Layer Algorithms: 12 Km Grid Results. (@) Bias Statistics

Performance Attribute Mean
Feb ‘94 July ‘91 July ‘95 Mar ‘93 May ‘93 May ‘95 June ‘92 Aug ‘93 April ‘95 Value
Surface Temperature 054 -1.27 117 -2.28 -2.55 -1.75 -2.20 -0.80 -1.65 -1.20
(deg F)
Surface Mixing Ratio -0.00 -0.37 -1.45 -0.16 -0.30 -0.29 -0.32 -1.76" -0.77 -0.60
(gm/Kg)
Surface Wind Speed 133 094 049 0.88 0.38 0.18 0.66 116 133 0.82
(ms?)
Surface Wind Direction -3.76 -2.29 -8.16 12.30 -3.68 130 -0.08 -111 -1.39 -0.76
(deg)

Square Error Statistics

Table8-1. Statistical Summaries of RAM S Performance for All SAMI Episodes Using the UAH Surface Layer Algorithms: 12 Km Grid Results. (b) Root Mean

Performance Attribute Mean
Feb ‘94 July ‘91 July *95 Mar ‘93 May ‘93 May ‘95 June ‘92 Aug ‘93 April ‘95 Value
Surface Temperature 504 401 437 538 4.80 417 424 3.82 4.26 445
(deg F)
Surface Mixing Ratio 059 0.90 256 0.67 106 103 107 412 1.96 155
(gm/Kg)
Surface Wind Speed 275 226 151 215 173 175 185 208 2.35 205
(ms?)
Surface Wind Direction 730 770 830 700 67.0 63.0 740 780 65.0 722
(deg)

" Note: We suspect these particularly large mixing ratio statistics are the result of a breakdown in the surface layer vertical extrapolation
scheme mor e than an indication of poor model performance as confirmed by the mixing ratio results for this episode described in section

6.7.
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Table8-2. RAMS Model Evaluation Statistics for Seven SAMI Episodes on the 12 Km Grid using the AG MAPS Model
Evaluation Software. (a) Temperatures (deg C).

Performance 24-29 11-17 2331 | 813Feb | 3-12 2229 | 24Ap-3 | Memn

Attribute May'95 | May'93 | Mar ‘93 ‘94 Aug‘93 | Jun‘92 | May'95 | Value
Mean Bias (deg C) -0.96 -1.46 -1.33 051 -0.40 -1.10 -0.80 -0.79
Gross Error (deg C) 1.88 212 2.24 213 1.60 1.80 1.80 1.94

Table8-2. RAMS Model Evaluation Statistics for Seven SAMI Episodes on the 12 Km Grid using the AG MAPS Model
Evaluation Software. (b) Winds (ms™).

Performance 24-29 11-17 23-31 | 8-13Feb 3-12 2229 | 24Ap-3 | Mean
Attribute May‘'95 | May‘93 | Mar ‘93 ‘94 Aug‘93 | Jun‘92 | May'95 | Value
Mean Obs. Speed 215 1.56 1.89 237 111 154 1.86 1.78
Mean Pred. Speed 290 2.36 2.89 386 266 255 298 289
Speed Accuracy (%) 35 51 53 63 140 66 60 67
RMSE 1.90 1.90 227 2.76 218 1.89 2.35 218
RMSE; 1.30 1.33 1.69 215 172 1.38 184 164
RMSE, 134 1.27 1.46 164 1.28 1.24 1.46 1.38
Index of Agreement 0.76 0.76 0.74 0.72 0.75 0.75 0.81 0.76
Sille 0.63 0.68 0.68 0.69 0.75 0.66 0.64 0.68
Sillyar 0.88 097 1.03 1.03 1.02 0.84 1.15 0.99
Mean Obs. Dir. (°) 179 234 64 344 179 250 261 -
Mean Pred. Dir. (°) 192 228 164 241 204 230 257 -
Diff in Mean Dir. (°) 13 6 100 103 25 20 4 39

Table8-2. RAMS Model Evaluation Statistics for Seven SAMI Episodes on the 12 Km Grid using the AG MAPS Model

Evaluation Software. (¢) Mixing Ratios (gm/Kg).

Performance 24-29 11-17 23-31 8-13Feb 3-12 22-29 24 Ap-3 Mean

Attribute May ‘95 | May‘'93 | Mar ‘93 ‘94 Aug‘'93 [ Jun‘92 | May'95 Value
Mean Bias (gm/Kg) 0.00 -0.01 -0.02 0.00 -0.60 0.03 -0.10 -0.10
Gross Error (gm/Kg) 0.81 0.83 0.55 0.44 1.10 1.00 0.70 0.78
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Table8-3. RAMS Model Evaluation Statistics for Seven SAMI Episodes on the 24 Km Grid using the AG MAPS Model

Evaluation Software. (a) Temperatures (deg C).

Performance 24-29 11-17 2331 | 8-13Feb | 3-12 2229 | 24Ap-3 | Mean
Attribute May'95 | May'93 | Mar'93 ‘94 Aug‘'93 | Jun‘92 | May'95 | Value

Mean Bias (deg C) -0.97 -124 -0.29 0.80 -050 -0.90 -0.70 -054

Gross Error (deg C) 211 2.28 2.08 246 1.80 1.90 1.80 2.06

Table8-3. RAMS Model Evaluation Statistics for Seven SAMI Episodes on the 24 Km Grid using the AG MAPS Model
Evaluation Software. (b) Winds (ms™).

Performance 24-29 11-17 23-31 8-13Feb 3-12 22-29 24 Ap- 3 Mean
Attribute May ‘95 | May‘93 [ Mar ‘93 ‘94 Aug‘93 [ Jun‘92 | May‘95 Value
Mean Obs. Speed 168 121 109 181 108 105 129 132
Mean Pred. Speed 253 245 132 307 243 2.30 2.06 231
Speed Accuracy (%) 51 102 21 70 125 119 60 78
RMSE 2.60 250 257 343 241 217 251 260
RM SEs 158 167 179 235 167 140 171 174
RMSE, 2.03 182 181 244 156 161 178 1.86
Index of Agreement 0.80 0.82 0.83 0.77 0.78 0.84 0.85 0.82
ille 0.77 0.74 0.68 0.82 0.84 0.72 0.65 0.75
Silly ar 111 106 119 123 118 107 120 115
Mean Obs. Dir. (°) 163 255 58 1 196 252 262 -
Mean Pred. Dir. (°) 187 236 140 242 210 241 248 -
Diff in Mean Dir. (°) 24 19 82 119 14 11 14 40

Table8-3. RAMS Model Evaluation Statistics for Seven SAMI Episodes on the 24 Km Grid using the AG MAPS Model
Evaluation Software. (¢) Mixing Ratios (gm/Kg).

Performance 24-29 11-17 23-31 8-13Feb 3-12 22-29 24 Ap-3 Mean

Attribute May ‘95 | May‘'93 | Mar ‘93 ‘94 Aug‘'93 [ Jun‘'92 | May'95 Value
Mean Bias (gm/Kg) 0.07 0.12 0.21 0.26 -040 -0.20 0.00 0.01
Gross Error (gm/Kg) 0.89 0.86 0.66 0.65 1.10 0.90 0.70 0.82

299




Table8-4. Summary of prognostic meteorological model performance evaluations by Alpine Geophysics: 12 km grid
resolution results. (a) Surface Temperatures (deg C).

Mean Bias(deg | GrossError
Modeling Domain Modd Sudy Ref Episode C) (deg C)
Southeastern U.S. RAMS SAMI 7 24-29 May ‘95 -1.0 19
Southeastern U.S. RAMS SAMI 7 11-17 May ‘93 -15 21
Southeastern U.S. RAMS SAMI 7 23-31 Mar ‘93 -1.3 2.2
Southeastern U.S. RAMS SAMI 7 813 Feb ‘94 05 21
Southeastern U.S. RAMS SAMI 7 312 Aug ‘93 -04 16
Southeastern U.S. RAMS SAMI 7 22-29 Jun ‘92 -11 18
Southeastern U.S. RAMS SAMI 7 24 Apr-3May ‘91 -0.8 18
Texas MM5 COAST 11 4-11 Sept ‘93 0.2 18
Central Florida MM5 PFOS-Episode 1 10 16-24 Apr ‘99 0.1 15
Central Florida MM5 PFOS-Episode?2 | 10 2-10 May ‘97 0.2 16
Central Florida MM5 PFOS-Episode3 | 10 2530 Aug ‘97 0.2 17
Central Florida MM5 PFOS-Episode4 | 10 4-10 April 199 -04 13
Central Florida MM5 PFOS-Episode5 | 10 17-23 Sept 1 97 0.1 16
Central Florida MM5 PFOS-Episode9 | 10 20-28 Apr ‘98 0.3 13
Midwestern U.S. MM5 Kansas/Missouri 8 11-24 Jun ‘95 -01 18
Eastern U.S. MM5 Pittsburgh SIP 1 31 July-2 Aug ‘95 0.8 24
Western U.S. MM5 SARMAP 4 3-6Aug ‘90 0.2 29
Upper Midwest RAMS CRC-LMO'S 6 26-28 Jun ‘91 0.1 14
Upper Midwest RAMS CRC-LMOS 6 17-19 Jul ‘91 -0.0 19
Upper Midwest MM5 CRC-LMOS 6 26-28 Jun ‘91 -05 16
Upper Midwest MM5 CRC-LMOS 6 17-19 Jun ‘91 -0.3 17
Eastern U.S. RAMS OTAG 3 13-210ul ‘91 16 21
Eastern U.S. MM5 OTAG 3 13-21.0ul ‘91 -01 20
Eastern U.S. MM5 OTAG 2 1-113ul ‘88 -0.6 3.3
Eastern U.S. MM5 OTAG 1 12-15Jul '95 -0.2 20
Eastern U.S. MM5 Cincinnati SIP 5 18-22 Jun ‘94 -0.7 24
Southeastern U.S. MM5 BAMP 9 6-11 Sep ‘93 -04 21
Southeastern U.S. MM5 BAMP 9 1519 Aug ‘93 -0.3 24
Maximum Vaue -15 13
Minimum Vdue 16 33
Mean Vaue -0.2 19
Standard Deviation 0.6 05
1 Sigma Range -0.8t00.4 1l4t024
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Table8-4. Summary of prognostic meteorological model performance evaluations by Alpine Geophysics: 12 km grid resolution
results. (b) Surface Mixing Ratio (gm/Kg).

Mean Bias GrossError
M odeling Domain M odé Sudy Ref Episode (gm/Kg) (gm/Kg)
Southeastern U.S. RAMS SAMI 7 24-29 May ‘95 0.0 0.8
Southeastern U.S. RAMS SAMI 7 11-17 May ‘93 -0.0 0.8
Southeastern U.S. RAMS SAMI 7 23-31 Mar ‘93 -0.0 0.6
Southeastern U.S. RAMS SAMI 7 813 Feb ‘94 0.0 04
Southeastern U.S. RAMS SAMI 7 312 Aug ‘93 -0.6 11
Southeastern U.S. RAMS SAMI 7 22-29 Jun ‘92 0.0 10
Southeastern U.S. RAMS SAMI 7 24 Apr-3 May ‘91 -0.1 0.7
Texas MM5 COAST 11 4-11 Sept ‘93 0.1 14
Central Florida MM5 PFOS-Episode 1 10 16-24 Apr ‘99 -0.1 12
Central Florida MM5 PFOS-Episode 2 10 2-10 May ‘97 01 12
Centra Florida MM5 PFOS-Episode 3 10 25-30 Aug ‘97 -2.0 23
Centra Florida MM5 PFOS-Episode 4 10 4-10 April ‘99 0.8 15
Central Florida MM5 PFOS-Episode 9 10 17-23 Sept ' 97 -04 16
Central Florida MM5 PFOS- 10 20-28 Apr ‘98 -0.2 0.9
Midwestern U.S. MM5 Kansas/Missouri 8 11-24 Jun ‘95 -04 13
Eastern U.S. MM5 Pittsburgh SIP 1 31 July-2 Aug ‘95 0.2 2.2
Western U.S. MM5 SARMAP 4 3-6 Aug ‘90 -0.2 19
Upper Midwest RAMS CRC-LMOS 6 26-28 Jun ‘91 -01 12
Upper Midwest RAMS CRC-LMOS 6 17-19.3ul ‘91 04 14
Upper Midwest MM5 CRC-LMOS 6 26-28 Jun ‘91 -0.1 12
Upper Midwest MM5 CRC-LMOS 6 17-19 Jun ‘91 -0.6 15
Eastern U.S. RAMS OTAG 3 13-21 3l ‘91 -0.0 12
Eastern U.S. MM5 OTAG 3 13-21 Jul ‘91 -0.3 14
Eastern U.S. MM5 OTAG 2 1-11 Jul ‘88 -1.4 2.0
Eastern U.S. MM5 OTAG 1 12-15 Jul ' 95 -15 2.2
Eastern U.S. MM5 Cincinnati SIP 5 18-22 Jun ‘A4 -1.6 22
Southeastern U.S. MM5 BAMP 9 6-11 Sep ‘93 -0.6 10
Southeastern U.S. MM5 BAMP 9 1519 Aug ‘93 -15 19
Maximum Vaue -2.0 04
Minimum Vaue 0.8 23
Mean Value -04 14
Standard Deviation 0.7 05
1 SigmaRange -1.1t00.3 09t01.9
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Table8-4. Summary of prognostic meteorological model performance evaluations by Alpine Geophysics: 12 km grid resolution

results. (c) Surface Wind Speeds.

Mean
Wind
Average Dir.
M odeling Domain Error RMSE Index of Diff.
Modd Study Ref Episode (%) (ms?) | Agreement (deg)
Southeastern U.S RAMS SAMI 7 24-29 May ‘95 35.0 190 0.76 130
Southeastern U.S RAMS SAMI 7 11-17 May ‘93 51.0 190 0.76 6.0
Southeastern U.S | RAMS SAMI 7 23-31 Mar ‘93 53.0 2.27 0.74 100.0
Southeastern U.S RAMS SAMI 7 813 Feb ‘94 63.0 2.76 0.72 103.0
Southeastern U.S RAMS SAMI 7 3-12 Aug ‘93 140.0 2.18 0.75 250
Southeastern U.S RAMS SAMI 7 22-29 Jun ‘92 66.0 1.89 0.75 20.0
Southeastern U.S RAMS SAMI 7 24 Apr-3May ‘91 60.0 2.35 0.81 40
Texas MM5 COAST 11 4-11 Sept ‘93 614 2.20 0.69 15.0
Central Florida MM5 PFOS-Episode 1 10 16-24 Apr ‘99 20.9 194 0.78 10.0
Central Florida MM5 PFOS-Episode 2 10 2-10 May ‘97 21.0 195 0.78 320
Central Florida MM5 PFOS-Episode 3 10 2530 Aug ‘97 30.6 1.86 0.73 320
Central Florida MM5 PFOS-Episode 4 10 4-10 April ' 97 18.1 180 0.80 8.0
Central Florida MM5 PFOS-Episode 5 10 17-23 Sept ' 97 279 134 0.72 9.0
Central Florida MM5 PFOS-Episode 9 10 20-28 Apr ‘98 24.0 179 0.78 26.4
Midwestern U.S. MM5 Kansas/Missouri 8 11-24 Jun ‘95 16.7 2.20 0.80 200
Eastern U.S. MM5 Pittsburgh SIP 1 31 July-2 Aug ‘95 12.6 178 0.75 8.0
Western U.S. MM5 SARMAP 4 36 Aug ‘90 226 213 0.80 30
Upper Midwest RAMS CRC-LMOS 6 26-28 Jun ‘91 119 182 0.69 16.7
Upper Midwest RAMS CRC-LMOS 6 17-19 3l ‘91 35 173 0.64 74
Upper Midwest MM5 CRC-LMOS 6 26-28 Jun ‘91 5.8 170 0.79 14.0
Upper Midwest MM5 CRC-LMOS 6 17-19 Jun ‘91 15.6 165 0.77 74
Eastern U.S. RAMS OTAG 3 13-21 Jul ‘91 4.6 161 0.74 27.1
Eastern U.S. MM5 OTAG 3 13-213ul ‘91 230 192 0.73 17.0
Eastern U.S. MM5 OTAG 2 1-11Jul ‘88 65.6 321 0.64 79
Eastern U.S. MM5 OTAG 1 12-153ul '95 212 191 0.68 152
Eastern U.S. MM5 Cincinnati SIP 5 18-22 Jun ‘94 824 2.69 0.80 0.1
Southeastern U.S. MM5 BAMP 9 6-11 Sep ‘93 89.4 2.36 0.60 215
Southeastern U.S. MM5 BAMP 9 1519 Aug ‘93 193.6 2.66 0.65 120.0
Maximum Vaue 35 161 0.60 0.1
Minimum Vdue 1936 3.21 0.81 120.0
Mean Vaue 44.3 207 0.74 24.6
Standard Deviation 42.8 0.38 0.06 30.7
1 SigmaRange 15to 1.69to 0.68t00.80 0.0to
87.1 245 55.3

REFERENCESfor Table 8-4.
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Figure8-1. Episode Average 2m Temperature Statistics for all SAMI Episodes.
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Figure8-2. Episode Average 10 m Wind Speed Statistics for all SAMI Episodes.
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scheme more than an indication of poor model performance).
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Figure8-6. Vector Mean Ground-Level Wind Speeds for Seven SAMI Episodes.
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Figure8-7. Mean Ground-Level Wind Direction for Seven SAMI Episodes.
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Figure8-8. Concluded.
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Figure8-9. RMSE Errorsin Ground-Level Wind Speeds for Seven SAMI Episodes.
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Figure 8-10. Spatial Mean Ground-Level Mixing Ratios for Seven SAMI Episodes.
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9.0 SUMMARY AND CONCLUSIONS

This chapter presents the summary and conclusions of the RAMS model performance evauation for nine
(9) SAMI episode. We begin with a didtillation of the operationd evauation results for surface winds,

temperatures, mixing ratios and aoft winds and temperatures. Subsequently, we summarize the
performance of the mode in smulating the aoft winds and temperatures. Given the wesk meteorologica

database available for model performance testing, the only scientific evauation that was possible involved
the comparison of modeled and observed daily average and six-hourly precipitation totals. We conclude
with a formd process for assessng the auitability of the RAMS modeing episodes for ar qudity mode

gpplicationsbased, in part, on comparisonswith other contemporary prognostic modd evauationsthat have
been accepted by EPA, various state governments and research groups in recent regulatory and applied
research gpplications.

9.1. Operational Evaluation Summary

The operationd summary for the sx UAH episodes will utilize Tables 9-1.1-9-1.3. Table9-11isa
summary of the biasand RM SE statisticsfor the 12-km domain. Table9-1.2 givestheindex of agreement
for dl the near-surface variablesfor each episodeday. Table9-1.3 givesthebiasand RMSE statisticsfor
the grid points of the respective coarse grid which are contained within the 12-km grid for the 850-mb
vaues of temperature, water vapor mixing ratio, and wind speed. Although derived by different software
and presented differently the same variables will be discussed here asin the operational summary for the
three AG episodes.

9.11 9-20 July 1995

The July 1995 episode did not have the benefit of the surface nudging technique used on al the other
episodes. Thisisdemongtrated especidly by the biasand RM SE of the 2-mmixing ratio of - 1.45 and 2.56
g kg*, respectively, as shown in Table 91. The afect of the dry bias was patialy mitigated by the
provison of aboundary layer water vapor mixing ratio correction fileto GIT for the air quality modding
phase. However, thisdid not change the cloud or precipitation deficiencies of thissmulation. TheRMSE
of thewind direction at 10 m wasaso thelargest of any of the UAH episodes at 83 degrees. Thiswasdue
largely to the very light wind conditions which predominated thisperiod. Examination of the dally index of
agreement values for this episode in Table 92 shows the lowest mean values of dl the episodes for
temperature and mixing ratio of 0.69 and 0.62, respectively. Overal the index of agreement vaues were
thelowest for the period 16- 19 July when clouds and preci pitation were more prevaent. The performance
of the RAMS smulation at 850-mb for the 48-km grid pointswithin the 12-km domanisgivenin Table 9-
3. Themost outstanding statistic was the RMSE for mixing ratio of 2.18 g kg whichwasthelargest of dll
the UAH episodes.

9.1.2 22-30 May 1995

Using theresultsof the surface performancein Table 9- 1 this episode had acool bias of about-0.98°C and
rdatively excellent wind results with awind speed RMSE vaue of 1.75 m s and awind direction RMSE
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vaue of 63 degrees. The surface wind performance is <o verified by the index of agreement vauesin
Table 9-2 where the mean vaues for wind speed and wind direction were 0.63 and 0.77, respectively,

which were the highest or equa for any of the UAH episodes. The mean index of agreement for

temperature of 0.84 hed arank of second best while the mean index of agreement for mixing ratio of 0.90
had arank of fourth best but till a ahigh vaue. Temperature and moisture performance wasdiminished on
25 May when the respective daily index valuesdropped to 0.69 and 0.75. Themost outstanding tetistic of

performance at 850 mb in Table 9-3 wasthe cool bias of -1.59°C which was the second coolest of dl the
episodes.

9.1.3 9-18 May 1993

This episode had the largest surface coal bias of -1.43°C but with rdatively excdllent wind results with a
wind speed RMSE vaue of 1.73 ms™* and awind direction RMSE value of 67 degrees. Again the surface
wind performanceisverified by theindex of agreement vauesin Table 9- 2 where the mean va uesfor wind
gpeed and wind direction were 0.62 and 0.77, respectively, which were ranked first or second relative to
the other UAH episodes. The mean index of agreement for temperature of 0.74 had arank of fifth best
whilethe mean index of agreement for mixing ratio of 0.87 hadarank of fifth best aswell. Overdl behavior
with respect to the indices of agreement was reduced for the following days. for 11 May when the
temperature index was 0.69 and the wind speed index was 0.57; and for 16 May when the temperature
index was 0.55 and thewind directionindex was 0.72. The outstanding statistics of performanceat 850 mb
in Table 93 were the temperature had a cool bias of -1.78°C which was the coolest of dl the UAH

episodes and a RM SE for temperature of 2.11°C which was dso the largest of the UAH episodes.

914 21 March - 1 April 1993

Table 9-1 shows that this episode had the largest RM SE for temperature a 2 m of 3.01°C and also the
second largest RMSE for wind speed at 10 m of 2.15m s*. Theindex of agreement valuesin Table9-2
show that the mean temperature and mixing ratio values of 0.82 and 0.93, respectively, were ranked third
best whilethewind speed and wind direction values of 0.54 and 0.76 were ranked second or third. Overdl

behavior rdative to the daily indices of agreement was reduced for 25-26 March because of wind and for
30 March because of temperature and mixing ratio. The outstanding statistic of performanceat 850 mbin
Table 9-3 was the RM SE vaue for wind speed of 2.81 m s which wasthe second largest of dl the UAH
episodes. The large vaues RMSE at the surface and at 850 mb are a reflection of the same problems
revealed by the AG MAPS software as discussed in section 8. Since heavy precipitation fell over much of
the 12-km grid it is likely that amagjor fraction of the surface temperature problems are related to cloud
placement and thickness. The surface and 850-mb wind issuesare harder to identify but may berelated to
the need for better vertical resolution for alate-winter case where the upper-levd jet Sream is strong.

9.15 6-14 February 1994

Table 9-1 showsthat this episode had the second largest RM SE for temperature at 2 m of 2.82°C and dso
the largest RM SE for wind speed at 10 m of 2.75m s™. Theindex of agreement valuesin Table 9-2 show
that the mean temperature and mixing ratio vaues of 0.94 and 0.97, respectively, were ranked first whilethe
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wind speed and wind direction vaues of 0.53 and 0.73 were ranked third or fourth. Asmentioned in the
discussion in section 8 the AG MAPS software showed that other statistical measures show significant
problems with the temperatures at 2 m on the 12-km grid for portions of this episode. Examination of

hourly differences between surface observations analyzed to the 12-km grid and the modd vaues (not
shown) confirmed this behavior. The mode was too cold for the period 8-10 February for areasin and
close to the southern Appaachians and then too warm for the period 11- 13 February for an areafrom
Georgia northeastward through the Carolinas. Reasons why the index of agreement remain high for

temperature for this episode are the fortuitous location of observing sites and the fact that the index of

agreement isless sensitive to modd departuresfrom observationswhen the observations themsdveshavea
broad spread around the mean. The latter point isillustrated by the 1200 UTC 9 February 1994 surface
andyssin the NOAA publicationDaily Weather Maps which shows 2 m temperatures ranging from near
14°F in central Indianato near 65°F over South Carolina. For these reasons the comparison of the daily
vaues of theindex of agreement havelessvauefor thisepisode. The sametrendsare observed a 850 mb
in Table 9-3 where the RMSE values for temperature at 2.51°C and wind speed at 4.25 m s* were the
largest of any UAH episode. As with the March 1993 smulation this episode may have required more
vertica resolution a higher levels with such a strong upper-leve jet. At least with respect to surface
temperatures the 96-km grid gppeared to perform better then the 12-km grid. Reasons for this are not
clear but may involve the choice of diffuson parametersfor the 12-km grid.

9.1.6 21 July - 1 August 1991

Table 9-1 shows that this episode had the second largest RM SE for wind speed at 10mof 2.26 ms™ and
as well the second largest RMSE for wind direction at 10 m of 77 degrees. Thisis likdly the result of
generdly light surface windsin combination with widespread convective outflowsfrom thundersormswhich
are handled very poorly with modds. Examination of the daily indices of agreement in Table 9-2 for wind
direction and wind speed show the highest vaues were in the middle of the episode with adecrease in the
same indices for the period 29-31 July. Asdiscussed in section 4.6 thisis consggtent with thetiming of the
widespread convection east of the Appaachians. The performance at 850 mb asshownin Table 9-3 was
close the mean vaues for the bias and RMSE for al varigbles.

Table9-1. Biasand root mean square error (RMSE) for UAH episodes. Statistics based on hourly
12-km variables interpolated to all available NWS sites within the 12-km domain. Variablesare:
temperature at 2 m, T, °C; water vapor mixing ratio at 2 m, Q, g kg™*; wind speed a& 10m, WSPD, m
s’ and wind direction at 10 m, WDIR, degrees.
T T Q Q WSPD | WSPD | WDIR | WDIR

EPISODE BIAS | RMSE [ BIAS | RMSE | BIAS | RMSE | BIAS| RMSE
July 95 +0.66 245 -1.45 256 +0.49 151 -8.16 830
May 95 -0.98 234 -0.29 103 +0.18 175 +1.30 63.0
May 93 -143 269 -0.30 106 +0.38 173 -3.68 67.0
March 93 -1.28 301 -0.16 0.67 +0.88 215 | +12.30 70.0
Feb 94 +0.30 282 -0.00 0.59 +1.33 2.75 -3.76 730
July 91 -1.27 225 -0.37 0.90 +0.94 2.26 -2.29 77.0
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Table9-2. Daily index of agreement stetisticsfor temperaturea 2 m (T), water vapor mixing ratio a 2 m (Q), wind directionat 10 m
(WDIR), and wind speed at 10 m (WSPD) for each of the six episodes modeled by UAH. Statistics are for the day indicated
ending at 1200 UTC. Statistics are based on 12-km model datainterpolated to all available NWS sites within the 12-km grid
domain. Cellsshaded green have the highest values for a given variable, while cells shaded red have the lowest val ues.

July 1995 Episode
July July July July July July July July | July 18 | July | July MEAN
10 11 12 13 14 15 16 17 20
T 0.86 0.78 0.76 0.75 0.65 0.64 0.64 0.62
Q 084 0.69 0.64 0.60 0.53 050
WDIR 0.73 0.71 0.69 0.65 0.73 0.69
WSPD 042 047 0.66
1995 Episode
May May May May | MEAN
23 28 29 30
T 0.90 0.88 0.87 0.85 0.84
Q 0.95 0.95 0.93 0HA 0.90
WDIR 0.87 0.66 0.80 0.77
WSPD 0.61 . 0.62 0.70 0.73 0.63
May 1993 Episode
May May May May May May May May May MEAN
10 11 12 13 14 15 16 17 18
T 078 |069 |064 [079 [082 [o066 [JOBSMN 086 | 090 | 074
Q 0.83 0.78 0.85 097 0.93 0.83 0.90 097 0.87
WDIR 0.82 0.72 0.77 0.4 0.78 0.72 0.74 0.75 0.77
WSPD 0.60 057 0.72 | 0.66 0.68 0.67 0.59 - 0.62
Mar ch 1993 Episode
Mar Mar Mar Mar Mar Mar Mar Mar | Mar 30 | Mar | Apr1l MEAN
22 23 24 25 26 27 28 29 31
T 096 [091 |092 [089 [075 [077 [o087 |07 - 078 075 | 082
Q 0.95 0.99 0.97 0.95 094 0.96 0.92 0.88 089 | 0.H4 0.93
WDIR 077 | 063 |067 Qﬁq 067 |09 |o092 |08 |08 [075 [076
WSPD 0.49 0.60 0.48 0.52 053 0.56 0.57 0.62 065 | 051 054
February 1994
Feb Feb Feb Feb Feb Feb Feb Feb MEAN
7 8 9 10 11 12 13 14
T 0.93 0.97 0.95 0.97 0.96 0.92 091 094
Q 0.98 0.99 0.98 0.99 0.98 0.97 0.97
WDIR 0.65 0.82 0.76 0.65 0.86 0.71 0.86 0.73
WSPD 0.56 0.39 0.56 0.63 0.58 0.62 0.60 053
July 1991 Episode
July | July | July | July | July [ July | July | July | July | July | Aug MEAN
22 23 24 25 26 27 28 29 30 31 1
T 0.79 0.73 0.80 0.78 084 084 0.84 0.78 0.82 0.72 0.79
o OO oo4 [o097 |o097 |o098 [099 [099 o9 [098 [0%8 [0%
WDIR 0.74 0.69 0.82 0.83 0.85 0.93 0.81 0.82 0.88 0.77
WSPD 0.61 0.56 0.60 0.60 0.56 0.45 0.46 042 0.40 0.39 0.49
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Table9-3. Biasand root mean square error (RM SE) of the UAH episodes for variables at 850-mbfor coarsegrid
points within the 12-km domain. Statistics based on 12-h mode and NCEP/NCAR reandysisdata. Variablesare:
temperature, T, °C; water vapor mixing ratio, Q, g kg™*; and wind speed, WSPD, ms™.
T-BIAS T-RMSE Q-BIAS Q-RMSE W-BIAS W-RMSE

July 95 -0.97 186 +1.55 2.18 -0.08 159

May 95 -1.59 183 +0.73 130 +0.52 1A

May 93 -1.78 211 +0.80 141 +0.37 199

March 93 -1.05 168 +0.61 122 +0.84 2.81

Feb 94 +1.30 251 +0.49 125 +2.70 4.25

July 91 -1.37 173 +0.87 160 +0.96 2.55

MEAN -0.91 195 +0.84 149 +0.89 2.52

9.1.7 22-29 June 1992

RAMSdid avery job of reproducing the daily maximum temperatures on each day with the exception of 26
June where the peak was underestimated by 3.4°C. The mean bias n predicted hourly surface
temperatures across the 12 km domain ranged from -1.7°C to -0.2°C with an episode mean of —1.1°C.
The average gross errorsin surface temperature predictions for the 8 dayswere 1.8°C. RAMSgenerdly
follows the hourly mean temperature measurements fairly well; however, the modd systematicaly
underestimated the afternoon spatial mean peak values on each day and this discrepancy worsened asthe
episode progressed. The under- prediction of the afternoon peaks was more pronounced than the August
episode where RAM S clipped the afternoon peaks by aoneto two degrees C. RAM Stended to dightly
underestimate (~ 5% to 10%) hourly temperatures in the morning hours and on a couple of days to over
predict (~ 2%-3%) midday.

RAMS estimated mean wind speeds (2.55 m s*) that were on average 66% greater than the magnitude of
the episode mean observations (1.54 ms™?). Meanwind speedswere higher than those encountered in the
August 1993 period. Modeled wind directions showed reasonable agreement with the observations on
most days. Across the 8-day episode, the mean modeled (229.7 degrees) and observed surface wind
directions (250.3 degrees) differed by only 21 degrees. From day-to-day, the difference between daily
average and observed wind direction varied from 10 to 150 degrees.

Episode average val ues of the unsystematic, systematic, and total RMSE errorswere 1.24ms?, 1.38 ms?
and 1.89ms™, respectively. Theseresultswere animprovement over the August 1993 episode. There did
not appear to be any sgnificant error growth throughout the latter two thirds of the smulation. Sight error
growth occurs during the first three days of the episode when the errors were somewhat larger than for the
rest of the episode days. The preponderance of the RM SE error was from the systematic component.

Theindex of agreement resultsfor the June 1992 episode were quite cons stent with other prognostic mode!
evaduaions. RAMS exhibited typica hourly variation in the agreement index parameter with the lowest
vaues occurring during the morning period when wind speeds were lowest and the directions were more
variable. Theindex increased in the afternoon when speeds were greater. The mean vaue of the index of
agreement varied diurnaly throughout the episode; the mean over the whole period was 0.75
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For near surface mixing ratios the episode mean daily maximum observed (19.3 g/Kg) and modeled (16.8
o/Kg) agreement wasfairly good. RAMS systematically underestimated the maximum ratio on each day
except 22 June by 2t0 4 g/Kg. The mean biasand error in mixing ratios was dso quite good, with 8-day
mean vaues of -0.3 g/Kg and 1.0 g/Kg respectively.

There was good agreement between the predicted and observed vertically averaged temperaturesfor each
amulaion day. The veticdly-averaged predicted and observed temperatures on the 12 km domain
werel3.5°C and 13.8°C, repectively. The mean predicted and observed wind aoft wind speedswere 7.3
ms* and 6.6 ms*, giving a 11% discrepancy.

9.1.8 24 April —3 May 1995

For the 24 April —3 May 1995 SAMI episode RAM S did avery job of reproducing the daily maximum
temperatures on each day. The episode-averages of the dailly maximum observed and predicted

temperatures were 26.9°C and 26.6° C, respectively, for al.1% discrepancy. Themean biasin predicted
hourly surface temperatures across the 12 km domain ranged from -1.9°C to 0.7°C. On average across
the episode, the mean biasin surface temperature prediction —0.8°C. Theaverage grosserrorsin surface
temperature predictionsfor the 10 dayswere 1.8°C, the same asthe June 1992 episode. RAM Sfollowed
the hourly mean temperaturesfairly well but, as with the August 1993 and June 1992 episodes, the mode

systematicaly underestimated the afternoon peaks in the latter part of April. However, the modd did a
good job on the 1% and 2™ of May. These discrepancies a midday were typicaly on the order of 2 to
3°C. The under-prediction of the afternoon peaks was more pronounced than the August 1993 episode
but about the same as the June 1992 episode. The hourly temperature biases for the April-May episode
were sgnificantly larger than those for the August and June episodes. RAM S underestimated (~ 109% to
15%) hourly temperatures in the afternoon and evening hours and during the morning aswell on severd

days.

RAMS estimated mean wind speeds (2.98 m s*) that were on average 60% greater than the magnitude of
the episode mean obsarvations (1.86 ms™). RAMSoverestimated the daily average observed wind speeds
during this episode by about the same amount as the June 1992 episode. Mean wind speeds were dso
higher than those encountered in the August 1993 period. Modeled wind directions were in reasonable
agreement with the observations onthe first five days of the episode and fairly poor agreement on the last
five days. Across the 10-day episode, the mean modeled (257.0 degrees) and observed surface wind
directions (261.4 degrees) differed by only 4 degrees. From day-to-day, however, the discrepancies
between daily average and observed wind direction varied from 2 to 158 degrees. On the 29" through the
3" of May, the mean (absolute) discrepancy between daily averaged modeled and observed wind direction
was 131 degrees.

The episode average va ues of the unsystematic, systematic, and totdl RMSE errorswere 1.46 ms™, 1.84
ms* and 2.35 ms?, respectively. Whiletheredid not appear to be any significant error growth during the
samulation, the RM SE errors were greater then the June and August episodes. The systematic component
(modd physics related) of the RMSE error was clearly the larger contributor to the total RMSE error in
this episode.
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The index of agreement results for the April-May 1995 episode were quite good. This is somewhat
surprising given the poorer wind direction and RMSE error performance of the modd for this episode
relaive to the August 1993 and June 1992 periods. RAMS exhibited typica hourly variation in the
agreement index parameter with the lowest values occurring during the morning period. In the afternoon
when speeds were greater, theindex increased. The mean value of theindex of agreement varied diurnaly
throughout the episode; the mean over the whole period was 0.81, an improvement over the 0.75 figure
obtained with the August and June episodes.

Agreement between the episode mean daily maximum observed (13.1 g/Kg) and modeled (13.5 g/Kg)
mixing ratioswas quite good. RAM S dightly underestimated the maximum ratio on most days. The mean
bias and error in mixing ratios were dso quite good, with 10-day mean values of -0.1 g/Kgand 0.7 g/Kg
respectively. Aswith the August 1993 and June 1992 episodes, these resultsindicated that RAMS did a
fairly good job of reproducing the daily maximum and hourly specific humidity across the 12 km domain.

From the doft wind comparisons for the April-May 1995 episode there was reasonably good agreement
between the predicted and observed verticaly averaged temperatures for each smulation day. The
verticaly-averaged predicted and observed temperatures on the 12 km domain were 6.6°C and 6.0°C,
respectively. The mean predicted and observed wind aoft wind speeds were 10.0 ms* and 9.1 ms”,
producing a 10% discrepancy.

9.2 Scientific Evaluation Summary

The precipitation evauation of the sx UAH episodes will be done for the episodes as a whole using the
results shown in Figure 9-1. Figure 9-1 isaplot of the equitable threat scores taken from the rainfall

satistics tables from each episode. As expected the best performance was for the February 1994 and
March 1993 episodes with maximum scores of 0.20-0.30 where the synoptic Stuation was strongly

baroclinic and convective precipitation was minimized across the 12-km domain. All the other episodes
which were in the warm season had maximum scores of 0.15 or less. Regardless of the episode very little
skill was observed as the threshold approached 25 mm. While these are admittedly poor scoresthey are
congstent with the current state of mesoscale numerica weether prediction. Thisis discussed further in
section 9.3.
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Figure9-1. Equitablethreat scoresfor all UAH episodes based on 6-h precipitation amountsfrom the
12-km grid interpolated to all NWS sites within the 12-km grid.

921 3-12 August 1993

Rain occurred on 8 of the 10 days of the August 1993 episode. The maximum observed total daily

precipitation a any rain gauge varied between 9 mm and 119 mm with an episode mean of 50 mm. RAMS
predicted a range of rainfal of 11.5 mm to 102.7 mm with an episode mean of 40.3 mm. The mean

observed and predicted precipitation across dl rain gauges was 5.3 mm and 6.7 mm, yielding an overdl

discrepancy of 26% which represents excellent agreement for amesoscale prognostic model. Thebiasin
daly ranfdl predictions ranges from —0.30 mm to 10.38 mm with an episode mean of .9 mm. Only on5
Augug did the mode experience significant difficulty reproducing the daily rainfal totals. The daly gross
erorsin rainfal ranged between 0.41 mm and 13.91 mm with an episode mean of 5.8 mm. Overdl, the
model did an excellent job of smulating the daily and episode average rainfal totals. With the exception of

the modest over-prediction on 5 August, the day-to-day rainfal predictions match the observations very

closdly in this comparison.

Scatter plotsof predicted and observed daily total precipitation underscored the need for multipledatistical

and grephicd tools when evduating the performance of complex atmospheric modds. While the spatia

time series plots suggested very good mode performance based on averages acrossal monitoring sations,
the scatter plots revealed that this good agreement came as the result of cancellation of model over- and
under-predictions at the numerous individua monitors. Visua inspection of the scatter plotsreveded little
correlation between the various reporting stes. While RAMS did a credible job of estimating the tota

precipitation acrossthe 12 km domain on each day during the August 1993 episode, the spatia distribution
of rainfdl events exhibited much less kill.
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9.2.2 22-29 June 1992

Rain occurred on 5 of the 8 days during the June 1992 episode. The maximum daily precipitation at any
rain gauge varied between 4 mm and 122 mm with an episode mean of 53.8 mm. RAM Spredicted arange
of dally maximum rainfdl totals from 9 mm to 110.5 mm with an episode mean of 41.7 mm. The mean
observed and predicted precipitation across dl rain gauges was 2.9 mm and 3.9 mm, yielding an overdl

discrepancy of 35%. The bias in daily rainfal predictions ranges from —0.60 mm to 4.82 mm with an

episode mean of 0.9 mm. Only on 27 June did the mode experience sgnificant difficulty reproducing the
daily rainfall totals as evidenced by bias and error scores of 4.82 mm and 11.57 mm, respectively. The
daly gross errors in rainfdl ranged between 0.23 mm and 11.57 mm with an episode mean of 4 mm.

Overdl, themodd did agood job of smulating the daily and episode averagerainfal totalswhen averaged
across dl monitoring stations. With the exception of the 50% over-prediction on 27 June, the day-to-day
ranfal predictions matched the observations very closdy in this comparison. While the spatid time series
suggested good modd performance (based on averages across dl monitoring stations), the scatter plots of
dally precipitation at specific monitoring stations again revealed poor correlation between prediction and
observation a theindividua reporting sStes. Thus, aswiththe August 1993 episode, RAMSdid acredible
job of estimating thetota preci pitation when averaged across the monitoring network on each episode day
but the model’ s ability to predict the exact rainfdl amounts paired in time and space with specific monitors
was generaly poor.

923 24 April—3May 1995

Rain occurred on 8 of the 10 days during the 24 April — 3 May 1995 episode. The maximum daily

precipitation at any rain gauge varied between 3 mm and 48 mm with an episode mean of 21 mm. RAMS
predicted arange of daily maximum rainfal totalsfrom 2 mmto 38.6 mm with an episode mean of 20.1 mm.
The mean observed and predicted precipitation acrossdl rain gaugeswas2.5 mmand 4.1 mm, yiddingan
overdl discrepancy of 64% which condiitutesfair agreement. RAMS performancein predicting rainfal for
thisepisodeis poorer than for the August 1993 and July 1992 episodes. Thebiasindaily rainfal prediction
ranges from —5.95 mm to 10.23 mm with an episode mean of 1.5 mm. On May 1% and 2™, RAMSover-

predicted the mean daily rainfall amounts by 10.5 mm and 5.9 mm, respectively. The daly grosserrorsin
rainfal ranged between 0.02 mm and 10.63 mm with an episode mean of 3.5 mm. Overdl, themode dida
far job of amulating the dally and episode average rainfadl totals when averaged across al monitoring

gations. With the exception of the Sgnificant over-prediction on 1 May and 2 May the day-to-day rainfdl

predictions matched the observations closely in this comparison even though the scatter plots suggested

generdly poor correlation between prediction and observation at the individua reporting Sites.

93 Conclusions

Appendix 3 compares some of the SAMI episodeswith previousMM5 and RAMS smulationsthey have
peformed. It is dso indructive to compare the SAMI smulations with some datistics for current
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operationd numerical weether prediction modd sused by the Nationa Centersfor Environmenta Predidion
(NCEP). Figure 9-2 shows equitable threat and bias scores for precipitation for May 2000 for various
modelsfor theentire United States. The statisticsare based on 48-h forecastsverifying at 0000 UTC of 3-
h precipitation amounts. Maximum equitable threat scores are on the order of 0.15. Very little skill is
observed asthe 1 inch threshold is approached. Bias scores show an over-prediction of 0.10 inch amounts
and lessand then agenera under-prediction of precipitation for larger values. While operationa modelsdo
not have the luxury of nudging towards observations, these satistics fill have rdlevance for evauating the
SAMI smulations. Over the 12-km domain practically no nudging was performed above the surface and
even the surface nudging schemeis not able to correct for issues such as cloud location and depth. So for
weak-flow conditions with convection being the dominant precipitation mode the SAMI smulations face
very smilar difficulties as the operationd modds. If one were to investigate the performance of NCEP
modelsfor other months (http://sgi62.wwhb.noaa.gov:8080/scores) one would observe maximum equitable
threat scores during the cool season on the order of 0.40 and even smdler vauesthan the May plot in
Figure 9-2 for the summer months. So, in conclusion, the equitable threat precipitation scoresin Figure 9-1
for the UAH SAMI episodes are very smilar to current NCEP modd performance. Itislikely that asmilar
andysis of the precipitation results for the three AG episodes would have smilar conclusions.

An example of near-surface temperature performance by operationd modelsisgiven by Figure 9-3 for the
approximate period of 21 May to 4 June 2001. The Statisticsare based on 48-hforecagtsverifying at 0000
UTC for the southern Midwest which coversthefollowing region: al of Arkansas, Alabama, Mississippi,
and Louisana, most of Tennessee; and the extreme eastern portions of Oklahoma and Texas. As an

example the Etamodd typicaly had daily bias errors on the order of +3°C and RMSE vauesof 2t06°C
for this period. The average bias and RMSE for this period and areawere near 1 and 3°C, respectively.
Figure9-4isasmilar plot for the sametime period but for near- surface wind speed performance. Againas
an example the Etamode had daily bias errors on the order of +3ms™ and RMSE valuesof 3to8ms™.

The average bias and RMSE for this period and area were near 1 and 5 m s, respectively. The near-

surface bias and RM SE vauesfor the same variablesfor al the SAMI episodes were near or below these
vaues. The operationa models face smilar difficulties as research models gpplications (SAMI, for

example) including areas such as correct prediction of precipitation, soil moistureissues, and cloud location
and depth.

Finaly, the issue of good modd performance in weak surface wind regimes has been mentioned severd

timesin this report. Figure 9-5 shows the grand mean observed wind speed a 10 m for dl of the UAH
episodes. If the AG episodes had been included it islikely that the average over the southeastern United
States would be even less than shown since the AG periods were warm season events. Figure 9-5 shows
that alarge portionof the 12-km grid had observed mean wind speedsof 2.5ms™ or less. If oneconsiders
only the surface geostrophic constraintswith respect to temperature, awind speed of 2.5 ms™ corresponds
to a temperature change across 12 km on the order of only 0.01°C. Thisis one reason why model

performance is degraded during weak wind conditions.
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Figure9-2. Equitable threat and bias scoresfor various NCEP modelsfor May 2000. The statistics are
based on 48-h forecasts verifying at 0000 UTC of 3-h precipitation amountsfor the entire United States
for thresholds up to 1 inch. Curves and their respective meanings and colors are: 1) the Aviation
model (AVN), red; 2) the Eta model (ETA), green; and 3) the Nested grid Model (NGM), blue. This

graphic was acquired at the following web site: http://sgi62.wwb.noaa.gov:8080/scores.
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Figure 9-3 Biasand RMSE values (°C) for various NCEP models for the approximate period of 21 May to 4
June 2001 for near-surface temperatures. The statistics are based on 48-h forecasts verifying at 0000 UTC
for the southern Midwest which covers the following region: al of Arkansas, Alabama, Mississippi, and
Louisiana; most of Tennessee; and the extreme eastern portions of Oklahomaand Texas. Curves and their
respective meanings and colorsare: 1) the Aviation model (AVN), purple; 2) the Etamodel (ETA), blue;
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and 3) the Nested grid Model (NGM), green. This graphic was acquired at the following web site:
http://sgi62.wwb.noaa.gov:8080/V SDB.
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Figure 9-4. Biasand RMSE values (m s™) for various NCEP modelsfor the approximate period of 21 May to 4
June 2001 for near-surface wind speeds. The statistics are based on 48-h forecasts verifying at 0000 UTC for
the southern Midwest which covers the following region: all of Arkansas, Alabama, Mississippi, and
Louisiana; most of Tennessee; and the extreme eastern portions of Oklahomaand Texas. Curves and their
respective meanings and colorsare: 1) the Aviation model (AVN), purple; 2) the Etamodel (ETA), blue; and 3)
the Nested grid Model (NGM), green. This graphic was acquired at the following web site:
http://sgi62.wwh.noaa.gov:8080/V SDB.
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1.5

Figure 9-5. Grand average observed mean wind speed at 10 minms™ for all UAH episodes for the 96-
km grid. Hourly observationsfor all daysand all episodes were used.

9.3.1 Aloft Windsand Temperatures

The predicted and observed vertically averaged temperatures, wind speeds and wind directions for each
SAMI episode were examined and the agreement between these doft fields was generally quite good.

While part of this good agreement is smply due to the fact that aoft temperature and wind observations
from the NWS radiosondes were employed in the RAMS FDDA nudging schemes, the actud weighting
coefficients used in the nudging were smd| so that the RAMS fields were not under a heavy condraint to
match the observationslocaly. Thegood agreement in aoft performanceisquite consistent with severd of
the other MM5 and RAMS eva uation studies reported in the recent literature and gives some confidence
that the modeled wind patterns are areasonable.

Lack of high-resolution special meteorologica measurements during the SAMI episodes precluded a
detailed scientific evduation of the RAMS modd performance. Examination of the modd’s ability to
smulate liquid precipitation on adally and a 9x-hourly bassindicated thet for virtualy al of the episodes
studied the modd did a good to excelent job of smulaing the daily and episode average rainfdl totas
across the 12-km domain. While the spatia time series plots suggested very good modd performance
based on averages across dl monitoring gations, the performance of the model at individua monitoring
stations and on specific days had much grester uncertainty. In most cases, scatter plots of daily averaged
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precipitation at the individuad monitoring dations reveded little correaion between prediction and
observation. Nevertheless, themode’ spredictionsfor precipitation on daily time scaesand regiond spetid
scadeswasencouraging. Theredid not gppear to be any substantialy incorrect features of the precipitation
results that would suggest the presence of a serioudy flawed prognostic modd smulation for any of the
SAMI episodes.

Based the operationd and scientific eva uation results presented in thisreport and thefindings of our review
of other contemporary RAM Sand MM5 eva uation studiesreported in the recent literature, wefindtha the
nine (9) SAMI RAMS smulatiions are eadly representative of the level of performance in wind,
temperature, mixing ratio and preci pitation exhibited by contemporary state- of- science prognostic models.
We find no reason to disquaify any of the nine meteorological episodes at thistime for use in supporting
regiona photochemica and/or aerosol caculations with the SAMI URM-1ATM modeling system.

9.4 Adequacy of the SAMI Meteorological M odeling for Air Quality Modeling

One of the most important questions addressed in thisreport concernswhether the RAM S meteorol ogical
fields are adequate for ther intended use in supporting the acid deposition modeling in SAMI. For the
reasons discussed below, we are not able to answer this question definitively, yet a Sgnificant amount of
information has been develop that, we believe, should be of useto SAMI decision-makersinthar effortsto
asessthe overdl rdiability and usefulness of the RAM S meteorologicad modeing results for public policy
making. Asdemonstrated below, we believethe RAM S modding resultsare suitablefor useinthe UAM-
AERO acid deposition modeing athough a number of important questions remain to be answered fully.

There isno amply way to answer the question of whether the RAM S fields are adequate as input to the
SAMI acid deposition modd. Firgt, there are no commonly accepted performance benchmarks for

prognostic meteorological mode sthat, if passed, would dlow oneto declarethe RAM Sfields appropriate
for use. For complex atmospheric modeling problems like the ones being addressed by SAMI, itisquite
doubtful that a set of quantitative performance criteriawill ever be completdy sufficient. The question of
meteorologica data set adequacy depends, at a minimum, uponthe specific host emissonsand air quality
modds (EMS-95, URM-AERO in this instance) and the nature of the modeing episodes being used.

Meteorologica fidds that might be adequate for use in the UAM-V modd for an OTAG episode, for
example, may be quitedeficient in an episodefor SAMI sincethe specific needs of theair quality modd and
the particular chemica and physical processes that must be smulated are different. Thus, quantitative
datisticd and graphica performance criteria, though helpful, areinherently insufficent inaiding moddersand
decison-makers in deciding whether meteorological fields are adequate for air quality modeling. Other
congderations must be brought to bear. Below, we present and then work through a process whereby the
adequacy of the RAMS fidds for use in the SAMI acid deposition modeling can be evduated. This
process builds upon the more genera evaluation process outlined by Roth, Tesche and Reynolds (1998)
and recent suggestions by Tesche et d., (2001) and Emery et d., (2001) on potentialy ussful mode

performance benchmarks.

9.4.1 Framingthe Questionsto Be Addressed
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Usudly ar qudity smulations are quite sendtive to meteorologicd fidds. Where this sengtivity is
anticipated, it is important to make an effort to develop as accurate a representation of meteorologica
variablesaspossible. Specid featuresof theflow fields, such aseddies, nocturnd jets, drainageflows, land-
sea or land-bay breezes, and verticd circulaions should be adequately characterized through the
meteorologica modeling. In circumstances where there are sgnificant trangtions in the meteorologica
variables over short distances, such asaong shorelines or in areas of hilly terrain, the need for finer spatia
resolution that is typicaly specified must be considered. If inadequate attention and care are accorded
meteorologicad modding, there is asgnificant risk of developing an inaccurate representation that will be
propagated into the emissons and air qudity models.

Severd questions should be addressed for the specific gpplication. Examples of these questions are as
follows

Appropriateness of Model Selection:

> Modeling Requirements: Was a carefully written characterization made of the most important
physca and chemica processesrelevant to successful air quality modeling of each episode (eg., a
“conceptud modd” of each smulation period)?

> Model Selection: Did the modd sdlection process ensure that a suitable modeing system was
chosen, properly weighing the need for mature, well-tested, publicly-available modd (s) againg the
congraintsof the gpecific modding problem, characteristics of the episodesto besmulated, and the
limitations of schedule and resources?

> M odel Formulation Review: Wasarigorous eva uation and inter- comparison made betweenthe
scientific formulation of the proposed meteorol ogical modeling system (source codes plus pre- and
post-processors) versus dternative contemporary prognostic models via an open, thorough
sciertific review process?

> Code Verification: Wasthefiddity of the computer coding of the proposed modd confirmed with
respect to its scientific formulation, governing equations, and numerica solution procedures?

| dentification of Air Quality Model Needs:

> Air Quality Input Needs. Werethe meteorologica input needs of thehost air quaity model and
supporting emissons models (e.g., biogenic, motor vehicle, area source processors) clearly
identified including specification of the requiste averaging times and nested grid scaes for the
specific modeling episodes?

> Air Quality Model Sensitivities. Wasthe air quality modd’ s sengtivity to key meteorologica
inputs established through careful consderation (including air quaity modd sengtivity/uncertainty
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amulations) of the relevant modeling episodes over the specific domain of interest? Wasthe effect
of uncertainty in those meteorologica inputs to which the air quaity model is demondtrated to be
most sendtive adequatdy defined through appropriate numerica experiments or from previous
relevant sudies?

Note: Identification of ar quaity modd needs is a crucid step in the meteorological model

evauation process, yet itismost often performed superficidly if a al. Pragmeatic condrantsof time
and resources necessitate that efforts be directed at achieving the best possible meteorological

performance for those variables that matter most to the overdl accuracy and reliability of the air
quaity modd. There is little practica benefit to be gained in devoting consderable time to
improving the accurecy of a particular meteorologica variable if the ar quaity mode — in the
specific application a hand -- isinsengtivetothat variable. Particular atention should begivento
those meteorological variablesthat havethelargest uncertainty and towhichtheair qudity moded is
mogt sendtive.  This chdlenge can be paticulaly formidable when deding with
photochemical/aerosol model swhose concentration and/or deposition estimates depend on severd

meteorological  varidbles (mixing, transport, thermodynamic properties, precipitation)
Smultaneoudy.

Availability of Supporting Data Bases:

>

Adeguate Data Available: Were sufficient dataavailableto test, at the ground anddoft and over
al nested grid scales of importance, themode’ s dynamic, thermodynamic, and preci pitation-rdated
fidds?

All Data Used: Wasthefull richnessof theavallable database actudly utilized intheinput datafile
development, in FDDA, and in the eva uation of model performance?

Note: One of the main congderations underlying selection of modeling episodes for regulatory
decison-meaking istheavailability of specid data collection programsto supplement the surfaceand
aoft data routindy available from state and federal agencies. While attempts are made to select
modeling episodes that coincide with intensive field measurement programs, in these Stuationsit is
common that the full set of supplemental measurements are not used thoroughly inthe modd input
development and performance testing phases. At times, the avalability of ‘high-resolution’
databases is touted in support of a particular episode selection choice yet when the modding is
actualy performed and evduated, only a fraction of the specid studiesdataare actudly used. This
is mogt notably the case with air quality and meteorologica data collected by doft sampling
plaforms.  Unless the high-resolution data are actudly used to enhance the modding and
performance testing, their vaue is saverdy limited. Equaly troublesome, sdection of other
candidate modeling days (supported by only routine information) may be overlooked which might
otherwise be preferable modeling periodsif a concerted effort to utilize specia Sudiesdataisnot
made. Findly, as desrable as having supplementa meteorologicd measurements might be, unless
the sampling was performed in the correct regionsand includesthe variables of primary importance
to theair quality modd, their potentia to add meaningfully to therigor of the modeling exercisewill
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belimited. Thus, when judging the vaue of supplemental measurement programs, it isnecessary to
look beyond just their mere existence (relative to non-intensvely monitored days); one must
establish that these intensve data set indeed contribute to improved modd performance and
increased rdligbility. Thisnecessitatesafeedback loop totheair quality modding exerciseto ensure
that thetimes, locations, and parameters associ ated with the supplementa measurementstruly add
to the overdl qudity and rigor of the study.

Results of Operational, Diagnostic, and Scientific Evaluations:

>

Full Modd’s Predictive Performance: Was a full suite of datisticd measures, graphica
procedures, and phenomenol ogica explorations performed with each of the model s tate variables
and diagnosed quantitiesfor each pertinent grid nest to portray mode performance againg available
observations and against model estimates from other relevant prognostic Smulation exercises?

Performance of Individual Modules. Was there an adequate evaluation of the predictive
performance of individual process modules and preprocessor modules (e.g., advection scheme,
sub-grid scale processes, closure schemes, planetary boundary layer parameterization, FDDA
methodol ogy)?

Diagnostic Testing: Were sufficient and meaningful diagnogtic, sengtivity, and uncertainty
andyses performed to assure conformance of the meteorologicad modeling system with known or
expected behavior in the red world?

Mapping M ethods. Werepardld evauations made of: (a) the output from the prognostic model
and (b) the output fromthe mapping’ routinesthat interpol ate the prognostic model output onto the
hogt ar qudity modd’s grid structure? Were any important differences between the two
reconciled?

Quality Assurance: Wasacredible quality assurance (QA) activity implemented covering both
the prognostic modeling activity as wdl as the mapping programs that generate air qudity-ready
meteorologica inputs? Was the full st of hourly, three-dimensond fidds examined for
reasonableness even though observationd data for comparison were lacking or in short supply?

Note: Such anintensive performance evaluation processisrardly, if ever, carried out dueto time, resource
and data base limitations. Neverthdess, it is useful to identify the ideal evauation framework so that the
results of the actual evauation can bejudged in the proper perspective. Thisaso alowsdecision-makers
to establish reditic expectations regarding the level of accuracy and reliability associated with the
meteorologica and air quaity modeling process.

Comparison with Other Relevant Studies:
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>

Comparisonswith Other Studies. Were the modd evduation results (dtatisticd, graphicd,

and phenomenologica) compared with other smilar gpplications of the same and aternative prognostic
models to identify areas of commondity and instances of differences between modeing platforms?

Note: Reflecting limited datasetsfor performancetesting and reliable ariteriafor judgingamodd’s
performance, meteorologica modd evauationsin recent years have emphas zed comparisonswith
other RAMS and MM5 smulations over various modeling domains and episode types asameans
of broadening the scope of the evduation. Whilethisinaght into the mode’ s performance—when
gauged againgt other smilar applications—isuseful, caution must attend such comparisonswhich at
timesare at best anecdotal. Often thereporting of previous evauations entails grosdy composited
performance statistics (episode averages or averages across episodes, for example), data bases
and modding efforts of widdy varying and often unreported qudity, different mathematica
definitions of gatigtical quantities, and so on. Thus, these comparisons with other studies, while
occasondly providing useful perspective, are by no meanssufficient for declaring ameteorological

model’s performance to be rdliable and acceptable in a particular application. Moreover,

meteorologica modd eva uation benchmarks developed on the basis of such hitoricd evauation
studies must dso be gpplied thoughtfully with these limitations in mind.

Peer Review of Specific Modeling Exercise(s):

>

Scope of Peer Review. Wasan adequate, properly-funded, independent, in-depth peer review of
the modd set-up, application, and performance eva uation efforts conducted?

Findings of Peer Review. Was the effort judged acceptable by the peer-review?

Note: Prognostic modeling requires consderable attention to detail, careful identification of

options, and complete involvement in the work. Even with this commitment, critical aspects of a
modeling exercise may betreated inadequately or overlooked, most often asthe result of schedule
or resource condraints. Consequently, an examination of the meteorological modeling effort

conducted a arm’s length by individuas with gppropriate expertise and who have no persond

involvement in the work can be essentia to avoiding inadvertent oversightsand problems. Sucha
peer review of the effort provides another check on the work asawhole. If concerns are raised
about the rdiability of the modding, yet meteorological modeling results are to be used in gpplying
ar quality model s despite these concerns (e.g., dueto project schedule demands), the peer review
can assg in suggesting to decision-makersthe weight to be given the overdl air qudity resultsthe
planning and management context.

Often, when a professional paper iswritten describing the modeing study, it under goes

“peer review” by thejournal. Such effortsdo not constitute the review suggested here.

Journal peer review usually entails a reading of the paper, thoughtful reflection, and

written commentary, perhaps a 4- to 12-hour effort. Moreover, reporting in the

professional literature is necessarily condensed, and much of the detail that should be

scrutinized isomitted. Thisisespecially truefor complex atmaospheric modeling proj ects.
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Peer review for pre-print volumes (e.g.,, American Meteorological Society or Air and
Waste M anagement Association conferences) iseven lessrigor ous, often consisting of a
cursory reading of the paper by the Session Chairperson. Peer review, as used here,
refersto detailed examination and evaluation of the work conducted by expertsin the
field. Such experts are generally, but not limited to, those with considerable direct
experience in the development, evaluation, and application of the same or very smilar
meteorological models. This in depth review entails the independent scientists (a)
thor oughly examining the conceptual model(s) and modeling protocols prepared for the
study, (b) obtaining and examining the details of themode input and output files, and (c) in
many cases even running the pre- and post-processor codes and the main smulation
programs to corroborate reproducibility of results and to explore inevitable technical
issues that arise in such comprehensive reviews. In essence, peer review refersto
immersing onesdlf in the materials provided. Such an effort can take several weeksto
carry out properly.

Overall Assessment:

>

Overall Reasonableness. Has an adequate effort been made to evaduate the qudity of

representation of meteorologicd fields generated using the meteorologicd modd, as reveded by the full
siteof datistica, graphica, phenomenologicd, diagnostic, senstivity, and uncertainty investigations? What
were the strengths and limitations of the actud modd performance eva uation?

>

Fulfillment of Air Quality Model Needs: How well are the fidlds represented, particularly in
areas and under conditions for which the air quaity modd islikdly to be sengtive?

Appropriate Mode: Was a sound and suitable meteorologica modeling system adopted?

Adeguate Data Base: Was the supporting database adequate to meet input and evauation
needs?

Adeguate Application Procedures. WasFour Dimensond DataAssmilation (FDDA) apart of
the overal modeing gpproach and were sufficient dataavailable to support the activity adequately?

Quality Assurance: Were error-checking procedures ingdtituted, followed, and the results
reported?

Performance Evaluation: Were suitable procedures specified and adopted for evauating the
qudity (eg., accuracy, precison, and uncertainty) of modd estimates?

Judging the Overall Process. Werethe criteria (i.e., benchmarks) used to judge performance
aopropriate for the specific air quaity modd application, rigoroudy applied, and properly
communicated?
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9.4.2 Comparison of SAMI RAM S Performance Against Newly Proposed M eteor ological
Model Performance Benchmarks

As discussed previoudy, there are no currently accepted performance criteria for prognostic
meteor ological models. In addition, thereisvalid concern that establishment of such criteria,
unlessaccompanied with a car eful evaluation processsuch astheoneoutlinein thissection might
lead to the misuse of such goals as is occasionally the case with the accuracy, bias, and error
satistics recommended by EPA for judging photochemical dispersion models. In spite of this
concer n, thereremainsnonethelesstheneed for somebenchmar ksagainst which to comparenew
prognostic model smulations.

In Table 8-4 we previoudy presented the RAMS episode-average temperature, wind, and mixing ratio
gatistics on the 12 km grid for 7 SAMI episodes and compared them with corresponding results from
twenty-one (21) other RAMS and MM5 modd eval uation studies we have conducted since 1995. Since
thetimethe draft report was prepared, the MM5/RAM S mode eval uation data base has been extended to
forty-one (41) studies (Tesche et al., 2002). The basic conclusions drawn in Chapter 8 based on the
comparisonsin Table 8-4 remain vaid with this larger data set.

Intwo recent sudies(Tescheet d., 2001b; Emery et d., 2001), an attempt has been madeto formulate a
set meteorol ogical mode eva uation benchmarks based on the most recent modd evauation literature. The
purpose of these benchmarksisnot to assgn apassing or failing gradeto aparticular meteorologica mode
gpplication, but rather to put itsresultsinto auseful context. These benchmarks may be hel pful to decison
makersin understanding how poor or good their results arereative to the range of other model gpplications
in other areas of the U.S. Certainly an important criticism of the EPA guidance Statistics for acceptable
photochemical performanceisthat they are reied upon much too heavily to establish an acceptable (to the
EPA) modd smulation of agiven areaand episode. Oftenlogt inroutine satistical ozonemodel evauations
istheneedto critically evauate dl aspects of the modd viathe diagnostic and process- oriented approaches.
The same must stressed for the meteorologicd performance evaluation. Thus, the appropriateness and
adequacy of thefollowing benchmarks should be carefully consdered based upon the results of the specific
meteorologicd moded gpplication being examined. Based upon these consderations, the benchmarks
suggested from the studies of Emery et d, (2001) and Tesche et d., (2001) are asfollows:

Parameter Measure Benchmark
Wind Speed RM SE: < 2mis
Bias: < x0.5m/s
|OA: 3 06
Wind Direction GrossError: < 30deg
Bias: < +10deg
Temperature GrossError: < 2K
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Bias: < +05K

|OA 3 08
Humidity GrossError: < 2g/kg

Bias: < +*1 g/kg

|OA: 3 06

Table 9-4 presentsthe results of comparing the seven SAMI RAM S episode average Satistical results (for
those gatigtics that were produced in this study) with the proposed meteorologica modeding benchmarks.
Cdllsin thetable colored salmon correspond to those epi sodes and meteorol ogica variablesthat fall ousde
of thebenchmark ranges. From thetable, saverd of the surfacetemperature biasand error vauelie outsde
the benchmark ranges as do the RMSE errors for surface winds. Compared with the benchmarks, the
SAMI temperature Smulations exhibit a larger under-prediction and somewhat larger errors. Also, for
about half the episode, the RM SE winds are above the benchmark ranges. In only two instances (the 23-

31 March 93 and 8-13 Feb ' 94 episodes) are the wind direction statistics noticeably poorer than the
benchmarks. The mixing ratio (pecific humidity) results are very good and well within the benchmark
ranges. The observed temperature under-prediction bias and the over-prediction bias (discussed in

Chapter 8) are perhaps the most noteworthy areas in which potentid impacts on the air quaity model

cdculations might be expected.

While one could speculate as to whether theses biases and errors might have an adverse impact ontheair
quality model, this would actualy have to be determined through ar quaity mode senstivity/uncertainty
andyses. We are unaware of the extent to which forma exercises of this nature were conducted in the
SAMI ar quaity modeding program. Absent thisinformation, judgments about the impacts, if any, on the
religbility of the air quality model estimates would be speculative. 1dedly, these temperature and wind
speed biases should be considered by the air quality modelers in their modd sengtivity and uncertainty
anayses.

9.4.3 Concluding Assessment of the SAMI RAM S Application

Table 9-5 presents the results of our effort to judge the adequacy of the RAM S meteorological modding
process for SAMI and the specific resultsfor the nine (9) episodes against the set of two-dozen questions
raised inthe preceding section. Our overdl conclusions about the adequacy of the RAM S modeling and the
reliability of the meteorologicd fields supplied to the URM-AERO modd are asfollows:.

> The SAMI meteorologica modding activity clearly selected an appropriate regiona prognostic
mode for usein the assessment;

> The RAMS moddling was carried out in a logical, sound, well-documented manner that was
consstent with good scientific principles and the procedures commonly used in the application of
this sophisticated modd;

> The suite of evauation procedures employed to test the RAMS model were comprehensive and
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reflected severa different mode testing perspectives,

> The data base available to test the RAMS modd was extremdy limited, precluding a number of
meaningful, stressful tests of the modd to ascertain whether it suffers from interna, compensating
errors, asthe result, mode testing was confined principaly to an operationad evaluation;

> Generdly, the RAMS performance for surface and doft winds, temperatures, mixing ratios, and
precipitation are condgstent with contemporary modeling experience and with new proposed
evauation benchmarks;

> In some cases, notably the under-prediction biasfor surface temperature and over-prediction bias
for surface wind speed, the RAM S modd exhibits (for some episodes) featuresthat could have an
effect on the air quality model estimates, however, this has not been verified through senstivity
experiments with the URM-AERO modeling system to demonstrate that these biases are indeed
important. In other cases, notably mixing ratio, the RAMS performance was much better than is
typicaly encountered with modeling of this complexity; and

> None of the performance testing results conducted have reveded flawsin RAM S performance of
such a magnitude as to clearly indicate the presence of errors that would render the model
ingppropriate for use asinput to regiona ar quality models.

We conclude that the RAM S meteorologica fields may be used, with appropriate cautions, to drive the

regiond emissons and photochemical/aerosol models for each of the episodes selected for the SAMI
assessment.
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Table9-4. SAM| Modding Results Compar ed with the Proposed Benchmarks.

Episode Temperature, (deg C) Mix Ratio, (gm/Kg) Surface Winds (m/s)
Bias Error Bias Error RM SE Indx A WDir Error

1 [24-29May '95 -1.0 1.9 0.0 0.8 1.90 0.76 13
2 [11-17May'93 -1.5 2.1 0.0 0.8 1.90 0.76 6
3 [23-31Mar '93 -1.3 2.2 0.0 0.6 2.27 0.74 100
4 |8-13Feb'94 0.5 2.1 0.0 0.4 2.76 0.72 103
5 [3-12Aug'93 -04 16 -0.6 11 2.18 0.75 25
6 [22-29 Jun'92 -1.1 18 0.0 1.0 1.89 0.75 20
7 [24Ap-3My '91 -0.8 1.8 -0.1 0.7 2.35 0.81 4

Benchmark <+05 <20 <+10 <20 <2.00 >0.60 <30

SAMI Mean -0.8 19 -0.1 0.8 2.18 0.76 39

U. S. Mean -0.1 19 0.0 19 1.95 0.70 25
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Table9-5. Assessment of the RAMS Meteorological Fields As Input to the SAMI URM -AERO Acid Deposition Model.

No.

Question

Assessment

Appropriateness of Model Selection

Was a careful written characterization made of the most important physical
and chemical processes relevant to successful air quality modeling of each
episode (e.g., a“ conceptual model” of each simulation period)?

No. Seethe SAMI Air Quality Modeling Protocol by Russell et al. (1998).

Did the model selection process ensure that a suitable modeling system was
chosen, properly weighing the need for mature, well-tested, publicly-avaleble
model(s) against the constraints of the specific modeling problem,
characteristics of the episodes to be simulated, and the limitations of
schedul e and resources?

Yes. Given the fact that the episodes selected involved periods of light to heavy
precipitation, the RAMS model was a sound choice. While the RAMS model was
proprietary at the time SAMI began, it was possible for independent groups to obtain
rights to use the code at a cost.

Was arigorous evaluation and i nter-comparison made between the scientific
formulation of the proposed meteorological modeling system (source codes
plus pre- and post-processors) versus alternative contemporary prognostic
models via an open, thorough scientific review process?

No. We are not aware of any detailed comparisons being performed between RAMS
and alternative models (e.g., MM5) including their respective pre- and post{rocessor
systems. Model selection was based on general attributes of the RAMS model and
the extensive experience of the SAMI contractor (UAH) in exercising this model.

Was the fidelity of the computer coding of the proposed model to the
scientific formulation, governing equations, and numerical solution
procedures adequately examined and confirmed?

The RAMS modeling system is well established with a rich development and
refinement history spanning more than two decades. The model has seen extensve
use worldwide by many agencies, consultants, university scientists and research
groups. The current version of the model and its predecessor versions have been
extensively "peer-reviewed" and considerable algorithm development and module
testing has been carried out with all of the important process components.

Identification of Air Quality Model Needs

Were the meteorological input needs of the host air quality model and
supporting emissions models (e.g., biogenic, motor vehicle, area source
processors) clearly identified including specification of the requisite average
times and nested grid scales for the specific modeling episodes?

No. Seethe SAMI Meteorological Modeling Protocol by Norris and Doty (1998).

Was the air quality model’s sensitivity to key meteorological inputs
established through careful consideration (including air quality model
sensitivity/uncertainty simulations) of the relevant modeling episodes over
the specific domain of interest? Was the effect of uncertainty in those
meteorological inputs to which the air quality model is demonstrated to be
most sensitive adequately defined through appropriate numerical experiments
or from previous relevant studies?

No. The SAMI URM-AERO model was still undergoing final development a thetime
the RAMS model applications were initiated. While there was anecdotal information
about the URM’s sensitivity to key model inputs, no domain- or episode-specific
information was devel oped to help identify the subset of RAM S outputs that were
most critical to the UAM-AERO gas-phase, secondary aerosol, or acid deposition
predictions.

Availability of Supporting Data Bases

Were sufficient data available to test, at the ground and aloft and over all
nested grid scales of importance, the model’ s dynamic, thermodynamic, and

No. Datawere adequate to set up, operate, and evaluate (operationally) the RAMS
model with standard surface and aloft NWS data sets and other information from
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precipitation-related fields?

established surface reporting networks (e.g., TVA precip. sites). No supplemental
meteorological data sets, particularly for aloft processes, were available.

Was the full richness of the available data base actually utilized in the input
datafile development, in FDDA, and inthe evauation of model performance?

No. Some supplemental data setswere available.

Results of Operational, Diagnostic, and Scientific Evaluations

Was a full suite of statistical measures, graphical procedures, and
phenomenological explorations performed with each of the model’s state
variables and diagnosed quantities for each pertinent grid nest to portray
performance against available observations and estimates from other relevant
prognostic modeling exercises?

Yes, for the most part. An extensive set of operational evaluation statistics and
graphical displayswere produced focusing on point comparisons, residual analyses,
and comparisons between spatial fields of measurements and predictions. The
operational evaluationswere carried out at all RAMS spatial scales but the level of
analysis and reporting varied from one grid scale to the next. The 12 km scale
received the greatest attention.

10

Was there an adequate eval uation of the predictive performance of individual
process modules and preprocessor modules (e.g., advection scheme, sub-
grid scale processes, closure schemes, planetary boundary layer
parameterization, FDDA methodology)?

No. Lack of datato perform these experiments and SAMI schedule and resource
allocations prevented these explorations from being carried out.

11

Were sufficient and meaningful diagnostic, sensitivity, and uncertainty
analyses performed to assure conformance of the meteorological modeling
system with known or expected behavior in the real world?

Very limited. Detailed diagnostic sensitivity experimentswere performed with afew
episodes (especially the first one) but subsequently, little diagnostic or sensitivity
experimentation was performed as the result of schedule and budget considerations.

Were parallel evaluations made of: (a) the output from the prognostic model
and (b) the output from the ‘mapping’ routines that interpolate the
prognostic model output onto the host air quality model’s grid structure?
Were sources of differences between the two reconciled?

No. SAMI schedule and resource constraints precluded an in-depth comparison of
“raw” RAMS output fields vs. the URM -ready meteorological fieldsresolved to the
air quality model grid mesh.

13

Was a credible quality assurance activity implemented covering both the
prognostic modeling activity aswell as the mapping programs that generate
air quality-ready meteorological inputs? Was the full set of hourly, three-
dimensional fields examined for reasonabl eness even though observational
datafor comparison are lacking or in short supply?

Partially. Quality assurance activities consisted principally of routine plotting of
surfacefields, calculation of summary statistics (to reveal outliers or anomalies), and
related graphical display methods to provide acursory check of the mode inputsand
outputs. However, once the datainput preparation procedures were established, the
RAMS input files were constructed mostly in a hands-off manner. Quality assurance
activities of the RAMS output fields was performed as an integral part of the
statistical and graphical performance examinations.

Comparison with Other Relevant Studies

14

Were the model evaluation results (statistical, graphical, and
phenomenological) compared with other similar applications of the ssmeand
aternative prognostic modelsto identify areas of commonality and instances
of differences between modeling platforms?

Partially. Episode average statistics over the 12 km grid were compared with thirty
four (34) RAMS and MM5 model applications elsewhere in the U.S., primarily
involving summertime ozone episodes with typical grid scalesin the 4 — 16kmrange
(See Table 84). No detailed comparisons were performed between the SAMI
episodes and others reported in the literature to elucidate areasof smilar paformance
and areas of disparate performance.

Peer Review of Specific Modeling Exer cise(s)

15

Was an adequate, properly funded, independent, in-depth peer review of the

No. SAMI schedule and resource constraints precluded a rigorous, independent
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model set-up, application, and performance eval uation efforts conducted?

peer-review of the RAMS meteorological modeling. Only avery limited-scope” pear”
review was conducted as the result of Alpine Geophysics modelers engagement in
the SAMI meteorological process to assist in the development of the three final
episodes. Thisallowed anindependent group to corroborate the UAH base case and
modeling methods. No substantive irregularitiesinthe UAH RAM S modeling were
uncovered in the work carried out by Alpine scientists.

16

Was the effort judged acceptable by the peer-review?

Not applicable since no formal peer review was performed.

Overall Assessment

17

Has an adequate effort been made to evaluate the quality of representation of
meteorological fields generated using the meteorological model, asrevea ed
by the full suite of statistical, graphical, phenomenological, diagnostic,
sensitivity, and uncertainty investigations? What were the strengths and
limitations of the actual model performance evaluation?

Generadly yes. One consequence of two different groups performing the
meteorol ogical modeling was that complimentary perspectiveswere brought to bear
on the performance evaluation portion. Thisinvolved: (a) ‘synoptic’ or broad-scae
perspective and (b) examination of thefidelity of model predictionsin the vicinity of

surface and aloft measurement sites within the planetary boundary layer. A rich
variety of analytical procedures, statistical metrics and graphical tools employed by
the two groups reflecting their particular perspective and experience in prognostic
model evaluation, led to complimentary and corroborating examinations of
performance and produced insightsinto the model’ s operation that would not be as
thoroughly examined via one approach alone. All of the statistical and graphical

presentation methods employed were used extensively and effectively in past

evaluations reported broadly in the literature.

18

How well are the fields represented, particularly in areas and under
conditions for which the air quality model islikely to be sensitive?

Uncertain. The SAMI schedule and resources precluded detailed exchange between
the meteorological and air quality modeling teams. The process was largely serial
with the meteorology being produced, followed by the air quality modeling. With the
exception of thefirst episode, there was very little opportunity for interaction among
the meteorological and air quality modelers to produce a sustained cycle of RAMS
diagnosis and performance improvement, followed by an investigation of the URM -
AERO model response, producing yet another round of meteorological model
diagnosis and performance improvement.

19

Was a sound and suitable meteorological modeling system adopted?

Yes. The RAMS model used inthe SAMI applicationisclearly representative of the
state-of-the-science in mesoscal e prognostic modeling for air quality applications.

Was the supporting database adequate to meet input and eval uation needs?

No. While the available data base was sufficient to set up, exercise, and evaluate
operationally the model, it was clearly deficient in supporting rigorous testing, aimed
at identifying potential sources of internal, compensating errors.

21

Was Four Dimensional Data Assimilation (FDDA) a part of the overall
modeling approach and were sufficient data available to support the activity
adequately?

Partidly. Theroutinely available datawere sufficient to utilize data assimilation in the
RAMS simulations. However, lack of high-resolution data(e.g., radar wind profilers)
and budget/time constraints precluded the infusion of this information into the
routine FDDA methodologies that were ultimately used.

Were error-checking procedures instituted, followed, and the results

Partially. The results of quality assurance activities were reported anecdotally during
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reported?

conference calls and project meetings but no formal chronology was archived of the
problems encountered and solutions rendered.

Were suitable procedures specified and adopted for evaluating the quality
(e.g., accuracy, precision, and uncertainty) of model estimates?

Partially. Very useful statistical measures and graphical procedures were employed to
quantify performance for key dynamic and thermodynamic variables (e.g., bias, gross
errors, root-mean-square-error, Index of Agreement, threat scores). However, little
guantitative information was produced relative to model uncertainty. No formal
uncertainty analysis was conducted of the RAMS simulations. Hence, the estimates
of “uncertainty” in the RAMS outputs are based on the ranges in the various
statistics (e.g., therange in the model’ s surface temperature bias over 9 episodes) as
compared to quantitative estimate of model uncertainty arising due to: (a)
formulation, (b) procedures for developing inputs or processing outputs, and (c)
measurement error and spatial representativeness i ssues.

24

Werethe criteria (benchmarks) used to judge performance appropriate for the
specific air quality model application, rigorously applied, and properly
communicated?

Partially. A credible effort was made to identify the key components of the
meteorological model evaluation process and to address each one subject to the
constraints of project schedule, resources, and the information available from the
meteorological and air quality modeling activities. Whilethe present SAMI RAMS
evaluation is arguably more comprehensive and systematic than any other previous
prognostic model evaluation study supporting air quality applications, many areas of
the evaluation were not adequately explored, principally as the result of these
limitations.
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9.5 In Summary

One of the most important questions addressed in thisreport concerns whether the RAM S meteorological
fields are adequate for ther intended use in supporting the acid deposition modeling in SAMI. For the
reasons discussed in Chapter 9, we are not able to answer thisquestion definitively, yet asignificant amount
of information was developed in this study that supports our finding that the RAMS moddling results are
suitable for use in the UAM-AERO acid deposition modding athough a number of important questions
remain to be answered fully.

There is no Imply way to answer definitively the question of whether the RAM S fields are adequate as
input to the SAMI acid depositionmodel. Thereare no universdly accepted performance benchmarksthat,
if passed, would adlow one to declare unequivocdly that the RAMS fidlds are gppropriate for use. For
complex amospheric modeing problems like the ones being addressed by SAMI, it is quite doubtful that
such a st of definitive performance criteria will ever be completdly sufficient.  The question of
meteorologica data set adequacy depends, at a minimum, upon the specific host emissonsand air quality
mode s and the nature of the modeling episodes being used. Meteorologicd fieds that might be adequate
for usein one Stuation may be quite deficient in another if the particular chemica and physica processes
that must be smulated aredifferent. Thus, quantitative statistical and graphica performance criteria, though
helpful, areinherently insufficient in telling modd ers and decison makers whether meteorologica fiddsare
adequate for ar quaity modeding. In this sudy, we developed and then gpplied a multi-step evauation
process whereby the adequacy of the RAMS fields for use in the SAMI acid deposition modeing was
eva uated.

In addition to comparing the SAMI results with alarge range of previous meteorologica mode evauation
gudies in the U.S,, we dso compared the RAMS evauation results with a recently proposed set of
meteorologicd modd evauation benchmarks based on the most recent mode evduation literature. While
these benchmarks are not aimed at assigning apassing or failing gradeto aparticular meteorological moddl
gpplication, they do help put the resultsinto auseful context for decison-makers. Based on these and other
analysesreported in Chapter 9, our overdl conclusionsregarding the adequacy of theRAM Smodding and
the reliability of the meteorologica fidds supplied to the URM-AERO mode are asfollows:

> The SAMI meteorologica modeling activity clearly sdected an appropriate regiond prognostic
modd for use in the assessment;

> The RAMS modeling was carried out in a logica, sound, well-documented manner that was
consstent with good scientific principles and the procedures commonly used in the application of
this sophigticated modd!;

> The suite of evauation procedures employed to test the RAMS mode were comprehensive and
reflected severa different mode testing perspectives,

> The data base avalable to test the RAMS modd was extremely limited, precluding a number of
meaningful, stressful tests of the model to ascertain whether it suffers from internal, compensating
errors, asthe result, mode testing was confined principaly to an operationa evaluation;

> Generdly, the RAMS performance for surface and doft winds, temperatures, mixing ratios, and
precipitation are consstent with contemporary modeing experience and with new proposed
evauation benchmarks,
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> |nsome cases, notably the under-prediction biasfor surface temperature and over-prediction bias
for surface wind speed, the RAM S model exhibits (for some episodes) featuresthat could have an
effect on the air quality model estimates, however, this has not been verified through sengtivity
experiments with the URM-AERO modeling system to demonstrate that these biases are indeed
important. In other cases, notably mixing ratio, the RAM S performance was much better than is
typicaly encountered with modeling of this complexity; and

> Noneof the performance testing results conducted have revealed flawsin RAMS performance of
such a magnitude as to dearly indicate the presence of errors that would render the model
ingppropriate for use asinput to regiona ar quality models.

We conclude that the RAM S meteorologica fields may be used, with appropriate cautions, asinput to the
regiond emissons and photochemical/aerosol models for each of the episodes selected for the SAMI
assessment.
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10. APPENDIX 1:
OUTPUT FROM EPISODE SELECTION SOFTWARE

The following is the episode software output for the 68 day Case 15 set of episode days. In order to get
the correct output for dl 3 pollutants, the software hasto berun twice. The 68 days should beinput to get
the errors and outputs for ozone and visbility. Then the full 80 days (68 days plus 11 non-rain days plus
940212) must be input to get the correct errors for the acid deposition episodes (the softwarewill only
provide acid deposition outputsif each 8 day deposition period isentered). Thefollowing output has been
cut and pasted s0 that the correct values are displayed for al 3 pollutants.

Usedl days=fdse

fin[1][1]= .\run\gsmacid.run3.1.rerun

fin[1][2]= .\run\snpacid.run3.2.rerun

fin[2][1]= .\run\gsmvis.runl.8.rerun

fin[2][2]= .\run\snpvisrunl.2.rerun

fin[3][1]= .\run\gsm126.run2.rer

fin[3][2]= .\run\snp126.run2.4.rerun

Day lig file = .\run\outb\case25t 1. txt

Tolerance = 0.800000

actud days per dataday for eech set: 8,1,1,

Observation based metric [1][1] = 30.225004, # seasons = 6
Observation based metric [1][2] = 23.948332, # seasons= 6
Observation based metric [2][1] = 892574.375000, # seasons =5
Observation based metric [2][2] = 829570.812500, # seasons = 6
Observation based metric [3][1] = 68817.117188, # seasons=5
Observation based metric [3][2] = 66109.351562, # seasons =5
Number of initid days input: 68

This represents 68 actual modeling daysand 10 episodes.

Of these days, 1.5% arein episodes of length 2 or less.

910723

910724

910725

910726

910727

910728

910729

910730

910731

920624

920625

920626

920627

920628

920629
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930323
930324
930325
930326
930327
930328
930329
930330
930331
930511
930512
930513
930514
930515
930516
930517
930803
930804
930805
930806
930807
930808
930809
930810
930811
940208
940209
940210
940211
940213
950426
950427
950428
950429
950430
950501
950502
950503
950524
950525
950526
950527
950528
950529
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950711
950712
950713
950714
950715
950716
950717
950718
950719

ERRORS FOR EACH TREE WITH THIS SET OF DAY S

fin[1][1]:

bin=1, class=1, WA/WP= 1.093, n(j)/m(j)=61.000, dates= 950523
bin= 2, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 3, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 4, class=2, WA/WP= 1.186, n(j)/m(j)= 8.000, dates= 930323 940208
bin= 5, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 6, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=7, class=1, WA/WP= 1.081, n(j)/m(j)=25.000, dates= 950425
bin= 8, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=9, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=10, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=11, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=12, class=3, WA/WP= 1.268, n(j)/m(j)= 4.000, dates= 930511 930803
bin=13, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=14, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=15, class=2, WA/WP= 1.122, n(j)/m(j)=17.000, dates= 920623
bin=16, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=17, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=18, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=19, class=4, WA/WP= 1.000, n(j)/m(j)= 5.000, dates= 910723
910723, class=4,va=  5.49

920623, class=2,va=  0.89

930323, class=2,vd=  1.13

930511, class=3,vd= 1.64

930803, class=3,va=  1.89

940208, class=2,vd=  1.17

950425, class=1,va=  0.69

950523, class=1,vd=  0.17

B[1]= 1.136, B[2]= 2.023, B[3]= 1.846, B[4]= 1.600,

rescaled Ar=31.588583, S=6.000000, N= 221, sum P(j)= 221
usedays=8, distance error=0.045114, biased error=-0.370603
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fin[1][2)]:

bin= 1, class=1, WA/WP= 1.000, n(j)/m(j)=38.000, dates= 920623 950711
bin= 2, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 3, class=2, WA/WP= 1.541, n(j)/m(j)=11.000, dates= 950425

bin= 4, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 5, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 6, class=3, WA/WP= 1.403, n(j)/m(j)=14.000, dates= 930323

bin= 7, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 8, class=2, WA/WP= 1.619, n(j)/m(j)= 4.500, dates= 940208 950523
bin= 9, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=10, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=11, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=12, class=4, WA/WP= 1.130, n(j)/m(j)= 2.500, dates= 910723 930511
910723, class=4,vd= 5.12

920623, class=1,vd= 0.21

930323, class=3,vd= 197

930511, class=4,vd= 2.84

940208, class=2,val= 1.24

950425, class=2,va=  1.02

950523, class=2,val= 141

950711, class=1,vd=  0.15

B[1]= 1.474, B[2]= 1.186, B[3]= 1.286, B[4]= 1.286,

rescaled Ar=23.702814, S=6.000000, N= 208, sum P(j)= 208

usedays=8, distance error=-0.010252, biased error=-0.224372

fin[2][1]:

bin= 1, class=1, WA/WP= 2.743, n(j)/m(j)=13.000, dates= 930327

bin= 2, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 3, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 4, class=2, WA/WP= 1.156, n(j)/m(j)=11.000, dates= 950426

bin= 5, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 6, class=3, WA/WP= 1.894, n(j)/m(j)=16.000, dates= 950429

bin=7, class=2, WA/WP= 1.872, n(j)/m(j)=50.000, dates= 930324

bin= 8, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=9, class=1, WA/WP= 1.904, n(j)/m(j)=27.000, dates= 940209

bin=10, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=11, class=5, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=12, class=5, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=13, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=14, class=5, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=15, class=3, WA/WP= 1.445, n(j)/m(j)=16.000, dates= 930515

bin=16, class=4, WA/WP= 1.404, n(j)/m(j)= 9.000, dates= 920624 930811 950527 950712

bin=17, class=3, WA/WP= 1.521, n(j)/m(j)=10.000, dates= 930804 930807
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bin=18, class=5, WA/WP= 1.000, n(j)/m(j)= 1.000, dates= 910731
bin=19, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=20, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=21, class=5, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=22, class=5, WA/WP= 1.031, n(j)/m(j)= 3.500, dates= 910727 950715
bin=23, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=24, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=25, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=26, class=5, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

910727, class=5, val= 26605.00

910731, class=5, val= 31824.00

920624, class=4, val= 20918.00

930324, class=2, val= 8223.00

930327, class=1, val= 4505.00

930515, class=3, val= 15464.00

930804, class=3, val= 10029.00

930807, class=3, va= 9338.00

930811, class=4, val= 19024.00

940209, class=1, val= 3919.00

950426, class=2, val= 6538.00

950429, class=3, val= 9766.00

950527, class=4, val= 17516.00

950712, class=4, va= 17785.00

950715, class=5, val= 25882.00

B[1]= 1.263, B[2]= 1.223, B[3]= 1.311, B[4]= 1.383, B[5]= 1.667,
rescaled Ar=885440.500000, S=5.000000, N= 414, sum P(j)= 414
usedays=15, distance error=-0.007992, biased error=-0.252793

fin[2][2)]:

bin= 1, class=2, WA/WP= 1.736, n(j)/m(j)=21.333, dates= 950426 950429 950503
bin= 2, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 3, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 4, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 5, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 6, dass=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 7, class=3, WA/WP= 1.174, n(j)/m(j)=10.000, dates= 950527

bin= 8, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=9, class=2, WA/WP= 1.000, n(j)/m(j)= 5.000, dates= 930324

bin=10, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=11, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=12, class=1, WA/WP= 2.805, n(j)/m(j)=18.000, dates= 930331 940209
bin=13, class=4, WA/WP= 1.609, n(j)/m(j)= 7.000, dates= 930512 930807
bin=14, class=3, WA/WP= 1.246, n(j)/m(j)=13.000, dates= 930515
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bin=15, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=16, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=17, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=18, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=19, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=20, class=5, WA/WP= 1.568, n(j)/m(j)= 7.000, dates= 950712 950715
bin=21, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=22, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=23, class=4, WA/WP= 1.392, n(j)/m(j)= 5.000, dates= 930811

bin=24, class=4, WA/WP= 1.613, n(j)/m(j)= 6.000, dates= 910731
bin=25, class=4, WA/WP= 1.000, n(j)/m(j)= 3.500, dates= 920624 920627
bin=26, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=27, class=3, WA/WP= 1.414, n(j)/m(j)= 7.500, dates= 930804 950719
bin=28, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=29, class=4, WA/WP= 1.157, n(j)/m(j)= 8.000, dates= 910724 950524
910724, class=4, va= 16610.00

910731, class=4, va= 23289.00

920624, class=4, val= 16664.00

920627, class=4, val= 18077.00

930324, class=2, val= 5580.00

930331, class=1, val= 3892.00

930512, class=4, va= 23834.00

930515, class=3, va= 9576.00

930804, class=3, va= 13994.00

930807, class=4, va= 16282.00

930811, class=4, val= 18647.00

940209, class=1, val= 3715.00

950426, class=2, val= 5548.00

950429, class=2, val= 9031.00

950503, class=2, val= 6745.00

950524, class=4, val= 16746.00

950527, class=3, va= 11944.00

950712, class=5, va= 26001.00

950715, class=5, va= 38917.00

950719, class=3, val= 12226.00

B[1]= 1.900, B[2]= 1.467, B[3]= 1.490, B[4]= 1.215, B[5]= 1.000,
rescaled Ar=833232.812500, S=6.000000, N= 467, sum P(j)= 467
usedays=20, distance error=0.004414, biased error=-0.251605

fin3][1]:

bin= 1, class=1, WA/WP= 1.138, n(j)/m(j)=94.800, dates= 930513 930806 950501 950502 950529
bin= 2, class=2, WA/WP= 1.882, n(j)/m(j)= 7.000, dates= 930808 950503 950527

bin= 3, class=1, WA/WP= 1.349, n(j)/m(j)=30.000, dates= 910728 930807
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bin= 4, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=5, class=2, WA/WP= 1.623, n(j)/m(j)=15.750, dates= 930515 930805 930811 950426
bin= 6, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 7, class=2, WA/WP= 1.207, n(j)/m(j)= 5.333, dates= 910727 910731 930809
bin= 8, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 9, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=10, class=2, WA/WP= 1.162, n(j)/m(j)= 6.000, dates= 930511 930516
bin=11, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=12, class=3, WA/WP= 1.494, n(j)/m(j)= 2.500, dates= 950429 950525
bin=13, class=2, WA/WP= 1.442, n(j)/m(j)= 3.000, dates= 930517

bin=14, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=15, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=16, class=4, WA/WP= 1.081, n(j)/m(j)= 9.000, dates= 920624

bin=17, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=18, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=19, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=20, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=21, class=1, WA/WP= 1.263, n(j)/m(j)=23.000, dates= 920626
bin=22, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=23, class=3, WA/WP= 1.056, n(j)/m(j)= 8.000, dates= 910726

bin=24, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=25, class=3, WA/WP= 1.473, n(j)/m(j)= 5.000, dates= 920628 950524 950712 950713
bin=26, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=27, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=28, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=29, class=3, WA/WP= 1.438, n(j)/m(j)= 1.500, dates= 950526 950715
bin=30, class=3, WA/WP= 1.000, n(j)/m(j)= 3.000, dates= 950711

bin=31, class=4, WA/WP= 1.281, n(j)/m(j)=10.500, dates= 950714 950719
bin=32, class=3, WA/WP= 1.327, n(j)/m(j)= 4.000, dates= 950717
910726, class=3,val= 871.80

910727, class=2, va= 499.30

910728, class=1, val= 243.40

910731, class=2,va= 620.70

920624, class=4,val= 1396.50

920626, class=1,va= 83.30

920628, class=3,val= 763.80

930511, class=2,val= 638.30

930513, class=1,val= 89.00

930515, class=2, val= 488.60

930516, class=2, val= 551.90

930517, class=2, val= 703.60

930805, class=2, val= 385.80

930806, class=1, val= 104.20

930807, class=1,val= 290.80
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930808, class=2, val= 558.20

930809, class=2, val= 549.60

930811, class=2,val= 568.50

950426, class=2, val= 540.60

950429, class=3,val= 807.60

950501, class=1,val= 168.60

950502, class=1,val= 78.50

950503, class=2, val= 548.40

950524, class=3,val= 820.40

950525, class=3,val= 771.70

950526, class=3,va= 767.10

950527, class=2, val= 658.40

950529, class=1,val= 87.90

950711, class=3,va= 1017.00

950712, class=3,va= 874.60

950713, class=3, val= 1086.40

950714, class=4,va= 1351.10

950715, class=3,va= 1012.20

950717, class=3,va= 824.20

950719, class=4,val= 1161.20

B[1]= 1.000, B[2]= 1.217, B[3]= 1.747, B[4]= 1.178, B[5]=0,
rescaled Ar=68429.140625, S=5.000000, N=1052, sum P(j)=1052
usedays=35, distance error=-0.005638, biased error=-0.200580

fin[3][2]:
bin=1, class=1, WA/WP= 1.089, n(j)/m(j)=52.875, dates= 910730 930513 930806 950501 950502
950503 950528 950529
bin= 2, class=1, WA/WP= 1.452, n(j)/m(j)=37.000, dates= 950428
bin= 3, class=2, WA/WP= 1.356, n(j)/m(j)=23.000, dates= 950429
bin= 4, class=1, WA/WP= 1.134, n(j)/m(j)=53.000, dates= 920625 930805
bin= 5, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 6, class=4, WA/WP= 1477, n(j)/m(j)= 2.000, dates= 950427
bin=7, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 8, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 9, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=10, class=3, WA/WP= 1.497, n(j)/m(j)= 9.333, dates= 930512 950524 950711
bin=11, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=12, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=13, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=14, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=15, class=2, WA/WP= 1.577, n(j)/m(j)=19.000, dates= 950719
bin=16, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=17, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
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bin=18, class=2, WA/WP= 1.688, n(j)/m(j)= 5.818, dates= 910726 910728 910731 920624 920626
920628 930809 930810 930811 950525 950718
bin=19, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=20, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=21, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=22, class=3, WA/WP= 1.323, n(j)/m(j)=12.000, dates= 920629
bin=23, class=2, WA/WP= 1.379, n(j)/m(j)=12.000, dates= 950717
bin=24, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=25, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=26, class=4, WA/WP= 1.013, n(j)/m(j)= 5.000, dates= 950713
bin=27, class=3, WA/WP= 1.554, n(j)/m(j)= 3.000, dates= 950712
bin=28, class=4, WA/WP= 1.181, n(j)/m(j)= 7.000, dates= 950715
bin=29, class=3, WA/WP= 1.174, n(j)/m(j)= 1.000, dates= 930511 910723
bin=30, class=4, WA/WP= 1.108, n(j)/m(j)=13.000, dates= 950714
bin=31, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=32, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
910723, class=3, va= 1143.10
910726, class=2, va= 658.90
910728, class=2,vad= 737.80
910730, class=1,va= 62.80
910731, class=2,vd= 638.50
920624, class=2,val= 391.50
920625, class=1,val= 224.50
920626, class=2, val= 547.00
920628, class=2, val= 449.00
920629, class=3,va= 1022.10
930511, class=3, val= 1019.60
930512, class=3,va= 958.40
930513, class=1,va= 7240
930805, class=1,val= 70.40
930806, class=1,va= 89.80
930809, class=2,val= 745.40
930810, class=2, val= 567.90
930811, class=2,val= 549.30
950427, class=4,va= 1167.80
950428, class=1, val= 250.60
950429, class=2,val= 428.70
950501, class=1,va= 65.80
950502, class=1,va= 85.60
950503, class=1, val= 140.60
950524, class=3,va= 1121.60
950525, class=2, va= 620.00
950528, class=1,va= 72.00
950529, class=1,va= 58.10
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950711
950712,
950713,
950714,
950715,
950717,
950718,
950719,

class=3, val= 935.80
class=3, va= 901.70
class=4, va= 1162.60
class=4, val= 1456.60
class=4, val= 1334.70
class=2, va= 527.30
class=2, va= 430.60
class=2, va= 545.20

B[1]= 1.000, B[2]= 1.191, B[3]= 1.425, B[4]= 1.205, B[5]=0,
rescaled Ar=66196.039062, S=5.000000, N=1066, sum P(j)=1066
usedays=36, distance error=0.001311, biased error=-0.166249
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Tota Error (average unsigned) = 12.257393
Totd Error (sgrt sum sgquared) = 67.399037
Tota Error (optimized cost) = 0.000000

Total Error (average biased) = 32.433480

The following is the episode software output for Case 15 dry deposition only. The full 80 days wererun
through the software to get the correct outputs (Smilar to wet deposition).

Usedl days=fdse

fin[1][1]= snp121.forwt.dat

fin[1][2]= gsm22.forwt.dat

Day lig file = casel5f.out

Tolerance = 0.800000

actua days per dataday for each set: 8,

Observation based metric [1][1] = 536.409973, # seasons = 6
Observation based metric [1][2] = 316.571991, # seasons=5
Number of initid daysinput: 80

Thisrepresents 80 actuad modeling daysand 9 episodes.
Of these days, 0.0% arein episodes of length 2 or less.
910723

910724

910725

910726

910727

910728

910729

910730

910731

920623

920624

920625

920626

920627

920628

920629

920630

930323

930324

930325

930326

930327
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930328
930329
930330
930331
930511
930512
930513
930514
930515
930516
930517
930518
930519
930803
930804
930805
930806
930807
930808
930809
930810
930811
930812
940208
940209
940210
940211
940212
940213
940214
940215
940216
950425
950426
950427
950428
950429
950430
950501
950502
950503
950523
950524
950525
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950526
950527
950528
950529
950530
950711
950712
950713
950714
950715
950716
950717
950718
950719

ERRORS FOR EACH TREEWITH THIS SET OF DAY S

fin[1][1]:

bin= 1, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 2, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 3, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 4, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 5, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 6, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=7, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin= 8, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=9, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=10, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=11, class=1, WA/WP= 1.087, n(j)/m(j)=18.000, dates= 940208
bin=12, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=13, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=14, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=15, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=16, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=17, class=1, WA/WP= 1.273, n(j)/m(j)=19.000, dates= 910723 930323 930803 950425
950523 950711

bin=18, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
910723, class=1,vd=  8.97

930323, class=1,va=  9.58

930803, class=1,va= 1355

940208, class=1,vd= 1342

950425, class=1,va= 6.31

950523, class=1,va=  7.49

950711, class=1,va= 13.68
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B[1]= 1.171, B[2]=0, B[3]=0, B[4]=0,
rescaled Ar=455.885895, S=6.000000, N= 244, sum P(j)= 178
usedays=7, distance error=-0.150117, biased error=-0.470564
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fin[1][2)]:

bin= 1, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 2, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 3, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 4, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=5, class=2, WA/WP= 1.000, n(j)/m(j)= 2.000, dates= 930511
bin= 6, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin= 7, class=1, WA/WP= 1.068, n(j)/m(j)=12.000, dates= 930323 940208
bin= 8, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=9, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=

bin=10, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=11, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=12, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=13, class=4, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=14, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=15, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=16, class=1, WA/WP= 1.019, n(j)/m(j)=19.750, dates= 910723 920623 930803 950523
bin=17, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=18, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=19, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=20, class=3, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=21, class=2, WA/WP= 1.135, n(j)/m(j)= 6.000, dates= 950711
bin=22, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=23, class=1, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
bin=24, class=2, WA/WP= 0.000, n(j)/m(j)= 0.000, dates=
910723, class=1,vad=  3.62

920623, class=1,vd=  7.16

930323, class=1,va= 6.73

930511, class=2,vd=  9.65

930803, class=1,va=  6.02

940208, class=1,vd= 341

950523, class=1,vad=  6.17

950711, class=2,vd= 8.14

B[1]= 1.314, B[2]= 5.667, B[3]=0, B[4]=0,

rescaled Ar=287.421631, S=5.000000, N= 226, sum P(j)= 189
usedays=8, distance error=-0.092081, biased error=-0.578595

Totd Error (average unsigned) = 12.109898
Tota Error (sgrt sum squared) = 17.610785
Tota Error (optimized cost) = 0.000000

Totd Error (average biased) = 52.457958
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11. APPENDIX 2:
EPISODE SELECTION PROCESSIN DETAIL

111 Running the Episode Selection Software

The episode sdlection software was run at least a hundred timesto get the final list of SAMI episode days.
There was a great dedl of experimentation in learning how the software worked, as well as learning its
strengths and weaknesses. The software generdly did agood job of sdecting a set of episode days that
could be used as a starting point. But it wasclear that agreat ded of “user intervention” would berequired
to get afina set of acceptable episode days.

The softwarewas designed to dlow the user to specify whether the priority should be given to minimization
of aror or maximization of episode length. It is more efficient to run asmall st of long episodes than a
large set of short episodes. Long episodes minimize the tota number of ramp-up days needed and it is
generdly easer to creaste meteorologica inputs for long continuous time periods. Therefore the episode
length was the primary consideration. It was envisioned that somewhere between 5 and 10 week long
episodes would be selected.

It was noted earlier that the selection of episode daysislimited by theavailability of ambient data. Theacid
deposition data consists of 8 day periods and the ozone and vishility data are sSingle day periods. The
ozone data is avalable every day during the April-October growing season and the visbility datais only
available on Wednesdays and Saturdays.

Initia runs of the episode software produced a number of 2-4 day ozone and vishility episodes and a
number of 8 day acid deposition episodes. The god of the episode selection was to minimize the totd

number of episodes and days, and to minimize the unscaled error at the sametime. It wasquickly redized
that the mogt efficient way to select a limited number of episodes would be to sdlect ozone and vishility
episodes that were embedded within a series of 8 day acid deposition episodes. Essentidly, afull 8 day
period8 had to be selected to represent each acid deposition episode. If most (or dl) of the ozone and
vighility daysfdl within the same 8 day periods then shorter episodes could be diminated.

Sincewe wanted the software to select mostly 8 day episode periods, acid deposition was madefirst inthe
user sdected “pollutant order”. The software was run many times with different combinations of pollutant
order and park order. It wasfound to be important for acid depositionto befirst. Vishility was sdected
second and ozone third. The order of the parks was not found to be important. Great Smokies was
sdected fird.  The complete order is asfollows.

8 After the episodes were selected. several days at the beginning and end of acid deposition episodes were
eliminated if they were non-rain days since the episode classification was based on wet deposition. The eliminated
days were also screened to make sure they were not ozone or visibility days. A total of 11 days out of 80 were
removed as non-rain days.
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1) Acid deposition GSM
2) Acid depostion- SNP
3) Vighility- GSM

4) Vigbility- SNP

5) Ozone- GSM

6) Ozone- SNP

The episode software can be run in 2 modes. In the first mode the user specifies the pollutant and park
order, thetolerance9, the default number of daysto select, and adistance and cost factor10. The software
returnsafull list of episode daysthat is* optimized” across the 3 pollutants and 2 parks (based on the user
specified inputs). The software calculates the errors associated with the episode days and provides the
scaing factors necessary to recregate the annua and /or seasond averages. In the second mode, the user
specifies a complete set of episode days and the software smply caculates the errors and the scaling

factors. Thefirst mode can be used to select aninitia “optimized” set of days and then the second can be
used to hand edit the episode days and reca culate the errors.

11.2 SAMI Episode Selection
Round 1

The episode selection process began around the same time that GA Tech was selected asthe main SAMI
modeling contractor. When GA Tech started their initid testing of theURM-1ATM modd they needed to
prepareinput datafor at least one episodeto useasatest case. In someof theinitid testing of the episode
software, the “July 1995 “ episode (approximately July 10"-15") was frequently selected as both ahigh
ozone and high (poor) vishility episode. Since thiswas likely to be good episode for SAMI to use and
sinceit had also been an OTAG episode, SAMI decided to choose July 10™-15"11 asitsfirst episode.

The episode selection was run severa timesto let the software select the episode days. 1t was found that
severd 2 or 3 day episodes were dmost aways sdected. The short episodes often contained days
representing bins with high weights for one or more pollutant. The high weight days often represent a
ggnificant fraction of the annua or seasond metric, but sdecting those days would make it difficult to
maintain the goal of modeling long episodes. Therefore it was important to attempt to replace these days
with dternative days from the same bin which may fal within an 8 day acid deposition episode.

9 Toleranceisthe allowed distance from the bin mean for aday to be able to be selected. SAMI used of tolerance of
0.80 (80%).

10 A larger distance factor minimizes the error and alarger chain factor minimizes the number of short episodes.
SAMI set both factorsto 1 which equally weightsfor error and episode length.

11 The July ' 95 episode was |ater extended to July 11™-19" (plus ramp-up days) in order to make it an acid deposition
episode and to include July 17, 18, and 19 as ozone days and July 19" as avisibility day.
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As expected, the unscaled error waswell correl ated with the number of days selected. Aspart of thefina
round of episode selection, different cases (set of days) were devel oped which began with 48, 56, and 70
episode days. These cases were hand edited in different ways to become possible episode sdection
candidates.

The initid round of episode sdection contained cases ranging from 8-10 episodes and 46-71 episodes
days. Thefollowingisasummary of thefirst Sx casesthat were consdered by SAMI. Thetables contain
the number of days and episodes in each case; the biased (unscaled) and scaded errors for each pollutant
and park; and the number of properly classified days for each pollutant and park, sorted by class.
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Table4-8

Ozone | Ozone | Annual Vis. | Annual Vis. | Acid Dep. | Acid Dep
GSM SNP GSM SNP GSM SNP
Casel 46days | biased error % -43.3 | -45.1 -43.1 -42.5 -47.7 -56.3
8 episodes scaled error % -4.7 -14.2 5.2 -0.2 -8.5 -23.1
class 1 days 5 7 0 1 1 1
Started with 48 days class 2 days 5 1 2 2 2 0
class 3 days 4 5 4 3 1 2
class 4 days 4 3 2 1 2 4
class 5 days N/A N/A 1 2 N/A N/A
Total Days 18 16 9 9 6 7
Case?2 52days | biased error % -38.2 -33.6 -36.5 -55.1 -61.5 -24.4
8 episodes scaled error % -8.2 -0.5 8.5 24 -20.9 7.6
class1 6 5 0 1 1 2
Started with 56 days class 2 7 3 1 3 2 1
class3 6 5 5 3 0 1
class 4 1 4 6 1 1 1
class5 N/A N/A 1 3 N/A N/A
Total Days 20 17 13 11 4 5
Case3 59days | biased error % -34.3 | -25.1 -28.9 -49.3 -50.4 -12.5
9 episodes scaled error % -6.5 0.9 10.3 9.6 -9.2 3.9
Derived from case 2 class1 6 5 0 2 1 2
class 2 8 6 1 3 2 2
class3 6 5 6 3 1 1
class 4 2 5 6 2 1 1
class5 N/A N/A 1 3 N/A N/A
Total Days 2 21 14 13 5 6
Case4 67 days | hiased error % -19.1 -24.3 -28.9 -31.9 -47.3 -27.9
10 episodes scaled error % 0.9 14 0.1 -6.6 135 2.1
class1 9 14 3 2 1 2
Started with 70 days class 2 11 8 2 1 2 2
class 3 11 6 4 4 3 1
class4 3 4 6 8 1 1
class5 N/A N/A 1 2 N/A N/A
Total Days A 32 16 17 7 6
Caseb 66 days | biased error % -23.7 -16 -33.7 -33 -47.3 -29.5
9 episodes scaled error % -1.9 2.1 -0.8 -8.2 135 0.5
class1 9 13 3 2 1 3
Derived from case 4 class2 10 11 2 1 2 2
class3 9 6 4 5 3 1
class4 3 3 4 6 1 1
class5 N/A N/A 1 2 N/A N/A
Total Days 31 33 14 16 7 7
Case6 71days | hiased error % -18.3 | -17.2 -28.9 -32.2 -47.3 -29.5
10 episodes scaled error % 0.4 0.9 0.1 -7 135 0.5
class1 9 14 3 2 1 3
Derived from case 5 class2 11 11 2 1 2 2
class 3 12 7 4 5 3 1
class 4 4 4 6 8 1 1
class5 N/A N/A 1 2 N/A N/A
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Total Days

36

| 36

16

18

Case 1 started with 48 days selected by the software. A short 2 day episode wasremoved to arrive at the
find 46 day total. It can be seen from cases 1- 3 that the biased errorsfor ozonewere generdly inthe -30-
45% range; the biased errorsfor vishility ranged from - 30-55% and the biased errorsfor acid deposition
were in the —40-60% range. It was not known if these errors were “ acceptable’. But by increasing the
number of episode days, it was shown that the errors could be reduced considerably. Cases4-6 increased
the starting number of episode daysto 70. With 9 or 10 episodesand 67-71 days, the ozone errorswere
reduced to around—20%,; the vigibility errorswere reduced to around—30%; and the acid deposition errors
were reduced to —30% at SNP and —50% at GSM.

Round 2

The next 3 cases represented the second set of possible episodes. Case 7 was derived from Case 1
and Cases 8 and 9 were both derived from Case 5. Case 5 contained fewer days and episodes than
Cases4 and 6. Therefore it became the default set of episode days. The objective of Cases8 and 9
was to reduce the number of episodes and days even further without increasing the errors.

Table4-9
Ozone | Ozone | Annual Vis. | Annual Vis. | Acid Dep. | Acid Dep.
GSM SNP GSM SNP GSM SNP
Case?7 42 days | biased error % -60.9 -59.9 -45.8 -47.1 -56.2 -66.3
6 episodes scaled error % -35.6 -27.6 9.1 -54 42.1 99.9
class 1 5 8 0 1 0 0
Derived from case 1 class 2 6 1 1 3 2 0
class3 0 3 4 3 1 2
class4 0 0 1 1 2 1
class5 N/A N/A 1 1 N/A N/A
Total Days 11 12 7 9 5 3
Case8 63 days | biased error % -24.6 -19.9 -32.9 -33.6 -55.3 -29.7
8 episodes scaled error % -2.8 -0.2 0.9 -6.9 -16.9 0.3
class1 7 10 4 3 1 3
Derived from case 5 class 2 9 11 1 2 3 2
class3 9 6 4 4 2 1
class4 3 3 4 6 1 1
class5 N/A N/A 1 2 N/A N/A
Total Days 28 30 14 17 7 7
Case9 62 Days | biased error % -24.7 -15.5 -26.2 -30.9 -45.2 -16.8
8 Episodes scaled error % -2.8 11 -14 -3 -8.7 -1
class1 8 13 2 1 2 3
Derived from case 5 class2 11 12 2 4 2 2
class 3 10 6 5 4 2 1
class4 3 4 4 6 1 1
class5 N/A N/A 1 2 N/A N/A
Total Days 32 3H5 14 17 7 7
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It can be seen in Case 7 that decreasing the number of episodesto 6 with only 42 episode days, drastically
increases the biased errors, especidly for ozone and vishility. Cases 8 and 9 show that the number of

episodesfrom Case 5 can be decreased from 9 to 8 without alargeincreasein error. Infact, in some cases
theerrorsin Cases8 and 9 are even lower than Case 5. Sincetheerrorsin Case 9 were dightly lower than
Case 8 (and there was one less day), Case 9 was proposed as the find set of modeling days.

Round 3

At this point in the process Case 9 had been established as a “benchmark” set of episode days. The
associated biased and scaled errors were reasonable compared to other selected sets of episode days.
Soon &fter thisleg of the episode selection process was completed, several groupswithin SAMI wanted to
explore the possibility of reducing the number of episodes and episode days. 1t was unknown whether
SAMI’ s schedule and budget would support modeding 8 episodes and 62 episode days.

Cases 9b, 9c, and 9d were derived from Case 9 in an effort to illustrate the effects of reducing the number
of episodes. As was expected, in all 3 cases, the biased errors increased. By limiting the number of
episode daysto lessthan 50, it was not possible to sufficiently reduce the errorsto alevel that satisfied the
modeing subcommittee. It was therefore argued that more episodes and episode days were needed in
order to effectively represent the seasond and annual metrics for al three 3 pollutants. The episode
selection process continued.
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Table4-10

Ozone |Ozone |Annual Vis. |Annual Vis. |Acid Dep. |Adid Dep.
GSM SNP GSM SNP GSM SNP
Case 9b 48 Days | biased error % -28.2 -31.5 -35.5 -47.8 -64.9 -30.4
6 Episodes scaled error % 35 -4.9 0.1 -9.6 -12.4 0.8
class1 7 9 2 1 1 2
Derived from case 9 class 2 9 8 1 1 1 1
| class3 8 5 4 4 2 1
Removed 950425 class4 2 3 3 4 1 1
and 920623 class5 N/A N/A 1 2 N/A N/A
Total Days 26 25 11 12 5 5
Case 9c 45 Days | biased error % -34.1 -21.8 -34.7 -46.6 -56.2 -28.8
8 Episodes scaled error % -7.2 -2.5 1.3 -4.6 -18.7 24
class1 5 9 2 1 1 2
Derived from case 9 class 2 5 7 1 1 2 1
| class3 9 6 2 2 1 1
Removed 950425 class4 3 3 3 4 1 1
and 930803 class5 N/A N/A 1 2 N/A N/A
Total Days 22 25 9 10 5 5
Case 9d 47 Days | biased error % -37.8 -29.2 -27.4 -33.2 -65.6 -18.3
6 Episodes scaled error % -8 -4.7 -3.1 2 -13.7 -2.5
class1 6 13 2 1 1 2
Derived from case 9 class2 7 12 2 4 1 2
| class3 9 6 3 2 1 1
Removed 930803 class4 2 4 2 2 1 1
and 920623 class5 N/A N/A 1 2 N/A N/A
Total Days 24 35 10 11 4 6
Round 4

At this point, Case 9 was dill the best combination of episode days selected to date. Both the number of
days and magnitude of errors were reasonable. The biggest weakness of Case 9 was its limited
representation of class 1 vighility days (cleanest 20% of days). Thiswas important for several reasons.
Firgt, the committee wanted to be able to adequately represent the full range of conditions from clean to
dirty for dl pollutants. They wanted to be sure that the future change in air quaity could be quantified on
clean days aswell as dirty days (since the god was to capture the annua average visihility). Second, the
proposed regiona haze rulesrequired ademonsiration that visibility does not degrade on the cleanest 20%
of vighility days at each Class 1 area.
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In Case 9 there was only one class 1 vishility day at SNP and two class 1 day at GSM. Therefore, inan
effort to increase the number of class 1 vighility days, it was decided to add a ninth episode which
contained relatively clean days. A February '94 episode (940208) was selected which contained two
(properly classfied) class 1 daysin each park. The episode could aso be extended to be 8 dayslong to
pick up an additiona class 2 acid deposition episode for each park. Case 10 showsthe errors associated
with adding the period from 940209-940212. Thiscoversthevishility daysonly (940209 and 940212).
The errors barely change compared to Case 9 because the new clean episode days represent days with
andl weights. But the number of dass 1 vighility daysincreasesto 4 at GSM and 3 at SNP. Case 11
addsacouple more daysto makethe new episode both avisbility and acid deposition episode. Thisbrings
the total number of episodes to 9 and the number of episode daysto 68.

Asan dternative, Case 12 adds another summer episode (930724) instead of thewinter 94 episode. The
summer episode has alarger effect on error, but doesn’t add any other clean days. Cases 13 and 14 add
both the winter and summer episodes. While the errors are improved dightly compared to Case 11, the
modeling committee decided that the number of episodes needed to belimited 9. Case 11 wasdeemed to
be the most efficient combination of episodes and errors. The SAMI operations committee subsequently
approved the decision to model 9 episodes (and 68 episode days).
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Table4-11

Ozone | Ozone | Annual Vis. | Annual Vis. | Acid Dep. | Acid Dep.

GSM | SNP GSM SNP GSM SNP

Case 11 68 Days | biasederror % | -24.7 | -155 -24.4 -29.5 -45 -17.6
9 Episodes scaled error % -2.8 11 -1.6 -0.2 -8.2 -2
class1 8 13 4 3 2 3
Derived from case 9 class2 11 12 2 4 3 3
(Add 940208-940213) class 3 10 6 5 4 2 1
Vls. and Acid class4 3 4 4 6 1 1

class5 N/A N/A 1 2 N/A N/A
Total Days 32 35 16 19 8 8

Case 12 67 Days | biasederror % | -195 | -16.7 -21.4 -28.6 -45.2 -16.8
9 Episodes scaled error % -0.6 0 -0.4 0.8 -8.7 -1
class 1 8 14 2 1 2 3
Derived from case 9 class 2 12 12 2 4 2 2
(Add 930724-930728) class3 13 7 5 4 2 1
ozoneand vis. class4 4 5 6 8 1 1

class5 N/A N/A 1 2 N/A N/A
Total Days 37 38 16 19 7 7

Case 13 71Days | biasederror % | -19.5 | -16.7 -19.6 -30.1 -45.2 -16.8
10 Episodes scaled error % -0.6 0 -0.6 -1.8 -8.7 -1
class1 8 14 4 3 2 3
Derived from case 9 class2 12 12 2 4 2 2
(Add 930724-930728 class3 13 7 5 4 2 1
and 940209-940212) class4 4 5 6 8 1 1

ozoneand vis. class5 N/A N/A 1 2 N/A N/A
Total Days 37 33 18 21 7 7

Case 14 73Days | biasederror % | -19.5 | -16.7 -19.6 -30.1 -45 -17.6
10 Episodes scaled error % -0.6 0 -0.6 -1.8 -8.2 -2
class1 8 14 4 3 2 3
Derived from case 9 class2 12 12 2 4 3 3
(Add 930724-930728 class 3 13 7 5 4 2 1
and 940208-940213) class 4 4 5 6 8 1 1

ozone, vis.,, and acid class5 N/A N/A 1 2 N/A N/A
| Total Days 37 33 18 21 8 8

Round 5

Naturaly, the episodes were selected before the meteorological modeling could take place. The episode
selection process assumed that the meteorological and ar quality models would be able to successfully
reproduce the historica episodes. The meteorol ogy associated with one of the episodesin Case 11 proved
to be particularly difficult. The 940405 episode was aclass4 acid deposition for GSM and represented a
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sgnificant fraction of the annua deposition (it had ahigh weight). There was alarge amount of observed
precipitation at GSM during the episode. RAMS was not able to adequately reproduce the observed
precipitation. It was therefore decided to drop this episode in favor of another class 4 acid deposition
episode at GSM.

Severa other GSM class 4 episodes were identified. Cases 15 and 16 show the errors when the 940405
episode is replaced by the 910723 and 91806 episodes respectively. The overdl error in Case 15 is
generaly lower than either Case 16 or the origind Case 11. Additiondly, 910723 is a class 4 acid
depogition episode a SNP and contains severd additiond vighbility and ozone days at each park. he
subcommittee decided to use the 910723 episode as the replacement. Case 15 becamethefinal set of
episode dayswith 9 episodes and 69 days12.

Table4-12
Ozone |Ozone |[Annual Vis. |Annual Vis. |AcidDep. |Acid Dep.
GSM |SNP GSM SNP GSM SNP
Case 15 69 Days | biased error % -20 -16.6 -23.6 -26.4 -37.1 -22.4
9 Episodes scaled error % -0.5 0.1 -1.2 -1.9 45 -1
class1 8 11 3 3 2 3
Derived from case 11 class 2 13 14 2 4 3 3
deleted 940405 and class3 11 7 4 4 2 1
added 910723 class4 3 4 4 8 1 2
class5 N/A N/A 3 2 N/A N/A
Total Days 35 36 16 21 8 9
Case 16 68 Days | biasederror % | -205 | -17.6 -23.9 -30.7 -39.6 -26.9
9 Episodes scaled error % -0.9 -1.1 -1 -2.7 0.4 -6.8
class1 9 12 3 3 2 2
Derived from case 11 class 2 11 11 2 4 3 3
deleted 940405 and class3 12 6 5 4 2 1
added 910806 class4 4 8 1 1
class5 N/A N/A 1 2 N/A N/A
Total Days 35 33 15 21 8 7
The Find Round

Following the approva of the Case 15 episode days, one more addition was made to the episode selection
process. Intheorigind development of the CART database, only wet depodition measurementswere used
to characterize acid deposition. After the episode selection was completed (and the base case modding
was wdl on its way), the modeling subcommittee decided to look a estimating the annud totd for dry
deposition. SAI was hired to run CART again for GSM and SNP using the same meteorologica

information asthe origind classfication. Thedetalsof theandysscan befound in (Hudischewskyj, 2000).

12 The subsequent air quality model performance for visibility for day 940212 was judged to be deficient. This day
was later thrown out of the episode selection statistics for visibility for both parks, but the total number of modeled
daysisstill 69.
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Since the 69 episode days were aready seected, SAMI needed to determine how the aready selected
episodeswould beclassfied for dry deposition. Sincethewet deposition episodeswere heavily influenced
by the amount of precipitation a the Class| aress, it was no surprise that dry deposition during most of the
sdected episodeswaslow. At GSM therewere 6 class 1 dry deposition episodes and 2 class 2 episodes.
At SNP al 7 sdlected episodesfell into class 1 bin. Due to the under-representation of the medium and
high dry deposition periods, the unscaled dry deposition errorsarerdatively high. For thesamereasonthe
uncertainty associated with the dry deposition weightingsislikely to be higher than for the other pollutants.

An additiona source of uncertainty results from the removad of the 11 “non-rain” daysfromtheorigina 80
day episodetotal. These dayswere removed at atimein the selection process when only wet deposition
was being considered. It was thought to be reasonable to remove these days (at the beginning and end of
episode period) because wet deposition cannot occur on days without precipitation. But dry deposition
obvioudy occurs on nontrain days. Infact, dry depostionislikely to be highest onthosedays. It wastoo
latein the processto add the non-rain days back into the episodes. Thefollowing table summarizesthedry
deposition results.

Table4-13
Dry Dep. Dry Dep.
GSM SNP
Case 15 69 Days biased error % -57.8 -47.0
9 Episodes scaled error % -9.2 -15.0
class1 6 7
class2 2 0
class3 0 0
class4 0 0
class5 N/A N/A
Total Days 8 7

417



12. APPENDIX 3:
DETAILED COMPARISONSWITH OTHER PROGNOSTIC MODEL EVALUATION
STUDIES

Table 10-1 and Figure 10-1 summarize Satigticaly and graphicdly the performance eva uation results of
nearly thirty (30) MM5 and RAM S modd applications over the past five years. Resultsfor 12 km mode
applications are listed since this the scale most commonly reported in recent gudies. Mogt of the studies,
however, have dso examined prognostic model skill at 36 km and 4 km scdes; this information has dso
been compiled by AG.

Table 10-1 presents episode- mean Statisticsfor surface temperature, mixing ratio, and winds. Whilethese
datisticsmay be helpful in making general compari sons between studies and episodes, theca culation of an
episode mean Sti stic often conceal simportant day-to-day and/or hour -to- hour variaionsthet may bequite
important in judging the adequacy of ameteorologicd or ar quality modd smulation.
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Table12-1. Summary of Prognostic Meteorological Model Performance Evaluations by Alpine Geophysics: 12 Km Grid Resolution Results. (@) Surface

Temperatures (deg C).
M odeling Domain Modd Sudy Ref Episode M ean Bias(deg C) GrossError (deg C)

St Louis MM5 Kansas/Missouri 12 11-24 June ‘' 95 -0.3 16
. Louis MM5 Kansas/Missouri 12 8-15 July ‘95 0.2 17
<. Louis MM5 Kansas/Missouri 12 14-21 Aug ‘98 20 2.3
Kansas City MM5 Kansas/Missouri 12 11-24 June ‘' 95 -0.7 15
Kansas City MM5 Kansas/Missouri 12 8-15 July ‘95 -0.8 17
Kansas City MM5 Kansas/Missouri 12 14-21 Aug ‘98 0.9 16
Texas MM5 COAST 11 4-11 Sept ‘93 0.2 18
Central Florida MM5 PFOS-Episode 1 10 16-24 Apr ‘99 0.1 15
Central Florida MM5 PFOS-Episode 2 10 2-10 May ‘97 0.2 16
Central Florida MM5 PFOS-Episode 3 10 25-30 Aug ‘97 0.2 17
Central Florida MM5 PFOS-Episode 4 10 4-10 April ‘99 -04 13
Central Florida MM5 PFOS-Episode 5 10 17-23 Sept ‘' 97 0.1 16
Central Florida MM5 PFOS-Episode 9 10 20-28 Apr ‘98 0.3 13
Eastern U.S. MM5 Pittsburgh SIP 1 31 July-2 Aug ‘95 0.8 24
Western U.S. MM5 SARMAP 4 36 Aug ‘90 0.2 29
Southeastern U.S. RAMS SAMI 7 312 Aug ‘93 -04 16
Southeastern U.S. RAMS SAMI 7 22-29 Jun ‘92 -1.1 18
Southeastern U.S. RAMS SAMI 7 24 Apr-3May ‘91 -0.8 18
Upper Midwest RAMS CRC-LMO'S 6 26-28 Jun ‘91 0.1 14
Upper Midwest RAMS CRC-LMOS 6 17-19.3ul ‘91 -0.0 19
Upper Midwest MM5 CRC-LMOS 6 26-28 Jun ‘91 -05 16
Upper Midwest MM5 CRC-LMOS 6 17-19 Jun ‘91 -0.3 17
Eastern U.S. RAMS OTAG 3 13-21 Jul ‘91 16 21
Eastern U.S. MM5 OTAG 3 13-21 Jul ‘91 -0.1 20
Eastern U.S. MM5 OTAG 2 1-11 Jul ‘88 -0.6 33
Eastern U.S. MM5 OTAG 1 12-15Jul '95 -0.2 20
Eastern U.S. MM5 Cincinnati SIP 5 18-22 Jun ‘94 -0.7 24
Southeastern U.S. MM5 BAMP 9 6-11 Sep ‘93 -04 21
Southeastern U.S. MM5 BAMP 9 1519 Aug ‘93 -0.3 24
Mean Vaue -0.0 19
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Table12-1. Summary of Prognostic Meteorological Model Performance Evaluations by Alpine Geophysics:. 12 Km Grid Resolution Results. (a) Surface

Mixing Ratio (gm/Kg).

Mean Bias GrossError
M odeling Domain Modd Sudy Ref Episode (gm/K g) (gm/Kg)
S Louis MM5 Kansas/Missouri 12 11-24 June ' 95 -0.9 13
S Louis MM5 Kansas/Missouri 12 8-15 July ‘95 -0.6 16
S Louis MM5 Kansas/Missouri 12 14-21 Aug ‘98 24 2.6
Kansas City MM5 Kansas/Missouri 12 11-24 June ‘95 -0.5 12
Kansas City MM5 Kansas/Missouri 12 8-15 July ‘95 0.2 15
Kansas City MM5 Kansas/Missouri 12 14-21 Aug ‘98 -2.3 25
Texas MM5 COAST 11 4-11 Sept ‘93 0.1 14
Central Florida MM5 PFOS-Episode 1 10 16-24 Apr ‘99 -0.1 12
Central Florida MM5 PFOS-Episode 2 10 2-10 May ‘97 0.1 12
Central Florida MM5 PFOS-Episode 3 10 25-30 Aug ‘97 -2.0 2.3
Central Florida MM5 PFOS-Episode 4 10 4-10 April ‘99 0.8 15
Central Florida MM5 PFOS-Episode 9 10 17-23 Sept 1 97 -04 16
Central Florida MM5 PFOS 10 20-28 Apr ‘98 -0.2 0.9
Eastern U.S. MM5 Pittsburgh SIP 1 31 July-2 Aug ‘95 0.2 22
Western U.S. MM5 SARMAP 4 36 Aug ‘90 -0.2 19
Southeastern U.S. RAMS SAMI 7 312 Aug ‘93 -0.6 11
Southeastern U.S. RAMS SAMI 7 22-29 Jun ‘92 -0.3 10
Southeastern U.S. RAMS SAMI 7 24 Apr-3May ‘91 -0.1 0.7
Upper Midwest RAMS CRC-LMOS 6 26-28 Jun ‘91 -0.1 12
Upper Midwest RAMS CRC-LMOS 6 17-19 Jul ‘91 04 14
Upper Midwest MM5 CRC-LMOS 6 26-28 Jun ‘91 -01 12
Upper Midwest MM5 CRC-LMOS 6 17-19 Jun ‘91 -0.6 15
Eastern U.S. RAMS OTAG 3 13-21.3ul 91 -0.0 12
Eastern U.S. MM5 OTAG 3 13-21.3ul ‘91 -0.3 14
Eastern U.S. MM5 OTAG 2 1-113ul ‘88 -14 20
Eastern U.S. MM5 OTAG 1 12-15 Jul ‘95 -15 22
Eastern U.S. MM5 Cincinnati SIP 5 18-22 Jun ‘94 -1.6 2.2
Southeastern U.S. MM5 BAMP 9 6-11 Sep ‘93 -0.6 10
Southeastern U.S. MM5 BAMP 9 1519 Aug ‘93 -15 19
Mean Value -04 15
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Table12-1. Summary of Prognostic Meteorological Model Performance Evaluations by Alpine Geophysics: 12 Km Grid Resolution
Results. (@) Surface Wind Speeds

Mean
Wind Dir.

Modeling Domain Average RMSE Index of Diff.

M ode Sudy Ref Episode Error (%) (ms™) Agreement (deg)
St Louis MM5 | Kansas/Missouri 12 11-24 June ' 95 316 1.88 0.48 20
St Louis MM5 | Kansas/Missouri | 12 8-15 July ‘95 10.3 1.86 0.41 1
St Louis MM5 | Kansas/Missouri 12 14-21 Aug ‘98 475 1.83 0.45 4
Kansas City MMS5 | Kansas/Missouri 12 11-24 June ' 95 389 2.03 0.45 2
Kansas City MM5 | Kansas/Missouri 12 8-15 July ‘95 285 197 047 12
Kansas City MM5 | Kansas/Missouri 12 14-21 Aug ‘' 98 451 1.90 047 0
Texas MM5 COAST 11 4-11 Sept ‘93 614 2.20 0.69 15.0
Central Florida MM5 | PFOS-Episode 1 10 16-24 Apr ‘99 20.9 19 0.78 10.0
Central Florida MM5 | PFOS-Episode 2 10 2-10 May ‘97 210 195 0.78 320
Central Florida MM5 | PFOS-Episode 3 10 2530 Aug '97 30.6 1.86 0.73 320
Central Florida MM5 | PFOS-Episode 4 10 4-10 April ‘97 181 1.80 0.80 8.0
Central Florida MM5 | PFOS-Episode5 10 17-23 Sept 1 97 279 184 0.72 9.0
Central Florida MM5 | PFOS-Episode 9 10 20-28 Apr ‘98 24.0 179 0.78 264
Eastern U.S. MM5 Pittsburgh SIP 1 31 July-2 Aug ‘95 12.6 1.78 0.75 8.0
Western U.S. MM5 SARMAP 4 36 Aug ‘90 22.6 2.13 0.80 30
Southeastern U.S. | RAMS SAMI 7 312 Aug ‘93 139.6 2.18 0.75 256
Southeastern U.S. | RAMS SAMI 7 22-29 Jun ‘92 65.6 1.89 0.75 20.6
SoutheasternU.S. | RAMS SAMI 7 24 Apr-3May ‘91 60.2 2.35 0.81 4.4
Upper Midwest RAMS CRC-LMOS 6 26-28 Jun ‘91 119 1.82 0.69 16.7
Upper Midwest RAMS CRC-LMOS 6 17-19 Jul ‘91 35 173 0.64 74
Upper Midwest MM5 CRC-LMOS 6 26-28 Jun ‘91 5.8 170 0.79 14.0
Upper Midwest MM5 CRC-LMOS 6 17-19Jun ‘91 156 165 0.77 74
Eastern U.S. RAMS OTAG 3 13-21.3ul ‘91 4.6 161 0.74 27.1
Eastern U.S. MM5 OTAG 3 13-21 3ul ‘91 230 192 0.73 17.0
Eastern U.S. MM5 OTAG 2 1-11.3ul ‘88 65.6 321 0.64 7.9
Eastern U.S. MM5 OTAG 1 12-15 Jul ‘95 212 191 0.68 152
Eastern U.S. MM5 Cincinnati SIP 5 18-22 Jun ‘94 82.4 2.69 0.80 0.1
SoutheasternU.S. | MM5 BAMP 9 6-11 Sep ‘93 89.4 2.36 0.60 215
SoutheasternU.S. | MM5 BAMP 9 1519 Aug ‘93 1936 2.66 0.65 120.0
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Mean Value | 422 | 2.02 | 068 | 16.8 |
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Meteorological Model Performance at 12-km Grid Resolution
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Figure 12-1. Accuracy of Predicted Peak 2m Temperatures From Recent Prognostic Meteorological Models.
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Meteorological Model Performance at 12-km Grid Resolution
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Figure12-2. Mean Biasin Predicted Hourly Temperatures at 2 m From Recent Prognostic Meteorological Models.
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Meteorological Model Performance at 12-km Grid Resolution
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Figure 12-3. Biasin Hourly Wind Speeds at 10 m From Recent Prognostic Meteorological Models.
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Meteorological Model Performance at 12-km Grid Resolution
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Figure 12-4. Difference in Mean Wind Direction at 10-m From Recent Prognostic Meteorological Models.
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13. APPENDIX 4:

Southern Appalachian Mountains I nitiative

M ETEOROL OGICAL M ODELING
PROTOCOL

Version 3
May 6, 1998

Prepared By
William B. Norrisand Kevin G. Doty
University of Alabamain Huntsville
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M eteor ological M odeling Protocol
1. Introduction

The GeorgaIndtitute of Technology (GIT) plansto Smulate a series of episodes salected for the Southern
Appaachian Mountains Initiative (SAMI). The episodes have been chosen so that important metrics of

ambient ozone concentration, acid deposition, and visibility impairment can be statigticaly constructed from
themodd resultsand used to assessfuture air qudity inthe Southern Appaachian Mountains. GIT will use
the Urban-to-Regiond Multiscdlemodd (URM-1ATM) to carry out the air-qudity smulations. Amongthe
inputs required by URM-1ATM are fields of meteorologicd variables such as wind components,

temperature, and moisture.  The Universty of Alabama in Huntsville (UAH) will use a mesoscde
meteorological modd to provide the required meteorologica input for URM-1ATM.

This document describes the technicd choices in the design of the meteorological mode smulations and
serves the following purposes:

It commits UAH to aset of data sources and proceduresfor conducting the meteorological smulations
It clarifies the interface between the UAH and GIT models.

It provides SAMI with abass for reviewing, evaduating, and gpproving the meteorologica modeling
activities.

Neverthd ess, the document should be viewed more as guidance than law. Each episodewill undoubtedly
possess unique features that may require adjustmentsto the prescribed modeling approach. The modeling
process should beleft flexible enough to alow for adaptation to situationsthat may be perceived only asthe
model smulations are conducted.

The primary modd for producing the meteorological fiddsisthe Regiond Atmospheric Modding System
(RAMS), Verson 3a, developed by scientists at Colorado State University. To alesser extent UAH will

use the Pennsylvania State Universty - National Center for Atmospheric Research (PSU-NCAR)
mesoscaemodd, verson 5, (MMD5). Thetechnica attributes of these mode sare described in Appendix A
(RAMS) and Appendix B (MM5). RAMS has been used in previous air-quality evauations to provide
meteorologica fieldsto photochemica models (Lyonset d., 1991; Ozone Transport Assessment Group
(OTAG), 1996). Likewise, MM5 has been used for these types of applications (Seaman et al., 1995).

The main body of the document is organized into nine topics. Following this introduction Sections 2-4
describe the overdl design and approach to the meteorological smulations. Sections 57 describe
processing and eva uating the data produced by themode runs. Section 8 pertainsto computationd issues
such as the hardware to be used and the estimated amount of time needed to perform the smulations.
Section 9 pertains to quality assurance.
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Section 1: I ntroduces the protocol.

Section 2: Defines the moddl domain and grid structures.

Section 3: Describes the kinds of inputs RAM S will use for initidization and assmilation.
Section 4: Discusses the choices to be made among available subgrid- scae parameterizations.

Section 5: Ligs the variables for which output will be avalable from RAMS either directly or as
derived vaues.

Section 6: Ligts and discusses activities that will be carried out for a subset of the smulations to
evauate model performance.

Section 7: Describes the mgjor difficulties that will be encountered in exporting the meteorologica
fidldsto URM-1ATM and how these difficulties will be gpproached.

Section 8: Describes the computationa resourcesto be used and provides estimates of the run times
for sandardized smulations so that actua run times can be predicted.

Section 9: Outlines quality-assurance activities that will be carried out to promote the accuracy and
reproducibility of the meteorological modding.

2. M eteor ological M odel Domain and Grid Configuration

Important initid decisons in desgning the smulations are sdecting the Sze and location of the
meteorologica modd domain and its system of nested grids. The am of these choicesisto ensure that the
data supplied to URM-1ATM is appropriate as possible for air-quality modding in the SAMI region
subject to the congraints of available resources.

21 M eteorological M odel Domain

Horizontaly the domain must be large enough to supply meteorologicd fidds for the entire URM-1ATM
domain. Verticdly the domain must be high enough to modd the meteorologica processes that could
sgnificantly affect ar-quality levelsin the Southern Appaachians.

211 Horizontal Extent of M eteorological Domain

The meteorologica model domain must be at least as large as the ar-quality modd domain. For
comparison with the meteorological domain, ahorizontd view of the air-qudity domainisshownin Figure
1-1 in aMercator projection with the true latitude at 26° N and centrd longitude of 99° W. Thedomain
extends east to west from about 66° W to 99° W, and south to north from about 26° N to about 47° N.
This domain was selected to encompass dl the mgjor source regions which potentidly have a sgnificant
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impact on the Southern Appaachians.

Thebounds of the meteorologicad model domain are shown in Figure 2. The Sze and |location ensuresthat
a every point in URM-1ATM the gpplicable meteorol ogica va ues can be obtained by interpolation (with
subsequent adjustment to conserve mass between the two domains [see Section 7]).

212 Vertical Extent of Domain

The top of the meteorological domain isapproximately 17 km . With thisvertical extent RAM permitsthe
development of degp convection and can capture the verticd motions associated with stratospheric
intrusonsinto the troposphere which may be important in relation to ozone transport.

2.2 Grid Configuration

The characteristics of the physical problem and the demands on computer resources have been considered
in determining the horizontal and vertica resolution of the grid structures to be used. Independent of the
resolution, RAM S usesthe Arakawa C grid (Messinger and Arakawa, 1976; Arakawaand Lamb, 1977)
asthebasisof itsnumerica integrations. Inthisarrangement scaar variablesare defined at grid-cdll centers
and wind components are defined on grid-cel faces (Figure 3)

221 Horizontal Grid Configuration

Before describing the horizonta grid system to be used in RAMS, the grid system of URM-1ATM will be
described. The URM-1ATM grid gtructure has five levels of resolution. The outermost grid has a
resolution of 192 km with successive grids having resolutions of 96, 48, 24, and 12 km. The grids having
the coarser resolutions are used to resolve emissions in mgor source regions away from the Southern
Appalachians. Thefiner gridsare used to resolve both emissionsand pollutant levelsin or near the complex
topography of the Southern Appaachians. These features are depicted in Figure 1- 1.

The RAMS horizontd grid configuration differs from that of URM-1ATM. Both models carry out their
respective calculationsin a Cartesan coordinate system but use different map projections. URM-1ATM
mapsitsdomain from the surface of aspherica earth into aplane using aMercator projection whileRAMS
uses an oblique stereographic projection.

The coarse, intermediate, and fine gridsfor RAM S have resolutions of 96, 24, and 12 km, respectively, as
shownin Figure 2. The details about the locations of thethree grids arelisted in Tables 1-3. The purpose
of the 96-km grid isto capture the synoptic- scale meteorol ogy that influences mesoscale processesin and
near the Southern Appaachians. The RAMS intermediate grid (horizonta resolution of 24 km) coversthe
Southeadt, and the fine grid (horizonta resolution 12 km) covers portions of the Southern Appaachians.

The choice of 12 km for the RAM S fine-grid resolution was largely based on the use of theURM-1ATM

12-km fine-grid resolution for URM-1ATM. Adgde from the need to limit excessve mode run times, the
rationale was that the meteorologica details resulting from using a finer grid, such as 4 km, would be
smoothed out when the meteorol ogicdl fieldswereinterpolated into the coarser URM-1ATM domain. The
location of the 12-km grid required that it include the Great Smoky Mountains Nationd Park and the
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Shenandoah National Park.
222 Feasbility of an Ultra-Fine Grid Resolution for Complex Terrain

An ultra-fineresolution of 4 kmwill significantly improve the resolution of complex terrain. Finer resolution
of the terrain will in turn lead to better resolution of dope-induced meteorologicd fidds. The questionis
whether the higher resolution will sgnificantly affect the outcome of the air-quality modding. Therefore,
UAH will make two preliminary mode runs on asdected episode. Thefirst will usethe nest of the 96, 24
and 12 km just described, while the second will add the ultra-fine resolution of 4 km.

The ultra-fine resol ution consists of two grids--one near the Great Smoky Mountain Nationa Park and the
other near the Shenandoah Nationa Park as shownin Figure4. The grid covering Shenandoah has been
extended to the west to include the nearby front range of the Allegheny Mountains which is expected to
affect the meteorology that occursin Shenandoah. Thetopography of theregionisshownin Figure5. The
details about the characterigtics of the ultra-fine grids are listed in Table 4.

The output fieds from the two preliminary model runswill be passed to GIT for input to URM-1ATM. If
the ultra-fineresolution leadsto air- quality modd resultswhich are sgnificantly different thenthe UAH/GIT
team will seek guidance from SAMI in resolving the conflict between unacceptably long modd run times
and the possible degradation of modding quaity from using amaximum resolution of 12 km. "Significantly”
is intentionally not defined here in order to permit discusson of this point among SAMI modding
subcommittee members when the test results become available.

223 Vertical Grid Configuration

RAMS and URM-1ATM differ inther vertica coordinate systems. RAMSusesasigma-h sysem. Atthe
surface the modd’s lowest level assumes nearly the shape of the underlying terrain. The upper levels
become progressively flatter asthey approach thedomaintop. Thethickness of the RAMS verticd layers
increasesfrom 40 m near the surface to amaximum of 1000 m. Thespacing of theverticd levesislisedin
Table5.

3. Mode Inputs

The required input datafor RAMS can be divided into two main groups. One isthe atmospheric datafor
the initid, boundary condition, and nudging fields. The other is the various fidds which are required to
specify the surface characterigtics.

31 Atmospheric Data

Atmospheric data are needed to initidize modd fields, to provide time-dependent boundary conditions as
the smulations proceed, and to furnish valuesinterior to themode domain toward which themode solution
can be nudged (see 4.3).

The Nationa Centers for Environmental Prediction (NCEP)/Nationa Center for Atmospheric Research
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(NCAR) reanalysis data (Kanay et a., 1996) was chosen as the main data source for the atmospheric
data. The procedures used to transform the reandysis datainto aform useful in RAMS is described in
Appendix C. The required three-dimensond variables needed for an initid State are the horizontal wind
components, water vapor mixing ratio, potentia temperature, and a scaled pressure (the Exner function).

3.2 Surface Characteristics

Topography for the 96-km grid will be obtained from a 10- minute resol ution dataset compiled by the U.S.
Navy (Globd Terrain Height Data) and for the other grids from a 30-second resolution dataset (NCAR
Contiguous U.S. Terrain Height Data).

Among theimportant variablesin regionad modeing, soil moistureis one of the mogt intractablebecause of
its patial and tempord variability and the absence of routine measurements. Vaues can be deduced from
infrared satellite images, but because of expense and time, that approach is not being considered for this
project (athough see 6.3). Initid soil moisture fields will be obtained from the reanalys's dataset even
though they are highly influenced by the modd component of the reandyss system as opposed to
observations.

Soil temperature will initidized as a function of the amospheric temperature. This is accomplished in
RAMS by specifying a profile of departures from the lowest air temperature. Sea-surface temperatures
(specificdly for the Atlantic Ocean and the Gulf of Mexico) will be obtained again from the reanayss
dataset.

Soil typedataare derived from the STATSGO dataset devel oped by the Nationa Cooperative Soil Survey
and distributed by the National Resources Conservation Service. Raw dataresolutionison the order of 1
km horizontaly and with 11 layersin the vertica over most of the continental United States. The current soil

model in RAMS is not designed to alow variable soil typesin the vertica so the predominant or moda

vaue was chosen from the STATSGO data for each soil mode column.

Vegetation indices and 18 land-use typesare supplied with RAM S by themodd digtributor. Thesevaues
will be usad in each smulation.

4, Model Configuration

RAMS isaversdile modeing system capable of smulating flows from the scale of agloba hemisphereto
thescaleof abuilding (Pidkeet al ., 1992). Nearly 200 optionsare availableto RAM S usersto alow them
to tallor the modd configuration to best fit the problem to be studied. This section discusses the most
important of these choices for SAMI modding.

4.1 Nesting vs. Stand-Alone Domains

Preliminary work in running the different resol ution gridsindependently and in asequentia fashionin aone-

way nested approach has not been successful.  Therefore, future smulations will run the nested grids
smultaneously in atwo-way gpproach which is the default and intended mode of the RAMS modd.
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4.2 M oist Processes

For each type of impact of interest to SAMI--0zone concentrations, acid deposition, and vighility
imparment--clouds and precipitation are important and therefore the various choices which govern the
moigture physics are important as well.

421 Cumulus Parameterization

The generation of cumulus clouds presents a specid problem for mesoscae modding. A number of
cumulus parameterizations have been devised to gpproximate subgrid- scale convection by usng thegrid-
scaevaues asthe environment for the convection. A modified version of the Kuo parameterization (Kuo,
1974), isavailablein RAM Sand will be activated for the 96- and 24-km grids but probably not the 12-km
grid. Thisversion of the Kuo scheme has asimple downdraft with the precipitation efficiency being madea
function of vertical wind shear.

422 Grid-scale M oist Processes

One of SAMI’ spurposesfor modding the Southern Appa achiansisto determinethere ationship between
emissions and acid depogtion in theregion. In order for the air-quality mode to smulate wet deposition
properly, the meteorological modd will need to provide variables such asthree-dimensond fiedsof cloud
and rain water mixing ratio and two-dimensiond fidlds such as cloud base and cloud top and the surface
precipitation rate. RAMS provides severd levels of moist physics of which the most complex alows for
five prognogtic condensate types: rain, snow, pristineice, ice aggregates, graupdl, and hail. Cloud water
vauesare obtained diagnosticaly by subtracting thetotal condensate plusweter vapor from thetota water.

UAH is proposing to use the minimum leve of the moist physics which will dlow for only cloud and rain
water but no ice microphysics.

4.3 Four-Dimensional Data Assimilation (FDDA)

FDDA is atechnique for incorporating externd data into a mode o that it influences the modd solution
while maintaining time continuity and dynamic coupling among the modded fidds. The externd data may
consst of observations, if themodd isbeing used to reconstruct past events, or of forecasts. Also, thedata
may be available for dl or only afew of the model domain’s grid points, either on the boundariesor inthe
interior.

RAMS uses the method of Newtonian relaxation, or nudging, to incorporate externa data.  With this

method themodel stateisrelaxed toward the state defined by theexterna databy adding artificia tendency
terms to one or more of the modelsprognostic equations. InRAM Stheartificia tendency termisgiven by

(2. - a,)/T (D)

where a, is the externd vaue, a, is the corresponding modd vaue, and T isatime scale contralling the
grength of thenudgng term. Thetimescde T can bedlowed to vary from atypica minimum vaue near the

420



domain wadls in order to maximize nudging there and then increased to the maximum value, T, inthe
center of the domain. The time scde T can dso be held congtant everywhere and thiswill be theinitid
gpproach taken in this study. Nudging will be performed on the 96-km grid but not on the finer meshes.
For the SAMI smulationsthe externa datawill be the analyses obtained from the reanalysis dataset. The
FDDA will be performed with Tra= 1 h. Intests conducted by the Tennessee Valey Authority lessbias
was found in the smulated wind speeds and directions when Tro= 1 h. However, the standard error in
these variables increased compared to results when Ty»= 3 h. The optima choice may be episode
dependent.

4.4 Other Configuration Consderations
Other choices must be made before RAMS can be run. Some of these are summarized in this section.
44.1 Mode Physics

The equations used by RAMS are the nonhydrogtatic, quasi-Boussinesg set described by Tripoli and
Cotton (1982). Although the hydrostatic version of RAMS could be used on the coarser grids, the
nonhydrostatic modd will be used throughout to maintain consistency.

442 Finite-Difference For mulation

Thefinite-difference formulation is second order in space and a hybrid combination in time. In the hybrid
tempora schemein the nonhydrostatic modethe u,v, and w wind components and pressure use centered in
time differencing (i.e, the legpfrog scheme) whereasdl other scalarsuseforward intimedifferencing. The
advection terms are written in flux form so that mass, momentum, and energy are conserved.

4.4.3 Diffusion

Thehorizontd diffusonishandled asafirs-order eddy viscosity based on aloca exchange coefficient that
isafunction of velocity deformation and stetic sability derived from Smagorinski (1963) with modifications.
Theverticd diffuson caculationsincludeaMelor and Y amada (1982) schemeto dlow for the prognostic
determination of the turbulent kinetic energy.

444 Radiation

RAMS includes two schemes for radiation caculations. The Mahrer-Pielke (1977) scheme accountsfor
doping terrain, forward Rayleigh scattering, and the absorption of shortwave radiation by oxygen, ozone,
carbon dioxide, and water vapor, but it does not alow for the presence of any kind of condensate. The
Chen and Cotton (1983) scheme does account for condensate and is the scheme UAH will usefor SAMI

moddinginitidly. UAH isawarethat apotentia problem has been identified in the Chen and Cotton (1983)
scheme having to do with solar hegting rates in gratiform clouds. If the problem appears in the SAMI

modeling, UAH may switchtothe Fu et d. (1995) schemewhich isnot supplied with RAM S but which has
been added to RAM S by researchersin the Globa Hydrology and Climate Center in Huntsville, Alabama.
A drawback of the Fu et a. (1995) schemeisits high computational demands.
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4.4.5 Soil Model

The boundary vaues a the bottom of the domain are supplied by a soil model. The modd was firgt
developed by McCumber and Pielke (1981) and later modified by Tremback and Kesder (1985). A layer
of finite depth at the soil-atmosphereisassumed, and prognostic equations are formulated for fluxes of heet
and water vapor through the layer. The model assumes eleven layers from the surface down to 0.50 m
below the surface.

4.4.6 Model Physics Changes

The origind RAMS-3a modd uses the Louis (1979) parameterization in determining the surface fluxes
which diminates the need for any iteraive caculations to determine the Obukhov length. Beljaars and
Holtdag (1991) provide evidence that the difference between the Louis (1979) approach and an exact
caculation can belargein gablestuations. Therefore, an efficient iterative approach which explicitly solves
for the Obukhov length as a function of the surface Richardson number has been implemented using the
generd recommendations of Beljaars and Holtdag (1991). The trangtion of the surfacefluxesto thefree
convection regime isimplemented in afashion smilar to Beljaars (1994).

Theorigind cloud fraction gpproach in RAMS-3awasto designateit either aszero or onebut no valuesin
between. The Ek and Mahrt (1991) cloud fraction scheme has been introduced as described by Mocko
and Cotton (1995). It has been implemented in away such that cloud fractionsin the unstable boundary
layer are afunction of the horizontal mesh size, the surface moisture flux, and the stlandard deviation of the
verticd velocity.

5. Moded Output

Hourly averagevauesof dl needed variableswill be saved for each episode. The biogenic emission modd
and URM-1ATM require certain meteorologicd fiddsthat RAM Sdoes not computedirectly but which can
be derived from the basic date variables. Table 7 gives alig of the varigbles which will be ddivered to
GIT, classfiesitas“badc” or “derived,” specifiesitsdimenson, and givestheunitsinwhichitisexpressad.

6. Evaluation of Meteorological Fields

Sinceexterndly available dataisblended into RAM S solutionsvia FDDA, finding independent data setsto
evaduate RAM S performanceisapotentia problem. However, certain routingly observed and independent
surface variablesexist, and two types of remotely sensed data setsare availablethat arerdevant and useful.
These datasetswill provide areasonable measure of RAM S performance. A relaive measure comesfrom
comparing RAMS output with the corresponding output of another meteorological model, such asMM5.
Also, comparisons can be made with observationstoward which RAM S has been nudged to ascertain how
well the model is assmilating the externd values. Findly, a subjective method for evaluating RAMS isto
examinetrgjectories generated by a Lagrangian particlemodd. These mattersare discussed in thissection.
The quantitative statistica measures that will be used to compare predicted and observed values are
described in Appendix D.
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6.1 Routine Observations

Three possible categories of routine observations could be used to verify modd smulaions. The firg
category is the hourly surface airways dataset which provides surface or near- surface measurements of
temperature, pressure, wind, and precipitation at severad hundred locations across the United States.
Software has been developed which interpolates a given variable to an observed station location and
computeserror statistics such asthe sandard deviation and bias. Thisdataset will likely be the predominant
one used for the verification of near-surface variables. The second category isthe cooperative network of
observations which has a much higher spatid dendty but which suffers from considerable asynoptic
temporal characteristics which makeit difficult to use. The third category is the network of rawinsondes
which are avallable every 12 h. Again software has been developed to compare modd soundings
interpolated to the rawinsonde locations.

6.2 Comparison with Wind/Temper ature Profiler Measurements

From June 19- July 28, 1995, the Southern Oxidant Study (SOS) conducted an intensivefield study of the
transport of ozone and its precursors in Nashville and the surrounding region of Middle Tennessee.
Measurements were taken on both surface and airborne platforms using both direct and remote-sensing
methods. Among the instruments used in the study were five wind and temperature profilers. Thesewere
located at various pointsin the Nashville area (Figure 6). Using radar, these deviceswere able to observe
wind speeds and directionsfrom near the surface to about 6 km abovethe surface. Using sodar, they were
able to observe temperatures from near the surface to about 0.7 km above the surface. The resulting
profiles are generdly available every hour for the entire study period.

Totake advantage of therich set of observationswith which modd output can be compared, RAMSwill be
run initidly over the SAMI domain for the period July 11-19, 1995. For each hour of this period the
RAMS velocity components will be compared with the corresponding values from the profilers at various
levels. Figure 7 shows how wind speeds ca culated by RAM S compared with wind speeds measured by
thethree profilersclosest to Nashvillefor four vertica layersduring July 9-18, 1995. The windsweretaken
from aRAMS run made by the Wisconsin Department of Natural Resourcesfor OTAG. Figures of this
type can assigt inreveding biasesin RAMS predictionsand will be used in thismanner to evauate modeling
caried out for SAMI. Similarly, comparisonswill be made of RAM S and observed temperature profilesin
the firgt few hundred meters of the atmosphere.

6.3 Comparison of Cloud Fidldswith Satellite Images

Mode ed cloud fields can be compared with satdlliteimagesto determine how well the moist physics of the
model areworking. Visble and infrared images are available hourly from NOAA geodtationary satellites.
Techniquesare avail able for mapping these cloud fid dsinto modeling domains o thet grid- cdl comparisons
can be made of location, height, and optical thicknessof clouds. Thistechniquewill be used to evaluatethe
performance of RAM Sfor one episode for which precipitation or extensive cloud cover isknown to have
occurred and for which satelite images are readily available. A summary of the techniquesfor processing
satdllite images for comparison with modd resultsis given in Appendix E.
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6.4 Comparison with MM 5 Output

One of the ways in which MMS5 is potentidly superior to RAMS is the number of available cumulus
parameterizations (seven in MM5 compared to one in RAMS). MM5 will be run for awet, convective
episode using the Kain- Fritsch parameteri zation (Kain and Fritsch, 1993) to provide acomparison againgt
the Kuo scheme of RAMS. In a comparison of severa cumulus parameterizations Wang and Seaman
(1997) found that no particular one exhibited superior behavior in dl smulaions but the Kain-Fritsch
parameterization had saverd desirable characteristicsincluding relatively good performancein warm-sssson
events.

A comparison of MM5 and RAM S output for the same episode cannot be a pure comparison of cumulus
parameterization schemes. Asdefromthedifferencesinthetwo schemes, MM5 and RAM Sare based on
somewhat different implementations of atmospheric physics and are initidized according to different

procedures. However, using observed precipitation amounts at stations across the modding domain

judgments can be made about the performance of each mode!.

The modding protocol for RAMS as described in Sections 2, 3, and 4 of thisdocument will aso apply to
MM5 smulations except that data to initiaize and provide time-dependent boundary vauesfor the model
will come from MM5's own data analysis package.

6.5 Lagrangian Particle Model Trajectory Visualizations

A subjective but useful means of examining theflow fields produced by RAMSisby flow visudization. One
way to do thisis by driving a Lagrangian particle mode (LPM) with the output of RAMS. UAH hasa
LPM (McNider, 1981; McNider et a., 1988) that can be used for this purpose.

The LPM reeasesfictitious particles sequentidly anywherewithin thedomain. Oncereleased, the particles
are subjected to the grid-scde flow fidds of the meteorological mode and may aso be subjected to
turbulent trangport from subgrid-scaeflows. Theresultsaredisplayed graphicaly, ether assingleframesor
asanimations. Useof the LPM is straightforward and consumeslittle extracomputer time. Therefore, the
LPM will be used with every episode using mgjor sourceregions and sdlected locationsin complex terrain
as relesse points.

7. Post-Processing of Meteorological Fields

RAMS was not designed for the purpose of providing input to URM-1ATM nor was URM-1ATM
designed to receive the output of RAMS. Therefore, anumber of post-processing steps will have to be
performed before the output from RAMS can be used in URM-1ATM. These steps include
transformations between different map projections and adjustments to insure conservetion of mass.

7.1 Map Projections

The horizonta wind componentsin RAM S are Cartesian components and are not componentsrelativeto a
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gphericd eath. The RAMS wind components will be rotated to "true" north-south and west-east
components by UAH for use by GIT.

7.2 I nter polation of RAMS Fieldsto theURM-1ATM Grid

GIT will perform the necessary horizontal and vertica interpolaions on the RAMS output data to the
URM-1ATM mode grids as well as rotation of the "true" horizontal wind components to the Cartesan
components on the URM-1ATM grid. Further details are contained in the SAMI Air Quality Modeling
Protocol (Russd| et al., 1997).

7.3 Conservation of Mass

The find step in converting RAMS fidlds to appropriste URM-1ATM input is to correct for a loss of
conservation of mass. The combination of spatid interpolation and different continuity equations between
RAMS and URM-1ATM can giveriseto massconservation errorsin theURM-1ATM modd. A common
techniquefor rectifying the problem isto adjust the vertica velocity inthe"new” mode (here, URM-1ATM)
S0 that mass consarvation is enforced. The detals of how GIT will do this can befound inthe SAMI Air
Qudity Modeling Protocol (Russdll et al., 1997).

8. Computational Considerations

Table 7 gives estimates for the tota run timefor 78 days on three machine configurations. a75 MHZ SGl,
one 500 MHZ DEC-ALPHA, and two 500 MHZ DEC-ALPHAS. Thetotal runtime of 78 daysisbased
on 62 chosen days plus 16 "ramp-up” days needed on the basis of 2 "ramp-up" daysfor 8 episodes. The
time estimates given are purely computer time and do not reflect the time costs needed for run initiaization,
debugging, €tc.

0. Quality Assurance

Themodd smulations carried out by UAH will make use of either RAMS or MM5, mode srecognized by
atmospheric scientists as incorporating currently acceptable technology for representing atmospheric
processes. Therole of qudity assurance in the modding efforts of UAH will be to ensure that the critica
steps in the modeling process can be accounted for, and if necessary, duplicated. To thisend the program
of quaity assurance described below will be implemented.

9.1 Appropriateness of Input Data Sets

Meteorologica and air-quaity models must be appropriately initidized and be supplied with appropriate
boundary vauesif theresults of amodd smulation areto be meaningful. For the same reason theinput files
used to establish a model configuration for a smulation must be appropriate to the problem under
investigation. Often differences of opinion exist on the suitability of the datato be used for these purposes.
Traditiondly the issue has been settled by opening the modeling process up to peer review and adlowing
experts to pass judgment on the matter by independently critiquing the papers and presentations of their
colleagues. This gpproach, which has a long-ganding history of utility and success in the modding
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community, will beemployed by UAH. Input datasetsfor each episodewill be availablefor ingpection for
anyone on the SAMI Modeling sub-committee or for any other expert the sub-committee chooses.
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9.2 File Documentation

Five main groups of files are associated with each model run: the atmospheric data for the initid and
nudging fields, the surface characteristicsfilesfor fieldssuch asterrain, input file(s) specifying mode options,
the output of the modd itsdf, and the modd source code. Three copies of each file group will be
maintained: one on the machine where it was produced, one on the long-term disk storage on the loca

Cray, and one on aworkstation backup tape. In addition, theinput file(s) specifying model optionswill be
gppended to each modd output file. Thefind measureto insure file documentation will be acareful log file
which will show the date of the smulation and the names of theinput datasets. Thelogswill make useof a
conggent system of identification codes for associating the files with the smulation.
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Appendix A. RAMS
A.l1  Description of RAMS

RAMS is a three-dimengond, primitive-equation moded that uses terrain-following coordinates. It
represents the merger of a hydrostatic modd originally developed at the University of Virginia (Pieke,
1974; Mahrer and Pielke, 1977; M cNider and Pielke, 1981, 1984) and anonhydrostatic mode developed
by Tripoli and Cotton (1982) at Colorado State University. The surface energy budget ismaintained using
radiative fluxes latent and sensble heat fluxes, and subsurface heat conduction.  Shortwave
parameterizationisby Mahrer and Pidlke (1977); longwave parameterization, by Chen and Cotton (1983).
Subsurface heat conduction is provided by a soil temperature mode (Tremback and Kesder, 1985).

Turbulence is parameterized using a 1.5-closure scheme developed by Melor and Yamada (1982).

RAMS provides for the inclusion of terrain eevetions, land use, and land-water fractions. RAMS aso
provides for four-dimensiond data assmilation (FDDA). Thisfeature dlows large-scae evolution to be
incorporated through the domain boundaries and observations within the domain to be blended with the
model- calculated tendencies to control error growth.

Thereisno limit either on RAMS domain size or onits cdl mesh Sze. Themode can be used to Smulate
large-scale atmospheric systems on the order of a planetary hemisphere, mesoscde flows over
subcontinenta regions, microsca e phenomena such as tornadoes, and submicroscale turbulent flow over
buildings. Inview of thecomplexity of mountain flows, RAMS &bility to resolve smd|l-scale phenomenais
advantageous. RAM S employstwo-way grid nesting thet dlowslarge- scde and smdl- scale phenomenato
be modded smultaneoudly.

A.2  PreviousRAMS Applications

A consderableamount of theuse of RAM S and its predecessor modelsby UAH investigators has centered
around astudy of flows affected by topography. McNider developed thefirg three-dimendond smulaions
of small-scae dopeand valey flows (McNider, 1981; McNider and Pieke, 1984) and investigated large-

scae doping terrain (McNider, 1981). Using mesoscae modds, Arritt et al. (1987) also carried out an

anayssof therole of thermally driven topographic flow in dtering Froude-number dependent plume-impect
modes, suchas CTDMPLUS. Recently therole of the Great Smoky Mountainsin influencing theregiona

circulaion and in initiating convection has been investigated using moddls and satellite data (Casey et al.,

1995). The UAH efforts most directly related to thiswork have been modding studieswhichinvestigated
the role of terrain in ozone exposure a high eevations and the impact on modulating the diurnd ozone
profile (Zaveri et al., 1995). For six weeks under the SOS program, UAH aso carried out real-time
RAMS smulations over the Southeast during the Nashville fidld intensve campaign. The modd was
initiaized and nudged at the boundaries using the Etamodel forecasts. The ozonefidd wasinitidized usng
noon observations from state monitoring sites and transported in the Smulations as a passive scaar.

Pielke et al. (1992) have conducted a survey of the range of RAMS applications. These extend from
large-eddy smulations to synoptic-scae weeather systems and from mid-Iatitude tornadoes to subtropica
thunderstorms. In particular in very recent studies, Poulos and Bossert (1995), Fast (1995), Fast et al.
(1996), and Mudler et al. (1996) describe studiesin which RAM Sisused to smulate flows over complex
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terrain including FDDA.

RAMS has been gpplied to locations in the SAMI region. In an unpublished study, UAH used the
hydrogtatic predecessor of RAM S (UVA/CSU) to modd the Southern Appalachians. The smulation was
ableto reproduce the grid scale updrafts over the elevated terrain and the subsidence over the surrounding
regions. Mudler et al. (1996) employed RAMS, dong with a Lagrangian particle disperson model, to
identify ameteorol ogica modeing methodology thet can be used in regiond photochemica modeling andto
identify large regiona ozone precursor sources that may impact the southern Appalachians during periods
having high ozonelevels. With respect to thefirst goa, anumber of gpproachesweretested. A hydrogtatic
model with homogeneousinitidization, RAMS run nonhydrogtaticaly with homogeneousinitidization, and
RAMS run nonhydrogtatically with nonhomogeneous initidization and FDDA were evaluated against
observations. The last method best reproduced observed wind patterns.
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AppendixB. MM5

MMS5 is the fifth generation of the Penn State/NCAR Mesoscale Modd originally developed by Anthesin
the early 1970's and later documented by Anthes and Warner (1978). The current version has been
documented by Grell et al. (1994).

MMS5 is a grid-point modd with finite differences centered in space and time.  Second-order finite
differences are used for the advection terms, and an Assdin timefilter isapplied to dl prognostic variables.
The mode can be run ether in a hydrogtatic or nonhydrostatic mode. The hydrostatic option uses Split
semi-explicit time integration for efficient treetment of the fast gravity modes. The nonhydrogtetic option
usessemi-implicit imeintegration for the sound-wave modes. The horizontal grid usesthe Arakawa-Lamb
B gaggering in which scdarsare defined at the center of agrid square and eastward and northward vel ocity
components are defined at the corners. MM5 uses normalized pressure differences (S gmacoordinates) for
its vertical coordinate system. Verticdly, dl variables are carried a hdf-dgmaleves except for vertica
velocity, which is carried at full-sgmaleves

MMS5 is capable of both one-way and two-way nesting up to nine domains with nests at the same leve

being alowed to overlap. Options are provided for initidizing nests. MM5 is aso capable of FDDA to
alow observationsto beinput to the mode over an extended period of time using forcing termsthat nudge
the solution toward the observations while maintaining redigtic continuity of flow and geostrophic and

therma-wind balances. Themodd isableto modify flows according the shape of theterrain underlying the
model domain. It dso dlows for thirteen land-use categories that account for seasond changes in

climatologica vaues of abedo, roughness length, longwave emissvity, heat capacity, and moisture
availability. Caculations can be carried out on model gridsthat are either in the Lambert conformd, polar
stereographic, or Mercator projections.
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Appendix C. Initialization Procedures

The Nationad Centers for Environmenta Prediction (NCEP)/Nationd Center for Atmospheric Research

(NCAR) reandysis data (Kanay et d., 1996) (hereafter referred to as "data’ or "reanaysis datd') was
chosen asthemain datasourcefor theinitid and boundary condition filesfor the 96-km meteorologica grid
for two reasons. 1) it provides aconsstent, easily available dataset for any episode chosen for this study,
and 2) it providesasourcefor variables such as soil moisturewhich are not synopticaly available over large
areas. Thereandysis product used for the three-dimensona fieldswas the dataon a Gaussian horizontd

grid and asgmagrid verticaly with respect to pressure (i.e,, Sgma-p). Thehorizontal resolutionisonthe
order of 1.9° while the vertica resolution has 28 levels.

The important points of the process required to convert the reanalysis datainto aform compatible for the
RAMS mode will now be discussed briefly. Thisinvolves three basic steps: a horizonta interpolation, a
verticd interpolation, and awind adjustment. The horizonta step uses a Barnes (1973) analysis scheme
implemented in amanner smilar to Koch et d. (1983) to obtain the values of the required variables on the
reendysssgma-p surfacesat the horizontal locations of the RAM S horizontd grid. A welghted-averageof
aBarnes (1973) andlysis of the surface airways observations of thewind at 10-m and the reandysiswinds
at 10-m providesthe lowest level of datafor the vertical interpolation of the wind data.

Theverticd interpolationinvolvesthree heights: the reanaysisterrain height, the modd terrainheight, and an
estimate of the mixed layer depth. A stability dependent function with respect to thereandysisdata, F, is

defined in (C.1),
2 71977
r(z-g) ‘Hz‘ﬂ?{ (C1

where r isdengty, g isthe potentid temperature, and z and E are the height above sealeve and terrain
height for thereanalysisdata, respectively. An estimate of thetop of the mixed layer, Z.,, isthen defined by
the highest level where F > 10.0 kg K* mi® with a potentia temperature lapse rate < 1.0e-03K m™. The
height differences dz;, dz, and dz, are then defined by (C.2)-(C.4), where E* isthemodd terrain height.

F=

dzi=Zn- E (C.2)
dz, =|E'- € (C.3)
dzy = max [dzl,dzz] (C4)

For variables other than the wind components and for the Stuation where the model terrain isless than or
equd tothedataterrain, i.e,, E* <E, theverticd profileisdivided into threeregionsusing the heights Z. and
Z, asdefined in (C.5) and (C.6).

Z =E+dz, (C.5)

Z,=E +dz, (C:6)

For heights with respect to the mode terrain, z*, which are at or above Z., the modd vaues are obtained
by smple linear interpolation with respect to height from the datavaues. For the region Z, < z* < Z, the
model vauesare obtained from alinear regression using detavaues between the heights Z, and Z... For the
region below Z,, the data gradient vaues are utilized according the descriptions given in (C.7)-(C.10),
where the index "k" refers to data verticd levels and the index "I" refers to mode verticd levels. The
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difference between the data and mode terrain heightsis added to the data heights asin (C.7) so that they
can be referenced with regard to the modd height values. The bottom and top welights for the linear
interpolation of the datagradient vauestothemode leve "I" are described in (C.8). The estimated gradient
vauea modd leve "I" isthen given by (C.9), where"A" can be any scadar datavariable. The actual model
vaueof "A" a leve "I" isthen caculated by extrapolating downward from the value above asin (C.10).
Z,=z+FE-E (C.7)
1 for Za(k) £Z (1) £ za(k +1),
Za(k +1) - Z (1)

|

}Wb: Za(k+1)- Za(k)’ (C.8)
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= LA ]
A()= A(1+2) ‘ﬂzial[ (k+1)- Z(1)] (C.10)

For the wind components for the situation where the mode terrain islessthan or equd to the dataterrain,
the verticd profileisdivided into only two regions. For mode heightswhich areat or above Z, the model
vaues are obtained by smple linear interpolation. For model heights below Z;, the modd values are
obtained by expanding or contracting the equivaent reandysis datalayer using regression of the datawind
values with respect to the naturd logarithm of height. Some of the details of this procedure will now be
discussed. The heights of the wind 10 m above the data and mode terrain are denoted asin (C.11) and
(C.12). Using thedopeand intercept defined in (C13) equation (C.14) isthelinear relationship or mapping
between the reanaysis data heights z and the corresponding heights Z, on the modd vertica grid. Three
different linear regressons are then performed on the data wind componentsin the layer between Z; and
Z, using the adjusted heights Z.. Thethreeregressionsareshownin (C.15)-(C.17), where"B" isauor v
wind component. Thedope b remainsthe samefor the three regressions but the intercept val ues change.
In (C.15) theregression linefor the estimated wind component isforced to match the datavaue at thelevel
Z.. In(C.16) the estimated wind component isforced to match the data va ue with thelargest magnitudein
the layer from Z.to Zjo at level Zna. Findly, in (C.17) the estimated wind component isforced to match
the datavalue at Z,,. Theactud mode vaueat amodd grid leve isthen aweighted average of two of the
three estimates. The determination of which two estimates are used depends on whether z* isbetween Z,
and Zna or whether z* is between Zy. and Z;, . This gpproach has three advantages: it alows for
continuity of the wind componentsreativeto thelayer above wheredirect interpolation of thewind dataare

performed, it dlows any wind maximum in the layer to be captured, and it dlows for matching the data
winds at the 10-m leve.
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Zio= E"+10meters (C.11)

Zo= E +10meters (C12

Zo- Zio
S=2 b.=(1- S)Z (C.13)
Z,=S,z+b, (C.14)
B,=b In(z)+b, (C.15)
B,=b In(z)+b, (C.16)
B.,=b In(Z)+b, (C.17)

For the Stuation where the moddl terrain is greater than the dataterrain, i.e, E* > E, the vertica profileis
divided into only two regionsfor dl variables. For modd heightswhich are et or above Z, themodd vaues
are again obtained by smplelinear interpolation. For variables other than the wind componentsthe region
below Z., the datagradient va ues are utilized according the descriptions givenin (C.7)-(C.10) asdescribed
above. The wind components in the region below Z. are handled in the same way as described above as
wdll.

Barnes (1973) analyses of temperature and specific humidity at 2-m from the surface observations are used
to adjust the temperature and moisture fields on the RAMS grid after the vertica interpolation just
described. The depth over which this adjusiment occursis the largest of either the mixing depth Z,, or a
gpecified minimum depth, which is usualy on the order of 500-1000 m. The profiles of temperature and
specific humidity are changed over thisdepthin alinear fashion to match the observed andysesat 2 m. The
gtability of each column isthen checked and corrected to remove any layers above the bottom layer where
potential temperature decreases with height.

The bulk of the computational time is spent in the third and fina step which is the wind adjusment. The
combination of horizontal and vertica interpolation and the differencesin the terrain between thereandysis
data and the RAMS terrain introduce small changes in the divergent component of the wind which if left
uncorrected generdly lead to large, unredidtic vertica velocities at the top of the model domain. First the
divergence and the rdative vorticity are caculated on the RAMS grid. The divergence in each column is
then adjusted as afunction of height after O'Brien (1970) in order to obtain avertica velocity near zero at
the top of the model domain which is consistent with the top boundary condition used in RAMS. The
subsequent gpproach to the wind calculaions is then essentidly after Lynch (1989). The tota wind is
divided into divergent, rotational, and harmonic components. The harmonic wind isdefined such that it has
neither vorticity or divergence. The velocity streamfunction and potentid fields are obtained by solving
Poisson's-type equations with the known relative vorticity and adjusted divergence by smultaneous over-
relaxation with a Dirichlet boundary condition of zero. Gradients of the streamfunction and potentid fields
then givetherotationd and divergent wind components, respectively. The sum of the derived rotationa and
divergent wind components is then subtracted from the tota wind on the domain border to obtain thefirst-
guess of the border values of the harmonic wind. These perimeter values of the harmonic wind
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arethen adjusted such that their lineintegra around the perimeter is zero which insuresthe nondivergence of

the harmonic component. Thevelocity potentid for the harmonic component isthen caculated in the same
way using Smultaneous over-relaxation with a Neumann boundary condition provided by the perimeter
vauesof theharmonicwind. Gradients of the velocity potentid then give the harmonic wind over theentire
domain. The find wind fidd is then obtained by summing the divergent, rotationd, and harmonic

components over the entire three-dimensiond domain.

440



Appendix D. Statistical Measuresfor Model Evaluation

Bias. The average of the differences between modeled and observed values.

Bias:}é (Mi - O.)

i=1

A positive (negative) bias indicates the modd is overpredicting (underpredicting) on the

average.
Sandard Error: The standard deviation of the differences between modded
and observed vaues.

Standard Error = J—i a [(Mi -0)- Bias]2

The standard error is ameasure of the digperson of the modeled vaues from the observed
vaues.

Correlation: The normdized covariance of modded and obsarved vaues.

Correlation = Cov(M,0)
MSO
where
1d — —
Cov(M,0) :Bé (M-M)o-0)
i=1

M and O (s,, and s ) arethe means (standard deviations) of the modeled and observed
vaues.
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Appendix E. Satellite Image Processing Techniques

Three satellite data- processing techniques that will be needed for carrying out work of meteorological
model evauation are described.

E.1l Method 1: Surface Insolation from Satellite Images

The GOES-7 (GOES-8) satdllite returns the magnitude of upwelling radiation as brightness counts in the
range0-63 (0-1023). Rdativeto land and water, cloud topsare highly reflective and usudly result inlarger
brightness counts. In generd, the deeper the cloud, the greater its ability to reflect radiation in the visble
range. Counts of intermediate magnitude indicate amixture of radiation reflected from both cloud top and
the earth’ ssurface. Thelowest countsarisewhenllittle or no cloud is present and the reflection is primarily,
if not entirely, from the earth’s surface. Our insolation modd has been developed to compute surface
abedo and insolation vaues from visble images observed by GOES satellites (McNider et al., 1995;
McNider et al., 1997). The heart of the mode is a radidive-transfer technique patterned after that of
Gautier et al. (1980), Gautier (1982), Diak et al. (1982), and Diak and Gautier (1983), which isused to
convert hourly GOES brightness data into surface insolation.

Thetechnique requires hourly surface albedo obtained from clear-Sky brightnesscounts. If asingle, cloud-
free image were available for each hour of daylight, the brightness counts could be obtained directly from
them. However, because cloudy skies are so common, asingle, cloud-freeimageisusudly not available.
Our experience has shown that for agiven daylight hour images over aperiod of 20-30 days are needed to
obtain a stable minimum brightness count for that hour, especidly in the Southeast during summer when
cumulus clouds are ubiquitous. Brightness counts are converted into reflectances using aformulauniqueto
each satellite. Thisgpproach hastheinherent ability to account for both spatid and tempord differencesin
abedo due to soil type, vegetation, and time of day and year.

Once the clear-sky abedo and the brightness count are known for a given satdlite-image pixe, surface
insolation at the pixel can be caculated from the radiative-transfer modd of Gautier et al. (1980). The
model assumesasinglecloud layer. Abovethecloud layer, radiation is Rayleigh scattered and absorbed by
water vapor. In the cloud layer, radiation is scattered and absorbed. Below the cloud layer, radiation is
absorbed by water vapor. For the scattering coefficients, we use the parameteri zation originaly presented
by Kondratyev (1969) and modified by Atwater and Brown (1974). For the water-vapor absorption
coefficients, we use an empirical formulation of MacDonad (1960). For in-cloud absorption we useastep
function thet depends on brightness count (McNider et al., 1995). Thisresultsin aquadratic equation in
cloud abedo. Once known, cloud abedo can be used to caculate downwelling solar radiation and
insolation at the surface. The procedureyieds surfaceinsolation a each pixel inanimage. Suchimagescan
be gridded and vaduesfor dl pixelswithin agrid cdl averaged to produce hourly input fields for assmilation
into photochemical models, or, asfor the case we are proposing, for comparing with the hourly insolaion
fields predicted by a meteorologica modd.
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E.2 Method 2: Cloud-Top Altitudes from Satellite Images

Photochemica modding systemsdiffer in their sources of photodissociation congtants. In some casesthese
are obtained from radiative transfer moddlsthat include the scattering, absorbing, or reflecting properties of
atmospheric aerosols and clouds (e.g., Ruggaber et al. 1994). In other cases radiative transfer models
assume clear skies, and correction factors are later applied to the resuitsto obtain the desired cloudy-sky
vaues (eg., Chang et al., 1987). In either approach cloud information is essentid. Cloud information is
sometimes obtained directly from Nationa Wesether Service observations. In other casesit isobtained from
meteorologicd modds tha handle moisture dynamicdly and thermodynamicdly either through
parameterizations or microphysics.

We have dready mentioned the shortcomings of these data sources--the sparseness, lack of frequency, and
subjectivity of the National Weather Service observations, and the errorsin cloud placement, extent, and
timing of the meteorologica-modd predictions--and have pointed out how satellite observations can
overcome many of theseweaknesses. Calculating the effect of clouds on photolysisfrequenciesrequiresa
knowledge of cloud dtitude and thickness. For example, RADM approximatesthe cloud optica depth t
with the parameterization

t =3LconDzya/2r H,0f

where Lcon iSthe mean condensed water content, Dzqq iSthe mean depth of the cloud layer, r isthemean
cloud drop radius, and r y_oisthe density of water (Chang et al., 1987). InRADM, constant valuesare

assumed for each factor except Dzqqg , which is obtained from the meteorologica modd.

Cloud-top el evations can be estimated using infrared satdliteimages. Just aswith visbleimages, GOES-7
(GOES-8) returnsinfrared measurementsin discrete countsin therange 0-63 (0-1023). Thesevauescan
be transformed into temperatures using radiative transfer equations. If the area corresponding to apixd is
covered with clouds, the temperature associated with the pixel is that of the top of the clouds. If a
temperature sounding is available near the location of the pixel a the time of the satellite measurement, the
pressurelevel, and hencethe devation, at cloud top can be determined. At thispoint inthe devel opment of
the technique, for a given pixd we are usng the sounding from the closest rawinsonde station and are
linearly interpolating in time between successve soundings.

A potentid shortcoming of the method is using the sparse and rdlaively infrequent NWS soundings.

Another potentia shortcoming arisesfrom therelaively low resolution of infrared pixels. The8x 8km (4 x
4-km) area of a GOES-7 (GOES-8) infrared pixd may be only partidly covered by clouds o that the
temperature vaue returned by the satdllite for that pixe is a weighted mean of the surface and cloud-top
temperatures, T,,,. In such cases the method, without further modification, would produce a cloud-top

elevation lower than that of the actud cloud top. Becausethe horizonta resolution of GOES-7 and GOES-
8 vigbleimages (1 x 1 km) exceedsthat of GOES-7 (GOES-8) infrared images by afactor of 64 (16), the
visgble image corresponding to an infrared image can be used to quantify the fraction a of aninfrared pixe
covered by cloud. If the surface temperature Ty,
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for the pixd is known or can be estimated (perhaps directly from a surface measurement or from a
neighboring clear pixel), then the temperature of the cloud top T4 can beestimated by solving thefollowing
equation:

Tavg =(1 - Ja) Ty +aTyq

We have found that the square-root weighting provides more consstent resultsthan alinear weighting. A
third possible shortcoming arises from the fact that the infrared sensor sees only the top of the uppermost
cloud layer. We compute the devation of the cloud base as the lifting condensation levd, which is the
elevation of the cloud base for the lowest cloud layer. If cloud thickness is computed as the difference
between cloud top and cloud base, too large a thickness will be calculated when multiple cloud layersare
present in the troposphere. The problem can be particularly troublesome when lower cloud decks are
shielded from the satdllite sensor by cirrus.

E.3 Method 3. Surface (Skin)-Temper ature Changes from Satellite | mages

Biogenic and soil NO, emissions rates depend on surface temperature. The ability of atmospheric modds
to predict surface temperatureswould beimproved if concurrent surface-temperatureobsarvationscould be
successfully assmilated into the caculations. We have developed a method, employing infrared satellite
images, that is cagpable of assmilating surface temperature rates of changeinto boundary-layer models The
method alows usto ca culate surface temperaturesthat are completely consistent with vaues caculated for
al other variablesinthemodd. We havetested the method in one- and three-dimensiona mode sfor cases
not involving photochemica modding (McNider et al., 1994; McNider et al., 1997).

In principle, the performance of atmospheric models should be improved if observations are blended at
gopropriate times into the modes caculations via FDDA. FDDA has not worked wdl for surface
temperatures because they are not always compatible with the cal culated vertical profilesof either theair or
soil. By dtering the dopes of temperature profiles near the surface, the gpproach may cause predicted
disperson rates and other variables depending on the temperature gradient to be significantly affected
(Seaman, 1992). Our method for assmilating temperature observations overcomes the difficulty.

Surface temperature is produced from the interplay of anumber of processes. Among these are those that
govern net radiation, sensibleand latent hest flux at the earthrair interface, and hesat flux through the top few
centimetersof soil. Some of these variablesvary widely over spaceand time. For example, eveniif latent-
heat flux is correctly initidized throughout the domain of aphotochemica modd, it is difficult for the mode
to accurately predict future values Snce it depends on the “friction humidity” of smilarity theory, whichis
intringcaly difficult to measure or calculate. Our method dlows usto skirt the need for knowing the value
of friction humidity. By assmilating observed temperaturer ates of change into themodd, weautometicaly
account for the combined effect of al processes affecting surface temperature, including those pertaining to
hest flux. Other types of satellite data can aso be assmilated into the modes.



Table 1. Specifications of the RAMS Coarse Grid System

Horizontal Resolution: 96 km
Number of East/West Cells 35
Number of North/South Cells 31
Number Vertical Cédlls: 35

Center Latitude: 37.800° N
Center Longitude: 85.100° W
Northwest Corner

Latitude: 48.742° N
Longitude: 107.289° W

Southwest Corner

Latitude: 23.858° N

Longitude: 100.902° W

Southeast Corner

Latitude: 23.858° N
Longitude: 69.298° W
Northeast Corner

Latitude: 48.742° N
Longitude: 62.911° W
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Table 2. Specifications of the RAMS Intermediate Grid System

Horizontal Resolution: 24 km
Number of East/West Cells 62
Number of North/South Cells 58
Number Vertical Cdls: 35

Center Latitude: 36.484° N
Center L ongitude: 82.951° W
Northwest Corner

L atitude: 24T N
Longitude: 91.679° W
Southwest Corner

Latitude: 30.227° N
Longitude: 90.699° W
Southeast Corner

L atitude: 20.973° N
Longitude: 75.547° W
Northeast Corner

Latitude: 42133 N
Longitude: 73.895° W
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Table 3. Specifications of the RAMS Fine Grid System

Horizontal Resolution: 12 km
Number of East/West Cells 84
Number of North/South Cells 68
Number Vertica Cdlls: 35

Center Latitude: 36.578° N
Center Longitude: 82.276° W
Northwest Corner

Latitude: 40.194° N
L ongitude: 87.997° W
Southwest Corner

L atitude: 32.725° N
L ongitude: 87.734° W
Southeast Corner

L atitude: 32.725° N
L ongitude: 77.093° W
Northeast Corner

L atitude: 39.004° N
Longitude: 76.302° W
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Table4. Specifications of the RAMS Ultra-Fine Grid System

Horizontal Resolution 4Kkm
Great Smoky Mt. NP Shenandoah NP

Number of East/West Cells 71 68
Number of North/South Cells 14 3?2
Number Vertical Cdls: 35 35
Center Latitude 35.733°N 38.495°N
Center Longitude 83.014°W 79.503°W
Northwest Corner

L atitude 36.478°N 39.024°N

L ongitude 84.603°W 81.079°W
Southwest Corner

Latitude 34.931°N 37.909°N

Longitude 84.572°W 81.055°W
Northeast Corner

L atitude 36.479°N 39.025°N

Longitude 81.469°W 77.974°W
Southeast Corner

Latitude 34.932°N 37.909°N

Longitude 81.499°W 77.998°W
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Tableb5. Specification of Vertica Grid Spacing

Cdl Level No. u,v and scalar vertical grid w vertical grid
35 16866.71 17366.71
A 15866.71 16366.71
33 14866.71 15366.71
32 13866.71 14366.71
31 12866.71 13366.71
30 11866.71 12366.71
29 10866.71 11366.71
28 9866.71 10366.71
27 8866.71 9366.71
26 7866.43 8366.71
25 6859.91 7366.71
24 5923.04 6371.05
23 5115.68 5505.26
22 441364 4752.40
21 3803.16 4097.74
20 3272.32 352847
19 2810.71 303345
18 2400.31 2603.00
17 2060.27 2228.70
16 1756.76 1903.22
15 1492.83 1620.19
14 1263.33 1374.08
13 1063.77 1160.07
12 890.23 973.97
1 739.33 812.15
10 608.12 671.43
9 494,01 549.07
8 394.79 24267
7 308.52 350.15
6 23349 269.70
5 168.26 199.73
4 11153 138.90
3 62.20 86.00
2 19.30 40.00
1 -18.00 0.00
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Table6. RAMS Output to GIT

Variable Type Dimension Units
u wind component Basic 3 ms*
v wind component Basic 3 ms*
vertical wind component Basic 3 ms*
density Basic 3 N m?
pressure Basic 3 mb
temperature Basic 3 K
water vapor mixing ratio Basic 3 gkg*
vertical turbulent exchange coeff. Basic 3 nts?
u wind component at 10 m Basic 2 ms*
v wind component at 10 m Basic 2 ms*
temperatureat 2 m Basic 2 K
water vapor mixing ratio at 2 m Basic 2 gkg™
grid-scale cloud base Derived 2 m
grid-scale cloud top Derived 2 m
convective cloud base Derived 2 m
convective cloud top Derived 2 m
convective cloud area Derived 2 %
liquid precipitable water Derived 2 mm
convective fraction of total precipitation rate Derived 2 %
mixing height Derived 2 m
surface shortwave radiative flux Basic 2 W m?
total precipitation rate Basic 2 mms*
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The second row labeled "Ratio" is the ratio of CPU time divided by the smulaion time for a two-way
nested runwith the 96, 24, and 12 kmgrids. Thetotal Smulation timeisderived from the minimum number
of days to be modeled by current estimates which are 62 actua days over 8 episodes plus 2 "ramp-up"
days per episodewhich givesatota smulationtimeof 78 days. The columnsthen givethe actua estimated

timeto run al dayswith the UAH SGI machine, one DEC-ALPHA, and two DEC-ALPHA machines. See
the text for further detalls.

Table7. Estimated RAMS Execution Times
Parameter 75 MHZ 500 MHZ Two 500 MHZ
Gl DEC-ALPHA DEC-ALPHA
Retio 4.16 104 104
Timefor 78 days 324 days 81 days 41 days
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