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1 INTRODUCTION

Over the past hdf decade, emergent requirements for direct numericd smulation
of urban and regiona scae photochemica and secondary aerosol ar quality—spawned
largely by the new particulate matter (PM2.5) and regiond haze regulations—have led to
intendfied efforts to condruct high-resolution emissons, meteorologicd and ar qudity
data sets.  The concomitant increase in computational throughput of low-cost modern
scientific workdations has ushered in a new era of regiond ar qudity modding. It is
now posshle, for example, to exercise sophigticated mesoscae prognostic meteorological
models and Eulerian photochemical/aerosol models for the full annua period, smulating
ozone, sulfate and nitrate deposition, and secondary organic aerosols (SOA) across the
entire United States (U.S) or over discrete subregions. Conggtent with ongoing U.S.
Environmentd Protection Agency (EPA) programs, this sudy is amed a developing
high-resolution, gridded meteorological data sets that can be used to support urban and
regiond scde ar quaity modding over the continentad United States at both nationd and
regiona scales.

1.1 Oveview

In this study, the team of Alpine Geophysics, LLC (AG), and Atmospheric,
Meteorologicd and Environmentd Technologies, LLC (ATMET) ae peforming three
basc tasks (@) assessing different options for condructing a nation-wide meteorologica
data base for a specified target year (1999, 2000, and/or 2001), (b), applying and
evduating the Nationd Center for Atmospheric Research/Penn State  Universty
Mesoscde Modd (MM5) meteorologicd mode over eastern and western U.S.
subdomains for 2 to 3 two-week episodes during the years of 1999 and/or 2000, and (c)
exerciang and testing the modd over the entire U.S. for a full year a 36 km horizonta
grid scale.

1.2 Modd Evauation Protocol Objectives

This project offers a rare and chdlenging opportunity to rigoroudy test the
performance of the MM5 modd across broad domains for long integration periods — up
to a year. The objective of the evduation is to determine whether and to what extent
confidence may be placed in the modd’s output fidds (eg., wind, temperature, mixing
ratio, diffusvity, cloudsprecipitation, and radiation) that will be used as input to
emissons modeds and the various episodic and annud photochemica-aerosol models
planned for use by the five Regiond Panning Organizations (RPOs). This assessment of
the MM5's rdiability will be addressed from phenomenologicd (i.e, does the modd
amulate key processes correctly?) and regulatory perspectives

One of the mogst important questions addressed in this study concerns whether the
MM5 meteorologica fields are adequate for ther intended use in supporting a variety of
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ar quaity modeling exercises.  For the reasons discussed in Chapter 7, we will not be
able to answer this quedion definitively, yet a dgnificant amount of information will be
developed in this study that will endble us to quantify the adequacy of the MM5
modeling and to judge its suitability for use in ozone, regiona haze, and acid depostion
modeling dudies. This protocol outlines a forma modd evaduation process that we plan
to implement for both episodic and annua smulaions. If successful, this process will
produce useful, quantitative assessments of the adequacy of the MM5 meteorologicdl
fiddsfor avariety of regiond- and nationd-scde air quality modeling sudies.

1.3 Ouitline of the Evauation Protocol

Chapter 2 sets forth our philosophy governing the MM5 modd evauation and the
specific components of the approach. In Chapter 3, we present the results of a brief
survey of modd evduaion methods in the dlied fidd of regiond dimaology to
determine if there are other methods that might be added to the set of datistical measures
and grephicd tools to be proposed for testing the modd. Chapter 4 identifies the
avallable data base for MM5 operation and evauaion and then in Chepter 5 we identify
the specific tools we expect to use in testing the modd’s performance and reiability a a
variety of spatia and tempord scades. The specific evauation procedures we propose for
the episode and annua smulations are presented in Chapter 6. In Chapter 7 we present
the multi-step evauation process we propose to implement in order to determine the
adequacy of the MM5 fidds for use in air qudity modding. Our procedures for reporting
and archiving the evauation results are given in Chapter 8.
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2 TECHNICAL APPROACH TO THE MM5MODEL EVALUATION

Reflecting the condraints imposed primarily by avalable data resources, our
proposed evaduation of the MM5 modd for annud and episodic smulations will largey
be “operationd”. While we seek to identify and correct flawed model components, input
data sets, and pre- or post-processng components should they exist, except for mode
results that are obvioudy unredigic or non-physicd, the observationd data sets needed
to achieve this are essentidly absent. For both episodic and annual smulations, the
obsarvationa data bases will consst purdy of routine surface and doft measurements
performed by the Nationa Weather Service and other state and federd agencies. The
operationd evaduation will focus on the ability of MM5 to estimate correctly surface and
aoft wind speed, wind direction, temperature, mixing ratio, and precipitation a pertinent
time and space scales.

Although limited to an operationd evduation, we propose to implement a
rigorous st of daidica procedures and graphicd display methods to examine the
episodic and annud MM5 smulations. For each smulation we will evduate surface and
aoft wind (speed and direction), temperature, mixing ratio, and precipitation fields usng
avalable data sts.  Examples of the suite of datistical performance measures (routingly
cdculated by MAPS) to be examined include scdar and vector mean wind Speeds,
gandard deviations in measured and observed winds, RMSE errors (tota plus systematic
and unsystematic components), two modd skill measures, the Index of Agreement, as
wdl as the mean and dandard deviaions in modeed and observed wind Speeds.
Satidicd measures for temperature, mixing ratio, and precipitation will include means,
biases, gross errors, and the index of agreement. Complementing the numericd measures
will be a variety of graphica displays produced by the MAPS and PAVE software.
These displays will include dae-vaiddle times series plots, two-dimensond parameter
fields, vertical profiles of predicted and observed variables, skew-T plots, and so on.

The MM5 evauations be peformed with both scientific and policy perspective in
mind. For both episodic and annua sSmulations we will peform: (@) subregiond
evaduaions and (b) limited time-period evauations (e.g., monthly and seasona). These
evduaions ae amed a €ucidating the modd’s ability to predict key processes a
gndler time scdes (eg. coastd circulaion regimes) as wel as defining the modd’s
ability to produce religble ar quaity inputs a scaes appropriate to PM2.5 and regiond
haze issues. For example, for the annud MM5 smulation, we will conduct the Satigtica
and many of the grephicd evauaions independently over domans approximately
corresponding to esch of the five RPO domains in the U.S (see Figure 63). Moreover,
we will evaduate the modd for individud seasons (autumn, winter, spring, and summer)
in addition to the full annud cycde For both the episodic and annud domains, we will
adso evduae the modd independently for daytime versus nighttime conditions. The god
of dl of these additional subregiona and sub-tempord evauations is to build confidence
in the use of the modd for regulatory ar qudity decison-making and to identify potentia
problem aess (should they exist) in the MM5 meeorologicd fidds
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3 REVIEW OF REGIONAL CLIMATE MODEL EVALUTIONS

3.1 Realtsof Review

The annua runs that we will be peforming ae vey dmilar to the regiond
climate smulaions that have been popular in the cdimate community over the past
decade. In a regiond dimate smulation, a globad modd is run first to provide large-scae
fidds for the assessment of climate varidions (eg., increased CO2). A limited-area
(regiond) modd will then be one-way nested within these globd fidds, where the
boundaries of the regiond modd will be defined by interpolation from the globd fidds.
The regiond mode will then be run for a timescde of months to years in an atempt to
asess the more locd scae effects of the large scade climate change. Both MM5 and
RAMS have been used in numerous studies of this kind.

As a firg gep in a regiond dimate sudy, the regiond modd is usudly evaduaed
to see how well it can reproduce a past time period. In this evauation smulaion, the
regiona modd is nested into a global dataset. For example, the NCEP/NCAR Reandyss
Data is frequently used. In effect, this is virtudly the same as how we will be performing
the anual (and episodic runs), except that MM5 will be run in 5 day blocks, then
regarted. In the regionad dimate smulations, it is a continuous run through the entire
time period.

Since the annud MM5 run and the regiond climate run configurations are 0
gmilar, we have peformed a review of the recent meteorologicd literature to see if other
researchers have discovered any new techniques that might be useful for meteorologica
modd evauation for ar qudity purposes. Following are the highlights of what we found
inour review.

There are a few new techniques that are becoming popular in the meteorologica
community. A number of researchers have cdassfied verification techniques in three
classes (Baldwin, et.al, 2000 provide agood summary):

1) Messure-oriented results — sandard techniques of mean errors, RMSE,
biases, etc.

2) Didributions-oriented results — focuses on the andyss of the joint
distribution of forecasts versus observations

3) Events-oriented results — determination of the how wel specific events are
forecast by assessing the realism of aforecast or smulation.

One of the problems of the usud techniques, especidly RMS error measures, is
that outlying erors are heavily weighted. This was recognized 20 years ago when
mesoscale modds were first being goplied. The datement was frequently made that, if
you want to improve your verification datistics, goply a smoother to the field. This point
can be demondrated very well from the following figures (from Baldwin, et.d., 2000):
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3.2 Recommendations

We will focus on the standard datistica techniques for this project. The correct
use of the datisics can provide much of the needed verifications for this project,
epecidly if the datigics are dratified correctly. One way NOT to do it is to lump dl
hourly verifications together to produce a single mean error and bias score for the entire
year. We propose to implement a procedure of dratification of the errors to shed light on
these digtributions to assess the mode performance.

The errors can be dratified in numerous ways.

1) Regiondly

2) Seasond or monthly

3) Diurndly

4) Combinations of the above

The dratification of the eror datidics is essentid is evduaing the overdl
peformance of the smulation. By bresking the erors down regiondly, it can be
determined if one region has larger errors and biases than others. The breskdown by
month can point to specific period that may need to be rerun with different mode options
or configuration, rather than repeeting the entire year. A diurnd evauation, possibly by
region and by month or season, can give vauable information regarding perhagps daytime
high or nighttime low temperature biases.

Figure 3-1. ldealized Observed Precipitation Rates (from Baldwin, et al., 2000).
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Figure 3-2. Resultsfrom Simulation A Figure 3-3. Resultsfrom Simulation B
(from Baldwin, et al., 2000). (from Baldwin, et al., 2000).
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Figure 3-1 shows an idedized Stuation where the fidd is the observed precipitation rates.
Figure 3-2 and Fgure 3-3 show two different forecasts, with obvioudy different properties. By
looking a the two dmulations, it is clear that dmulation B is a better smulaion and provides
more useful information to the researcher or forecaster and does give more confidence to the
gmulaion. However, usng the sandard messures-oriented results, because of the dight
misplacement of the field, amulation A hasless error.

To look a the same two Smulaions from a didributions-oriented approach, Baldwin,
et.d. presented the following figures.

Figure 3-4. Resultsfrom Simulation A Figure 3-5. Resultsfrom Simulation B
(from Baldwin, et al., 2000). (from Baldwin, et al., 2000).
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The figures show a scatterplot of the observed versus the smulated precipitation rates.
Agan, the differences are driking. While smulation B shows two distinct groups of points, one
group where the smulated rates were less than the observed rates and one group where the
gamulated rates were more, Smulaion A shows more of a coherent group were most of the points
are grouped where the smulated rates are less than the observed rates. While this can be deduced
from visud examinaion of the origind smulated fidds, other quantities can be computed from
the digributions-oriented techniques, such as correation coefficients, to provide quantitative
measures.

Mogt of the new work in the past severa years, especidly for the short to medium range
forecasting, has been done rdative to the events-based verification, especidly when applied to
the quantitative precipitation forecasting (QPF). Precipitation is a fiedd that integrates the effects
of al of the date variables (winds, temperature, moisture, pressure), then adds the complexities
of the cloud parameterizations. QPF is probably the mog difficult of dl parameters to smulated
and forecast, due to the sometimes stochadtic naure of the precipitating eements and the
difficulties inherent in the verification of the precipitation, snce it may occur on a smdler scde
than can be resolved with the regionad mode grid.

Most of the QPF verification work has focused on the class of techniques that could be
categorized as pattern recognition or pattern-matching. For example, Ebert and McBride (2000)
investigated the overlgp of contoured rain amounts between the observed and predicted, looking
at displacement, amplitude, and shape errors.

Pettern matching techniques are probably not informative for the basic meteorologica
date variables, and are beyond the scope of this study. However for the future, for annua and
episodic smulations, the same techniques could possbly be agpplied to specific meteorologica
events, such as land and sea breezes In the padt, these were evauated in a more qualitative
sense, while the events-based techniques have the posshility of performing those types of
evduations in a quantitative sense. But even a better posshility for the future is the use of
pattern-matching techniques for verification of ozone and other pollutant species, which can be
gpatidly digributed (dmilar to precipitation) relaive to the photochemicad modds. While the
implementation of the event-based techniques is beyond the scope of this project, we will
continue monitor the developments in the meteorological community.
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4 DATA SUPPORTING THE EVALAUTION

The predominant sources of meteorological deta avalable for the modd application and
evaduation include the NOAA Forecast Systems Laboratory (FSL), the Nationd Center for
Atmospheric Research (NCAR), the Nationa Centers for Environmenta Prediction (NCEP), the
UNISYS weather map archive, and the Nationd Climatic Data Center (NCDC). Surface and
aoft wind speed, wind direction, temperature, and moisture measurements will be obtained for
these agencies and reformatted for use in comparisons with model predictions. The specific
NCAR data set to be used is DHA72.0, the hourly airways surface data. The primary data set
available for comparing mode performance doft is the FSL RAOB archive. Precipitation will
be andyzed using the NCDC TD3240 hourly precipitation data. Synoptic features (i.e. sea leve
pressure) will be andyzed by subjective comparison with the UNISYS synoptic weather charts.
Figure 4-1 shows a reasonably complete list of the locations of the routine upper air
meteorological data available for usein MM5 operation and performance testing.



Figure4-1. Location of the NWS Upper Air Sounding Sitesfor Usein the MM5

M eteor ological Modeling.
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5 AVAILABLE STATISTICAL AND GRAPHICAL TOOLS

The MM5 operationd performance evaduation will include the cdculatiion and andyss of
sevearad datisicadl measures of mode performance and the plotting of specific graphicd displays
to eucidate the basc peformance of the modd in smulating amospheric variables  The
gpecific datisticd measures we propose to cdculate are defined below. In addition, we adso
identify the suite of grgphicd procedures we propose to use to identify various feature of mode
performance.  All of these procedures have been employed extensvely in other prognostic model
performance testing (see, for example, Doty et d., 2002; Tesche and McNally, 2001; Tesche et
a., 2002, Emery e d., 2001). These evauation procedures are incorporated into the most
recent verson of Alpine€s public-doman Modd Peformance Evauation, Anadyss and Plotting
Software (MAPS) system.

5.1 Operaiond Evduation of Surface Fieds

5.1.1 Mean and Globd Statistics

Severd datigicdl measures will cdculated as pat of the MM5 evdudion. In the
definitions below, the varidble O represents a modd-estimated or derived quantity, eg., wind
goeed, wind direction, PBL height, mixing rétio, precipitaion amount, or temperature. The
subscripts e and o correspond to mode-estimated and observed (i.e., measured) quantities,
respectively. The subscript i refers to the i-th hour of the day.

Mean Estimation (M¢). The mean modd esimateis given by:
e N 2 e
where N is the product of the number of smulation hous and the number of ground-leve

monitoring locations providing hourly-averaged observational data.  Oe ; represents the model-
edimate at hour .

Mean Observation (M,). The mean obsarvetion is given by:

M_lg‘F
ONE ol

Here, O, represents the observations a hour i.
Average Wind Direction. Because wind direction has a crossover point between O degrees and
360 degrees, standard linear dtatistica methods cannot be used to calculate the mean or standard

deviaion. The method proposed by Yamatino (1984) peforms well in estimatiing the wind
direction standard deviation. Specificdly, this quantity is calculated by:

s.=acsn (b) [ 1+0.1547 b*]
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where:
1/2

b=|10- [(dn a)“+(cosa)” ]

Here, a isthe measured hourly or instantaneous wind direction vaue.

5.1.2 Difference Statistics

Residual (di). For quantities that are continuous in space and time (i.e, wind speed,
temperature, pressure, PBL height, species concentrations) difference datistics provide
condderable indght into the mode’s performance, tempordly and spetidly. Difference daidtics
ae based on the definition of a resdud quantity. A mixing rdio resdud, for example is
defined as.

di= Ce(xi 1t)'Co(Xi ’t)

where d; is the i-th resdud based on the difference between modd-estimated (c.) and observed
(co) mixing rétio a location x and time i. In the definitions that follow, we shdl use the letter ¢
to denote any continuous amospheric varidble (eg., temperature, precipitation amount, PBL
height).

Standard Deviation of Residual Digribution (SDr). The standard deviation of the resdud
digribution is given by:

e 1l 9 20
= f—— . - MBE) =
D %N-lﬁ(d )=

wheretheresidud is defined as;

di= Ce(xi 1t)'Co(Xi ’t)

and MBE is the fird moment, i.e, the mean bias eror, defined shortly. This datistic describes
the "disgperson” or sporead of the resdud didribution about the estimate of the mean. The
dandard devidion is cdculaed usng dl edimaion-observation pars aove the cutoff leve.
The second moment of the resdud didribution is the variance, the square of the standard
deviation. Since the standard deviation has the same units of measure as the variable (eg.,
meters/sec for wind), it is used here as the metric for disperson. The sandard deviation and
variance measure the average "spread” of the resduds, independent of any sysematic bias in the
edtimates. No direct information is provided concerning subregiona errors or about large
discrepancies occurring within portions of the diurnd cycle dthough in principle these, too,
could be estimated.

Mean BiasError (MBE). The mean bias error isgiven by:

1& (Ce (i » 1) - co (xi» 1)

MBE = —
N i
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where N equas the number of hourly estimate-obsarvation pars drawn from al vaid monitoring
dation data on the amulation day of interest.

Mean Normalized Bias Error (MNBE). The mean normaized bias error, often just called the
bias, isgiven by:

N

MNBE :ié (Ce(Xi’t) CO(Xi1t)) X 100 %
N i=1 Co(xi !t)

Mathematicdly, the bias is derived from the average sgned deviatiion of the mixing ratio (or

temperature) resduas and is caculated usng dl pars of estimates and observations above the

cutoff level.

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

N

1,
MAGE= Na |Ce(Xi’t)'Co(Xi ’t)l

i=1

Mean Absolute Normalized Gross Error (MANGE). The mean absolute normdized gross
error (or smply ‘grosserror’) is:

N - X
MANGE:ié |Ce(Xi’t) CO(XHt)lxloo%
N i=1 CO(XHt)

The gross error quantifies the mean absolute deviation of the resduds. It indicates the average
unsigned discrepancy between houly estimates and observations and is caculated for al pairs
Gross error is a robust measure of overall mode performance and provides a useful bads for
comparison among model amulations across different model grids or episodes. Unless caculated
for gpecific locations or time intervals, gross error estimates provide no direct information about
sub-regiona errors or about large discrepancies occurring within portions of the diurnd cycle.

Root Mean Square Error (RMSE). Theroot mean square error isgiven by:

. 12

N

[o] 2u

a |Fei'Foi| L'J
u

RMSE= § =
N iz

MD«D> (D~

The RMSE, as with the gross error, is a good overdl measure of model performance. However,
gance large erors are weighted heavily, large errors in a smdl subregion may produce large a
RMSE even though the errors may be small esawhere.

Least Square Slope and Intercept Regression Statistics. A linear least-squares regression is
performed to calculate the intercept () and dope (b) parametersin the following equation:

leei:a+b|:0i
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This regresson is peformed for each st of hourly (or ingtantaneous) data to facilitate
caculation of severd error and sKill gatitics.

Systematic Root Mean Square Error (RMSEs). A measure of the modd's linear (or
systematic) bias may be estimated from the systematic root mean square error given by:

_é 145 . LU
RMSEs_é_alFei'le I;I
é N a

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

é 19 ~ ol
RME.=g—a lFa-Fal g
é N5 a

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

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

RMSE? = (RMSEQ? + (RMSEy)?

It is important that RMSE, RMSE;, and RMSE;, are dl andyzed. For example, if only RMSE is
edtimated (and it gppears acceptable) it could consst largely of the systematic component. This
bias might be removed, thereby reducing the bias transferred to the photochemica modd. On
the other hand, if the RMSE condds largely of the unsystematic component (RMSE), this
indicates further error reduction may require mode refinement and/or data acquisition. It dso
provides error bars that may used with the inputs in subsequent sengtivity anayses.

5.1.3 Skill Measures

We will cdculate three skill measures as follows.

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

N (RMSE) *

2

N
é. ( |Fei'Mo|+|Foi'M0|)

i=1

@ (D>,(D> D> D~
(<@ e} ey exY ey ey
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This metric condenses dl the differences between mode egtimates and observetions into one
datisticd quantity. It is the ratio of the cumulative difference between the modd estimates and
the corresponding observations to the sum of two differences. between the edimaes and
observed mean and the observations and the observed mean. Viewed from another perspective,
the index of agreement is a measure of how wel the modd edimates 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 a a given
time may be quantified in a Sngle metric and displayed as a time sries. The index of agreement
has atheoretical range of 0 to 1, the latter score suggesting perfect agreement.

RM S Skill Error (Skilleg). The root mean square error skill ratio is defined as.

RMSE,

[o]

Variance Skill Ratio (Skillya). The varianceratio skill isgiven by:

ille=

S(i”Var = Sje

o

5.2 Grgphicd Evduation Tools

Over the years, a rich variety of grgphica anadyss and display methods have been
developed to evduate the performance of mesoscde meteorologicdl moddes.  Besdes the
datisticd measures described in the preceding section, there are a number of procedures for
grephicaly representing model results and observations that dlow for direct comparison between
them. Therefore, in sdecting the graphica evauation tools for portraying the MM5 episodic and
annua smulaion results, we will draw from among severd gpproaches. In many indances, the
differences in how modded and messured quantities are trested in certain of these graphica
techniques are more a matter of preference than correctness. Each graphica technique requires
some assumptions that influence the outcome. However, by usng a vaiety of graphica
approaches, it is possble to examine the MM5's performance from different viewpoints and thus
gain aclearer understanding of the results.

In gpplication of the grgphicad techniques described below, we will focus the 36 km
reults for the annud smulaion and the 12 km results for the episodic Smulations.  The
parameters to be emphasized include but are not necessarily limited to bias, relative error, root
mean square error, and index of agreement. These measures will be plotted in various ways for
temperature, wind speed, wind direction, water vapor mixing ratio and precipitation. The
graphica tools will be used to examine mode performance both at the surface and aoft.
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5.2.1 Grgphicd Displays Emphasizing Resdua and Skill Measures

The graphica displays we propose to use for examining various resdud, error and skill
measures are included in the current set of displays produced by the MAPS software. These
include, but are not limited to:

> The tempora correlation (time series) between point estimates and observations,
> The spatid digtribution (gridded fields) of estimated quantities,

> The corrdation among hourly pairs of edimates, observations, resduds, and
digtributions;

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

> The degree of mignach between volume-averaged mode edtimates and point
measurements, and

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

These plotting methods are exemplified in the many recent MM5 and RAMS modd evaudtion
sudies (see, for example, Doty et d., 2002; Tesche and McNaly, 2001; Emery et al., 2001;
Tesche, et d., 2002).

5.2.2 Grgphicd Digplays Emphasizing Spatia Fields

We sk a complimentary means of displaying and inter-comparing modeded and
measured fields and plan to consder in greater detall the use of spatia interpolation methods.
Specificdly, we wish to examine the spatid varidion in the differences between measurements
and predictions across the modding domain and not just a the monitoring dteations where
measurements are avallablee.  Two generd gpproaches are avalable.  The fird is to amply
interpolate the measurements to a grid mesh and then compare the gridded “observations’ with
measurements.  This method, described in detail by Doty et d., (2002), alows one to compare
predicted and measured ground-level two-dimensond fidds of, say, bias and root mean square
eror (RMSE) datidics for temperaiure, water vapor mixing ratio, wind direction, wind speed,
and precipitation. On the 36 and 12 km grids, the observed meteorological measurements would
be interpolated, producing a gridded array of observed variables on the same grid as the modeed
fidds. These measured and modeled fields can be plotted and compared separately, or
subtracted to produce resdud fieds of differences. Figure 5-1 is an example of how these
resdud fieds might be displayed. In principd, the method could be used to compare the two-
dimensona spatid fieds of biass and RMSE for surface temperature, water vapor mixing ratio,
wind direction, wind speed, and precipitation.

There are a number of critical assumptions inherent in the method outlined by Doty et 4.,
(2002) which we believe may not be vaid across the wide geographical domains and full annual
cycde that we mus address in the annud modding. Spatid interpolation of measurements in
regions of eevated terran, sharp land-water contrasts, or in areas where sparse measurements

5-6



ae avalddle dl introduce potentidly severe limitations on this firss method. At present, we do
not believe it istechnicaly valid for the proposed episodic and annud MM5 evauations.

The second method, and the one we propose to investigate further in order to arrive a a
find recommendation, involves cdculaion of resduds (differences between prediction and
observation) at the measurement sStes and then interpolation of the residuas in space to produce
the desred two-dimensond digplays such as shown in Figure 5-1. At the moment, we are
conddering dternative methods of spatiad interpolation, induding the method of Doty e 4.,
(2002) usd in the SAMI RAMS meteorologicad modding. This method used a Barnes-type
andysis scheme to produce gridded varigbles. However, the Barnes (1973) interpolation method
IS not an accurae indication of actud conditions in high terrain areas because the observations
ae dmog entirdy made from locations outsde the mountainous aress.  For example, if the
mode is peforming correctly in Stuations where the temperatures are decreasing with height,
then there will be a cool "bias' over high terrain areas.  Accordingly, we plan to investigate other
methods for gpatidly interpolating the prediction-observation resduads across the domain(s) of
interes.  We invite any suggesions the EPA may have on suitable methods for spatidly
depicting the differences between modded and observed meteorologicd parameters and in
particular specific methods for conducting the interpolation. Once we have developed a find
recommendation, it will be incorporated into this protocol as a update revision.

5.3 Operationd Evduation of Aloft Fieds

We will perform an evduation of the MM5 mode performance in smulating the upper
level horizontd winds and temperatures for the episodic and annua average smulaions. Due to
data limitations, this evauation will necessrily be limited to comparisons of means, bias and
erors in daly averaged wind speed, wind direction, and temperatures, verticaly integrated from
the surface to an appropriate leve in the atmosphere (eg., 400mb).  This andlyss of verticaly-
averaged mean datigtics is intended to provide a coarse indication of the MM5's performance in
reproducing the verticd wind and thermodynamic gtructures of the various episodes to be
modeled. In particular, we will present tabular summaries of the predicted and observed,
veticdly-integrated horizontal winds and temperatures for al modding days based on
measurements made on the various NWS upper air reporting Sites over the U.S. shown in Fgure
4-1. From experience, we expect fairly good agreement in these comparisons due to the fact that
doft temperature and wind observations from the NWS radiosondes will be employed in the
FDDA nudging scheme. However, the MM5 weighting coefficients used in the nudging will be
farly smal so that the doft fidds will not be under a heavy condraint to maich the observations
locdly. These ddtigticd comparisons are intended to shed light on the degree of confidence one
may place in modded doft wind and temperature petterns. However, this test will be
insufficient by itsdlf to ‘vaidate' the reasonableness of the modd predictions aoft.

Further ingght into the adoft MM5 modd performance doft will be provided through the
development of skew-T plots of the modeed and observed wind and thermodynamic profiles.
Using standard analysis software obtained from NCAR and incorporated into MAPS, these plots
will be developed for every available rawinsonde sounding during the modeling episodes. Figure
5-2 presents an example of a skew-T plot for the Jacksonville, FL site on 22 April 1999 at 1400
LST. The solid red and blue lines correspond to the observed and predicted winds, respectively.
The thinner red and blue lines dencte the mixing ratio observations and predictions.
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5.4 Evaudion of Diagnosed Planetary Boundary Layer Height Fidds

Higoricdly, the mixed layer heght (i.e, mixing height) was examined routindy as part
of photochemicd modd evduations snce ealier modds such as the UAM-IV  were
fundamentally tied to the ‘mixing height concept. Current generation photochemica models
like CAMx ae not formulated in this manner; indead, the characterization of verticad mixing is
related to the didribution of turbulent kinetic energy via the meteorologicd modd’s smulation
of the coupled mass, momentum and energy equations. Other models (eg. CMAQ) that may be
aoplied usng the MM5 data bases developed in this study do require specification of mixing
height. A more useful concept in this andlyss is the planetary boundary layer (pbl) height which
may be defined as that part of the troposphere that is directly influenced by the presence of the
earth’'s surface and responds to surface forcings with a time scale of about an hour or less (Sl
1988). During the daytime, this PBL definition corresponds fairly well with the so-caled mixed
layer height determined from the inflection in the potentia temperature, moisture, and trace gas
concentration profiles derived from verticd sounding devices (e.g. radiosondes). We propose to
compare the maximum MM5 modeled and observed afternoon mixing heights for each modeding
day over an gopropriate domain or subdomain(s). While this comparison is an important one
because of its implications for ar qudity modding, it is a difficult one to make unambiguoudy
because of the nature of mixing heights.

While the mixing heght can be determined directly from the MM5 output, mixing height
is not a variable that is directly obtaned from traditiond rawinsonde measurements. Estimates
of mixing heghts or, dterndivdy PBL heghts ae typicdly determined manudly or with
objective adgorithms that examine the vertical profiles of temperature, moisture, light scattering,
or trace gas (eg., ozone) concentrations. In most cases the mixing height is defined as tha
height where there is a sgnificant change in one or more of these properties. A smple objective
procedure for estimating mixing height was developed many years ago by Holzworth usng near-
surface temperature measurements and the morning upper air temperature soundings.

Given the full range of meteorologicd and physicd conditions to be conddered in the
anud modding, manud determination of mixing height from the various soundings locations
shown in Fgure 4-1 is clealy impossble However, a carefully defined objective procedure
may have some merit in providing an efficient, yet farly reiable method for estimating mixing
heights to compare with MM5 predictions. The method we are currently exploring in this regard
is dmilar to the origind Holzworth method, but uses the 0000 UTC sounding and the midday
surface temperatures to estimate the height at which a dry adiabat intersects the upper air stable
layer. By redricting this andyss to afternoon, non-coastal and norrmountainous regions, we
hope to be ale to remove the influences of loca thermdly-induced circulations that would
confound the smple method developed by Holzworth. We plan to investigete this and possibly
other methods for objectivdy determining dally maximum afternoon mixing heights over mid-
continenta locations within the domain(s) of interest. We invite any suggestions the EPA may
have on auitable methods for esimaing the mixing heights usng routine surface and doft
sounding data, keeping in mind the fundamentd technicd difficulties in prescribing on method
that covers dl conditions within the annud cycde If we are successful in developing a credible
method for edimating daly maximum mixing heights a the rawinsonde locations, we will
present the method as a find recommendation, to be incorporated into this protocol as a update
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revison. If it is possble to edimate mixing heights rdiadly, we will cdculate mixing height
resduas (predicted minus observed) and contour these across the domain(s) of interest to
produce graphical displays of modded PBL height fidds such as those shown in Figure 53, an
example over the Lower Lake Michigan Region.

5.5 Evaudion of Precipitation Fieds

Evdudion of the precipitation fidds represents another area where additiond
invedigation (and hopefully interaction with EPA) is needed before ariving a a find
methodology. Severd methods are being explored for potentid use in evduating the MM5
precipitation forecasts. Each of these have been used recently in mgor prognostic model
evaduation dudies in support of ar qudity programs none of the methods is fully saisfactory.
Beow we review these methods briefly.

One method involves the caculation of sandard ranfdl datistics and the use of
contingency table categories as shown in Table 5-3. The caegories of correct "no ran’
forecasts, fdse darms, misses, and hits are denoted by Z, F, M, and H, respectively. The
following satisticd measures are defined:

F*tH
PBIAS = — (5-1)
M tH
H
POD =— (5-2)
M TH
F
FAR = (5-3)
F +
Z
ANR = (5-4)
Z*tF
HK =POD *ANR "1 (55

Each of these datigtics can be cdculated for various precipitation thresholds, eg., 0.2, 2, 5, 10,
15, 25, 35, 50, and 75 mm with respect to the observed 6-hour amounts at a given NWS dation.

The precipitation bias (PBIAS) as defined by Equation (5-1) is the tota number of moded
forecasts of precipitation divided by the tota number of observed precipitation events. The
precipitation probability of detection (POD) given by Equation (5-2) is the totd number of
correct model forecasts of precipitation divided by the totd number of observed precipitation
events. The precipitation fdse darm raio (FAR) defined by Equation (5-3) is the totd number
of times of modd predictions of precipitation when there was none observed divided by the tota
number of model forecasts of precipitation. The accuracy for norrran events (ANR) given by
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Equation (5-4) is the totd number of correct modd forecasts of no precipitation divided by the
totd number of observed no precipitation events. Findly, the so-caled Hanssen-Kuipers score
(HK) described by Equation (5-5) is a composite of the POD and ANR and has a range of 1.
These datigtics can computed on event, daly, monthly, seasond, and annua bases for each
monitoring dation recording quantitative precipitation. Table 5-4 gives an example of how a
contingency table might look; it is based on RAMS precipitation forecasts for the 12 km SAMI
domain.

A second method would entail comparing gridded MM5 precipitation fields on an event
tota, monthly, seasond, or annud bass with gridded fidds of precipitation. The principa
chdlenge here is to sdect an gppropricte Spatid interpolation dgorithm for use in interpolating
between and extrgpolating from rain gauge measurement Stes. Severa methods are available in
the literature and we propose to examine leading candidates to see if they are reasonable for this
goplication.  Should a suitable method be identified and if it can be implemented within the
budget condraints of the MM5 evduation, this gpproach yields graphicad comparisons smilar to
those depicted in Figure 5-4.

A third approach involves various grgphicd methods for depicting the time and space
variability of precipitation over an event, a day, a week, month, season or year. For example,
Fgure 5-5 gives a time saries plots of the daly precipitation totals derived from the measured
and RAMS predicted values averaged across dl reporting stations in the 12 km and 24 km SAMI
domains over the southeastern U.S. The biggest chdlenge in the use of this type of digplay is in
selecting the gppropriate averaging time to use.

As noted above, it is especidly chalenging to devisng a sound scheme for comparing
point rainfal measurements with spatidly digtributed (i.e, gridded) modd predictions.  Another
method that could be adapted to the annud and episodic Smulations is depicted in Figure 56. In
this comparison, the top pand presents the gridded dally precipitation totas (in mm) across the
domain for a paticular day (here, 7 August 1993) In the bottom pand, the daily totd
measurements (aso in mm) are depicted utilizing the same color coding scheme.  Comparing the
predicted and observed ranfal totds on this day gives a quditaive understanding of the
adequacy of the modeled precipitation rates for the period andyzed. In addition, scatter plots of
predicted and observed totd precipitation might be helpful (see, for example Figure 5-7).

Another methods under consderation involve caculation of cumulaive predicted and
observed didributions of ranfdl as a function of time throughout the month, season, or annud
cycle.

We invite any suggestions the EPA may have on slitable methods for evaduating the
MMS5 precipitation predictions usng the surface NWS ran gauge measurements.  We will
continue to explore the methods outllined here and others that may come to our attention. When
we have developed a suitable method(s) for comparing modeled versus observed precipitation
for the annud and episodic smulations, we will present them as a find recommendation, to be
incorporated into this protocol as a update revison.
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Table5-1. Statistical Measuresand Graphical Displaysto beUsed in the MM5
Operational Evaluation of Surface Fields.

Statistical M easure

Graphical Display

Surface Winds (rTSl)

V ector mean observed wind speed

Vector 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 a function of time

Scalar mean predicted wind speed

M odeled and observed standard deviations in wind speed as afunction
of time

M ean observed wind direction

RMSE, RMSE;, and RMSE, errors as afunction 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

SKILLg skill scoresfor surface wind speeds

SKILLvar skill scoresfor surface wind speeds

Surface Temperatures (°C)

Maximum region-wide observed surface temperature

Normalized bias in surface temperature estimates as afunction of time

M aximum region-wide predicted surface temperature

Normalized error in surface temperature estimated as a function of
time

Normalized bias in 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

I sopleths of hourly ground level temperatures every 3-hr

Variancein hourly temperature estimates

Time series of modeled and observed hourly temperatures as selected
stations

Surface Mixing Ratio (gm/Kg)

Maximum region-wide observed mixing ratio

Normalized bias in surface mixing ratio estimates as afunction of time

Maxi mum region-wide predicted mixing ratio

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

Normalized biasin 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 as a
function of time

Mean gross error in hourly mixing ratio

Spatial mean of hourly modeled and observed surface mixing ratios as
afunction of time

Average accuracy of daily maximum mixing ratio

I sopleths 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 Measuresand Graphical Displaysto be Used in the MM 5

Operational Evaluation of Aloft Fields.

Statistical M easure

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 aoft for each
sounding

Vertically averaged mean predicted wind direction a oft for each
sounding

Aloft Temperatures (°C)

Vertically averaged mean temperature observations aloft 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 aloft for each
sounding

Table5-3. Contingency Categories For Comparing 6-Hr MM5 Precipitation Estimates

with 6-Hr NWS Observations.

Event Predicted
Observed No Rain Rain
No Ran Z F
Ran M H

Table5-4. Rainfall Statisticsfor Various Thresholdsfor 6-Hr RAM S Modédl Precipitation
Compared With 6-Hr NWS Observed Valuesfor July 1995 episode. (Source:

Doty et al., 2002).

STATISTIC THRESHOLD (mm)
0.2 2 5 10 | 15 25 35 | 50 75
BIAS 10802 | 02018 | 00247 | 0O 0 0 0 0 -99
POD 02129 | 0.0263 0 0 0 0 0 0 -99
FAR 0.8925 | 0.869% 1 9 | 99 | 9 | -9 | 9 | -9
ANR 09303 | 09962 | 099% | 1 1 1 1 1 1
HK 01432 | 00225 | 00004 | © 0 0 0 0 -99
OBSEVENTS | 202 114 81 8 | 2 19 7 3 0
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Figure5-1. Spatial Difference Fields of Biasand Root Mean Square Error in Modeled
Minus Observed Surface Wind Fields (10 m) for July 1995 Over the 48 Km
SAMI Grid Domain (Source: Doty et al., 2002).
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Figure 5-2. Comparison of Observed (red) and Predicted MM5 (blue) Upper Air Wind,
Temperature, and Mixing Ratios at Jacksonville, FL on 22 April 1999 at 1500
L ST (Source: Tescheet al., 2002).
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Figure5-3. MM5 Planetary Boundary Layer Heightsover the Urban-Scale (4 km) Domain
on 19 July 1991 (Source: Tesche and McNally, 2001).
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Figure5-3. Concluded.
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Figure5-4. Comparison of Modeled and Spatially Analyzed Precipitation Fields (mm)
Over the Southeastern U.S. for March 1993 Over a 96 km SAMI Domain.
(Source: Doty et al., 2002).
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24 Hour Precip. {MM)

Figure 5-5. Spatial Mean Daily Precipitation (mm) for the 3-12 August 1993 SAMI
Episode. (Source: Tesche and McNally, 2002).
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Figure5-6. Daily Precipitation Fieldsfor 7 August 1993. (Source: Tesche and McNally,
2002).
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Figure5-7. Scatter Plot of Daily Maximum Rainfall (mm) for 7 August 1993. (Sour ce:
Tesche and McNally, 2002).
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6 APPLICATION OF THE EVALUATION TOOLS

As noted in Section 2, the MM5 operationa evaduation of the annua and episodic
amulaions will be supported by the cdculation of a comprehensve set of datistica procedures
and graphicd displays over the episodic and annua average modeling domains (Figures 61 and
6-2). These methods, and pertinent plotting examples, were presented in the previous chapter.
For each smulation we will evduate surface and aoft wind (speed and direction), temperature,
mixing ratio, and precipitation fidds usng avalable data sets Primary metrics of interest
include biases, gross erors, RMSE erors (totd plus systematic and unsystematic components),
mode skill measures, the index of agreement, as wel as the mean and dtandard deviations in
modeled and observed fidds. Complementing these numericd measures will be a variety of
graphica displays produced by the MAPS and PAVE software. Evaduation methods specific to
the annua and episodic smulations are outlined below.

6.1 Annua Evauation Methodology

The annud MM5 evdudtion will be peformed with both scientific and policy
perspective in mind. For the annual smulation, we will examine the modd’s performance across
the full 36 km domain for four (4) timeframes. daly, monthly, seasond (autumn, winter, spring,
and summer), and annud averaging timeframes.  We will evduate the modd over the five
subregions shown in Figure 63. These approximately correspond to the five RPO domains. The
modeling results will be evauated for daytime versus nighttime conditions as wel. The god of
these additiona subregional and sub-tempord evduations is to build confidence in the use of the
model for regulatory ar qudity decisorrmaking and to identify potentid problem areas (should
they exig) in the MM5 meteorologicd fields. These subregiondl evaduations will be amed a
elucidating the modd’s ability to predict key processes at the smdler time and scdes (eg.
coadtd circulation regimes) associated with specific RPO regions.

The full suite of datigticd measures and graphica displays will be developed for each
subregion and archived on CD. One purpose in archiving these subregiona and subtempord
results is to provide future andysts with the basic information needed to support independent
asessments of whether the MM5 fidds produced in this study are actudly technica credible and
gopropriate for use in their specific gpplications as opposed to the use of other modeling results
or routine measurement data bases.

6.2 Episodic Evauation Methodology

The episodic MM5 evduations will be performed over 12 km domains but will obvioudy
focus on narrower time scaes: episodic, dally, and hourly.  Though not shown presently, we will
define specific subregiond andysis regions within the episodic domains (andogous to those
shown in Hgue 6-3) to support subregiond invedigations and to highlight particular
meteorological processes of concern to ar quality modders (eg., land-sea breeze circulations,
mountain-valey wind regimes). These subregiond and sub-tempord evauations will be focused
on identifying the ability of the MM5 modd to yiedd rdiable transport fidds in support of
episodic ar qudity dudies  The full suite of datisicdl measures and grgphica displays will be
developed for episodic domain, subregion, and averaging time and archived on CD.
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Figure6-1. Approximate Location of the 12 km Episodic Modeling Domains.
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Figure6-2. Approximate Location of the 36 km Annual MM5 Modeling Domain.
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Figure 6-3. Identification of Subdomainsfor the Annual MM5 Perfor mance Evaluations.
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7 A PROCESSFOR JUDGING THE ADEQUACY OF METEOROLGICAL MODEL
SIMULATIONS FOR USE IN REGIONAL AIR QUALTY MODELNG

One of the mogt important questions to be addressed in this study concerns whether the
episodic and annud MM5 meteorologicd fidlds are adequate for their intended use in supporting
8-hr ozone, secondary fine particulate, acid depodtion or other regiond ar quaity modeding
dudies. For the reasons discussed below, we will not be able to answer this question
definitively, yet a sgnificant amount of information will be develop thet, we believe, should be
of use to modelers and decison-makers. Through implementation of the methods and procedures
st forth in this protocol, we believe tha a framework will be established that will help users of
the MM5 modding results to determine the suitability of the results for their specific ar qudity
model application.

7.1 Processfor Judging the Suitability of MM5 Fiddsfor Air Quality Applicaions

Once the full episodic and annua MM5 evduations are completed in this project, there
will il not be a definitive answer as to whether the fidds are adequate as input to ar qudity
models. This will result, in part, because there are currently no commonly accepted performance
criteria for prognogtic meteorologicd models that, if passed, would dlow one to declare the
MMS5 fidlds appropriate for use. For complex amospheric modding problems like the ones
being addressed a regiond scde by 8-hr ozone, secondary aerosol, haze, and acid deposition
dudies, it is quite doubtful that a sngle quantitative st of performance criteria would ever be
aufficent. The question of meteorologica fidd adequacy depends, a a minimum, upon the
goecific host ar qudity moded and the nature of the modding episode being used.
Meteorologicd fields that might be adequate for use in the CMAQ modd for an eastern U. S.
episode, for example, may be quite deficient in an episode over the Gulf Coast States region since
the specific needs of the ar qudity model and the particular chemica and physical processes that
must be dmulaed may be quite different.  Thus, quantitative datisticd and graphicd
performance criteria, though hdpful, are inherently insuffident in aiding modeers and decison
makers in deciding whether meteorologica fidds are adequate for ar qudity modeing. Other
consderations must be brought to bear. Below, we present a process whereby the adequacy of
the MM5 fidds for use in a paticular ar qudity study might be assessed. This process builds
upon the more general evauation process outlined by Roth, Tesche and Reynolds (1998) and
implemented in connection with the RAMSURM modd agpplications for the Southern
Appdachian Mountains Initigtive (SAMI) (Doty e d., 2002) and with the MMS5/CAMX
goplications in the 8-hr Peninsular Florida Ozone Study (PFOS) (Tesche et dl., 2002).

7.2 Framing the Questions to Be Addressed

Usudly ar qudity smulaions are quite sengtive to meteorologicd fidds.  Where this
sengtivity is anticipated, it is important to make an effort to develop as accurate a representation

1 A proposed set of performance criteria has been suggested by Emery et al., (2001) drawing on the work of Tesche
et a., (2001) and these will be used in the present study to gauge MM5 performance. However, outside the state of
Texas, these criteria have not yet received wide-spread endorsement.
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of meteorologica varidbles as possble Specid features of the flow fidds, such as eddies,
nocturnd jets, drainage flows, land-sea or land-bay breezes, and verticd circulations should be
adequatdly characterized through the meteorological modding. In circumstances where there are
dgnificant trandtions in the meteorologicd vaiables over short distances, such as dong
shordines or in areas of hilly teran, the need for finer spatid resolution tha is typicdly
specified must be conddered. If inadequate attention and care are accorded meteorological
modeling, there is a dgnificant risk of deveoping an inaccurae representation that will be
propagated into the emissons and air quality models.

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

Appropriateness of Model Selection:

> Modeling Reguirements: Was a caefully written charecterization made of the most
important physicad and chemica processes rdevant to successful ar qudity modeing of
each episode (e.g., a“ conceptua model” of each smulation period)?

> Mode Selection: Did the modd sdection process ensure that a suitable modeling
sysdem was chosen, properly weighing the need for maure, wel-tested, publicly-
avalable modd(s) againgt the condrants of the <specific modding problem,
characterigtics of the episodes to be smulated, and the limitations of schedule and
resources?

> Model Formulation Review: Was a rigorous evauaion and inter-comparison made
between the scientific formulation of the proposed meteorologicd modding system
(source codes plus pre- and post-processors) versus dternative contemporary prognostic
models via an open, thorough scientific review process?

> Code Veification: Was the fiddity of the computer coding of the proposed mode
confirmed with respect to its scientific formulation, governing eguations, and numericd
solution procedures?

| dentification of Air Quality Model Needs:

> Air_Quality Input Needs. Were the meteorologica input needs of the host air qudity
modd and supporting emissons models (eg., biogenic, motor vehicle, area source
processors) cdearly identified including specification of the requiste averaging times and
nested grid scaes for the specific modeing episodes?

> Air__Quality Model Sensitivitiess Was the ar qudity modd’s sendtivity to key
meteorologica  inputs edtablished through careful condderation (including ar qudity
modd sengtivity/uncertainty smulations) of the rdevant modding episodes over the
gpecific domain of interet? Was the effect of uncertainty in those meteorologica inputs
to which the ar qudity modd is demondrated to be most senstive adequatdy defined
through gppropriate numerical experiments or from previous relevant sudies?

7-2



Note: Identification of ar quaity modd needs is a crucid dep in the meteorological
model evauation process, yet it is most often performed supeficidly if a dl. Pragmétic
constraints of time and resources necesstate that efforts be directed at achieving the best
possble meteorologicd performance for those variables that matter most to the overdl
accuracy and rdiability of the ar quaity modd. With one important exception, there is
little practicd benefit to be ganed in devoting condgderable time to improving the
accuracy of a particular meteorologicd varidble if the ar qudity modd — in the specific
goplication a hand -- is insendtive to tha variable. The exception, obvioudy, is that
gnce the meteorologica varigdbles ae dl inter-rdated though the coupled mass,
momentum and energy equations, one canot Smply neglect a paticular variable's
importance atogether since it is tied in direct and subtle ways to the other variables. One
cannot accept obvioudy flaved peformance for one meteorologicd variable without
exploring the impact that this has on the rdiability of the other dynamica vaiables to
which the ar qudity modd may be egpecdly sengtivity. Thus, particular atention
should be given to those meteorologicd variables that have the largest uncertainty and to
which the ar qudity modd is most sendtive This chdlenge can be paticulaly
formidable when deding with photochemica/aerosol models whose concentration and/or
depostion edimaes depend on severd meteorologica varidbles (mixing, trangport,
thermodynamic properties, precipitation) Smultaneoudy.

Availability of Supporting Data Bases:

>

Adeguate Data Available: Were aufficent data available to test, at the ground and doft
and over dl nested grid scaes of importance, the mode’s dynamic, thermodynamic, and
precipitation-related fields?

All Data Used: Was the full richness of the available data base actudly utilized n the
input data file development, in FDDA, and in the eva uation of mode performance?

Note: One of the man congderations underlying sdlection of modeing episodes for
regulatory decison-meking is the avalability of specid data collection programs to
supplement the surface and doft data routindy avalable from date and federd agencies.
While atempts are made to sdect modeing episodes that coincide with intensve field
measurement programs, in these Stuations it is common that the full set of supplementa
measurements are not used thoroughly in the modd input development and performance
teding phases At times the avalability of ‘high-resolution’ databases is touted in
support of a paticular episode sdection choice yet when the modeing is actudly
performed and evauated, only a fraction of the specid dudies data are actually used.
This is most notably the case with ar quaity and meteorologica data collected by doft
sampling plaforms.  Unless the high-resolution data are actudly used to enhance the
modeling and performance testing, ther vaue is severdy limited. Equadly troublesome,
sdection of other candidate modeling days (supported by only routine information) may
be overlooked which might otherwise be preferable modeling periods if a concerted effort
to utilize specid dudies data is not made. Findly, as desrable as having supplementa
meteorologica measurements might be, unless the sampling was performed in the correct
regions and includes the variables of primary importance to the ar qudity mode, ther
potentid to add meaningfully to the rigor of the modding exercise will be limited. Thus,

7-3



when judging the vaue of supplementa messurement programs, it is necessary to look
beyond just their mere exigence (relaive to norrintensvely monitored days); one must
edtablish that these intensve data set indeed contribute to improved modd performance
and increased rdligbility. This necesstates a feedback loop to the ar quality modeding
exercise to ensure that the times, locations, and parameters associated with the
supplementa measurements truly 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 phenomenologica explorations performed with each of the
models date varigbles and diagnosed quantities for each pertinent grid nest to portray
modd peformance agangt avalable observations and agang modd edimates from
other relevant prognostic Smulation exercises?

Performance of Individual Moduless Was there an adequate evduation of the
predictive performance of individud process modules and preprocessor modules (eg.,
advection scheme, sub-grid scale processes, closure schemes, planetary boundary layer
parameterization, FDDA methodology)?

Diagnostic__ Testing: Wee aufficdent and meaningful diagnogtic, sengtivity, and
uncertainty andyses performed to assure conformance of the meteorologicd modding
system with known or expected behavior in the real world?

Mapping Methods: Were padld evduaions made of: (@ the output from the
prognostic modd and (b) the output from the ‘mapping’ routines that interpolate the
prognostic modd output onto the host air quaity modd’s grid Sructure? Were any
important differences between the two reconciled?

Quality Assurance: Was a credible qudity assurance (QA) activity implemented
covering both the prognogtic modding activity as well as the mapping programs that
generate ar quaity-reedy meteorologicd inputs?  Was the full set of hourly, three-
dimensona fidds examined for reasonableness even though observaiond data for
comparison were lacking or in short supply?

Note: Such an intensve performance evauation process is rarely, 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 be judged in the
proper perspective. This dso dlows decison-makers to establish redlistic expectations
regarding the level of accuracy and rdiability associated with the meteorologica and ar
quality moddling process.

7-4



Comparison with Other Relevant Studi es:

>

Comparisons _with _Other Studiess Were the modd evduation results (datistica,
grephical, and phenomenologica) compared with other similar gpplications of the same
and dternative prognosic modds to identify areas of commondity and instances of
differences between modding platforms?

Note: Reflecting limited data sets for performance tesing and relidble criteria for
judging a modd’s performance, meteorologicd mode evaduations in recent years have
emphasized comparisons with other RAMS and MM5 amulaions over vaious modeling
domains and episode types as a means of broadening the scope of the evduation. While
this indgght into the modd's peformance — when gauged agang other smilar
goplications — is useful, caution mugt atend such comparisons which at times are at best
anecdota.  Often the reporting of previous evaudions entails grosdy composited
performance datistics (episode averages or averages across episodes, for example), data
bases and modding efforts of widdy vaying and often unreported qudlity, different
mathematical definitions of datisticd quantities, and so on.  Thus, these comparisons
with other dudies, while occasondly providing useful perspective, are by no means
aufficient for decdaing a meeorologicd mode’s peformance to be rdiable and
acceptable in a paticular gpplication. Moreover, meteorologicd mode evauation
benchmarks developed on the bass of such historicad evauation studies must dso be
goplied thoughtfully with these limitationsin mind.

Peer Review of Specific Modding Exercise(s):

>

Scope of Peer Review. Was an adequate, properly-funded, independent, in-depth peer
review of the modd set-up, application, and performance evauation efforts conducted?

Findings of Peer Review. Was the effort judged acceptable by the peer-review?

Note: Prognosic modding requires consderable attention to detal, careful
identification of options and complete involvement in the work. Even with this
commitment, critical aspects of a modding exercise may be trested inadequatdly or
overlooked, most often as the result of schedule or resource congraints. Consequently,
an examindion of the meteorologicd modding effort conducted & am’'s length by
individuas with appropriate expertise and who have no persond involvement in the work
can be essentid to avoiding inadvertent oversights and problems.  Such a peer review of
the effort provides another check on the work as a whole. If concerns are raised about the
reigbility of the modding, yet meteorologicad modding results are to be used in gpplying
ar quaity modds despite these concerns (eg., due to project schedule demands), the
peer review can assigt in suggesting to decison-makers the weight to be given the overdl
ar qudlity results the planning and management context.

Often, when a professional paper is written describing the modeling study, it undergoes
“peer review” by the journd. Such efforts do not congtitute the review suggested here.
Journd peer review usudly entails areading of the paper, thoughtful reflection, and
written commentary, perhaps a4- to 12-hour effort. Moreover, reporting in the
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professond literature is necessarily condensed, and much of the detail that should be
scrutinized is omitted. Thisis especidly true for complex amospheric modding

projects. Peer review for pre-print volumes (e.g., American Meteorological Society or
Air and Waste Management Association conferences) is even lessrigorous, often
consisting of acursory reading of the paper by the Session Chairperson. Peer review, as
used here, refers to detailed examination and evaluation of the work conducted by experts
inthefidd. Such experts are generdly, but not limited to, those with considerable direct
experience in the development, evauation, and gpplication of the same or very smilar
meteorologicd models. Thisin depth review entails the independent scientists (a)
thoroughly examining the conceptud model(s) and modeing protocols prepared for the
study, (b) obtaining and examining the details of the modd input and outpuit 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 technica
issues that arise in such comprehensive reviews. In essence, peer review refersto
immersing onesdlf in the materids provided. Such an effort can take several weeksto

carry out properly.

Overall Assessment:

>

Overall Reasonableness: Has an adequate effort been made to evduate the qudity of
representation of meteorologica fidds generated usng the meteorologicd modd, as
reveded by the full suite of datidicd, graphicd, phenomenologica, diagnodtic,
sengtivity, and uncertainty investigations? Wha were the drengths and limitations of
the actud mode performance evauation?

Fulfillment of Air Quality Moded Needs: How wel ae the fidds represented,
paticularly in areas and under conditions for which the ar qudity modd is likey to be
sengtive?

Appropriate Mode: Was a sound and suitéble meteorologicd modeing system
adopted?

Adequate Data Base: Was the supporting database adequate to meet input and
evauation needs?

Adequate Application Procedures. Was Four Dimensond Data Assmilation (FDDA)
a pat of the overal modeing approach and were sufficient data available to support the
activity adequatdly? Is the FDDA application modifying the meteorologica fidds base
on corrections due to stochastic (or other) processes which the meteorologicad modd is
not formulated to handle, or is the FDDA correcting errors that are caused by the mode
formulation, structure, or configuration?

Quality Assurance: Were error-checking procedures ingdtituted, followed, and the results
reported?

Performance Evaluation: Were suitable procedures specified and adopted for
evduating the qudity (eg., accurecy, precison, and uncertainty) of modd estimates?
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Were the evduation procedures sufficiently dsressful to identify the exisence of hidden,
internal compensating errors in the model and/or its inputs?

> Judging the Overall Processs Were the criteria (i.e, benchmarks) used to judge
performance appropriate for the specific air qudity mode application, rigoroudy applied,
and properly communicated?

7.3 Comparison of MM5 Performance Against Newly Proposed Meteorological Model
Performance Benchmarks

As discussed previoudy, there ae no currently accepted peformance criteria for
prognostic meteorological models.  In addition, there is vaid concern that establishment of such
criteria, unless accompanied with a careful evaduation process such as the one outline in this
section might lead to the misuse of such gods as is occasonaly the case with the accuracy, bias,
and error datistics recommended for judging photochemica disperson models. In spite of this
concern, there remains nonetheless the need for some benchmarks against which to compare new
prognogtic model smulations.

In two recent studies (Tesche et a., 2001b; Emery et d., 2001), an attempt has been made
to formulate a set mesoscde modd evauaion benchmarks based on the most recent
MM5/RAMS peformance evduation literature.  The purpose of these benchmarks is not to
assign a passng or faling grade to a paticular meteorologicd mode application, but rather to
put its results into a useful context. These benchmarks may be helpful to decison-makers in
understanding how poor or good their results are relative to the range of other mode applications
in other areas of the U.S Certainly an important concern with the EPA guidance datitics for
acceptable photochemica performance is that they are relied upon much too heavily to establish
an acceptable mode smulation of a given area and episode.  Often lost in routine datidtica
ozone modd evduations is the need to criticaly evduate dl agpects of the modd via the
diagnostic and process-oriented approaches. The same must be stressed for the meteorological
performance evauation. Thus, the appropriateness and adequecy of the following benchmarks
should be carefully conddered based upon the results of the specific meteorologicd mode
gpplication being examined.

Based upon the above condderations, the benchmarks suggested from the tudies of
Emery et d, (2001) and Tesche et d., (2001) are asfollows:
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Parameter Measure Benchmark

Wind Speed RM SE: < 2m/s
Bias: < +*05m/s
|OA: 3 06
Wind Direction GrossError: < 30deg
Bias: < *10deg
Temperature GrossError: < 2K
Bias: < 05K
|OA 3 08
Humidity GrossError: < 2g/kg
Bias: < +1 gkg
|OA: 3 06

For each smulation, we propose to compare the MM5 results with these benchmarks.
This comparison is not amed a determining pass/fall datus of a smulation day or group of
days, rather, the intent is to provide an additiond means of comparing the MM5 reaults in a
quantitative manner with previous work. In the find andyss, it will be the respongbility of the
users of the MM5 results to determine whether the results developed in this study are rdiable and
aufficiently accurate for ther intended ussge. To this end, a dgnificant body of modd
evauation information will be archived to support these application specific examinations.

7.4 Assessng a Specific Modd Application Need

To assist mode users and decison-mekers in judging the suitability of the MM5 results
for ther intended applications, we will initiate a process whereby this judgment can be
developed in a logicd manner. Table 7-1 presents a template containing the two-dozen
questions that we suggest should be addressed by potentia users of the MM5 meteorological
fidds. In performing this applicationspecific andyds, the user will wish to consder the various
datigticd, phenomenologica, and gregphical results presented in the find report and companion
CD’s which contain full details of the evduations. However, mere gatistics and graphicd done
will not produce a rdiable assessment of whether the MM5's use is judified in a particular
goplication. The ar qudity modding group must conduct their own anadyses of ther particular
gtuation, examining (as noted above) such things as the specific chemicd and physica process
that must be treated well, the gppropriate time and space scaes of the modding, and so on. By
performing this in-depth appraisd of the air quaity modeding, the modeler can then ensure that a
sound match exists between the episodic or annud MM5 simulations produced in this study and
hisher particular meteorologica data input needs. For examples of how this process was caried
out in two recent regiona gpplications with the MM5 and RAMS, mode, the reeder is referred to
recent studies by Doty et a. (2002) and Tesche et a. (2002)
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Table 7-1. Questionsto Be Addressed in Assessing the Adequacy of MM 5 Meteorological Fieldsin a Specific Air Quality Modeling
Application.

No. Question Assessment

Appropriateness of Model Selection

1 Was a careful written characterization made of the most important
physical and chemical processes relevant to successful air quality
modeling of each episode (eg., a “conceptual model” of each simulation
period)?

2 Did the model selection process ensure that a suitable modeling system
was chosen, properly weighing the need for mature, well-tested, publicly-
available model(s) against the constraints of the specific modeling
problem, characteristics of the episodes to be smulated, and the
limitations of schedule and resour ces?

3 Was a rigorous evaluation and inter-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?

4 Has the fidelity of the proposed model’s computer code's scientific
formulation, governing equations, and numerical solution procedures
been confirmed?

Identification of Air Quality Model Needs

5 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
averagetimesand nested grid scalesfor the specific modeling episodes?

6 Was the air quality modd’s sensitivity to key meteorological inputs
established through careful consideration (including air quality model
senditivity/uncertainty simulations) of the relevant modeling episodes
over the specific domain d interest? Was the effect of uncertainty in
those meteorological inputs to which the air quality modd is
demondgtrated to be most senstive adequately defined through
appropriate numerical experimentsor from previousreevant studies?

Availability of Supporting Data Bases

7 Were sufficient data available to test, at the ground and aloft and over all
nested grid scales of importance, the modéd’s dynamic, thermodynamic,
and precipitation-related fields?
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Was the full richness of the available data base actually utilized in the
input data file development, in FDDA, and in the evaluation of mode
performance?

Results of Operational, Diagnostic, and Scientific Evaluations

Was a full suite of statistical measures, graphical procedures, and
phenomenological explorations performed with each of the models state
variables and diagnosed quantities for each pertinent grid nest to portray
modd performance againgt available observations and predictions from
other relevant prognostic modeling exer cises?

10

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 methodology)?

11

Were sufficient and meaningful diagnostic, sensitivity, and uncertainty
analyses performed to assure conformance of the meteorological
modeing system with known or expected behavior in thereal world?

12

Were paralld evaluations made of (a) the output from the prognostic
model and (b) the output from the ‘mapping routines that interpolate
the prognostic mode output onto the host air quality mode’s grid
structure? Were sour ces of differences between the two reconciled?

13

Was a credible quality assurance activity implemented covering both the
prognostic modeling activity as well as the mapping programs that
generate air quality-ready meteorological inputs? Was the full set of
hourly, three-dimensional fields examined for reasonableness even
though observational datafor comparison arelacking or in short supply?

Comparison with Other Relevant Sudies

14

Were the model evaluation results (statistical, graphical, and
phenomenological) compared with other similar applications of the same
and alternative prognostic models to identify areas of commonality and
instances of differ ences between modeling platfor ms?

Peer Review of Spoecific Modeling Exercise(s)

15

Was an adequate, independent, in-depth peer review of the mode set-up,
application, and performance evaluation efforts conducted?

16

Wastheeffort judged acceptable by the peer -review?

Overall Assessment

17

Has an adequate effort been made to evaluate the quality of
representation of meteorological fields generated using the
meteorological model, as revealed by the full suite of datistical,
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graphical, phenomenological, diagnostic, sensitivity, and uncertainty
investigations? What were the strengths and limitations of the actual
mode performance evaluation?

18 | How wedl are the fidds represented, particularly in areas and under
conditionsfor which theair quality model islikely to be sensitive?

19 | Wasa sound and suitable meteor ological modeling system adopted?

20 | Was the supporting database adequate to meet input and evaluation
needs?

21 | Was Four Dimensional Data Assimilation (FDDA) a part of the overall
modeing approach and were sufficient data available to support the
activity adequately?

22 | Were error-checking procedures ingtituted, followed, and the results
reported?

23 | Were suitable procedures specified and adopted for evaluating the
quality (e.g., accuracy, precision, and uncertainty) of model estimates?

24 | Were the criteria used to judge performance appropriate for the specific

air quality modd application, rigoroudy applied, and properly
communicated?
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8 REPORTING PROCEDURES

The reporting of the episodic and annud average modding will conss of three
components.  (8) an episodic MM5 evduation report, (b) an annud MMS5 evauation
report, and () a st of CD’s containing the full set of processed evauation measures and
grephicad displays for the episodic and annud MM5 base case smulations.  Regarding
the two reports, we contemplate that these volumes would be approximatdy 75 to 100
pages in length, including color figures, tables and agppropriate gppendixes. Congstent
with project resources, the focus of the narrative discussons and interpretetions in the
reports will be on those overdl features of the MM5 smulations and performance testing
results that are mod pertinent to understanding the drengths and limitations of the
modding.

The companion CDs will contan the full st of evauation results  This will
include dl tempord and spatia scades of evaduation pursued in this sudy. A brief written
document, included on the CD, will guide the user though the CD and provide clear
examples of the directory structure and proper interpretation of the graphicd displays. A
copy of this evaluaion protocol will be provided on the CD to document the
meathematica  definitions of the various numericd messures used.  If useful, some
limited- scope animations of pertinent meteorologica fields may be included.
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