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1.0 INTRODUCTION

Thear quality modeding protocol documents the process to perform ar quality modeling
anadyses needed to support the Southern Appaachian Mountains Initiative (SAMI) in its effort
to provide aregiond srategy for assessng and improving ar qudity in the southern Appaachian
Mountains.

I mportant Note. This document should be viewed as awork in progress. Asa first
of its kind study, that being an integrated assessment of ozone, acid deposition, and regiona
haze, new information will inevitably be reveded about how an integrated air quality modeling
project such as this should be conducted. In paticular, ar qudity mode performance
evauation guiddines will likely be the subject for much debate during the course of the SAMI
sudy. Please note, further, that athough federd guidelines exist for the treatment of urban-scde
ozone modding results, no such guiddines exigt for regiond-scae ozone modeing studies,
though the defacto standard has become the same urban-scae ozone modding performance
evauation metrics.  Further, the urban-scde modeling performance evauaion metrics and
criteria continue to be scrutinized by the scientific community. No formdized ar quality moded
performance evauation criteriaexist for acid deposition or regiond haze.

In addition to the likely debate that will surround the mode performance evauation
criteria, the proposed sendtivity and uncertainty andyss efforts, which are proposed as a
standard component of this and al future studies, will aso likely stir heated debate.  Although
the science and the methods that surround the proposed sendtivity and uncertainty andyss
techniques have been extensvely peer reviewed, these techniques are generdly untested as
forma methods in sakeholder ar quality modeding, such as the SAMI ar quality modding
study. Much new information will be reveded as aresult of these proposed, standard analyses,
hence, a not inggnificant learning process will be inevitable as this information is converted to
knowledge.

Also, the episodes that will be modeled have not yet been chosen, inhibiting our ability
to determine what data will be available for modd application and evduation. For example, the
PAMS network, NARSTO-Northeast and the Southern Oxidants Study can provide additional
datafor specific periods.

1.1  Background

Studies that have been conducted in nationa parks and national forest wilderness areas
of the southern Appaachian Mountains have documented adverse effects to vishility, streams,
s0il, and vegetation. Poor ar qudity in the region has been implicated as the mgor source of
the adverse effects. Beginning in 1990, the Federal Land Managers for Shenandoah Nationd
Park, Great Smoky Mountains National Park, and Jefferson Nationa Forest/James River Face
Wilderness Area made severd adverse impact determinations in their review of proposed air
permits for mgor new sources. Although it is known that the air pollution levels which currently
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affect park and wilderness resources come from existing sources of pollution -- large and small,
mobile and gationary, near and digtant -- the relative contribution of each source type to the
regiond ar pollution problem is not well quantified. Further, the current ar pollution levels in
these areas typicaly do not exceed federd standards; yet the current air pollution levels are
threatening the natural ecosystems, resources, diversity, and beauty of the Southern
Appaachian Mountains.

Over the course of the next decade, the 1990 Clean Air Act Amendments (CAAA)
require mgor reductions in primary arborne pollutants, including sulfur oxides (SOx), nitrogen
oxides (NOy), and volatile organic compounds (VOC), as well as secondary pollutants such as
ozone. Although the reductions are expected to produce ar qudity improvements, there is
uncertainty whether the results will be enough to protect and preserve the delicate ecosystems
and natura resources of the Southern Appaachians, especidly in Class| areas.

In March 1992, a conference was held in Gatlinburg, Tennessee to examine scientific
evidence on the ar pollution effects in the Southern Appadachian Mountains and to explore
idess to mitigate these effects As of a result of the discussons held a the Gatlinburg
conference, the eight states surrounding the Southern Appaachian Mountains (Alabama,
Georgia, Kentucky, North Carolina, South Carolina, Tennessee, Virginia, and West Virginia),
the Environmental Protection Agency (EPA), the Nationd Park Service (NPS), and the U.S.
Forest Service met in June 1992, to launch the Southern Appdachian Mountains Initigtive
(SAMI). Through this cooperative effort, the SAMI participants seek to establish the necessary
forums and processes which will be used to assess and mitigate the air pollution problems of the
southern Appaachian Mountains region.

1.2  SAMI Air Quality Modding Study Objectives

To this end, SAMI is building an integrated assessment framework (IAF) which will
model the environmenta and socioeconomic responses to changes in ar emissions which result
from various emissions management options (EMOs). SAMI has proposed an IAF that is
divided into six linked modules:

Base year emissons inventory, emissons projections, and control costs,
Air chemigtry and transport;

Effects -- acid depogition (aguatic and terrestrid);

Effects -- ozone (vegetation);

Effects -- vighility; and

Soci0economic consequences.

V V.V V V V

This protocol addresses one component of the air and chemistry transport module -- the air
qudity modeling. Two other components of the air and chemistry transport module are the
meteorological modeing and the emissions modeling which are addressed in other protocols.
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The purpose of the SAMI air quality modeling study (i.e. ar chemistry and transport
component of the IAF) is to characterize the ar pollution formation processes that affect air
qudity in the southern Appaachian Mountains. To adequately characterize the processes of
interest, a number of historica ar pollution episodes (i.e. base case episodes) which include
0zone exceedances, elevated levels of acid deposition, and/or regiond haze problems are to be
studied from which the following can be assessed:

> The ability of the air quaity mode, the Urban-to-Regiona Multiscde (URM)
modd, to reproduce adequately observed air quaity for a number of historica
ar pollution episodes;

> The viability of usng projected emissons estimates of the base case episodes
(i.e. the basdine emissons esimates) for use in sudying EMOs; and

> The robustness of the air quality modeling results as they pertain to use in the
SAMI effects sudies.

Determination of the number and type of historical episodes is being conducted under
the SAMI Episode Sdlection contract; however, it is known that fifty (50) days from the years
1988 through 1995 will be sdected for modding purposes. It is not known how these fifty days
will be constructed in terms of multi day episodes (e.g. 5-10 day episodes; 10-5 day episodes;
2-12 day, 1-6 day, 1-10 day, and 2-5 day episodes, etc.). Of note, ramp-up days will be
added to each episode to help minimize the effects of initid air qudity conditions. Two ramp-up
days were found to be suitable in a recent sengtivity study of ozone that was conducted by
Yang et d. (1997). The find determination of ramp-up days will be based on the meteorology
of the episode.

The five gods of the SAMI ar qudity modeling study are to: (1) apply the URM to a
number of historica episodes in the SAMI region; (2) evauate the vigbility of usng basdine
episodes (i.e. future year emissions estimates projected from the base case emissons estimates
[of note, the future years are 2010 and 2040]) to modd EMOs; (3) construct basdine
sengtivity isopleths of sdlected air quality metrics which will be used to help develop EMOs, (4)
conduct basdline, with selected EMOs gpplied, air quaity modd runs to determine the efficacy
of the selected EMOs, and (5) provide selected air quaity mode results for use in the SAMI
effects modding. Other objectives of the sudy include:

> Assess the modding and andyds needs/'condraints affecting the SAMI air
qudity modding study;

> Prepare and update an ar quaity modeling protocol that guides the gpplication
of the URM to the SAMI region;

> Prepare air quaity modd inputs for the episode days of interest;

> Conduct model performance eva uation analyses to establish the rdiability of the
URM and supporting data sets for judging the efficacy of EMOs in the SAMI
region;

> Assgst SAMI g&ff and other stakeholdersin evduating EMOs, and
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> Trangfer the full set of modding files and data bases used in the sudy to the
SAMI Technicd Oversght Committee (TOC).

1.3  Purpose of the Protocol

This protocol documents the activities necessary to conduct the air quality modeling
required for the SAMI dudy. These activities include: (1) selection of gppropriate modding
tools and data bases; (2) congruction of an integrated air quaity modeling framework to study
the pollution processes for ozone, acid depostion, and regiond haze, (3) performance
evaduation of the URM air qudity model on sdected base case episodes, (4) evauation of
basdline episodes for use in EMO testing; (5) condruction of the basdine air quality metric
sengtivity isopleths for use in EMO development; (6) evduation of ar quaity modding
predictions as a result of EMOs, (7) preparation of URM results for use by the SAMI effects
modelers.

1.4  Overview of the Study
The SAMI air qudity modding study consdts of severd dements:

> Development of afina work plan (completed 13 April 1997)

> Development of the air qudity modding protocol (this document) that describes
the background, objectives, and procedures to be followed in the modeling
andyss,

> Preparation of the air quality inputs for each modeling episode;

> Development of the base year, base case episodes, and basdine episodes
boundary conditions;

> Application and performance testing of the URM for the base year and base
case episodes,

> Application of the URM to each basdline episode to establish future-year (2010
and 2040) baseline conditions;

> Devdopment of interim acrossthe-board emissons reduction strategies to
edimate the level of controls needed to meet specific air quality objectives,

> Application of the URM for a variety of emissons sengtivity smulations for a
number of episodes to explore the effects on ar quality metrics due to various
emissons reduction scenarios including tradeoffs between ground-level versus
elevated sources, point versus mobile sources, loca versus more distant
Sources, etc.;

> Application of the URM using sdected EMOs (as applied to the basdine
episodes) to demondrate the efficacy of the EMOs to attain various air quality
gods, and

> Documentation of the URM air qudity modding analyss results and submitta of
the results to the SAMI TOC for their review and gpproval.
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15 Document Structure

Section 2 describes the URM, the modifications necessary to URM for use in the
SAMI study, and advantages/disadvantages of running URM in pardld and sequentid mode.
Section 3 discusses what data sets will be used to develop the initid and boundary conditions
and the performance evauation databases for each episode. In addition, qudlity control
procedures for the air qudity data sets will be discussed. Section 4 describes the URM input
files and how the input files are congtructed. Section 5 describes the URM modd performance
evauation procedures and the acceptance/rgection criteria. Section 6 discusses the types of air
quality modding that will be conducted: base year, base case, ar qudity metric response
surfaces, baseline, and basdine with EMOs.  Furthermore, Section 6 describes the foundation
for reporting the air quaity modeling results and what the results may be. Section 7 presents the
references.
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20 URBAN-TO-REGIONAL MULTISCALE (URM) MODEL

The following section presents a brief overview of the capabilities of URM and briefly
discusses the modifications to URM that are underway to support the needs of the SAMI study.

21 URM

The most chdlenging aspect of the project is the ar quality moddling. Three different
aspects of air quality are to be modeled: ozone, acid depostion and fine particulate matter.
URM, and its monoscale predecessor the CdifornialCarnegie Inditute of Technology (CIT)
modd, have been gpplied to, and evauated for, most of the air quality aspects desired, including
ozone (eg. Kumar et d. 1993, 1995; Rusl, 1996), fine particulate matter (in its monoscale
verson, RusHl| et d. 1986; PFilinis et d. 1993) and dry acid depodtion (in its monoscale
verson, Russl et d. 1986). (All the capahilities of the monoscae verson, and more, eg. the
plume-in-grid model, are avalable in the multiscde verson.) While it does include agueous
phase chemistry, which has been evaduated, (McNair, 1995) and used for wet deposition, it has
not yet been evauated for its ability to accurately reproduce wet acid deposition fields.

URM, and its monoscae verson, the CIT modd, is likdy the most widdly used and
accepted photochemicd ar qudity modd amongst the academic, scientific air quality modeling
community. They (one or both) are being used a Georgia Tech, Cdtech, Universty of
Michigan, Universty of Cdifornia (Berkdey and Irvine), Carnegie Médlon, and Horida for
ozone, fine particulate and deposition modeing, primarily a the mesoscde (large urban and
regiond aress). It isaso being used by a number of governmenta and internationd inditutions,
including Los Alamos Nationd Laboratory, the Indituto Mexicano dd Petroleo, Ecole
Polytechnique Federde de Lausanne and Nissan. The model has been gpplied over a number
of different domains, incduding Los Angdes, Mexico City, Athens the Kanto Pain, the
Northeastern United States, Eastern United States, Switzerland, and the U.S.-Mexico border
(eg. Harley et d. 1993; Kumar et d., 1993; Kumar and Russell, 1996ab; Dominguez, 1996).
Application to these areas with very different emissons characterigtics, and many of which are
topographicaly very complex, have demondrated its capabilities over a wide range of
conditions.  While much of its use has been towards research, it has dso been used for
regulatory guidance in Cdifornia and Pennsylvania The extent of its use for photochemica
modeling is probably second only to UAM-IV, amodd which is not appropriate for this studly.
In this sudy, the multiscde verson (URM) would be used. Multiscde is amilar, though
numericaly preferable to, usng twoway nested grids URM is described briefly in
McNaughton and Mayes (1995), and will not be repeated here. More complete descriptions
are avalable in the literature (eg. McRae et d. 1982, 1983; Russdl et a., 1985, 1986ab;
Harley et al. 1993; Kumar et a. 1994; Kumar and Russdll, 1996ab). Below, additiona points
not covered in the SAMI review are given.

URM has recently undergone more extensve evauation for its ability to reproduce
photochemicd oxidant levels in the Northeast (Kumar and Russdll, 1996b). Recent analyss
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againg observed data suggests that it captures the plume growth and dynamicswell. URM/CIT
has been developed and maintained by Dr. Russdl’s research group, and is a public domain
modd. URM has an aerosol module which has been evauated successfully (eg. Rusdl et d.
1987; Pilinis et d. 1989). Current cgpabilities include following the evolution of secondary
aulfate, nitrate, anmonium and organics. An updated module is now being implemented, and
will be available for this project.

At thistime, URM follows four aerosol size bins: three bins below 2.5 microns and one
between 2.5-10 microns. This way, combination of the firg three bins results in PM; 5 while
combining al four Sze binsyidds PM14. Given the uncertainty in the particulate maiter emissons
and the limited time available for the modeling, the number of sze bins will not be changed
(increased). Results from the aerosol modeding will be used for vighility cdculations. The
decison on how to output the aerosol results (i.e., PM, s or PMyo or both) will be made after
discusson with the SAMI Effects Subcommittee. Results from the aerosol modeling are dso
important for assessing dry and wet deposition. Also, as indicated in the SAMI executive
summary and terrestrid effects reviews, an important process that will be captured will be the
impect of acidic clouds on mountains.

McNair (1995) used URM to successfully smulate the chemigtry and physics of a
dratus cloud impacting the San Gabridd Mountains during the 1987 Southern Cdifornia Air
Quality Study. Comparison between observations and predictions showed very good
agreement when only five vertica layers were used in URM. As part of the EURAD modeling
project, a reduced form wet acid deposition capability was added (Giovannoni et a. 1995). It is
important to note that McNair (1995) application used 5-km grid Sze. Since we are planning to
use 12-km grid size over the Southern Appaachian Mountains, the effect of such acidic clouds
may not be resolved explicitly. A more comprehensive module for capturing wet acid deposition
is currently being added to URM -- the Reective Scavenging Module (RSM). RSM is
considered the state-of-the-science for wet deposition processes. RSM represents in-cloud
processes with twenty (20) verticd layers which should sufficiently resolve dl events of interest;
however, the vdidity of this assumption will be investigated. While McNaughton and Mayes
(1995) note that URM uses a very fast and proven chemical solver, URM aso has a very fast
and accurate advection routine, that does not require re-calculation of the chemical dynamics at
multiple resolutions (as is the case for some nesting methods). This is important for multiscae
cdculaions, asis desrable for the SAMI project.

Seven vertica layers for the modd domain, extending to a depth of about 6000 meters
above ground levd, are proposed as the primary verticd structure for the SAMI study. In past
sudies, between five and twenty layers have been used; however, little difference in the ground
level ar qudity results have been observed as a result of the finer vertical detail, except at night
(e.g. Byun and Dennis, 1995) for ozone. This problem was corrected when the lowest cell was
reduced in Size. Based on past experience, a surface layer that is about twenty meters in depth
(or less) appears to capture the pollutant dynamics near the ground; however, an appropriate
verticd sructure will be determined during the preliminary modding and in consultation with the
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TOC. The choice of seven layers is a compromise between added detall and computational
cods. It isimportant to note that while URM will use seven layers, the cloud module (RSM)
will have a different internd dructure with 20 layers. This will assure that cloud processes are
accurately resolved for reliable acid deposition modding. Nevertheless, we aso propose to
conduct & least one episode smulation with additiond vertica layers (15) and extending up to
about 15 kilometers to quantify the difference in modd results. Extension to 15 kilometers will
adso hdp in the invedtigation of the role of dratospheric intruson. Similarly, the choice of
horizonta grid structure is a compromise. Based on past studies, finer meshes work well to
pick up the pollutant dynamics in source regions, and less findy resolved grids are necessary in
regions with low emissons density (eg. Kumar et d., 1994). An initid part of the project will
be to test different grid structures and their interaction with the RAMS fidds. The find grid
Sructure to be chosen will retain the fidelity of the results over the Southern Appaachians found
usng the base grid, though may use less nesting in some areas to reduce computationa
requirements. The choice of grid will be done in consultation with the SAMI Technicd
Oversght Committee.

2.2 RSM Modifications

URM has not been used for wet deposition in past studies. As part of this project, the
Reactive Scavenging Module (RSM) developed by Berkowitz et d. is being added to URM for
this purpose. RSM is one of the most advanced representations of the processes leading to
acid deposition that has been used for three-dimensona modeling. RSM includes descriptions
of gasphase pollutant scavenging by droplets, atmospheric chemistry, acid depostion
integration and convective mixing under the clouds. Origindly, this routine was intended as the
update for RADM, but was not implemented due to time limitations.

23  Aerosol Modeling

Aerosol dynamics will be followed in URM using an equilibrium approach for the
inorganic sdts. As proposed origindly, the aerosols will be divided into two classes. PMiine and
PM coarse With a cut-off of 2.5 um. The cut-off is chosen to concur with the cut-off used by the
IMPROVE monitoring data, which is then used for effects modding. While the technique is
avalable to give greater Sze resolution, the way the data will ultimatdly be used does not use
that increased detal, and there is a Sgnificant computational overhead. (The vishility modes
are based on using PM, 5 speciated data) Primary compounds will be followed directly from
emissons. The feashility of the incorporation of the recent results on how semi-voldile,
secondary organics are formed (Odum et a., 1997) will be assessed. Those results suggest that
the condensation of secondary organics is primarily dependent on the existence of other
condensed phase organics present, as opposed to the level of inorganic particulate matter. We
plan to invedtigate the use of more Sze hins, as well, though this is primarily a check on the
sengtivity/uncertainty of usng a caculation usng only two sze bins
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24 DDM-3D Modifications

An added feature of URM/CIT that is of particular interest to this study is the recent
development of a method to directly, and with very little computationad expense, do mode
sengtivity andyss of multidimensond arr quaity models. The method, DDM-3D (Yang et 4.,
1997), is numericaly more exact and less limited than the traditiond brute force approach of
conducting multiple smulations and finding modd sengtivities by difference. It is dso much
more computationdly efficient. In essence, it is possible to derive how mode results depend on
any input (both spatidly and tempordly) or modd parameter at the same time the model is being
exercised. These results can, possibly, reduce the computational intensity of this project, or can
be used to show how the sendtivity of ozone and particulate matter to emissons vary as a
function of the emissonsleve. We are currently usng DDM-3D to develop Area-of-Influence
(AQOI) methods, as being examined by the EPA FACA committee on Ozone, Particulate Matter
and Regiond Haze.

Decoupled Direct Method is a forma sengtivity andyss, which was developed for
photochemica kinetic problems without transport process in the modd (Dunker, 1984).
Recently, this method has been further expanded to a three-dimensiond air qudity modd, i.e.
CIT photochemicd modd applied to southern Cdifornia  Usng a decoupled numerical
technique, comprehensve sengtivities of a modd can be efficiently solved without numerica
ingability problems. DDM-3D is schematicdly shown in Figure 2-1.
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The magnitudes of mode parameters and inputs can range dramaticdly in space and time, and,
likewise, sengtivity coefficients to different parameters may differ by severd orders of
magnitude. Thus it is useful to define and use semi-normalized sengtivity coefficients. Given a
model parameter, p, its variation is defined here as p(x,t) = eP(x,t), where R(x,t) is the
unperturbed field, which can vary in time and space, and g is a scaing variable with a nomind
vaue of one. Here, what is termed the semi-normaized sengtivity coefficient, s, is calculated
by the partid derivative of a species concentration, G, to the scaing variable e of parameter |,
g.

In this ssudy DDM-3D will be used to cdculate the senstivities of ozone, PM (which
will be used for vighility), and acid deposition to precursor emissons. The important precursors
are SO, (PM and acid deposition), VOCs (ozone and PM, and to a lesser extent, acid
deposition), NOx (ozone, acid deposition and PM), ammonia (PM, acid deposition), primary
PM,s (PM), and CO (contributes to ozone formation much like a VOC). The geographic
location and type of precursor emission sources must be considered. Distance from receptor
aress of interest is important, as well as direction. Further, differentiating between source types
such as devated versus low level may prove of interest. To illustrate how the process works,
suppose we are interested in how ozone levels a Shenandoah National Park (SNP) are
affected by eevated NOx emissons from Ohio Vadley (OV). Ozone concentration at SNP
would be ¢ in the discusson above and dl the devated NOx emissons from the specified
region would be grouped as parameter B. With DDM-3D, URM would not only caculate the
ozone concentration at SNP, G, but its sengtivity, s;, to eevated NOx emissons from OV. In
other words, we would know by how much the ozone concentrations would change when the
base value P, of those emissions are perturbed. This is invaluable information that could only be
obtained through multiple modd runsif the so-called "brute-force” method were used insteed of
DDM-3D. We ae able to cdculae goproximatey 20 such sengtivities by doubling the
computation time for concentrations aone. To obtain the same information through the brute-
force method would require thousands of modd runs, each time with a different vaue of
precursor emissons of interest.

An example of the results of a DDM-3D application ae presented in Figure 2-2. In
Figure 2-2, the sengtivity of the local ozone field to a 1% increase in the domain-wide ozone
initid conditions is presented for the third day of the 27-29 August 1987 ozone episode in the
Southern
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Cdifornia Air Basin (Los Angeles, CA). For example, the location of the pesk ozone is
identified by the ‘+ symbol (i.e. grid cell 62, 26). The ozone sensitivity at this point is 0.015
ppb per 1% increase in the domain-wide ozone initia conditions. Therefore, a 20% increase in
the ozoneinitia conditionsis expected to result in a 0.3 ppb increase (20*0.015) in the ozone at
grid cell (62,26).

The use of DDM-3D will potentidly diminate the need to conduct one or more of the
sengtivity andlyses that are described in Section 5.4 of this document. In particular, the
sengtivity analyses associated with modified boundary conditions, wind speeds, and emissions
will likely need not be conducted since the use of DDM-3D will produce more robust results in
amuch more computationaly efficient manner.

Figure 2-2. Example results (ozone sensitivity to ozone initial conditions) of a DDM-3D application over
the Southern California Air Basin (Los Angeles, CA) -- third day of a three day episode (27-29 August
1987). Scale represents a change in local ozone (ppb) per 1% domain-wide increase in ozone initial
conditions.

25  Paralld versus Sequential Processing

Ancther festure of URM isthat it has been pardldized for use on multiple workstations (Kumar
et d. 1997). Specificdly, the URM transport and chemistry modules have been constructed
such that their work can be distributed to multiple machines or run sequentialy on only one
computer. This cgpability is very important to the success of the SAMI project. The paralld
verson of the URM will be used for the base case and baseline episode runs.  The sequentia
verson of the URM will be used for the sengtivity runs which will be used to congruct
isopleths. The reason for using the sequentid version for the sengtivity runs is that, in essence,
we would be modding a number of runs in pardle, as opposed to pardleizing within a sngle
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run. This is computationdly faster snce there is some overhead with running any mode in a
pardld mode.
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30 MODELING DOMAIN AND DATA AVAILABILITY

This section identifies the SAMI modeling domain and grid specification for use in the
URM. Thisdomain is exactly the same as that used in the emissons modeling, but it is different
than that used in the meteorologicd modding for reasons discussed in the meteorologica
modeling protocol. Also, an overview of the data needs for the URM are discussed.

3.1 Modeing Domain

The proposed URM and emissions modding domain is shown in Figure 3-1. Table 3-1
(subject to change) liststhe ar qudity monitoring Sations in the SAMI domain. Please note that
Table 3-1 was constructed solely on the basis of the contents of the AIRS data base for 1995.
The AIRS data base maintains air qudity datafor SO,, VOC, NO, NO,, NOx, and O;. Other
ar quaity data of interest for the SAMI project is currently being collected. Further, some
dations that are identified in Table 3-1 may not have been operating in years prior to 1995.
The URM air quaity modding grid isamultiscae grid in the sandard Mercator projection:

Projection: standard Mercator
Units of mesasure: meters

Origin of latitude: 26.0 degrees
Longitude of true scae: -99.0 degrees

number of computationa nodes:. 4176 per layer
southwest corner (X, y): 0.0, 2680000.0

southeast corner (X,y): 3264000.0, 2680000.0
northeast corner (Xx,y): 3264000.0, 5368000.0
northwest corner (X,y): 0.0, 5368000.0

southwest corner (lon,lat): -99.0, 25.997
southeast corner (lon,lat): -66.399, 25.997
northeast corner (lon,lat): -66.399, 47.355
northwest corner (lon, lat): -99.0, 47.355

The domain presented in Figure 3-1 is subject to change based on the outcome of subsequent
grid resolution tests and consultation with the SAMI TOC.

The SAMI stakeholders have expressed concern about the lack of finer resolution over
the Ohio River Valey in Kentucky, Ohio, and West Virginia. We expect to modd the large
sources in this area via the URM plume-in-grid capability. Of note, the Ohio River Vdley may
be one of a few source areas that will be modeled via a coupled coarse grid and plume-in-grid
treetment. The URM plume-in-grid capability alows us to mode important sources in an area
whose sources will otherwise be modded usng a coarse resolution grid. If a finer resolution
grid were extended over the Ohio River Vdley, there would likely be no need to use the plume-
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in-grid cgpability since the finer resolution grid would capture the important details of the plume
evolution (eg. as shown by Kumar et a. 1993 over the northeastern United States). Further,
extending a finer resolution grid over the Ohio River Valey is likely to result in sgnificantly
longer URM run times. Therefore, plume-in-grid treatment of important sources in the Ohio
River Valey coupled with the use of a coarse resolution grid over the same area dlows us to
keep URM execution times down but at the same time alow us to capture important plume
dynamics from sugpected sources that impact the SAMI domain. If the plume-in-grid trestment
proves to be ineffective in capturing the Ohio Vdley plumes, we will try using finer resolution
grids aswell asthe plume-in-grid modd coupled with afiner resolution grid.

Table 3-1. Air Quality Monitoring SitesIn The SAMI Region.
(State) Parameters Monitored
County Name | SitelD Site Name NO [NO,|NOy| O; INMHC] Elements| NO3 Deposi
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Figure 3-1. Proposed URM Modeling Grid.

Seven (7) grid layers are proposed in the verticd direction. Grid resolution tests are
expected to measure the sengtivity of pollutant concentrations to vertica structures with fifteen
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(15) layers. Further, the fifteen layer grid resolution tests are dso meant to examine the possible
impact of dratospheric ozone intruson due to tropopause folding. Table 3-2 shows the
preiminary estimates at the thicknesses of these seven and fifteen layer structures. As with the
horizonta grid structure, the vertical grid structure is subject to change based on the results of
the meteorologicd modeling and grid resolution tests. The increased verticd resolution, over
dandard ar quality modeing practice, is amed a mitigating the artificid dilution of pollutants,
especidly eevated point source plumes that are not trested through plume-in-grid (PIG)
modeling, in the modd when few, relaively coarse resolution vertica layers are used (Tesche et
al., 1992).

The use of finer resolution near the surface of the domain (as compared to the more
coarse resolution doft) alows us to capture the stegper concentration gradients that typicaly
exig in the near-surface troposphere.  Further, the finer resolution in the near-surface
troposphere adlows us to capture the evolution of the mixing depths during the day. Again,
however, the find decison on the horizontal and vertica grid structure will not be made until the
preliminary air quality modeling and the meteorologicd modeding results are diagnosed.

Table 3-2. Initial Estimate For The Seven And Fifteen Layer Vertical Depths.

Number of Layers | Total Depth Structure
(meters) (Cell thicknesses in meters)
7 6000 m 20, 80, 200, 400 800, 1600, 2900
15 14,350 m 20, 80, 200, 200, 200, 200, 300, 300, 300, 400, 500, 900, 2000, 2000, 2000

3.2 Data Availability
3.2.1 Emissions Data

Emissons data for use in URM are derived from EMS-95. The SAMI emissions
modeling protocol provides details on the source and processing of the emissions data.

3.2.2 Air Quality Data

Table 3-1 ligs the air quality monitoring Sites in the SAMI region. Aerometric data
from these NAMS and SLAMS detions are in the process of being obtained from AIRS. The
ar qudity data are used in the development of URM model inputs and in evaluating the modd's
performance. Additiona air quaity data is expected to be obtained from PAMS, NARSTO-
NE, and IMPROVE archives. The data availability is sgnificantly influenced by the episode
choices.
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AIRS. AIRS data will be used to st boundary conditions and to initidize the modd
for the photochemicaly-rdated pollutants. AIRS data will dso be used for modd performance
evauation.

PAMS. PAMS data, when and where available, will be used to set boundary
conditions and to initidize the modd for the photochemicdly-related pollutants. PAMS daa
will aso be used for model performance evauation. An added advantage of the PAMS data
over the AIRS data will be the speciated VOC data though the PAMS data is limited in spatid
extent and to episodes after 1995.

NARSTO-NE. The NARSTO-NE intensve data will be used in much the same way
that the PAMS data is anticipated to be used. This study has been conducted during 1995 and
1996 summers.

IMPROVE. The IMPROVE network was developed and implemented to collect
particulate matter data for use in vishility assessment in Class | areas. Speciated data has been
taken at a limited number of dtesin the SAMI area, as well as the rest of the eastern United
States being modeled. (There are more in the western United States, though that information
will not be used here) IMPROVE stesin the eastern United States were added in 1991.

3.2.3 Meteorological Data

Meteorologica data for use in URM are derived from RAMS and MM5. The SAMI
meteorologica modeling protocol provides details on the source and processng of the
meteorologica data.

3.3  Quality Assurance

The emissons modding protocol and the meteorologica modeing protocol discuss the
QA procedures associated with each of thelr respective assgnments.  However, errors are
inevitably discovered during the air quaity modeling runs. Mot externd problems are generdly
asociated with the emissons. When such emissons problems arise and are gppropriatey
identified, the problems in the input data files are corrected and selected modules of EMS-95
are rerun. In the more uncommon case when meteorologica problems are identified, RAMS
(or MM5) is rerun.  Other more subtle errors are typicaly discovered during the model
evauaion phase. During the mode evauation, the emissons estimates and ar qudity modeling
results are run through MAPSO© which produces graphicd displays of the emissons estimates
and ar quality fields over the modding domain and tempora graphs of the same. These graphs
are examined for anomaous vaues (e.g. locdized emissons over alake, or high emissonsin an
rurd setting), and when discovered, the problems in the emisson input files are determined,
corrected, and selected modules of EMS-95 rerun. The meteorologica, ar quaity, and land-
use inputs are plotted and examined to ensure: (a) accurate representation of the observed data
in the URM-ready fields, and (b) tempord and spatid consstency and reasonableness.
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40 URM INPUT DATA

The proposed URM modding domain (Figure 3-1) is a multiscde grid with horizontal
cdl szesin the east-west and north-south directions that range from 192 kilometers (coarse grid
gructure) to 12 kilometers (fine grid). Intermediate horizontd cell sizes are 96 kilometers, 48
kilometers, or 24 kilometers. The proposed vertica structure is described in Section 2. All
data inputs are prescribed a the nodes (i.e the intersections of the grid cells). The URM data
inputs and the source of the data are described in the remainder of this section. All data formats
for the filesthat are described in this section can be found in McRae et d. (1992).

4.1 Emissons

A primary determinant of pollutant concentration levels within an airshed is the emisson
of contaminant materids into the atmosphere. These emissons, which can be produced from a
vaiety of different activities, enter the airshed modd ether through the boundary conditions or
as direct source terms in the atmospheric diffuson equation. This subsection briefly describes
the area source emissons, which enter the URM as a surface level boundary condition, and the
elevated point source emissons which enter the URM directly as source term unless treated
explicitly by the plume-in-grid module. All emissions are specified in units of pprmesec™ and are
specified per the SAPRC90 chemica mechanism.  Furthermore, the emissons fidds are dso
gpatidly and tempordly resolved.

4.1.1 Area Source Emissons

Area source emissons estimates will be comprised of standard area sources, biogenics,
mobile sources, and low-level point sources. The area source emissons estimates will be
prepared by EMS-95 for direct input to URM. Please refer to the emissions modeling protocol
for details on the development of the area source emissons estimates.

4.1.2 Elevated Point Source Emissions

Elevated point source emissions estimates will be comprised of the point sources whose
effective plume heights exceed twenty (20) meters (i.e. the surface grid cdl) and the point
sources which will be trested explicitly in the URM plume-in-grid module. The eevated point
source emissions estimates will be prepared by EMS-95 for direct input to URM. Please refer
to the emissions modeding protocol for details on the development of the elevated point source
emissons estimates.

4.2  Air Quality
Air qudity datais needed by the URM to specify the initid and boundary conditions for

the atmospheric diffuson equation. The URM needs three air qudity files to run: the surface
leved initid conditions, the upper levels boundary and initid conditions; and the day zero upper

SAMI Air Quality Modeling Protocol (17 June 1997)



levels initid conditions which is used only to initidize the firg ramp-up day. In summary, the
modeling domain is demarcated by urban, rural, and mgor water bodies in order to use
different tota hydrocarbon splitting factors, ground level initid conditions are interpolated to a
verticd profile where necessary; and boundary conditions are specified at the north, south, east,
and west faces of the modeling domain and a zero-flux boundary condition is applied &t the top
of the modeling domain. Findly, dl air qudity datais spatialy and temporaly resolved.

4.2.1 SurfaceLeve Initial And Boundary Conditions

Mogt initid condition data are derived from ground level measurements that have been
interpolated to the modding domain. A distance-weighted interpolation or a kriging procedure
is used to prepare the fully specified initid condition fidd. These data are used to derive the
initid conditions in the vertical. All the observed air qudity datain the SAMI domain, including
the SLAMS and NAMS (i.e. AIRS ar qudity data base), PAMS, NARSTO-NE, and
IMPROVE aswdl as any specid study data, are used to specify theinitid conditions.

4.2.2 Uppe LevelsBoundary And Initial Conditions

The verticd digtribution of the initid and boundary conditions in the modding domain
are edablished by one of two methods. The firs method sets the initid and boundary
conditions in each verticd cell by explicitly specifying concentrations. The second method uses
an auxiliary observed ar qudity fieddd which contains concentrations measured in the late
afternoon on the previous day to set initial and boundary conditions aloft. The observed data
can be used with different scaling factors for each vertica cell. Boundary conditions at the top
of the modeling domain are assumed to follow a zero-diffusive flux condition. This gpproach
minimizes the impact of upper level boundary condition setting on mode results. As part of this
project, we plan to develop an upper leve boundary condition setting procedure that can
account for the influx of stratospheric ozone based on potentia vorticity.

4.3 Meteorological Data

The meteorologica fields that are used by URM have a mgor mpact on pollutant
disperson and transport. Six meteorologicaly related files are used in URM: the mixing depths,
the wind field; the temperature field; the absolute humidity field; the totd solar radiation scaling

fidd; and the ultraviolet radiation scding fidd. All the meteorologicd fidds are spatidly and
temporally resolved.

4.3.1 Mixing Depths

The mixing depths define the verticd devation where atmospheric dability changes.
Note that because the URM uses terrain following coordinates, the mixing depths are measured
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from ground level and not mean sealevel. This depth can be internd to a computationd cell and
are tempordly variable. The vertica extent of the modding domain is sufficiently high to
incorporate the mixing height variations. The mixing depths are diagnosed directly from the Kz,
field which is computed by the meteorologicd modd. In URM, the mixing depth is used for
various parameterizations, one example is the plume-rise module. Preprocessng (i.e. format
change, units converson, and eevation transformation) of the meteorologica output is necessary
to convert the datato aform suitable for use by URM.

4.3.2 Wind Fied

The wind field describes the advective and vertica flow. Advective flow is the primary
means of horizonta trangport of pollutants. The horizonta and verticad winds are fully specified
by the meteorological modd. Minor preprocessing (i.e. format change) of the meteorological
output is necessary to convert the data to aform suitable for use by URM.

4.3.3 Surface TemperatureField

The temperatures are needed to determine the thermochemical rate condants in the
chemistry module. The temperatures are reported as dry (not wet) bulb vaues. The
temperatures are fully specified by the meteorologica modd. Minor preprocessing (i.e. format
change) of the meteorologica output is necessary to convert the data to a form suitable for use
by URM.

4.3.4 Surface Absolute Humidity

The absolute humidity field provides a direct measure of the water vapor concentration
in the ar. The absolute humidity fidd is fully specified by the meteorologica modd. Minor
preprocessing (i.e. format change) of the meteorologica output is necessary to convert the data
to aform suitable for use by URM.

435 Total Solar Radiation

The total solar radiation scding field in conjunction with the wind field and surface
roughness characteristics is used to compute the atmospheric stability. The clear sky total solar
radiation vaues a the surface are computed based on standard astronomica formulation
(McRee et d., 1981). The scding field is computed based on measures of the total solar
radiation at the surface and the fraction of sky cover (i.e. cloud cover) which is derived from
meteorologica modeling results.  Preprocessing (i.e. format change, units converson, and
elevation transformation) of the meteorologica output is necessary to convert the datato aform
suitable for use by URM.

4.3.6 Ultraviolet Radiation
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Default ultraviolet radiation values are based on the time zone and laitude of the
arshed. If the devation of the node is greater than 1000 meters, the ultraviolet radiation values
need to be scaled to reflect the increase in actinic irradiance with height above sea leved. The
scding factors are determined by solving the radiative transfer equations.

4.4  Surface Deposition

An important process that affects the predicted concentrations is the interaction of the
pollutants with the earth’s surface.  Deposition takes two forms wet and dry. The dominant
process that influences dry surface depostion is turbulent transport. However, once the
pollutants get near the surface, surface uptake is controlled by two factors: molecular diffuson
and chemica resistance. Wet deposition iswholly controlled by precipitation.

441 LandUse

The land use file describes the mgor use characteridics of each cdl. The URM
currently recognizes seven mgor land use types: urban, agriculturd, rangeland, forest, water,
wetlands, and barren. The seven mgor categories are split into thirty-two subcategories which
roughly correspond to the USGS standard land use categories. Each subcategory has an
assigned surface roughness vaue which is used to determine the surface roughness height data
that is described below. The last mgor update to the USGS standard land use data file was in
1976; however, the USGS has for been continualy updating this data since 1976. Further, the
USGS has indicated over the past few years that a entirely new land use data base was being
built which should represent post-1990 land use configurations. The USGS standard land use
data will be examined to determine its suitability for use in the SAMI project. Also, the same
land use data base will be used in the meteorologica, emissons, and air quaity moddling -- a
subtle quality control aspect that has been overlooked in probably al air quality studies.

4.4.2 Surface Resistance

Dry depogtion chemica surface resistance is described for each land use category and
pollutant for five total solar radiation ranges. This vaue represents the potentia to uptake
pollutants through dry depodtion. Dry depostion chemicd surface resstance is explicitly
defined for ozone and SO,. For species other than ozone and SO, the dry deposition chemical
surface resstance is elther specified as afactor of another species, typicaly SO,, or as absolute
values if the species do not exhibit a seasond dependence or the seasond dependence is not
known. As part of the SAMI project, the standard surface resistance values will be reviewed
to determine their suitability for usein this sudy.

4.4.3 Surface Roughness
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Surface roughness heights are defined for each land use category. As part of the SAMI
project, the sandard surface roughness vaues will be reviewed to determine their suitability for
usein this sudy.

4.4.4 Average Surface Roughness

The average cdll surface roughness is a measure of the overdl land use in the grid cdll.
As with surface resstance, this vaue represents the potentid for that cdl to uptake pollutants
through dry deposition. This vaue is a computed as a summation of the land use fraction
weighted vaues of the naturd logarithms of the land use surface roughnesses.

45 Grid Definition

The proposed modeling domain is described in Section 3.1. As shown in Figure 3.1,
URM s cgpable of computing on a grid where the “paiches’ of high resolution do not
necessarily have rectangular boundaries. It is therefore possible to increase the resolution only in
aress of greatest interest (sources and receptors) without the burden of a high-density grid for
aress in between. This results in ggnificant computationd savings, especidly for the SAMI
domain where the primary area of interest (i.e., the Southern Appaachian Mountains) and the
coadline are oblique to the doman. However, most of the input to the modd (eg.,
meteorologica and emissions data) are provided on grids with rectangular boundaries. For
example, the RAMS modd will provide meteorological data on rectangular “nests’ (see Figure
2 in Meteorologica Modeding Protocal). It is URM’ s responsibility to pick and choose the data
for the nodes where air qudity computations will be conducted. Two grid definition files are
necessary in order to do this: one defining the grid for the input data and another that definesthe
computationa grid. We typicdly define ar quaity mode inputs over a larger domain and with
higher dendty than is necessary since we generdly do not have a priori knowledge as to the
resolution and extent of the grid for “best” computationa results. After a couple of air qudity
mode runs have been made, we are in a better pogtion to identify areas that have little or no
impact on the study area of interest. Once such areas are identified, the computational grid can
be readjusted and subsequent air quality mode runs can be made with no or little computations
over those areas. The decison to exclude areas from the computationd exercise will be made in
consultation with the SAMI TOC.

46  Chemigry

The chemica mechaniam that s used in URM is the SAPRC90 mechanism (Carter,
1990). Although a newer verson of the SAPRC chemica mechanism exists, SAPRC93, there
is concern that the SAPRC93 mechanism may exhibit bias under certain circumstances (Carter,
1993). We propose to use the SAPRC chemicd mechanism over the CB-IV chemicd
mechanism because the SAPRC mechanism is consdered the date-of-the-science.  The
SAPRC chemicd mechanism has better evolved with time more so than many of the
tropospheric chemica mechanismsincluding CB-1V. The SAPRC mechanism better represents
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the dynamics of the emissons inventory since the mechanism is based partidly upon the mix of

the primary emitted species -- something the CB-1V chemica mechanism does not do.

The chemigtry expangion effort is underway to add the reactions necessary to support
the heterogeneous chemistry that is necessary for the SAMI project. Table 4-1 lists the species
that will be used in the find verson of the URM chemistry. Please note thet the species that are
directly emitted are identified with a check mark in the Primary Emissions? column. Also, the
THC and RHC gplitsthat are used in the chemistry will be reviewed to determine their suitability

for usein the SAMI project.

Of note, the isoprene chemigtry that is part of SAPRC90 is considered the best science
currently available. In fact, the revised isoprene chemidry of the CB-IV chemica mechanismis
based in part on the work that went into the development of the SAPRC90 isoprene chemidtry.

Table4-1. SAPRC90 Chemical Species.
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Species Description Primary
Emission?
NO NITRIC OXIDE
NO2 NITROGEN DIOXIDE
O3 OZONE
HONO NITROUSACID
HNO3 NITRIC ACID
HNO4 PERNITRIC ACID
N205 NITROGEN PENTOXIDE
NO3 NITRATE RADICAL
HO2 HYDROPEROXY RADICAL
CO CARBON MONOXIDE
HCHO FORMALDEHYDE
MEK METHYL ETHYL KETONE
MGLY METHYLGLYOXYL
PAN PEROXY ACETYL NITRATE
RO2 TOTAL RO2 RADICALS
RCO3 CH3CO3 RADICAL
ETHE ETHENE
CRES CRESOLS AND OTHER ALKYL PHENOLS
NPHE NITROPHENOLS
HO2H HYDROGEN PEROXIDE
C CARBON ATOMS
LN LOST NITROGEN ATOMS
OOH LUMPED HYDROPEROXY SPECIES
RRP RO2-RO2-PRODUCT
RHP RO2-HO2-PRODUCT
OLRI OLE-RI, O ATOM REACTIONSWITH OLEFINS
03B 030L-SB, REPRESENTS CONVERSION OF SO2 TO SO3 TMB - 1, 2,4-TRIMETHYLBENZENE
MEOH METHANOL




ETOH ETHANOL

MTBE METHYL-T-BUTYLETHER

T™MC 2,24 TRIMETHYLPENTANE

GLY GLUOXAL

RNO3 ALKYL NITRATES, RONO2

GPAN GLYOXYL DEVELOPED PAN

PHEN PHENOL

TOLU TOLUENE

BALD BENZALDEHYDE AND OTHER AROMATIC ALDEHYDES
PBZN PEROXY BENZOYL NITRATE

AFG1 AROMATIC RING FRAGMENTS 1

AFG2 AROMATIC RING FRAGMENTS 2

CCHO ACETALDEHYDE

RCHO PROPIONALDEHYDE AND ALL HIGHER ALDEHYDES
ACET ACETONE

PPN PEROXY PROPYL NITRATE

ETBE ETHYL-T-BUTYLETHER

MECY ME-CYCC5, METHYLCYCLOPENTANE
MCYC 3MCYCPTC (3 METHYLCY CLOPENTENE)
ETHA ETHANE

BUTA BUTANE

MEC5 2-ME-C5, 2-METHYLPENTANE

BENZ BENZENE

CBEN C2BENZ (ETHYLBENZENE)

OXYL OXYLENE

MPXY METHYLHYDROPEROXIDEXYLENE (MP-XYLENE)
PRPE PROPENE

BUTD 13BUTD (1,3 BUTADIENE)

M1BT 2-METHYL-1-BUTENE

ISOP ISOPRENE

M2BT 2-METHYL-2-BUTENE

AAR1 GENERAL ALKANE AND AROMATICS
AAR2 GENERAL ALKANE AND AROMATICS
AAR3 GENERAL ALKANE AND AROMATICS
OLEl GENERAL ALKENES

OLE2 GENERAL ALKENES

NH3 AMMONIA

NIT AEROSOL NITRATE

SO2 SULFER DIOXIDE

SO3 SULFER TRIOXIDE, RAPIDLY FORMS H2S0O4
APNE A-PINENE

UNKN UNKNOWN

PRPA PROPANE

oD 0O*1D2, O SINGLET D

o O ATOM

HO HYDROXYL RADICAL

CCO CCO-O2 RADICAL

C2CO C2C0O-02 RADICAL
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BCO2 BZ-CO-02 RADICAL

RO2N ALKYL NITRATE RO2 RADICAL
RO2X RO2-XN RADICAL

RO2P RO2-NP, PHENOL RO2 RADICAL
RO2R GENERAL RO2 #1 RADICAL
R202 GENERAL RO2 #2 RADICAL
coco HCOCO-O2 RADICAL

HCO3 HOCOO RADICAL

BZO PHENOXY RADICAL

BZNO BZ(NO2)-O

02 OXYGEN

H20 WATER VAPOR

CH4 METHANE

co2 CARBON DIOXIDE

H2 HYDROGEN

K POTASSIUM

NA SODIUM

CA CALCIUM

MG MAGNESIUM

4.7  Command Files
There are two URM command files that are prepared for each modeling day. The first

command file directs the execution of URM, and the second command file tdls URM where dl
the input files are located and where al the output files are to be stored.
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50 MODEL PERFORMANCE EVALUATION
51  Principles

It isimportant to establish guidelines for determining whether the air qudity modeling
system (i.e., the emissions, meteorological and dispersion models and their supporting data sets)
has performed well enough for the SAMI  base case smulations to serve as the basis for
basdline development and EMO development and testing. In thisfollowing section, a
framework for determining whether subsequent use of the URM is gppropriate based on the
mode performance evauation results and conclusions.

TheMode Should Be Viewed As A System. When amodel is rejected or
accepted, thisismeant in abroad sense. For purposes of modd evauation, the model includes
not only the air quality model (URM), but also the other components of the system -- EMS-95
(the emissons modd), the RAMS (and MM5) meteorologica modd, the supporting aerometric
and emissions data base, and any other related analytica and numerical procedures used to
produce modeling results. In fact, Sudiesto date suggest that model performance is more
sengtive to the inputs, than the model formulation and structure. Further, other studies suggest
that the inherent spatid variability leads to sgnificant deviations between point measurements
used in evauation and the spatialy averaged concentrations that are being smulated. Part of the
mode testing processis to identify flawed model components. Of note, it is possble for the
meteorologica and emissions modeling results to perform well, but the entire episode can be
rgected from further condderation if the air quaity modeling results fail to meet performance
evauation specifications.

Model Acceptance Is A Continuing Process of Non-Rejection. The use of explicit
or implied modd "acceptance’ criteriais avoided. Modeling systems should be accepted
gradudly as a consequence of successive non-regections. Over time, confidence in amode
builds asit is exercised in anumber of different gpplications (hopefully involving stressful
performance testing) without encountering mgjor or fata flaws that cause the modd to be
rejected.

Previous Experience IsUsed As A Guide. Previousair qudity modeing experience
sarves asaprincipa guide to set criteriafor modd regjection. Interpretation of the SAMI air
qudity modedling results againgt the backdrop of previous regiona-scale modeling experience
will cal atention to the existence of potentia performance problems and will suggest whether
the model should be tested further or rejected. However, it should be noted that athough a
number of region-scale photochemica modeling studies have been conducted for which such an
interpretation can be made for ozone and its precursors, there is a notable dearth of studieson a
regiond-scae for acid deposition and regiond haze.

Thusfar, the only criteria proposed for model rejection are those proposed by Tesche
(1992) for the SARMAP and LMOS studies, by Reynolds and Wagner (1993) for the

SAMI Air Quality Modeling Protocol (17 June 1997)



Southeast Michigan Ozone Study (SEMOS), and by Tesche et d., (1995) in the Wasatch
Front Ozone Modeling Study (WFOS). Please note that the aforementioned studies are dl at
the urban-scale. Tesche et d. (1990) regjected the idea of setting "mode performance
acceptance criterid’. Instead, agenerd framework conssting of "reection criterid’ was
established that specificdly calls for a case-by-case andyss of the evauation results. This
approach has been adopted at least in part by the Cdifornia Air Resources Board (ARB) in
their statewide photochemica modeling guiddines (ARB, 1992) and in EPA's nationa
guidelines on UAM-IV modding (EPA, 1991). The generd criteria are asfollows (Tesche et
al., 1990):

"The model should produce pesk (unpaired) estimation accuracy, overdl bias, and gross error Stati:
from the investigative amulations, the other numerical measures and diagnodtic tests

suggest unusud or aberrant behavior. If the Smulation results fal within these ranges,

additional diagnogtic analyses... ... should be carried out to determine whether the

smulation should be relected. If asmulation fdls outsde of any one of these generd

ranges, it becomes incumbent upon the modeler to explain why the performance is

poorer than that commonly achieved in past pplications. 1t will also be necessary to

explain whether the causes of poorer performance will adversely affect the use of the

modd in control strategy evauations. Otherwise, the particular base case in question

should be judged inadequate.”

However, those criteria were based on historicd modeling, and they did not fully account for the
gpatid inhomogeneities. Further, compensatory errors may have been used to improve
performance. For example, it is now widdy beieved that the emissons from many source
categories were biased low in historical modeling studies, and this may have been compensated
for by increasing boundary conditions. Recent studies have shown that using the “officid”
inventory which did not account for the underestimates in emissions led to dragticaly low
smulated ozone, and poor performance, but after inventory adjustment, performance was
acceptable.  These discoveries came after the origina performance criteria were adopted,
suggesting that such criteria must be reconsidered, if any rigid criteria should be used.

Mode Rejection Criteria Must Remain Flexible. While the process for model
testing is specified here, the proposed SAMI air qudity modeling rgjection criteria must remain
flexible to accommodate this new gpplication. The regjection criteria recommended in subsection
7.6 are based on past experience. It is unknown what specific problems are likely to arisein
the SAMI air quality moddling study, but provisiona regjection criteria which was developed on
the basis of past experience have been congtructed. The criteria suggested may need to be
modified as experience is gained during the course of this study.

5.2 URM Moded Evaluation Process

Performance testing of the URM will follow a step-wise process patterned after the
ided process outlined by Reynolds et d., (1994) and Roth et d., (1995). Thisevauation
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processistailored to the schedule and data base congtraints imposed by the current sudy. The
URM evduation will consist of three steps.

521 Step 1. Mechanistic Evaluation

The firgt step entails amechanistic evaluation to explore the behavior of individud
process modules within the URM. This step is necessary since the URM will undergo
numerous modifications to incorporate an advanced wet deposition capability, heterogeneous
chemistry, and enhanced aersol fate processes. The purpose of the mechanistic evauationisto
identify possible flaws and/or systemétic biases that may not be apparent when examining the
model asawhole.

The various modules which comprise the URM have been extensvely tested prior to
their incorporation into the overall URM framework. Asthe direct result of the URM, and in
particular its parent modd the CalifornialCarnegie Ingtitute of Technology (CIT) air qudity
model, being publicly available, each mgor module has been investigated in one or more
university or research organization projects. Accordingly, considerable confidence has been
gained that mgjor conceptud or coding flaws are not present in the modd.

Again, however, snce the URM will undergo additiona modfications to support this
project, additiona mechanistic tests may be required of the new modules to be added to URM.
At thistime, no testing of the wet deposition, the heterogenous chemistry, or aerosol processes
module will be performed since the modeling components upon which these modules are based
have been examined e sewhere (e.g. Berkowitz et a., 1989; Wexler and Seinfeld, 1991).

5.2.2 Step 2. Initial Screening

Aninitid screening of the URM modding results for each episode is to be conducted.
Theinitid screening congsts of an examination of a number of gatisticd measures and graphicd
aldswhich are used to identify obvioudy flawed model smulations. Once identified, Seps are
taken to implement improvements to the mode input filesin alogica, defensible manner so that
performance might beimproved. If the initid screening suggests that no obvious flaws or
compensating errors exist in the smulation(s), the performance evauation movesto Step 3.

Visual Inspections. A number of graphical procedureswill be used in the initia
screening of the URM smulation results. For example, specific graphica displaysto be
produced and analyzed for each URM base case smulation include:

> Spatia mean pollutants (e.g. ozone, PM, s, SO- wet deposition) time series
plots;

Ground-leve pollutant isopleths;
Concentration scatterplots;

Bias and error dratified by concentration; and
Bias and error dratified by time.

V V. V V
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Regjection of Obvioudy Flawed Simulations. Initid screening of the URM results
should alow the modeling team and the other stakeholdersto identify obvioudy flawed
amulations. Experiencein air qudity modding is the best bas's upon which to identify obvioudy
flawed smulation results.

Modd Performance | mprovement. Effortstoimprove URM modd performance
(i.e., to reduce the discrepancies between mode estimates and observations) will be based on
sound scientific principles. Curve-fitting or tuning activity will be avoided. The following
principleswill govern the modd performance improvement process (to the fullest extent possible

given the project schedule):

> Any sgnificant changes to the modd or itsinputs must be fully documented,
both in hard copy and magnetic media where gppropriate;

> Any sgnificant changes to the mode or its inputs must be supported by
scientific evidence, andysis of new data collected for the purpose, or by
reandysds of the existing data where errors or migudgments may have occurred;
and

> All proposad changes to the modd or its inputs will be reviewed by the Science

Advisory and Policy Committee and should be reviewed by the stakeholders.

The following activitieswill be performed should it be necessary to improve URM model

performance:

>

>

\

Typify the mgor problems with the base case smulation (e.g., peak ozone
underestimation, timing problems, precursor underestimation, spatia offsets);
Identify mode agorithms, process descriptions, or model parameterizations
whose inadequate or incomplete characterization could potentialy produce the
apparent discrepancies,

Examine whether and to what extent modifications to preprocessor inputs,
model agorithms, or model parameters can be made without moving outside the
mode's intended range of applicability, input uncertainty, scientific credibility, or
reasonableness;

Assess whether the proposed changes may generate or exacerbate
compensating errors (if they exigt) in the smulation;

Implement any modd or input changes and carry out the indicated runs;
Andyze the mode reaults,

Determine if adequate performance has been achieved. If so, document the
results of the diagnostic analyses and modd improvement cycde(s) and submit
the memorandum to the stakeholders for review. If not, recommend what to
do next, such as.

- perform another cycle of diagnosis and improvement;
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- recommend the sdlection of another module that provides greater
promise for achieving adequate performance;

- recommend that efforts be redirected to assess performance for another
episode that was not selected for initid evauation; (i.e, theinitia
episode[s| may have problems that cannot be fully resolved with the
exiging data base and the stakehol ders may wish to determine whether
adequate performance can possibly be achieved for another episode);

or

- recommend that the objectives of the modeding program and associated
mode performance expectations be suitably revised.

Given the large uncertainties in both the emissions and meteorologica deata basesin the
SAMI region, it is concelvable that one or more of the modeling episodes may not achieve
satisfactory performance. If this occurs, dternative modeling episodes may have to be selected
for use. While definitive criteriafor rgecting an episode for inadequate model performance are
difficult to prescribe in advance, suggested criteria are presented in section 5.5. These criteria
are consgtent with those use in other SIP studies around the country.

5.2.3 Step 3: Operational/Scientific Evaluation

If theinitid air quaity modding results examined under Step 2 are free from obvious
flaws, amoreformal, and extensive evauation of the smulation resultswill be conducted. Step
3 of the URM modd performance evauation conssts of threetasks. Firgt, not only will the
graphical displays utilized in Step 2 be generated for precursor species (e.g. NO, NO,, SO,,
PM, s, and PM )., but the suite of andyses will be expanded to include those listed in Table 5-
1. Anexamination of the VOC and PM species will be limited by the lack of speciated VOC
and PM data from the SAMI domain. The graphical displays for the precursor species will be
examined for obvious flaws. Should these be detected, the modd performance improvement
process may be implemented to identify and correct (if possible) the noted problems. The
second and third steps involve the computation and assessment of severa datistical and
numerica metrics and the performance of specific modd sengtivity experiments.

Table5-1.
Evaluation of the URM M oddl.

Statistical Measures and Graphical Displaysto be Used in the

Statistical Measure

Graphical Display

M aximum observed concentration

M odel ed and observed spatial mean concentrations as a
function of time

Maximum modeled concentration and deposition rates

M easures of peak estimation accuracy (ATs, A1, As, Ay,
A)

Maximum modeled concentration and deposition rate at a
monitoring station

Normalized bias as a function of time

- Ratio of maximum modeled to observed concentrations

Normalized gross error as afunction of time
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- Ratio of modeled to observed deposition rates

deposition rate

IAccuracy of peak estimation (paired intimeand space)  [Normalized bias as afunction of concentration level and

level and deposition rate

IAccuracy of peak estimation (unpaired in time and space) [Normalized gross error as a function of concentration

IAverage accuracy over all stations Scatterplot of hourly concentration and deposition rate
pairs

Normalized biasin hourly concentrations and deposition [Scatterplot of daily maximum concentration and

rates deposition rate pairs

HMean biasin hourly concentrations and deposition rates |Quartile plots of hourly species concentrations

Normalized gross error in hourly concentrations and Daily maximum ground-level concentration and deposition
deposition rates i sopleths

Mean gross error in hourly concentrations and deposition

rates

\Variance in hourly concentrations and deposition rates

Percent difference in mean observed and model ed al oft
concentrations from the NARSTO and other special

studies (e.g., ozone, NO, NOy) if data are available.

Once the base case for the first episode is established, the same procedures used to
develop it will be applied to subsequent episodes. In other words, the modd will berunina
hands off mode for the other episode(s). If inadequate performance results for subsequent
episodes and if diagnogtic performance improvement activities are employed to develop better
base cases, then the procedures used for these later episodes must then be applied to the first
episode. Note that thisislikely to be the case since, the ozone, acid deposition, and regional
haze episodes will probably be independent episodes. That is, each episodeis likely to exhibit
one, possibly two, ar quality events.

53 Statistical and Graphical Toolsto Be Used in the Evaluation

The operationd evauation process includes the caculation and andyss of severd
routine statistica measures and the plotting of specific graphica displaysto characterize the
basic performance attributes of the model.  The scientific evaluation focuses on the modd's
performance in Smulating various precursor and product species as well as the performance of
aset of sengtivity and uncertainty smulations. Among the Satistical measures to be examined in
the operationa evauation are: different measures for characterizing the mode's accuracy in
estimating the hourly average concentrations and deposition rates; mean normdized biasto
indicate the degree to which calculated one-hour concentrations and deposition rates are over-
or underestimated; the variance, describing the dispersion of the residud distribution about the
mean; and the mean normalized gross error, which quantifies the average absolute sgned
deviation of the concentration resduals. These measures will be caculated using the MAPSO
software, described in Appendix A.

54  Investigative Simulations To Be Considered In The Scientific Evaluation

SAMI Air Quality Modeling Protocol (17 June 1997)



Investigative smulations are an essentia component of the URM scientific evauation
and will be conducted as an integrd part of thisstudy. Investigative smulations serve much the
same purposes as sengtivity smulations which are described later in this document:

> Reved internd inconsstencies in the modd;
> Provide basis for compensatory error analysis,
> Reved the parameters (or inputs) that dominate (or do not dominate) the

modd's operation;
> Reved error propagation through the modd; and
> Provide guidance for modd refinement and data collection programs.

Up to sx (6) investigative smulations may be performed for each episode as part of the URM
performance evauation. The exact nature of these smulations will be discussed with the
gtakeholders after the operationa evauation results have been reviewed. Potentidly useful
invedtigative smulations include:

Zero emissons,

Clean background,;

Modified boundary conditions;

Zexro dry depogtion;

Modified turbulent diffuson;

Modified wind speeds;

Modified motor vehicle emissons estimates; and
Modified biogenic emissons estimates.

V VVVYVYVYVYV

Please note that depending on the outcome of the incorporation of DDM-3D, a sengitivity
method developed by Yang et d. (1997) specificdly for usein three dimensiond air quality
models, into URM, separate air quaity modd runsfor each of the following investigations may
not be necessary since URM with DDM-3D will produce the same results as a consequence of
the standard base case, base year, basdine, and basdine with EMOs air quaity modd runs.

Zero Emissions. The main purpose of the zero emisson mode run isto ensure that
the base case smulation results are influenced gppropriately by the emissonsinputs. Reducing
(or zeroing out) al the emissions (i.e point, area, mobile, and biogenics) should lead to much
lower reactive gpecies concentrations after the initia smulation day. The zero emissions
amulation is performed by exercisng the base case run with al emission vaues reduced to zero.
All other modd input files remain unchanged from the base case.

The results of the zero emissons smulation, and the other invetigative smulations, are
presented in three ways. First, a Deficit-Enhancement (D-E) plot is developed for each
amulaion. The D-E plot is developed by subtracting the metric of interest (e.g. hourly-average
concentrations or deposition rates, daily maximum concentrations or deposition rates) from
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those of the base case and plotting the resduds as isopleths. Time series plots for the run may
aso be developed. These are constructed with the base case estimates represented by a solid
line and the zero emissons sengtivity run results depicted by adashed line. Findly, atabular
listing may be developed of al monitoring stations and the maximum estimated concentrations or
deposition rates (unpaired in time) in the base case and the zero emissons sengtivity run.

The zero emissons investigative run should produce significantly-reduced concentrations
and pollutant deposition rates, close to background or to the levels reflective of the inflow
boundary conditions. If not, thereis reason to question the adequacy of the smulation. Lack of
sengtivity to emissions may indicate inagppropriatdy high initia conditions, improper boundary
conditions, or some flaw in the mode itself. Quite gpart from these concerns, insengtivity to
emissions raises serious questions about the usefulness of the smulated episode for EMO
development and assessment in the SAMI region.

Clean Background Initial Conditions. The clean background initia conditions
smulation reveds how much of the second (or third) day modd estimates result from the initia
fiedd used to gart the smulation. Thissmulation is performed by setting dl initid concentrations
to those typica of the clean background air. The reason for using clean background conditions,
as opposed to zeroing the initid conditions is that the latter procedure may cause numerica
ingabilities.

Deficit-enhancement and time series plots may be used to display the results of this
gamulation. If theinitid field is completely "washed out” of the modd domain by the second or
third day, the D-E plots will indicate essertialy no differences between the sengitivity and base
case runs on the following day(s). For stagnation episodes, some residud effects of initid
conditions may be seen even on the third day of the smulation.

Background L evel Boundary Conditions. The background-level boundary
condition smulation examines the influence of boundary vaues on second (or third) day
concentrations, particularly in regions where the base case eimates are highest. Thissmulation
helps identify Stuations where the base case results are "driven” by the boundary conditions that
are set above background levels.  The background level boundary conditions smulation is
performed by setting dl inflow and outflow boundary vauesto low background vaues. This
includes the top surface of the modeling region. Deficit-enhancement and time series plots will
be used to display the smulation results. If the episodeis influenced by transport, the D-E and
time series plots should reved significant impact of the boundary conditionsin the interior of the
computationad domain.

Zero Dry Deposition. The zero dry deposition Smulation addresses the influence of
dry deposition on primary and secondary species concentrations. The zero deposition
investigative run will be exercised by setting dry deposition velocities for al speciesto zeroin
URM and re-running the base case smulation. This entails asmple change to the URM input
file. Dry depogtion tests have not been regularly reported in previous URM evauation studies

SAMI Air Quality Modeling Protocol (17 June 1997)



0 little higtorical information exigts to serve as aguide in interpreting the results of thisinvestige
tion. Nevertheless, some generd guiddines can be suggested. For primary species such as
NOyx and VOCs, the downwind concentration fields should increase relative to the base case in
amanner consistent with the deposition velocities for each primary species. For reactive
gpecies such as ozone, increases and decreases may occur in the D-E contour fields depending
upon the interaction between ozone and NO fields.

Increased Turbulent Diffusion. Turbulent diffusion has a direct and often sgnificant
influence on pollutant concentrations. In this case, the verticd region of high turbulent diffusion
will be increased, representing an increase in the mixed layer by that amount. The objective of
the mixing depth sengtivity Smulation is to reved the degree to which pollutant concentrations
are influenced by the depth of the mixed layer. One run may be performed in which the hourly
mixing depths vaues are uniformly increased by 50% above the base case values. As such, this
smulation should provide a bound on the change in pollutant estimates resulting from
uncertantiesin thisinput.

Increased mixing depths typically reduce pollutant concentrations although the reduction
isless than a one-to-one change. One might choose, instead, to reduce the hourly mixing
depths by 50%. The resultant increase in 0zone concentrations under this scenario will typically
be comparable in magnitude but of opposite Sign as those for the mixing depth increase case.
The results of this Smulation will be presented graphicaly with D-E plots and with conventiond
time series plots.

Reduced Wind Speeds. Ancther investigative model smulation worth consdering
entails a 50% reduction in the magnitude of the wind speeds input to the URM. More complex
and potentialy very ingghtful windfield sengtivity runs might be conceived (e.g., random
perturbation of node speeds and directions to reflect known systematic or compensatory errors
in the meteorological modd) but an initid characterization of the modd's sengtivity to ventilation
is an appropriate Sarting point. This smulation may be performed by decreasing dl wind
components by 50% and re-running the air quaity model. Based on previous windfield
sengtivity results, the magnitude of the hourly pollutant concentrations, including the pesk vaue,
should increase relative to the base case dthough the percentage increase should be less than
proportiond with wind speed reduction. Results of the windfield investigative smulation will be
displayed through D-E plots and by time series plots.

Increased Motor Vehicle Emissions. A number of dudiesin Cdifornia (Ingdls,
1989; Pierson et d., 1989; Fujitaet a., 1991; Wagner and Whedler, 1992) have indicated that
on-road motor vehicle VOC emissions may be underestimated. This bias can be expected to
lead to an underestimation in mode estimated ozone concentrations. A Smulation will be
conddered that involves increasing the motor vehicle VOC emissions by an across-the-board
factor. Modd estimates for 0zone, nitrogen dioxides and SAPRC hydrocarbon species will be
compared for this sengtivity Smulation with those from the base case smulation usng D-E plots
and time series plots.
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Decreased Biogenic Emissions. Although the recent body of work by Guenther et
d. (1993), Geron et d. (1991), Williams et d. (1991) suggests that biogenic emissons are
underestimated, the new biogenic emissions estimates formulation proposed by the same
researchersis believed to result in significant overestimates of the biogenics. In arecent sudy,
Wilkinson (1997) showed that by using the biogenic emissons estimates formul ation of
Guenther et d. (1993) and Williams et d. (1991), biogenic emissionsin the South Coast Air
Basin (Los Angeles, CA) may be overpredicted by an order of magnitude. However, in the
same study, Wilkinson (1997) shows that the biogenic emissons are highly uncertain, and that
the true biogenic emissons are likdly captured with the new formulation.

In the SAMI study, biogenic emissonswill play a significant role in ozone and aerosol
formation. Therefore, an investigative run that examines the impact of biogenic emissonson
pollutant concentrations should be conducted. These runs will be made on the basis of the
biogenic emissons uncertainty analysis that will be conducted as a component of the emissions
modeling. Results of the biogenic emissons investigative smulaionswill be displayed through
D-E plots and by time series plots.

The above numericd, graphical, and investigative procedures condtitute the set of
operationd tests that are suggested for each base case episode. If modd performance is found
to be poorer than expected, additional diagnostic and mechanigtic tests and sengitivity tests
(e.g., andyds of biogenic emissons sengtivity) should be consdered in order to improve the
gmulations. The budget and schedule implications of these additiona runs will be discussed
with the stakeholders before any additiona work is performed.

55  Provisonal Regection Criteria

With the principles offered in section 5.1 as a guide, the following criteria are proposed
againg which the URM hourly averaged ozone results should be judged. However, regjection
criteriaare not proposed for acid deposition, regiona haze, and precursor species since the
data for such criteriaare limited and the review of this dataiis not complete.

Peak Unpaired Estimation Accuracy. The unpaired pesk estimation accuracy, Ay,
for each day following modéd initidization should: (@) be lessthan or equa to 20%, (b) be
derived from amodd estimate within 48 kilometers of the peak observation location, and (c) be
based on a pesk modd estimate occurring within + 2 hours of the maximum observation.

Normalized Bias. The mean normdized bias (MNBE) for each day following mode
initidization should be less than or equa to 20%, based on an ozone cutoff leve of 40 ppb.

Normalized Gross Error. The mean normdized gross error for each day following
modd initidization should be less than or equa to 35%, based on an ozone cutoff level of 40

ppb.
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Diurnal Bias. For each day following mode initidization, the mean normalized bias,
when plotted as a function of time of day, should not reved mgor discrepancies (i.e., bias >
30%) within any timeinterva two hours or longer.

Diurnal GrossError. For each day following modd initidization, the mean normdized
gross error, when plotted as afunction of time of day, should not revedl mgor discrepancies
(i.e., error > 50%) within any timeinterva two hours or longer.

Bias as a Function of Concentration Level. For each day following moded
initidization, the cumulative mean normaized bias, when plotted as a function of time of day,
should not reved mgjor discrepancies (i.e., bias > 30%) over any concentration interva 20 ppb
or larger.

GrossError asa Function of Concentration Level. For each day following modd
initidization, the cumulative mean normaized gross error, when plotted as a function of time of
day, should not reveal mgjor discrepancies (i.e., error > 50%) over any concentration interval
40 ppb or larger.

Time Series. For each day following modd initidization, the hourly ozone time series
plots conssting of (a) the four-cell weighted average and (b) the mode uncertainty envelope,
(based on the highest and lowest estimates 1 cdll from the monitor) should not exhibit unusua or
inexplicable trends. Examples of such trends would include (a) a"bimoda™ pattern at severd
monitors in the observed or estimated time series coupled with the absence of such apatternin
the other time series, (b) strongly "spiked" or broadly "flat" patterns at severa monitorsin the
one time series but not the other, or (c) Sgnificant differencesin the respective rates of rise or
fdl of the diurna ozone profiles when these are not attributable to sub-grid scale (e.g., titration)
effects.

Ground-Level Concentration Distributions. For each day following model
initidization, hourly-averaged ground level ozone isopleths (containing the hourly ozone
measurement at each monitor) shal not exhibit clearly discrepant or aberrant patterns. An
example of such a pattern would be the existence of estimated ozone concentrations on the grid
that exceeded by 25% or more the highest estimated concentration at a monitor (in the absence
of aplausble, physicaly-based explanation.) If the maximum modeled concentration on the
URM grid is Sgnificantly different from the pesk monitored concentration and the two maxima
are widdly separated in space, this suggests the existence of potentially important errorsin the
modeled transport, emissions, or chemica processes. Confounding errorsin dl three processes
are dso likdly in such acase and should be the cause for concern and additional model
diagnoss.

Correlation of Estimate-Observation Pairs. For each day following mode

initidization, scatterplots of hourly-averaged ozone estimate-observation pairs should not exhibit
aggnificant number of "outlier” points. In addition, scatterplots of the daily maximum ozone
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estimate-observation pairs should not exhibit any outlier data points. The definition of outlier
points and what condtitutes a significant number of them must be determined on a case-by-case
bass. However, an estimate-observation pair shal not be considered an outlier if thereis
plausible evidence that the discrepancy is the result of sub-grid scale effects or physica/chemica
phenomena not addressed in the modd's formulation.

5.6 Domain-wide Ver sus Subdomain Perfor mance Evaluation

The mode performance evauation will not be conducted solely on a domain-wide basis
nor will episodes be rgjected solely on the basis of domain-wide modd performance results.
Instead, anumber of subdomains will be established for which modd performance will be
evauated. The episode rgection determination will be based on the results of al domains for
which model performanceis conducted. By “carving” the domain into numerous subdomains
and investigating model performance in each subdomain, it may be possible to isolate stray
performance. Further, thismay help to identify gross problemsin mode inputs and possibly in
modd formulation.

A preliminary assessment of analysis subdomainsis as follows:

> north southern Appaachian Mountains,

> south southern Appaachian Mountains,

> northwest quarter area (i.e areaimmediately to the northwest and surrounding
the southern Appaachian Mountains);

> northeast quarter area (i.e areaimmediately to the northeast and surrounding the
southern Appaachian Mountains);

> southwest quarter area (i.e areaimmediately to the southwest and surrounding

the southern Appaachian Mountains);

southeast quarter area (i.e areaimmediately to the southeast and surrounding

the southern Appaachian Mountains);

al other northwest aress;

al other northeast aress;

al other southwest aress; and

al other southeast aress.

\%
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6.0 BASE CASE, BASELINE, RESPONSE SURFACES, AND EMO
MODELING

6.1 BaseCase

6.1.1 Episodes

6.1.2 Expected Results
6.2 Basdine

6.2.1 Episodes

6.2.2 Expected Results
6.3  Response Surfaces
6.3.1 Useof DDM-3D
6.3.2 Expected Results
6.4  Emissons Management Options (EMOs)
6.4.1 Episodes

6.4.2 EMO Development

Standard M ethods.
Use of DDM-3D.

6.4.3 Expected Results

6.5  Expected Publications
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MODEL EVALUATION PROCEDURES

Before the URM is gpplied to emisson management option (EMO) design for the
SAMI region, the URM modd performance isto be tested via an operationa/scientific
evauation. This provides some assurance to the SAMI stakeholders that the modd is
producing the right answer for the right reasons. The operationa eva uation processincludes
the cdculation and andlyss of severa routine Satistical measures and the plotting of specific
graphical displays to characterize the basic performance attributes of the model. The scientific
eva uation focuses on the modd's performance in smulating various precursor and product
gpecies aswell asthe performance of a set of investigative amulations. Among the atigtica
messures to be examined in the operationa evauation are: different measures for characterizing
the modd's accuracy in estimating the maximum one-hour average concentration; mean
normalized bias to indicate the degree to which calculated one-hour concentrations are over- or
underestimated; the variance, describing the dispersion of the residud distribution about the
mean; and the mean normaized gross error, which quantifies the average absolute signed devia-
tion of the concentration resduas. These measures are calculated using the MAPSO software.

The Modd Performance Evauation, Anayss, and Plotting Software (MAPSO) system
package was developed for urban- and regiona-scae meteorological, emissons, and
photochemical modd evauations. The MAPSO system embodies dl of the recommended
datistica and graphicad modd testing methods for photochemica and meteorologicd models
suggested by Tesche et d., (1990a) and subsequently adopted by the California Air Resources
Board (ARB) and EPA in their photochemical modding guidance documents (ARB, 1992;
EPA, 1991). In addition, MAPSO contains datistica and graphicd tools for andyzing
emissons model estimates. MAPSO consists of a set of specia-purpose FORTRAN codes,
the Nationa Center for Supercomputer Applications (NCSA) Hierarchid Data Format (HDF)
data management libraries (ported to SUN and IBM RS/6000 platforms) and Nationa Center
for Atmospheric Research (NCAR) Graphics, Verson 3.01.

Formulation of the MAPSO datistica measures and graphica procedures (generdly
goplicable in both air quality and meteorologica modd evauation) are presented in this section.
Examples of the use of severd of these procedures in meteorologica and regiond air qudity
modeing studies are presented in Anthes et d., (1987), Steyn and McKendry (1988), Dennis
et d., (1990), Schere and Wayland (1991), Tescheet d., (1990a), and McNally (1994). In
some of the definitions below, the variable  represents a model-estimated or derived quantity,
e.g., wind speed, wind direction, PBL height, ambient temperature. The subscripts e and o
correspond to mode-estimated and observed quantities, respectively. The subscript i refersto
the ith hour of the day.

A.1l Mean and Global Statistics

Severd datistical measures are calculated to provide an overdl summary of the model
estimates and observations and to support calculation of other statistical measures.
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Mean Estimation (M g). Themean mode esimate is given by:
M_e~=~1 OVER N~BOLD SUM FROM {i=1} TO N~PHI_«

where N isthe product of the number of smulation hours and the number of ground-level
monitoring locations providing hourly-averaged observationd data. ¢ represents the model-
edtimate at hour i.

Mean Observation (M g). The mean obsarvation is given by:
M_o~=~10OVER N~BOLD SUM FROM {i=1} TO N~PHI_oi

Here, o representsthe observations at hour i.

Average Wind Direction. Because wind direction has a crossover point between O
degrees and 360 degrees, standard linear Satistica methods cannot be used to caculate the
mean or standard deviation. Evaluations by the EPA (Turner, 1986) suggest that the method
proposed by Yamartino (1984) performs well in estimating the wind direction standard
deviation. Specificdly, this quantity is calculated by:

sigma_apha~ =~arcsin’(beta) [ 1~+~0.1547""{ beta} *3]
where:
beta~ =~{{LEFT [ 1.0~

-~"[{(OVERLINE {sin"apha})} "2~
+~ {(OVERLINE {cos apha})}"2"]" RIGHT ]} "} 12}
Here, isthe measured hourly or ingtantaneous wind direction vaue.

Standard Deviation of Estimation (Sde). The standard deviation of the mode
edimatesis given by:
SD_e~=~{LEFT ["1 OVER N~BOLD SUM FROM {i=1} TON {{~|PHI_ei~
~{(M}_€'}"2}RIGHT] "} 1/2}

Standard Deviation of Observations (SDo). The standard deviation of the
obsarvationsis given by:

SD_o~=~{LEFT ["1 OVER N~BOLD SUM FROM {i=1} TO N {{~|PHI_oi~-
~{(M} o }"2}RIGHT] "} 12}

Least Square Slope and I nter cept Regression Statistics. A linear least-squares
regression is performed to caculate the intercept (a) and dope (b) parameters in the following
equation:

{PHI hat}_el~=~a~+~b" PHI_oi
Thisregression is performed for each set of hourly (or ingtantaneous) data to facilitate
caculaion of saverd error and kil Satidtics.
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Maximum Ratio (Rmax). The maximum retio is defined as the quotient of the

maximum one-hour averaged mode estimated concentration and the maximum hourly-averaged
messurement, i.e.,

R_max~~=~—{c_e(x~,~t)~} over {c_o(x hat~,~t hat)}
where ¢, is the estimated one-hour averaged pollutant concentration, ¢, is the observed hourly
averaged concentration, refersto the peak monitoring station location, isthe time of the pesk
observation. The caret, *, denotes the time or location of the maximum observed concentration.
Thereis no requirement that the maximum estimated and observed concentrations be paired in
ether time or space but for this measure we require that the maximum modeled concentration
be taken from amonitoring station.

A.2 Difference Statistics

Residual (dj). For quantities that are continuous in space and time (i.e., wind speed,
temperature, pressure, pbl height, species concentrations) difference (or resdud) datistics are
very ussful. Difference getigtics are based on the definition of aresdud quantity. A
concentration residua, for example, is defined as:
d i~=~{{~c e(x.i,t)~~c o (x_i,t)}}
where dj isthe i-th resdua based on the difference between modd-estimated (cg) and

observed (cg) concentration at location x and timei.

Standard Deviation of Residual Distribution (SDr). The standard deviation of the

resdud digribution is given by:

{SD_r}~=~~LEFT ({~1OVER{N - 1}~ BOLD SUM FROM {i=1} TON {~(d i -

“MBE)*2}}~RIGHT ) M{ 0.5}
where the concentration resdud is defined as:

d i~=~{{~c e(x.i’, t)~~c o (x_i,1)}}
and MBE is the first moment, i.e.,, the mean bias error, defined shortly. This statistic describes
the "digperson” or spread of the residud distribution about the estimate of the mean. The
gandard deviation is caculated using dl estimation-observetion pairs above the cutoff level.
The second moment of the residua digtribution is the variance, the square of the sandard
deviation. Since the standard deviation has units of concentration, it is used here as the metric
for digperson. The standard deviation and variance measure the average "spread” of the
resduas, independent of any systlemdtic biasin the estimates. No direct information is provided
concerning subregionad errors or about large discrepancies occurring within portions of the
diurna cycle dthough in principle these, too, could be estimated.

Accuracy of Peak Model Estimates (A). Five related methods are used to evauate

the accuracy of the modd's estimate of the maximum vaue of a spatidly-distributed variable.
Thismay be, for example, temperature, wind speed, pressure, or concentration. In the
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definitions below we use the peak one-hour average concentrations for discussion purposes,
however, these measures may be applied to severd of the meteorologica variables as well.

Severd accuracy measures are used because there are different, informative, and
plausible ways of comparing the pesk measurement on a given day with mode estimates.
These five accuracy measures provide complimentary tests of the modd's performance. When
gpplied to ozone smulations, they are particularly useful from aregulatory perspective since they
dedl with peak ozone (or precursor) concentration levels.

Paired Peak Estimation Accuracy. The paired peak estimation accuracy, Ass, iSgiven

by:

A _ts~=~{{c e (x hat’,'t hat)~~c o' (x hat’, t hat)} over {c o'(x hat’,’t hat)}}~100"%
A quantifies the discrepancy between the magnitude of the peak one-hour average
concentration measurement at a monitoring station, ¢, (,), and the estimated concentration at the
samelocation, , and a the sametime, . Mode estimates and observations are thus "paired in
time and space.” The paired pesk estimation accuracy is a stringent mode eva uation measure.
It quantifies the modd's ability to reproduce, at the same time and location, the highest observed
concentration during each day of the episode.  The modd-estimated concentration used in all
comparisons with observations is derived from bi-linear interpolation of the four ground level
grid cells nearest the monitoring stetion.

A isvery sendtive to spatid and tempora misalignments between the estimated and
observed concentration fields. These space and time offsets may arise from spatiad
displacementsin the trangport fields resulting from biases in wind speed and direction, problems
with the "timing" of photochemical oxidation and remova processes, or subgrid-scae
phenomena (e.g., ozone titration by local NO, emission sources) that are not intended to be
resolvable by grid-based photochemical models.

Temporally-Paired Peak Estimation Accuracy. The temporaly-paired peak estimation
accuracy, A, isgiven by:
A_t~~=~{{~c_e(x,t hat)~-~c_o(x hat,t hat)} over {c_o(x hat,t hat)}} ~times~ 100~%
A quantifies the discrepancy between the highest concentration measurement at a monitoring
dation and the highest model estimate at the same Station or any other grid cdl within adistance
of, say, 25 km. This measure examines the modd's ability to reproduce the highest observed
concentration in the same subregion at the correct hour.

Spatidly-Paired Pesk Estimation Accuracy. The spatialy-paired pesk estimation
accuracy, As, isgiven by:
A_s—~=~{{~c_e(x hat,t)~-~c_o(x hat,t hat)} over {c_o(x hat,t hat)}}~times~ 100~%
As quantifies the discrepancy between the magnitude of the peak one-hour average
concentration measurement at a monitoring station and the highest estimated concentration at the
same monitor, within 3 hours (before or after) the peak hour.
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Unpaired Peak Estimation Accuracy. The unpaired peak estimation accuracy, A,

isgiven by:

A_u— =~{{~c_e(x,t)~~c_o(x hat,t hat)} over {c_o(x hat,t hat)} } ~times~ 100~%
A, quantifies the difference between the magnitude of the peak one-hour average measured
concentration and the highest estimated value in the modeling domain, whether this occurs at a
monitoring station or not. The unpaired pesk estimation accuracy tests the modd's ability to
reproduce the highest observed concentration anywhere in theregion. Thisis the least stringent
of the above four pesk estimation measures introduced thusfar. It isaweak comparison
relative to the previous ones but is useful in coarse screening for modd falures. This measure
quickly identifies Stuations where the mode produces maximum ozone concentrationsin the ar
basin that sgnificantly exceed the highest observed va ues within the network.

Average Station Peak Estimation Accuracy. The average station pesk estimation
accuracy, , isgiven by:
OVERLINE A ~~=~1 OVER N~BOLD SUM FROM {i=1} TO N~|A_g|

where:

A_s~~=~{{~c ex hat_i, t)~-~c_o(x hat,’t hat)} over {c_o(x hat, t hat)}} ~times~ 100~%
Here, x; isthe ith monitoring Station location.  is caculated by first determining the spatialy-
paired peak estimation accuracy, Ag, a each monitoring station. Thus, the average station pesk
edimation accuracy is smply the mean of the absolute value of the A scores, where the

tempora offset between estimated and observed maxima at any monitoring station does not
exceed three hours.

Mean BiasError (MBE). The mean bias error isgiven by:
MBE~~ =~1 OVER N~ BOLD SUM FROM {i=1} TON {{~(c_e (X i, )~~c_o'(x_i’,'))}}
where N equas the number of hourly estimate-observation pairs drawn from al vaid monitoring
dation data on the amulation day of interest.

Mean Normalized BiasError (MNBE). The mean normalized bias error, often just
cdled the bias, is given by:
MNBE~~ =~1 OVER N~ BOLD SUM FROM {i=1} TO N {{{~(c_e'(X_i " )~-~c_0'(x_i",t))} over
{c_ o (x_i,t)}}}~times~ 100~%
Mathematicaly, the biasis derived from the average Sgned deviation of the concentration
resduasand is caculated using al pairs of estimates and observations above the cutoff level.

Cutoff levels of 4-6 pphm for ozone and 2 pphm for NO2 are often used in modding studiesto

reduce the influence that low measured or modeled concentrations (often occurring at night or
on the upwind boundaries) have on the normdized bias Satidtics. 1n regions of exceptionaly
high ozone, eg., the South Coast Air Basin, cutoff levels as high as 10 pphm are commonly
used.
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Mean Absolute GrossError (MAGE). The mean gross error is caculated in two
ways, Smilar to the bias. The mean absolute gross error is given by:
MAGE~ =~1 OVER N~ BOLD SUM FROM {i=1} TON {{~|c_e (X i, t)~~c_o"(x_i’,")~[}}
Mean Absolute Normalized GrossError (MANGE). The mean absolute
normalized gross error is.
MANGE~ =~1 OVER N~ BOLD SUM FROM ({i=1} TON {{{~c_e(x_i", )~~c o (x_i, 1)}
over {c_o (x_i’, t)}}}~times~100~%
The gross error quantifies the mean absolute deviation of the concentration resduals. It
indicates the average unsigned discrepancy between hourly estimates and observationsand is
caculated for al pairs above the cutoff level. Gross error is arobust measure of overal model
performance and provides a useful bads for comparison anong mode smulations across
different air basins or ozone 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:
RMSE~ =~{LEFT "1 OVER N~ BOLD SUM FROM {i=1} TO N {{~[{PHI} e~
~{PHI} _0i[}"2} RIGHT] "} 1/2}
The RMSE, as with the gross error, is agood overal measure of modd performance.
However, since large errors are weighted heavily, large errorsin asmal subregion may produce
large a RM SE even though the errors may be small elsewhere.

Systematic Root Mean Square Error (RMSEg). A measure of the modd's linear
(or systemdtic) bias may be estimated from the systematic root mean square error given by:
RMSE s~=~{LEFT ["1 OVER N~BOLD SUM FROM {i=1} TO N {{~[ PHI hat} _ei~-
~{PHI} oi[}"2}RIGHT] "} 1/2}
Unsystematic Root Mean Square Error (RMSEy). A measure of the mode's
unsystematic bias is given by the unsystematic root mean square error, thet is.
RMSE u~=~{LEFT ["1 OVER N~BOLD SUM FROM ({i=1} TO N {{~{PHI} _e~~{PHI
hat} oi[}*2} RIGHT] "} 1/2}
The unsystematic difference is ameasure of how much of the discrepancy between estimates

and observations is 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 SE5 should
approach zero and the unsystematic error RM SE;, should gpproach RMSE since:

RMSE® = RMSE + RMSE

It isimportant that RMSE, RM SE;, and RM SE;, are dl andyzed. For example, if only RMSE
is estimated (and it appears acceptable) it could consst largely of the systematic component.
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This bias might be removed, thereby reducing the bias transferred to the photochemical
cdculation. On the other hand, if the RMSE consgts largdly of the unsystematic component
(RMSE,), thisindicates further error reduction may require modd refinement and/or data

acquisition. It aso provides error bars that may used with the inputs in subsequent sengitivity
anayses.
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A.3  Skill Measures

Index of Agreement (1). Following Willmont (1981), the index of agreement isgiven
by:
|~ =~1~~LEFT [{{N"(RMSE)}*2} over { "BOLD SUM FROM {i=1} TON {~("|PHI_ei~-
~{M}_oj~+~|PHI_oi~~{M} o[ )}}"2 "RIGHT ]
This metric condenses dl the differences between modd estimates and observations into one
datigtica quantity. Itistheratio of the cumulative difference between the moded estimates and
the corresponding observations to the sum of two differences. between the estimates and
observed mean and the observations and the observed mean.  Viewed from another
perspective, the index of agreement is ameasure of how well the model estimates departure
from the observed mean matches, case by case, the observations departure from the observed
mean. Thus, the correspondence between estimated and observed va ues across the domain at
agiven time may be quantified in asingle metric and displayed as atime series. Theindex of
agreement has atheoretica range of 0 to 1, the latter score suggesting perfect agreement.

RM S SKill Error (Skillg). Theroot mean square error skill ratio is defined as.
Skill_E~=~{RMSE_u} over {SD_o}

Variance Skill Ratio (Skillygr). The varianceratio kill isgiven by:
Skill_Var~=~{SD_e} over {SD_o}
A.4  Graphical Tools

Many features of air qudity and meteorologica modd smulations are best analyzed
through graphica means. In addition to revealing important qualitetive reationships, graphica
displays aso supply quantitative information. The main graphica displays that will be used to
andyze the URM modd performance results are as follows:

The relationships among the five accuracy meesures,

The tempora correlation between estimates and observations;

The spatid digtribution of estimated concentration fieds;

The correlation among hourly pairs of estimates, observations and residudls,
The variation in bias and error estimates as functions of time and space; and
The degree of mismatch between volume-averaged model estimates and point
measurements.

The digtributiona relationships between rank-ordered observations and rank-
ordered model estimates.

V V V V VYV

\%

Brief discussions of these plotting methods are as follows.
Accuracy Plots. Two accuracy plots are used. One depicts relationships between the

peek five accuracy measures while the other plot summarizes the pesk estimation accuracy at all
monitoring stations, revesling the presence of subregiond estimation biasif it occurs. The first
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plot isahistogram that displays the caculated vaues of A, At, As, Ay, and . The second plot
is a0 ahistogram showing the peak observed and estimated concentrations (unpaired in time)
at each monitoring station above the cutoff concentration. Also contained onthe plotisa
shaded region corresponding to the normalized gross error.

Time Series Plots. Probably the most useful graphica procedure for depicting air
qudity modd reaultsisthe time series plot. Deveoped for each monitoring station for which
observed concentrations are available, this plot presents the hourly estimates and observations
throughout the smulation period. The time series plot consgts of the hourly averaged
observations (boxes) and the hourly averaged estimates, the latter being fitted by a smooth
continuous line. The mode estimates are derived from bi-linear interpolation of the nearest four
grid cdlsto the monitor. At each hour, the absolute vaue of the concentration residua will be
caculated and plotted as a dashed line on the same plot.

With the time series plot one may determine the mode's ability to reproduce the peak
estimation, the presence or absence of sgnificant bias and errors within the diurna cycle, and
whether the "timing" of the estimated concentration maximum agrees with the observation. By
including the resdua plot on the same graph, estimation biases are more apparent.

Spatial Time Series Plots. Conventiona time series plots do not reved Stuations
where the model estimates concentrations comparable in magnitude to the observations a short
distance away from the monitoring station. A second time series display, caled a"spatid time
series plot”, isused for this purpose. These plots provide information about the degree to which
mode discrepancies result from the procedure for selecting the estimated values. Thereisno a
priori reason to select the four-cell bi-linear average estimate over the estimate in the specific
grid cell containing the monitor (i.e., the "cel vaue"), or perhapsthe grid cdll estimate within any
of the four adjacent cellsthat is closest in magnitude to the observed vaue (i.e. the "bext”
esimate). Spatia time series plots are congtructed for each monitoring Sation by plotting the
hourly observations together with an envelope defined by the highest and lowest grid cell
edimate within one cdll of the monitoring sation. MAPSO can easily examine multiple grid cell
distances aswell.

The spatid time series plots provide diagnodtic information about the " steegpness’ of the
concentration gradientsin the Smulated fidlds. A smdl envelope indicates rdlaively flat
concentration gradients. Conversdly, steep gradients may produce afairly large envelope.
Idedlly, the measurement points will fal within the envelope. Spatid time series plots are one
method of revedling the correspondence or "commensurability” between volume-averaged
mode estimates and point measurements.

Ground Levd Isopleths. Ground-level ozone isopleths are developed for each hour
of the episode to display the spatid didtribution of estimated concentration fields. The isopleth
plots are devel oped by computer-contouring the hourly, gridded ozone estimates. The
information content of these plots are enhanced by including the following:
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A base map identifying significant geophysica and political boundaries;
Locations of ar monitoring stations,

The observed concentrations a each monitoring station by a bold numerd;
The location of the pesk estimate (Sgnified by an asterisk); and

The magnitude of the pesk grid cell estimate.

V V.V V V

Ground-level isopleths are dso congtructed based on the daily maximum concentration estimeate
in eech grid cell. These "maximum" ozone isopleths supply direct information about the mag-
nitude and location of pollutant concentrations and help to identify Stuations where sub-regiona
biases may be attributed to spatia misalignment of the estimated and observed concentration
fidds.

Scatter plots of Estimates and Observations. Scatterplots are a useful means of
visudly assessaing the extent of bias and error in hourly ozone estimate-observation pairs. Hourly
scatterplots are developed by plotting al hourly-averaged estimate-observation pairs for which
the observed concentration exceeds the cutoff vaue. Similarly, daily maximum scatterplots are
developed from the pairs of maximum hourly estimated and observed vaues at each monitoring
dation. The estimated maximum is the highest vaue smulated within three hours of the
observed maximum. In these plots, the solid diagond line with 1:1 dope will be used to identify
the perfect correlation line and the dashed lines enclose the region wherein estimates and
observations agree to within afactor of two. The lines of agreement can be made more
sringent if desired.

The scatterplot is used to give aquick visud indication of the extent of over-or
underestimation in the hourly estimates and whether there gppear to be strong nonlinearitiesin
model estimates and observations over the concentration range sudied. Biasisindicated by the
preponderance of data points faling above or below the perfect corrdation line. The dispersion
(spread) of points provides avisud indication of the generd error pattern in the smulation.
Scatterplots help identify outlier estimate-observation pairs, i.e., a seemingly discrepant
estimate-observation pair that may result from erroneous data, a fundamentd flaw in the modd,
or some other cause that requires investigation. These plots provide little diagnostic information
about sub-regiond performance problems, tempora or spatid misdignments, or other
inadequacies in the amulation. In addition, scatterplots mask the tempora correlation between
various estimate-observation pairs.

Scatterplot of Residuals and Observations. Resdua scatterplots are developed to
describe the distribution of hourly average model discrepancies (positive and negative) asa
function of concentration level. This graphicd digplay is congtructed from the data € ements that
make up the bias and error caculations. Hourly concentration residuds for al monitoring
dations are plotted as a function of observed concentration for al pairs above the cutoff value.
A daily maximum resdud plot is dso congtructed based on data pairs involving the maximum
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observed concentration at a monitor station and the maximum estimated vaue a the same
gtation within three hours of the pesk.

Residud scatterplots are used to characterize estimation discrepancy throughout the
observed concentration range. The plot does not reved the existence or causes of sub-regiona
or timing performance problems. Absence of biasis suggested by no systematic tendency for
the data points to fal above or below the ordinate; however, as noted previoudy, important
subregiond biases may il exidt in the presence of a zero overdl bias estimate.

Bias Stratified by Concentration. Bias-concentration plots are derived from the
resdua distribution to depict the degree of systematic bias in hourly-averaged modd estimates
(paired in time and space) as a function of observed concentration level. Thisplot (and the
companion error-concentration plot) aidsin modd diagnosis. The observed concentration
range is divided into severd equa-sized concentration bins and the normalized bias within each
binis cdculated and plotted as a function of concentration level. A smoath line isthen fitted
through the bin-averaged values. The bias-concentration plot is used to reved the existence of
under- or over-estimation throughout the concentration range.

GrossError Stratified by Concentration. Gross error-concentration plots are
derived from the resdud distribution to depict the error in mode estimation (paired in time and
gpace) as afunction of observed concentration level. The observed concertration rangeis
divided into severd equa-sized concentration bins. Then, the average vaue of the normaized
gross error within each bin is calcuated and the bin averages are plotted as afunction of the
observed concentration leve. MAPSO will digplay the mean normalized gross error on the plot
for easy reference.

The gross error-concentration plot is used to reved the variation in modd error at
variousintervas throughout the concentration range. The plot must be interpreted carefully,
however, remembering that the concentration residua is normaized by the observed value,

Bias Stratified by Time. Biastime plots are developed to hdp identify specific time
periods within the photochemica simulation when systematic patterns of under- or
overestimation occur. The biastime plot is congructed in a manner smilar to the bias-
concentration plot, except that the smulation period is discretized into a number of time
intervals, usudly 1-2 hoursin duration. Systemétic biasin modd estimates during specific
periods within the diurna cycle may have severd causes biasesin vertica mixing or wind
trangport; "timing" problems with the chemistry; non-representative tempord distributions
assumed in the emissons inventory, and so on. While the bias-time plots may not clearly
pinpoint the causes of bias, they may be helpful in defining the time intervals when the biasis
most gpparent. This helps focus subsequent diagnostic investigations.

GrossError Stratified by Time. Gross error-time plots are devel oped to help
identify specific time periods when gross errors in the modd estimates may be aproblem. This
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plot is congtructed in a Smilar manner as the error-concentration plot, except that the smulation
period is discretized into a number of time intervas, usualy 1-2 hoursin duration. When
interpreting the gross error-time and bias-time plots, one must remember that the concentration
leves of dl pallutants vary throughout the diurnd cycle.

l. Quantile-Quantile Plots. Quantile-quantile plots are cumulative frequency
digtributions that provide a graphical characterization of the distribution of observed and
modeled vaues over their entire ranges. Quantitative information that can be obtained
from these digtributions include estimates of the mean, median, and standard deviation.
The plots aso provide avisud characterization of how the estimates and observations
are gpread out with respect to the centrd value. They also readily display unpaired
bias.
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