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PREFACE

TRC Environmental Cnsultants, Inc. has produced a set of model
performance statistics for urban Gaussian dispersion models. This work
has been perormed for the U.S. Environmental Protection Agency (EPA),
Office of Air Quality Planning and Standards (0AQPS), under EPA Con-
tract 68-02-3614, Work Assignment 13, "Evaluation of Urban Air Quality
Simulation Models."

DISCLAIMER

This report has been raviewed by the Office of Air Quality Planning
and Standards, U. S. Environmental Protection Agency, and approved for
publication as received from TRC, Environmental Consultants, Inc.

Approval does not signify that the contents necessarily reflect the views
and policies of the U. S. Environmental Protection Agency, nor does men-
tion of trade names or commercial products constitute endorsement or
recommendation for use. Copies of this report are available from the
National Technical Information Service, 5285 Port Royal Road, Springfield,
Virginia 22161.
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SECTION 1

INTRODUCTION

In March 1980 EPA published a notice in the Federal Register which

provided an opportunity for organizations to submit dispersion models for
possible inclusion in the next revision of EPA's "Guideline on Air Quality
Models."l A large number of models were submitted in response to this
notice, including six in the "“urban model™ category (four annual average and
two short-term models). To decide in an objective manner which models should
be 1included in the guideline and what recommendations should be made
concerning the use of these dispersion models for reqgulatory applications, EPA
has undertaken a systematic evaluation of urban models. TRC, working under
contract to EPA, has assembled an air quality data base, set up and run the
dispersion models, and produced statistical comparisons of observed and
predicted air quality. These comparisons have been summarized in tabular form
and have been forwarded to the reviewers.

In September 1980 the American Meteorological Society (AMS) organized a
workshop to consider the issue of model performance evaluation. The 1980
workshop held at Woods Hole, Massachusetts, produced a report entitled
"Judging Air Quality Model Performance".2 This report contains recommended
statistical procedures for <comparing observed air quality with model
predictions. The procedures recommended by the Woods Hole workshop provided
the basis for the statistical comparisons presented in this report. In 1982,
TRC performed a similar study for EPA to evaluate eight rural models.3 On

the basis of that study and subsequent comments by the AMS peer reviewers, TRC



recommended a series of changes to simplify and streamline the statistical
calculations. These changes have been adopted for the urban model evaluations.

The air quality data base to which model predictions were compared was
acquired with a 13-station network of continuous SO2 monitors, operated in
metropolitan St. Louis. The data were obtained from the EPA RAMS/RAPS
archive. Coincidental air quality and emissions data for calendar year 1976
were used in this study. Specific features of the data base are described in
Section 2.

In Section 3 the statistical approach is described. For the short-term
models, the set of observed and predicted concentration values has been sorted
in a variety of ways to provide statistical model performance comparisons that
reflect either high concentration values or all concentration values, with and
without pairing according to time and space. For the annual average models,
only one observation and prediction are available for each monitor. These
data sets are defined, and the specific statistical tests applied to each are
outlined.

In Section 4 the distinguishing features of the urban models are
summarized. Particular attention is devoted to describing the technical
differences among the models {(as run for this study), how model options were
selected, and what modifications were required to obtain model predictions
appropriate for this evaluation.

Prior to running the urban models for evaluation with the RAPS data base,
it was desireable to confirm that the models would be run in accordance with
the expectations of the model developers. To accomplish this, a test-run
package was prepared by TRC and supplied to the model developers for their
formal review and concurrence. The package supplied to each model developer

contained the following information:

0 Description of the urban-model evaluation data base;
-



o Summary of model-code modifications;
o Summary of input options:

0 Test-run data (listings of all input and output data) £for the
model developer's particular model;

o Complete listing of the model code "as run," to enable the model
developer to confirm the code line-~by-line.
Comménts on these documents from the model developers were addressed by TRC
prior to executing the final model runs for the statistical evaluations.
The results of the study are described in Section 5. The tables of
statistical comparisons for all six models, based on the performance measures
recommended by the AMS workshop, are presented in this section. Appendix D

provides tables of hour-by-hour model input and observed SO, air quality for

2

each of 11 selected days when high 802 concentrations were measured.

Finally, in Section 6, <conclusions from the work assignment are
presented. These conclusions concern primarily the evaluation methods used in
the study and how these methods may influence the results.

Four appendices contain tabulated data. Appendix A contains the annual
average SOX emissions inventory for all point .and area sources as modeled.
The annual average meteorological joint frequency function used as input to
the annual average models 1is listed in Appendix B. Tables of highest and
second highest observed and predicted concentrations for 1-, 3-, and 24-hour
periods at each station are presented in Appendix C. Appendix D provides
hourly meteorological and observed concentration data for selected days with

high predicted or observed concentrations.



SECTION 2

URBAN MODEL EVALUATION DATA BASE

The data base used for urban model evaluations 1is a subset of the
extensive data archive established by the EPA for the Regional Air Pollution

4r3 a series of monitoring programs conducted between 1973 and

Study (RAPS),
1978 for the St. Louis area. The RAPS data base was previously reviewed and
recommended as an appropriate data base for evaluating the urban models.6

Data for calendar year 1976 were selected for the model evaluation data base
because the gquality of the emissions data is better than for other years,7
and because the 1976 data year provided all requisite model input. The
criteria pollutant sulfur dioxide (802), was selected for the model
evaluations. The SOX emissions inventory of the RAPS data base represents
all area sources and point sources in both the Missouri and Illinois portions
of the St. Louis metropolitan area. The RAPS data base includes measurements
of meteorology and total sulfur or SO2 concentrations made at the 25
Regional Air Monitoring System (RAMS) stations operated in association with

the RAPS program. The map shown as Figure 2-1 depicts the RAMS station

locations and geographic extent of the RAPS study area.

EMISSIONS AND SOURCE DATA

The RAPS emissions inventory contains 480 point sources and 1989 area
sources in the St. Louis metropolitan area, including 235 point sources with
non-zero SOX emissions. The general locations of these point sources are

shown in Figure 2-2. For ease of graphical presentation, multiple sources at
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the same facility were combined in this figure. A table of annual average
point source emissions and source characteristics is presented in Appendix A.

A map showing the distribution of RAPS area sources is presented in Figure
2-3. The RAPS study employed a fine-mesh source grid in the portion of
metropolitan St. Louis with highest emissions density. The grid for the
high~density region is detailed in Figure 2-4. For purposes of this study,
TRC reduced the number of area sources from 1989 to 1536 by excluding 453 RAPS
sources located more than 30 kilometers from the nearest SO2 monitoring
station. The rationale for this reduction 1is that the excluded RAPS SOx
area sources are too distant to have any significant impact at the RAMS
monitors. (This assumption was confirmed by comparing results of CDM annual
average model runs based on 1536 area sources versus 1989 area sources.) A
table of annual average area source emissions is presented in Appendix A.

Hourly source data consist of Sox emission rate, stack temperature and
volume flow rate for each of the point sources, and SOx emission rate for
each of the area sources. For the long-term models, annual averages of these
variables were also available. The requisite fixed source data, including
geographic coordinates, stack diameter, stack height and area source width,
were also included in the model evaluation data base.

EPA compiled and made available to TRC a set of area source heights for
use with the RAPS emissions inventory. The area source heights range from 10
meters in rural areas to as high as 23 meters in the 8t. Louis downtown
areas. The heights were assigned based on land use patterns, starting from
values determined by Turner and Edmisten8 for an earlier St. Louis area
source inventory. This earlier inventory, however, did not encompass the full
region of the RAPS inventory. Area sources not in the original inventory were
later classified by EPA either as rural, suburban, or urban, with a height of
10 meters, 14 meters, or 18 meters, respectively.

-7-
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METEOROLOGICAL DATA

A composite meteorological data set was made available by EPA for input to
the models. This data set contains hourly values of temperature, pressure,
wind speed and wind direction spatially averaged from the 25 RAMS stations.

Temperature and pressure in this data set were calculated as hourly arithmetic

means over the RAMS network. Hourly vector mean wind speeds (WS) and wind
directions (WD) were calculated from horizontal components of the wind vector

(ui and Vi) at each station (i = 1 to N) as follows:

N N 1/2
2 2
WS = 1 u + 1 vi
1
N
N i=1
N
1 2
N Yy
WD = Arc tan i=1 X 180
1 N 2 "
- V.
N, i

If WS or WD differed by more than 4 m/sec or 75 degrees, respectively, from
the observed value at any given station, the data from the outlier station was
excluded and the vector wind components were reaveraged.

Wind measurements were taken from thg 30 meter tower level at 17 of the 25
metecrological monitoring locations and from 10 meters at the other eight

locations. Most of the wind measurements made in the St. Louis urban area,
where the majority of the SO2 sources are located, were at 30 meters. A
height of 30 meters was therefore used for models requiring measurement height
as input.

Hourly values of stability were available based on the "Turner method"
using the composite wind speeds as well as cloud-cover observations from the
nearby National Weather Service station at Lambert Field.

Hourly mixing height values, calculated in the RAPS study, were also

available. The hourly values had been determined by interpolation from

-10-



measured morning and maximum afternoon mixing heights using the CRSTER
preprocessor program., Measurements of the morning mixing height were based on
acoustic-sounder data. The afternoon mixing height was measured in the
RAMS/RAPS study with radiosondes. Where acoustic-sounder or radiosonde data
were missing, the monthly mean mixing height value had been substituted.
Meteorological data for the annual models was available infl the form of a
6-category day/night STAR deck (Stability Classes A, B, C, D-day, D-night, and
E-F). A tabulation of this data is provided in appendix B. Annual average
temperature and mixing height values were obtained from climatic records and

the standard Holzworth tables,10 respectively.

AMBIENT SO2 DATA

Hourly average SO concentrations were available for the 13 SO

2 2

monitoring stations in the RAPS/RAMS network, In order to allow a direct
comparison between the standard model predictions and the observations, TRC
converted these concentrations from parts per million to micrograms per cubic
meter using hourly pressure and temperature. Annual average SO2
concentrations were calculated for each of the 13 stations. Figure 2-~1 shows
the RAMS network, with the 13 502 monitor locations underlined. Table 2-1
gives the modeling receptor number corresponding to each SO2 monitoring
location.

For the urban model evaluation study, background 1levels of 502 are
assumed to be zero. The comprehensive regional emissions inventory minimizes
the likelihood of a significant background level. For many transport wind
directions, none of the RAPS stations is located upwind of the source region.

It is therefore extremely difficult to quantify whatever background there may

pe with any confidence.

-11-



TABLE 2-1

RAMS SO, MONITORING STATIONS AND CORRESPONDING
MODELING RECEPTOR NUMBER USED IN THE STUDY

RAMS Station Receptor Number
101 1
103 2
104 3
105 4
106 5
108 6
113 7
114 8
115 9
116 10
120 11
121 12
122 13

In reviewing the results of the performance evaluation, the reader should
pe aware of the criteria used for selection of data for the analysis. After
discussions with EPA personnel, acceptance criteria were established for the
hourly data that are based on the size of the instrument span drift and the
completeness of sampled data. Specifically, hourly 502 concentrations were

deemed acceptable if both of the following conditions were met:

(1) Span drift did not exceed 15 percent.

(2) The number of one-minute concentration samples making up the

hourly average value is 30 or greater.

Data recovery figures for the 13-station network are summarized in Table
2-2. The hours of SO2 concentrations, categorized as either missing,
excluded or accepted for analysis, are shown for the 13-station total and as
ranges across the individual stations. Approximately half of the missing
hours are attributed to the month of July. The reader should also be aware
that the operating range of the SO2 monitors was such that no hourly
measurements exceeding 1 ppm were reported, i.e., values above this level are
"missing".

~12-



TABLE 2-2

PERCENTAGE OF 1976 RAPS/RAMS HOURLY SO, MONITORING DATA
ACCEPTED FOR URBAN MODEL EVALUATIONS

13 Station Station-by-Station
Average (%) Range (%)
Missing Data 16 11-21
Data Excluded by acceptance criteria 13 10-17
Total Data Loss 29 23-34
Accepted Data 71 66-77

-13-



SECTION 3

STATISTICS APPROACH

The 1980 AMS Woods Hole workshop on model performance evaluation2
recommended a comprehensive list of performance measures and statistics for
evaluating air gquality models. In addition, the workshop recommended
comparisons of the full set of observed-predicted data pairs, of the highest
observed and predicted concentration per event and of the highest N values
(unpaired in time or space), plus comparisons for subsets representing
individual monitoring stations or selected meteorological conditions.

TRC and EPA reviewed the workshop report and formulated a statistical
approach for the rural model evaluations3 based on workshop
recommendations. The approach was modified, following the rural model
evaluations, primarily to reduce the volume of information by eliminating
rgdundant performance measures and statistics. The statistical approach

followed for the urban evaluation is described below.

DATA SETS FOR COMPARISON OF OBSERVED AND PREDICTED CONCENTRATIONS

The data sets listed in Table 3-1 represent the different types of
comparisons recommended by the AMS workshop. In each instance, comparisons
were recommended for the basic l-hour unit for model predictions and also for
3- and 24-hour averaging times. The numbering scheme in the table is derived
from a summary prepared by William Cox of E:PAll of the data sets and

statistics recommended by the AMS workshop. For annual average comparisons,

~14~
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the data set consists of one pair of observed and predicted values for each
monitor, directly analogous to set (A-2) for the peak concentration

comparisons.

For some hours during a year, none of the monitoring stations experienced
significant observed or predicted 802 impact. These hours of effectively
zero observed and zero predicted impact are relatively uninteresting for the
evaluation of air quality models for regulatory purposes. Including those
hours in statistical analyses adds to the computational burden and tends to
dilute the model performance results from hours with significant impact.
Consequently, threshold values were imposed to screen the data base for
statistical analyses. If, for a given time period, both the observed
concentration and the predicted concentration at a station were below the
threshold, that data pair was excluded from further analysis. A threshold
value of 25 ug/m*® was used for 1- and 3-hour averages, and a value of

5 ug/m? was used for 24~hour averages.

Peak Concentrations

For peak concentrations, comparisons are made to determine model
performance both on an unpaired basis and for various pairings in time and
space. The first two items in Table 3-~1 represent a comparison of the highest
observed and highest predicted concentrations, paired in time (A~1) and paired
in location (A-2). For the RAPS data set, these two comparisons provide gquite
different measures of performance since the number of events is large (1 year
represents 366 days or 8,784 hours) while there are only 13 stations. An
additional (A-2) data set was added for the urban evaluation, representing the

second-highest values observed and predicted at each station.
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Item A-3a represents a comparison of the highest observed concentration
values, regardless of time or space, and predicted values representing
different time and space pairing. Item A-3b is directly analogous to A-3a,
but starts from the highest predicted value. Results for data sets (A-3a) and
(A-3b) for the rural evaluation were relatively uninformative. These sets
were therefore dropped from the urban evaluations.

Items A-4 and A-5 involve comparisons of the "N" highest observed and
predicted values, unpaired in time or space. The AMS workshop recommended
that such comparisons be based on the upper 2 to 5 percent of concentrations,
rather than on one or two extreme values. As an alternative to the percentile
approach, TRC recommended using a small number (N=25) which would more
appropriately represent the set of highest observed and predicted values,
while still providing a statistical basis for establishing confidence limits.
On a percentage basis, 25 values represent roughly 7 percent of the 365
24~-hour values in a year, about 1 percent of the 3-hour values, and about 0.3
percent of the l-hour values. The statistical methods recommended by the AMS
workshop for these data sets assume that each data point is independent. This
assumption 1is not strictly valid, however, since the ranking process
introduces a dependence among the data values. The confidence intervals
calculated assuming independence will, therefore, tend to be too narrow.

Air quality data often exhibit spatial and temporal <correlation,
particularly over time periods of a few hours. For 1l- and 3-hour periods, the
highest 25 values were screened to eliminate cases with two or more high
values from the same period, or with two consecutive high values at the same
location. This screening is intended to reduce the effect of auto-correlation
and to avoid double-counting a single event. For non-overlapping 24-hour
averaging periods (midnight to midnight), less correlation is expected, and
this screening was not included.
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Comparisons of the highest 25 observed and predicted values were performed
for all stations combined (A-4a), for each station individually (A-4b) and for
subsets of events corresponding to time of day and to selected meteorological
conditions (A-5). For 1l-hour periods, data subsets were established by
dividing the total data set into groups according to time of day or to the
model input wind speed or atmospheric stability class for each period. The
time of day subsets were not used for the rural evaluation but were added for
the urban evaluation. Hours of the day were divided into four groups: 0000
to 0600 hours; 0600 to 1200 hours; 1200 to 1800 hours; and 1800 to 2400
hours. Three wind speed groups were defined: low wind speed (less than 2.5
m/sec); moderate (2.5 to 5 m/sec); and high (greater than 5). Four
atmospheric stability groups were defined: unstable {(class A or B); slightly

unstable (class C); neutral (class D); and stable (class E, F, or G).

Comparisons of All Concentrations

In addition to peak concentration analyses, the AMS workshop recommended
that comparisons be made based upon all observed and predicted concentration
values. Table 3-1 lists four items of this type. Item B-1 is the comparison
of observed and predicted values at a given monitoring station (for all data
pairs above the threshold values). Item B-2, comparison of observed and
predicted values for a given time period, was recommended by the AMS workshop
but was not implemented for this study. With relatively few monitors and many
time periods, separate statistics for each time period are not practical.
Item B-3 represents comparisons based on the set of values from all 13
stations combined. Item B-4 represents subsets of B-3 to reflect time of day
and specific meteorological conditions. The same wind speed, atmospheric
stability, and time of day criteria described for item A~5 above were used to
define subsets for l-hour averaging periocds here.

-18-



STATISTICAL ANALYSIS OF MODEL PERFORMANCE

The statistical measures employed in the rural model evaluation were based
on the 1980 AMS Woods Hole Workshop recommendations, as summarized in W. Cox's
letter of September 1981.ll In preparing for the urban evaluation, TRC
proposed a modified list of statistical measures and analyses. The basic set
of estimators used for comparisons of observed and predicted concentration
values are summarized in Table 3-2, together with the statistical methods
recommended for establishing confidence intervals.

For paired comparisons, the performance measures are based on an analysis
of residuals. Model bias is indicated by the average and/or the median
residual, with a value of gzero representing no bias. The characteristic
magnitude of the residuals is an indicator of the scatter between observed and
predicted values on an event-by-event basis. Three measures of noise or

scatter were computed:

-2
o Variance 1 (d, =~ d)
N-1 1
i
v 2
o Gross variability 1 d,
N 1
i
0 Averade absolute residual 1 1d
1
N

where di is the residual (observed minus predicted) for data pair i, 4 1is
the average residual, and N is the number of data pairs. The correlaticn of
paired observed and predicted values is measured by the Pearson correlation
coefficient.

For unpaired comparisons, the list of performance measures is somewhat
shorter. Model bias is indicated by the difference between the average (or
median) observed value and the average (median) predicted value. A ratio of
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STATISTICAL ESTIMATORS AND BASIS FOR CONFIDENCE LIMITS ON PERFORMANCE MEASURES

TABLE 3-2

Performance Basis for Confidence Interval
Measure Estimator Paired Comparison Unpaired Comparison
Bias Average One sample "t," with TWo sample "t"
adjustment for serial
correlation
Median Wilcoxon matched pair Mann-Whitney
Noise/Scatter Variance Chi-squared test F test on variance
on variance of ratio
residuals
Gross None Not applicable
variability
Average
absolute
residual None Not applicable
Correlation Pearson Fisher "z" Not applicable
correlation
coefficient
Frequency Maximum Not Applicable Kolmogorov-Smirnov
distribution difference (K-8) test on f(obs.)
comparison between vs. f(pred.)
two
cumulative
distribution
functions
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tne variances of the observed and predicted values is provided to indicate
wnether the distribution of values in the two data sets is comparable.
Similarly, the frequency distribution of observed values is compared with that
for predicted values.

Standard statistical methods have been used to estimate confidence limits
for each of the performance measures. Discussion of the statistical
procedures may be found in most statistics textbooks. For parametric
procedures, the reader is referred to Snedecor and Cochran (1967),12 while
for nonparametric procedures Hollander and Wolfe (1973)l3 provide an
appropriate description.

For paired comparisons, the confidence interval on the average residual
can be estimated using the one-sample t test, This parametric test
incorporates the assumption that the residuals follow a normal distribution,
but for large N, departures from normality are not critical when the number of
events is large. Serial «correlation can affect results significantly,
however, since the number of "independent events™ will be overestimated and
the calculated variance may understate the magnitude of the actual random
error component. The AMS workshop recommended the adjustment of confidence
limits for serial <correlation. A method described by Hirtzel and Quon
(1981)14 has been used to adjust the confidence interval from the one-sample
t test. The interval given by the standard one-sample t test is multiplied by
the factor [(1+r)/(l-r)]l/2, where r is the 1lag-one autocorrelation
coefficient of the residuals.

An analogous nonparametric indicator of model bias is the median
residual. The statistical method for estimating a confidence interval on the
median residual 1is provided by the Wilcoxon matched-pairs test. No
straightforward method of adjusting the confidence intervals from the Wilcoxon

test for serial correlation has been identified.
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A confidence interval for the variance of the residuals is calculated
using a chi-squared test. No adjustment was made for serial correlation. No
standard method is available for estimating confidence intervals for the gross
variapility or average absolute deviation measures. For the Pearson
correlation coefficient, the Fisher z test provides a method of estimating the
confidence interval. -

Comparison of two cumulative distribution functions is accomplished using
the Kolmogorov-Smirnov (K-S) test. For this test, the two distribution
functions are compared across the full range of concentration values, and the
maximum frequency difference between the two functions is identified.

For unpaired comparisons, two bias measures are computed. The average of
the observed values is compared with the average of the predicted values. The
confidence interval on the difference of the averages is estimated with a
two-sample t test. The difference of the medians is also computed, and the
confidence interval is estimated using the Mann-Whitney nonparametric test.
As noted previously, assumptions regarding data independence are not strictly
valid for the "highest 25 value" data sets.

The variance of observed values is compared with the variance of predicted
values for unpaired data sets. The performance measure is the ratio of the
variances; the F test provides confidence limits on the ratio. The frequency
distribution comparison for unpaired data sets provides a measure of the
difference between the observed and predicted distribution functions. The K-S
test is again used to assess the statistical significance of the maximum
frequency difference.

The specific performance measures and statistics calculated for each data

set are summarized in Tables 3-3 and 3-4. The notation for identifying
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data sets corresponds to that employed in Table 3-1. Table 3-3 indicates that
the full set of estimators and confidence interval calculations will be
provided for the 25 highest values over all stations and events (A-4a), but
only a partial set of measures 1is provided by station (A-4b) or for subsets by
time of day or meteorology (A-5).

For the paired data sets (Table 3~-4), the highest priority is placed on
comparisons of the highest value per station (A-2) and all events paired in
time and location (B-3). The remaining data sets received a more limited
analysis. For the annual average data set, the estimators and confidence

intervals indicated for the (A-2) data set are provided.

STATISTICAL EVALUATION SYSTEM

The statistical evaluation system adapted for the model evaluations
consists of two components: a preprocessor to sort the "work files" of
observed and predicted hourly concentrations into data sets £for statistical
analysis; and a statistical package to compute values and confidence intervals
for the performance measures., The work files, plus associated hourly
meteorological parameters, are sorted by the statistics preprocessor into a
number of data sets. The preprocessor computes block-average values,
beginning each day at midnight, for 3- and 24-~hour periods, screens each pair
of measured and predicted concentrations according to threshold values, and
then constructs the individual files required to perform each type of
comparison listed in Table 3-1.

The statistical package then calculates the specific performance measures
listed in Table 3-2. The statistical computations were performed on the EPA
Univac 1110 computer, using the Statistical Package for the Social Sciences

15,16

{SPSS) . TRC constructed two basic SPSS runstreams, one to implement
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the paired comparisons, the other for unpaired comparisons, and applied each
as appropriate to the various data sets.

The SPSS output from the Wilcoxon matched-pairs test could not be used in
tne form provided by SPSS, and this comparison has therefore been dropped from
the result tables. (The Wilcoxon results are generally redundant with the t
test, and were therefore judged to be dispensable in light of the considerable

effort required to recompute them separately.)
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SECTION 4

DESCRIPTION AND ADAPTATION OF THE URBAN MODELS

TRC has evaluated the performance of six Gaussian urban air quality models
using performance measures recommended by the American Meteorological

Society. Four are annual-average climatological models (AQDM,17 CDM,18

20 21

ERTAQ19 and TCM™ ) and two are hour-by-hour models ( RAM and
TEM—SAZZ). AQDM, CDM and RAM are EPA models; TCM and TEM~-8A were developed
by the Texas Air Control Board; and ERTAQ was developed by Environmental
Research and Technology, Inc. (ERT). (ERTAQ, while primarily a long-term
model, does have a short-term mode. ERT, however, recommended that only the
long~term mode be evaluated.) The distinguishing features of the urban models

are summarized below, then the model input options and code medifications

required to run the models are documented.

DISTINGUISHING FEATURES OF THE URBAN MODELS

Distinguishing features of the urban models as run for the current
evaluation are listed in Table 4-1; and described briefly below. Particular
model options and run modes were specified by the model developers. 1t is not
the intent here to fully describe each of the urban models. In-depth
technical discussions of each model can be obtained from the individual
appropriate model-user guides. (Documentation for the current version of the
RAM model is contained in comment statements embedded in the computer code.)
The reader is encouraged to refer to the user's manuals for technical details

and references.
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TABLE 4-1

DISTINGUISHING FEATURES OF THE URBAN MODELS
AS RUN FOR THE CURRENT EVALUATION

AQDM

Final plume rise

Five~cateqory reqular (A-E) STAR deck

Stability E is changed to stability D for ¢, calculations
Mixing height varies with stability

Area sources modeled as virtual point sources

Rural vertical dispersion coefficients

Linear interpolation between 22.5° sectors for horizontal distribution
Total plume reflection at surface and mixing 1lid

No increase in wind speed with height

Uniform vertical mixing when downwind distance > 2Xp,
where Xp = distance where 0, = 0.47+« mixing layer depth
Input area source heights

® 0 0600 0,0 5 0 0

con

Transitional plume rise

Six~category day/night STAR deck

Mixing height varies with stability

E stability class changed to class D for point sources

All stabilities (except A) are made one class less stable for area
sources

Rural vertical dispersion coefficients

Linear interpolation between 22.5° sectors for horizontal distribution
Wind speed increase with height is stability dependent

Four~hour pollutant half-life input for half-life option

Impact of area sources computed using sector integration

Total plume reflection at ground and mixing 1lid

Initial o, of 30 meters for area sources

Initial o, for point sources is 30 m for stacks <20 m; 0 for
stacks >50 m; and linearly interpolated in between

Uniform vertical mixing when downwind distance > 2Xy,

where X; = distance where o, = 0.47, mixing layer depth

Input area source heights

2
3
b
O

Final plume rise

Five-category regular (A-E) STAR Deck

Mixing height varies with stability

45° trianqular crosswind distribution

Stability classes reduced by one class for urban modeling
Initial ¢, = 30 meters for area sources

Initial o, for point sources is a function of stack height
Rural vertical dispersion coefficients

Perfect reflection at ground and mixing lid

Wind speed increase with height is stability dependent
Infinite half-life used for pollutant decay

Minimum allowable downwind distance = 10 meters

Area source impacts computed using rectangular increments in the upwind
direction

Input area source heights
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TABLE 4-1 (Continued)

DISTINGUISHING FEATURES OF THE URBAN MODELS
AS RUN FOR THE CURRENT EVALUATION

RAM
7 e Final plume rise
®& Stack tip downwash
e Buoyancy induced dispersion
® Hourly meteorological and source data
e Four-hour pollutant half-life input for half-life option
@ Wind speed increase with height is stability dependent
e Input area source heights
e Urban horizontal and vertical dispersion coefficients
® Plume reflection at ground and mixing layer
® Plume penetration when effective plume height > mixing depth
® Minimum wind speed limited to 1.0 m/s for calculations
TCM
® Transitional plume rise
e Six-category day/night STAR deck
® Rural vertical dispersion coefficients
e E stability class changed to class D for point sources
® Stability class reduced by one for area sources
® Pollutant decay not used
® 22.5° sector averaging
e Area source contributions calculated only for a maximum of five basic
area source grids upwind of receptor
® Wind speed increase with height is stability dependent
e Perfect reflection at ground
® No treatment of mixing lid
® Area source emissions assumed from ground level
e 10 meters f_effective stack height < 2000 meters
TEM~8A
e Transitional plume rise
e Hourly meteorological and source data
® Stack tip downwash option not used
e Rural horizontal and vertical dispersion coefficients
® o, corrected for averaging times other than 10 minutes
& Pollutant decay option not used
® Area source contributions calculated only for a maximum of five area
sources upwind of receptor
® Uniform vertical mixing when downwind distance > 2X;,
where X, = distance where 0, = 0.47, mixing layer depth
e Plume penetration of mixing 1lid (L) for effective stack height > 2 *
L, when physical stack height < L
® Perfect plume reflection from ground but not from the mixing 1lid
® 10 meters < effective stack height < 2000 meters
e Area source emissions assumed from E}ound level
® Wind speed increase with height is stability dependent
e No minimum wind speed for calculations
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Plume Rise

All of the models calculate an effective stack height for point source
emissions based on various Briggs plume rise formulations (see appropriate
user manuals for references). The transitional plume rise concept employed by
CbM, TCM, and TEM-8A uses the distance-dependent plume rise £formulations.
'AQDM, ERTAQ and RAM use final plume rise for calculating effective stack
height at all distances from the source.

TCM does not include a limit to vertical mixing. TEM-8A allows plume rise
through the top of the mixing layer only when the effective stack height is at
least twice the mixing layer depth (see sub-section on mixing height). RAM,
AQDM, ERTAQ, and CDM allow plume rise through the top of the mixing layer.

RAM also computes the effect of stack tip downwash on plume rise.

Dispersion Coefficients

The rural, Pasquill-Gifford vertical dispersion coefficents are used by
all of the urban models except RAM which uses the urban, McElroy-Pooler

30

vertical dispersion coefficients. CDM and ERTAQ assume an initial oz
meters for area sources, and an initial o; dependent on stack height for
point sources.

TCM, AQDM and CDM employ 22.5o crosswind sector averaging, with AGDM and
CDM using a linear interpolation between adjacent sectors. ERTAQ uses a 45O
triangular crosswind distribution. RAM and TEM-8A use the urban,
McElroy-Pooler and the rural, Pasquill-Gifford horizontal dispersion
coefficients, respectively. The TEM~8A model enhances the horizontal
dispersion coefficients as a function of stability to account f£for the
dispersive effect resulting from atmospheric motions on time scales greater
than 10 minutes. RAM contains an algorithm to account for enhanced horizontal

and vertical dispersion resulting from buoyant plume rise.
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Stability Classification

All of the urban models classify atmospheric stability as follows: A is
extremely unstable, B is moderately unstable, C 1is slightly unstable, D is
neutral, E is slightly stable, and F is moderately stable. ERTAQ and AQDM use
5 stability categories (A, B, C, D, E-F); CDM and TCM expect the neutral
category, D, divided into day and night components, yielding six stability
categories (A, B, C, bD, DN, E-F). Both RAM and TEM-8A accept 7 stability
categories as input (A, B, ¢, D, E, F, G), where G represents extremely
stability; RAM then treats stability G as equivalent to F. Additionally,
TEM-8A internally splits the neutral category into daytime and nighttime
components.

To simulate the effects of enhanced turbulence in urban environments,
several models adjust input stability class to a less stable category. ERTAQ
reduces each input stability category by one, except A stability. In AQDM,
stability E-F is changed to stability D for Gz calculations. TCM and CDM
convert E and F stability to D for point source computations, and shift all
input stabilities except A to the next less stable category for area source
computations. TEM=-8A (in the urban mode) treats stability classes E, F, and G

as class D.

Meteorological Joint Frequency Function {STAR) for Annual Models

Wind speed, wind direction, and stability class data are input to the
annual models AQDM, CDM, ERTAQ and TCM with the use of a joint frequency
function (also known as a stability array or STAR deck). The STAR data, based
on meteorological observations at Lambert field and at the 25 RAMS stations,
consists of the fractional frequencies of occurrence for each possible
combination of stability (5 or 6 categories), wind direction (16 categories),
and wind speed (6 categories). Stability categories for the annual models are
described above. TRC created a 5-stability category STAR deck for AQDM, and
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ERTAQ by combining the D-day and D-night categories from the original (6
category, day-night) STAR deck. Wind speed and direction categories were

identical for all of the long-term models, and are documented in Appendix B.

Mixing Height

All of the urban models, except TCM and TEM-~8A, assume that a plume having
an effective release height less than the mixing height will be reflected by
the elevated stable layer. When the effective plume height exceeds the mixing
height, however, these same models assume full plume penetration of the
elevated stable layer, resulting in zero ground level concentrations.

Slightly different assumptions are made by the models TCM and TEM-8A. TCM
does not include any treatment of mixing height for either plume reflection or
plume penetration. TEM-8A uses an invetrsion penetration factor (I, set to I =
2). When the effective stack height exceeds twice the mixing height (L),
TEM~-8A assumes that the plume escapes the mixed layer (i.e., ground level
concentrations are set to zero). Otherwise the effective stack height (with
an upper limit of L) is used in the dispersion calculations.

In the models TEM~-8A, AQDM, CDM and ERTAQ uniform vertical mixing 1is
assumed to result beyond twice the distance where az exceeds (.47 times
the mixing height. With RAM, uniform mixing is assumed beyond the distance
where oz exceeds 1.6 times the mixing height. Uniform vertical mixing is

not simulated in TCM.

Wind Profile

All the models except AQDM use a power law formulation to adjust wind
speed from measurement height to stack height. The wind profile exponents, as

used in this study, are shown below in Table 4-2.
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TABLE 4-2

WIND PROFILE EXPONENT BY STABILITY

Model A B C D E F
RAM .15 .15 .20 .25 .40 .60
CDM .10 .15 .20 «23 .30 .30
TEM-82A .10 .15 .20 .25 .30 .30
TCM .10 .15 .20 .25 .30 .30
ERTAQ .10 .15 .20 <25 .30 .30

Area Source Treatment

TCM and TEM-8A use a method developed by Gifford and Hanna to calculate
area source contributions. These models require a rectangular grid of square
area sources, with the grid size equal to the side length of the smallest area
source. With these models, the simulation is limited to a maximum of five
area sources for calculation of impact on a given receptor for a given wind
direction. The five sources include the area source containing the receptor
and up to 4 upwind area sources. If the area sources in question are larger
than the basic grid size, fewer than 5 area sources may impact a receptor for
a given wind direction. Also, area sources are assumed to emit at ground
level in TCM and TEM-8A.

In ERTAQ, the contribution of each area source to each receptor is
calculated by integrating over the total area of the area source. Aall area
sources upwind of a receptor may have an impact on that receptor. Area source
heights can be input separately for each source.

AQDM simulates area sources through the use of virtual point sources. The
virtual emission point is located upwind from the area source such that the

width of a 22.5O angle originating at the virtual point and extending to the
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midpoint of the area source eguals the width of the area source. Area sources
which do not fall entirely within a 22.5o sector upwind of the receptor are
reduced by a factor equal to the fraction of the area source contained within
the 22.5o sector. Area source heights are input by the user.

CDM performs an angular integration over the 22.50 sector upwind of the
receptor in guestion to compute area source impact at the receptor. The
number of angular sections into which each 22.5o sector is divided for
integration, and the radial distance increment of integration are user
inputs. Values of 4 angular sections and an initial radial increment of 250

meters were chosen for the integrations. Area source heights are input by the

user.,

RAM uses a narrow plume approximation to compute the concentration at a
receptor due to area sources. As run, the RAM model places each area source
into one of three area source height categories before performing the

integrations.

Pollutant Half~Life

RAM and CDM were run using an exponential pollutant decay half-life of 4
hours. ERTAQ, TCM and TEM-8A used an infinite pollutant half-~life. AQDM does

not allow for pollutant decay.

MODEL MODIFICATIONS AND OPTIONS
Certain modifications to the model codes were needed to carry out the

evaluations. Modifications were reguired specifically:

e To adapt some models to the EPA UNIVAC computer.

e To enable particular models to accept the large source inventory.
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e To format calculated concentrations for input to the statistics

system.

Prior to running the urban models for evaluation with the RAPS data base,
it was desireable to confirm that the models would be run in accordance with
the expectations of the model developers. As described in Section 1, a
model-~specific test~run package was prepared and supplied to each model
developer for formal review and concurrence. Comments received from the model
developers were addressed by TRC prior to performing the final model runs for
the statisticai evaluations. The modifications required for each model are
descriped below, and in addition, the user-supplied technical options selected

for each model by its developer are listed.

CDM: Modifications and Options

a. Technical Modifications to CDM

EPA provided TRC with a version of CDM modified to increase the number of
point and area sources which can be input to the model. This permitted
modeling of the 235 point sources and 1536 area sources in the RAPS data base
in a single run. TRC made several additional modifications to CDM. Code was
added to facilitate writing calculated concentrations to a work file for
subsequent statistical analysis. TRC modified the CDM program to replace
dimensioned variables with simple variables wnen used as exponents. This
change was necessary because the current EPA UNIVAC operating system does not
correctly compute an arrayed exponential when more than 65 K words of core are
required by the program. TRC also added statements to ensure that the model

would run when input stack temperature is less than ambient temperature.

b. CDM Input Options and Variables Description
e DELR = 250 meters Initial area source integration
increment.
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e DINT = 4 Number of intervals used to
integrate over 22.5° sector.

e SA =0 Briggs plume rise used.

[ ]
o
=]
[}

1400 meters Holzworth afternoon mixing height
for St. Louis.

e HMIN = 400 meters Holzworth morning mixing height
for St. Louis.

e TOA = 13.3°C Climatological mean ambient
temperature for St. Louis.

® SZA (1-6) = 30 meters Initial o, for each stability
class for area sources.

e YD = 1.05, YN = 0.97 Ratios of average daytime and
nighttime emission rates to the
24-hour emission rate.

e GB (1) = 4 hours Pollutant decay half-life.

AQDM (Briggs Plume Rise Version): Modifications and Options

a. Technical Modifications to AQDM

The version of AQDM was utilized that provides for use of Briggs plume
rise. TRC modified AQDM to write calculated concentrations to an annual work
file, to allow 13 non-grid receptors instead of 12, and to input data as

formatted READ, rather than NAMELIST format.

b. AQDM Input Options and Variables Description
® DPTHMX = 1400 meters Holzworth average afternoon

mixing depth for St. Louis.

e TA = 286.5 K Climatological mean ambient
temperature for St. Louis.
e PA = 1000 mb Ambient pressure - model

default value.
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ERTAQ:

Modifications and Options

a. Technical Modifications to ERTAQ

TRC altered ERTAQ in three areas.

data from the model input file on Unit 18 rather than Unit 5.

added to facilitate writing calculated concentrations to an annual work file

for subsequent statistical analysis.

Finally,

The model was adjusted to accept input

for source data were modified to accept more than 99 sources.

b. ERTAQ Input Options and Values

A, B, C = default values

X1, X2, X3 = default values

EX = default

Zg = 30 meters

XMIN = 10 meters (default)

NCOMP = 5 (default)
REGION = URBAN
METHOD = 2

WS = default

DEPTH = 1400 meters
TAMB = 286.5 K
PAMB = 1000 mb

Description

Vertical dispersion coefficients.

Crossover distances for vertical
dispersion.

Exponents for wind profile.

Reference height for wind
profile.
Minimum allowable downwing
distance.
Maximum number of area source

subdivisions.

Dispersion option.

Triangular horizontal dispersion.
Wind speed for each class.

Mean mixing height.

Climatological ambient

temperature.

Mmean

Ambient pressure for printout.

-37-

Statements were

the model input read statements



TCM: Modifications and Options

a. Technical Modifications to TM

The TCM model was modified to accept input data from a disk file, and to
write calculated concentrations to an annual work file for subseguent
statistical analysis. The TCM model assumes a fixed anemometer height of 10
meters, so code changes were made for the TCM model to assume an anemometer

height of 30 meters (consistent with Texas Air Control Board recommendations).

b. TCM Input Options and Variables Description
e LX =LY = 1 Number of rows and columns in

the receptor grid.

® NPRISE = O Transitional plume rise used.
e IURBAN = 1 Urban dispersion used.
e TA = 13.239C Climatological mean ambient

temperature for St. Louis.

e ASCALE = 1.0 Area source emisgsion scaling
factor.

c. Other TCM Technical Considerations

The specification of receptor locations in TCM is complicated by the
linkage between the area source grid and receptor grid. In order to specify
receptor locations exactly in TCM, only one receptor can be input for any
given model run. Therefore, TCM was run 13 separate times, once for each of

the 13 RAMS 802 monitor 1locations. TCM calculates impacts only for area
sources located within four emission grid squares from the grid sguare in
which a receptor resides. Since the emissions grid width for the RAPS area
sources is one kilometer, only area sources within four to five kilometers of

each receptor were considered by TCM. Potentially important impacts from area

sources that exist beyond that distance would not be simulated.
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The TCM and TEM-8A user's guides also recommend that the area source
emissions grid be designed with the same spacing as the receptor grid, but
displaced such that receptors {(at the receptor grid intersections) are located
at the center of the area-source grid sgquares. Restructuring of the 1,536
RAPS area sources with respect to each of the 13 monitoring stations in order
to accomodate this recommendation would be prohibitively costly. Following
discussions with EPA, the Texas Air Control Board agreed that use of the RAPS
inventory, as originally structured, will result in a useful performance

evaluation of the TCM and TEM-8A models.

TEM-8A: Modifications and Options

a. Technical Modifications to TEM-8A

TRC added code to TEM~8A to write calculated concentrations to hourly and
annual work files for subsequent statistical analysis. The code was altered
to allow input from disk file rather than cards. TRC also inserted logic to
read in hourly values of point and area source emissions, stack temperature,
and volume flow rate, and to convert these values into TEM-8A compatible
units. As with TCM, the TEM-38A model assumes an anemometer height of 10
meters. Code changes were made to the TEM-8A model to assume an anemometer

height of 30 meters.

b. TEM~8A Input Options and Variables Description
e NTOPT = 9 Hourly meteorological data on
tape; pPlume penetration

factor = 2.0.

® NSTDWN = ) Stack-tip downwash algorithm
not used.
® LX =LY =1 Numbers of rows and columns

in receptor grid.
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® DTDZ = default Potential temperature gradient
for stable conditions.

e ASCALE = 1.0 Area source emission scaling
factor.
e IWIND =1 Measured wind direction

entered to the nearest degree.

c. Other TEM-8A Technical Considerations

Considerations regarding the specification of receptor locations and area

sources in TEM-8A are identical to those described previously for TCM.

RAM: Modifications and Options

a. Technical Modifications to RAM

TRC made modifications to RAM in five areas. The number of area sources
allowed in the model was increased so that the 1536 RAPS area sources could be
input in a single run. Statements were added to read in hourly source data,
and to convert source data into units compatible with RAM. Code was inserted
to compute and write calculated concentrations to an hourly work £ile for
subsequent statistical analysis. As with CDM, the RAM model requires more
than 65 K words of computer core. Therefore, use of arrayed variables as
exponents (a problem with the current EPA-Univac 1100 system) can lead to
computational errors. RAM was modified to circumvent this problem. Finally,
TRC changed RAM so that actual, rather than interpolated, hourly stack data

could be used in the calculation of plume rise.

b. RAM Input Options and Variables Description
e MUOR = 1 Urban mode.
® 2 = (. meters Receptor height.
e IOPT (1) =0 Include stack downwash.



e IOPT (2) = 1

» IOPT (3) = 1

® HANE = 30 meters

& HALF = 14,400 seconds

(4 hours)

e PL (1-6) = .15, .15, .20,
.25, .40, .60

e FH = 0.75

e XLIM 115 kilometers

L}

e NHTS

i
[V

e HINT = 10, 15, or 20 meters

e PPH = 12 or 17 meters

No gradual plume rise.

Include buoyancy-induced
dispersion,

Anemometer height.
Pollutant half-life.

Wind profile exponents for
stabilities A-F.

Fraction of area source height
which is physical height.

Distance 1limit on integration
for area sources.

Number of heights to be used for
area sources.

Area source heights.

Breakpoint heights between area
source heights.

c¢. Other RAM Technical Considerations

The area source algorithm in the RAM model allows the definition of up to

three area source height categories to be used in the integrations.

discussions with Bruce Turner (EPA),

meter area source heights with breakpoints at 12 meters and 17 meters were

the use of 10 meter, 15 meter, and 20

recommended as input variables to the RAM model.
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SECTION 5

MODEL PERFORMANCE RESULTS

Comparisons between observed and predicted concentrations have been
produced for four annual average models and two short-term models. The
performance measures and statistics calculated for each model are described in
Section 3. The model performance results are organized into a series of

tables. 1In this section, the results are presented and discussed.

ANNUAL AVERAGE MODELS

For the annual averadge models, the entire data set consists of one
observed and one predicted concentration value for each of the 13 RAPS
monitoring stations. These values are listed in Table 5-1. When observed and
predicted annual concentrations are compared, several differences are
evident. The highest measured annual value occurred at Station 104 and is
more than twice as large as the second-highest value. The highest predicted
values occurred at Station 101 for all four models. The highest predicted
value for each model is lower than the highest observed value. The lowest
predicted values occurred at the same two stations (120 and 122) for all of
the models, while the lowest observed value occurred at Station 116.

Performance measures and statistics for the annual average models are
presented in Table 5-2. The average difference between the observed and
predicted values for all stations is a measure of model bias, i.e., whether
the model systematically over—- or underpredicts. ERTAQ gave the largest

overprediction (a negative difference means predicted 1is greater than
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TABLE 5-1

URBAN ANNUAL AVERAGE MEASURED AND PREDICTED SO, CONCENTRATIONS
FOR ST. LOUIS 1976 {ug/m3)

Station Measured AQDM CDM TCM ERTAQ
1 (101)2 55 82.4 83.4 102.0 100.9
2 (103) 36 50.1 51.2 43.8 61.3
3 (104) 116 62.2 62.4 52.6 79.5
4 (105) 43 56.6 45.5 3474 57.1
5 (106) 52 60.7 45.7 39.6 58.1
6 (108) 37 41.9 42.2 41.7 52.6
7 (113) 36 40.2 32.9 27.1 42.8
8 (114) 35 33.1 31.6 29.4 44.1
9 (115) 28 29.1 43.9 46.6 49.5
10 (116) 24 25.6 23.0 24.0 31.3
11 (120) 27 22.7 15.3 12.4 24.8
12 (121) 30 24.6 18.1 17.1 30.1
13 (122) 27 19.9 14.3 15.0 26.9
Average 42 42.2 39.2 37.4 50.7

3RAPS/RAMS monitoring ID codes in parentheses.
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observed) and TCM the largest underprediction. The average difference,
however, is not significantly different from zero for any of the models, at a
95 percent confidence level. Tne fraction of positive residuals (stations
with observed value larger than predicted) ranged from 0.23 to 0.69. (When
this fraction is greatly different from 0.5, model bias is indicated.)

The magnitude of differences between observed and preéicted annual-average
values at each station is characterized by three measures: the standard
deviation of residuals, root mean square error, and average absolute
residual. AQDM has the smallest values for all three measures, and TCM has
the largest. The confidence intervals on the standard deviation values
indicate that differences between the models are not significant at a 95
percent confidence level.

The Pearson and Spearman correlation coefficient values indicate that
correlation between observed and predicted values at the same station 1is
comparable for AQDM, CDM, and ERTAQ, but somewhat lower for TCM. Conversely,
the variance of the concentration values predicted by TCM is closer to the
observed variance (the ratio is closer to one) than the variances predicted by
the other three models. The confidence intervals indicate that none of the
variance ratios are significantly different <from one. The frequency
difference comparisons indicate that the observed and predicted cumulative
distributions (of 13 values) differ by at most 20 to 40 percent (0.2 to 0.4).

In summary, the performance statistics for the annual average models
indicate some differences in performance among the models, but for this small
data set none of those differences are significant at a 95 percent confidence
level. All of the models underpredicted the nighest annual average value, and

none predicted the highest value where it was was observed.
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From Table 5-1, the annual-average concentration observed at Station 104
is much 1larger than that observed at any other station. Also, the
concentrations predicted by the models at Station 101 are much larger than at
the other stations. In addition, from information presented in the next
section 1t is apparent that Stations 104 and 101 dominate the 25 highest
observed and predicted short~term concentrations, respectively. Model
performance in relation to Stations 101 and 104 has recently been investigated
by Ruff.23 While the <conclusions from this investigation are not
definitive, Ruff does suggest that the aggregation of several small but
distinct sources as one area source could be responsible for the
overprediction at Station 101. For Station 104, Ruff believes that certain
emission sources may have been inadequately quantified or were neglected in
the RAPS inventory, leading to model underprediction. To the degree that the
RAPS emissions inventory is subject to such shortcomings, the model evaluation
results involving Stations 101 and 104 would be affected.

If Stations 101 and 104 were excluded from the analysis, many of the model
performance statistics presented here for both the annual and short-term
models would change significantly. PFor example, if Station 104 were excluded
from the data set, the annual-average observed value (Table 5-2) would
decrease from 42 to 36 ug/m3, and the observed variance would decrease by
a factor of five. Only the non-parametric measures (fraction of positive
residuals, Spearman correlation, and frequency distribution comparison) would
not change substantially if Station 104 is removed.

The present study is concerned with the operational evaluation of urban
models, that is, as typically applied in the regulatory setting. From this
standpoint, the limitations of the comprehensive RAPS emissijons inventory are
no greater (and likely fewer) than what one would encounter using any other
urban emissions inventory in model applications. The model evaluation results
presented here, therefore, are certainly representative in an operational
sense.
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SHORT TERM MODELS

For the two short term models, RAM and TEM~8A, a large number of
performance measures have been calculated for data sets representing selected
peak values and various data pairings for 1-, 3~, 24-hour averaging periods.
Results are presented first for the unpaired (25 highest values) data sets and

then for the paired data sets.

Unpaired Data Sets for 25 Highest Values

Table 5-3 summarizes results for the 25 highest observed and predicted
values, over all events and locations, for all three averaging times. For
TEM-8A, the average of the 25 highest predicted values is roughly twice as
large as the average of the 25 highest observed values for each averaging
time. For RAM, the average of the 25 highest predicted l-hour values is lower
than the observed average by about 15 percent; for 3-hour values, the average
predicted by RAM is 40 percent lower than observed; and for 24-hour values RAM
underpredicted by a factor of 2, Statistics indicate that the difference
between the observed and predicted averages 1is non-zero at a 95 percent
confidence level. Results for the difference of medians are very similar to
those for the difference of averages.

The variance comparison results for TEM~BA indicate that the range of the
25 highest l-hour and 3-hour values predicted by TEM-8A is much larger than
observed. For 24-hour values, however, the variance ratio for TEM-8A is not
significantly different from unity. Conversely, for RAM, the variance ratio
is not significantly different from unity for 1l-hour and 3-hour values, but
the variance of predicted 24-hour values is much smaller than observed.

The frequency distribution comparison results indicate large differences
(0.76 to 1.0) between the observed and predicted cumulative distributions for
both models feor all three averaging times. In general, there is little or no
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overlap between the distributions of the 25 highest observed and 25 bhighest
predicted values.

As discussed previously, the upper range limit of the instrumentation used
in the RAPS network to observe 802 was 1 ppm (approximately 2600
u9/m3). In computing hourly average 802 concentrations for the RAPS
archive, therefore, EPA deleted any l-minute SO2 concentrations in excess of
instrument range.

Comparisons of the 25 highest observed and predicted values by monitoring
station and for various data subsets reveal more detailed aspects of model
performance. Results of such comparisons for 1l-hour average values are
presented in Table 5-4. For TEM-8A, comparisons by station indicate that the
model overpredicted the average of the 25 highest values by more than a factor
of two everywhere except at Station 104. At most stations, the variance of
the 25 highest TEM-8A-predicted values was also larger than the observed
variance. RAM overpredicted the average of the 25 highest values at 10 of the
13 stations; at 7 stations the predicted average was within 20 percent c¢f the
observed average, while three stations showed disagreement by more than a
factor of two. Variance ratios for RAM showed large differences between the
observed and predicted range of the 25 highest values, even at several
stations where the average values were similar.

The results by station in Table 5-4 once again reveal the influence of
Station 104 on peak observed concentrations. The average of the 25 highest
observed values at Station 104 (1886 u9/m3) is more than twice as large as
that at any other station, and obviously dominates the average of the 25
highest values over all stations (1929 ug/m3, from Table 5-3). For
TEM-8A, the peak predicted values at Station 101 dominate the "all stations"”

results in a similar fashion.
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Results for subsets by time of day show a striking difference between
observed and predicted behavior. Both models predicted higher peak values at
night and lower peak values during the day, while peak observed values were
very similar for all four time intervals.

Results for subsets by meteorological conditions show distinct differences
in performance for the two models. TEM-8A overpredicted the 253 highest values
for low wind speed conditions by more than a factor of two, but predicted the
average of the 25 highest values for intermediate and high wind speeds within
10 percent. By contrast, RAM predicted the 25 highest values for low wind
speeds within 10 percent, but underpredicted for highest wind speeds by about
40 percent. TEM-8A predicted the average of the 25 highest values for Classes
A & B and Class C within 20 percent, but overpredicted for Class D by 60
percent and for Class E & F by more than a factor of two. RAM underpredicted
the 25 highest values for Classes A & B (by 30 percent), Class C (by 60
percent) and Class D (by 55 percent), but predicted the average of the 25
highest values for Class E & F within 10 percent.

Station-by-station results £for the 25 highest observed and predicted
values for 3-hour and 24-hour averaging periods are presented in Tables 5-5
and 5-6. These tables reveal a pattern very similar to the 1l-hour results.
TEM-8A overpredicted the 25 highest values at all stations except Station 104,
generally Dby more than a factor of two. By contrast, RAM predicted the
average of the 25 highest values within 10 to 20 precent at roughly half of
the stations for each averaging time. RAM underpredicted the peak 3- and
24-~hour values at Station 104 by more than a factor of two and overpredicted

consistently at Stations 101, 105, and 115.
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Paired Data Sets for Peak Values

Comparisons of the highest observed and predicted concentration values,
paired in location or time, utilize the same measures and statistics described
earlier for annual average model results. Table 5~7 presents the results for
the highest observed and predicted 1l-hour concentration values at each
station, plus similar comparisons of the second-highest values. For TEM-8A,
the average difference between observed and predicted highest values |is
negative, indicating overprediction, and the magnitude of this difference is
larger than the average observed value. Results for second-highest values for
TEM~-8A also show large overprediction. For RAM, the average difference
between highest observed and predicted values 1is small, relative to the
average observed value; the average difference for second-highest values 1is
even smaller. <Confidence intervals indicate that the overprediction by TEM-8A
is significant at a 95 percent confidence level, while the average differences
for RAM do not represent statistically-significant bias. The results for the
fraction of positive residuals are consistent with the average differences.
TEM-8A overpredicted the highest values at 11 of the 13 stations, and
overpredicted the second-highest values at all 13 stations. RAM
underpredicted the highest and second-highest values at more than half of the
stations.

The standard deviation of residuals, root mean square error, and averade
absolute residual for TEM-8A are all larger than the average observed value.
All of these measures are smaller for RAM, indicating less scatter between
observed and predicted values. Correlation coefficient values for both
models, however, are lower than 0.3 1in every instance. For RAM, the
correlation between highest observed and predicted values station-by-station
is negative. The ratioc of observed to predicted variance of concentration

values for TEM-8A was significantly less than unity, reflecting the larger
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magnitude and range of predicted values; variance ratios for RAM were not
significantly different from unity.

Results for the highest and second-highest values paired by station for 3-
and 24-hour averaging periods are presented in Tables 5-8 and 5-9. In
general, the results for average difference show model bias similar to that
for l-hour values. TEM-8A overpredicts for both 3- and 24-hour averages; the
average differences are as large or larger than the average observed values.
RAM underpredicts by less than 15 percent for 3-hour average values and by
about 25 percent for 24-hour averages. Measures of scatter between observed
and predicted values are larger than the average observed value for TEM-8A,
but are much smaller for RAM.

Correlation coefficients for 3-hour values are noticeably higher than for
1.0-hour values, indicating somewhat better success at predicting how peak
values vary from station to station; but correlation coeffficents for 24-hour
values are lower than for 3-hour values.

The variance comparison results for TEM-8A continue to show ratios less
than 1, but for 24-hour values the confidence intervals include unity. For
RAM, the variance ratios increase with averaging time; for 24-hour values, the
predicted variances are significantly smaller than observed.

The highest and second-highest values observed and predicted at each
station for each averaging time are listed in Appendix C. These values
represent the basis for the measures and statistics presented in Tables 5-7,
5-8, and 5-9. Appendix D provides tables of hourly meteorological and
Observed concentration data for selected days with high modeled concentrations.

Current air quality standards are based on the highest, second-highest
802 concentration value at any station for 3-~hour and 24-hour periods. For
the reader's information, Table 5-10 lists the observed and predicted values
corresponding to the air gquality standards. These single-~value comparisons
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provide no basis for statistical measures, however, and the AMS workshop
recommendations do not include evaluations based on a data set comprised of

highest second-high values.

TABLE 5-10

OBSERVED AND PREDICTED HIGHEST SECOND-HIGHEST VALUES

3-Hour Averadge 24-Hour Average
Observed 1609 1170
RAM 1127 424
TEM-8A 4108 1852

Another paired data set consists of the highest observed and predicted
values over the monitoring network from each sampling period, paired in time.
Results for all three averaging periods are presented in Table 5-11. While
the data sets discussed up to this point contained relatively few points,
event-by-event comparison for a year of data involve much larger volumes of
data (i.e., a large "N").

Results for l-hour averadge values show negative average differences for
both models, indicating overprediction. Both values are significantly
different from zero (the large N leads to a narrow confidence interval), bhut
the average difference for TEM~-8A is more than twice the average observed
value, while for RAM it is only about 20 percent of the average observed
value. (Because pairs with both observed and predicted values below 25
ug/m3 were excluded from analysis, the number of events 1is slightly
different for the two models.) The standard deviation of residuals for both
models is larger than the average observed value; the standard deviation for
TEM-8A is much larger than for RAM. The maximum difference between the
observed and predicted cumulative frequency distributions is also much larger
for TEM-8A.
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TABLE 5-11

COMPARISON OF HIGHEST OBSERVED AND PREDICTED SOZ CONCENTRATON VALUES
EVENT-BY-EVENT (PAIRED IN TIME)
FOR THE 1, 3, AND 24 HOUR AVERAGING PERIODS
RAPS (1976)
Average Averagde Standard
Number Observed Difference* Deviation Maximum
of Value (Obs-Pred) of Residuals* Frequency
Mod€l Events (ug/m3) (ug/m3) (ug/m3) Difference
Averaging Time:
1l Hour
TEM-8 7891 165 -354 518 0.52
(-382, -326) (510, 527) (0.022)
RAM 7769 167 -35 290 0.16
(=49, -21) (285, 295) (0.022)
Averaging Time:
3 Hours
TEM-8 2475 142 -320 455 0.55
{-350, ~290) (443, 468) (0.039)
RAM 2431 145 =20 225 0.17
(-~36, -4) (218, 231) (0.039)
Averaging Time:
24 Hours
TEM-8 339 130 =317 290 0.74
(=366, -268) (2706, 314) {(0.104)
RAM 339 130 -5 165 0.35
(-34, 24) (153, 178) (0.104)

*95 percent confidence interval in parentheses.

-60~-



Results for 3- and 24-hour average highest values paired in time are
generally very similar. Both models overpredict on average, TEM-8A by a much
larger degree than RAM. The standard deviation of residuals and the maximum
frequency difference are also larger for TEM-8A. For 24-hour values, the
average difference for RAM is not significantly different from 2zero at a 95

percent confidence level. -

Paired Data Sets for All Values

The largest data sets considered in this evaluation represent all
concentration values, paired in time and 1location. Results for these data
sets, for all three averaging periods, are presented in Table 5-12. The size
of the data sets for 1l-hour values were so large that non-parametric
statistics could not be calculated, due to computer work-space limitations.
Results for the average difference between observed and predicted values
indicate overprediction by TEM-8A (by a factor of 3) and by RAM (by 20 to 25
percent). The standard deviation, root mean square error, and average
absolute residual values are generally larger than the average observed value
for both models, but are substantially larger for TEM-8A than for RaAM.
Correlation between observed and predicted values increased with averaging
time, but with little difference between the models. Variance ratios for
TEM-8A were consistently less than 0.2, indicating a predicted variance five
times larger than observed, while ratios for RAM were significantly greater
than one for both 3-hour and 24-hour values. Maximum frequency differences
are also larger for TEM-8A than for RAM.

Comparisons of all observed and predicted values were also made by station
and for subsets of events based on time of day and meteorclogical conditions.
Results for 1l-hour values are presented in Table 5-13. For TEM-8A, the
average difference is negative at every station and for every data subset,
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indicating further the systematic overprediction by this model. For RAM,
average differences show a mixture of over- and underprediction; most average
differences were less than the corresponding average observed values.
Overprediction is indicated for RAM, and is especially large for TEM-8A, at
Stations 101 and 115, during night-time hours (0000-0600 and 1800-2400), for
low wind speeds, and for Class E & F stability. The largest standard
deviation of residuals for RAM occurred at Station 104, where RAM
underpredicted on average.

Results for all concentration values at each station for 3- and 24-hour
periods are presented in Tables 5-14 and 5-15, respectively. The results for
average differences are very similar to 1l-hour results in Table 5-13. The
number of data pairs is greatly reduced, however, and the standard deviation
values decrease as the averaging time increases.

One additional paired data set was analyzed in this study. buring the
earlier evaluations of rural models, low correlation and large scatter between
predicted and observed highest hourly values were noted. In order to explore
whether significant improvements in model performance could be achieved by
relaxing the time-pairing constraint, a data set was constructed for the urban
study consisting of the highest observed and predicted l-hour values for each
day. Performance statistics for this "highest by day" data set are summarized
in Table 5-16. Comparing these results with those for l-hour values in Table
5-11, no reduction in data scatter is apparent. In fact, since the average
values are much larger for the "highest-by-day" data set, both the average
difference and the standard deviation of residuals are much larger in Table

5-16 than with the stricter time pairing of Table 5-11.
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TABLE 5-16

COMPARISON OF DAILY MAXIMUM OBSERVED AND PREDICTED 1 HOUR CONCENTRATIONS

(Highest by Day)

Standard
Number Average Average Deviation
of Observed Difference* of
Data Value {Obs-Pred) Residuals*
Model Pairs (ug/m3) (ug/m3) (ug/m3)
TEM-8A 347 442 -952 934

(-1077, -827)

RAM 347 442 -202
(=299, -105)

(870, 1010)

599
(557, 647)

*95 percent confidence interval in parentheses.
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SECTION 6

CONCLUSIONS

The performance evaluation of the urban models has produced a great
variety of measures which compare observed and predicted concentration
values. In this report, the results have been discussed and explained, but no
attempt has been made to compare the performance of one model versus another.
The conclusions and recommendations presented below are concerned with model
evaluation methods and with the performance of the models as a group.

The evaluation of annual average urban models was based on a very limited
number of data points. The following conclusions can be drawn from the
results:

o In many respects, all four annual average models performed
similarly. With few data points, it is difficult to discriminate
effectively between models. Statistical confidence intervals for
different models frequently overlapped.

0 The observed concentration value at one station was large,
relative to the remaining 12. Several measures were strongly
influenced by this one value.

The evaluation of the short-term urban models involved the calculation of
performance measures for a variety of data sets representing selected peak
values, pairing in time or location, and subsets of events based on
meteorology and time of day. Three general conclusions can be drawn £from
these results:

o Comparisons between observed and predicted extreme values, such as

highest second-highest 3- and 24-hour concentrations (Table 5-10},
provided distinctly different indications of model bias than
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statistical measures for peak values (Tables 5-~7 through 5-9).
Single-value comparisons, while pertinent to a specific regulatory
application, provide an unreliable basis for inferring general
performance characteristics. Conversely, good statistical
performance is no guarantee of a model's success in a specific
reqgulatory situation.

0 Performance statistics for data sets representing all stations
combined can be strongly influenced by high concentration values
unique to a single station. The 25 highest observed values, for
example, are dominated by Station 104, while the 25 highest
predicted values for TEM-8A are dominated by Station 101 (see
Tables 5-~3 and 5-4). The results illustrate the importance of
examining model performance at individual stations, as well as
collectively.

o Both short-term models predicted substantial variation of peak
l-hour concentration values with time of day, but very 1little
variation was observed (see Tables 5-4 and 5-13). The models also
predicted more variation of peak values with wind speed and
stability than was observed. Such discrepancies suggest serious
problems with either model inputs or model formulation.

Comparison of results from the rural and urban model evaluation studies

led to the following additional observations:

0 The highest l-hour values observed and predicted for the urban
case are associated with light winds and stable (Class E & F)
conditions. By contrast, peak values for the rural case were
associated with Class A and B stability.

o Statistics for 1l-hour values, paired in space and time, indicate
little or no correlation between observed and predicted values for
either wurban or rural models. For the urban case, however,
correlation for 24-hour values was significantly better than for
the rural case.

0 The reduction in the volume of statistics from the rural to the

urpan case was achieved without the apparent loss of essential
information.
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APPENDIX A
ANNUAL AVERAGE SO, EMISSIONS INVENTORY
FOR POINT AND AREA SOURCES
Data Description A-1
Point Source Inventory A-2

Area Source Inventory A-7



The point sources described in this section represent the 235 sources in
the RAPS study which had non-zero SOx emissions. The RAPS ID consists of a
two digit state code, a four digit county code, a two digit plant code, and a
two digit stack identifier. X and Y coordinates are kilometers in the
Universal Transverse Mercator system. All stack parameters are annual average
values with SOx emissions in units of metric tons per year.

The 1536 area sources contained in this listing are those area sources in
the RAPS study which lie partially or totally within 30 km of one or more of
the 13 802 monitors. Each area source is a square with a minimum side
length of 1 km. A unique RAPS grid ID number was assigned to each area source

by the EPA in their development of the inventory. X and Y coordinates are

kilometers in the Universal Transverse Mercator system.
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APPENDIX B

ANNUAL AVERAGE METEOROLOGICAL JOINT FREQUENCY FUNCTION
FROM THE 1976 RAPS/RAMS DATA BASE

Data Description B-1

Joint Frequency Function B~2



The meteorological joint frequency function contained in the following
pages is in the Standard National Climatic Center format for a 6 stability
category day/night STAR deck (1l=A, 2=B, 3=C, 4=D-day, 5=D-night, and 6=E-F).
Sixteen 22.5O wind direction sectors are included, beginning with the
northernmost wind direction sector and proceeding clockwise (i.e., N, NNE,
NE, ...). The six wind speed classes, designated as Ul through U6, represent
wind speeds in the range of 0-3, 4-6, 7-10, 11-16, 17-21, and greater than 21

knots. Central wind speeds for each class did vary by model, however.
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APPENDIX C

HIGHEST AND SECOND-HIGHEST SO, CONCENTRATIONS OBSERVED
AND PREDICTED (RAM AND TEM-8A) IN 1976 FOR THE RAPS/RAMS STATIONS
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APPENDIX D
HOURLY METEOROLOGICAL AND OBSERVED CONCENTRATION DATA
FOR SELECTED DAYS WITH HIGH MODELED CONCENTRATIONS
Data Description D-1
Meteorological Data D=2

Observed Concentration Data D-13



The tables in this appendix provide sets of daily hour-by-hour
meteorological and air quality data (negative values indicate missing data)
used in the urban model evaluations. The sample data are provided to support
case study analyses of days when high concentrations were oObserved in the RAPS
network or predicted by the short-term air quality models (TEM-8A and RAM).

The days selected, and the basis for the selection are given in Table D-1.

TABLE D-1

SELECTED DAYS OF DATA AND SELECTION CRITERIA

Date Criterion Hour Ending Receptor
01/15/76 RAM-H3 3 3
01/26/76 RAM~-2H24 24 9
01/26/76 TEM-2H24 24 9
01/27/76 RAM-H1 5 9
08/23/76 RAM-2H1 5 8
08/23/76 TEM-2H1 5 8
10/28/76 TEM-H1 5 1
10/28/76 TEM~H3 6 1
11/15/76 TEM-H24 24 1
11/16/76 * * *
12/06/76 OBS-H1 14 3
12/11/76 OBS-H3 18 3
12/15/76 OBS-H24 24 3
12/31/76 RAM~-H24 24 1

* Several high or second high values were observed and predicted for 1-, 3~
and 24-hour averaging periods on 11/16/76.

RAM - RAM model predicted concentration
TEM - TEM-8A model predicted concentration
OBS observed concentration

Hl1, H3, H24 = Highest 1-, 3-, and 24-hour average concentration for the year.
2H1, 2H3, 2H24 = Second highest 1-, 3-, and 24-hour average concentration for
the year
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