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ABSTRACT

The EKMA is a Lagrangian photochemical air quality simulation model that
calculates ozone from its precursors: nonmethane organic compounds (NMOC) and
nitrogen oxides (NOy). This study evaluated the performance of the EKMA when
it is used to estimate the maximum ozone concentration that can occur in an
urban area and its environs. The evaluation was conducted using data for five
U.S. cities: St. Louis, Houston, Philadelphia, Los Angeles, and Tulsa.

A novel statistical evaluation procedure was developed to measure the
accuracy of the EKMA ozone estimates, The accuracy parameter is defined as
the ratio of observed to estimated ozone. Associated with this ratio is an
accuracy probability, which ig Jdefined as the probability that the ratio lies
within a predefined percent (e.g. +20 percent) of unity, a unit value of the
ratio denoting perfect agreement between observation and prediction. The
evaluation procedure uses HMGC and NOy, as fnputs to calculate the accuracy
probability of the EKMA ozone estimate, The full range of accuracy prcbabili-
ties associated with the EKMA vzone estimates is displayed in graphical form
on the NMOC-NO, plane,

The report describes the results for the various citi~g, and discusses
potential applications of the methodology to other models aud to the assess-
ment of ozone coutrol strategles,

This veport was submitted (n partial fulfillment of Contract 68-02-2984
by SRI International under sponsorship of the U.S. Environmental Protection
Agency, This report covers the period June 1979 to December 1981 and work was
completed as of March 1982,
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SECTION 1

INTRODUCTION

OBJECTIVE

The objective of this study is to assess the performance of the Empirical
Kinetic Modeling Approach (EKMA) when it is used to estimate the maximum ozone
(03) concentration that could occur In an urban area and its environs., Speci-
fically, the study quantitatively measures EKMA’s ability to predict maximum
04, defines conditions under which 03 estimates can achieve specific accuracy
levels, and examines the applicat’on of EKMA as an estimator of maximum 03.

BACKGROUND

A common problem in air pollution control requires estimating the reduc-
tion in the level of O3 precursors, i.e. nonmethane organic compounds (nMoc)*
and nitrogen oxides (NOyx), needed to achieve a prescribed decrease in 03 con-
centration. To tackle this problem, one must have a model that relates 03 to
RHMOC and NO,; the EKMA, which was developed by the U.S. Environmental Protec-
tion Agency (EPA), is one such model. The EKMA has been extensively docu-
mented, and the reader should consult the references for technical details
(EPA, 1977, 1978; Dodge, 1977; Trijonis and Hunsaker, 1978; FPA, 1980). EPA
has prerared and disseminated 2 computer program that performs the calcula-
tions that relate 03 to NMOC and NO; (Whitten and Hogo, 1978). The output of
the computer program fs a graph that contains constant-04 contours (03 iso~
pleths) as a function of NMOC and NOy; hereafter we will refer to this graph
as the "03 isopleth diagram.”

Basically, the EKMA takes two forms: standard and city-specific. The
standard EKMA is based on conditions that prevail in the Los Angeles area; the
city-specific version, as the name implies, tailors the model to a particular

city. We will gvaluate the performance of both forms of EKMA using data for
five cities.

In a typical application, the EKMA has been used to calculate the percen-
tage reduction in NMOC and NOy, that would be required to reduce 03 from a high
observed value to some desired lower level, Under current EPA guidelines

*Much of the EKMA literature refers to the organic compounds as nonmetham
hydrocarbons (NMHC). This term has recently been replaced by NMOC (EPA,
1980), and uwe will conform to this usage throughout this report.
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(EPA, 1977; 1980), such an application uses the observed ozone level and the
median 0600-0900 (LDT) NMOC/NO, ratio to find the NMOC and NOy concentrations
that the model requires to produce the observed-ozone. These NMOC and NO, .
concentrations then become the base data used in the calculation of percent
reduction of NMOC and NOy. Thus, in this procedure the NMOC and NOy concen*
trations are not necessarily the precursor levels that prevailed when the
ozone was observed. Rather, they are the presumed precursor levels defined' by
the model,

Our assessment of the EKMA as 2 predictor of maximum 03 shifts the focus
of EKMA from using observed 03 and the NMOC/NO, ratio to define precursor lev-
els, as was mentioned above, to using precurscr levels to estimate 03 concen-
tration. Thus, the EKMA could be used to estimate the 03 level produced by a
given emission control strategy that yields particular levels of NMOC and NOy.
In such applications, it would be helpful for the analyst to know whether the.
EKMA estimate is an upper bound for the 03 that would actually occur, and if
g0, to know the accuracy of the upper bound. Our study is concerned with such
questions.

REPORT ORGANIZATION

Section Two describes the evaluation methodology. The results of the
EKMA evaluation using data for five cities are presented in Sections Three
through Seven. Section Eight contains conclusions and recommendations. An
appendix defines several equations used in the study.



SECTION 2

METHODOLOGY

OVERVIEW OF THE DATA BASES

The first step in the evaluation process i1dentified and obtained the data
bases for the five cities of interest: St. Louis, Missouri; Houston, Texas;
Philadelphia, Pennsylvania; Llos Angeles, California; and Tulsa, Oklahoma. For
each city, the model assessment procedurc consisted of three steps:

® Review and analyze data and select days for the evaluation data set.
Obtain ozone estimates using both standard and city-specific EKMA.

e Conduct a statistical evaluation of EKMA performance as a predictor of
maximum O3,

Table 1 1ists the five cities and briefly; describes each data base. Both
air quality and meteorcvlogical data were included in each data base, but the
quantity of data and the spatial coverage are by no means uniform for all the
data bases. Because the data for four of the cities were obtained in special
studies, the spatial coverage of pollutant patterns for these cities 1s more
thorough than usual. For Houstomn in 1978, and for Tulsa and Philadeiphia, the
duration of the monitoring program was short, and this, in combination with
other data selection criteria, resulted in small data sets being used in the
EKMA evaluation,

Routinely collected monitoring data were used for Los Angeles, but this
is a rich data base because the monitoring network is extensive. Los Angeles
data for the period 1976-1978 were examined; 1978 was selected because it con-
tained the highest ozone levels.

The sections below describe the steps in the evaluation process.

DATA REVIEW, ANALYSIS, AND SELECTION OF DAYS

The objectives of the data review and analysis procese are to identify
the avatlable data and to define the criteria.for selecting the days for the
EKMA evaluation data set, '

Each data base was examined to determine what correlations, 1f any, exist
between high ozone concentrations and other pollutants and meteorological
parameters. These correlations were used to define criteria for selecting
days to test the city-specific and the standard EKMA. We seek to identify

3



TABLE 1. DATA BASES USED IN EKMA EVALUATION
Data Base
City Date Type Title Source Reference
St. Louis, May-Oct 1976 | Special Reglonal Alir EPA Cardwell (1980)
Missouri Pollution Study
(RAPS)
Houston, May-Oct 1977 | Special Houston Area SRI Ludwig and Martinez (1979)
Texas Oxidant study Ludwig et al. (1979)
(HAOS)
15 Sep - Special Houston Oxidant EPA Martinez (1982)
12 Oct 1978 Modeling Study Nitz and Martinez (1982)
(HOMS)
Philacelphia, | Jul-Aug 1979 | Special Philadelphia EPA Westberyg and Sweeny (1980)
Pennsylvania Oxidant Data
Enhancement Study
Los Angeles, May-Oct 1978 | Routine California -
California Monitoring Alr Resources
Board
Tulsa, Jul-Sep 1977 | Special EPA Eaton and Dimmock (1979)
Oklahoma Eaton et al. (1979)




precursor and meteorological conditions assoclated with ozone concentrations
that equal or exceed 100 ppb; these conditions are necessary, but may not be
sufficient, for such concentrations of ozone to occur. (That is, high ozone
concentrations never occur in the absence of such conditions, but may not
occur even if the conditions are present.,) This approach ylelds a set of
selected modeling days that encompasses the high-ozone-concentration events,
but that also contains a number of low-ozone cases. Although the latter may
strain the worst-case assumptions of the EKMA, we have retained them to exrten
the range of ozone concentrations in the evaluation.

The data were also analyzed to identify monitoring sites within the urba
area that can te considered to be good indicators of 0600-0900 (LDT) NMOC and
NOy, concentrations, which EKMA considers to be the principal cause of the
ozone maximum that nccurs downwind of the source region. We will refer to
these sites as source-region menitors,

The initial step of the analysis was to compile daily summarfies for each
data set. The dally summary provides information on pollutant and meteosrolog
ical data, including the date, the maximum ozone concentration observed
throughcut the monitoring area, the station where the peak ozone concentratio
was observed, and the firs or only hour when the peak was recorded. The
daily svmmaries also includa average 0600-0900 NMOC and NOy concentration for
the source-region monitors and the ratio of the two averages. Add!tional
information is listed indicating whether the selected source-region monitors
had missing data for the tImes for which the average NMOC and NO, concentra~
tions were calculated. Meteorological data contained in the daily summaries
include the daily maximum temperature, the morning minimum temperature, the
0600~1400 (LDT) average wind speed and direction, and the standard deviations
of the wind speed and direction at one selected rural location, if available.
Cloud cover data for 1200 (LDT) and ary available solar radiation data are
also listed. Estimates of the background ozone concentrations, which would
include transport effects, are listed for each day, but these were not avail-
able for all the cities,

Several restrictions were imposed on the data used for celculating the
average 0500-0900 NMOC and NO, concentrations at the source-region monitors.
At each individual monitoring site, an average 0600-0900 NMOC and NOx concen-
tration would be calculated only if no lgss than two_of the possible three
hours of pollutant data were available; otherwise, the 0600-0900 concentratiol
was considered to be missing. The composite (spatial) average of the 0600~
0900 pollutant concentrations would be calculated if averages existed for at

least half of the source-region monitors; otherwise the spatial average was
considered to be missing.

The daily average wind speeds and directions were calculated for the
hours from 0600-1400 (LDT). These hcurs were selected to indicate the general

transport between the hours of peak NMOC and NO, émissions and the time of the
peak ozone concentrations.



The background (including transported) ozone concentration was determined
as follows. Based on the average 0600-140Q0 wind wirection, the background
ozone concentration was assumed to equal the peak® ozone concentration
recorded at the upwind station most distant from the urban area., This method
of determining background ozone differs from the method suggested in the EKMA
literature, which uses the 1100-1300 average ozone -at an upwind location (EPA,
1977). It is recognized that as the transported ozune enters the urban area
its level can be reduced due to recaction with nitric oxide; however, the
amount of ozone scavenging is not well defined. By using the peak upwind
ozone, we are conservatively assured of having the worst-case background ozone
Yevel,

The essential criteria for selecting days for the evalnation data set
comprised:

o Data availability
® The time of occurrence of the daily ozone maximum

e The prevalence of muteorological conditions that are necessary, but
may not be sufficient, for the C3 level to be at least 100 ppb.

The 100-ppb cutoff was chosen to ensure that all days when the ozone national
ambient air quality standard (NAAQS) of 120 ppb was exceeded are included in
the evaluation. Such days should be included because FKMA 1s based on worst-
case assumptions and cannot be expected to perform well for days that do not
meet these condit.ons. Because we are interested in maximum ozone potential
with reference to an air quality standavd, days with conditions associated
with low ozone concentrations are not critical to our evaluation.

ESTIMATION OF OZONE USING EKMA

Estimates of 04 concentration were obtained using both standard and
city-specific EKMA. The standard-FKMA estimates were computed using equations
fitted by Holton (1980) to the standard 03 isopleth diagram. These equations
were independently testad at SRI. The test verified that the fit was very
good, but a slight bias was detected and corrected by means of supplemental
equations. Holton’s formulas and the adjustment equations are presented in
the appendix of this report.

The city-specific ozone estimates were obtained using the EKMA computer
code., For each city. the NMOC and NO, precursors in the evaluation data set
were the model’s inputs, and the code compated th2 ozone maximum using the
CALCULATE option (Whitten and Hogo, 1978).

*As used in this report, the term "peak ozone" refers to the maximum l-hour
average o0zoue,



For both standard and city-specific EKMA, the inputs used to estimate O4
were the 0600-0900 (LDT) NMOC and NOy, spatially averaged over all the
soutrce-region monitors. Of course, the same NMOC and NO, coordinates were
used to obtain both standard and city-specific 05 estimates.

STATISTICAL EVALUATION
Approach

The evaluation is designed to test whether EKMA can be used to estimate
an upner bound for the maximum ozone concentration that can occur fn a given
geographical region. To test this usage of EKMA we must define the daily max-
imum ozone concentration,

Daily Maximum~--The maximum l~hr average 0, concentration that occurs at
some time and location during a day in an urban region: The observed maximum
value recorded at a monitoring site, which may differ from the true daily max-
finum. (The latter may occur in a location where there is no monitor.) This
is the variable with which the EKMA ozone estimate will be compared.

The question of EKMA performance is, then, How wall do EKMA estimates
serve as an upper bound for observed daily maximum ozone concentrations? EKMA
estimates are an upper bound if they are equal to or higher than the observed
maximum on every day. Denoting Lhe observed daily 03 maximum by OBS and the
EKMA estimate by EST, then we want to test whether the inequality OBS ¢ EST
holds. However, this criterion alone is inadequate, because it does not indi-
cate whether an upper bovnd is higher than necessary: An excessively high
upper bound could lead to unduly conservative decisions about allowable levels
of precursors. Both underprediction and overprediction must be considered in
evaluating the performance of the EKMA. But, as we will show, it is appropri-~
ate to relax the strici requirement that OBS < EST to allow a certain amount
of underprediction. Such considerations are discussed below.

In evaluating the performance of the EKMA, we must recognize that the
measurenents of 03, NMOC, and NO, are not exact; they are inevitably corrupted
by randon and systematic errors. Kecent analyses of the quality of pollutant
measurements made in monitoring programs in the Houston area indicate that
most of the measurement errors for 03, NMOC and NO, fall within an interval of
420 percent (Ludwig et al., 1979; Martinez, 198l1). Thus, even if EKMA vicre
perfect, 03 estimates and observations would be expected to differ. Conse~
quently, using the 20 percent figure, we define the following regicns of
varying accuracy for the ratio of observed daily maximum to estimated 03
(denoted by OBS/EST):

e Region 1: 1.2 < OBS/EST
e Region 2: 0.8 < OBS/EST < 1.2
e Region 3: OBS/EST < C.8.

Region 1 contains ratios representing cases of substantial underpredic-
tion. Such cases are of speclal concern because they represent instances

7



where the EKMA does not produce an upper bound for the observation. Ratios in
Regions 2 and 3 satisfy the inequality OBS/EST < 1.2, which allows for the
possibility of an apparent underestimation of at most 20 percent. Such
underestimation could be the result of measurement error, and we consider

it acceoptable., Consequently, in testing whether EKMA estimates are upper
bounds for observed 03, we will relax the requirement OBS < EST, and substi-
tute OBS < 1.2 EST instead. We consider ratios in Region 2 to represent the
most accurate predictions that can be made, because the error is at most 20
percent. Region 3 contains ratios representing cases of substantial overpred-
iction. Such cases would be of concern in applications of EKMA only if the
estimate is over 120 ppb, which 1is the NAAQS.

To evaluate EKMA, we devised a method for calculating the likelihood that
a given EKMA estimate falls in one of the three regions defined above. In
general, the evaluation procedure consists of three steps:

Step 1: Compare observed (0OBS) and estimated (EST) ozone.

Step 2: Investigate relationships between OBS/EST ratio and NMOC, NOy, and
other variables.

Step 3: Define regions on the NMOC-NOy plane where the EKMA estimates attain
prescribed levels of predictive accuracy.

Descriptions of these three steps are presented below.

Step lI: Compare Observed and Estimated Ozone

To compare observed and estimated ozone, we began by plotting a scatter
diagram of OBS as a function of EST. We could then define the three regions
of varying OBS/EST ratio and examine the lccation of the points with respect
to the three regions. In addition, we investigated the correlation, 1i -y,
between OBS and EST.

Step 2: Investigate the Relationships Between the Variables

In this step we examined the correlation between OBS/EST and NMOC, NOy,
and other variables such as temperature and background ozone., We also inves~
tigated the correlation between NMOC and NOy, and between pairs of the other
variables., When possible, 3 mult!ple regression equation was derived using
stepwise regreasion that relates the OBS/EST ratio to a subset of the vari-
ables of interest. This multiple regression equation was used in the third

step of the analysis to define regions of prescribed accuracy on the 03 iso-
pleth diagram.

In preparing for the third step of the evaluation, we used the correla-
tion, i{f any, between NMOC and NO, to define an evaluation region on the 03
isopleth diagram. (The evaluation region is defined to limit the results. of
the EXMA evaluation to the portion of the 03 isopleth diagram where the data
are located.) The evaluation region was defined by regressing NOy on NMOC and
placing a band around the regression line so as to capture. approximately 35
percent of the joint distribution of NMOC and NOy. Thus, the evaluation



region 1s defined by NO, = a + b (NMOC) ¢ 1.96s, where a and b are the coeffi-
cients of the regression line, and s is the srandard error of estimate for the
regression, The evaluation region may be modified further as a result of cri-
teria used to select the evaluation data set.

Step 3: Define Regions of Predictive Accuracy

Because the performance of the EKMA model could vary as a function of
NOy, NMOC, and other variables (e.g. temperature and background ozone), we
sought to estimate the likelihood that the ratio OBS/EST falls in Region 1, 2
or 3 as a function of these viriables. OQur approach is as follows,

The ratio OBS/EST i{s used as the dependent variable in a multiple linear
regression equation of the form

N
OBS/EST = ag + Z agXy = F(X)
i=]

where

Xt = 1independent variable, such as NOx, NMOC, temperature
ay = regression coefficient

N = number of independent variables.

and F(X) 1s shorthand notation for the regression equation., The standard
errvor of estimate, s, is also obta'ned for this regression.

Define R = OBS/EST, Ry = 1.2, and R} = 0.8. We wish to find the proba-
bility that R > 1.2, or 0.8 < R { 1.2, or K < 0.8. Let P(R Rj) = probabil-
ity that R £ Ry, J = 1,2. Then

Ry - F(X)

P(R{ Ry) = § |— » 1= 1,2
8

where § ts the cumulative norma) probability distribution function. Then for
the three accuracy regions we hLove

e Region 1:

P(R > 1.2) = 1 = P(R < R}) (1a)
® Reglon 2: ° } )
P(0.8 < R < 1.2) = P(R < Rp) = P(R < Ry) (1b)
® Region 3:
P(R < 0.8) = P(R < Ry) (1e)



(Note that the above equation for P(R < Rj) is general and thus valid not only
for Rj equal to 1.2 and 0.8, but also Tor any other values of Rj).

The variables Rj include either NOy or NMOC or both (or a transformation
thereof, e.g. 1/NO,) and possibly other variables such as temperature. In the
most gencral case, let R} = f(NO,), Rp = g(NMOC) and Ry, k =-3, ..., N, where-
f and g denote transformations of NOy and NMOC, respectively. Then we can
calculate and plot the probabilities in Eq. 1 as functions of (RjR; + RyRp)
for fixed values of Ry. The plot allows us to estimate the probability that
for a given (NMOC, NO,) pair the ratio OBS/EST falls in one of the three accu-
racy regions in Eq. 1. The accuracy regions and their probabilities are then
identified on the ozone isopleth diagram.

For EKMA to provide an upper bound for the maximum ozone, we require that
the ratio OBS/EST have a high probability of being in Region 2 or 3. Con-
versely, EKMA fails to produce an upper bound if there is a high probability
that the ratio falls in Region 1. The most desirable outcome is to have a
high probabiiity that the ratio falls in Region 2. We still get an upper
bound if the ratic falls in Region 3, but the bound is not sharp, because the
overprediction would be greater than 20 percent.

A question remains about what values would be acceptable for the proba-
bilities associated with the three accuracy regions. We have purposely
refrained from specifying any probability thresholds at this time, and will
let the data speak for themselves instead.

10



SECTION 3

EKMA EVALUATION FOR THE ST. LOUIS AREA

PATA REVIEW AND ANALYSIS

The St. Louis data were collected during the Regional Air Pollution Study
(RAPS) from May through October 197b. Twenri -five monitoring stations were
uscd during RAPS; their locations are shown in Figure 1. Four source-region
nmonitors (Sites 101, 105, 106, and 107) were selected to determine spatfally.
averaged 0600-0900 (CDT) NMOC and NO, concentrations. Meteorological data
used in the analysis were collected at a rural site south of St. Louis (Site
124). ’

Six monitoring stations that measured NMOC and NOyx were investigated to
determine whether they should h»e classified as source-region sites. The six
stations are 101, 102, 105, 1C6, 107 and 111. Figure ! shows that all are
within the metropolitan area. In relation to the downtown area, Sites }Jl and
105 are closest, Stations 106 and 107 are about 6 km west, Station 102 is
approximately 7 km north-northwest, and Station 111 is about 8 km south-
southwest. Table 2 compares the 0600-0900 (CDT) NMOC/NOy ratios at these
sites, showing range, mean, standard deviation, and median ratio. It is evi-
dent from Table 2 that Statlons 102 and 111 have similar ratios, which tend to
be lower than at the other four stations. Thus, Stations 101, 105, 106, and
107, which are closest to downtown St. Louis, show the highest mean and median
ratios; the difference in their mean ratios is not statistically significant,
Consequently, stations 101, 105, 106, and 107 were selected as the source-

region monitors that determine the spatially averaged 0600-0900 (CDT) NMOC and
NO, concentrations,

To defire the necessary conditions for high-ozone-concentration days, we
analyzed the relationship between ozone and precursor and meteorological vari-
ables. Figure 2 plots the maximum observed daily ozone concentration against
the maximum daily temperature recorded at the rural si{te. Overall, there is a
good linear correlation (r = 0.7). The data dictribution in Figure 2 suggests
that the envelope of the points may have an exponential form. Of particular
interest is that no peak ozone concentrations exceeding 100 ppb occurred when
the maximum temperature was below 24.0°C, However, as befits a necessary but
not sufficient condition, Figure 2 shows that a number of ozone maxima below
100 ppb were recorded on occasions when the maxinum temperature- exceeded 24°C.

The distribution of the maximum ozone concentrations as a function of the
ratio of the average 0600-0900 NMOC and NO, concentrations recorded at the
gsource monitors is shown in Figure 3. Ozone concentrations exceeding 100 ppb
occurred only when the NMOC/NO, ratio exceeded 5.0.

11
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TABLE 2. 0600-0900 (CDT) RAlL.S OF N.\‘IHC/NOx CONCENTRATIONS
FOR ST. LOUIS AREA

Station Range Standard Number

Number of Ratios | Mean Deviation | Median | of Ratios
101 0.5-61.6 9.4 S 7.4 8.1 110
102 | 0.2-39.0 | 5.5 4.1 5.3 104
105 | 2.7-26.1 | 8.5 4ol 7.3 89
106 0.3-56.4 | 9.2 6.0 7.9 121
107 2.2-29.1 9,2 3.6 8.5 149
11 0-79.2 | 5.1 7.3 44 118
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We also investigated several other variables to see whether they imposed
any restrictions on the occurrence of ozone levels above 100 ppb. Varfables
examined Iincluded cloud cover, dew point temperature, and wind sp2ed and
direction., For cloud cover, it was found that although the highest ozone lev-
els occurred on days when cloud cover was low, ozone concentrations exceeding
120 ppb were observed for all cloud cover conditions. Accordingly, cloud
cover was not used as a selection criterion. Similar negative findings apply
to dew poirt and wind direction.

DEFINITION OF EVALUATION DATA SET

Based on the analysis discussed previously, the selection criteria are:

e Maximum temperature higher than 24°C
e Ratio of NMOC to NO, greater than 5.0.

Two additional criteria were applied:*

¢ Time of maximum ozone > 1200 (LT)--A daily maximum that occurs before

noon indicates an unusual eveunt that probably canaot be predicted by
EKMA (EPA, 1977).

e Concurrent daily maximum 03 and 0600-0900 NMOC and NOy spatially aver-
aged over the source-region monitors are required. At a given moni-
tor, 0600-0900 NMOC or NO, was considered missing if data for two .
hours were missing. The spatially averaged 0600-0900 NMOC or NOy was
considered to be missing if more than half of the monitors have miss~
ing data.

The evaluation data set for St. Louls is listed in Table 3, which
includes the standard and city-specific ozone estimates. The number of cases
in the set is 100.

EVALUATION OF STANDARD EKMA

Comparison of Observed and Estimated Ozone

Figure 4 shows a scatterplot of 0BS as a function of EST. Of the 100
points plotted, four are in Region 1, 18 in Reglon 2, and 78 in Region 3.
Thus, 4 percent of the cases are underpredicted and the remainder satisfy the
inequality OBS < 1.2 EST.

The observed and estimated 03 depicted in Figure 4 are correlated: the
correlation coefficient is r = 0.49, and is highly statistically significant
(p < 0.0001). However, there is a falr amount of scattér. The regression
line relating OBS and EST, shown in Figure 4, is defined by ¢ = 0.232 EST +
74.4, where the standard error of estimate is s = 32.4, all the unite are ppb,

*These two criteria also apply to the other four cities.
16
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TABLZ 3. EVALUATION DATA SET FOR ST, LOUIS

Precursors Observed Maximum Ozone ZKMA Ogone Estimate (ppb)
Date NMOC H()z Max {oum ° Background Time Concentration
£1976) (ppbC)  (ppb) Temperature( C) 03(ppb) Statict.  (CDT) _(ppb) Standard City-Specific
11 May 265 41 27.5 74 24 1700 100 117 1C8
15 May 32 36 24.9 80 24 1500 80 124 112
22 May 318 37 30.7 98 25 1500 118 126 112
24 May 383 65 24.1 76 24 1700 96 151 126
29 May 882 83 28.5 106 21 1400 139 230 174
30 May m 13 29.6 76 14 1600 100 86 92
31 May 403 L8 26.3 47 23 1300 89 146 125
1 Jun 425 47 29.6 98 2% 1400 151 148 126
2 Jun 435 50 29.1 82 18 1700 93 152 128
3 Jun 508 63 27.7 86 24 1300 94 174 140
4 Jun 471 48 28.1 98 22 1500 98 155 130
S Jun 465 34 28.8 60 22 1700 91 136 120
6 Jun 504 50 30.9 107 14 1800 118 160 134
7 Jun 1856 . 187 32.5 137 22 1600 198 388 261
8 Jun 1111 75 33.9 115 15 1700 221 237 176
9 Jun 615 59 31.2 88 23 120¢ 121 181 146
11 Jun 601 66 3.4 91 15 1500 133 186 148
14 Jun 807 95 33.4 84 14 1800 93 277 174
19 Jun 186 28 26.2 55 2% 1500 69 92 95
21 Jun 1436 175 25.3 67 19 1400 86 345 240
22 Jun 947 145 28.1 86 21 1500 112 274 197

25 Jun 806 108 32.2 65 11 1200 154 239 179
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TABLE 3 (continued)

Precursors Observed Maximum Ozore EKMA Ozone Estimate (ppb)
Date RMOC NO_ Max{imum Background Time Concentration
(1976) {ppdC) (ppb) Temperature (°C) O3(ppb) Statfon  (CDT) (ppb) Standard City-Specific

26 Jun 552 76 33.6 107 22 1600 138 187 147
27 Jun 354 44 37.0 80 15 1300 116 135 118
28 Jun 698 63 33.3 58 16 1200 90 193 153
29 Jun 333 66 29.7 57 22 1700 74 »78 143
30 Jun 299 36 25.2 54 24 1600 [th} 120 110
1 July 697 103 30.6 61 9 1600 112 221 167
4 July 225 28 29.7 67 20 1200 89 100 99
7 July 504 66 31.5 80 14 150¢ 103 174 140
8 July 289 34 3.0 n 18 1700 141 117 108
9 July 357 3¢ 33.2 2 14 1200 112 143 122
10 July 275 23 24.8 50 15 1400 102 101 101
12 July 146 13 34.8 60 10 1600 105 68 83
13 July 228 45 32.2 106 14 1600 223 121 103
17 July 691 83 27.9 55 5 1600 85 211 162
18 July 587 70 30.6 102 21 1600 126 188 149
19 July 951 56 30.9 83 22 1300 148 202 155
20 July s 60 3%.3 63 w1200 7% 161 133
21 July 337 46 34.7 31 15 1300 108 134 117
22 July 487 68 36.6 73 16 1600 107 172 139
23 July 451 &b 37.4 36 23 1500 141 148 127
24 July 147 14 38.4 87 18 1500 112 70 84
25 July 324 48 35.1 93 20 1500 126 133 116
27 July 516 69 3.1 69 22 1700 121 177 142
29 July 383 M 29.1 145 20 1600 155 140 121

30 July 1216 98 35.1 93 8 1300 170 270 196
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TABLE 3 (continued)

Precursors Observed Maximm Ozcne ERMA_Ozone Estimate (ppb)
Date NMOC  NO, Maximum Background Time Concentration
1976) (PpbC) (ppd) Temperature(°c) _ Oj(ppb)  Station (CDT) (ppb) Standard City-Specific
1 August 203 26 26.6 55 18 1600 70 94 96
2 August 435 58 27.4 68 14 1700 80 158 131
3 August 101 83 28.6 90 19 1600 145 £33 162
& August 707 101 28.9 100 14 1300 147 222 168
S August 387 64 31.3 82 14 1209 13 152 126
6 August 442 &4 28.0 n 24 1600 103 147 126
7 August 285 35 26.1 66 24 1600 86 117 108
8 August s 3] 27.5 90 23 1800 124 126 114
11 August 701 99 33.2 82 13 1410 117 229 173
12 August 622 65 35.3 68 17 1400 165 188 © 149
13 August 728 86 33.7 109 9 1200 180 216 166
14 Auguet 265 30 31.5 84 19 1400 160 109 104
16 August 484 38 28.4 68 21 1400 93 165 136
17 August 819 76 28.3 76 25 1700° 148 217 167
18 August 967 100 29.2 92 23 1600 168 252 187
19 August 808 96 30.6 83 25 1600 133 233 175
20 August 1320 141 32.3 95 21 1500 127 314 221
21 August 1326 114 53.7 105 14 1500 169 293 209
22 August 3ls 43 3.6 89 18 1300 128 128 114
23 August 1432 159 3.3 88 20 1200 156 336 235
24 August 1704 127 33.3 112 20 1200 176 329 224
25 August 1330 1s8 33.1 111 15 1400 192 325 228
29 August k73 44 29.6 64 10 1400 7 130 113
30 August 542 33 28.9 68 22 1500 109 170 139

31 August 833 112 30.0 75 24 1300 130 245 181
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(eb)  (ppb)
1038 105
529 38
N 61
392 27
639 50
483 42
697 84
893 63
737 102
735 76
900 90
1076 103
1010 106
454 63
2053 189
1267 118
359 42
nz 97
424 63
694 86
659 41
348 93
1884 210
2058 302
1088 150

Maximum
Temperature (°C

29.1
29.7
27.2
35.0
29.8
29.9
1.3
1.4
25.2
26.9
30.3
.4
30.2
27.3
28.6
LS
31.9
24.4
27.2
235.%
27.9
25.7
31.5
33.4
3G.5

TASLE 3 (continued)

Background
—O4(ppb)
104
74
80
67
59
82
72
63
52
60
41
82
78
68
70
7%
54
53
58
56
52
61
78
81
105

Station

18
21
22
18
18
18
18
21
10
22
22
14
18
25
12
15
14
18
25
18
18
23

2
13
14

Time
‘CDT]
1200

1600
1500
1400
1500
1700
1400
1300

- 1300

1400
1400
1600
1600
1600
1300
1400
1300
1400
1600
1600
1200
1500

1500

1700
1300

Observed Maxioum Ozone .

Concentiation
—fppb)
13

109
126
149
11
107
114
107

99
117
118
107

94
188
132

91

75
106

80

)
102
244
186
125

268
171
179
132
173
149
211
211
227
211
237
264
261
164
403

156
222
160
212
162
192
405
528
295

EKMA Ozone Estimate (ppb)

Standard

City Specifie
193

139
1464
117
142
127
162
163
173
162
178
193
151
13%
267
209
132
168
131
163
13%
148
272
33
210



o

12

TABLE 3 (concluded)

Opserved Maximum Ozone

EKMA Ozone Egtimate

Maximun Background Time Concentration

TemErntureggcl __Ozgggbz Station (CDT) {ppb) Standard City-Specific
29.1 83 18 1300 104 191 150
29.7 73 22 1300 78 258 189
29.7 51 18 1500 58 217 164
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and ¢ represents the value of 0BS obtained from the regression line. The ten
dency of EST to overestimate OBS is reflected in the value of the slope of th
regression line. The regression liane implies that, on the average, %/EST >
1.2 for EST < 77 ppb, and /ST < 1.2 otherwise. However, the regression lim
serves orly as a rough guide to the location of a point in one of the three
regions of Figure 4: We want to know the probability that a point is located
in a particular region as a function of NMOC and NO,. This will be examined.
in cconection with the definition of the accuracy reglons of the NMOC-NO,
plane.

The four points located in Region 1 (see Figure 4) are distinguished by
having very low concentrations of NMOC or NOyx. Table 4 shows the 0600-0900
NMOC and NOy levels at the individual monitoring sites and the corresponding
spatial averages. (The spatial averages also appear in Table 3). For all the
days in the evaluation data set, the spatially averaged NMOC range from 146 tc
2858 ppbC and have a mediun concentration of 577 ppbC. Ranked in order of
increasing concentration, the four NMOC spatial averages in Table 4 were
lowest (146), second lowest (147), sixth lowest (228), and eighth lowest
(265), where the number in parentheses is the NMOC concentration. WNO, ranged
from 13 to 302 ppb, with a median level of 65 ppb. The NO, spatisl averages
in Table 4 ranked lowest (13), second lowest (14), ninth lowest (30), and 27t}
lowest (45). The levels of both NMOC and NOy for 12 and 24 July vere the
lowest in the evaluation data set. Sites 101 and 107 are solely responsible
for the low NOy on these two days; the NOy data are missing for the other two
sites. This raises the possibility that Sites 101 and 107 may not be
representative of the areawide NO, level on these two days; the same argument
applies to NMOC.

Table 4 shows that on 13 July the EKMA estimate underpredicted the
obcerved value by a large margin. In this case the problem appears to be the
NMOC rather than the NOy. As Table 4 shows, Site 101 reported a very low NMOC
of 41 ppbC while the NO, was 48 ppb, for a2n NMOC/NO, ratio of 0.85. [This low
ratio does not vioclate our _ata selection criterion (NMOC/NOx > 5) because the
criterion pertains to the spatially averaged WMOC and NO,, not to the indivi-
dual monitoring sites.] Such a low ratio i{s unusual and suggests that this
NMOC measurement at Site 101 may be incorrect. The low value of NMOC causes
the spatial average to be low, which in turn produces a low ozone estimate.
This situation recurs on 14 August, when Table 4 shows that Site 105 reported
a relatively high value of NMOC, but that Site 106 has a very low value. The
latter site also has a very low NMOC/NO, ratio.

All four cases of substantfal underprediction are associated with data of
questionable reliability; but, because vagaries in the data will always occur,
these four cases will be retained and used in subsequent analyses.

Relationships Between the Variables

Table 5 showe the correlation coefficients for selected variables in the
St. Louis evaluation data set. NMOC and NOyx are highly correlated; the impli-
cations of this relationship will be discussed below. The tabls shows that
EST is highly correlated with NMOC and NOx. This is expected, because it
reflects the strong correlation between NMOC and NOx. However, the
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TABLE 4. SELECTID 0600-0900 MMOC AND NO CONCENTRATIONS*

AT SOURCE-EZGIOH MOJITORING SITES fh ST. LOUIS

Monitoring Site

Spatial Ozone (ppdb)
lO% 105 106 107 Average Standard ERTA
Date NMOC N.Ox NMOC NOx NMOC NOx NMOC NOx NMOC NOx Observed Estimate
12 Jul | 115 13 270 — | ——- - 53 13 146 13 105 63
13 Jul | 41 48 — —= | 273 - 371 43 228 45 223 121
24 Jul 50 14 — —_— | —— - 245 15 147 14 112 70
14 Aug | === - 501 - 29 23 —_— 38 265 30 160 109

*NMOC in ppbC NO, and

ozone in ppb.

Dashes denote missing data.




TABLE 5. MFANS, STANDARD DEVIATIONS AND CORRELATIONS
FUR SELECTED VARIABLES IN THE ST. LOULS EVALUATION DATA SET

se

Cotrelatfon Coefficient”
Standard Maximum Background
Variable Mean Deviation | NO 1/8M0C IMO, | Temperature 03 0BS estt 055/5%:4
NMOC  (ppbC) 690. 6 448.1 0.93 -0.172 -0.63 -— 0.27 0. 54 0.98 =N, 49
KO, (ppb) 76.5 46.1 ~0.69 -0.70 - 0.23 0.44 0.97 -0.55
1/moc (ppr-l ) 0.0020 0.0013 0.90 - «0.19 ~0.31 | <0.79 0.72
lINOx (ppb'l)‘ 0.0180 0.0118 - -0.20 -0.26 | =0.74 0.7)
Maximum temperature (°C) | 20.¢ 3.2 0.30 0.47 | 0.09 0.35
Background Oy (ppb) 78.0 19.6 0.63 0.27 0.22
0BS (pph) 119.9 37.0 0.49 .0.32
EST (ppt) ¥ 196.0 3.4 ~0.38
1 ons/est 0.676 0.280 1.0 _J

t
*All correlations significant at the 0.05 level or Letter. TCashes denote that correlation
i{s not statistically significant.

tStandard-ERIA est toate.



correlation between OBS and NMOC and OBS and NOx is not high; the coefficients
are 0.54 and 0.44, respectively. The variables 1/NO, and }/NMOC correlate
best with the ratio OBS/EST, the former being slightly better. Temperature
correlates best with observed 03, which reflects the indications of Figure 2.
There ic no statistically significant correlation between temperature and
NMOC, NOy, their respective inverses, and EST.

The scatterplot of NO, and NMOC concentrations (Figure 5) shows the com-
binations of these precursors represented in the evaluation data set. The
shaded reglon of the scatterplot is excluded from consideration by the selec-
tion criterion of NMOC/NOy greater than 5.0. Figure S provides graphic evi-
dence of the high correlation between NO, and NMOC (r = 0.93).

The strong linear relatlionship between NMOC and NOy indicates that the
source-region sites are influenced by sources with a relatively uniform
NMOC/NOy, ratio. Such uniformity suggests that area sources, mainly mobile
sources, are the primary contributors of NMOC and NO, in the area of central
St. Louis during 0600-0900.

As 1is evident in Figure 5, the interdependence of NMOC and NO, causes the
points to fall along a narrow band. This limits the reginn of the EKMA
diagram in which the evaluation can be performed. In this region, NMOC varies
from 146 to 2,858 ppbC and NO, from 13 to 302 ppb. This region may be defined
by the 95-percent confidence band for the linear regression of NO, on NMOC.
The fitted regression equation is

NO, = 10.4 + 0.0958(NMOC),

where NOy 1s in ppb, NMOC is in ppbC, and the scandard error of estimate is

8 = 16.8. The upper and lower boundaries of the region are defined by the
lines NOy +1.968. In what follows, we will refer to the region bounded by
these lines as the evaluation region. (To be technically correct, the confi-
dence limits drawn on the scatterplot should be concave arcs rather than
straight lines; however, the amount of curvature i{s small and the straight-
line approximation is satisfactory for this application.)

As Table 5 indicates, the OBS/EST ratio correlates Lest with the variable
1/NOx. The 3catterplot of OBS/EST and 1/NOx (Figure 6) shows a nicely corre-
lated linear relationship (r = 0.730) that is well behaved, because the resi-
dual variance about the fitted regression line appears to be constant. The
fitted regression line 18 OBS/EST = 0.365 + 17.3(1/NOy;), where NOx 18 in ppb,
and the standard error of estimate is 8 = 0.193, This regression line {is
plotted in Figure 6.

Because NO, and NMOC are correlated, the relationship between OBS/EST and
1/MM0C is similar to that with 1/NOy, but, as Table 5 shows, the correlation
coefficient is slightly smaller for 1/NMOC. These dependenciis will be
exploited in the next section to derive a multiple regression equation for
OBS/EST as a function of several variables.
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Definition of Accuracy Regions

To define the accuracy regions, and assoclated probabilities, in the 03
isopleth difagram, a multiple regression equation uvas derived for the OBS/EST
ratio as a linear function of 1/NO,, 1/NMOC, daily maximum temperature (T),
and background ozone (B0O3). The equation is:

OBS/EST = -0.628 + 8.68(1/N0y) + 99.23(1/NMOC)
+ 0.00451(B03) + 0.0196(T) (2

where NOy; and BO3 are in ppdb, NMOC in ppbC, and T in %C. All the coefficient:
of the regression are statistically significant (p < 0.005); the multiple
regression coefficlent is 0.86, and the standard error of estimate is

S = 0.1"6-

Using Eq. 2, we can estimate the probability that OBS/EST > 1.2, or
0.8 < OBS/EST € 1.2, or CBS/EST < 0.8 as a function of NMOC end NOy for any
specified values of BO3 and T. This is fllustrated below.

Following the notation of Section Two, define R = OBS/EST, R; = 1.2,
Ry = 0.8; denote Eq. 2 by R = F(NOy, NMOC, BO3, T); and let P(R £ Rj) = proba
bility that R < Rj, j=1,2. Then

[Rj - F(NOx,NMOC,B03,T)]

P(R < R3y) = §
L Ry - o

where ¢ 1s the cumulative normal probability distribution function and s =
0.146, the standard error of estimate of Eq. 2. Then we can use Eq. 1 in con
junction with Eq. 3 to calculate the probability that the ratio R = 0BS/EST 1.
located in one of the three accuracy regions, 1.e. P(R > 1.2), P(0.8 < R £
1.2), and P(R < J.8). The procedure is simple: First, fix BO3 and T by, for
example, setting them equal to their mean values, which were defined in Table
5. Thus, B0O3 = 78.0 ppb, and T = 30.4°C. Substituting these values in Eq. 2
yields

F(NO,,NM0C,78.0,30.4) = 0.3196 + 8.68/NOy + 99.23/(NMOC) (4
Equation 4 is then substituted in Eq. 3 to obtain the desired probabilities.

Figure 7 shows a plot of the probability as a function of a new variable
Z = 8.68/NOy + 99.23/NMCC. Using Figure 7, one can calculate the probability
associated with each accuracy region for a given (NMOC, NOy) pair. In gen-
eral, Figure 7 indicates that there is a high probability of overprediction
[f.e. P(R<0.8)] when NMOC and NOy are large (which corresponds to low values
of Z). It is also 2pparent from Figure 7 that there is a high probability of
underprediction [t.e. P(R > 1.2)] for low values of NMOC and NOx. Relatively
accurate predictions occur in the interval 0.56 < Z < 0.80, where P(0.8 < R £
1.2) varies between 0.70 and 0.83, the maximum probability of 0.83 occurring
in the neighborhood of Z = 0.68.
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0 0.2 0.4 0.6 0.8 1.0 .2
Z = 8.68/NO, +99.23/NMOC

Figure 7. Accuracy probability plot for standard-EKMA ozcne estimatcs for St. Louis.
Mean values are assumed for background ozone and maximum daily temperature.
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Civen specific values of: NMOC and NO,, it is easy to compute the.
corresponding value of Z to find the probability in Figure 7. Figure 8 com-
plements Figure 7 by showing the values of NMOC and NO, that correspond to
selected values of Z. Figure 8 also displays the evaluation reglon for NMOC
and NO, that was previously defined in Figure 5. Each constant-Z curve. in
Figure 8 can be related to the probability plots of Figure 7; for example, th
shaded acea in Figure 7, which corresponds to the interval 0.56 < 2 3'0.80,
maps into the shaded area of Figure 8, which defines the values of NMOC and
NOy that are associated with the most accurate predictions. High probabili-
ties of overprediction, where P(R < 0.8) > 0.70, occur for 2 < 0.3; these
curves are seen in Figure 8 to be linked to high values of NMOC and NOy. A
high probability of underprediction occurs for Z > 1.0; Figure 8 shows that,
this is a very small area within the evaluvation region.

In view of the above, the standard-EKMA ozone estimate can be considered
to be an upper bound for the observed daily maximum in the region defined by
Z < 0.8 in Figures 7 and 8. 1In this region, the probability that R { 1.2 is
approximately 0.7 at Z = 0.8 and increases rapidly for Z < 0.8.

The effect of changing BO3 and T is shown in Figure 9, which contains
probability plots similar to those in Figure 7 but with BO3 and T set to their
respective mean value plus two standard deviations, viz., BO3 = 117 ppb and T
= 37°C. Comparison of Figures 7 and 9 shows that the higher B03 and T have
shifted the location of the probability curves to the left, the shift causing
the curves for P(R < 0.8) and P(0.8 ¢ R { 1.2) to be truncated for Z £ 0.1,
The new location of the probability curves implies that accurate predictions
are most likely in the interval 0.25 < Z € 0.49, with the maximum located
approximately at Z = 0.37. Referring to Figure 8, it can be seen that within
the evaluation region the area corresponding to 0.25 € 2 < 0:49 is larger than
the shaded area, However, in Figure 9 underptediction is most likely to occur
for 2 > 0.65, and the corresponding area in Figure 8 is larger than the under-
prediction region associated with Figure 7. In Figure 9, the standard-EKMA
ozone estimate can be considered an upper bound of the observed daily maximum
for 2 < 0.49, whereas in Figure 7 it was for Z < 0.8.

In general, increasing either BO3 or T, or both, will shift the probabil-
ity curves to the left. This lowers the probability of overprediction,
expands the area of highest accuracy, and increases the area where the likeli-
hood of underprediction is high. Lowering BO3 or T shifts the probability
curves to the right, thus reversing the effect associated with the leftward
shift.

EVALUATION OF CITY-SPECIFIC EKMA

City~Specific Ozone Estimates

The EKMA computer program was run using the input listed in Table 6 to
generate city-specific (C-5)0; estimates for St. Louis. Table 3 lists the
values of the C-S ozone estimates, hereafter denoted by CS03., The date shown
in Table 6 was used to calculate CSO3 because the highest observed ozone level
in the evaluation data set occurred on that date (cf. Table 3). The inversion
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Figure 8. Plot of constant-Z curves on NMOC-NO, plane for crandard-EKMA estimates
for St. Louis. Shading denotes area where ozone estimates are most accurate,
assuming average conditions for temperature and background ozone.
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Z = 8.68/NOy + 99.23/NMOC

Figure 9. Accuracy probability curves for standaid-EKMA evaluation for St. Louis.
Background ozone equals 117 ppb and maximum temperature equals 37°C.
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TABLE 6. SUMMARY OF INPUT PARAMETERS FOR OBTAINING
CITY-SPECIFIC EKMA OZONE ESTIMATES FOR ST. LOUIS

Parameter Value
Date 1 October 1976
Location Latitude 38.4°N,

Longitude 90,15°W

Inversion heigut data

Initial height (m) 400
Final height (m) 1500
Start time of rise 0900
Ending time of rise 1300

Post-0800 hourly NO, and NMOC
hourly emissions fractioms
by ending hour

0900 0.24
1000 0.21
1100 0.09
1200 0.09
1300 0.06
1400 0.03
Reactivity, N02/N0x 0.59

Background ozone
concentration (ppm) 0.092




height data represent an average estinated from several duys of temperature
scundings. Post-0800 emissions fractions are average values calculated from
trajectories for the five days with the highest observec ozone in the evalua-
tion data set. The /NOy ratio and the background ozone level are the uean

values of these quantities for all the days in Table 3 for which the observed
ozone exceeded 120 ppb.

The C-S and standard-EKMA ozone estimates are highly correlated. Figure
10 shows a scatterplot of CS03 and EST, where EST denotes the standard ozone’
estimate. The correlation coefficient is r = 0.99; the regression line is
CS03 = 0.563(EST) + 42.8, where the standard error of the regression is
8 = 1.65, and the units are ppb., The fitted line implies that the ratio
CSO03/EST < 1 for EST > 98 ppb and that CSO3/EST > 1 for EST < 98 ppb. The
presence of a statistically significant intercept in the regression line indi-

cates that the location of the C-5 isopleths has been shifted with respect to
the standard-EKMA isopletts.

Comparison of Observed and City-Specific Ozone Estimate

Figure 11 shows a scatterplot of OBS as a function of CS03., Of the 100
cases, eight are in Region 1, 36 are in Reglon 2, and 56 are in Region 3. By
contrast, 4 percent of the standard-EKMA estimates were located in Region ],
18 percent in Region 2, and 78 percent in Region 3. Thus, although the C-S.
estimates tend to underpredict the observations more frequently, the fraction
of cases in Region 2 for the C-S method is twice that for the standard EKMA.
Overall, the percentages of cases satisfying the inequalities OBS/EST < 1.2
EST and 0BS/CS03 < 1.2 were 96 and 92 percent, respectively, which is a rela-
tively small difference. Hence, the C-S estimates also produce an upper bound
for the observed ozone, but more cases are underestimated.

As was the case with EST, OBS and CS03 are correlated. The correlation
coefficient 1s r = 0.49, and is highly statistically significant., The regres-
sion line relating OBS and CSO3 is plotted in Figure 11, and is defined by
0BS = 0.407(CS03) + 32.5, where the units are ppb, and the standard error of
the regression is s.= 32,5 ppb. Figure 1l shows that the estimates obtained
from the regression equation always are in Regions 2 and 3 for CSO3 > 83 ppb.

The eight points in Region 1 of Figure 11 include the four points in
Region 1 of Figure 4 and four additional pcints for 8 June, 8 and 29 July, and
4 September. Two of the points in Region 1 of Figure 11 appear to have NO,
levels that are considerably lower than would be expected for the concurrent
NMOC concentration., One of the two points in question is 8 June, which has
NMOC = 1,111 ppbC and NO, = 75 ppb., The NMOC level is one of the highest in
the evaluation data set, ranking 87th out of 100, where the rank increases
#ith Increasing concentration. By contrast, 75 ppb ranked 60th among all the
NOx values, and is more than two standard errors smaller than-the NO, esti-
rated from the regression equation relating NOy and NMOC (see’ Figure 5). The
latter is also true for 4 September, which has NMOC = 592 ppbC and NOy = 27
ppbe In this case, NMOC ranked 52nd, but NO, ranked sixth. The NMOC and NO,

levels for the remaining two points (for 8 and 29 July) appear to be con-
sistent with each other,
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.Relationships Between the Variables

Table 7 shows the means, stardard deviations and pairwise correlations
for the variables of interest; the table is abbreviated because some of the
information was previously presented in Table 5. As with the standard-EKMA
ozone estimate, CSO3 is strongly correlated with NMOC and NO,. The table alsc
shows that €SO3 is correlated with background 03, although the correlation is
low. The ratio OBS/CSO3 correlates best and about equally well with 1/NO, and
1/NMoC, followed by waximum daily temperature.

Definition of Accuracy Reglons

A multiple regression equation was derived for OBS/CSO3 as a fhnction of
1/8M0C, daily maximum temperature (T), and background 03(B03). The equation
is

0BS/CS03 = -0.584 + 118.39(1/NMOC)
+ 0.0241(T) + 0.00543,B03) (5)

where the units are as defined in Table 7., All the regression coefficients
are statistically significant (p < 0.002), the multiple regression coefficient
is 0.74, and the standard error of the regression is 0.182. In contrast to
Eq. 2 for OBS/EST, the variable 1/NO, does not appear in the regression. The
stepwise regression procedure attempted to include-1/NOy, but its. coefficient
was not significant at the 0.05 level; NOy, was also tried with the same
result, Equation 5 also has a smal}er multiple regression coefficient, 0.74,
compared to 0.86 for 2q. 2. Hence, Eq. 5 explains a smaller fraction of the
variance than does Eq. 2. Moreover, the standard error for Eq. 5 (s = 0.182)
i8 greater than that for Eq. 2 (8 = 0.146).

Using Eq. 5, we plotted the accuracy prubabilities as a functiou =f
Z = 118.39/3M0C after setting T = 30.4°C and BO3 = 78.0 ppb, which are their
respective means; the plot is shown in Figure 12. Complementing Figure 12, a
family of lines for several values of Z is displayed in Figure 13, which also
shows the evaluation region in the NMOC-NO, plane.

Figurc 12 shows that there is at least a 75 percent probability of satis-
fying the inequality R < 1.2 for Z  0.50, which is the area to the left of
the dashed vertical line shown in Figure 12. Tho area of Figure 12 in which
Z < 0.50 cciresponds to the region of Figure- 13 in which NMOC > 237 ppbC; the
left boundary of the shaded area in Figure 13 1is the line NMOC = 237 ppoC.
Thus, inside the evaluation region of Figure 13, (NMOC, ROy) combinations -
within and to the right of the shaded area have at least a 75-percent proba-
bility of producing an ozone estimate that is an upper bound for the cbserved
daily maximum ozone,

The shaded area of Figure 12 18 the region where the probability P(0.8 <
R < 1.2) attains its highest values, hence it is associated with ozone esti- -
mates that are most likely to be accurate. Within the shaded area, the vari-
able Z varies from 0.35 to 0.50, and P(0.8 { R { 1.2) varies from 0.70 to
0.73, reaching its maximum value of 0.73 in y the | neighborhood of Z = 0.43, The
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TABLE 7. MEANS, STANDARD DEVIATIONS, AND

CORRELATIONS

FOR CITY-SPECIFIC EKMA EVALUATION FOR ST. LOUILS
Correlation®
Standard
Variable Mean Deviation | CSO3 0BS/CS03
NMOC (ppbhC) 690.6 448.2 0.97 -0.34
NO, (ppb) 76.5 46.1 0.97 =0.41
1/amMoc (ppbc~l) 0.0020 0.0013 | -0.79 0.49
1/No, (ppb~1) 0.0180 |  0.0118 | -0.74 0.49
Maximum .
temperature (°C) 30.4 3.2 - 0.41
Background 04 (ppb) 78.0 19.6 0.26 0.38
0BS (ppb) 119.9 37.0 0.49 0.55
CS03 (ppb) 153.2 44.1 1.0 =0. 42
08S/CS03 0.814 0.266 ~0. 42 1.0

*Significant at the 0.05 level or better. Dashes indicate

correlation is not statistically significant.
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Figure 12. Accuracy probability plot for city-specific EKMA ozone estimates for St. Louis.
Mean values are assumed for background ozone and maximum daily temperatures.
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Figure 13. Plot of constant-Z lines on NMOC-NQ, plane for city-specific EKMA estimates
for St. Louis. Shading denotes area where ozone estimates tend to be most
accurate, assuming average conditions for maximum temperature and background ozone.
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shaded area of Figure 13 corresponds to that of Figure 12. Inside the shaded
area of Figure 13, NMOC is defined by 237 { NMOC < 338 ppbC, and NOy is lim-
ited by the boundaries of the evaluation region. Thus, (NMOC, NOy) combina-
tions in the shaded area of Figure 13 are associated with the C-S ozone esti-
mates most likely to be accurate,

The maximum value of P(O. 8 < R < 1.2) in Figure 7 is higher than that in
Figure 12--the respective mexima being 0.83 and 0.73--largely because the
standard deviation for Eq. 2 is smaller than that for Eq. 5 (s = 0.146 and
8 = 0.182, respectively). The smaller standard deviation yields a narrower
and taller prohability curve for Eq. 2 (cf. Figure 7) in comparison with  that
of Eq. S (see Figure 12).

Comparison of Figures 8 and 13 shows that the location of the shaded avea
has been shifted upward in Figure 13. As a result, the vaiues of NMOC and NOx
associlated with the ozone estimates most likely to be accurate are lcwer for
the standard EKMA (Figure 8) than for the C-S case (Figure 13). The relative
placement of the shaded area in Figures 8 and 13 is also indicative of the
difference in the predictive performance of standard and C-S EKMA. Thus,
overprediction is more common for the standard than for C-S EKMA, as reflected
by the size of the region above the shaded area in Figure 8. This situation
15 reversed in the case of underprediction; the region below the shaded area
is smaller in Figure 8 than in Figure 13.

DISCUSSION

The results presented above indicate that both standard and C-S EKMA can
be used to obtain ozone estimates that are upper bounds for the observations, -
where the upper bound criterion is observed 03 { 1.2 estimated 03. Moue pre-’
cisely, an estimate has a high probability of being an upper bound if its
(NMOC, NOy) coordinates fall in certain specific areas of the NMOC-NO, plane
(see Figures 8 and 13). In general, high NMOC and NOy lead tc upper bound
estimates, and low NMOC and NOx to underestimates, in which observed
03 > 1.2 times estimated 03.

The analysis showed that, within certain bounds, the standa<d EKMA can be
used to provide realistic estimates of maximum ozone levels for the St., Louis
area. Three regions of predictive accuracy were defined wherein the ratio of
observed to estimated vzone is greater than 1.2 between 0.8 and 1.z, and less
than 0.8. Of the 100 esti.ates, 78 fell in the tuird region, which is indica~-
tive of substantial overprediction (as expected)., Eighteen estimates fell in
the second region, where EKMA is accurale to within 420 percent, indicating
that reasonably credible estimates can be obtained with the standard FKMA.
Four cases fell in the first region, where an underestimate occurs, which sug-
gects that the standard EKMA could be used as a screening tool with the expec-
tation that there is a low probability that its predictions would be exceeded.

The C-S EKMA’s ozone estimates were generally more accurate than the
standard FKMA’s. Thus, although the C-S EKMA also produced upper bounds for
the observaticns, 36 percent of the C-S estimates fell in the region where
0.8 < observed/estimated £ 1.2, compared to 18 percent for the standard-EKMA
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estimates. However, the C-S EKMA displayed a greater tendency to underesti-

mate the observations than did the standard EKMA (8 percent compared to 4 per
cent, respectively).

The accuracry regions for the standard-EKMA estimates were shown to be
functions of NMOC, NOy, background ozone, and maximum daily temperature,
Thus, to define the accuracy regions on the NMOC~NO, plane it is necessary to
aseign a value to background ozone and temperature. One of the two examples
presented used mean values for these two quantities (cf. Figures 7 and 8); th
other used the mean value plus two standard deviations (cf. Figure 9). These
two examples demonstrated how the accuracy reglons are Jefined and mapped on-
the NMOC-NO, plane. They also showed the effect of changing the background
ozone and temperature on the position and size of the accuracy regions. When
applied to a particular problem, it is desirable to tallor the accuracy
repions to the specific prevailing background ozone and temperature. Having
defined the values of these two variables, it is a simple matter to use Eq. 2
and 3 to generate a plot similar to Figure 7. In so doing, care must be takei
to use values of background ozone and temperature that fall within the range
of values shown in Table 3, because these were used to derive Eq. 2. " Similar

cons iderations apply to the accuracy regions associated with :ﬁe‘c-s ’
estimates.

In discussing the probability P(0.8 < R € 1.2) in connection with Figuree
7, 9, and 12, we used 0.70 as the minimum probabllity that defines the region
where the ozore estimates are most likely to achlieve the highest accuracy.
The value of (.70 was selected because we desired to have & relatively high
probability of being in the high-accuracy region, but not one go high that the
size of the region would be minuscule. Examination of Figures 7, 9, and 12
suggested that 0.70 would be adequate. For another problem, it may be more
appropriate to use some other probability threshold to define the boundaries
of the high~accuracy region.

43



SECTION 4

EKMA EVALUATION FOR THE HOUSTON ARFA

DATA REVIEW AND ANALYSIS

The data used were collected during the Houston Area Oxidant Study (HAOS
and the Houston Oxidant Modeling Study (HOMS). The RAOS data span the period
Hay-Qctober 1977; the HOMS data cover about one month, from 15 September
through 12 October 1978. Comprehensive analyses and descriptions of these tw
data bases are found in the references given in Table 1.

Analysis of the Houston data did not reveal any strong linear correla-
tions between maximum ozone and other pollutants or meteorologic4l parameters
The low correlation between peak ozone concentration and daily maximum tem-
perature can be explained by the consistently high daily maximum temperature
observed in the Houston area during the period of interest. The best correlz
tion (r = 0.53) was found between the maximum ozone concentration and the
difference between the daily maximum temperature and the morning minimum tem—
perature, where the latter is defined as the lowest temperature between mid-
night and 0800. A low but statistically significant correlation was found
between maximum daily ozone with daily peak hourly solar radiation and with
the 1000~-1400 averaged solar radiation values for the HAOS data. The data
also suggest that there is a mininum level of solar radiation that must exist
for high ozone concentrations to occur (Maxwell, 1981).

Five moritoring sites, located at Aldine, Mae Drive, Crawford, Clinton,
and Parkhurst, were selected as source-region monitors that define the '
0600-0900 (CDT) NMOC and NO; concentrations. The analysis that led to this
selection was previously reported by Ludwig and Martinez (1979). Briefly, th
analysis showed that these five sites have similar NMOC/NOx ratios, and that
mobile source emissioas predominate during 0600-0900.

DEFINITION OF EVALUATION DATA SET
The rcview of the HAOS data showed that NMOC and -NO, measurements were

very sparse during the perliod August-October. As a result, the HAOS evalua-
tion data set is almost entirely composed of data for the period May-July
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1977. Other data availability considerations also reduced the size of the
HOMS evaluation data set. The criteria used to select Houston test days for
evaluating EKMA are as follows:

e Maximum daily temperature at least 24°C.

e Difference between maximum and morning temperature greater than 6°C.
e 0600-0900 areawide average NOy at least 36 ppb.

® Average 1000-1400 solar radiation at least 0,22 ly/min,

(Recall that the conditions represented by these criteria are always present
when the daily maximum ozone is at least 100 ppb.) The fourth criterion was
applied only to the HAOS data, because no solar radiation data were available
for the HOMS. A few days were discarded because thunderstorms or rain shower
preceded the time of the ohserved peak ozone concentration. Other days were
rejected because the ozone maximum occurred beforé 1200. Missing values of
the area-wide average 0600-0900 NOy concentration resulted in more days being
discarded than did any other criterion.

The HAOS and HOMS evaluation data setc are shown in Tables 8 and 9,
respectively. The number of days in the HAOS data set is 61; the HOMS data
set contains 17 days. (A complete evaluation of EKMA could not be performed
using the HOMS data set because of its small size.)

The performance of the EKMA was investigated separately using the HAOS
and HOMS data because the two data sets differ significantly in several
aspects., The NMOC and NOy concentrations in the HAOS data set (Table 8) are
generally lower than in the HOMS data set (Table 9). The mean NMOC is 987.4
ppbC for Table 8 (with s = 545.0) and 2368.9 for Table 9 (with s = 1148.3).
The difference between these two means is highly statdstically significant.
The same 1s true for NOy, whose mean value Js 89.5 ppb for Table 8 (with
8 = 56.0) and 139.2 for Table 9 (with s = 86.6). Another important differenc
is that the network of ozone monitors used in the HAQS was not the same as
that used in the HOMS, although the two networks overlapped.

EVALUATION OF STANDARD EKMA

Comparison of Observed and Estimated Ozone

Figure 14 shows a scatterplot of OBS and EST for the HAOS data set,
Region 1 contains two points, Region 2 has 11, and Region 3 has 48. (One of
the points in Region 2 is plotted just below the line OBS = 0.8 EST.) Thus,
about 3 percent of the cases are underpredicted, and the remainder sstisfy tt
inequality OBS { 1.2 EST. These percentages are similar to those previously
obtained for the RAPS data (see Figure 4).

The observed and estimated vzone for the HOMS data set are compared in
Figure 15. The figure shows that there are no points in Region 1, one point
in Region 2, and the rest are in Region 3. The pattern of substantial over-
prediction depicted in Figure 15 is a consequence -of the high values of NMOC
and NOy in the HOMS data set. The single point in Region 2 of Figure 15
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TABLE 8.

EVALUATION DATA SET FOR HOUSTON:

RAOS DATA

1970
| (19

Date

1 May
2 May
3 May
4 May
6 May
7 May
8 May
9 May
12 May
19 May
20 Ma;
23 Hay
25 May
21 May
28 May
29 May
31 May

1 Jun
2 Jun
3 Jun
4 Jun
5 Jun
6 Jun
8 Jun
9 Jun
10 Jun
12 Jun
13 Jun
16 Jun
17 Jun
18 Jun
21 Jun
23 Jua
24 Jun
27 Jun
28 Jun

Solar Radlauon.

Precursors Tecperature (°C) 1000-1400 bserved Maxioum Ozone EKMA Ozone Estimate (ppd)
NMOC nox Daily Morning Average Station Time 03 City=-
(ppdC) | (ppd) | Maxiomum | Minimum (1y/min) Naze (cDpT) | (ppdb) | Standard Specific

330 57 27.1 17.8 - 0.68 Parkhurst 1500 79 137 58

470 53 29.4 20.0 0.49 Aldine 1400 90 159 65
1575 141 27.8 16.1 0.26 Parkhurst 1300 95 334 126
1543 89 28.3 20.6 0.65 Parkhurst 1200 62 2n7 114
1103 94 28.9 17.8 0.54 Aldine 1200 64 258 100

803 63 30.0 20.6 .37 Parkhurst 1300 89 202 82

943 41 30.6 21.7 -53 Parkhurst 140n 141 176 79
1457 188 27.8 19.4 0.31 Clinton 1700 103 354 117

62 46 30.0 15.0 0.67 Mae Drive 1300 169 167 71
1107 53 28.3 21.7 0.38 Parkhurst 1200 65 205 88

663 72 27.8 20.6 0.42 Parkhurst 1200 58 198 77

563 47 27.8 19.4 0.39 Fugua 1200 92 163 69
2396 203 3i.1 16.1 0.64 Parkhurst 1200 302 435 65
1018 99 3.7 19.4 0.63 Fugua 1400 141 256 97
1650 . 69 31.7 17.2 0.68 Aldive 1500 80 252 108
1420 42 33.3 17.8 X Aldine 1500 95 195 87
1545 110 33.9 17.8 0.7% Parkhurst 1500 264 302 120

957 89 3l.1 20. 6 0441 Fugua 1500 280 242 94
1600 110 33.3 20.0 0.69 Aldine 1600 270 29°% 115

745 123 33.3 18.9 0.64 Aldine 1200 258 235 86

930 99 5.4 18.3 0.63 Lang 1200 256 248 92

990 100 35.0 18.9 0.68 Fugua 1400 180 254 95

466 54 35.0 21.1 0.69 Fugua 1300 186 159 64

355 43 32.2 " 1647 0.71 Crawford 1500 309 157 64
1567 2582 33.9 17.2 0.67 Cravford 1300 267 385 123
1087 9 33.9 18.3 0.57 Parkhurst 1500 119 254 99

700 43 29.4 22.8 0.24 Lang 1500 111 167 72

863 39 31.7 21.1 0.4~ Lang 1300 77 169 75
1010 54 3l.1 24.4 0.44 Westhollow 1700 62 202 86

833 43 32.8 22.8 0.66 Westhollow | ‘1455 87 178 n”

700 43 32.8 22.2 0.66 Fugua 1200 73 1€7 72

850 54 32.2 24.4 0.44 Westhollow 1800 70 193 81
1053 63 32.2 23.3 0.60 Westhollow 1600 108 218 91
1860 &5 32.8 22.2 0.58 Fugua 1500 50 213 94

740 53 3l.1 22.2 0.30 Westhollow 1500 94 185 77

625 58 33.9 21.7 0.62 Westhollow 1300 92 181 3
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TABLE 8 (concluded)

Solar Radtatton”

Precursors Temperature (°C) 1000-1 400 Observed Maximum Ozone EKXMA Ozone Eatizate (ppb)
Date KMOC NO, Daily Morning Average Station Time 03 City~
(1977) {(ppbC) (ppd) | Haximum | Minimum (ly/min) Name (CbT) (ppb) | Standard Specific
3 Jul 937 56 35.6 20.0 0.70 Aldine 1500 134 201 85
4 Jul 963 56 33.9 21.1 0.60 Jackrabbit 1500 149 203 86
5 Jul 1060 98 33.3 21.1 0.57 Parkhurst 1300 140 258 99
6 Jul 1165 115 32.2 22.2 0.53 Parkhurst 1200 143 281 106
7 Jul 1240 136 33.9 20.6 0.58 Parkhurst 1300 124 303 110
8 Jul 1150 134 33.3 21.1 0.45 Aldine 1200 112 293 105
9 Jul 660 101 34.4 21.7 0.62 Mae Drive 1300 152 215 79
10 Jul 473 60 33.9 22.2 0.61 Parkhurst 1300 63 165 66
12 Jul 677 98 35.6 23.3 0.67 Perkhurst 1200 107 216 79
15 Jul 873 70 34.4 21.1 0.55 MacGrepor 1300 178 215 86
18 3ul 1597 82 32.8 21.1 0.48 Jackrabblice 1400 125 270 113
19 Jul 940 83 3t.1 21.7 0.39 Parkhurst 1300 163 234 2
20 Jul 730 125 31.7 22.8 0.48 Parkhurst 1600 60 2 86
22 Jul 600 154 35.0 21.7 0.57 Mae Drive 1500 134 207 81
23 Jul 253 66 36.7 23.9 0.66 Hae Drive 1500 160 120 54
24 Jul 210 39 35.6 23.9 0.67 Aldine 1400 107 116 40
25 Jul 680 89 35.6 22.2 0. 62 Aldine 1500 138 212 78
26 Jul 727 70 34.4 23.3 0.56 Clinton 1300 133 203 80
27 Jul 800 110 32.2 22.2 0.37 Mae Drive 1800 110 239 86
31 Jul 450 66 35.6 22.8 0.63 Parkhurst 1500 71 165 65
21 Oct 1206 126 26.7 18.3 0.37 Parkhurst 1600 93 293 108
23 Oct 570 58 26.7 15.6 0.40 MacGregor 1500 156 176 71
25 Oct 758 95 25.0 16.1 0.39 Clinton 1500 68 226 83
26 Oct o 78 28.9 13.9 G. 53 Clinton 1400 122 523 223

*X denotes no data available.’
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TABLE 9.

EVALUATIOA DATA SET FOR HOUSTON:

HOMS DATA

Precursors Temperature (°C) Observed Maximum Ozone EXMA Orzone Estimate (ppd)

Date woc No, Daily Morning Time 03 Cicy-
(1%78) (ppdC) {ppb) | Maximum | Minimun Site {CUT) (ppb) Standard Specific
21 Sep 2208 88 3.1 22.8 Jackrabbite 1200 1z 301 89
22 Sep 2489 6l 31.1 23.3 Pearland 1500 119 260 79
25 Sep 2622 92 28.9 17.8 Pearland 1400 164 9 :x]
2€ Sep 1411 80 29.4 20.0 Pearland 1200 182 259 81
27 Sep 867 88 28.9 28.7 Pearland 1400 106 233 75
29 Sep 1908 84 27.8 19.4 Pearland 1600 141 285 86
30 Sep 900 ! 30.6 20.0 Darlinghucst 1500 105 218 n

1 Oct 1067 134 .l 12.8 Hornwood 1400 310 285 87

2 Qct 2133 216 30.6 18.9 Aldine 1200 210 427 121

3 Oct 4542 122 28.3 21.7 Aldine 1200 100 408 117

& Get 2825 118 28.9 19.4 Aldine 1400 150 350 100

5 Oct 4300 157 30.0 2l.1 Crawford 13%0 150 467 133

7 Oct 1823 69 25.6 15.6 Darlinghurst 1600 163 258 80

9 Oct 2575 136 26.1 16.7 Aldine 1500 120 461 125
10 Oct 1N 194 27.8 15.9 Aldine 1200 150 461 125

11 Oct 3500 263 29.4 17.8 Sheldon 1300 133 $37 143
“12 Oct 1738 394 30.6 15.6 flornwood 1500 120 48 117
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corresponds to 1 October, when the observed ozone was 310 ppb and the estimate
was 285 ppb, henze R = 1.09. The ozone level of 310 ppb was the highest
observed during the HOMS monitoring program (see Table 9). The NMOC/NO, ratio
for 1 October is about 8, the second lowest ratio ir. Table 9. (The lowest
NMOC/NO,, ratio was 4.5, which occurred on 12 October.) ’

The two points in Region 1 of Figure l4 correspond to 8 June and 23 July
(see Table 8). The OBS/EST ratio for these two days was 1.97 and 1.33,
respectively., The ozone level of 309 ppb recorded on 8 June was the highest
reported in the Houston area in 1977. It was measured at the Crawford moni-
toring site, which is located in downtown Houston. Analysis of the NMOC and
NO, data for 8 June showed that 0600-0900 measurements were not available for
the Crawford site, and the precursor levels shown in Table 8 for this date
were determined solely from data for Aldine and Parkhurst, The Crawford site
tends to have the highest levels of NMOC and NO,, which suggests the possibil-
ity that the precursor values used for 8 June may be low, thus inducing the
underestimate. The data of 23 July exhibited the second lowest NMOC in Table
8. (The lowest was 210 ppbC, which occurred on 24 July). For 23 July, the -
NMOC was determined from measurements made at Aldine, Crawford, and Mae Drive.
The 0600-0900 NMOC at Aldine and Crawford was 230 ppbC and at Parkhurst, 300
ppbC. Thus, although NMOC was quite low on this date, the data for the three
gsites appear to be consistent, and could well be valid.

The observed and estimated ozone shown in Figure 14 are correlated; the
correlation is low (r = 0.26) but statistically significant (p < 0.025). The
regression line is defined by OBS = 0.220 EST + 79.4, and has a standard error
of 65.3, where all the units are ppb. By contrast, there is no statistically
signif’cant correlation between OBS and EST in Figure 135.

Relationships Between the Variables

Tables 10 and 11 show the correlation coefficients for selected variables
for the HAOS and HOMS data sets, respectively. For convenience, the tables
include variables associated with the city-specific ozone estimates; they will
be dealt with in a later section.

Tables 10 and 11 show that temperature difference is correlated with both
NO, and OBS. OBS and NOy are correlated in the HAOS data set (Table 10) but
not in the HOMS data set (Table 11). The standard-EKMA ozone estimate,
denoted by EST in the tables, is highly correlated with both NMOC and NOy, the
correlation being higher in the HAOS data set. Table 10 also shows that EST
is slightly correlated with temperature difference in the HAOS data set but
not in the HOMS data set (Table 11). Table 10 indicates that the ratto
OBS/EST is correlated with 1/NMOC, NMOC, and temperature d'fference, which
will be exploited in deciving a multiple regression equation for OBS/EST.

NMOC ard NOy are highly correlated in the HAOS data set, but ther 1is no
significant correlation between these two variables in the HOMS datu set.
For the HACS data set, NOy and NMOC are related by the regression equation
NO, = 15.95 + 0.0745(s4M7C). The significance level of the intercept is 0.065
and of the slope, 0.00001; the standard error of the regression is s = 38.96
ppb. Figure 16 shows the regression line and the evaluation region boundaries
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TABLE 10.

STATISTICAL PARAMETERS FOR SELECTED

*

VARIABLES IN THE HAOS DATA SET

Standard

Correlation Coetﬂclentt

Temp.

Variadle Mean Deviation NO‘ 1/Moc IINO‘ Diff. 0BS EST’ OBS/EST ('.'s¢)3s 0BS/CS03
MHOZ (ppdC) 987.4 545.0 0.722 | 0.70 | o0.46| o0.23 | -- 0.90 | -0.33 0.96 | -0.30
WO, (ppb) 89.5 56.0 -0.40 | -0.80 | 0.31 | 0.27 | ©.92 - 0.85 -
1/moc (ppbe™t) 0.0013 0.0008 0.41 ] — — | -0.64 0.3 | -0.68 0.33
1m0, (ppd~h 0.0141 0.0060 ~0.27 | ~0.28 | -0.7> - -0.66 -
Temperature
difference (°C) | 11.6 2.7 0.61 | 0.28 0. 44 0.25 0.49
0BS (;pb) 130.1 6.0 0.2¢ 0.78 0.24 0.84
EST (oph)? 230.2 79.8 -c.28 | 0.98 -
9BS/EST 0.596 0.319 -0.29 0.99
cs03 (ppt)t 90.3 26.6 «0.24
0BS/CS03 1.49 0.770 1.0

‘Stattstlca based on 61 pointa.
fstgnutcant at 0.05 level or bdetter.
,Stnndlrd-l'.m estinmate.

’City-ﬂpecﬂ‘le ERMA estimate.

Dashes indicate that correlation is not significant.




TABLE 11. STATISTICAL PARAMETERS FOR SELECTED VARIABLES IN THE HOMS DATA SET‘
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Correlation Coefnclentf
Standard Temp.

Variable Mean Deviation | NO 1/nNMoC l/Nox DLff. 0BS EST’ OBS/EST csmg 0BS/CS03
NMOC (ppbC) 2368.9 1148.3 - | -0.86 - — - 0.71 ~0.54 0.75 ~0.50
NO_ {ppb) 139.2 86.6 - -0.87 | 0.71 - 0.77 - 0.72 -
1hmoc (povc~ly 0.0005 0.0003 - - -— | ~0.69 0.52 | -0.69 0.46
1m0, (ppb~t) 0. 0092 0. 0040 ~0.59 | ~- | -0.89 - -0.86 -
Tecperature
difference (°C) 10.1 2.3 0.44 -— -— - -
0BS (ppd) ts1.8 51.7 - 0.81 - 0.86
EST (ppb)? 346.7 96.3 -0.56 | 0.99 | -0.48
OBS/EST 0.47 0.20 ~0.53 0.99
cs03 (ppb)? 100. 2 22.1 -0.46
085/CS03 1.57 0.63 1.0

*Statistics based on 17 points.
1Slgn£(:cant at 0.05 level or better. Dashes indicate that correlation ia not significant.

?Stondard—EKHA estimate.

scuy-speclﬂc EKMA estimate.
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Figure 16. Scatterplot of NO, and NMOC for the HAOS data set.
Number of points plotted is 61.



A multiple regression equation was derived for OBS/EST as a function of
NMOC and temperature difference (denoted by DT) for the HAQS data set. The
equation is defined by

OBS/EST = 0.1145 - 0.0002681 (NMOC) + 0.06425 (DT) (6)

where the units of the variables were defined in Table 10. The multiple
correlation coefficient is r = 0.63 and the standard error of the regression
is 8 = 0.25. The significance level of the regression and of the coefficients
of NMOC and DT is p < 0.0001, but the constant term is not statistically sig-
nificant at the 0.05 level. An expression analogous to Eq. 6 was not obtained

for the HOMS data set because the sample size is too small to yleld meaningful
results,

Following the procedures previously described in Sections Two and Three,
a plot of the accuracy probability was obtained using Eq. 6 after setting
DT = 17°C, which is its mean value plus two standard deviations. Figure 18
displays the probability curves for the three accuracy regions as a function
of the variable Z = -0.0002681 (NMOC). The figure shows that ?(’ < 1.2) > 0.5
for Z < -0.175, which corvesponds to NMOC > 654 ppbC. This reflects the stan-
dard EKMA's tendency to overpredict. The propensity for overprediction
becomes even more pronounced if the value of DT in Eq. 6 is lowered from 17°C
to its mean value of 11.6°C. To illustrate, consider the circled point in
Figure 18, which is located at Z = -0.45. Setting DT = to 11.6°C would shift
the curves in Figure 18 to the right, changing the Z-coordinate of the circled
point from -0.45 to -0,10. Thus, nearly all of Figure 18 to the right of the
circled point would be truncated, and P(R < 0.8) > 0.5 over the entire range
of NMOC and NO, concentrations.

Figure 18 shows that the curve for P(0.8 < R { 1.2) is flattened und
spread out, in sharp contrast to the relatively narrow curve shown for St.
Louis in Figure 7. (Note, however, that the Z-scales are not equal in Figures
7 and 13.) The maximum value of P(0.8 < R € 1.2) is 0.58 in Figure 18, com=-
pared to the maximum of 0.83 in Figure 7. The curves in Figures 7 and 18
differ in shape because the standard error of the regression is smaller for
Eq. 2 (s = 0.15) than for Eq. 6 (8 = 0.25). The maximum probability of 0.58
in Figure 18 occurs in the neighborhood of Z = -~0,21, which corresponds to
NMOC = 783 ppbC. The shaded region in Figure 18 is where P(0.8 { R < 1.2) >
0.50 and is defined by -0.35 ¢ 2 < -0,060, which corresponds to 224 T nMoC <
1305 ppbC.

Figure 19 displays constant-Z lines on the NMOC-NO, plane, along with the
evaluation region previously defined in Figure 16. The shaded area corre-
sponds to the region where P(0.8 < R € 1.2) > 0.50. Inside the evaluation
region, (NMOC, NOy) combinations that fall within and to the right of the
shaded area satisfy the inequality P(R < 1.2) > 0.60. Points to the left of
the shaded area satisfy the relation P(R > 1.2) > 0.42, and thus are more

55



9s

NO, — ppb

aaz.

127,

er.

867.00 1270.30 1673.60 20768.90 2430.20 2883.30 328L.80 3690.10

1088.63 1471.93 1873.28 22706.93 2661.83 308%5.13 3486.4% 3091.78 42893.0% 4698.33
_.----Q.-..‘---.Q-...‘.---Q--.-Q----Qo--..---..----Q---v.----’----0----0----0-.--.----Q-o--.----.----‘_
. ] 1] t .
] 1 1 1
] ] 1 1
1 ] ! i
t 1 ] i
. 1 1 .
[} ] 3 [}
] ] 1 ]
I ] ] ]
1 1 ! ]
. [} ] .
1 ! ] !
1 1 1 ]
] ] ] ]
i ] ] 1
. [} 1 *
1 t I ]
|=venccscccccsacsccacaccsnconcnoncaccccsascaccotacettsete s eTa s e etE e mstEcacestct e atasesesesonoocnanan 1
] ! 1 1]
! | § t 1
* 1 [ ]] .
1 ] ] !
1 | 1 }
1 ! 1 1
] ! ] !
. 1 ! .
] ] t 1
! e 1t ! 1
t ] I 1
] 1 1 1
. 1 ] -
] 1 . ] 1
! I . ] 1
[eeececcaccacessrarrncrsesresncsrrrart esnsecs et caTacar e aeste s -sacesenesananann. wsccssscnancvacss 1
1 1 [} {
e 1 ] .
] ! ] (1)
] ] ] 1
] 1 1 1
[} ] s ! 1
* L ] ] ] .
] ] 1 L 1
] 1 . t ]
] t ] !
1 I ] t
. ] 1 *
s [y} [ 1 1
] L] ] { ]
1 . - ] ] 1
[ ] 1 ] 1
b4 ! . i .
. desescfescvdeccsdecnnfeccndovanducccdranndacssdossodovandancnduovsfrcccdosnsdrocsdecsssfaccsdrrsnnsbornacd

NMOC — ppbC

Figure 17. Scatterplot of NO, and NMOC for the HOMS data set.

Number of points plotted is 17.

4093.40 4406.70  4900.0¢



PROBABILITY

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
Z = -0.0002681(NMOC)

Figure 18. Accuracy probability for standard-EKMA ozone estimates
for the HAOS data set. Temperature difference set to 17.0°C.
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Figure 19. Constant-Z plot for standard-EKMA ozone estimates for the HAOS data set.
Shading indicates area where ozone estimates tend to be most accurate,
sssuming a temperature difference of 17.0°C.
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likely to yield underestimates of observed ozone. The tendency of the stan-
dard EKMA to overpredict ozone is reflected in the large difference in the
respective sizes of the regions that flank the shaded area in Figure 19. If
the figure were redrawn to correspond to a value of DT = 11.6°C, the shaded
area of Figure 19 would be confined to a narrow slice at the lower left hand
corner of the diagram, and the region of overprediction would cover essen-
tially the entire evaluation region.

EVALUATION OF CITY-SPECIFIC EKMA

City-Specific Ozcone Estimates

Table 12 shows the input parameters used to obtain the zity-specific
ozone estimates for both the HAOS and HOMS data sets. The criteria for defin-
ing this input follow those used with the St. Louls data, Inversion height
data were derived from soundings obtained for 8 June }1977. The dates shown 1ir
Table 12 correspond to the days with the highest observed ozone for each data
set.,

As in the St. Louis case, the C-S aad standard-EKMA ozone estimates were
highly correlated for both HAOS and HOMS. Tables 10 and 11 show that the
correlation coefficient between C-S and standard-EKMA estimates is r = 0.98
for the HAOS, and r = 0.99 for the HOMS., The regression line for the HAOS
data is CS03 = 15.02 + 0.33 * EST, and that for the HOMS is CS03 = 21.02 +
0.23 * EST, where the units are ppb.

Comparison of QObserved Ozone and City-Specific Estimates

Figures 20 and 21 show scatterplots of observed.and estimated ozone for
the HAOS and HOMS data, respectively. Whereas the standard-EKMA estimates
showed a marked tendency to overpredict, the C-S estimates show the opposite:
The majority of the points in both figures are in Region 1, the region of
underprediction. For the HAOS, Figure 20 has 33 points (54 percent) in Region
1, 16 points (26 percent) in Region 2, and 12 points (20 percent) in Regioa 3.
Figure 21 for the HOMS has 12 points (71 perceat) in Region 1, S points (29
percent) in Region 2, and none in Reglion 3. Observed and estimated ozone are-
correlated for the HAOS data; the correlation is low (r = 0.24) but statisti-
cally significant (p < 0.04). No significant correlation exists between the
two quantities in the HOMS data.

Definition of Accuracy Regions

A multiple regression equation analogous to Eq. 6 was derived for the
ratio OBS/CS03 for the HAOS data set. The equation is

O0BS/CS03 = 0,1718 =  0.0006191 (NMOC)
+ 0.1664 (DT) . (7)

The units and symbols in Eq. 7 were previously defined. The multiple correla-
tion coefficient is r = 0.65 and the standard error is 8 = 0.60. As in Eq. 6,
the significance level of, the coefficients of NMOC and DT is p < 0.0001, but
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TABLE 12. SUMMARY OF INPUT PARAMETERS
FOR OBTATNING-CITY~SPECIFIC EKMA
OZONE ESTIMATES FOR HOUSTON

Parameter Value
Date
HAOS 8 Jure 1977
HOMS 1 October 1978
Location Latitude 29.75°N,

Inversion height data
Initial height (m)
Final height (m)
Starting time of rise
Ending time of rise

Post-0800 emissions
by ending hour
0900
NMOC
NO
1000"
N40C
NO
1100°
NMOC
NO
1200"
NMOC
NO
1300"
NMOC
NO
1400"
NMOC
NO,

Reactivity, NO,/NO.

Background ozone
concentration (ppm)

Longitude 95.40°W

105

1510
0700
1400

0.23
0.23

0.07
0.05

0.08
0.06

0.03
0.03

0.04
0.03

0.01
0.03

0.33

0.040
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the constant term is not statistically significant at the 0.05 level. Equa-
tions 6 and 7 have the same form, but different coefficients; both equations
explain approximately the same amount of variance (about 40 percent). How-
ever, the standard error of Eq. 7 is more than twice as big as that for Eq. 6.
Thus, there is more scatter, and less precision, associated with Eq. 7. As a

result, the accuracy probability plot will show distributions that are flat
and broad,

Figure 22 displays the probability curves for the three accuracy regilons
as a function of the variable Z = -0.0006191 (NMOC). The curves are computed
for DT = 11.6°C, which is its mean value. The probability P(R < 1.2) exceeds
0.5 for 2 < -0.90, which corresponds to NMOC > 1454 ppbC. Thus, the C-S ozone
estimates can be considered to be upper bounds generally for high values of
NMOC. 1In contrast to the corresponding plots for St. Louis (cf. Figure 12),
the probability curve for Region 2 is very flat and broad. This is a conse-
quence of the large standard error associated with Eq. 7. The curve for P(0.¢
< R < 1.2) covers the entire range of NMOC concentrations, but the probabilit)
1s low that a given NMOC value will fall in Region 2. The highest probabilit
of an accurate prediction 1s about 0.26, and occurs for Z = -]1.11, which
corresponds approximately to NMOC = 1793 ppbC.

Figure 23 depicts constant-Z lines on the NMOC-NO, plane, along with the
evaluation region. The area to the left of the line Z = -1.0 is associated
with underprediction and that to the right of the line Z = -~]1,25 with overpre-
diction., The area between the lines Z = -1,0 and Z = ~1.25 1is associated wittl
the highest probability of an accurate prediction, but, as shown in Figure 22,
the probability is low.

DISCUSSION

For both HAOS and HOMS data, the EKMA suvbstantially overpredicted in the
standard mode, and underpredicted in the city-specific mode. As a result, the
probability of an accurate prediction for the HAOS data was generally low. It
the city-specific case, the multiple regression fit to the ratio OBS/CS03 had
a large standard error that is indicative of a low-precision fit. In general,
it appears that in either mode the EKMA tends to be a low-accuracy predictor
of ozone for the Houston area, If it is desired to obtain an upper bound for
the maximum potential ozone in the Houston area, then the standard-EKMA mode
is the appropriate choice, because it has a low probability of underestimatin;
the ozone level.
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SECTION 5

EKMA EVALUATION FOR THE PHILADELPHIA AREA

DATA REVIEW AND ANALYSIS

The EKMA has also been evaluated using data collected in the Philadelphi:
area during the period .July-September 1979. Figure 24 shows the 17 air-
quality monitoring stations used during the field program.

The statistical analyses performed using the Philadelphia data found
relationships similar to those found for St. Louis and Houston. The daily
waximum ozone was found to have a significant positive correlation with the
daily maximum temperature and the morning minimum to afternoon-maximum tem-
perature difference. A low negative correlation was found between the dafly
peak ozone concentration and the 0600-1400 average wind speed.

The 0600~-0900 EDT spatial average NMOC and NO, concentrations were éalcu-
lated using data for three source-region monitors located in downtown Phi-
ladelphia at South Broad and Spruce Streets (Site 13), at the Franklin Insti-

tute (Site 14), and at the American Meteorological Society Laboratory (Site
15).

DEFINITION OF EVALUATION DATA SET

Based on the aata analysis, the following criteria were used to select
the evaluation data set for Philadelphia:
e Maximun daily temperature at least 24°C.

e Difference between maximum and morning minimum temperature at least
7°cC.

e 0600-0900 areawide average NO, at least 34 ppb.

e 1000-1400 average wind speed less than 5 m/s.

Note that the first three criteria are similar to those used in connection
with the Houston data. (Recall again that these meteorological conditions are
always present whenever the daily maximum ozone is at least 100 ppb.}

Application of these criteria yielded an evaluation data set for Phi-
ladelphia that contains 29 days. Table 13 shows the data set including date,
precursor levels, temperature, and cbserved and estimated ozone, The observe«
maximun 04 exceeded 120 ppb on 12 of the 29 days.
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Figure 24, Air quality monitoring network for the Philadelphia area.
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TABLE 13.

EVALUATION DATA SET FOR PHILADELPHIA

Precursors Temperature (°C) Observed Maximum Ozone | EKMA Ozune Estimate (ppb)

Date nc No, Datly Morning Time 0y City-
(1979) (ppbC) | (ppd) | Maximum | Minimum stee* (EDT) (ppb) Standurcd Specific
7 Jul 800 97 24 1t 11 1400 105 232 230
8 Jul 1267 133 26 12 10 1600 126 304 285
9 Jul 1250 90 26 13 10 1700 109 26) 239
10 Jul 1567 93 25 14 13 1600 90 234 243
11 Jul 283 51 26 17 11 1700 110 124 137
12 Jul 783 81 30 18 1 1400 147 219 215
13 Jul 1083 144 31 19 6 1300 183 92 282
14 Jul 183 43 28 20 2 1200 84 161 110
17 Jul 300 53 3C 20 5 1500 161 129 141
19 Jul 308 43 26 18 15 1700 160 123 137
20 Jul 450 87 27 17 2 1600 101 188 181
22 Jul 889 63 26 16 5 1600 141 208 199
23 Jul 349 48 26 19 2 1300 76 144 152
25 Jul 983 75 27 18 7 1500 120 229 216
25 Jul 767 57 29 20 5 1500 77 192 188
28 Jul 217 52 28 19 3 1300 146 11 120
31 Jul 317 52 29 20 2 1400 147 133 145
1 Aug 783 81 32 22 7 1500 114 219 215
10 Aug 783 63 31 19 15 1600 170 200 195
13 Aug 26; 38 23 13 2 1700 10 116 127
14 Aug 983 96 27 17 5 1509 115 250 239
21 Aug 200 69 26 17 7 1700 99 80 104
22 Aug 900 11 28 16 14 1500 140 253 247
23 Aug 300 88 28 16 7 1600 n 121 135
25 Aug 225 36 28 2r 7 1600 116 102 118
27 Aug 383 53 28 21 7 1602 101 146 155
28 Aug 422 59 27 20 7 1600 118 156 165
30 Aug 556 80 29 21 3 1400 126 189 195
31 Aug 367 91 27 | 19 1] 1600 124 153 158

*Site nunbers are keyed to Figure 24.
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EVALUATION OF STANDARD EKMA

Conparison of Observed and Estimated Ozone

Figure 25 shows a scatterplot of OBS as a function of EST, which is the
mnemonic for the standard-LKMA ozone estimate, Of the 29 points plotted, fou
(14 percent) are in Region 1, five (17 percent) are in Region 2, and the
renainder in Region 3. Nute, however, that the four points in Region 1 are
not grossly underpredicted.

Thus, as in St. Louis and Houston, the standard-EKMA shows a marked ten-
dency to overpredict. Unlike the St. Louis case, there is no statistically
significant correlation between OBS and EST.

Relationships Between _he Variablces

Table 14 shows the pairwise correlation coefficients, mean, and standard
deviation for selected variables in the Philadelphia data set; the table con-
tains variables for both standard- and city-specific EKMA ozone estimates.
The table shows that EST is highly correlated with both NMOC and NOy,, which .
was expected. However, there is no significant correlation between OBS and
NMOC and OBS and NO,. Maximum temperature 1s correlated only with 0BS. The
variable 1/NMOC correlates with EST and with OBS/EST because NMOC does.

Figure 26 shows a scatterplot of NMOC and NO,. The plot clearly portray
the linear correlation between these two variables, As Table 14 indicates,
the correlation coefficient is r = 0.70, and is highly statistically signifi-
cant (p < 0.00001). The figure also shows the regression line that relates
NO; and NMOC. The regression equation is NOy = 42.26 + 0.0501(NMOC), and has
a standard error s = 19.8 ppb. As in previous cases, the regression equation
has been used to define an evaluation region for the NMOC-NO, plane that is
shown in Figure 26. :

Definition of Accuracy Regions
The multiple régression equation derived for the OBS/EST ratio is
OBS/EST = -0.653 + 162.45/NMOC + 0.0365(T) (8

whore T denotes maximum temperature in ©C, and the other symbols and units ar
as previously defined. The multiple regression coeificient for Eq. 8 is

r = 0.79 and the standard error is 8 = 0.198. The coefficients of NMOC and T
are statistically significant at the 0.05 level, but the constant is not.
Neither 10, nor 1/NO, appear in Eq. 8 because both are correlated with 1/NMOC
and do not provide any statistically significant improvement in the amount of
variance explained.

Figure 27 displays the accuracy probability plot for OBS/EST as a func~-
tion of Z = 162.45/NMOC for the mean value of T, which is 27.5°C. The proba-
bility P(R £ 1.2) exceeds 0.5 for Z < 0.85, wnich corresponds to NMOC > 191
ppbC. The shaded area in Figure 27 defines the region with the highest proba
bility of an accurate prediction, i.e. where 0.8 < OBS/EST < 1.2. 1In the
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TABLE 14. MEANS, STANDARD DEVIATIONS, AND CORRELATIONS
FOR SELECTED VARIABLES IN THE PHILADELPIIIA DATA SET
Correlation Coefficient”
Standard B Maximum
Variable Mean Deviatior NO, 1/NMOC | Temperature 0BS EST 0BS/EST | CSO3 0BS/CS03

NMOC (ppbC) 620. 9 379.8 0.70 | -0.88 - -— 0.96 =0.71 0.92 -0.65
NOx (ppd) 73.3 27.2 -0.65 - -— 0.81 =0. 54 0.84 =0.51
1/n40C (ppr'l) 0.0023 0.0014 - - -0.92 0.2?5 =-0.92 0.66
Temper ature
difference (°C) | 27.5 2.1 0.52 - - - -
0BS (ppb) 119.1 29.8 - 0.42 - 0.54
st (ppt)t 181.4 64,1 -0.74 0.99 0,66
OBS/FST 0.73 0.29 -0.71 0.98
cso3 (ppo)f 181.8 51.9 =0. 64
08S/Cs03 0.70 0.24 1.0

*All correlattions signifi{cant at the 0.05 level or better.
Dashes denote that correlation 1s not statistically significant.

fStandard-EKHA ozune estimate.

t

City-specific EKMA ozonec estimate.
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shaded area, the maximum probability 1s approximately 0.71, and occurs for
Z = 0.65, which corresponds to NMOC = 250 ppbC. For the shaded area the vari-
able Z 1s bounded by 0.51 € 2 < 0.79‘ for P(0.8 S R S 1-2) > 0.6.

The accuracy regions are illustrated in the NMOC-NO, plane in Figure 28.
The shaded area of the figure corresponds to that in Figure 27 and is defined
by 206 < NMOC < 319 ppbC. Thus, {NMOC, NOx) combinations within the shaded
area have the highest probability of ylelding an accurate ozone estimate.
Values of NMOC and NOx to the right of the shaded area have a high probability
that the ratio OBS/EST < 0.8; hence, this 1s the region of overprediction.
Underprediction is most probable in the thin slice to the left of the shaded
area, Thus, the vast majority of the evaluation region is associated with
OBS/EST ratlos smaller than 1.2,

EVALUATION OF CITY-SPECIFIC EKMA

City-Specific Ozone Estimates

Table 15 lists the input parameters used to calculate the city-specific
ozone estlnates for Philadelphia. As Table 13 showed, the highest observed
ozone occurred on 13 July, which is the date used as the input for the moudel.
The other parameters in Table 15 were obtained following the same procedures
used in the cases p- \ously described.

Continuing the pattern of the St. Louis and Houstcn data, the city-
specific and standard-EKMA ozone estimates are strongly correlated, with
r = 0.99 (see Table 14). The regression equation relating C~S and standard-
EKMA ozone is CS03 = 36.01 + 0.804 * EST, with standard error s = 6.29, and
units in ppb; the regression is highly statistically significant (p <
0.00001). The equation indicates that CS03 > EST for EST < 180 ppb. This
range is greater than that for St, Louis, for which CS03 > EST for EST < 9&

ppb.

Comparison of Observed Ozone and City-Specific Estimates

Figure 29 compares OBS and CSO3 concentrations. The figure shows that
Region 1 contains no points, Reglon Z has eight points (28 percent) and Region
3 has 21 (72 percent). Thus, in contrast to the standard-EKMA estimates (cf.
Figure 25), the C-S estimates include no underpredictions. Continuing the
pattern of the standard-EKMA estimates, there is no statistically significant

correlation between OBS and €S03.

Definition of Accuracy Regilons
The multiple regression equation derived for the ratin OBS/CSO3 is
OBS/CS03 = -0.580 + 117.72/NMOC + 0.0364(T) (9)
The multiple regression csefficient for Eq. 9 is r = 0.73, and the standard
error is 8 = 0.167. The coefficients of 1/NMOC and T are statistically signi-
ficant (p < 0.025), but the constant is not significant at the 0.05 level.
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TABLE 15. SWMMARY OF INPUT PARAMETERS
FOXR OBTAINING CITY-SPECIFIC EKMA
OZOxE ESTIMATES FOR PHILADELPHIA

Paraneter Value
Date 13 July 1979
iLocation Latitude 40.00°:,

Longitude 75.44%

Inversion heigit data
Inittal height (n) 600
Final hefight (m) 1800
Start time of rise 0700
Ending time of rise | 1400

Post-0800 enissions
by ending hour

0900
1210C 0.25
NO 0.25
1000
it40C 0.04
WO 0.04
1100
iac 0.13
R 0.13
1200"
w0C 0.28
"01 0.28
1300°
RI0C 0.35
NOx 0.35
Reactivicy, noz/xox 5e58

Background ozone
concentratfon (ppn) 0.070

76




L

OBSERVED OZONE (08S) — ppb

110.08 131.18 149.28 167.938 185.48 203.88 221.6% 299.7% 297.89 279.93

oo redescsafocacdecradoccndrogobroscfocasfenvefrrsncfencodovacfaacnpecccdegerdrenchroncbrcarponnse

REGION 1
171.70

160.40
149.10
137.00
186.80

1
102.90 1 1
| 1
! 1]
] 1
] 1
02.60 1 1
] 1
! ! -
] 1
1 1
81.30 1 )
] ] !
t [ ] - 1
) o ] ]
1 ] 1
70.00 « t H

104.00 122.10 140.20 188.30 178.40 164.80 212.60 230.70  248.80  268.90
CITY-SPECIFIC EKMA OZONE ESTIMATE (CSO3) — fpb

Figure 29. Scattersiot of observed ozone and city-specific EKMA ozone ostimate for Philadelphia.

Sreced

.-—-—Q—-u-’—--Q———-’——-:’———-’—p-—’————’—-——Q--—’-

‘0--...---.’----'-.--’----’----’----’-.--'-...'-.--’.v-.’.v-.’--.-’;---’-.-.’.---’--.-0--.-.----’--.-

208.90



Equations 8 and 9 are very similar, which is a consequence of the strong
correlation between EST and CS03. Moreover. the 95-percent confidence inter—
vals of the coefficients of 1/NMOC and T for Eq. G overlap the corresponding
intervals for Eq. 9. '

Figure 30 shows the plot of the accuracy probabilities associated with
Eq. 9 for T = 27.5°C, which is its mean value. The graph shows probability as
a function of the variable Z = 117.72/XMOC. The region.where P(R £ 1.2) > 0.5
is defined by Z < 0.78. 1n this region, the ozone estimate has a better than
50-percent probability of yielding an upper bound to the observed ozone. The
shadeé area in Figure 30 marks the region where P(0.8 < k < 1.2) > 0.6.
Values of Z within the shaded area are defined by 0.43 < Z < 0.73, and..
correspond to 161 < NMOC < 274 ppbC., Thus, the C-S vzone estimates are most
likely to be accurate where NMOC is within these bounds.

The accuracy reglons are displayed on the NMOC-NOy plane in Figure 31.
The shaded area of this figure corresponds to that of Figure 30; here C-S
ozone estimates have the highest probability of being accurate. The upper-
bound region, f.e. were R £ 1.2, includes the shaded area and all of the
evaluation region to the rignt of the shaded area, Only a very narrow slice
of the NMOC-NOy plane to the left of the shaded area correspond. to the region
of underprediction, and that slice is actually outside the bounds of the
evaluation region, This is, of course, a reflection of the fact that no
points fell in Region 1 of Figure 29.

DISCUSSION

For Philadelphia, the standard- and city-specific EKMA ozone estimates
were very similar. However, in a reversal of roles from the St. Louis and
Houston cases, the Philadelphia C-S estimates were more accurate and displayed
a lower tendency toward underprediction than did the standard-EKMA estimates.
However, in keepiug with previous results, the standard-EKMA ozone estimates
showed a pronounced tendency toward overprediction. Because the city-specific
ERMA yielded more accurate estimates, and because its upper-bound properties
are similar to the standard EKMA’s, it is recommended that the city-specific
EKMA, rather than the standard EKMA, should be the method used for application
to the Philadelphia area. This contrasts with the Houston situation, in which
. the underpredictive tendency of the city-specific EKMA renders it useless for
an upper-bound type of anmalysis.
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SECTION 6

EVALUATION USING DATA FOR THE LOS ANGELES AREA

DATA REVIEW AND ANALYSIS

The EXMA was evaluated using data from the South Coast Air Basin (the Lo
Angeles Basin) air monitoring network, operated by the California Air
Resources Board and the South Coast Air Quality Management District. The dat
were collected at thirty monitoring stations in the South Coast Air Basin
(Figure 32) during the period May through October 1978. Data for 1976 and
1977 were also examined; 1978 was chosen because it had the highest ozone
levels. ’

From a total of 184 days, only 20 days did not have obgerved ozone con-
centrations exceeding the NAAQS for ozone of 120 ppb. The highest observed
hourly averaged ozone concentration was 460 ppb., The daily maximum hourly
ozone concentrations were significantly correlated with daily maximum tempera-
ture; however, the correlation coefficient was low (r = 0.2%). As with the
Houston data, the low correlation between peak ozone and peak temperaiare is
probably due to the narrow range in dally maximum temperatures. Tue daily-
maximum ozone was also correlated with the 0600-0900 average source region
NMOC and NOy concentrations, but the correlation was low, although statisti-
cally significant,

Six monitoring sites were used to calculate the 0600-0900 average source
region NMOC and NO, concentrations:
Site l--downtown Los Angeles
Site 3--Burbank
Site 4--Long Beach
Sice 6--Pcmona
Site 7--Lennox
Site 8§—Whittier.

Results from an analysis of variance performed on the 0600-0900 average NMOC
and NOy concentrations monitored at each of these six sites showed that the
number of sites could not be :ondensed on a statistical basis.
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DEFINITION OF EVALUATION DATA SET

No selection criteria were used to decrease the number of test days
selected from the Los Angeles data base. Because the peak ozone concentration
exceeded the 120 ppb NAAQS for ozone on most days, the only days excluded from
the data base were those that had the 0600-0900 average source region NMOC or
NOx concentrations missing. Two additional days (14 September and 30 October)
were excluded because the daily maximum ozone concentrations (90 ppb and 80
ppb) occurred at 0300 and 1000, respectively.

The evaluation data set is listed in Table 16, Included in the table are
the daily 0609-0900 average source region core city NMOC and NO, concentra-
tions; daily maximum temperature; the site, time, and magnitude of the
observed daily maximum ozon2 concentration; and the standard-EKMA and city-
specific ozone estimates. The number of test days is 176.

EVALUATION OF STANDARD EKMA

Comparison of Observed and Estimated Ozone

Figure 33 is a scatterplot of OBS and EST for Los AngeleS. no ruc
scatter suggests, no statistically significant correlation exists between
obscrvation and prediction, Neverthecless, the distribution of the points
among the three accuracy regions is of interest. Region 1 contains 62 points
(35 percent), Region has 51 (29 percent), and Region 3 has 63 (36 percent).
Thus, overpredictions, underpredictions, and accurate predictions are about
equally probable. This is surprising, because the standard-EKMA is supposed
to simulate worst-case ozone conditions in the Los Angeles area. However, the
figure shows that 35 percent of the cases are underpredicted, which implies
that the standard-EKMA is not useful for obtaining upper bounds for maximum
ozone potential in the Los Angeles area.

Relatiouships Between the Variables

Table 17 show: correlation coefficients for selected variables in the Los
Angeles data set. Both standard-EKMA and city-specific ozone estimates are
included in the table, but the latter will be discussed in another section.
The table shows that OBS is weakly correlated with 1/NMOC and 1/NOy. By con-
trast, EST is strongly correlated with NMOC, NOx, 1/NMOC and 1/NOx. and, as a
consequence, the ratio OBS/EST is also correlated with these variables, Max-
imum temperature is also correlated with NMOC, NO,, 1/NMOC, 1/NOy. and EST,
which contrasts with the situation in St. Louis, where no significant corrcla-
tion existed.

Table 17 indicates that NMOC and NOx are strongly correlated. This is
evident in Figure 34, which displays the strong linear relationship between
the two variables. The rorrelation coefficient is r = 0.92, and the regres-
sion 1line (which is plotted on the graph) is NOx = 41.68 + 0.142 (NMOC), where
the units 2re as defined in Table 17. The standard error of the regression is
s = 29,96 ppb, which was used in conjunction with the regression line to
define the evaluation region in Figure 34%.
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TABLE 16.

NOX
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a9
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179
123
70
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EVALUATION DATA SET FOR 1.0S ANGELES
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TABLE 16 (continued)
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TABLE 16 (continued)
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TABLY. 16 (continued)
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DATE
(1978

11
12
13
14
18
16
17
18
19
29
21
22
23
24
25
26
27
28
29
N

ocY
ocT
ocr
ocr
(44
ocT
ocr
ocT
ocy
ocTY
ocr
ocY
ocr
ocy
ocT
ocT
ocT
ocy
ocT
ocr

TABLE 16 (concluded)

OBSERVED O20NE

ecmcscmnavmcaraccane

NMOC NOX TEMP PEAK  PEAK
fppdCY {ppd) tDEC F) STN HOUR (4 4:]
1848 388 -1 2 14 218
2123 365 78 18 T 180
1657 253 74 6 16 T
1284 212 74. 12 14 19e
1232 197 72 2 15 200
909 102 75 9 14 228
383 90 75 9 14 128
1148 217 72 8 13 178
1984 328 76 21 15 158
723 138 74 9 14 na
835 138 72 ) 15 160
758 88 73 2 14 154
714 145 a9 12 13 )
2345 315 77 26 15 8o
665 128 72 9 15 128
1478 380 71 9 15 180
1213 238 69 9 15 190
699 183 69 2 " 240
546 o5 69 19 15 204
1858 206 67 3 14 88

EXMA OZONE

STANDARD

435
467
399
327
329
16
12
349
456
257
253
21%

99
243
426
369
293
108
329

ESTIMATES tppbd)

CITV-SPICIFIC

782

649
595
212
643
883
L1-1
535

490
816
18!
s
€59
Soe
412
617
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Definition of Accuracy Reglons

A multiple regression equation was derived for the ratio OBS/EST as a
function of several variables:

OBS/EST = ~0.244 - 39.06/N0, + 371.60/840C (10)
-0.000456(NMOC) + 0.0187(T)

where T denotes dally ma.imun temperature {n °F and the other symbuls and
units are as previously defined. The multiple regression coefficient ts

r = 0,68, and the standard error of the regression i3 8 = 0.43. All the coef-
ficients of Eq. 10 are statistically significant at better than the 0,05 level
except the constant, which is not.

Equation 10 resembles Eq. 4 for St. Louis because it fncludes both }/NMOC
and 1/NO,. However, in Eq. 4 these two variables had positive coefficients,
which §s not the case in Eq. 10. Another difference between Fq. 4 and 10 is
that the latter includa2s NMOC; despite the fact that 1/8M0C, 1/NO,, and NMOC
are intercorrelated (see Table l7) the latter two variables Iincrease the
amount of variance explained. By far the most {mportant variable {n temst of
anount of variances explained is 1/NMOC, which by {tself explains about 40
percent of the variance. The remaining three varlables--T, NMOC and 1/NOy==
together add another 6 percent to the tctal explained varfance, Thus, NMOC or
its reciprocal continues to play a larze role in explaining the predfctive
performance of the EKMA.

Figure 35 displays a plot of accuracy probability derfved from Eq. 10
after setting T = 76.1°F, which 1s {ts mean value. The variable Z = =39.06/
NOx + 371.60/NMOC - 0.000456 (NMOC) is the right side of Eq. 10 without the
constant and the factor for T. Reflectlng the indications of Figure 33, Fig-
ure 35 shows that the probability of an accurate prediction ls relatively low,
with P (0.8 ¢ R < 1.2) < 0.37. Moreover, the magnitude of the three probabdbfil=-
ities is about the same in the neighborhood where P(0.8 < R < 1.2) has ite
maximum. Thus, relatively small changes in the valuc of Z {n this neighbor-
hood can radically shift the probability of an accurate prediction in favor of
an increased probability of overprediction or underprediction. The steepness
of the curves for P{R < 0.8) and for P(R > 1.2) suggests a similarly sensitive
behavior in the overprediction and underprediction regimes, reapectively. The
sensitivity of the probabilities causes tne standard-EKMA ozone estimates to
be of limited usefulness for obtaining upper bounds for ozone in Los Angelec,

Figure 346 is the companion to Figure 35, deplcting constant=-Z contours in
the NMOC-NO, plane. For mean daily maxinum temperature, the area to the right
of the curve Z = -0,50 represents the region where overprediction is most
probable. Conversely, the area to the left of rhe curve Z a 0,25 denotes the
region of underprediction. The area between Z = =0,5 and Z = C,25 may de con-
sidered a transition region where the three possibilities, i.e. overpredic-
tion, accurate prediction, and underprediction, have similar probabilities.
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EVALUATION OF CITY-SPECIFIC EKMA

City-Specific Qzone Estimates

Table 18 shows the input parameters used with the EKMA computer program
to obtain the C-S ozone estimates. As with the others, the date used, 23
June, was when the highest ozone level, 460 ppb, was observed. (This {s one
day after the summer solstice.) Default values were used for the inversion
height; they are the same as for the standard EKMA. The city-specific EKMA
differs from the standard EKMA mainly in that the former has post-0800 cnis-
sions, and the NO;/NO, ratio is 0.41 rather than the standard value of C.2S.

As Iin the oiher test cities the city-specific EKMA ozone estimates for
Los Angeles, are highly correlated with the standard-EKMA estimates. Figure
37 shows a scatterplot of CS03 and EST that fllustrates the strong relation-
ship between the two variables., The correlation coefficient is p = 0,98, and
is significant with p < 0.00001. The regr-<ssion equation relating the two
variables is CS02 = 78.55 + 1.62(EST), and has a standard error 8 = 30.31,
where units are ppb., Actually, the [igure: indicates a nonlinear relationship
exists between CSU3 and EST, as evidenced by the slight curvature of the point
swarm.

Like Philadelphia, but unlike St. Louls and Houston, the Los Angeles C-S
estiwates are greater than the Los Angeles standard-FKMA estimates. This is
reflected in the intercept and slope of the regression equation, the slope
indicating a scaling factor of 162 percent. This will lead to fewer
underpredictions and to more overpredictions,

Comparison of Observed Qzone
and City-Specific Ozone Estimate

Figure 38 shows a scatterplot of OBS and CS03. In contrast to Figure 33,
Figure 38 has a preponderance of overpredictions and few underpredictions,
Region i contains six points (3 percent of the total), Reglon 2 has 25 (14
percent), and Region 3 has 145 (83 percent), Thus, the nunber of undarpredic=-
tions has been reduced by more than a factor of ten, but the number of accu-
rate predictions has decreased by a factor of two. Although the magnitude of
the overpredictions can be very large, more than a factor of ten in sonme
cases, for purposes of estimating ugper bounds tac ¢-S EKMA is more appropri-
ate then the standard-EKMA because of its low probabtlity of underprediction.

Definition of Accuracy Regions

The multiple regression equation derived for the ratfo 0BS/ S03 s
0BS/CS03 = 0.0756 ~54.9299/N0y + 286.822/NM0C
=0.001687(NOy) + 0.00932(T) (11)

where symbols and units are ac defined for Eq. 10. The multiple regression
coeffictent is r = 0.69, and the ~.andard errur of the regression i{s s = 0.22.
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TABLE 18.

SUMMARY OF INPUT PARAMETERS

FOR OBTALINING CIT{-SPECIFIC EKMA
OZONE ESTIMATES FOR LOS ANCELES

Paraneter Value
Date 23 June 1978
Location Latitude 24.00°%,

Inversion data

Post~0800 enissions
by ending hour
0900
NMC
h
1000
NM.:C
o
1100"
NMiiC
NOx
1200
MMitC
NOx
1300
NMHC
NO,
1400
NMIIC
no
1500
NMIC
HOx

Reactivity
HO:/NO‘

Background ozone
concentration (ppn)

Longitude 118,5°W

Default vdlues used

[~ [= M=)
* o L 2
W W [V RV}
&Sown ——~y

N W
- =

o o e o
~ o
W

[=N~] (== oo [= =]
— o

)
-
s &

0.41

0.04
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All the coefficients are statistically significant ( p < 0.001), but the con-
stant is not significant at the 0.05 level.

Equation i1 differs from Eq. 10 in the presence of the variable NO, in
the former instead of the NMOC that appeared in the latter. Neveirtheless, in
both equations 1/NMCC explained approximateiy the same amount of .variance,

37 percent in Eq. 1! and 40 percent in Eq. 10. The remaining three variables
in Eq. 11, 1/NOx, NOx and T, together account for about 10 percent of the
variance.

Figure 39 displays the plot of accuracy probability corresponding to

Eq. 11 with T = 76.1°F, which is its mean value. The probability is plotted
as a function of the variable 2 = —54.999/N0x + 286.822/NMOC - 0.001687(NO, ),
which is part of the right side of Eq. 1}. <“he figure shows that the proba-
bility of underprediction is low for most values of Z. The probability of an
accurate prediction is moderately high, with P(U.8 £ R € 1.2) reaching a max-
imum value of approximately 0.64 in the neighbcrhood of Z = 0.22. The ten-
dency to overpredict is apparent in the fact that P(R < 0.8) > 0.5 for Z < 0.
The highest protabilities of an accurate prediction range from 0.6 to 0.64 an
nccur for values of Z in the interval 0.1 < 2 < 0.3.

Constant-Z contours are displayed on the NMOC-NO, plane in Figure 40.
The shaded area of Figure 40 corresponds to the interval 0.1 < Z < 0.3 in Fig
ure 39 in which P(0.8 <R 1. 2) > 0.60. Thus, (NMOC,NO ) combinations in th
shaded area have the highest probability of yielding accurate estimates. The
smail area to the left of the shaded slice 1is the reglon where underpredictio
becomes more probable. The part of the evaluation region to the right of the
shaded area 1s associated with an increasing probability of overprediction.
The tendency toward overprediction is thu: made apparent, because most of che
evaluation region is to the right ol the shaded area.-

DISCUSSION

It was surprising that the standard-EKMA yielded so many underestimates,
indicating that the worst-case conditions supposedly embodied in the standard
EKMA do not in fact define a worst case. The clty-speciflic EKMA,- by coatrast
ylelded a large majority of overestimates. This suggests that the city-
specific EKMA is the opecrational mode of choice for the purpose of obrainin&
an upper bound for szore, although the magnitude of the overpr-diction can be
very large.
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SECTION 7

EVALUATION USING DATA FOR THE TULSA AREA

DATi REVIEW AND ANALYSIS

Data collected during a field study conducted in the Tulsa, Oklahoma,
area from July from September 1977 (Eaton et al., 1979) were used in the EKMA
evaluation. Ten monitoring locations were used to observe the production and
transport of ozone and ozone precursors, particularly when the winds were from
the south (Figure 41).

In comparisca with the other data bases used in the EKMA evaluation, peak
ozone concentratlons in the Tulsa area were genevally lower and occurred later
in the day. However, the peak ozone concentrations were significantly corre-
lated with the observed daily maximum temperature, although higher tempera-
tures are apparently needed co produce ozone concentrations exceeding the
NAAQS ozone standard of 120 ppb. The 0600-0900 areawide-average source-region
NMOC and NOy concentrations are consistently lower in Tulsa than in the other
test cities. Peak ozone concentrations were also significantly correlated
with the morning-minimum to afternoon-maximum temperature difference.

NOx and NMOC were measured at two monitors located within the Tulsa clty
limits. These two sites, the Tulsa Post Office and the Tulsa Health Depart- .
ment, were used to calculate the 0600-0900 average source-region NMOC and NOx
concentrations,

DEFINITION OF EVALUATION DATA SET

The criteria used to select the evaluation data set for Tulsa were:

¢ Maximum daily temperature at least 30.6°C

e Difference between daily maximum and morning minimum temperature at
least 10.6°C.

Many days were excluded from the data set due to missing NMOC or NO, data.

One day with & maximum ozone level of 115 ppb was excluded because the maximum
occurred before noon.

Thirteen days were selected fo the evaluation data set for Tulsa, which

is shown in Table 19. A complete statistical evaluation of the EKMA, similar
to that performed for the other four test cities, could not be performed for
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TABLE 19.

EVALUATIOR DATA SET FOR TULSA

Precursors Tenperatura (°C) Obscrved Miximun Ozone EKRMA Ozone Estinmate (pph)

Date NioC W, Daily aorning Tize 0, City=-
(1977) | (ppdC) | (ppb) | Maxinum | Mianfmun | Stee® | (COT) | (ppb) | Standard Spectfic
25 Jul 4690 42 4l1.7 2647 7 1900 123 147 101
29 Jul 440 53 34.4 23.3 1 1800 127 155 107
30 Jul 270 84 35.6 21.1 6 1300 128 108 85

2 Aug 960 65 35.0 19.4 1 1900 117 215 136

J Aug 4950 50 35.0 22.8 6 1500 151 159 108

4 Aug 50¢ 39 35.0 23.9 7 1400 111 168 115

6 Aug 210 79 37.2 25.0 6 1600 79 74 70

7 Aug 220 107 3.2 25.9 6 1500 94 48 59

8 Aug 390 101 38.9 26.1 6 1500 84 156 109

9 Avg 410 76 32.3 25.0 6 1800 74 177 112

11 Aug 370 29 3.1 20.6 1 1600 95 120 85
14 Aug 170 10 33.9 21.7 8 1400 95 65 53
15 Aup 570 56 34.4 21.7 7 1300 106 174 117

*site nunbers are keyed to Figure 41l.




Tulsa because of the small size of the data set. Consequently, we present an
abbreviated analysis in the sections that follow,

EVALUATIUN OF STANDARD EKMA

Comparison of Observed and Estimated Ozone

rigure 42 shows a scarterplot of CBS and EST. Because the number of
pointes {s so emall, the plot yields no statistically meaningful pattern. How-
ever, each of the three regions contains some points, and the respective
nucber of points in Regisns 2 and 3 differs only by one. Moreover, there is
no statistically significant correlation between OBS and EST. The paucity of
data prevents us fron inferring any trends {rom Figure 42.

Relationship Between the Variables

A scatterplot of 0600-0900 NMOC and NO, 13 shown in Figure 43. In con-
trast to the other four test citfes, che NMOC and NOy in Tulsa are not cocre-
lated. One possible implication of this lack of correlation is that the
source regicn, {f it exists, has not becn properly characterized by the two
monftoring statfons used to compute average NMOC and NOx. Another possible
explanation 13 that stationary sources may be affecting one or both putative
"“gsource-rezion" monttors, which would weaken the correlation between NMOC and
NCye In fact, Flgure 43 shows three clusters of points, one comprising five
points in the upper left hand corners of the graph, vne seven points that are
aligned along the figure’s main diagunal, and one a single point located in
the middle of the right-most nargin. The seven-point cluster suggests a
linear relationshlp between !0C and 0,, but the dichotomy between the five-
point and seven-point clusters could be {ndicative of the presence of multiple
uncorrelated sourcee affecting the precursor levels. It is thus apparent that
the two monftors are inadequate to characterize the Tulsa source region, 1f
indeed it exlsts,

No sigrificant correlation vas found betwzen DBS and NMOC and NO,. How-
cver, EST 18 strongly correlated with NMOC (r = 0.87, p < 0.001) and with
1/80C (r « =0,94, p < 0,001). But EST is not correlated with NOx or 1/NOy,
<hich 18 another i{ndicatfon of the possidle influence of stationary sources ou
the 0600-0700 NQ:.

FVALUATION OF CITY=-SPECIPIC EXMA

City=Specific Ozone Fstimates

Table 20 shows the input parametere for the city-specific calculations.
The trajectories calculatoed for cstimating poet~0800 emissions all left the
gourcu area after 0900; hence, there are no poat-0900 ¢vmiasions. The absence
of post-0900 canissions {s a consequence of the small size of the urban area
and of the fact that Tulsa is surrounded by open lands.
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OBSERVED OZONE {0BS} — ppb
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TABLE 20. SUMMARY OF INPUT PARAMETERS -
FOR OBTAINING CITY-SPECIFIC EXMA OZONE ESTIMATES

FOR TULSA
Parancter - Value
Date 3 August 1917
Location Latitude 36.%2°N,

Longitude 95.92%

Inversion height data

Inttial hetght (=) 400

Final height (=) 1800

Scarting time of rise 0700

Ending tioe of rise 1400
Poat-0200 entasfons® )

MoC .50

N, 0.50
Reactivity, uoz/no‘ 0. 52

sackground ozone
roncentration (ppn} 0.04

.Endlng hour 0500,
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As in the other four test cities, the C-S ozone estimates are strongly
correlated with the standard-EKMA predictions (r = 0.99, p < 0.001). The C-S
estimates are also correlated with NMOC (r = 0.88, p < 0.001), with 1/NMOC
(r = -0.95, p < 0.001), but not with NOy or 1/NOy.

Comparison of Observed Ozone
and Cit --Specific Ozone Estimates

Figure 44 shows the scatterplot of OF; and CSO3. Comparison with Figure
42 shows that the C-S estimates display an increased frequency of underpredic-
tion with a corresponding decrease in overprediction. The frequency of accu-~
rate predictions remains about the same as for the standard-EKMA case.

DISCUSSION

Although the small sample size precludes drawing general conclusions
about EKMA performance ‘in the Tulsa area, a few cautionary remarks can
nonetheless be made. In using the EKMA, it is important to have a reasonably
well-def ined source region. The Tulsa application revealed that the scurce
region was elther inadequately defined or it does not exist. In either case,
the use of EKMA in the Tulsa context would be inappropriate. Thus, any
further artempts to apply the EKMA to Tulca should be preceded by an investi-
gation of the source distribution, with the aim of determining whether the
source~region concept that underlies the EKMA fits Tulsa’s conditions.
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SECTION 8

CONCLUSIONS, IMPLICATIONS, AND RECOMMENDATIONS

DISCUSSION OF RESULTS

This study has:

e Demonstrated the feasibility of using the EKMA to estimate upper
bounds for daily maximum ozone, given the concentration of NMOC and
NOy.

e Shown that the accuracy of the EKMA ozone estimates 1is a function of
the position of the estimate on the O3 isopleth diagram, the positio
being determined by the (NMOC, NOx) coordinates.

® Developed a gereral method for evaluating EKMA performance as a pre-
dictor of maximum ozone.

The results indicate that it is possible to use the EKMA, in eithsr the
standard or city-speciiic form, to estimate an upper bound for daily maximum
ozone, given the concentration of NMOC and NOyx. However, for a certain rang
of values of NMOC and NO, the upper bound can be very loose, and thus of lim
ited usefulness. The EKMA also can produce ozone estimates that are accurat:
to within £20 petcent of the observations. Estimates of this accuracy can b
obtained only for a restricted range of values of NMOC and NOy. 1In some
cases, e.g. for St. Louls, the range of values of NMOC and NOy that determin
the accuracy of the estimates is dependent {fn turn on such other variables a:
background ozone level and maximum daily temperature.

Three levels of accuracy were defined based on the ratio R = obscrved/
estimated: R > 1.2, 0.8 < R < 1.2, and R < 0.8. Tke {nterval R > 1.2 define
cas.2s of underestimation; R < 0.8 defines cases of overprediction. The close
interval 0.8 < R < 1.2 defines the most accurate estimates. The accuracy of
the ozone eatimates depended not only on the level of pollutant and teteoro-
logical variables, but ulso on whether the standard or city-specific EKMA was
used. Moreover, the frequency of occurence of ozone estimates that fall in
each of the three accuracy intervals was different for all the data sets stu-
died. Nevertheless, a gencral pattern emerged that relates low, medium, and
high values of NMOC and NOy to the three accuracy intervals: Low values ten-
ded to yield R > 1.2, medium values, 0.8 { R < 1.2, and high values, R € 0.8.
The precise values of NMOC and NOy that mark the boundaries of the three accu
racy intervals differed among the individual data sets. St. Louis and Housto
exhibited a general trend toward a high frequency of overestimatiou, and a lo
frequency of underprediction, for the standard EKMA. Although for St. Louis
and Houston the standard EKMA yielded estimates in the interval 0.8 < R < 1.2



the frequency was low, and the range of NMOC and 1O, values that produced such
estimates with high probability was narrow,

The situatfon was different for the city-specific EKMA, which tended to
have a higher frequency of estimates in the interval 0.8 < R € 1.2. The
city-specific FKMA also tended to underpredict more frequcntf;. and to over-~
predict less frequently, than the sUandard EXMA. Thus, althiough the city-
specific EKMA offers » higher probability of producing an accurate estimate
(for which 0.8 < R < 1.2), the standard EKMA has a higher probability of
yielding an upper bound estimate (for which R <L 2). This has f{mplications
for EKMA applications that are discussed in the next section.

The situation described above for St. Louis and Houston was reversed for
Philadelphia and Los Angeles. For the latter two test citfes the standard
EKMA had a higher frequency of underprediction and a lower frequenty of over-
prediction than the city-specific ERMA. Consequently, the city-specific EKMA
Is rore useful for obtalning upper bounds on maximun ozone potential for Phi-
ladelphia and Los aAngeles,

A major thrust of the study was to quant{fy the probable error assoclated
with the estimates. Equations were derived for calculating the probability
that the observed/estimated ratio for a given estimate was in one of the three
accuracy intervals, namely R > 1.2, 0.8 { R < 1.2, and R < 0.8. Depending on
the data set studied, the probability was a function of NMOC and/or NOx and
other variables. Accuracy reglons were identified in the NMCC-NO, plane
wherein an estimate can be assigned a probability of having attained a pre-
scribed accuracy level., Although our computations were aimed at the three
specific accuracy levels previously mentioned, the equations derived are gen-
eral and can be applied to any arbitrarily defined accuracy levels.

The study’s use of several distinct data bases lends generality to the
patterns and trends discussed above. Nevertheless, the scope of the numerical
results {s limfted, in the sense that they strictly apply only to the particu-
lar data sets cxanined. Unless these data sets can be considered to be
representative of conditions in thelr respective geographical areas, the
appllcation of the equations and graphs derived in this study to other geo-
graphical regions, or to the same reglions in other years, must be regarded
with caution. Such restrictions are, of course, typical of most data-analytic
studies,

We regard the evaluation methodology developed in the study as an fmpor-
tant contribution, The methods are general, and the numerical results
reported are real-life examples of what can be accomplished with these tech-
niques, In tlie future, the same nethodology can be applied to other data
bases to extend and generalize furtler the results reported here, as recom=-
mended helow.

IMPLICATLIONS FOR EKMA APPLICATIONS

Using the EKMA to estimate maximum ozone from its NMOC and NOy precursors
implies that the EKMA could be used to assess the effect on ozone of actions
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that modify the concentratiou f NMOC and NO,, e.4. emission control stra-
tegies, A corollary is that the EKMA could also be used in the design of con
trol strategies by performing a sequunce of analyses of the etfect on ozone o!
a variety of postulated control measures. Below we examine the possibilities
and pitfalls of using the EKMA in this fashion in light of the results of thi:
study., The discussion will be cast in terms of emission cuntrol strategies,
because we consider this to be the most common applica.ion of the EKMA. How-~
ever, it should be understood that any action that modifies precursor levels
is implicitly treated. The discusslon assumes that the reader is fam.liar
with the principles and assumptions of the EKMA as presently formulated.

The problem at icsue is to evaluate the effectiveness of a control stra-
tegy aimed at reducing ozone bv curtailing emissions of NMOC or NO,, or both.
Iu this context, the EKMA could be used to estimate the ma:rimum ozone associ-
ated with the control strategy in an attempt to answer the following
yuections:

(1) What is the probability that the maximum vzone will exceed 120 »pb?

(2) 1f it appears that 120 ppb uvill be exceeded, is the estimated ozone
close to or much greater than !'20 pph?

The general procedure is depicted in the flow chart in Figure 45. The
EKMA could be used to answer the first question provided that the ozone esti-
mate 1s less than or equal to 120 prb, and there is a high prcbability that
the estimate is an upper bound for the actual concentratfion. This corresponds
to taking the right~hand branch of Figure 45. In this case, the answer to
Question 1 above is that the probability is very low that the control strategy
will produce ozone levels that exceed 120 ppb; che precise value of the proba-
bility would be obtained from a probability graph such as Figure 7. Note that
the accuracy of the ozone estimate is not important - in this situation becawuse
an upper bound estimate is all that is needed. Hence, the standari EKMA may
be satisfactory for this application,

The EKMA is not as helpful in answering Question 1 if the estimate is
under 120 ppb but there is a high probability of underprediction. As indi-
cated in the right-most branch of Figure 45 in this case, the analysis must be
refined to establish the accuracy of the estimate and the probability associ-
ated with that accuracy. The methods developed iu this study allow a user to
perform such a refined analysis. Because accuracy is important in these cir-
cumstances, 1t may be necessary to resort to the city~specific EKMA to obtain
the ozone estimate. However, this must be tempered by the knowledge that the
city-specific EKMA has a tendency to underpredict.

Answering Questicn 2 requires analyzing the accuracy of the estimate and
its associated probability. As depicted in the left branch of Figure 45,
three cares are to be considered when the estimate Is over 120 ppb:

(1) There is a high probability of overprediction

(2) There is a high probability of underprediction

(3) There is a relatively high probability that the estimate 1s accu-"
rate, for example, to within +20 percent.
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The EKMA is least helpful in the first case (the left-most branch of Figure
45) because although the control strategy may actually reduce ozone below 120
ppb, the overpredictior masks the effect. This case thus requires a very
thorough analysis of the accuracy of the estimate. In the second case, it is
clear that the control strategy coes not work, and the margin of {neffective-
ness should be assessed by analyzirg the accuracy of the estimate as a means
of guiding the reformulation of the control strategy. The third case is where
the EKMA is most useful, because the estimate {s relatively accurate, Such ar
estimate can also be used to guide the design of a new control strategy.

Used in the fashion described above, the EKMA can be cunsidered to be a
screening tool, albeit coarse at times, that allows one to analyze the poten-
tial impact of a control strategy. Coupled with the analysis of the accuracy
of the estimates, the FKMA couid also be used to help formulate a crntrol
strategy by sequentially screening a series of control strategies. In gen-
eral, we recommend applying the standard EFMA first, then going to the city-
specific mode if the results obtained with the standard mode warrant {t.

To apply the FKMA in the manner described, one must have a means of cal-
culating the accuracy, and its assoclated probability, of the ozone estimate,.
This, of course, presumes that EKMA performance has been already evaluated
following the methods described in this report. Hence, one would have avail-
able probability curves similar to Figure 7 and equations such as Eq. 2 for
anaiyzing the acraracy of the cstimates. Fecause such curves and equations
would be based on a particular set of existing data, one is faced with the
perennial problem of deciding whether {t is appropriate to use them for
predictive purposes; in effect, to extraonlate using equations and graphs
based on historical data. This judgment is not unique to this EKMA applica-
tion; all models are tested and verified using historical data and are then
applied predictively. The prudent course is not to stray tovo far from the
known conditions.

RECOMMINDATIONS

We propose three extensions of the current research, first that further
evaluations of the EKMA be conducted using the methods developed in this
study. Specifically, evaluations should be performed using data for other
years ia St. Louis, Houston, Philadelphia, and Los Angeles. This suggestion
is motivated by the need to establish whether the pattern of EKMA performance
associated with a single data set for each of these areas {s general in
nature. Only these four urban areas are recommended, because the Tulsa data
base that is normally available 18 not sufficiently detailed for such
analysis. Adding some new areas to the extended evalcation should also be
congldered, provided that at least two years of data are used for exch area.

Second, we reconmend investigating the appli:ation of the results of this
study to the analysis and design of ozone control strategies. A procedure car
he developed that uses EKMA ozone cstimates and assoclated accuracy probabili-
ties to analyze the effectiveness of & control strategy with respect to {ts
effect on ozone levels, The analysis can be converted into design by sequen-
tially examining the impact of a series of control strategies. The results of
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the studies described in cthis report lend themselves to the use of !Monte Carlo
simulation technigues in conjunction with the £KMA to predict the distribution
of ozone maxima. This approach uses the entire joint distribution of NMOC and
NOy as the model input and procduces the distribution of ozone maxima as out-
put. Thus, FKMA applications would not be limited to using only the median

0600-0900 NMOC/NO, ratio and the single observed ozone design value as the
sole EKMA 1inputs, :

The third recomrendation is prompted by the finding that the standard and
city-specific EKMA ozone estimates are h.ghly correlated. The linear rela-
tionship between the two sets of estimates indicates that the city-specific
estimates are scaled versions of the standard estimates and the standard
scale versions of the city-specific. The presence of a nonzero constant term
ir the linecar equatfon indicates that the two sets of ozone isopleths are
shifted with respect to one another. The well-defined linear transformation
between the two sets of 2stimates suggests that the transformation can perhaps
be generalized and parcmeterized so that the city-specific estimates can be
obtained directly from the standard estimates, Thi3s would :liminate the
necessity of ruaning the FKMA computer code in the city-specific mode, which
would simplify considerably the use of EKMA: equations already exist that fit
the standard EKMA ozone isopleth diagram (sec the appendix of this report).
Hence, a pocket calculator could be used to compute the estimated ozone for
both standard and city-snecific EKMA., Thus, it 1s recommended that EPA spon-~
sor an effort to derive a general transformation between standard and city-
speciric I MA ozone estimates,

CONCLUNDING REMARKS

The model evaluation methodology developed in this study has several
valuable features, namely:

e It i3 independent of the model vvaluated, Hence it can be used with
other models besides EKMA.

® The accuracy of the model predictions can be calculated from the model
inputs.

® Accuracy bourds can be expressed in terms of probabilities.

These attributes make the methodology useful for application to a variety
of model evaluation studles. The methodology s especially easy to apply in
connectivn with trajectory mudels such as EKMA or ELSTAR. Such models have a
relatively cmall set of inprts, and this facilitates the derivation of the
regresgion equation that describes the predictive behavior of the model.
Hence, we urge that the methodology be considered for use {n other .odel
evaluation studies. For example, it could be applied to Gipson and Meyer’s
(1981) recent study.
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APPENDIX

EQUATIONS FOR STANDARD-EKMA OZONE ESTIMATES

The standard-EKMA ozone estimates were obtalned using a set of equatfons
fitted to the ozone isopleth diagram by researchers at the University of Nort
Carolina (Holton, 1980; Holton and Jeffries, 1979). Aa independent test of
the equations was performed at SRI for this study that detected a slight bias
in the equations. The bias was corrected by means of adjustment ejuations
that we derived using regression analysis. The ozone isopleth equations and
the correctinn expressions are defined below,

Following the notation of Holton and Jeffries (1979), let

-1

@ = tan  (1/5.49)

L = (NMOC) cos @ + (NOy) sin ©

D = (NMOC) sin @ - (NOx) cos ©

For D > 0, the uncorrected ozone is given by
0’3 = 0.282 L8 11 - (saae oyt 03
The corrected ozone is given by
03 = 0.00338337 + 1.00075 (0°3) .
For D < 0, the uncorrected ozone is given by
0°’3 = 0,282 10-683 exp [~9.11 (|r>|/1.)l'68 ] .

The corrected value is obt~rined from

03 = 0.00912572 + 1.08471 (0°“3) .
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