FINAL REPORT

IMPLEMENTATION AND EVALUATION OF BULK RICHARDSON
NUMBER SCHEME IN AERMOD

EPA Contract No. 68D02104
Work Assignment No. 2-04

Prepared for

Warren D. Peters (D243-01)
Emissions, Monitoring, and Analysis Division
Office of Air Quality Planning and Standards

U. S. Environmental Protection Agency
Research Triangle Park, NC 27711

September 2004

Submitted by

MACTEC Federal Programs, Inc.
5001 S. Miami Blvd., Suite 300
P.O. Box 12077
Research Triangle Park, NC 27709-2077
(919) 941-0333 FAX (919) 941-0234



ACKNOWLEDGMENTS

This work was funded in part by Pacificorp, through a contract with ECT, Inc., with
Travis Epes as project manager, and in part by U. S. EPA, through a contract with MACTEC
Federal Programs, Inc., with Warren D. Peters as EPA Work Assignment Manager. John S.
Irwin, NOAA/ARL on assignment to EPA, provided useful discussions and computer code for
the Prof LIM method. Herman Wong, Rob Wilson and Kevin Golden of EPA also provided
useful input to the project. This report is based on a paper by Roger W. Brode presented at the
American Meteorological Society 13th Joint Conference on the Applications of Air Pollution

Meteorology with A&AWMA, Vancouver, B.C., August 24, 2004.

il



TABLE OF CONTENTS

Page
A CKNOWLED GMEN T S oo e e e et e e e e e e e e e e e eeraeaeeeeeeenanens il
TA BLE OF CON T EN T S oo e e e e e e e e e e e e e e e e e e e rraaaeeaeaane 1i1
LIST OF FLGURES ...t e e e e e e e s e e e e e e e e e eeeraaeeeeeaaenaaes v
1.0 INTRODUCGTION. ..o e e e e e e e e e e e e e e e e e e e e e e e e aaaaaeeas 1
2.0 RESULTS OF AERMET REVIEW ..ot aee e e 2
2.1 ISSUES WITH CURRENT IMPLEMENTATION ....cooiiiiiiiiiieeeeeeeeeeeeeeeeee e 2
2.2 ALTERNATIVE IMPLEMENTATION METHODS ... oo 2
2.3 IMPLEMENTATION IN AERMET CODE ......cooovteieeeiieeeeeeeee e 5
3.0 PREDICTED VS. OBSERVED WIND SPEED AND AT COMPARISONS ..o, 7
3.1 COMPARISONS USING SCRAM TEST CASE ... 7
3.2 COMPARISONS USING KANSAS AND PRAIRIE GRASS DATABASES ............. 8
4.0 PRAIRIE GRASS PERFORMANCE EVALUATION. ...t 10
5.0 CINDER CONE BUTTE PERFORMANCE EVALUATION ..o 12
0.0 CON LU STON S .o e e e e e e e e e e e e e e e e e e e e eaaaeeeeans 14
T.O REFERENCES ... oo e et e e e e e e e e e e s e aa e e e e e e e eeraaaeaeaaenes 15

il



Figure

10.
11.
12.
13.
14.

15.

16.

17.

18.

19.

LIST OF FIGURES

Page
Observed vs. Predicted Wind Speed — Version 02222R..........ccoovvveeviieeiiieeiiieeieeeieeene 17
Observed vs. Predicted Wind Speed — Prof LIM Method ..........cccooovviiiiieiiiiiiieece, 17
Observed vs. Predicted Wind Speed — Prof UNL Method .........cccoovvveviiiieiiieeniieeiees 18
Observed vs. Predicted Wind Speed — Version 02222 .........cc.ceevvveeiiieeiieeeiieeeieeeeiee s 18
Observed vs. Predicted AT — Version 02222R .......c.ooiiviiiinienieieeereeece e 19
Observed vs. Predicted AT — Prof LIM Method.........cccoocvieiiieiiiiiiiiiieiecieeeeeeeee 19
Observed vs. Predicted AT — Prof UNL Method.........cocoeveriiniiiiniiniiiieciceece 20
Observed vs. Predicted AT — Version 02222 ........coouiiiiiiiieiiieiiieeee e 20
Comparison of Predicted to Observed Wind Speed for Kansas Data...........cc.cccuveeenneenne 21
Comparison of Predicted to Observed AT for Kansas Data ..........cccccceeevieviiiniienieenenne. 21
Observed vs. Predicted Wind Speed Profiles — Kansas, Day 209, Hour O....................... 22
Observed vs. Predicted AB/AZ Profiles — Kansas, Day 209, Hour O...........cccocceeeieennennne. 22
Comparison of Predicted to Observed Wind Speed for Prairie Grass..........cceceveevuennnene 23
Comparison of Predicted to Observed AT for Prairie Grass.......cc..coceveeverveneenienecnnenn 23
Observed vs. Predicted Wind Speed Profiles — Prairie Grass, July 22, Hour 20, Using

WS Ittt ettt et e s e et e st e e bt e s sbeebeeenbeenseesnseenseesnsaens 24
Observed vs. Predicted AB/AZ Profiles — Prairie Grass, July 22, Hour 20, Using

WS Ittt ettt e e e st e et e e sab e e bt e s sbeesseeesseenseessseenseennsaens 24
Observed vs. Predicted Wind Speed Profiles — Prairie Grass, July 22, Hour 20, Using
WS@BIM ...ttt ettt sttt e e e e beesaeeseesseenseeseenseenseensensaenseeneans 25
Observed vs. Predicted AB/AZ Profiles — Prairie Grass, July 22, Hour 20, Using

WSEDBIM.....eieeeee ettt et e st e bt e st e e bt e e sbeebeeenbeenseesnbeenseesnsaens 25
Prairie Grass 1-hr Q-Q Plot for SBL — BulkRi/02222 vs. CCVR ......ccccoeciiiiiiiiiiiien, 26

v



20.

21.

22.

23.

24.

25.

CCB SF6 y/Qs — Hourly Maxima Q-Q Plot — BulkRi vs. CCVR .........cccooiiiiiiiinn 26

CCB SF6 y/Qs — Hourly Maxima Paired in Time — BulkRi vs. CCVR...........ccccevenneen 27
CCB SF6 1-hr Q-Q Plot (x/Q) — AERMOD/Prof UNL Method vs. CTDM.................... 27
CCB SF6 1-hr Q-Q Plot (%x/Q) — AERMOD/BulkRi/02222 vs. CTDM..........cccceenenuennee 28

CCB SF6 1-hr Q-Q Plot (3/Q) — AERMOD/Prof UNL vs. CTDM — No Sigma-w......... 28

CCB SF6 1-hr Q-Q Plot (x/Q) — AERMOD/CCVR vs. CTDM — No Sigma-w ............. 29



1.0 INTRODUCTION

The AERMOD dispersion model was designed to accept a wide range of site-
specific meteorological measurements, including profiles of wind, temperature and turbulence
data. However, the algorithm for estimating the heat flux under stable conditions requires a
cloud cover measurement, which is not typically available from site-specific monitoring
programs. For applications of AERMOD in remote settings, the non-representativeness of cloud
cover measurements from the nearest airport may present an obstacle to the application of
AERMOD. Concerns have also been raised regarding the representativeness of cloud cover
measurements from Automated Surface Observing System (ASOS) installations due to

limitations in the vertical range of the ceilometer (EPA, 1997).

An alternative scheme for estimating heat flux under stable conditions based on the use of
a low-level AT measurement together with a single wind speed measurement, referred to as the
Bulk Richardson Number Scheme, has been implemented in the AERMET meteorological
processor. This paper presents results of a technical review and modification of the
implementation of the Bulk Richardson Number Scheme in AERMET, and results of an
evaluation of the AERMOD model performance using the modified Scheme as compared to the

use of cloud cover data.



2.0 RESULTS OF AERMET REVIEW

2.1 ISSUES WITH CURRENT IMPLEMENTATION

A review of the current implementation of the Bulk Richardson Number Scheme in
AERMET (dated 02222) (Cimorelli, et al., 2002) identified a number of issues that could
significantly affect the results of applying the Scheme. The current implementation involves an
iterative solution to estimate the surface friction velocity (u*), the temperature scale (6%*), and the
Monin-Obukhov length (L), based on the reference wind speed and AT if the wind speed is
above a critical wind speed. The original implementation was designed to linearly extrapolate u*
and 6* for wind speeds below the critical wind speed. However, the method was implemented
in version 02222 without the extrapolation, and the values of u* and 8* evaluated at the critical

wind speed were used for wind speeds below the critical value.

An effort was made to resolve the issues associated with the current implementation of
the Scheme in AERMET, and a revised version of the code was developed, referred to hereafter
as version 02222R. However, once the initial issues with the current implementation were
resolved, additional issues with the performance of the Scheme were encountered during tests
with the Prairie Grass tracer field study data (Barad, 1958; Haugan, 1959). In particular, cases
were encountered where the wind speed was initially above the critical wind speed, but fell
below the critical wind speed during the iteration as the critical wind speed was adjusted. The
current implementation in version 02222 assigns such cases as missing. In preliminary tests of
the revised version (02222R), using the Prairie Grass data, the top three observed and predicted

concentrations (based on cloud cover data) fell into this category.

2.2 ALTERNATIVE IMPLEMENTATION METHODS

Given the number of issues encountered with the current implementation of the Scheme

in AERMET, and in particular the issues associated with wind speeds below the critical wind



speed, alternative implementation options were explored. One of the methods considered was
the “profile method” (van Ulden and Holtslag, 1985; Nieustadt, 1978; McBean, 1979; and
Berkowicz and Prahm, 1982). This method consists of making an initial estimate of L,
calculating u* and 6* from the profile equations for wind and temperature based on similarity
theory, then calculating a new estimate of L based on u* and 6* and iterating to a solution. This
method provides a straight-forward approach without any critical wind speed issue. The

equations for u*, 8*, and L are as follows:
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where
P = profiling constant (= 5)
k = von Karman constant (= 0.4)
g = acceleration due to gravity (= 9.8 m/s)
= wind speed at height z (m/s)
z = measurement height above ground (m)
FA) = surface roughness length (m)
0 = potential temperature at height z (K)
A@  =potential temperature difference between

heights z; and z; (K)



In this implementation of the profile method, the level of the wind speed measurement
used in Equation 1 is independent of the measurement levels used for AT. The method was
implemented in AERMET to use the reference wind speed, defined as the lowest valid wind
speed measurement from a level at or above 7z and less than or equal to 100m. The method was

also implemented using a tolerance of 1 percent on the estimates of u*, 8*, and L.

The initial implementation using the profile method provided encouraging results for the
Prairie Grass database, with convergence typically occurring within about 5 iterations. However,
the method did not converge well on other test databases, resulting in large numbers of cases

with values of 0 (zero) for u*.

One of the alternative options considered was a program developed by John Irwin (Irwin
and Binkowski, 1981) that implements the profile method using a different iteration scheme.
The Irwin code makes an initial estimate based on a neutral lapse rate, and then iterates in a
stepwise manner with successive estimates for L until the estimate overshoots the true value.
Then the stepping direction is reversed and the stepping interval is reduced until convergence is
achieved. A lower limit of z/2 is placed on the value of L, where z is the height of the wind
speed measurement. The Irwin code (hereafter referred to as the Prof LIM method to reflect the
lower limit on L) also includes a modification to the wind speed profile for cases when z/L > 0.5

based on Holtslag (1984), expressed in terms of u* as follows:

ku (4)
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Note that Equation 4 matches the result from Equation 1 for a value of z/L = 0.5. The
Prof LIM Method produced reasonable results for the Prairie Grass data and also appeared to

provide reasonable results for other test databases.

When the original implementation of the profile method was modified to include the

wind speed profile for cases when z/L > 0.5 based on Equation 4, the modified method continued



to perform well on Prairie Grass data, but also provided reasonable results for other test
databases. The original implementation of the profile method was not modified to include a
lower limit on the value of L, and is referred to hereafter as the Prof UNL method. The results
of the Prof LIM and Prof UNL methods differed significantly for many cases in the Bulk
Richardson Number test case for AERMET provided on EPA’s Support Center for Regulatory
Air Models (SCRAM) website (referred to as EX05), especially for very stable cases with
relatively low values of L and low wind speeds. The Prof LIM and Prof UNL methods also

produced significantly different results compared to version 02222R.
2.3 IMPLEMENTATION IN AERMET CODE

The alternative method for determining u*, 6*, and L based on wind speed and low-level
AT has been implemented in the AERMET meteorological processor. The iterative approach
involves initial estimates of u*, 8%, and L followed by an iterative solution of Equations 1
through 4. A minimum of 3 and maximum of 20 iterations are used to estimate u*, 8* and L,

and a convergence criterion of 1 percent is applied simultaneously on all three parameters.

The AERMET meteorological processor was also modified to remove the dependence on
cloud cover for the decision on whether a particular hour is convective or stable when solar
radiation measurements are available. Version 02222 of AERMET calculates an equivalent solar
elevation angle based on the solar radiation measurement, and compares the equivalent solar
elevation angle to a critical angle to determine if the hour is convective or stable. However, the
calculation of the equivalent solar elevation angle and the critical angle are both dependent on
cloud cover, and if cloud cover is missing a value of 5 tenths is used. To circumvent this issue,
an equivalent cloud cover is calculated based on the solar radiation measurement and the actual
solar elevation angle for the hour, using an equation for solar radiation as a function of cloud
cover and the clear sky insolation from Kasten and Czeplak (1980). The equation for equivalent

cloud cover (n,,) is as follows:

C(1-R/R, Y
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where

R = solar radiation (W/m?)
Ry = clear sky insolation = 990 sin(¢) — 30
) = solar elevation angle

Cloud cover is also used in dry deposition calculations in the AERMOD model.
Therefore, if cloud cover is missing during stable hours and the Bulk Richardson Number
Scheme is being used, then an equivalent cloud cover is calculated based on the value of 6*
calculated from the Bulk Richardson Number Scheme. The equivalent cloud cover is calculated

as follows, based on van Ulden and Holtslag (1985):

(1-6./0.09\"
e _( 0.5 j (6)



3.0 PREDICTED VS. OBSERVED WIND SPEED AND AT COMPARISONS

3.1 COMPARISONS USING SCRAM TEST CASE

In order to determine whether any of the three versions of AERMET (the “corrected”
version 02222R, the Prof LIM method, and the Prof UNL method) performed any better than
the others in estimating the boundary layer parameters, a series of tests were performed to
compare the wind speed and AT values back-calculated based on the estimates of u*, %, and L
to the values of wind speed and AT input to the routines. The SCRAM test case (EX05),
consisting of one month of site-specific data from Allentown, PA, was used for the initial test.
The EXO0S5 test case includes a 10-2m AT and a 30m reference wind speed as inputs to the Bulk
Richardson number (BulkR1) option.

The results of the wind speed comparisons based on the EX05 test case are shown in
Figures 1 through 4 for the 02222R, Prof LIM and Prof UNL methods, along with the current
version of AERMET (dated 02222). The AT comparisons for these four methods are shown in
Figures 5 through 8. The Prof UNL method (Figures 3 and 7) performed very well on this test,
with differences in observed vs. predicted wind speed and AT on the order of 0.1 percent or less.
Version 02222R tended to overestimate the wind speed and underestimate the AT, while the
Prof LIM method showed some improvement relative to version 02222R for wind speed but still
showed some overestimation, and showed a more significant overestimation for AT. The current
implementation in AERMET (version 02222) exhibits significant overprediction of wind speed
and AT. Not surprisingly, the algorithms tended to provide better agreement between observed
and predicted wind speed and AT for the more neutral/high wind speed cases than for the

stable/low wind speed cases.

The overestimation of the input value of AT by the Prof LIM method (see Figure 6)
appears to be due primarily to the inclusion of the lower limit on the computed value of L to be
greater than z/2. In the EXO0S5 test case, z is equal to 30m. This limit is based on the assumption
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that the profile equations based on similarity theory are applicable up to a height of about L. As
noted earlier, this limit on the value of L was not incorporated into the Prof UNL method.
Inclusion of this limit in the Prof UNL method produced results very similar to those shown for
the Prof LIM method. Aside from the limit on L, the two implementations of the profile method
appear to produce nearly equivalent results. Holtslag (1984) suggests that the profile equations
(including Equation 4) apply reasonably well for the very stable cases up to a height of about 6z,

based on data from the 213m Cabauw tower.

The results of this and other tests suggest that the profile method is fairly robust in
solving the wind and temperature profile equations iteratively, without a prescribed limit placed
on L, with the modification to the wind speed profile based on Equation 4. The Prof UNL
method also requires fewer iterations to converge than the Prof LIM method, by almost a factor
of 10. However, the question remains as to whether the estimates of u*, 6*, and L from the
Prof UNL method perform any better at predicting wind speeds and temperatures at

measurements heights other than those input to the method.

3.2 COMPARISONS USING KANSAS AND PRAIRIE GRASS DATABASES

Data from the Kansas (Izumi, 1971) and Prairie Grass (Barad, 1958; Haugan, 1959) field
studies were used to examine the question of how well the two profile methods perform at
predicting the full profiles of wind speed and temperature. The Kansas field program, conducted
in 1968 at a site about 75km southwest of Dodge City, includes wind speed and temperature
measurements at heights of 2, 4, 8, 16, 22.6, and 32m above ground. The Prof LIM and
Prof UNL methods were applied for the Kansas database using the 2m reference wind speed and
8-2m AT. Figure 9 shows the predicted vs. observed wind speed for the Prof LIM and
Prof UNL methods for the Kansas data, and Figure 10 shows the predicted vs. observed values
of AT.

Of the nine hours of stable cases examined for the Kansas database, the Prof LIM and
Prof UNL methods estimated nearly identical values of u*, 6*, and L for eight of the cases. The
results differed significantly for the most stable case, hour 0 of day 209, due to the lower limit on

L for Prof LIM. Both methods estimated a value for L of about 1m, but the Prof UNL method



estimated a value for u* of about 0.05 m/s compared to a value of 0.09 m/s for the Prof LIM
method. The Prof LIM method overestimates the wind speed for this case by about a factor of

2, and also overestimates the value of AT for this case by a factor of about 4.5.

Figure 11 shows the full profile of predicted vs. observed wind speeds for the day 209,
hour 0 case, and Figure 12 shows the predicted vs. observed profiles of potential temperature
gradient, (plotted at the midpoint of the height ranges). The Prof UNL method matches the
observed wind speed profile up to a height of about 8m, but starts to underestimate the wind
speed above that level. The Prof LIM method overestimates the wind speed across the full
range of measurement heights. The Prof UNL method matches the potential temperature
gradient at the lowest height range of about 5Sm, and overestimates the lapse rate slightly above
that level. The Prof LIM method overestimates the lapse rate by about a factor of 5. These
limited results suggest that use of the profile method without applying a lower limit on the value

of L does not adversely affect the performance of the Scheme.

Similar tests were performed using the Prairie Grass database, which includes wind speed
and temperature measurements at heights of 1, 2, 4, 8, and 16m above ground. A 1m reference
wind and 8-1m AT were used. The results showing predicted vs. observed reference wind speed
and input AT are provided in Figures 13 and 14, respectively. As with the Kansas results, the
Prof LIM and Prof UNL methods produced nearly identical results, except for the most stable,
low wind speed cases. For Prairie Grass, there were six cases that showed disparities. Of these
six cases, the most stable case occurred on July 22 at hour 20, with both methods estimating
values for L of about 0.5m, but the Prof UNL method estimating a value of 0.03 m/s for u*
compared to a value of 0.07 m/s for Prof LIM. The predicted vs. observed profiles of wind
speed and AT for this case are shown in Figures 15 and 16, respectively. The results for this case
at Prairie Grass are similar to the results shown above for Kansas, with the Prof UNL method
matching the full profiles better than the Prof LIM method. An additional test was performed on
the sensitivity of the results to the level of wind speed measurement used as input to the Scheme
for the July 22, hour 20 case at Prairie Grass, using the 8m wind speed instead of the 1m wind
speed. The results of the predicted vs. observed wind speed profiles for this test are shown in
Figure 17. Comparing Figure 17 to Figure 15 suggests that the algorithm performs reasonably

well regardless of the wind speed measurement height.



4.0 PRAIRIE GRASS PERFORMANCE EVALUATION

Given the results of these comparisons of predicted to observed wind speed and AT, the
Prof UNL method was selected for implementation in the AERMET code. The performance of
the Prof UNL method was further evaluated by comparing predicted to observed concentrations
using the Prairie Grass tracer database. Given the use of the Prairie Grass data in testing
different methods for implementing the Bulk Richardson Number Scheme in AERMET, Prairie

Grass is considered a developmental database for this performance evaluation.

The results of the performance evaluation for Prairie Grass are shown in Figure 18 in the
form of a Quantile-Quantile (Q-Q) plot for stable hours only. The Q-Q plot is generated by
plotting the predicted vs. observed concentrations by rank, unpaired in time and space. The
individual concentrations used in the Q-Q plot are the maximum hourly values predicted or
observed along each of the five sampling arcs, located at downwind distances of 50, 100, 200,
400, and 800 meters. Figure 18 shows that the results based on the Prof UNL method and
results based on use of cloud cover data are nearly identical, and exhibit very good agreement
between observations and predictions. Figure 19 shows the Q-Q plot for Prairie Grass based on
using the Bulk Richardson Number Scheme in the current version of AERMOD dated 02222.
The results for version 02222 show some underprediction near the peak of the distribution, and

more significant overprediction for the lower part of the distribution.

In addition to the Q-Q plot, another statistic used in evaluating the performance of
regulatory dispersion models is the Robust Highest Concentration (RHC), defined as an
exponential tail fit to the upper end of the concentration distribution (Cox and Tikvart, 1990).
The use of the RHC for model performance evaluations is intended to mitigate the impact that

outliers in the database may have on evaluation results. The RHC is calculated as follows:

RHC = 7ln+ (7= 21n) 1n(3”2‘1j )

10



where n = Min (m,, m), m, is the number of values used to characterize the upper end of the
concentration distribution, m is the number of values exceeding a specified threshold value, Z is

the average of the n - 1 largest values, and y {n} is the n™ largest value. The value of m, is
normally taken to be 26 except for databases with a limited sample size. The ratio of predicted
to observed RHCs is 0.87 for the Prof UNL method compared to the RHC ratio based on use of
cloud cover data of 0.89. The RHC ratio based on the BulkRi Scheme in version 02222 is 0.77.

11



5.0 CINDER CONE BUTTE PERFORMANCE EVALUATION

Additional evaluations of the Prof UNL method were performed using the Cinder Cone
Butte (CCB) complex terrain tracer study (Strimaitis, et al., 1988) as an independent database.
The CCB field study was conducted by EPA in 1980 as part of the development of the Complex
Terrain Dispersion Model (CTDM), and included tracer releases of SF¢ and Freon from several
release heights near an isolated hill southeast of Boise, Idaho. The results presented here are
based on the SF¢ data, which consisted of 100 hours of stable meteorology for a range of release
heights. The meteorological inputs to the BulkRi Scheme included a 10-2m AT and a 2m
reference wind speed. Multiple levels of wind, temperature and Gy data were also available from
the 150m instrumented tower. A single level of o, data near the height of each release was also

included in the meteorological database.

The results of the evaluation for the SF tracer releases are shown in Figure 20 in the
form of a Q-Q plot of the hourly maximum predicted normalized concentrations (y/Q) based on
the BulkRi Scheme compared to results based on the use of cloud cover (CCVR). The plot
shows very good agreement between the BulkRi and CCVR results. A more challenging
comparison is provided in Figure 21, which compares the hourly maximum predicted
concentrations paired in time based on BulkRi and CCVR. This plot also shows very good
agreement between the two methods, especially for the upper half of the distribution. Figure 22
shows a Q-Q plot of hourly maximum predicted vs. observed concentrations using the BulkRi
Scheme. The CTDM model results are also included in Figure 22 for comparison. The
AERMOD model using the Prof UNL method overpredicts the peak concentration by about a
factor of 2 for this dataset, but otherwise shows good agreement with the CTDM model and with
observations. This tendency for overpredicting the peak concentration is also reflected in the
predicted/observed RHC ratios of 1.35 for AERMOD and 1.05 for CTDM. For comparison, the
CCB SFg evaluation results based on version 02222 of AERMET are shown in Figure 23, which
exhibit an underprediction by about a factor of 2. The predicted/ observed RHC ratio for version

02222 is 0.40.

12



Since the CCB database includes site-specific measurements of vertical turbulence (cy,)
near the release height, additional model comparisons were made without the observed o, data
to ensure that the good performance of the model relative to observed concentrations was not
dependent on these G, observations. Figures 24 and 25 show Q-Q plots of observed vs.
predicted normalized concentrations for CCB for the BulkRi Scheme and CCVR, respectively,
without the observed o, data. Figure 24 shows that model performance is actually improved
somewhat, with less overprediction for the peak hours, for the BulkRi Scheme without observed
oyw. Figure 25 shows similar results for CCVR, except for the overall peak value, which shows
more overprediction without the observed oy, data. The predicted/observed RHC ratios without

observed o, data are 1.22 for the BulkRi option and 1.64 for CCVR.

13



6.0 CONCLUSIONS

The modifications to the implementation of the Bulk Richardson Number Scheme in
AERMET appear to have improved the performance of the AERMOD modeling system in
relation to the current version of AERMET (dated 02222) based on comparisons of observed to
predicted concentrations for the Prairie Grass and CCB tracer field studies. The revised BulkRi
implementation produces results that are comparable to results based on the use of cloud cover
data for both the Prairie Grass and CCB databases. The revised implementation also shows
improved results relative to version 02222 when comparing observed to predicted wind speed
and AT data. The modified Scheme based on the Prof UNL method appears to provide a robust
method for estimating boundary layer parameters under stable conditions when representative

cloud cover data are not available, using a single wind speed measurement and a low-level AT.
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Figure 2. Observed vs. Predicted Wind Speed - Prof_LIM Method
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Figure 3. Observed vs. Predicted Wind Speed - Prof_UNL Method
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Figure 4. Observed vs. Predicted Wind Speed - Version 02222
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Figure 5. Observed vs. Predicted AT - Version 02222R
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Figure 6. Observed vs. Predicted AT - Prof_LIM Method
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Figure 7. Observed vs. Predicted AT - Prof_UNL Method
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Figure 8. Observed vs. Predicted AT - Version 02222
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Figure 9. Comparison of Predicted to Observed Wind Speed for Kansas Data
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Figure 10. Comparison of Predicted to Observed AT for Kansas Data
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Figure 11. Observed vs. Predicted Wind Speed Profiles - Kansas,

Day 209, Hour 0
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Figure 12. Observed vs. Predicted AO/AZ Profiles - Kansas,
Day 209, Hour 0
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Figure 13. Comparison of Predicted to Observed Wind Speed for

Prairie Grass
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Figure 14. Comparison of Predicted to Observed AT for Prairie Grass
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Figure 15. Observed vs. Predicted Wind Speed Profiles - Prairie Grass, July 22,

Hour 20, Using WS@1m
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Figure 16. Observed vs. Predicted A6/AZ Profiles - Prairie Grass, July 22,
Hour 20, Using WS@1m
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Figure 17. Observed vs. Predicted Wind Speed Profiles - Prairie Grass, July 22,

Hour 20, Using WS@8m
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Figure 18. Prairie Grass 1-hr Q-Q Plot for SBL - BulkRi/Prof_UNL Method vs.
CCVR
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BULKRI CONCENTRATION (us/m°)
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Figure 19. Prairie Grass 1-hr Q-Q Plot for SBL - BulkRi/02222 vs. CCVR
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Figure 20. CCB SF6 %/Qs - Hourly Maxima Q-Q Plot - BulkRi vs. CCVR
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Figure 21. CCB SF6 %/Qs - Hourly Maxima Paired in Time - BulkRi vs. CCVR
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Figure 22. CCB SF6 1-Hr Q-Q Plot (x/Q) - AERMOD/Prof_UNL Method vs. CTDM
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Figure 23. CCB SF6 1-Hr Q-Q Plot (x/Q) - AERMOD/BulkRi/02222 vs. CTDM
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Figure 24. CCB SF6 1-Hr Q-Q Plot (y/Q) - AERMOD/Prof_UNL vs. CTDM -
No Sigma-w
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Figure 25. CCB SF6 1-Hr Q-Q Plot (x/Q) - AERMOD/CCVR vs. CTDM -

No Sigma-w
1000 +
I A
(|
100 +
10 1
1 . . . A . T
1 10 100

OBSERVED CONCENTRATION (us/m®)

29

1000

A AERMOD
OCTDM





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


