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Steady-state and Lagrangian puff models compared.

SFe tracer data at 140 samplersin concentric rings 8- and 16-km from release point.
Paired and unparied 1- and 9-hour average concentrations performance objectives.
Puff models showed the lower bias and variance and higher correlation
Steady-state models were less likely to underpredict concentrations
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ABSTRACT
The performance of the steady-state air dispersion models AERMOD and Industrial Source Complex 2
(ISC2), and Lagrangian puff models CALPUFF and RATCHET were evaluated using the Winter
Validation Tracer Study dataset. The Winter Validation Tracer Study was performed in February 1991 at
the former Rocky Flats Environmental Technology Site near Denver, Colorado. Twelve, 11-hour tests
were conducted where a conservative tracer was released and measured hourly at 140 samplers in
concentric rings 8 km and 16 km from the release point. Performance objectives were unpaired maximum
one- and nine-hour average concentration, location of plume maximum, plume impact area, arc-integrated
concentration, unpaired nine-hour average concentration, and paired ensemble means. Performance
objectives were aimed at addressing regulatory compliance, and dose reconstruction assessment
questions. The objective of regulatory compliance is not to underestimate maximum concentrations
whereas for dose reconstruction, the objective is an unbiased estimate of concentration in space and time.
Performance measures included the fractional bias, normalized mean square error, geometric mean,
geometric mean variance, correlation coefficient, and fraction of observations within a factor of two. The
Lagrangian puff models tended to exhibit the smallest variance, highest correlation, and highest number
of predictions within a factor of two compared to the steady-state models at both the 8-km and 16-km
distance. Maximum one- and nine-hour average concentrations were less likely to be under-predicted by
the steady-state models compared to the Lagrangian puff models. The characteristic of the steady-state
models not to under-predict maximum concentrations make them well suited for regulatory compliance
demonstration, whereas the Lagrangian puff models are better suited for dose reconstruction and long
range transport.

Keywords: air dispersion models, CALPUFF, AERMOD, validation, tracer
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1. INTRODUCTION

The steady-state model AERMOD and Lagrangian puff model CALPUFF are the U.S.
Environmental Protection Agency (EPA) preferred models for demonstrating regulatory compliance in
the near field (< 50 km) and far field (>50 km), respectively. The CALPUFF model has also been used in
non-regulatory retrospective studies of radiation dose in the near field (Rood et al. 2008) and far field
environments (Grogan et al. 2007). Demonstration of regulatory compliance and accident consequence
analysis are generally prospective assessments, whereas dose reconstruction and epidemiological studies
are generally retrospective in nature. The assessment questions for the prospective and retrospective
analyses are fundamentally different and require different model performance objectives.

For the prospective analysis, the assessment question is whether air emissions will exceed ambient
air quality standards, or result in impacts that are unacceptable. This assessment question can initially be
addressed using conservative assumptions and simple models. It may not be critical to accurately estimate
temporal and spatial variations in concentration, as long as the estimated impacts do not exceed the
standards within a safety margin of error. More detailed model applications may be required if simple
models cannot demonstrate that regulatory standards are achieved.

For a retrospective assessment, the assessment question is an unbiased estimate of the temporal and
spatial distribution of concentration and deposition. Examples of a retrospective analysis include the dose
reconstructions performed at U.S. Department of Energy Facilities (Farris et al. 1994; Till et al. 2000,

2002; Rood et al. 2002) and other special studies (Rood et al. 2008; Grogan et al. 2007). Simple models
may be used in initial scoping calculations. However, ultimately an unbiased estimate of the temporal and
spatial distribution of air concentration and deposition with estimated uncertainty is desired.

The purpose of this paper is to examine the performance of AERMOD, CALPUFF, and two legacy
models using the Winter Validation Tracer Study (WVTS) dataset conducted in February 1991 at the
former Rocky Flats Environmental Technology Site (RFETS). Performance objectives were tailored

toward addressing the assessment questions posed by the prospective and retrospective analysis. Two



60

61

62

63

64

65

66

67

68

69

70

71
72

73

74

75

76

77

78

79

80

81

82

83

84

85

legacy models, Industrial Source Complex Short Term Version 2 (ISC2) (EPA 1992) and Regional
Atmospheric Transport Code for Hanford Emission Tracking (RATCHET) (Ramsdell et al. 1994), were
included in the evaluation because the formulations of these models are currently used in radiological
assessment codes (EPA 2007; Chanin et al. 1998; Ramsdell et al. 2010). Model simulations and
performance evaluation of ISC2 using the WVTS was originally reported in Haugen and Fontino (1993).
Performance evaluation of RATCHET using the WVTS dataset was originally reported in Rood (1999)
and Rood et al. (1999). Model-predicted concentrations for ISC2 and RATCHET were taken from
Haugen and Fontino (1993) and Rood (1999), respectively, and were used without modification.

A description of the tracer measurements and meteorological data is provided first, followed by
modeling protocol, performance objectives, and performance measures. Finally, the model performance

results, in terms of addressing the prospective and retrospective assessment questions, are discussed.

2. METHODS

Model performance was evaluated in terms of fundamental plume properties, paired ensemble mean
concentrations, and concentrations unpaired in space. The WVTS dataset and meteorological data are

presented first, followed by modeling protocol, performance objectives, and performance measures.

2.1. Winter Validation Tracer Study
The WVTS was conducted in February 1991 near the former RFETS located on the Front Range of
the Colorado Rocky Mountains about 25 km northwest of Denver (Brown 1991). The study consisted of

12 separate tests (Table 1). For each test, an inert tracer (sulfur hexafluogijlevesFemitted

continuously for 11 hours from a 10-m high stack located on the east side of the main plant complex (Fig.
1). The main plant complex was located about 2.5 km east of the foothills on an alluvial plain ranging in
elevation from 1,750 m to 1,850 m above sea level. The primary purpose of the study was to gather data
for validation of emergency response atmospheric transport models. Samplers were arranged in

concentric circles 8-km and 16-km from the release point so as to capture any possible transport
trajectories. One-hour average air concentrations were then measured for the last nine hours of the release

4
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at each of the 140 samplers. Six tests were performed under nighttime conditions, four under daytime
conditions, one under day-night transition, and one under night-day transition. A total of 108 hours of
data were recorded. Seventy-two samplers were distributed at the 8-km distance and 68 samplers at the
16-km distance. Sampler elevations ranged from about 1,600 m to 2,600 m above sea level. The study
domain is considered near field because the maximum distance to the samplers is <50 km.

Previous investigators (Haugen and Fontino 1993) used this data set in a performance evaluation of
the TRAC (Hodgin 1991) and ISC2 models. The electronic copy of this data set was obtained from
Haugen and Fontino (1993) for use in the model performance evaluation for the Historical Public
Exposures Studies at Rocky Flats (Rood 1999). These data included the observed hourly-average
concentrations for all 12 tests, the sampler ID numbers and locations, and the TRAC and ISC2 predicted

concentrations. The ISC2 results provided by Haugen were used in this paper without modification.

2.2. Meteorological Data

Meteorological data were recorded for every tracer test at the 10-m and 61-m level from the RFETS
61-m tower located 790 m west and 87 m south of the release point. Only data from the 10-m level were
used in the model simulations. Data were provided as 15-minute averages of wind speed and direction,
temperature, heat flux, and standard deviations of these parameters. Hourly averages of these data were
calculated using EPA protocol (EPA 2000). Mixing depth estimates for the ISC2 simulations were
derived from linear interpolation for each 15-minute period from the rawinsonde data taken every 12
hours at Denver Stapleton airport. No precipitation was measured during any of the 12 tests, and there
was no snow cover during February 1991.

Additional surface and upper air meteorological data were obtained from Denver Stapleton airport
located about 25 km southeast of the RFETS. Surface data included wind speed and direction, cloud
cover, and ceiling height and were used with the RFETS data to calculate stability class. The RATCHET
and CALPUFF models utilized the wind speed and direction measurements in their wind field

interpolation.
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Surface observations from Denver Stapleton are strongly influenced by air movement within the
Platte River Valley, which flows to the northeast from the city center. By contrast, Rocky Flats is more
strongly influenced by its proximity to the foothills. Both locations are influenced by the diurnal pattern
of upslope-downslope conditions that characterize the general air movement on the Colorado Front Range
environs. Downslope conditions typically occur during the evening hours and are characterized by
drainage flow of cooler surface air from the foothills and upper reaches of the Platte River Valley
northeastward to the plains. Airflow at Rocky Flats is typically from the west-northwest, and converges
with the flow from the south within the Platte River Valley in a broad zone 20 km to 30 km east-northeast
of the RFETS (Lange, 1992). During daylight hours and after surface heating has eliminated the cooler
surface layer, the downslope conditions cease. This is followed by a brief period of relatively calm winds,
which in turn is followed by return of air up the valley or upslope conditions. Upslope conditions were

weak to non-existent during the WVTS.

2.3. Atmospheric Transport Models and Protocol
A brief description of each of the models included in this study is presented along with the modeling
protocol. Because the $ffacer is an inert gas, all model simulations did not include deposition and

plume depletion.

2.3.1. AERMOD

The American Meteorological Society and EPA developed the AERMOD modeling system
(Cimorelli et al. 2004). Model development began in 1991 with the objective to incorporate current
planetary boundary layer concepts into regulatory compliance models. Treatment of both surface and
elevated point sources, area sources, and volume sources in a simple or complex terrain model domain are
addressed in the model. It was intended as a replacement of the Industrial Source Complex Version 3
(ISC3) model. Currently, AERMOD is the EPA’s preferred model for regulatory compliance

demonstration for criteria pollutants in the near field (<50 km).
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2.3.1.1. AERMOD M odeling Protocol

The modeling domain consisted of a A 46.2-km x 49.8-km region centered on the RFETS.
Meteorological data were the same used in the CALPUFF simulation and included surface and upper-air
data from Denver Stapleton airport and onsite data from RFETS.

AERMOD and AERMET version 12345 were used in the model simulations. Special processing of
AERMOD output was required because minimum model-simulation times are one-day, and nine-hour
averaging times are not an option. Nine-hour average concentrations were calculated by inputting the
tracer release rate for the last nine hours of the 11-hour tracer test and setting the release rate to zero for
the remaining hours in the simulation. The maximum one-hour, and 12-hour average concentration at
each of the samplers for a simulation period that encompassed each test was output. The nine-hour
average concentration was calculated by multiplying the 12-hour average concentration by the ratio of

12/9.

2.3.2. CALPUFF

The CALPUFF modeling system (Scire et al. 2002) is a non-steady-state Lagrangian puff model that
simulates pollutant transport, transformation, and deposition in a three-dimensional spatially and
temporally variable wind field. CALPUFF can be applied on local and regional scales. The modeling
system is composed of three primary modules: CALMET, CALPUFF, and CALPOST and collectively
these are referred to as the CALPUFF modeling system.

The CALMET module is a meteorological model that generates a three-dimensional hourly wind
field within a three-dimensional gridded modeling domain. The CALPUFF module uses the CALMET-
generated wind field and micrometeorological parameters to advect and disperse “puffs”. The CALPOST
module reads the CALPUFF concentration and deposition flux files and produces time-averaged

concentration and deposition output along with visibility impacts.
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CALPUFF is currently the EPA preferred long-range (>50 km) dispersion model for demonstration
of compliance with Prevention of Significant Deterioration increment levels and National Ambient Air

Quality Standards in Class | areas.

2.3.2.1. CALPUFF Modéding Protocol

A 45.2-km x 43.6-km model domain having a grid spacing of 400 m (113 x 109 grid cells) was
established (Fig. 1). It was centered approximately on the WVTS release point and included the Platte
River Valley in the southeast corner. Vertical discretization consisted of eight layers 20 m, 40 m, 60 m,
100 m, 200 m, 400 m, 800 m, 1,200 m, and 1,800 m above land surface.

For the CALMET simulations, EPA-Federal-Land-Manager-recommended parameter values (Fox
2009) or CALMET default values were generally used where applicable. The model parameters BIAS,
RMAX1, RMAX2, TERRAD, R1, and R2 were chosen on a site-specific basis. The BIAS parameter
assigns weights to the surface and upper-air stations data for each vertical layer. Surface data were given
100% of the weight (BIAS = 1) in the first layer with zero weight in the last two vertical layers (BIAS =
1). Equal weight was assigned to the fourth layer (BIAS = 0) with a gradation of weights between the
lower and upper for the remaining layers.

The RMAX1 and RMAX2 parameters define the maximum radius of influence for surface and upper
data, respectively, over land surfaces. To incorporate the influence of flow in the Platte River Valley as
represented by the surface data at Denver Stapleton airport, a value of 32 km for RMAX1 was used. The
RMAX2 value serves the same purpose as RMAX1 but is used for upper-air data. A value of 100 km was
selected for the RMAX2 parameter

The TERRAD parameter defines the radius of influence of terrain features. A TERRAD value of 7
km was used so that the terrain influence of the foothills encompassed RFETS. The parameters R1 and R2
are the distance from an observation where the observation and the initial guess field are equally weighted
for surface and layers aloft, respectively. A value of 17 km and 56 km were chosen for R1 and R2,

respectively.
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The CALPUFF runs were performed using dispersion coefficients calculated from
micrometeorological variables (MDISP = 2), and the simple CALPUFF-type terrain adjustment algorithm
(MCTADJ = 2). The remaining parameters were CALPUFF defaults. CALPUFF Version 5.8, Level

070623, and CALMET Version 5.8, Level 060811, were used in the model simulations.

2.3.3. Industrial Source Complex Short Term Version 2 (1SC2)

The ISC2 model is an augmented steady-state Gaussian plume model primarily used to demonstrate
regulatory compliance with criteria pollutants emitted by industrial facilities. It was replaced by ISC
Version 3 and was the EPA preferred model until the promulgation of AERMOD in December of 2005.
The model was included in the evaluation because straight-line Gaussian plume models form the basis of
the CAP88 (EPA 2007) model for demonstration of compliance with the Clean Air Act, and of the

MACCS2 code (Chanin et al. 1998) for reactor accident consequence analysis.

2.3.3.1. 1SC2 Modeling Protocoal

The ISC2 simulations were performed by Haugen and Fontino (1993) using 15-minute
meteorological data from the 10-m level taken at the RFETS and mixing depth estimated from the
rawinsonde data at Denver Stapleton airport. Four ISC2 runs were performed for each hour of simulation
using the four, 15-minute average data from the Rocky Flats meteorological station. The results from the
four simulations were averaged to provide hourly-average concentrations at each of the sampler locations.
These hourly concentrations were then averaged across each test by Rood (1999) to provide nine-hour
average concentrations at each sampler.

The performance evaluation of this model was originally reported in Rood (1999) and Rood et al.
(1999). The results presented here are based on the original data using slightly different performance

measures.
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2.3.4. RATCHET

The Regional Atmospheric Transport Code for Hanford Emission Tracking (RATCHET) (Ramsdell
et al. 1994) is a Lagrangian puff model developed by Pacific Northwest Laboratories for the Hanford
Dose Reconstruction Project (Farris et al. 1994). Its primary purpose was to estimate transport and
deposition of*i released from the Hanford facility across a 194,250 kwdel domain located in
eastern Washington State. The model includes a surface wind field interpolator that allows incorporation
of multiple surface meteorological stations into a model simulation. Upper-air data were not considered in
the model. Terrain complexities were not explicitly treated, but are implicitly represented by using
multiple meteorological surface stations that reflect major topographical features. Surface roughness
features are spatially variable across the model domain. Diffusion coefficients are estimated from
statistics of atmospheric turbulence that are inferred from estimates of atmospheric stability, surface
roughness length, and the Monin Obukhov length. The current radiological assessment models, RASCAL

(Ramsdell et al. 2010) and GENII (Napier, 2009), employ the RATCHET air dispersion model.

2.3.4.1. RATCHET Modeling Protocol

Model simulations with RATCHET were performed by the author (Rood et al. 1999) as part of Phase
Il of the Historical Public Exposures at Rocky Flats (Till et al. 2002). Hourly-average meteorological data
at the 10-m level from the Rocky Flats plant and Denver Stapleton airport were used in the model
simulations. A 37-km x 37-km model domain centered on the RFETS with 500-m grid spacing was
established. RATCHET does not allow discrete receptors, and therefore, calculated concentrations were
extracted from the grid node nearest the sampler. Surface roughness ghgting€d from 2-m in the

foothills to 0.05-m in the farmland east of the RFETS.

2.4. Performance Objectives
Performance objectives consisted of four fundamental plume properties and a paired and unpaired
comparison of individual samplers. The four fundamental plume properties were maximum concentration,

location of the plume maximum, plume width, and arc-integrated concentration. An additional objective

10
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of the maximum one-hour average concentration unpaired in space and time was also included to provide
insight into model performance for short-term maximum concentrations. Descriptions of each modeling

objective follows.

2.4.1. Maximum Hourly and Nine-Hour Average Concentration and Plume Maximum L ocation

This modeling objective compared the predicted and observed maximum one-hour and nine-hour
average concentration measured at a sampler during the nine-hour test period at either the 8-km or 16-km
distance from the release point. The predicted maximum concentration was not paired in space, and also
unpaired in time for the maximum-hourly average concentration. The nine-hour average concentration
was determined by a simple arithmetic average of the nine, one-hour average concentrations. Sampler
data that were missing were not included when computing the predicted or observed average
concentration.

The plume maximum location was only computed for the nine-hour average concentration and was
guantified in terms of the absolute value of angular difference between the predicted and observed

location of the plume maximum.

2.4.2. Plume Width

The plume width objective evaluated the predicted impact area of the plume. Each sampler was
assigned an arc length equal to the arc length between the midpoints of the sampler and each of its
adjacent samplers. The plume width was sum of the arc lengths of samplers that had a concentration
greater than zero, or in the case of the observed values, a concentration greater the the minimum

detectable concentration.

2.4.3. Arc-Integrated Concentration
The arc-integrated concentration evaluated the plume mass at the 8-km and 16-km distance. The arc-
integrated concentration is the sum of the product of the sampler arc lengths as defined in Section 2.4.2

and the nine-hour average predicted or observed concentration.
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2.4.4. Unpaired Time-Averaged Concentration

This modeling objective compared the ranked predicted and observed time-averaged (nine-hour)
concentrations. Only predicted and observed concentrations that met the selection criteria stated in
Section 2.6 were included. Samples were blocked into those performed at night (Tests 1, 2, 3, 4, 10, and
11), those performed during the day (Tests 6, 7, 9, and 12), and those performed during transition periods
(Tests 5 and 8). Sample blocking is used in bootstrap resampling to avoid block-to-block variance (Chang

and Hanna 2005).

2.4.5. Paired Ensemble Means (ASTM Procedure)

The American Society for Testing and Materials (ASTM) proposed a procedure for evaluation of
models, recognizing that model predictions are ensemble-mean predictions, while observations
correspond to realizations of ensembles (ASTM 2000). An ensemble is defined as a set of experiments
having fixed external conditions, such as meteorological conditions and downwind distance. In the
WVTS, fixed external conditions were the distance to the sampling arc and meteorological conditions. In
general, repeatable diurnal flow and stability regimes are established during nighttime, daytime, and day-
night transitional periods along the Colorado Front Range. Thus, averages across the tests representing
these similar conditions would approximate ensemble means to compare with model predictions for the
same period.

Predictions and observations were grouped into three blocks consisting of nighttime (six tests),
daytime (four tests), and transition period (two tests). Average concentrations were calculated across all

tests in the block for each sampler, and performance statistics were calculated separately for each block.

2.5. Performance M easures
Several simplified measures were used to evaluate model performance (Cox and Tikvart 1990; Weil
et al. 1992). These measures were the fractional BBsapd normalized mean square ertdMSE).

Fractional bias is given by

12



2(C, - C
278 FB = g (1)
C, +C,
279 where G and G are the predicted and observed concentrations, respectively. Overbars indicate averages

280 over the sample. The NMSgiven by

C
281 NMSE = ———>— )

282 The FBis a measure of mean biasFB of 0.6 is equivalent to model under-prediction by about a factor

283 of two. A negative value indicates model over-prediction. The Nid$Emeasure of variance, and a

284  value of 1.0 indicates that a typical difference between predictions and observations is approximately

285 equal to the mean. The NM@3#ad FBare appropriate when the typical difference between the predictions

286 and observations are approximately a factor of two (Hanna et al. 1991) and the range of predictions and
287 observations in the dataset is small (i.e., less than a factor of two). This was not the case in this study

288 where ratios of model predictions to observations often ranged from 0.01 to 100, and within a data set, the
289 predicted and observed concentrations ranged from the zero to ~10,000 ingthese cases a log-

290 transformed measure of model bias and variance is more appropriate because it provides a more balanced
291 approach (Hanna et al. 1991). The log-transformed measures described in Hanna et al. (1991) are the

292 geometric mean bia$/G) and the geometric mean varian®&§ and are defined by

293 MG = ex;{InCo - InCp)zex;{In%J 3)
p

294 VG = exp[(ln C, - In cp)z} (4)

295 Geometric mean bias values of 0.5 and 2.0 indicate a factor of two over-prediction and under-prediction,
296 respectively. AVG value of 1.6 indicates about a factor of two difference between predicted and observed

297 data pairs.
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A more easily understood log-transformed quantity that is related ME&ndVG is the geometric
mean GM) and geometric standard deviati@SD) of the predicted-to-observed ratiopn(C,). TheGM

andGSD are given by

Cp
GM = exp In c %)

2
n C C
GD = ex nflz[ln B —n pJ (6)

i=1 0j

wheren = the sample size. Because M& is simply the inverse of theM, only theGM is reported. A
perfect model would hayeB andNMSE values of 0, an@&M, GSD, andVG values of 1.0. With the
exception of the plume width and location of plume maximum performance objectives, the log-
transformed performance measures are considered more appropriate fFRantldtMSE, and thus
only the log-transformed measures are reported. The location of plume maximum does not lend itself to
the above performance measures, mainly because the objective considered the absolute angular difference
between the predicted and observed location of maximum. For this performance objective, the mean
difference, standard deviation of the mean (i.e., standard error), and the minimum and maximum
differences are reported. Because differences between predicted and observed values and the range of
predictions and observations were less than about a factor of twiB tredNMSE were considered
more appropriate for the plume width objective.

In addition to the above measures, the correlation coeffigiehetween predicted and observed
values and the number of predictions within a factor of two of the observations were also reported. The
correlation coefficient was determined using least-squares linear regression and log-transformed data
except for the plume width performance objective. Scatter plots were also included as visual measures of
performance for the paired ensemble means and unpaired time-averaged concentration modeling

objectives.

14



320 Confidence intervals were estimated for each of the performance measures using the bootstrap

321 methodology described in BOOT software (Hanna et al. 1991; Chang and Hanna 2005). Confidence

322 intervals were used to determine if the estimated performance measure was significantly different than its
323 optimum value and whether a statistically significant difference existed between the performance

324 measures for each model. Confidence interval estimates were based on the cumulative density function

325 generated from 1000 bootstrap samples.

326 2.6. Selection Criteria

327 The observed data set only reported nonzero hourly average concentrations greater than the minimum
328 detectable sampler concentratiomi¢) of 33 ng m3. Measured concentrations below this value were

329 reported as zero. A sampler that had only one hour of data (in the nine-hour measurement period) greater
330 than themdc would have a nine-hour average concentration of 3.7-8¢38 ng m3/9). This value

331 represents the nine-hour time-averageld for a sampler.

332 For the paired ensemble means performance objective, the dataset was based on the union of the
333 predicted and observed concentrations. e was substituted for predicted concentrations that were

334 less than thendc if the paired observed concentration was greater than zero. Likewisajdheas

335 substituted for observed concentrations less thamdoéf the paired predicted concentration was greater

336 than zero. Predicted and observed pairs that were both zero were omitted from the analysis.

337 For the unpaired analysis only predicted observed concentration pairs greater thamithewere

338 considered. Samplers missing all nine hours of data were eliminated from the data set.

339 3. RESULTS

340 The paired ensemble means and unpaired scatter plots are perhaps the most illustrative in terms of
341 summarizing model performance qualitatively (Figs. 2, 3, 4 and 5). In general, the highest predicted and
342 observed concentrations were during nighttime and transition period tests and the lowest during daytime

343  tests.
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The paired ensemble mean scatter plot at the 8-km distance (Fig. 2) showed the transition period tests
as having the highest observed concentrations, some exceeding 8000 Migttime tests had
maximum observed concentrations between 3000 and 4000°ngsvexpected, daytime tests had the
lowest observed maximum concentrations, the maximum being slightly less than 600 Allymodels
performed poorly for the transition period tests, underestimating observed concentrations that were >1000
ng nT>. In general, the puff models exhibited better correlation to the observations for daytime and
nighttime tests and concentrations that were >100 igampared to the steady-state models.

At the 16-km distance (Fig. 3) the nighttime period tests had the highest observed concentrations, (~
3500 ng ri), followed by transition period tests (~ 1800 ng)rDaytime tests had maximum observed
concentrations that were ~70 ng°nThe puff models exhibited better correlation, less variability, and a
greater number of points within a factor of two of the observations compared to the steady state models
for nighttime tests and concentrations >100 ng m

Scatter plots of the unpaired data at the 8-km distance (Fig. 4) showed that all models underestimated
transition period observed concentrations that were greater than 1008 Rgedicted concentrations
from RATCHET were within a factor of two of the observations for almost all the daytime tests and most
of the nighttime tests for the entire concentration range. Most of the ISC2 concentrations for daytime and
nighttime tests were within a factor of two of the observations for concentrations that were >I80 ng m

At the 16-km distance (Fig.5), scatter plots of the unpaired data were similar to those at the 8-km
distance, although CALPUFF underestimated almost all the concentrations for transition period tests by
more than a factor of two. The three highest observed concentrations were within a factor of two of the
corresponding AERMOD predicted concentrations. A similar result was found for ISC2, except the
highest observed nighttime concentration was underestimated by more than a factor of two. Observed
nighttime concentrations that were <100 nd were overestimated by more than a factor of two by

RATCHET.
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3.1. Maximum One-Hour and Nine-Hour Average Concentration

Performance measure results for the maximum one-hour average concentration modeling objective
(Table 2) indicate a strong positive bias for the steady-state models, especially AERMOD, and nearly no
bias for puff models RATCHET and CALPUFF (GM confidence interval included 1.0). The positive bias
for the steady-state models was greater at the 16-km distance. Ninety-two percent of the ISC2-estimated
maximum one-hour average concentrations and 83% of the AERMOD values had predicted-to-observed
ratios of 0.95 or higher. In contrast, only 50% of the CALPUFF- and RATCHET-estimated maximum
one-hour average concentrations had a predicted- to-observed ratio greater than 0.95.

Predicted maximum nine-hour average concentrations (Table 3) showed a similar trend to those of
the maximum hourly-average concentrations. That is, the steady-state models exhibited positive bias,
while the Lagrangian puff models exhibited negative bias. However, the GM confidence interval included
1.0 for all models. Measures of variance were generally lower for the puff models and correlation
coefficients were higher compared to the steady state models.

Measures of bias among the steady state models were significantly different from those of the puff
models (Table 4). None of the model performance measures for CALPUFF and RATCHET were

significantly different from one another.

3.2. Plume Maximum L ocation, Plume Width, and Arc-Integrated
Concentration

Plume maximum location at the 8-km distance (Table 5) showed that the mean deviation was
smallest for AERMOD and RATCHET (14 degrees) and greatest for CALPUFF and ISC2 (26 and 24
degrees respectively). Based on a t-test difference of the means, the mean deviation for CALPUFF and
ISC2 was significantly different from the mean deviation for AERMOD and RATCHRE0.005).

Plume width performance measures at the 8-km distance (Table 5) showed that ISC2 and CALPUFF
underestimated plume width while RATCHET and AERMOD overestimated plume width. Although the
FB confidence interval for CALPUFF included the optimum value of zero and CALPUFF had the

smallest NMSE value.
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Arc-integrated concentration at the 8-km distance showed little bias for the steady state models (GM
confidence interval included 1.0) and a negative bias for the puff models. However, only 50% of the
predictions were within a factor of two for the steady-state models while over 90% of the predictions
were within a factor of two for the puff models.

Plume maximum location at the 16-km distance (Table 6) showed that the mean deviation was
smallest for CALPUFF and RATCHET (26 and 24 degrees respectively) and greatest for ISC2 and
AERMOD (34 and 36 degrees respectively). Based on a t-test difference of the means, the differences
between the steady state and puff models were significant at the 99% leveP{Q@DS).

Plume width performance measures at the 16-km distance (Table 6) showed that ISC2
underestimated plume width while RATCHET and AERMOD overestimated plume width. The
CALPUFFFB was not significantly different from zero.

Arc-integrated concentration at the 16-km distance showed positive bias for ISC2. The GM
confidence interval for the other models included the optimum value of 1.0. Puff models showed a greater
percentage of predictions within a factor of two of the observations.

Significant differences among models (Table 7) were noted for the bias performance measures and

the correlation coefficients.

3.3. Unpaired Nine-Hour Average Concentration

The performance measure results at the 8-km distance for the unpaired nine-hour average
concentration (Table 8) indicated a negative bias in predicted concentrations for AERMOD and
CALPUFF, slight negative bias for ISC2, and positive bias for RATCHET. ISC2 and RATCHET also
had the smallest variance, highest correlation coefficient, and highest percentage of predictions within a
factor of two of the observations.

At the 16-km distance, ISC2 and RATCHET exhibited positive bias, AERMOD exhibited negative
bias, and CALPUFF nearly no bias. RATCHET and ISC2 had the highest correlation coefficients and
CALPUFF and RATCHET had the highest percentage of predictions within a factor of two of the

observations.
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Except for AERMOD and CALPUFF at the 8-km distance, and ISC2 and RATCHET at the 16-km
distance, all bias performance measures among the models were significantly different from one another

(Table 9).

3.4. Paired Ensemble M eans

No one model showed overall better performance across all ensemble groups and all models
performed poorly for the transition period ensemble means (Tables 10 and 11). However, excluding the
transition ensemble means, RATCHET and CALPUFF had the highest percentage of predictions within a
factor of two of the observations, the highest correlation coefficients, and generally the lowest variance
compared to the steady-state models. For daytime and nighttime ensemble means, the GM confidence
interval for RATCHET encompassed 1.0 at both the 8- and 16-km distances. AERMOD was biased low
for daytime tests and showed little bias for nighttime tests (GM confidence interval encompassed 1.0).
ISC2 exhibited no bias for daytime tests (GM=1.0) at the 8-km distance but was biased high at the 16 km
distance (GM confidence interval excluded 1.0). For nighttime tests, ISC2 was biased low at the 8-km
distance but exhibited nearly zero bias at the 16 km distance. CALPUFF was biased low for daytime and
nighttime tests at the 8-km distance (GM confidence interval excluded 1.0), but the GM confidence
interval encompassed 1.0 at the 16-km distance.

All models were biased low for the transition period ensemble means at both the 8 and 16-km
distances, and exhibited large variances, although the variance measures for CALPUFF and RATCHET
were considerable smaller than those for ISC2 and AERMOD. Puff riv@lahdr values were

significantly different than steady-state models for nighttime tests at the 16-km distance (Table 12).

4. DISCUSSION

Model performance is judged in terms of the assessment question that the model is intended to
address. As stated in the introduction, the assessment questions are different for a prospective regulatory

compliance calculation compared to a retrospective dose reconstruction.
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In terms of the prospective assessment where it is important that regulatory limits are not exceeded
(i.e., highest concentrations are not underestimated), the steady-state models were less likely to
underestimate maximum one- and nine-hour average concentrations compared to the Lagrangian puff
models. However, this result is not only due to differences in model formulation, but also the model
parameters such as diffusion coefficients. The unpaired scatter plots (Fig. 4 and 5) showed that the
maximum observed concentration across all tests was not underestimated by AERMOD at both the 8 and
and 16-km distance, although the time and place of the observed maximum was not the same as the
predicted maximum.

In terms of the retrospective assessment where the objective is an unbiased estimate of the
concentration in space and time, the Lagrangian puffs models showed overall better performance,
especially at the 16-km distance. In most cases, the Lagrangian puff models for the paired ensemble
means exhibited lower variance higher correlation to observed values and a higher percentage of
observations within a factor of two of the observations compared to steady-state models.

In terms of the four fundamental plume properties, the steady-state models tended to overestimate
maximum concentrations but provide unbiased estimates of the plume mass at the 8-km distance and the
16-km distance for ISC2. Puff models tended to slightly underestimate plume maximums, but were better
at locating the plume maximum at the 16-km distance. CALPUFF appeared to more accurately estimate
the plume impact region, whereas AERMOD and RATCHET tended to overestimate it and ISC2
underestimated it.

The WVTS consists of only 108 hours of measurements taken during February 1991 and are not
representative of annual average concentrations. However, the high sampler density resulted in the
likelihood that the maximum concentration was detected at either the 8-km or 16-km sampling distance.
Moreover, the tests were conducted during the wintertime when stable dispersion conditions would likely
result in the maximum one- or eight-hour average concentration over the course of a year. Achieving

compliance with National Ambient Air Quality Standards typically is limited by the short-term average
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concentration limits. Therefore, these results have relevance in terms of model performance for short-term

averages over the period of a year.

5. CONCLUSIONS

No one single model consistently out-performed the others in all performance objectives or measures
and the state-of the art models (CALPUFF and AERMOD) did not exhibit superior performance in all
performance objectives to the legacy models (ISC2 and RATCHET). Lagrangian puff models generally
exhibited smaller variances, higher correlation, and higher percentage of predictions within a factor of
two compared to the steady-state models at these distances. The conceptual framework of a Lagrangian
puff model is better suited for long range transport where winds vary spatially across the model domain.
Hence, Lagrangian puff models may be preferable for dose reconstruction where model domains can be
large and where the assessment question is an unbiased estimate of concentration in time and space.
However, model choice depends on site-specific considerations and the assessment questions to be
addressed, and therefore no categorical statement can be made about the performance of one type of
model over the other for a specific application.

The steady-state models generally did not underestimate the high-end concentrations at the distances
studied, and therefore provide a sound basis for regulatory compliance modeling. Based on the overall
performance of ISC2, assessment models that rely on the Gaussian plume model are not necessarily
inferior to the current state-of-the-art models in terms of meeting regulatory performance objectives.

There was a general tendency for the steady-state models to predict relatively higher concentrations at
the 16-km distance compared to the 8-km distance. This effect is important because it manifests itself at
substantially shorter distances (16 km) than what is defined by the EPA as the near-field envisonment (
50 km). The EPA requires AERMOD for the near-field environment for demonstration of regulatory
compliance, unless compelling reasons are provided to justify the use of an alternative model. Thus,
estimated maximum hourly-average concentrations at distances >16 km are likely to be overestimated

based on these results. Other investigators (Dresser and Huizer 2011) found AERMOD to underestimate
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near-field maximum one- and three-hour averagec®@centrations based on data from the Martins

Creek Power Plant. However, only eight samplers were used in the study and it is possible (if not likely)
that the true maximum concentration in the model domain was not captured. In the WVTS, it was less
likely that the maximum concentration within a sampling arc went undetected.

Finally, a compelling reason to use steady-state models for regulatory compliance demonstration is
the fact that they are simpler to run, require less user judgment, and are less prone to error than
Lagrangian puff models. The CALMET/CALPUFF model simulation in this paper required numerous
iterations using different values of RMAX1, RMAX2, and other parameters so that the wind field
matched what was expected. In a prospective analysis, it is unlikely tracer or other validation data would
be available to test model performance and adjust model parameters accordingly to improve model
performance. The need for consistency and assurance that estimated concentrations are not
underestimated are legitimate reasons for using steady-state models for regulatory compliance

determination.
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Figure Captions

Fig 1. CALPUFF model domain showing location of the WVTS samplers and terrain features of the

Colorado Front Range.

Fig 2. Scatter plots of paired nine-hour average ensemble mean concentrations at the 8-km distance.

Points that lie within the shaded region are within a factor of 2 of the observations.

Fig 3. Scatter plots of paired nine-hour average ensemble mean concentrations at the 16-km distance.

Points that lie within the shaded region are within a factor of 2 of the observations.

Fig 4. Scatter plots of unpaired nine-hour average concentrations at the 8-km distance. Points that lie

within the shaded region are within a factor of 2 of the observations.

Fig 5. Scatter plots of unpaired nine-hour average concentrations at the 16-km distance. Points that lie

within the shaded region are within a factor of 2 of the observations.



Table Captions

Table 1. Winter Validation Tracer Study start and end times and source strength

Table 2. Performance measures for the maximum one-hour average concentration unpaired in time and

space modeling objective

Table 3. Performance measures for the maximum nine-hour average concentration unpaired in time and

space modeling objective
Table 4. Significant differences in model performance measures for the maximum one- and nine-hour-
average concentration unpaired in space and time modeling objective. An “X” indicates a significant

difference.

Table 5. Performance measures for plume maximum location, plume width, and the arc integrated

concentration at the 8-km distance.

Table 6. Performance measures for plume maximum location, plume width, and the arc integrated

concentration at the 16-km distance.

Table 7. Significant differences in model performance measures for the plume width and arc integrated

concentration modeling objective. An “X” indicates a significant difference.

Table 8. Performance measures for the unpaired nine-hour averaged concentration modeling objective.



Table 9. Significant differences in model performance measures for the unpaired nine-hour average

concentration modeling objective. An “X” indicates a significant difference.

Table 10. Performance measures for the daytime, transition, and nighttime period ensemble means

modeling objective at the 8-km distance.

Table 11. Performance measures for the daytime, transition, and nighttime period ensemble means

modeling objective at the 16-km distance.

Table 12. Significant differences in model performance measures for the day, transition, and nighttime

ensemble means modeling objective. An “X” indicates a significant difference.



Table 1. Winter Validation Tracer Study start and end times and source strength.

Start Start fime End time MFCP CWLc  Average

Test  date (MST)a End date  (MST) (kg hr') (kg hr') (kg hr't)
1 02/03/91 20:00:00 02/04/91 07:00:00 13.71 13.24 13.48
2 02/04/91 20:00:00 02/05/91 07:00:00 13.05 12.16 12.61
3 02/06/91 20:00:00 02/07/91 07:00:00 13.71 13.33 13.52
4 02/07/91 20:00:00 02/08/91 07:00:00 16.53 16.84 16.69
5 02/09/91 13:00:00 02/09/91 00:00:00 23.61 22.63 23.12
6 02/11/91 07:00:00 02/11/91 18:00:00 23.61 22.94 23.28
7 02/12/91 07:00:00 02/12/91 18:00:00 23.61 23.99 23.80
8 02/14/91 01:00:00 02/14/91 12:00:00 23.61 23.44 23.53
9 02/15/91 07:00:00 02/15/91 18:00:00 23.61 23.29 23.45
10 02/16/91 20:00:00 02/17/91 07:00:00 23.61 23.47 23.54
11 02/17/91 20:00:00 02/18/91 07:00:00 23.61 23.04 23.33
12 02/19/91 07:00:00 02/19/91 18:00:00 23.21 22.97 23.09

& Mountain standard time.

b Release rate calculated from mass flow controllers (MFCs) that were calibrated at 760 mm H@. 21.11

C Release rate determined from cylinder weight loss (CWL).




Table 2. Performance measures for the maximum one-hour average concentration unpaired in time and

space modeling objective.

8-km results ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 1.9 3.4 0.99 0.92

GM Confidence Interval 1.24 —2.87 215—594 065—156 0.55—1.65
GSD Cp/Co 2.2 34 2.2 2.8

VG 2.7 17.4 1.8 2.6

log(VG) Confidence Interval 0.40 — 1.59 1.78—4.15 0.26—092 048—1.35
r 0.748 0.742 0.76 0.612

r Confidence Interval 0.55—0.92 0.46—090 058—0.96 0.27—0.89
% within a factor of 2 33.3% 25.0% 58.3% 58.3%
16-km results ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 2.7 4.9 0.98 0.93

GM Confidence Interval 1.71 —3.94 240—934 059—1.62 0.57—1.47
GSD Cp/Co 2.2 3.5 2.8 2.5

VG 4.7 54.8 2.7 2.2

log(VG) Confidence Interval 0.57 —2.42 225—585 041—147 0.55—1.07
r 0.885 0.727 0.742 0.828

r Confidence Interval 0.78 —0.97 055—092 058—0.93 0.69—0.95

% within a factor of 2 50.0% 16.7% 50.0% 58.3%




Table 3. Performance measures for the maximum nine-hour average concentration unpaired in time and

space modeling objective.

8-km results ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 1.2 1.5 0.79 0.75

GM Confidence Interval 0.70 — 2.02 0.94—252 059—1.03 0.55—1.00
GSD Cp/Co 2.9 3.0 1.9 1.8

VG 2.9 3.6 1.6 1.5

log(VG) Confidence Interval 0.78 —1.39 069—188 0.08—0.82 0.13—0.68
r 0.56 0.73 0.86 0.90

r Confidence Interval 0.35—0.88 0.49—0.89 0.67—0.98 0.78—0.98
% within a factor of 2 33.3% 16.7% 91.7% 75.0%
16-km results ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 1.4 1.8 0.90 0.85

GM Confidence Interval 0.96 — 1.99 0.94—314 059—130 0.56—1.23
GSD Cp/Co 2.7 3.1 2.4 2.6

VG 2.9 4.4 2.0 2.4

log(VG) Confidence Interval 041 —1.76 086 —217 027—131 040—1.44
r 0.80 0.76 0.87 0.84

r Confidence Interval 0.66 — 0.96 0.63—090 0.81—0.94 0.68—0.97
% within a factor of 2 58.3% 16.7% 66.7% 41.7%




Table 4. Significant differences in model performance measures for the maximum one-hour and nine-

hour-average concentration unpaired in space and time modeling objective. An “X” indicates a significant

difference.
Maximum one-hour 8-km data 16-km data
Model GM VG r GM VG r
ISC2-AERMOD X X X X X
ISC2-CALPUFF X X
ISC2-RATCHET X X
AERMOD-CALPUFF X X X X
AERMOD-RATCHET X X X X
CALPUFF-RATCHET
Maximum nine-hour  8-km data 16-km data
Model GM VG r GM VG r
ISC2-AERMOD
ISC2-CALPUFF X X
ISC2-RATCHET X X X X
AERMOD-CALPUFF X X
AERMOD-RATCHET X X X X
CALPUFF-RATCHET




Table 5. Performance measures for plume maximum location, plume width, and the arc integrated

concentration at the 8-km distance.

Plume maximum location ISC2 AERMOD CALPUFF RATCHET

Mean deviation (degrees) 26 14 24 14

Standard Error (degrees) 11 3.0 10 3.2

Minimum (degrees) 4.2 0.0 3.3 0.0
Maximum (degrees) 133 31 129 29

Plume width ISC2 AERMOD CALPUFF RATCHET

FB 0.42 -0.43 0.14 -0.34

FB Confidence Interval 0.31—054 -052—-0.35 -0.06—0.37 -0.51—-0.15
NMSE 0.25 0.22 0.15 0.25

NMSE Confidence Interval 0.13—0.38 0.15—0.32 0.07 —0.31 0.15—0.36
r 0.57 0.19 0.71 -0.22

r Confidence Interval 0.00—0.88 -0.24—050 044—0.88 -0.79—1.00
% within a factor of 2 83.3% 91.7% 75.0% 91.7%
Arc-integrated concentration ISC2 AERMOD CALPUFF RATCHET

GM CJC, 1.1 0.94 0.76 0.79

GM Confidence Interval 0.71—166 0.68—1.29 0.61 —0.94 0.60 — 1.03
GSD GJ/C, 2.4 2.3 2.0 1.8

VG 2.1 1.9 1.7 1.5

log(VG) Confidence Interval 052—093 0.29—094 0.07—0.98 0.05—0.70
r 0.81 0.86 0.86 0.89

r Confidence Interval 0.64—096 0.67—0.96 0.60 — 1.00 0.75—0.98
% within a factor of 2 50.0% 50.0% 91.7% 91.7%




Table 6. Performance measures for plume maximum location, plume width, and the arc integrated

concentration at the 16-km distance.

Plume maximum location ISC2 AERMOD CALPUFF RATCHET
Mean deviation (degrees) 34 36 26 23

Standard Error (degrees) 9.4 9.0 8.0 7.2

Minimum (degrees) 0.0 0.0 3.8 0.0
Maximum (degrees) 95 98 86 74

Plume width ISC2 AERMOD CALPUFF RATCHET

FB 0.30 -0.57 0.081 -0.47

FB Confidence Interval 0.10—049 -0.71—-044 -0.18—0.37 -0.66—-0.27
NMSE 0.26 0.44 0.26 0.39

NMSE Confidence Interval 0.09—042 0.28—0.63 0.11 — 0.48 0.20 — 0.60
r 0.074 -0.022 0.49 0.065

r Confidence Interval -0.36 — 051 -063—0.36 0.20—0.79 -057—0.54
% within a factor of 2 83.3% 50.0% 66.7% 58.3%
Arc-integrated concentration ISC2 AERMOD CALPUFF RATCHET

GM CJC, 1.4 1.2 0.88 1.1

GM Confidence Interval 1.11—1.87 0.77 —1.70 0.66 — 1.16 0.77 —1.60
GSD GJ/C, 2.0 2.4 1.9 2.1

VG 1.8 2.1 1.5 1.6

log(VG) Confidence Interval 0.28—0.85 036—1.15 0.13—0.71 0.40 — 0.58
r 0.92 0.85 0.87 0.82

r Confidence Interval 0.88 — 0.97 0.75—0.96 0.70 — 0.98 0.76 — 0.89
% within a factor of 2 66.7% 50.0% 75.0% 83.3%




Table 7. Significant differences in model performance measures for the plume width and arc integrated

concentration modeling objective. An “X” indicates a significant difference.

Plume width 8-km data 16-km data

Model FB NMSE r FB NMSE r
ISC2-AERMOD X X

ISC2-CALPUFF

ISC2-RATCHET X X

AERMOD-CALPUFF X X X

AERMOD-RATCHET

CALPUFF-RATCHET X X X

Arc-integrated

concentration 8-km data 16-km data

Model GM VG r GM VG r
ISC2-AERMOD

ISC2-CALPUFF X

ISC2-RATCHET X X
AERMOD-CALPUFF

AERMOD-RATCHET

CALPUFF-RATCHET




Table 8. Performance measures for the unpaired nine-hour averaged concentration modeling objective.

8-km results ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 0.93 0.82 0.89 1.3

GM confidence interval 0.90 — 1.00 0.77—0.87 084—092 122—1.31
GSD Cp/Co 1.9 2.8 2.7 1.8

GSD confidence interval 1.77 — 1.96 262—288 256—276 1.66—1.90
n 392 564 430 560

VG 1.5 2.9 2.5 1.5

log(VG) confidence interval 0.33—0.46 097—116 0.89—104 0.32—0.46
r 0.92 0.87 0.87 0.95

r confidence interval 0.91—0.94 0.85—0.89 0.85—0.89 0.94—0.96
% within a factor of 2 85% 56% 58% 81%

16-km results ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 1.4 0.86 1.1 1.4

GM confidence interval 1.35—1.50 0.81 —0.92 1.08—1.19 1.32—1.45
GSD Cp/Co 2.1 2.9 2.5 2.0

GSD confidence interval 1.93 —2.17 2.75—3.04 243 —2.62 194 —2.08
n 316 410 299 399

VG 1.9 3.2 2.4 1.8

log(VG) confidence interval 0.57—0.71 1.04—125 0.80—0.94 0.54—0.63
r 0.88 0.82 0.82 0.90

r confidence interval 0.86 — 0.90 0.79—0.85 0.80—0.85 0.89—0.91

% within a factor of 2 51% 49% 62% 62%




Table 9. Significant differences in model performance measures for the unpaired nine-hour average

concentration modeling objective. An “X” indicates a significant difference.

8-km data 16-km data

Model GM VG r GM VG r
ISC2-AERMOD X X X X X X
ISC2-CALPUFF X X X X X X
ISC2-RATCHET X X

AERMOD-CALPUFF X X X
AERMOD-RATCHET X X X X X X
CALPUFF-RATCHET X X X X X X




Table 10. Performance measures for the daytime, transition, and nighttime period ensemble means

modeling objective at the 8-km distance.

Daytime tests ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 1.0 0.43 0.61 1.05

GM confidence interval 0.71 — 1.46 0.31 —0.59 0.49 — 0.76 0.87 —1.30
GSD Cp/Co 4.7 4.3 2.6 2.5

GSD confidence interval 3.87 —5.60 3.25—5.36 2.29 —2.92 2.16 — 2.87
VG 11 16 3.2 2.3
log(VG) confidence interval 1.83 —2.97 2.12 — 3.45 0.81 —1.52 0.59—1.11
r 0.45 0.46 0.74 0.63

r confidence interval 0.26 — 0.58 0.28 —0.62 0.62 —0.82 0.46 — 0.76
% within a factor of 2 32% 38% 61% 69%
Transition period tests ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 0.3 0.31 0.19 0.56

GM confidence interval 0.15—0.48 0.19—0.51 0.15—0.25 0.36 — 0.90
GSD Cp/Co 12.1 8.3 3.4 7.4

GSD confidence interval 8.06 — 19.6 530—125 2.70 — 4.07 444 —11.0
VG 2024 326 68.2 71.2
|og(VG) confidence interval 5.19 —11.50 3.49 —8.31 3.32 —5.17 2.31 —6.56
r 0.36 0.41 0.82 0.43

r confidence interval 0.01 —0.51 0.17—0.61 0.73—0.88 0.18 — 0.66
% within a factor of 2 35% 38% 18% 40%
Nighttime period tests ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 0.5 0.84 0.56 1.0

GM confidence interval 0.36 —0.71 0.64—1.10 0.43 —0.75 0.86 —1.25
GSD Cp/Co 4.3 3.4 3.3 2.4

GSD confidence interval 3.45 —5.47 2.89 — 3.95 2.67 — 3.84 2.00 —2.72
VG 12.9 4.6 5.6 2.1
|og(VG) confidence interval 1.81 — 3.46 1.13—1.96 1.08 — 2.41 0.48 —1.00
r 0.79 0.86 0.92 0.87

r confidence interval 0.68 —0.86 0.79—0.90 0.88 —0.95 0.82—0.91
% within a factor of 2 53% 47% 68% 72%




Table 11. Performance measures for the daytime, transition, and nighttime period ensemble means

modeling objective at the 16-km distance.

Daytime tests ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 1.6 0.72 0.94 1.10

GM confidence interval 1.18 —2.27 0.54 —0.96 0.75—1.19 0.90—1.41
GSD Cp/Co 3.7 3.4 2.6 2.7

GSD confidence interval 3.11 —4.54 2.60 —4.39 2.15—3.21 2.21 —3.24
VG 6.81 5.04 2.54 2.73
log(VG) confidence interval 1.44 — 2.68 1.09 —2.23 0.60—1.35 0.63—1.42
r 0.41 0.27 0.55 0.57

r confidence interval 0.11 — 0.57 0.02 —0.53 0.33—0.72 0.34 —0.74
% within a factor of 2 40% 56% 69% 72%
Transition period tests ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 0.4 0.29 0.20 0.61

GM confidence interval 0.24 — 0.59 0.18 — 0.47 0.15—0.28 0.39—0.94
GSD Cp/Co 6.3 6.8 3.8 6.2

GSD confidence interval 467 —8.31 491 —9.00 2.99 — 4.59 470 —7.72
VG 72.31 169.10 69.42 33.82
log(VG) confidence interval 3.02—5.85 3.79 —6.46 3.41—5.12 2.76 — 4.38
r 0.40 0.22 0.60 0.32

r confidence interval 0.11 —0.60 -0.13 —0.49 0.35—0.76 0.07 — 0.54
% within a factor of 2 37% 30% 30% 27%
Nighttime period tests ISC2 AERMOD CALPUFF RATCHET

GM Cp/Co 1.2 1.2 0.90 11

GM confidence interval 0.89 —1.72 0.86 —1.51 0.73—1.09 0.93—1.33
GSD Cp/Co 3.8 3.5 2.5 2.2

GSD confidence interval 2.82 —5.07 2.84 —4.08 2.11—2.83 1.80 — 2.62
VG 6.0 4.6 2.3 1.8
log(VG) confidence interval 1.07 —2.79 1.09 —2.02 0.57 —1.10 0.35—0.95
r 0.74 0.82 0.91 0.92

r confidence interval 0.60 —0.85 0.73 —0.89 0.87 —0.94 0.87 —0.95
% within a factor of 2 54% 53% 68% 76%




Table 12. Significant differences in model performance measures for the day, transition, and nighttime

ensemble means modeling objective. An “X” indicates a significant difference.

Daytime 8-km data 16-km data

Model GM VG r GM VG r
ISC2-AERMOD X X

ISC2-CALPUFF X X X X X
ISC2-RATCHET X X
AERMOD-CALPUFF X X X
AERMOD-RATCHET X X X
CALPUFF-RATCHET X X

Transition 8-km data 16-km data

Model GM VG r GM VG r
ISC2-AERMOD

ISC2-CALPUFF X X X

ISC2-RATCHET X

AERMOD-CALPUFF X X
AERMOD-RATCHET X
CALPUFF-RATCHET X X X

Nighttime 8-km data 16-km data

Model GM VG r GM VG r
ISC2-AERMOD X X

ISC2-CALPUFF X X X
ISC2-RATCHET X X X X
AERMOD-CALPUFF X X X
AERMOD-RATCHET X X X
CALPUFF-RATCHET X X




§ > o(®°%p s
L
- = : [ R
2905 1600 . Boulder ° o f
e o J
2 @ ; '
% ° sk . . J_
S L 1-25
o I % T hakdbd SN 1 B .
..O' °. ® pe h
250(?300 ® @ ¢ = ® .
® N z \ % Broomfield F
® % {5 ' /
© ' ® e
[ ] = RFETS |
® * D1 - .
» LA ® .
. <= ~Release Point ~ $ ° !
L] ® ® ® Il
° Standley® i
@ Lake ° il
() : [ !
RFETS Met Tower 67, Westminster
2500 2o B °® ' o
[
o
Jf e oo Arvada % | /
<709 L P [ ] .._ p _A¥
° Y L Y0P 1B
® 2 & : = i’ &
® % R — 5‘-&‘ ':'\é-@ A
) ¥ ,?|_?[] —— e — e —————.
® 0 ; il ( ) = -
T s 3 ‘Wheatridge' S
Golden’ L Denver 4 Stapleton
0 e % /e . International
Ay / |- Aiport
= Y .
/
VY \ 4
P 4 - 1 = L A Ii > { | | 1 \ht-'_"""“-‘:
| [l ® WVTS Sampler

Okm 5km 10km 15km 20km



Predicted (ng m?)

Predicted (ng m*)

10,000

10,000

- 10,000
7 | 1SC2 8-km Ensemble Average
-1 " Transition
7 Night ° £
4 Day am
= a 1,000
b= "
3 T
E
7 o
. &
- H 7 ™
-1 a . * - -
3 P 2
] . o
= - 2
L] o
. . .
n " . M -
= . 0
3 a .
5 o o omss s osmmeseecs = - .-
T T T LB RRRLL LLEERLL T 1
1 10 100 1,000 10,000
Observed (ng m?)
. 10,000
7]  CALPUFF 8-km Ensemble Average
— . Transition
. : P
] Might A
) Day £ go®
i Ao 4
= o 1,000
3 oo '.
= o %wE =
3 ‘o "
. WL » =
o gl A o . E
-t =]
oy " =
P .
aal® . o 00
= - g
] % T
a Saaga . @
i . b o
L]
- 10
el
.
m o TasEemec
T T T T T T o o q
1 10 100 1,000 10,000

Observed (ng m?)

3 AERMOD 8-km Ensemble Average oo
E . Transition < o
. Might R gl
= X Da‘y il K o o - -
. :
3 o
= -
=1 -
.
- . e
— .
3 i
LR R LR | T T |
1 10 100 1,000 10,000
Observed (ng m3)
E RATCHET B-km Ensemble Average
- . Transition
T a Night *a
- e L
a Day . o 60
e -
3 -
i -
- -
= -
= -
= .
- .
I -
i - .-
.
) g
3 .
e - .
- = .

10 1,000

100
Observed (ng m3)

10,000



Predicted (ng m3)

Predicted (ng m?)

ISC2 16-km Ensemble Average

. Transition
o Night
. Day
o -
o
o o o
.‘ “l o
- -
N a &
Poen . R o o
- - -
. A5
& -
.
a - n*
a -y "
i .
$ -, ‘.‘ .
L] } -
R e o sc——— oo -

10,000 —‘E_
1,000 —;
100 ‘—-;
10 —;

| j

Ll iIIIIIII T IIIIIIII Ll

T illllll

Ll IIIJIIII

1 10 100 1,000 10,000
Observed (ng m=)
 CALPUFF 16-km Ensemble Average
N L Transition
T o Night %
= . Day
1,000 —3 o
= a0
3 o ead
3 sy "
- ! .
o
£ o ::. o
100 — ", = o 5
| - - ak L
= . e
] i < o 5
. . A s
N o MR,
~ .

. ot " “®

w4 g

P _.‘ 5

[ - ——

1 T LR LR | T
1 ] 1,000 10.000

100
Observed (ng m?)

Predicted (ng m?)

Predicted (ng m)

10,000

10,000

3 AERMOD 16-km Ensemble Average o0
- . Transition b
7 Night ° @ i
il R o
B Day & ° :
i . o w o
: a
ja 00
- - L S &
— - o
o @ il o
— - * 2 &
3 o W o%%
3 . - . . "
= .
. t .
il .
. .
Tl ™ .
a5 >
- . . .
3 wr
2 l e -l-‘u wng o I
3] " .t - -
7 B il i s —
1 10 100 1,000
Observed (ng m3)
o | RATCHET 16-km Ensemble Average
1 o Transition
T Night
T - Day
m .
il e
- o= o
)
. . . .
L]
- .
E "
= .
) .
= g =
. -
- .
.
= -
-
@ .
_ i
= .
3 : ¥ .
3 il
Wi e AR S s EE s W L]
LAY | LR | LR LY | LR |
1 10

100
Observed (ng m?)

10,000



:

Predicted (ng m=)
g

8

Predicted (ng m=)
g

- 1SC2 8-km Unpaired =  AERMOD 8-km Unpaired I
= Transition = Transition 8 P
3 Night 10,000 — Night
3 = Da o b= .
3 i £ 7 Lo "
] . =
b -
- - H
| = 100 —o -
= E 3 L
= o 7
n £ -
= L -] -
@
- o
E 5 W0 =
3 2 3
- o .
?_ 10 ?
T T T T T T
LBLBLULLLLL IR R | T | 1 LR RALL] N L B L B R LLL B
1 10 100 1,000 10.000 100 1,000 10,000
Observed (ng m? ! 10 , :
(ng m?) Observed (ng m?)
= | RATCHET 8-km Unpaired = | CALPUFF 8-km Unpaired
= Transition - Transition
= Night 10,000 =2 Night
E . Day Y E . Day
E| &~ 1000 E
3 E =
- oD -
4 3 n
=
- T .
= 8 100 —
3 b 3
= 2 T
- o -
= | 10—
2 o ga
n 8
- 73 o
Sa
SR (T SRS L) I ELELL O LT R 5 1 T Illll|'|'|_|'4-|'m|'|'| LI L) B R L
0 10

10 1,000 10,000

1
Observed (ng m~) . 1,000 10.000

100
Observed (ng m?)



ACCEPTED MANUSCRIPT

1SC2 16-km Unpaired - - o
3 Al i 3 AERMOD 16:4m Unpaired Fy
9 CALPUFF 16:4m Unpaired a— T RATCHET 16-km Unoaired A—

S T . .. S S



