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Abstract: Atmospheric/plume turbulence parametrization is an important input for the estimation
of dispersion of pollutants from the vehicular exhaust. A Three-Phase Turbulence (TPT) model was
proposed by Madiraju and Kumar (2021) considering the critical parameters such as initial vertical
plume spread, downwind distance, wind velocity, additional spread due to vehicular wake, thermal
turbulence, atmospheric turbulence, road width, residence time and mixing height of mobile source
dispersion. The flow regime of the TPT model is divided into the initial phase, transition phase, and
dispersion phase. The paper presents the performance of these two types of modeling approaches
based on the current practice using dispersion curves from point sources and the new TPT model.
The statistical indicators (including mean, sigma, bias, NMSE, correlation coefficient, FA2, and FB)
are used as a performance measure to identify the variations in the model results using observed
data from three different field studies. The study indicates the changes in the performance of the
basic mobile source model with the use of the TPT model. Overall, the performance of the basic
mobile source dispersion model has improved slightly by using the TPT model.

Keywords: Mobile source; Three-Phase Turbulence model; Performance measures

1. Introduction

The process of simulating the physical and chemical processes that affect air pollutants
during their advection. Dispersion and chemical transformation in the atmosphere using
mathematical or numerical techniques is called air pollution dispersion modeling [1]. The
dispersion modeling is based on the physics and chemistry involved in the process of
advection/dispersion of contaminants and could predict and estimate the concentrations
of contaminants by considering the origin of source, composition, emissions, traffic data,
and meteorology [2]. Analytical/numerical techniques are used to simulate ground-level
concentration in air quality models. Typical inputs of air quality modeling include source
information, meteorological data, and the surrounding terrain [3].

The small-scale, irregular air motions characterized by winds that vary in speed and
direction are called turbulence in the atmosphere [4]. Atmospheric turbulence is vital in
causing the mixture and distribution of atmospheric gasses, water vapor, and other
substances and hence it is an important parameter in air quality modeling [5]. Along with
the atmospheric turbulence, other critical parameters in air quality modeling are
atmospheric stability, initial vertical plume spread, downwind distance, wind velocity,
additional spread due to vehicular wake, thermal turbulence, road width, residence time,
and mixing height of mobile source dispersion [6]. The improvement in the performance
of mobile source models over the last 50 years is achieved by improving the theoretical
basis of the dispersion equations and developing dispersion coefficients based on either
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theory or field experiments. Madiraju and Kumar (2021) proposed a new Three-Phase
turbulence model to calculate the vertical spread of mobile source plume by combining
the current concepts of atmospheric turbulence and plume spread observations based on
field data. The purpose of this study is to simulate the ground level concentrations using
a basic model without following the three-phase turbulence model (MODEL-A) and
compare results with the same basic model using dispersion coefficients for point sources
(called MODEL-B and is with following the three-phase turbulence model). Statistical
indicators are used to assess the performance of the basic model under these two cases.

2. Three Phase Turbulence Model (TPT)

A TPT model was developed by considering the critical parameters such as initial
vertical plume spread, downwind distance, wind velocity, additional spread due to
vehicular wake, thermal turbulence, atmospheric turbulence, road width, residence time,
and mixing height of mobile source dispersion [7]. The mobile source plume is categorized
into three phases: Initial, transition, and dispersion phases [8]. The flow regimes for the
mobile sources are proposed based on the field studies conducted. Most of the existing
models still consider the turbulence model from stationary sources. TPT is a newly
proposed turbulence model that can be predominantly used for mobile source plume
dispersion. Vertical dispersion coefficient (o,) is one of the critical components that affect
model predictions [9]. Initial vertical dispersion (6,9) has an impact on the plume
dispersion. Consider a highway with mobile source vehicles. Consider wind orientation
at an angle ¢ to the length of the road. The width of the road is W (m) and uy, is the mean
wind speed (m/s). In the TPT model the formulation used for o, [10] is

(1'5+uf,;i?rll¢)
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Figure 1. The phases in the TPT model and associated turbulence.

As discussed earlier the mobile source plume is categorized into three phases: Initial,
transition, and dispersion phases. The initial phase is near the mobile sources and the
highway.

2.1. Initial Phase

The Initial Phase is the first flow regime, which is near the mobile sources and the
highway. The mobile source plume dispersion is dominated by vehicular and thermal
turbulence in this phase. The average downwind distance up to which the initial phase is
observed for the light-duty vehicles is 6.5 m from the highway. This is based on a study
by Benson [11], the width of the mixing zone in the downwind direction was estimated
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by Benson as the width of the roadway and an additional 3 m. It is assumed that 6, is
constant up to 6.5 m, which is based on the summation of the width of the road 3.5 m and
3 m from the edge of the road. In the initial phase, the vertical dispersion is equal to the
initial vertical dispersion.

2.2. Transition Phase

The Transition Phase is the second flow regime, a little far from the mobile source and
the highway. The Transition Phase is in the wake area created by wind flow. The
Transition Phase includes the effect of thermal turbulence, vehicular turbulence, and
atmospheric turbulence. vehicular turbulence means the turbulence created by the motion
of the vehicle. thermal turbulence is created by the heating of the ground due to solar
radiation. atmospheric turbulence means irregular air motions characterized by winds.
Based on the field turbulence parametrization of light-duty vehicles. The transition phase
is considered from 6.5 m to 50 m of downwind distance from the source. The value of 50
m will depend on the type of vehicles on the highway and could be as high as 150 m for
large trucks, as pointed out by Yu et al [12,13].

2.3. Dispersion Phase

The Dispersion Phase is the third flow regime, away from the vehicular wake area. The
mobile source plume dispersion in the dispersion phase is significantly dominated by
atmospheric turbulence. Based on the filed turbulence parametrization of light-duty
vehicles, the dispersion phase is considered from 50 m to the end of the plume [12,13].

3. Basic model

A basic model to calculate the concentration of the pollutant from a mobile source is
based on the convective-diffusion equation for a constant wind velocity and eddy
diffusivity. The solution given in Equation (2) is taken from the textbook by Wark et al.
[14]:

Corpy = ——exp[-2(2)] @

(2m)20,uSind Iz

where H is the effective height of the plume from the vehicle, and q is the source strength
per unit distance. The equation is divided by the sinf where 6 is the angle between the
wind direction and the line source. (Note: 6 is not used in the computation when the angle
is less than 45 degrees) [14]. The horizontal component is neglected in Equation (2) since
the crosswind diffusion is assumed to be self-compensating.

4. Performance Evaluation

The performance of the basic model is assessed initially by simulating the ground level
concentrations of the air pollutants with multiple data sets without and with
implementing the TPT model. Then computing the performance measures by running
through a model evaluation software (BOOT in this study). Finally comparing the results.

4.1. Data

Three data sets are considered in the evaluation of the simple dispersion model. They
are CALTRANS, Idaho Falls, and Raleigh data sets.

a) Data 1: The CALTRANS highway 99 Tracer experiment was conducted in the
1980s in California near Highway 99 to measure SF6. Approximately 35,000



Environ. Sci. Proc. 2022, 4, x FOR PEER REVIEW 4 of 4

vehicles were observed in traffic daily [15]. The concentrations of SF6 are
measured at 0 m, 32.14 m, 64.28 m, and 128.56 m downwind distances in North
and South directions. The wind speed ranges are observed to be 0.2 m/s — 6 m/s
[16].

b) Data 2: Idaho Falls Tracer experiment was conducted to measure SF6 in 2008 at
Idaho Falls, a city in Idaho. The SF6 is measured in this field experiment for 18 m,
36 m, 48 m, 66 m, 90 m, 120 m, and 180 m downwind distances. The source is
modeled with a unit emission rate because the measured emission rates are
slightly different for each day. The emission rates for day 1, 2, 3, and 5 are 0.05
g/s, 0.04 g/s, 0.03 g/s, and 0.03 g/s respectively [17].

c) Data 3: Raleigh 2006 experiment was conducted to measure NO in Raleigh, North
Carolina. Approximately traffic observation was 125,000 vehicles/day [18]. The
emission factor used is 0.5 g/ vehicle/ km. NO is measured at 21.16 m and 30.36 m
downwind distances [19].

Table 1. Descriptive statistics of the data sets used in this study.

Data Data Data Data Data Data
1_Stable 1_Unstable 2_Stable 2_Unstable 3_Stable 3_Unstable
Mean 1.49E+05 1.66E+05 1.30E+05 3.41E+04 4.25E+05 5.02E+05
Standard Error 2.38E+04 2.24E+04  7.77E+03 251E+03  1.25E+04 1.28E+04
Median 5.14E+04 599E+04  1.08E+05 2.68E+04  3.67E+05 3.91E+05
Mode #N/A #N/A 5.81E+04 1.81E+04 #N/A #N/A
Standard Deviation 2.93E+05 3.48E+05  7.96E+04 2.66E+04  2.72E+05 3.56E+05
Sample Variance 8.56E+10 1.21E+11  6.34E+09 7.07E+08  7.42E+10 1.27E+11
Kurtosis 2.99E+01 2.20E+01 1.74E-01 3.28E+00  4.01E+00 1.86E+00
Skewness 4.87E+00 4.41E+00 9.51E-01 1.70E+00  1.69E+00 1.44E+00
Range 2.29E+06 2.54E+06  3.21E+05 1.29E+05  1.78E+06 1.98E+06
Minimum 4.21E+02 7.65E+02  3.01E+04 343E+03  8.10E+04 4.09E+04
Maximum 2.29E+06 2.54E+06 3.51E+05 1.32E+05 1.86E+06 2.02E+06
Sum 2.25E+07 4.00E+07  1.36E+07 3.82E+06  2.03E+08 3.87E+08
Count 1.51E+02 2.41E+02 1.05E+02 1.12E+02 4.77E+02 7.71E+02
Largest(1) 2.29E+06 2.54E+06  3.51E+05 1.32E+05  1.86E+06 2.02E+06
Smallest(1) 4.21E+02 7.65E+02  3.01E+04 343E+03  8.10E+04 4.09E+04
Confidence
Level(95.0%) 4.70E+04 441E+04  1.54E+04 498E+03  2.45E+04 2.52E+04

4.2. Evaluation tool

BOOT has been primarily used to evaluate the performance of air dispersion models.
It provides concise information on model performance. The current study uses Version
2.0 of the BOOT software. This software is significant in providing the summary of
confidence limit analyses based on percentile confidence limits. It also provides a
summary of performance measures for the considered dispersion models [20].

4.3. Performance measures

It is necessary to consider multiple performance measures, as each measure has
advantages and disadvantages and there is not a single measure that is universally
applicable to all conditions. The relative advantages of each performance measure are
partly determined by the distribution of the variable of interest. Linear measures of FB
and NMSE are strongly influenced by infrequently occurring high observed and predicted
concentrations. The fraction of predictions within a factor of two of observations (FA2),
on the other hand, is the most robust measure, because it is not overly influenced by high
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and low outliers. Along with FB, NMSE, and FA2; the correlation coefficient (R) is also an
important performance measure used in this study. FBen can be considered as the
underpredicting (false-negative) component of FB. Similarly, FBrrcan be considered as the
overpredicting (false-positive) component of FB, i.e., only those (Co, Cp) pairs with Cp >
Co are considered in the calculation. All these performance measures are simulated using
BOOT software [8,20,21].

4.4. Results

The ground-level concentrations (that are simulated using the basic model) are run
through the BOOT software. The BOOT software output results generated for the three
data sets for stable and unstable atmospheric conditions are listed in Table 2. In the BOOT
analysis, it was considered that MODEL-A is the basic model without following the TPT
model and MODEL-B is also the same basic model following the TPT model.

In the BOOT output file ‘N’ represents the number of data points considered in each data
set. Each block represents each data set considered to run the BOOT software.

Since the basic model used in this study is a widely used model by many researchers and
students, all the performance measures (statistical indicators) computed are in the
satisfactory range suggested in the literature. In the nominal (median) results, the mean
and standard deviation values of MODEL-A are significantly close enough when
compared with observed values. But the MODEL-B results show that the mean and
standard deviations values of the basic model have improved. The nominal results also
indicate that all the other statistical indicators also improved slightly.

The mean values of the model predicted concentrations for Data set 1 stable, Data set 2
stables of MODEL-A are close to the observed values. Data set 2 is unstable Data set 3 is
stable, and the unstable of MODEL-B is close to observed values. The sigma values of the
model predicted concentrations for Data set 1 and data set 3 stables of MODEL-A are close
to the observed values and MODEL-B sigma values are close to observed values in all the
other data sets.

The Bias values of MODEL-A and MODEL-B are higher than the ranges of a better-
performing model. But the values of MODEL-B are slightly improved than the MODEL-
A. The Bias value for a perfect model is 0, which is practically impossible [22].

NMSE emphasizes the scatter in the complete dataset. NMSE reflects both systematic and
unsystematic (random) errors in the concentrations. The ideal value of a perfect model
will be 0 [23]. However, the results indicate that MODEL-A and MODEL-B have better
NMSE values. The best NMSE value is observed for MODEL-A for data set 2 (both
stability conditions) and data set 3 (unstable condition) is 0.11. The best NMSE value is
observed for MODEL-B for data set 2 (unstable condition) and data set 3 (unstable
condition) is 0.11.

The correlation coefficient gives an indication of the linear relationship between the
predicted and observed values. A perfect model has a correlation coefficient value of 1
[24]. Model-A and MODEL-B have correlation coefficients ranging from 0.58 to 0.74 and
0.67-to 0.8 in all three data sets. This indicates that MODEL-B predicted concentrations are
more significantly correlated than MODEL-A.

The FA2 is defined as the percentage of predictions within a factor of two of the observed
values. The ideal value for the factor of two is 1 (100%) [25]. The fraction of predictions
within a factor of two of observations. The air quality model with more than 0.8 value of
FA2 is called a better performing model. The highest values of FA2 for MODEL-A and
MODEL-B are observed as 0.81 and 0.88 respectively for data set 1 for unstable
atmospheric conditions.
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Table 2. BOOT output results for the simple model for the three considered data sets at
stable and unstable atmospheric conditions.

MODEL
0BS.

MODEL-A
MODEL-B
Block
MODEL
0BS.
MODEL-A
MODEL-B
Block
MODEL
0BS.
MODEL-A
MODEL-B
Block
MODEL
0BS.
MODEL-A
MODEL-B
Block
MODEL
0BS.
MODEL-A
MODEL-B
Block
MODEL
0BS.
MODEL-A
MODEL-B
Block
MODEL
0BS.

MODEL-A

MODEL-B

4:

Nominal (median) results

(No. of regimes =

BIAS NMSE
0.00 0.00
8.008, FBfp= 0.
13.49  ©.22
©.348, FBfp= o.
9.04 8.17
0.361, FBfp= o.

BIAS NMSE
6.e0 .00
©.000, FBfp= 0.
12.36 8.35
0.195, FBfp= O.
7.69 8.26

©.197, FBfp= @.

(N= 241)
BIAS
8.00

0.000,

14.33

0.398,
6.78

0.674,

NMSE
.00
FBfp= @.
.47
FBfp= ©.
8.34
FBfp= ©.

BIAS NMSE
.00 .00
0.000, FBfp= 0.
9.52 6.11
©.182, FBfp= @.
8.22 e.1e

0.317, FBfp= 0.

(N= 112)
BIAS
8.00

0.000,

11.98

0.489,

11.20

0.337,

NMSE
6.60
FBfp= ©.
6.11
FBfp= ©.
6.69
FBfp= ©.

BIAS NMSE
0.00 .00
©.000, FBfp= ©.
10.13 8.17
0.357, FBfp= 0.
5.67 0.13
0.277, FBfp= 0.
(N= 771)
BIAS NMSE
.00 .00

©.357, FBfp= 0.
20.11 0.11
©0.417, FBfp= 0.
15.35 8.09
0.355, FBfp= 0.

MEAN SIGMA
2.34E+05 2.29E+05
(FBfn=
1.90E+05 7.38E+04
(FBfn=
2.26E+05 5.47E+04
(FBfn=
: Data set 1_Stable (N= 151)
MEAN SIGMA
1.49E+05 2.93E+05
(FBfn=
1.96E+05 2.56E+65
(FBfn=
2.79E+05 6.29E+64
(FBfn=
: Data set 1_Unstable
MEAN SIGMA
1.66E+05 3.48E+05
(FBfn=
1.76E+05 1.18E+04
(FBfn=
2.55E+05 4.24E+04
(FBfn=
: Data set 2_Stable (N= 185)
MEAN SIGMA
1.30E+05 7 .96E+04
(FBfn=
1.74E+04 1.14E+064
(FBfn=
3.27E+64 2.41E+04
(FBfn=
Data set 2_Unstable
MEAN SIGMA
3.41E+04 2.66E+04
(FBfn=
1.17E+64 1.01E+64
(FBfn=
2.74E+04 1.13E+64
(FBfn=
: Data set 3_Stable (N= 477)
MEAN SIGMA
4.25E+085 2.72E+05
(FBfn=
3.83E+65 2.064E+04
(FBfn=
3.86E+65 1.43E+05
(FBfn=
: Data set 3_Unstable
MEAN SIGMA
5.82E+65 3.56E+085
(FBfn=
4.42E+05 1.39E+05
(FBfn=
4 .55E+85 4.47E+04
(FBfn=

6)
CORR  FA2
1.e00 1.000
@00, MOEfn= 1.
0.692 ©.701
618, MOEfn= @.
0.746 ©.755
541, MOEfn= ©.

CORR FA2
1.000 1.000
000, MOEfn= 1.
8.732 0.794
456, MOEfn= @.
©.784 0©.826
376, MOEfn= ©

CORR  FA2
1.000 1.000
@@, MOEfn= 1
0.724 ©.812
683, MOEfn= @.
0.771 ©.887
872, MOEfn= ©.

CORR FA2
1.000 1.000
000, MOEfn= 1.
6.697 0.731
447, MOEfn= ©.
8.734 0.783
487, MOEfn= @.

CORR FA2
1.000 1.600
008, MOEfn= 1.
8.744 0.765
755, MOEfn= ©.
6.825 0.816
509, MOEfn= @.

CORR  FA2
1.600 1.000
000, MOEfn= 1.
0.587 ©.792
691, MOEfn= @
0.674 ©.793
498, MOEfn= 0.

CORR FA2
1.000 1.000
691, MOEfn= 1.
0.669 0.747
674, MOEfn= @.
8.713 0©.762
502, MOEfn= ©.

FB HIGH  2nd HIGH PCOR
0.00 1.53E+06 1.25E+086 n/a
@08, MOEfp= 1.6@@, FB=FBfn-FBfp)
-8.278 1.36E406 1.11E+086 n/a
745, MOEfp= ©.467, FB=FBfn-FBfp)
-8.181 1.31E+06 1.07E+06 n/a
762, MOEfp= ©.581, FB=FBfn-FBfp)

FB HIGH  2nd HIGH PCOR
0.000 2.20E+06 2.03E+06 n/a
000, MOEfp= 1.008, FB=FBfn-FBfp)
-0.261 2.02E+06 1.75E+06 n/a
875, MOEfp= ©.614, FB=FBfn-FBfp)
-0.179 2.50E+06 1.85E+86 n/a

.973, MOEfp= ©.794, FB=FBfn-FBfp)

FB
©.000

HIGH
2.54E+06

2nd HIGH PCOR
2.42E+06 n/a

.000, MOEfp= 1.008, FB=FBfn-FBfp)

-0.285 2.09E+06 1.87E+06 n/a
762, MOEfp= ©.477, FB=FBfn-FBfp)
-0.198 2.13E406 1.74E+86 n/a
496, MOEfp= ©.298, FB=FBfn-FBfp)

FB HIGH  2nd HIGH PCOR
8.000 3.51E+05  3.33E+05 n/a
008, MOEfp= 1.60@, FB=FBfn-FBfp)
-0.265 3.51E+05 2.98E+05 n/a
848, MOEfp= ©.583, FB=FBfn-FBfp)
-0.170 3.34E405  3.14E+05 n/a
853, MOEfp= 0.683, FB=FBfn-FBfp)

FB HIGH  2nd HIGH PCOR
6.000 1.326405 1.32E+405 n/a
000, MOEfp= 1.600, FB=FBfn-FBfp)
-0.266 1.72E405  1.51E+05 n/a
661, MOEfp= ©.395, FB=FBfn-FBfp)
-0.172 1.12E+05 1.09E+05 n/a
833, MOEfp= 8.661, FB=FBfn-FBfp)

FB HIGH  2nd HIGH PCOR
0.000 1.86E+06 1.78E+86 n/a
000, MOEfp= 1.000, FB=FBfn-FBfp)
-0.334 1.56E+06 1.14E+86 n/a

.713, MOEfp= ©.379, FB=FBfn-FBfp)

-0.221 1.34E+06 1.23E+06 n/a
763, MOEfp= ©.542, FB=FBfn-FBfp)

FB HIGH  2nd HIGH PCOR
8.000 2.02E+06 1.93E+86 n/a
000, MOEfp= 1.000, FB=FBfn-FBfp)
-0.257 1.95E+06 1.45E+06 n/a
613, MOEfp= ©.356, FB=FBfn-FBfp)
-0.147 1.45E+06 1.20E+06 n/a
655, MOEfp= ©.508, FB=FBfn-FBfp)

The FB values for both the models are less than 0.5 and close to 0, which means both
MODEL-A and MODEL-B are better performing. However, it can be observed that all the
FB values are negative, which means that most of the model predictions are less than the
observed values (under-predicting). If the point of (FBen, FBre) = (2, 0) means that
predictions are zero everywhere, but all observations are finite. If the point of (FBen, FBrr)
= (0, 2) means that observations are zero everywhere, but all predictions are finite. Since
both FBen and FBrr have values greater than 0 and less than 2 which means all the
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observations and predictions are finite. If FBen = FBep = 0; then a model can be called as a
perfect model [20,22,26] .

5. Conclusion

Overall, the TPT model was implemented in a basic mobile source dispersion model, and
the performance was assessed. Three data sets were used to assess and simulate the model
predicted concentrations and compare them with the observed data. BOOT software is
used to generate the comparison results. A comparison of results for the basic model with
and without following the TPT model is given in Table 2 using the three data sets for
stable and unstable atmospheric conditions. Various performance measures include
mean, sigma, bias, NMSE, correlation coefficient, FA2, and FB. The results indicate that
there is a slight improvement in the model performance of the basic model after following
the TPT model. Improvement in FB, NMSE, FA2, and R values are visible. The nominal
results also show that the mean and standard deviation values of the simulations
computed using MODEL-B are better than the MODEL-A. Finally, these results indicate
that following a separate turbulence model for the mobile source could improve model
predictions. Note that the P-G dispersion coefficients used in the simple model were
developed based on the work of Pasquill over 70 years ago and it is suggested that these
dispersion coefficients should be replaced with the proposed turbulence parameterization
in the TPT model.
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