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Abstract: Mobile differential optical absorption spectroscopy (mobile DOAS) has become an
important tool for the quantification of emission sources, including point sources (e.g., individ-
ual power plants) and area emitters (e.g., entire cities). In this study, we focused on the error
budget of mobile DOAS measurements from point sources, and we also offered recommenda-
tions for the optimum settings of such measurements. First we established a Gaussian plume
model from which the NOx and SO: distribution from the point source was determined. In a
second step the simulated distributions are converted into vertical column densities of NOx and

SOz according to the mobile DOAS measurement technique. With assumed parameters, we then
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drove the forward model in order to simulate the emissions, after which we performed the anal-
ysis. Following this analysis, we conclude that: (1) Larger sampling resolution clearly results
in larger flux error. The proper resolution we suggest is between 5 m and 50 m. Even larger
resolutions may also be viable, but > 100 m is not recommended. (2) Error effects vary with
measurement distance from the source. We found that undetectable flux (measured VCDs are
under the detection limit) is the main error source when measuring far from the source, for both
NOx and SO2. When measuring close to the source, low sampling frequency results in large
flux error. (3) The wind field primarily affects 2 aspects of the flux measurement error. When
measuring far from the source, dispersion results in more undetectable flux, which is the main
error source. When measuring close to the source, wind field uncertainty becomes the main
error source of SOz flux, but not of NOx. We suggested that the proper wind speed for mobile
DOAS measurements is between 1 m/s and 4 m/s. (4) The study of NOx atmospheric chemistry
reactions indicated that a [NOx]/[NOz] ratio correction has to be applied when measuring very
close to the emission source. But even when such a correction is applied, the remaining errors
can be significant. To minimize the [NOx]/[NO2] ratio correction error, we recommended 0.05
NO:2 maximum reaction rate as the accepted NOx steady-state thus to determine the proper
starting measurement distance. (5) The error of the spectral retrieval is not a main emission flux
error source and its error budget varies with the measuring distance. (6) Increasing the number
of measurements can lower the flux error that results from wind field uncertainty and retrieval
error. This directly indicates that SOz flux error could be lowered if the measurements are re-
peated when not too far from the emission source. With regard to NOx, more measurement
times can only work effectively when not very close or too far from the source. (7) Also the
effects of the temporal and spatial sampling are investigated. When the sampling resolution is
prescribed, the integration depends on the driving speed and the corresponding flux error is
mainly determined by the undetectable flux. When the car speed is prescribed, the integration
time is determined by the sampling resolution for measuring near the source, while undetectable
flux predominates when far away. (8) As a general recommendation, our study suggests that

emission rates < 30 g/s for NOx and < 50 g/s for SOz are not recommended for mobile DOAS

2
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measurements. The source height affects the undetectable flux, but has little influences on the
total error.

Based on the model simulations our study indicates that mobile DOAS measurements are
very well suited tool to quantify point source emissions. The results of our sensitivity studies
are important to make optimum use of such measurements.

1 Introduction

Nitrogen oxides (NOx = NO + NO) and sulphur dioxide (SOz), poisonous and harmful trace
gases in the atmosphere, are critical participants in tropospheric chemical reactions (Seinfeld
and Pandis, 1998; Beirle et al., 2003). NOx and SOz are emitted into the atmosphere via natural
and anthropogenic emissions, especially from traffic and industries. In recent years, China has
experienced large areas of haze pollution, which have drawn worldwide scrutiny due to their
NOx, SOz, and VOC content, although strict policies designed to control the emission of pol-
lution gases have been implemented (Richter, et al., 2005; Ding et al., 2015; Jin et al., 2016). It
is of great significance to study gas emission pollution both qualitatively and quantitatively.

Differential Optical Absorption Spectroscopy (DOAS) is a technique developed in the 1970s
that focuses on the telemetering of atmospheric gases, particularly trace gases (Platt and Stutz,
2008). After years of research, various types of DOAS technology have been comprehensively
developed, including LP-DOAS, MAX-DOAS, and mobile DOAS.

Mobile DOAS technology was originally used to measure volcanic SO: emissions
(Bobrowski et al., 2003; Edmonds et al., 2003; Galle et al., 2003), and it was then developed to
measure the NO2 and SOz emission fluxes from industrial parks (Johansson et al., 2006). In
2008, Mattias Johansson used a mobile mini-DOAS device to quantify the total emission of air
pollutants from Beijing and evaluated the measurement error, mainly in terms of the uncertain-
ties in the wind field, experimental setup, sunlight scattering in the lower atmosphere, and re-
trieval error. During the MCMA 2006 field campaign, C. Rivera et al. (2009) used a mobile
mini-DOAS instrument to measure the NO2 and SO2 emissions of the Tula industrial complex

in Mexico and also estimated the flux error. In O. Ibrahim et al. (2010), T. Wagner et al. (2010),
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and R. Shaiganfar et al. (2011, 2017), air mass factor (AMF), sampling resolution, NOx chem-
ical reactions, and atmospheric lifetime were introduced in order to analyze the emission flux
error. The analysis of emission flux error sources has gradually come to focus on the wind field
uncertainty, sampling resolution measurement error (GPS error), Slant Column Density (SCD)
retrieval error, AMF error, and other error sources. The aforementioned studies primarily con-
centrated on regional/industry park emission fluxes, as opposed to point sources.

Different from regional/industry park measuring, point source emission flux can be measured
in diverse ways, with different measuring distances, varying sampling resolutions, and so on.
Therefore, the error sources and influence factors affecting the flux measurements are different.
In order to investigate the impact of these factors and thereby recommend optimum settings for
point source flux measuring using mobile DOAS, we performed an in-depth study on the effects
of error sources and influence factors on point source emission flux measuring.

There are innate deficiencies in the experimental method used to analyze the emission flux
error since there are so many scenarios that need to be verified, and the various factors cannot
be well controlled during experiments. Therefore, a convenient way to assist the analysis is
sorely needed. In the absence of precise requirements, the simulation method is a good alterna-
tive for facilitating the analysis of mobile DOAS emission flux error, given its convenience and
feasibility.

Using a model based on Gaussian plume dispersion and the mobile DOAS emission flux
measurement method, we here performed a simulation to study the measurement of NOx and
SOz point source emission flux.

This paper is organized as follows: In Section 2, the methodological framework is presented.
In Section 3, the parameters used to drive the simulation are delineated. Section 4 describes the
simulation performance and data analysis, Section 5 presents our conclusions, and the Appendix

displays the overall simulation results.
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2 Methodology and forward model
2.1 Overview of methodology

Since individual experiments take place in complex and variable scenarios, in order to inves-
tigate the error sources and influence factors that impact the flux measurement error, typical
mobile DOAS measurements of the NOx and SO2 emission fluxes were modeled with the fol-
lowing assumptions:

(1) NOx and SOz gas continuously exhaust from an isolated and elevated point source at the
position (0 m, 0 m, 235 m). The plume rises approximately 15 m.

(2) The topography around the point source is flat and the background concentration of the
pollutants is 0.

(3) Air turbulence is constant in space and time.

(4) A zenith-sky mobile DOAS measures the gas underneath the plume in the y-direction at
around noon (see Figure 1). Spectra, GPS data, and wind profiles are available for individual
measurements.

(5) The sunlight radiance received by the mobile DOAS instrument is stable.

Figure 1 presents the schematic diagram of the modeled mobile DOAS measurement of a

point source.

*Sunlight 1,

Sunlight 7
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Figure 1. Schematic diagram of the modeled mobile DOAS measurement underneath the plume

Based on the performance of typical mobile DOAS measurements, a forward model of flux
calculations was generated and error analysis performed according to the forward model, as

shown in Figure 2.
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130 Figure 2. Forward model of mobile DOAS measurements and error analysis
131 The forward model of mobile DOAS measurements can be divided into 2 steps:
132 (1) Dispersion simulation. In this step, a dispersion model is established to generate the ver-

133  tical column densities (VCDs) measured by the mobile DOAS in the modeled typical measure-
134  ment.

135 (2) Emission flux simulation. After the VCD sequence along the measurement route is gen-
136  erated, the next step is calculating the emission flux and the emission flux error.

137 Error analysis:

138 This step concentrates on the error sources and their budget, and the influence factors that
139  affect the emission flux error.

140 The emission flux and VCD retrieval calculation model can be directly introduced into our
141  forward model, as it has in previous studies. However, some questions concerning the forward
142 model still exist:

143 (1) Is the existing dispersion model suitable for the mobile DOAS measurement depicted in
144  Figure 1?

145 (2) How can VCDs be simulated in the same way as mobile DOAS measurements in theory?

146 (3) Mobile DOAS can measure NO; instead of NOx. How can the NO <> NO, conversion

147  be added to the existing dispersion model in terms of this simulation?

148 These questions will be explored in Sections 2.2-2.6.



https://doi.org/10.5194/amt-2020-81 Atmospheric
Preprint. Discussion started: 15 April 2020 Measurement
(© Author(s) 2020. CC BY 4.0 License. Techniques

149
150
151
152
153
154
155
156

157

158

159
160

161

162

163
164
165

166
167

168
169

170

Discussions

2.2 Description of Gaussian dispersion model
2.2.1 Steady-state Gaussian dispersion model
An appropriate air dispersion model needed to be chosen for generating the forward model
of mobile DOAS measurements. Since the concentrations of pollutants at individual points in
the plume can be calculated based on the Gaussian dispersion model (Arystanbekova et al.,
2004; Lushi et al., 2010; de Visscher, 2014), we applied the Gaussian dispersion model in this
study. The plume, as reflected by the surface due to the ground boundary effect and the disper-
sion model, can be expressed as Eq. (1).
c(x,y,2) = %exp(—%) fexpl- %} +exp[- %l} (M
where Q is the emission rate (g/s); u is the wind speed (m/s) and the wind direction is along the

x-direction; &, (m) is the dispersion parameter in the y-direction; o, (m) is the dispersion pa-
rameter in the z-direction, with & and o, dependent on x; and H is the plume height (m).

D =exp(—p—) is the decay term, mainly consisting of the chemical reactions and deposits;
u

@ s the decay coefficient; and = Ini, in which T, is the pollutant half-life in seconds.

Tl/ 2

The dispersion parameters are determined by the atmospheric stability. The classification of
atmospheric stability, which was created by Pasquill and Gifford and is widely used, sorts at-
mospheric stability into 6 classes ranging from A—F (de Visscher, 2014). We only considered

the classifications under strong solar radiation (see Table 1) in this study.

Table 1. Pasquill-Gitford atmospheric stability classifications:

Wind Speed at 10m above the surface (m/s) Strong Solar Radiation class
<2 A
2~3 between A and B
3~5 B
5~6 C
>6 C

A: very unstable; B: moderately unstable; C: slightly unstable
Based on the atmospheric stability class and the terrain type surrounding the emission point,

the parameters 0, and o, can be calculated. Since we assumed the surrounding area to be

7
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flat, rural terrain, the o, and o, parameters could be calculated using Briggs’s (1973) for-

mulas, listed in Table 2

Table 2. Rural area air dispersion parameters (Briggs, 1973)

Stable classes o, (x) o,(X)
A 0.22x(1+0.0001x)** 0.2x
B 0.16x(1+0.0001x) 0.12x
C 0.11x(1+0.0001x) °* 0.08x(1+0.0002x) °*
D 0.08x(1+0.0001x) 0.06x(1+0.0015x) *°
E 0.06x(1+0.0001x)** 0.03x(1+0.0003x) "
F 0.04x(1+0.0001x) 0.016x(1+0.0003x)*

in which x is the horizontal distance from the source, m.
Since the wind field varies with time in actual measurements, the y-direction dispersion pa-
rameter needs to be adjusted using Egs. (2) and (3), while z for the plume height does not, as

we assume it to be higher than 200 m (de Visscher, 2014).

o (LY 2
y2 Uyl(tl) ()

Oy = 1/052 +0.1Ah? 3)

where o, (regarded as the Table 2 value) and o, are the dispersion parameters obtained

Q
|

with averaging times of #; and 22, respectively, with #; set to 10 min and #2 to 60 min; o, is

the final dispersion parameter after correction. P is an empirical value of approximately 0.2
and Ah is the plume rise.

It should be noted that Briggs’s equations are only suitable under the condition of x lower
than 10 km. In addition, the model accuracy significantly decreases in the case of wind speeds
either < 1.2 m/s or too strong (de Visscher, 2014). The upper wind speed has not been specified,

so we set it to be 8 m/s.
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2.2.2 NOx dispersion

Eq. (1) is suitable for SO2 dispersion, while for NOx, mobile DOAS can only measure NO2
effectively. Hence, Eq. (1) should be adjusted for NO:2 dispersion based on NOx atmospheric
chemical reactions. In this study, we did not take Volatile Organic Compounds (VOCs) into

consideration; thus, a NOx balance would not be broken. The typical reactions of NO, NOz, O3,

and O: are:
NO, +hv — NO +O(*P) (reaction 1)
0,+0(P) -0, (reaction 2)
NO +0, —- NGO, +0O, (reaction 3)

The reaction rates of reactions 1, 2 and 3 form a cyclic reaction. The reaction rate of NO2
is:
Moz =~ J5[NO,]+ ks[NO][O;]; (4)
where [gas] stands for the concentration of a particular gas; [O,], is the O3 mean concentration

in the plume at time ¢; ¢ is the time period after NOx is emitted into the atmosphere; j3 is the
NO:2 photochemical rate constant, equal to approximately 8 X 10~ s!; and ks is the rate constant
of reaction 3, equal to approximately 1.8 X 10" cm®molecules™'s™!. It should be noted that these
rates are for a temperature of 25°C. Fortunately, they are not sensitive to temperature, so tem-
perature sensitivity did not need to be considered.

The [NOx]/[NO2] ratio depends on the mixing ratio of O3. We assumed that at the beginning
there is no O3 in the air parcel of the plume. During the mixing with outside air, the O3 concen-
tration within the air parcel increases. For simplicity, we assumed that the O3 concentration
within the air parcel of the plume is the same everywhere. The mixing ratio of O3 within the air

parcel of the plume can then be estimated as:

[0}~ [0 %~ [0 S22 o103 ®

SAt 1

where V, is the initial gas volume of the plume and S, is the initial gas cross-section of the
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plume; while V, is the gas volume of the plume at time  and S, is the gas cross-section of
the plume in the atmosphere at time ¢. Here, [O3] is the ambient O3 concentration. The NO2
concentration at time ¢ is given by:

[NO,J, = j (6)

Since the NO: initial concentration was very low, we assumed the NO: initial concentration

[NO2]o= 0. Consequently, [NOx], =[NO], (with no decay).

The [NOx]/[NOz2] ratio at time ¢ is:

B [NOx],
" INO, ],

(7

Different from SOz, the number of NOx molecules is conserved, as opposed to their mass.

The NOx dispersion model should thus be expressed as:

o 1.9,2) = o et L) -forpl- L 2y onpt- € 20y ®)

y

where Qnox = Q-NA

NOx

. My, is the mean molar mass of the initial NOx and NA is Avoga-

dro’s constant of 6.02 X 10?3 molecules mol™!. Substituting Eq. (7) into Eq. (8), the NO2 disper-

sion model can then be expressed as:

CNOX(X’ y,Z) (9)

CNOZ(XI y,z) = R

NOx

2.3 VCD dispersion model
As discussed above, mobile DOAS retrieves the VCD, while results of the dispersion model
are point concentrations. Based on the definition of VCD, we integrate the concentration along

the vertical direction, i.e., the z-direction from the ground to the upper troposphere, as in:

VCD(x,y)= [ De(x, y,2)dz = «/ﬂu?; I{e IO[_(Z+ H)? 1+ expl (z H) Iz
0 o (10)
__DbQ ¥
- 2ruc, P 20'5)

10
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233 Eq. (10) is suitable for SO2. For NOx, the VCD dispersion is
DQ y’
234 VCD,,, (X, y) = ——=ZNo exp(——— 11
nox (X1 Y) TZruo, n( 263) (11)
235 The NO2 VCD dispersion model is
236 VCD, 0, (X, ¥) _ VCDyo,(X.¥) (12)
RNOX
237 Eqgs. (10), (11), and (12) lay the mathematical foundation of the VCD distribution model
238  for mobile DOAS measuring.
239 2.4 VCD measured by mobile DOAS
240 As shown in Figure 3, the flux of the plume cross-section can be calculated using the follow-
241 ing equation:
242 AF =u- j VCD(x, y)ds (13)
|
243 For actual measurements, AF should be given by Eq. (14)
244 AF =VCD;-u-s (14)
245  where s is the distance between 2 measuring points and V'CD; can be derived from the spectrum
246  of measurement j. Based on Eqs. (13) and (14), V'CD; can be expressed by Eq. (15)
247 VCD, = % j VCD(x, y)ds (15)
|
248  Eq. (15) indicates that the VCD; derived from individual mobile DOAS measurements is the
249  average of VCD(X, Y)along the measurement route. The discretization of the VCD can signif-
250 icantly affect the emission flux error and will be discussed in Section 4.1.
“”The overall shadow is
the plume cross section.
The scanning The VCD of each point
cross section. (x,y) is VCD(x,y)
Flux is AF
251
252 Figure 3. Model of VCD measured by mobile DOAS

1
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2.5 Description of emission flux measured by mobile DOAS
The equation for calculating emission flux in the discrete form is expressed as

F=>VCD,-u,-ni-s (16)
where F is the emission flux; VCD; is the VCD for DOAS measurement i along the measure-

ment route; Ui is the wind field; Ni is the vector pointing to the right of the driving direction
and parallel to the Earth’s surface; and S, is the sampling resolution. Since the SO2 lifetime

scale is longer than the dispersion time scale, a decay correction is not needed for SOz, but for
NOx it can be necessary.

The NOx emission flux is then:

R X
Fyox = % Froz (17)

In fact, the decay correction for NOx should be applied for cases with low wind speeds, while
the effect for high wind speeds is very small.
2.6 Measurement errors of emission flux

The emission flux measurement errors by mobile DOAS have several sources: SCD retrieval
errors, AMF errors, wind field uncertainties, sampling resolution error, and undetectable flux.
The undetectable flux is attributed to the ambient SCD below the mobile DOAS detection limit,
which results in undetectable SCDs as well as undetectable flux. The total relative error of the

emission flux is given by:

F, AR +ARZ, +AF? +AF?

B = ) D > x100% (18)

where F,, is the flux error, and AF,, is the flux error introduced by VCD error, which

mainly arises from the SCD retrieval error and the AMF error. For the low plume heights and

small amounts of aerosols within the plume in this study, the SCD could always be assumed to

be equal to the VCD. The AMF error is thus negligible. AF, is the undetectable flux; AF-

is the flux error introduced by wind speed uncertainty and wind direction uncertainty, i.e., the

wind field uncertainty; and AF, is the emission flux error introduced by sampling resolution
12
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measuring error.
Eq. (18) is appropriate for SO2. With regard to NOx, the NOx flux error is also introduced
by the decay correction and the [NOx]/[NOz] ratio correction error. Hence, the NOx flux rela-

tive error is:

F, AR +ARZ +AR? +ARZ, +AF? +AF?

E =
NOx DQ DQ

x100% (19)

where AF, is the flux error due to decay correction, and AFg, is the flux error due to

[NOx]/[NO2] ratio correction.
In order to quantify the contributions/budget of individual error sources, the ratios are calcu-

lated as Eq. (20)

AF?
R?=—1L
err

(20)

where i represents the individual error sources. Note that z R?=1.
i

3 Parameter assumption and numerical simulation

In Section 2, the forward model for mobile DOAS measurements of emission flux was es-
tablished. In this section, reasonable values of the parameters in the forward model are dis-
cussed and prepared in order to drive the forward model.

For most factories, including power plants, the emission rates of NOx and SO: are different.
Since a higher emission rate is an ideal condition for mobile DOAS measurements, higher emis-
sions could be outside the scope of our study. Therefore, the emission rate that we simulated
was < 200 g/s, and we set the Q value within this range. Since the Gaussian dispersion model
is appropriate for moderate wind speed and scale, the wind speed was set to range from 1.2-8

m/s and the dispersion distance was approximately 0—10 km. Given the car speed and mobile

DOAS spectrometer integration times t_ ., the sampling resolution was set from 5-500 m. The

int >

NOx mean daytime lifetime is approximately 5h =+ 1 h (Spicer, 1982), while the SOz daytime

lifetime is more than 1 day (S. Beirle, 2014). Compared with the dispersion time scale, the SO2

13
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daytime lifetime uncertainty could be neglected. When time approaches infinity, the NOx reac-
tion steady-state could be determined by ambient [O3] according to Eq. (4). We here assumed a
typical [O3] value 1.389%10'2 molec. /cm?® thus the steady-state [NOx]/[NOz] ratio is 1.32. The
[NOx]/[NO2] ratio inside the air parcel of the plume varying with the distance could be deter-
mined by Egs. (4), (5), (6) and (7).

The VCD error can mainly be attributed to the DOAS fit error of the SCD. Previous studies
have indicated that the typical errors of NO2 and SO2 VCDs are ~2.5 X 10'3 molecules cm™ and
~4 X 10" molecules cm™, respectively. The sampling resolution error is primarily attributed to
the drift of GPS and but it is negligible in actual measurements due to individual GPS errors
cancel each other.

The wind field uncertainty includes both wind direction uncertainty and wind speed uncer-
tainty. In order to quantify the 2 uncertainties, the 1-month wind profile data at the height of
250 m during the time period 9:00-16:00 from 1 April-30 April 2019 were derived from the
Doppler wind profile radar located in Shijiazhuang (38.17°N, 114.36°E). The average wind
fields and standard deviations were calculated for each hour, as shown in Figure 4. Two-order
polynomials were applied in order to derive the function of standard deviation versus average
value for both wind speed and wind direction. Some sample values calculated using these pol-
ynomials are listed in Table 3. Table 4 lists all the simulation parameters of NOx and SOz that

were required.

z 107 T 36
S . 2
2 5 30
£ £
2 081 8 24
5 =
g c 184
5 S
T 06 wnl g 124
Q . ._' 5 - 2
5 + Au=0.296+0.155u-0.011u? 5 6] A9TLAIS-6823ur0.339u
s . R?=0.756 Y Rl
04 : ‘ 1 : 5 7
1 5 9 Wind speed(m/s)
Wind speed(m/s) indsp

Figure 4. Polynomial fitting of the uncertainty between wind speed and wind direction

Table 3. Wind speed uncertainty and wind direction uncertainty after polynomial fitting

wind speed(m/s) wind speed uncertainty( £ ,m/s) wind direction uncertainty(+,° )
1.2 0.46616 33.74556
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2 0.562 29.155

3 0.662 24.027

4 0.74 19.577

5 0.796 15.805

6 0.83 12.711

7 0.842 10.295

8 0.832 8.557

Table 4. Simulation parameters and data range of NOx and SO,
Parameter Values
Emission rate(g/s) 10, 30, 50, 100, 150, 200
Wind speed(m/s) 12,2,3,4,5,6,7,8
Measuring distance(km) 0~10km
Sampling resolution and its er- 5~500m, initial integration times t;,
ror(m)
Retrieval error(molec.cm?) NO,: ~2,5><1015; SO,: -~4><1015
Detection limit(molec.cm?) Noz;5><_Lols; SOZ:8><_LO15
Average atmosphere lifetime NOx:5h+1h; SO: more than 1 day
R Rnox inside the plume is calculated by Egs. (4), (5), (6) and
NOx

(7). Rnox in steady-state is 1.32.

The parameters listed in Table 4 were applied in the forward model in order to perform the
simulation. The simulation results are shown in Figures 23 and 24 of the Appendix.
4 Analysis of emission flux errors measured by mobile DOAS based on the forward
model

Figures 23 and 24 in the Appendix show that the modeled relative errors of NOx and SO2
emission flux varied with sampling resolution and distance from the point source under differ-
ent wind speeds and emission rates. Some overall features can be derived from these figures.
Therefore, typical cases were selected in order to discuss the overall features based on several
key factors.
4.1 Sampling resolution and its error

Sampling resolution variation impacts on the error combination and propagation and its
measuring error is an error source.

The typical uncertainty of the GPS readings is <1.5m. For measurements with small sampling

15
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resolutions the GPS error can thus cause relatively large uncertainties for the flux contributions
from individual measurements (Eq. 14). However, even for small sampling resolutions the GPS
errors of neighboring flux contributions almost completely cancel each other. Thus the contri-
bution of the GPS error to the flux calculation (Eq. 16) can be neglected.

In order to discuss the dependence of flux error on sampling resolution, some data were ex-
tracted from the Appendix and plotted in Figure 5. This figure shows the increase of relative
error with increasing sampling resolution. It should be noted that the smaller the sampling res-
olution, the more data the mobile DOAS will sample. This directly leads to the inclusion of
more data in the emission flux calculations, resulting in the lower emission flux error. However,
when far from the source, the plume with narrows quickly (see section 4.2). Appling different
sampling resolution is no longer feasible. Therefore, the sampling resolution can only work

effectively when the measurements are not far from the source.

NOx SO,
—~ 50 = 1km(3m/s) = 2.5km(3mVs) ,-\50 ] = 0.7km(3m/s) = 1.5km(3m/s)
§40 === 0.7km(6m/s) === 1.5km(6m/s) \0\140 | == 0.5km(6m/s) === 1km(6m/s)
£ 30 £ 30
2 201 220
ks =
© 10+ e 10+
O T T T T 1 O T T T T 1
0 100 200 300 400 500 0 100 200 300 400 500
Sampling resolution(m) Sampling resolution(m)

Figure 5. Dependence of relative errors on sampling resolution (Q = 100 g/s, u =3 m/s and 6 m/s, at
different measuring distances)

The impact of sampling resolution on emission flux error is noticeable. In terms measurement
efficiency, the sampling resolution should be moderate. Therefore, we recommend the proper
sampling resolution to be between 5 m and 50 m. Larger resolutions may also be viable, but >
100 m is not recommended.

4.2 Measuring distance from the source

Measuring distance is not an error source, but affects the dispersion and NOx chemical reac-

tions, further adding to the emission flux error. Figure 6 presents typical examples of relative

errors varying with distance at a resolution of 20 m. Wind speeds of 3 m/s and 6 m/s were
16
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utilized in this example. The overall feature shown in all of the sub-figures of Figure 6 is the
rapid decrease and then quick increase of the relative error with measuring distance. Different
factors lead to the large errors at small and large distances.

First, we analyzed NOx and SOz emission flux errors for a large measuring distance. The
large distance results in the dramatic decrease of ambient VCDs due to dispersion and decay
along the plume transport path. The ambient VCDs can be lower than the detection limit of
mobile DOAS measurements, resulting in a portion of the undetectable flux. Because of dis-
persion, the plume widths with VCDs above the detection limit and thus the detectable fluxes
decrease significantly with distance, even dropping to 0, as shown in Figure 6. This causes the
relative error to increase at large measuring distances.

Second, we analyzed NOx and SO: emission flux errors in the case of a small measuring
distance. Figure 6 indicates that the error is large and decreases rapidly with increasing meas-
uring distance when close to the source. As discussed in Section 4.1, if more measurement data
are included in the calculations of flux, the relative error can decrease. When the measuring
distance is small, the number of samples can dramatically decrease. For SOz, the relative error
can increase significantly when the measurements are close to the point source. For NOx, the

relative error is also affected by chemical reactions, this phenomenon that we will discuss in

Section 4.4.
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Figure 6. Variation of NOx and SOs relative errors with distance, using Eqgs. (18) and (19) (Q =100
g/s, setting the sampling resolution s = 20 m and the wind speed to 3 m/s and 6 m/s)
4.3 Wind fields and their uncertainty

Wind fields can impact both the gas dispersion (Egs. 1, 8, 9) and the calculation of emission
flux (Egs. 16, 17). In terms of dispersion, wind speed affects gas VCD (Egs. 10, 11, 12). In
terms of flux calculation, the temporal and spatial uncertainty of wind fields can contribute to
emission flux calculation errors. Therefore, the effects of wind fields are discussed based on
these 2 factors in this section.

Figure 7 displays the variations of the relative errors of NOx and SO: with wind speed at
different distances. The emission rate Q and the sampling resolution are chosen as 100 g/s and
20 m, respectively. Figure 7 indicates the different features of relative error for wind speeds at
small and large measurement distances. The relative error of NOx increases with increasing
wind speed at different distances, while the SOz relative error for measurements at small dis-
tances exhibits a trend opposite that of the large distance measurements. The causes of the dif-

ferent relationships at small and large measurement distances are discussed in subsection 4.3.1.
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Figure 7. Relative errors of NOx and SO; emission flux changes with wind speed at different measure-

ment distances (Q = 100 g/s, sampling resolution s = 20 m)

4.3.1 Effects of different wind speeds on measurements at small and large measurement
distances
Since the NOx and SOz flux measurement errors of different wind speeds are very different

at small and large measurement distances, we discuss them separately.
4.3.1.1 SO,

We first analyzed the effect of different wind speeds on the SOz emission flux error.

Since VCDs decrease with increasing wind speed (Egs. 10, 11, 12), more ambient VCDs
would be below the detection limit of mobile DOAS at high wind speeds. Hence, the contribu-
tion of undetectable ambient VCDs to the error of flux calculations depends on wind speed. In
addition, since wind fields are input into the calculations of emission flux (Egs. 16, 17), their
uncertainties can contribute to the flux measurement error. In order to investigate the contribu-

tions of undetectable ambient VCDs and the influence of wind field uncertainties in flux meas-
urement, the ratios R (R? of the undetectable flux) and Rﬁ2 (R? of the wind field uncertainty)

calculated using Eq. (20) are shown in Figures 8c and 8d for different wind speeds and meas-

urement distances.

Again, we first analyzed the measurements at large distances, finding that Ruzf is greater

than Raz for large measurement distances, as shown in Figures 8c and 8d. Therefore, undetect-

able VCDs dominate the effect of wind fields on the error of flux calculations when the meas-
urement distance is large. Since VCDs decrease with increasing wind speeds, the flux error
associated with undetectable VCDs should be increased with wind speed. This relationship ex-
plains the phenomenon that the relative error of emission flux increases with increasing wind
speed for large measurement distances.

Next, the measurements at small distances were analyzed. Figures 8c and 8d indicate that
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Ruzf is much lower than Rf for short measurement distances. The wind field uncertainty dom-

inates the effect of wind fields on the flux calculation errors. Meanwhile, since the relative

uncertainty of the wind field decreases with increasing wind speed, the emission flux error

decreases with increasing wind speed for short measurement distances, as shown in Figure 6.
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Figure 8. Wind field uncertainty ratio squared R; and undetectable emission flux ratio squared R% of

NO, and SO emission flux measurement error changes with measurement distance for different wind

speeds (Q = 100 g/s, sampling resolution s = 20m)

4.3.1.2 NOx

We next analyzed the effect of different wind speeds on NOx emission flux error, as shown

in Figures 9a and 9.

The effects of different wind speed dispersions on NOx emission flux error are similar to

SOz, i.e., Figures 9b and 9d, indicating that the effects of wind speed dispersion are analogous.

The effect of wind field uncertainty is much different from SO, however, especially when the

measurements are very close to the source. When very close, wind field uncertainty influence

increases and then decreases with distance. Compared with SOz, the decreasing trend of NOx

in the case of far measurement distances is also similar, but the increasing trend is very different.

This implies that NOx measurements close to the source have another main potential error
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source, which we will investigate in Section 4.4.

The 4 subfigures in Figure 9 share the common characteristic that the R’ lines have intersec-
tions between 4 m/s and 5 m/s. This implies that the wind field uncertainty effect and the wind
field dispersion effect are distinguished between 4 m/s and 5 m/s. In actual measurements, un-
detectable VCDs cannot be well quantified. Therefore, we recommend the proper wind speed
for mobile DOAS to be < 4 m/s. The appropriate lower wind speed in this study was 1.2 m/s,
But the Gaussian plume model we used becomes increasingly inaccurate when wind speeds are
under 1m/s. Thus, we recommend a proper wind speed of 1-4 m/s.

4.3.2 Error budget of undetectable flux, uncertainties of wind direction and speed

The remaining question is what flux error budget is associated with the wind field. From

Section 2.6 we know that R? (R’ of wind speed uncertainty) and R3, (R’ of wind direction

uncertainty) constitute Rf. The Ruzf value of the undetectable flux is the contribution of the

wind field dispersion. Figure 9 presents the changes of R?, R ,and R} of NOx and SO2

with distance for different wind speeds, 3 m/s and 6 m/s.
As for SO, the wind field influence contributes most of the emission flux error from wind

field uncertainty, in conjunction with wind dispersion. From Figure 9, we can infer that the sum

of R?, RZ ,and R} is>0.9. Furthermore, contributions from wind speed uncertainty and

Dir »
wind direction uncertainty in the emission flux error are also presented in Figure 9. This demon-
strates that wind direction uncertainty contributes about 0.78 to the wind field uncertainty when
the wind speed is 3 m/s and 0.74 when the wind speed is 6 m/s.

With regard to NOx, the wind field influence is similar to SO2 when measuring far from the
source and very different when measuring close to the source. As discussed above, mobile
DOAS can only measure the NO2, as opposed to the NOx. The amount of NO: yield determines
the mobile DOAS measurement result, and thus that of the NOx flux measurement error, espe-

cially when measuring very close to the source.
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2.>and R: of NOx and SO, emission flux measurement errors with

473 measurement distance for different wind speeds (Q = 100 g/s)
474 4.4 NOx chemical reactions

475 In Section 4.2 we left unanswered the question as to why the NOx flux error is very large
476  when very close to the source (see Figure 6). In this section we will investigate the reason for
477  this phenomenon.

478 Stacks mainly exhaust NO, which then transforms into NO2 in a few minutes due to chemical
479  reactions. Since NOx disperses along the wind direction, this means that the [NO2]/[NOx] ratio
480  varies with distance. We calculated the [NO2]/[NOx] ratio and displayed it in a subfigure of
481  Figure 10. From Figure 10a we can see that the [NO2]/[NOx] ratio increases with distance.
482 In actual measurements, especially for elevated point sources, the dependence of the
483  [NOx]/[NO:] ratio on the distance from the air parcel of the plume is difficult to measure. Thus
484  for the NOx flux calculations, a [NOx]/[NO:] ratio correction factor is applied. However, since
485  the assumptions for the calculation of this correction factor might be different from the true

486  conditions, even after the application of the correction factor, substantial flux errors might occur.

487  Subfigure b in Figure 10 displays the RéNOX value of the [NOx]/[NOz] ratio correction error.
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The larger the [NOx]/[NO2] ratio, the larger the RéNOX value of the [NOx]/[NOz2] ratio correc-
tion. This causes the RéNOX to increase, to as high as 1, when near the source. Also, from the

RéNOX value we discovered that the [NOx]/[NO2] ratio correction error is the main error source

when close to the emission source. Hence, the main flux error source near the emission source

is the [NOx]/[NOz] ratio correction error.
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Figure 10. Variation of [NO,]/[NOx] ratio and R? . with distance at different wind speeds (Q = 100 g/s)

RNOX

Since we know that the [NOx]/[NOz] ratio correction error is the main error source near the
emission source, developing ways to avoid or minimize this error is our goal.

In real-world experiments, accurately measuring NOx flux requires NOx to reach a steady
state. According to Eq. (4), when time approaches infinity, the NO: reaction rate Iy, ap-
proaches 0, indicating that NOx reaches a steady-state. In theory, steady-state NOX is an ideal
condition for measuring NOx flux. Infinite time, however, is not our expectation. If we regard

Io, = 0.05r

max

as the approached steady-state, the approached steady-state time could be at-

tained, as well as the approached steady-state distance. I, is defined as the theoretical NO2

X

maximal reaction rate, which is Iy, = k;[NO],[O;]. Figure 11 a displays the variation of Tvoo
rmax

with time and Figure 11 b displays the approached steady-state distance.
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506 In order to investigate the feasibility of our recommendation, we used the following equation

507  for analysis:

508 Epyo, = 206, 10006 Q1)
DQ

509 where AFg,, is the flux error resulting from the [NOx]/[NOz2] ratio correction at the ap-

510  proached steady-state distance. Eg,, is used rather than R? because R only represents the
511  error source contribution/budget. For example, the R? value of the [NOx]/[NO2] ratio correction
512  is 0.9, while the total relative error is only 10%. In this case, it seems that we cannot accept the
513  high R?, although the total relative error is acceptable. Therefore, in our judgment, using Eg,,
514  is an advantage.

515 The Egyo, values at the approached steady-state distance for different wind speeds and
516  emission rates were calculated, and the results are presented in Figure 11 c¢. From this figure,
517  we can infer that E., is approximately 5%, which is very low. This indicates that the flux

518  error resulting from the [NOx]/[NOz] ratio correction at the approached steady-state distance is

519  very small and can thus be regarded as negligible.

The approached steady-state distance ¢ Egy, that [NOX]/[NO,] ratio correction
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521  Figure 11. NOx steady-state distance from the source and the Egy, values under different emission rates
522 and wind speeds ([O3]= 1.389 x 10'2 molecules/cm?)

523 According to Eq. (6), I, dependson[Os3]. Hence, we also calculated the NOx steady-state
524  distance and Eg,, under different [O3]. The Eg, was also approximately 5% under differ-
525  ent [O3], as shown in Figure 12. The dependence calculation demonstrates that Eg,, is also
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very small under different [Os3]. Consequently, regarding r,,, =0.05r . as the approached

steady state seems to be acceptable.
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Figure 12. NOx approached steady-state distance from the source and Epyo, values under different emis-

sion rates, different wind speeds, and different [O3].

In summary, when very close to the emission source, the main flux error source is the

[NOx]/[NOz2] ratio correction error. In order to avoid or minimize this error, we recommend

lo, = 0.05r . as the approached steady state, in which case the approached steady-state dis-

x
tance is the starting measurement distance. The overall distances for different [O3] concentra-
tions were also simulated as a reference for the DOAS measurement of NOx point source emis-
sions, as shown in Figure 13. In subsection 2.2.2, we assumed that it was reasonable to disregard
VOCs, since NOx, water vapor, and VOCs would generate a more complex reaction that could
produce more O3, which in turn would accelerate the NO2 reaction rate. In other words, what
we assumed is conservative, so the NOx approached steady-state distance in Figure 13 is also

conservative.
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Figure 13. NOx steady-state distance from the source for different [O3] concentrations (r,,, = 0.05r, ).

4.5 Retrieval error

Since the emission flux error due to the VCD retrieval error depends on the plume width and
the sampling resolution, typical plume widths and sampling resolutions were selected for this
discussion. We set the wind speeds at 1.2 m/s and 8 m/s because, based on the dispersion model,
the plume width is a function of the wind speed (Egs. 1, 8, 9). Sampling resolutions of 20 m

and 100 m were chosen. In addition, an emission rate of 100 g/s for the point source Q was set.
Figure 14 displays the total relative error, R\fCD , and the absolute flux error caused by the re-
trieval error. From this figure we could infer that the retrieval error is not the main error source

for R\fCD < 0.2, although the RVZCD trend is very interesting.

R\fCD increases to a peak value and then decreases, while the absolute flux error slowly in-

creases at relatively long range measurement distances and then quickly decreases. Meanwhile,
the trend of total relative error quickly decreases (stage A in Figure 14) and then slowly increases
(stage B in Figure 14). In order to simplify the analysis, we only designated stage A and stage B
for the wind speed of 8 m/s. In stage A, the flux error grows while the total relative error de-
creases rapidly, resulting in the retrieval error contribution becoming more obvious. In stage B,

the flux error slowly grows and then decreases, while the total relative error grows, resulting in

the retrieval error contribution becoming less obvious. This results in the observed R&CD trend.
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Figure 14. Total relative error, absolute flux error, and retrieval error resulting in the R\ECD trends

of NO; and SO, (Q =100 g/s)
4.6 Effect of number of measurement times

In our experiments, we only simulated a single scan of the plume by the mobile DOAS at
each specific distance. In reality, we usually scan the plume cross-section several times in order
to reduce the flux error. Figure 15 displays the simulation example of NOx and SO: flux error
under different measurement times.

The error sources of the emission flux can be classified into 2 types. The first is the measur-
able error/uncertainty: wind speed and wind direction uncertainty, and retrieval error. The sec-
ond is: [NOx]/[NO2] ratio correction error near the source and undetectable flux error. The flux
error resulting from the first type of error source can be lowered by scanning the plume more
times while the second cannot be.

According to the analysis in Section 4.3, the undetectable flux is the main error source when
far from the emission source. Consequently, the flux error under different numbers of scans for
both NOx and SOz cannot be significantly lowered when measuring far from the source (range

D in Figure 15). Within the close measurement range (range C in Figure 15), the first type of
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error source is the predominant source of SOz error, and thus the flux error can be lowered by
additional plume scans. For NOx, however, the [NOx]/[NOz2] ratio correction error is the main
error source when very close to the emission source (range A in Figure 15), and thus the effect
of additional plume scans is not evident. A little farther from the source, the first type of error
source becomes the main error source (range B in Figure 15). Ultimately, the impact of addi-

tional plume scans becomes effective.
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Figure 15. Emission flux error under different numbers of scans. Range A is very close to the source, range

B is not too close or too far, range C is close to the source, and D is far from the source (Q = 100 g/s).

4.7 Effect of spectrometer integration times

Spectrometer noise is the main noise source of the mobile DOAS instrument (Platt and Stutz,
2008; Danckaert et al., 2015). The noise level varies under different integration times, thereby
changing the retrieval error and detection limit, which would then affect the flux measurement

error. Therefore, this section is focused on the effect of spectrometer integration times on mobile
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DOAS flux measurement error.
The relationships among retrieval error, detection limit, and noise level are (Kraus, 2006;

Platt and Stutz, 2008)

VCD,,, « Fit,, co, Dy, <o 21

lim
where VCD,, isthe VCD retrieval error, Fit, is the total fitting error in DOAS fitting, D,
is the detection limit, and & is the noise level. The noise level is approximately inversely

proportional to the square root of the integration times.

The sampling resolution of mobile DOAS can be expressed as:

s=V-(t,-n) =V-t, (22)
where v is the car speed, t; is a single integration time of the spectrometer, n is the spec-

trometer averaging times, and t. is the spectrometer integration times.

int

According to Eq. (22), the effect of integration times can be investigated in 2 different ways:

Varying the car speed and thus fixing the sampling resolution or fixing the car speed and thus

varying the sampling resolution. In this study, we simulated the integration times for 0.25t,,,

0.5¢t,, 1t

*~ tint 2

2t,

int

and 4t,, .

int >
4.7.1 Prescribed sampling resolution

Since different integration times results in the car speed varying in a large range that car
speed cannot be fully realized in actuality at a given sampling resolution, the sampling resolu-
tion cannot be too small. Here, we chose a 50 m sampling resolution as a case study.

Figure 16 displays the relative error under different integration times at a given sampling
resolution (Q = 100 g/s). From Figure 16 we can see the relative error differences resulting from
various integration times.

Since a larger integration times will directly lead to a lower detection limit and a smaller
fitting error, and indirectly to a lower undetectable flux and a lower retrieval error, the relative
error nonlinearly decreases with increasing integration times. Since the relative error differ-

ences caused by integration times become more evident when far from the source (range B in
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624  Figure 16), our analysis focused on this range. This phenomenon is due to that fact that different
625 integration times mainly act on the retrieval error and the detection limit. Therefore, we sepa-
626  rately analyzed these 2 error sources.
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630 Figure 16. Relative error under different integration times at a prescribed sampling resolution (Q = 100 g/s)
631 First, we analyzed the flux error resulting from the retrieval error. Figure 17 presents the R’
632  values of the retrieval error. These R’ values are all < 0.12, demonstrating that retrieval error is
633  not the main error source and, furthermore, indicating that the main reason for the relative error
634  variation in Figure 16 should not be attributed to retrieval error.
635 Second, we analyzed the undetectable flux differences resulting from different detection lim-
636 its. Figure 18 presents the undetectable flux and its R? values. From the R? values we could infer
637  that undetectable flux contributes most to the error when far from the source. Especially for
638  smaller integration times, undetectable flux R? increases very quickly with distance. In addition,
639  the variation trend of undetectable flux in range B also corresponds to the relative error trend.
640  Therefore, we infer that the relative error trend under different integration times is determined
641 by the undetectable flux.
642 In brief, different integration times significantly impact the relative error at a given sampling
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643  resolution in range B, and these error differences are mainly attributed to the undetectable flux
644  differences resulting from the detection limit.
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Figure 18. Undetectable flux and its R’ values under wind speeds of 3 m/s and 6 m/s for NOx and SO un-

der different integration times. The sampling resolution is 50 m (Q = 100 g/s).

4.7.2. Prescribed car speed

When the car speed is prescribed, the sampling resolution is determined by the integration
times integration times. Therefore, an effect on the error due to the sampling resolution would
be introduced (Section 4.1).

Figure 19 presents the relative error under different integration times at a given car speed. It
is interesting that the relative error differences caused by integration times in ranges B and D
(NOx) are opposite those of ranges C and D (SOz). We analyzed the causes of the relative error
differences in range D, but did not analyze the causes in range B or C.

From Section 4.1 we know that, within the proper resolution range, the relative error in-
creases with increasing sampling resolution. Moreover, the sampling resolution can only affect
the first type of error source mentioned in Section 4.6, i.e., the wind field uncertainty, and re-
trieval error. We calculated the sum of the R values for the wind field uncertainty, and retrieval
error. In addition, the sum of the absolute flux errors introduced by these error sources is shown

in Figure 20. The R’ values indicate that, in range B or C, these factors are the main error source
and thus cause the differences under different t,, . The flux error trends do not all correspond
to the relative error trend due to the undetectable flux, although it is still the main error source
that determines the differences in range B or C.

Furthermore, we can conclude that the different integration times that significantly affect the

relative error at a given car speed can be divided into 2 ranges: B and D for NOx, and C and D

for SOz. In range B/C, the differences under different t_ can be attributed to the sampling

int

resolution effect. In range D, the differences under different t;, can be attributed to the unde-

tectable flux.
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685 Different integration times result in different retrieval errors and different detection limits. The
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analysis in terms of either a given sampling resolution or a given car speed has significant im-
plications. For example, when measuring close to the source, i.e., range B or C in Figures 20
and 21, we can fix the car speed within a proper low integration times in order to obtain a higher
resolution, which indirectly results in a lower error. When measuring far from the source, proper
large sampling resolutions are available since the main error source is the undetectable flux.
This further suggests that larger integration times and higher car speeds can be applied in order
to increase the efficiency of measuring flux.
4.8 Effects from other factors

Measuring emission flux is extremely complex. It is feasible to analyze the error caused by
some key factors, but it is also necessary to study other factors.
4.8.1 Emission rate

Emission rate is an objective factor. The simulation results suggest that the emission rate
significantly affects the relative error distribution. Therefore, disregarding the emission rate in
order to analyze the error is a less rigorous approach.

From Egs. (10), (11), and (12) we know that VCD(x,y) is proportional to the emission rate,
which means that lower emission rates generate lower VCD(x,y) levels, leading to variations
of plume width and detectable flux with distance. Ultimately, this results in larger emission flux
errors at the same distance when the emission rate is low, even if there is no proper resolution
to measure. In order to achieve a low emission flux error, emission rates that are too low are
not recommended. We cannot provide a precise lower limit for the emission rate, but can pro-
pose a range of values. From the figures in the Appendix, we can see that the red areas (indi-
cating large errors) cover nearly all of the figure when the NOx emission rate is < 30 g/s and
the SO2 emission rate is < 50 g/s. Therefore, emission rates < 30 g/s for NOx and < 50 g/s for
SOz are not recommended in mobile DOAS measurements.

4.8.2 Different source heights
The mobile DOAS height, which is approximately 2 m from the ground to the telescope, is
usually negligible in actual measurements. When the source is not very high, however, more

gas will descend to the ground under the mobile DOAS telescope, where it cannot be measured.
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Here, we simulated the emission source at heights of 10 m, 20 m, 50 m, 100 m, and 200 m.
Since lower wind speeds will lead to gas quickly descending to the ground, we simulated a low
wind speed of 3 m/s. The emission rate was set to 100 g/s.

The lower the source height, the more gas will descend to the ground, resulting in changes
to the undetectable flux. Figure 21 displays the undetectable flux of NOx and SO2 for the wind
speed of 3 m/s. From this figure we can see that the undetectable flux of NOx exhibits little
variation, while obvious variations occur in the SOz flux when close to the source. The unde-
tectable flux variation may impact the flux relative error.

Figure 22 presents the flux relative error at different heights. These results show that the
relative errors of NOx and SOz exhibit little variation. This is because, compared to the flux

error resulting from other main error sources, the undetectable flux variation with height is

negligible.
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Figure 21. NOx and SO, undetectable flux values at different source heights (Q = 100 g/s, u =3 m/s)
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Figure 22. NOx and SO; flux relative errors at different source heights (Q = 100 g/s, u =3 m/s, s = 20 m)

4.8.3 Uncertainties of the Gaussian dispersion model

The Gaussian dispersion model was assumed in the forward model during our discussion of

the emission flux error budget. The dispersion in actual measurements, however, depends on
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meteorological conditions and surrounding terrain. Differences in the Gaussian dispersion
model from reality could have resulted in a bias of the error budget presented in this study from
reality. The investigation of the detailed of the dispersion model is outside the scope of this
investigation.

5 Conclusions

In this study, we used a Gaussian dispersion model to quantify the NOx and SOz point source
emission flux errors of mobile DOAS.

We first established a forward model for the simulation.

In the forward model, we modified the Gaussian dispersion model in order to make it appro-
priate for the DOAS technique, i.e., the SO2 and NOx VCD dispersion model. The NOx VCD
dispersion model also took NOx atmospheric chemical reactions into consideration.

Second, we analyzed the simulation data, reaching the following conclusions:

(1) The impact of sampling resolution on emission flux error is noticeable. Smaller resolution
can lower the flux error. In terms of measurement efficiency, the sampling resolution should be
moderate. Therefore, we recommended the proper sampling resolution to range from 5-50 m.
Larger resolutions could also be applied, but > 100 m is not recommended.

(2) Measuring distance significantly affects the flux measurement error. When far from the
source, undetectable flux from the wind dispersion effect, which results in large errors, will be
noticeable. When close to the emission source, a low number of sampling data leads to large
flux errors. The proper measuring distance is not too far or too close to the source. Due to the
complex situation, the proper distance is difficult to quantify. It should be noted that undetect-
able flux is the error source which was not considered in (Johansson et al., 2008, 2009; Rivera
et al., 2009, 2012; Ibrahim et al., 2010; Shaiganfar et al., 2011, 2017; Berg, et al.,2012; Walter,
2012 et al.; Wu et al., 2013, 2017; Frins et al., 2014; Merlaud et al., 2018).

(3) The wind field influence could be classified into 2 parts: uncertainty and dispersion. Dis-
persion is more evident when far from the emission source; thus, undetectable flux is the main
error source for both SO2 and NOx. When measuring close to the emission source, wind field

uncertainty is the main error source of SOz flux measurements, but not of NOx. For higher wind
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speeds the dispersion effect is more distinct, thereby directly leading to more undetectable flux.
We recommended a wind speed of 1-4 m/s for accurate mobile DOAS measurements.

(4) NO converts to NO2 upon exhaust from a stack and reaches the NOx steady state within
a few minutes. During this time period the [NOx]/[NO:z] ratio decreases continuously with dis-
tance, resulting in a flux error due to [NOx]/[NOz2] ratio correction. Our simulation indicates
that [NOx]/[NOz] ratio correction is the main error source when measuring very close to the

emission source. To minimize the large [NOx]/[NOz] ratio correction error, we recommended

Mo, =0.05r . as the NOx steady state. Therefore, the proper starting measurement distance

for NOx could be determined, which we displayed in Figure 13.

(5) Retrieval error is not a dominant error source and its error budget varies with the meas-
uring distance.

(6) Repeating the measurements several times can only affect the measurable error source,
and do not affect the unmeasurable. This causes the SOz flux error to decrease when not very
far from the emission source. As for NOx, increasing the number of measurement times could
become effective when not very close to the source but not too far away.

(7) Different integration times result in different retrieval errors and detection limits. For a
prescribed sampling resolution, relative error differences under different integration times are
attributed to undetectable flux differences caused by the detection limit, especially for distant
measurements. For a prescribed car speed, the sampling resolution effect is introduced. When
measuring not very far from the emission source, the relative error differences are attributed to
the sampling resolution effect from the first type of error source. Far from the source, the de-
tection limit applies.

(8) Other studies have indicated that emission rates < 30 g/s for NOx and < 50 g/s for SOz
are not recommended in mobile DOAS measurements. The source height exerts an impact on
the undetectable flux, but has little impact on the total error.

The advantage of the method put forth in this study is that many scenarios can be simulated.
Through this simulation method, we discovered a missing error source, and were able to exam-

ine the error sources and influence factors affecting flux error in more detail. Also important is
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that the [NOx]/[NOz] ratio correction effect of flux measurement was clarified.
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Appendix

1. NOx simulation results (relative error)
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Figure 23. Relative errors (using Eq. 19) of NOx as a function of the measurement distance from the source

(x-axis) and the sampling resolution (y-axis). The different subfigures show the results for different wind
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919 speeds and different emission rates. The color map indicates the relative errors.
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925 Figure 24. Relative error (using Eq. 18) of the distribution of SO, for different wind fields of different

926 emission rates. The unit of all abscissas is the measurement distance from the source (km), while that

927 of the ordinate is the sampling resolution (m). The color map indicates the relative errors.
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