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Abstract: Haze and dust pollution have a significant impact on human production, life, and health.
In order to understand the pollution process, the study of these two pollution characteristics is impor-
tant. In this study, a one-year observation was carried out at the Beijing Southern Suburb Observatory
using the MAX-DOAS instrument, and the pollution characteristics of the typical haze and dust
events were analyzed. First, the distribution of aerosol extinction (AE) and H,O concentrations in
the two typical pollution events were studied. The results showed that the correlation coefficient
(r) between H,O and AE at different heights decreased during dust processes and the correlation
slope (1k!) increased, whereas r increased and | k| decreased during haze periods. The correlation
slope increased during the dust episode due to low moisture content and increased O, absorption
caused by abundant suspended dry crustal particles, but decreased during the haze episode due to a
significant increase of H,O absorption. Secondly, the gas vertical column density (VCD) indicated
that aerosol optical depth (AOD) increased during dust pollution events in the afternoon, while
the HyO VCD decreased; in haze pollution processes, both H,O VCD and AOD increased. There
were significant differences in meteorological conditions during haze (wind speed (WD) was <2 m/s,
and relative humidity (RH) was >60%) and dust pollution (WD was >4 m/s, and RH was <60%).
Next, the vertical distribution characteristics of gases during the pollution periods were studied.
The AE profile showed that haze pollution lasted for a long time and changed slowly, whereas the
opposite was true for dust pollution. The pollutants (aerosols, NO,, SO,, and HCHO) and H,O
were concentrated below 1 km during both these typical pollution processes, and haze pollution was
associated with a strong temperature inversion around 1.0 km. Lastly, the water vapor transport
fluxes showed that the water vapor transport from the eastern air mass had an auxiliary effect on
haze pollution at the observation location. Our results are of significance for exploring the pollution
process of tropospheric trace gases and the transport of water vapor in Beijing, and provide a basis
for satellite and model verification.

Keywords: MAX-DOAS; haze pollution; dust pollution

1. Introduction

Air pollution has become a serious environmental problem in China, especially in
economically developed and densely populated areas, such as Beijing—Tianjin—Hebei [1-3].
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Beijing is a megacity, with a large population and numerous vehicles; it has frequently
suffered from haze pollution in recent years, especially during winter [4-6]. In addition,
the transport of dust from the northwest aggravates the pollution in Beijing during the
spring. The inhalation of aerosols from haze and dust during heavy pollution outbreaks
has noticeably adverse effects on human health. Studies have shown that millions of people
die prematurely every year due to outdoor air pollution [7]. Moreover, air pollution plays
a role in COVID-19 transmission [8—10]. Therefore, there has been an enhanced focus on
haze and dust pollution in China.

Meteorological conditions are cofactors in the formation of haze and the transportation
of atmospheric pollutants [11-13]. Water vapor is a natural greenhouse gas, which not
only affects the frequency of precipitation, but also participates in a variety of atmospheric
chemical reactions [14,15]. The local meteorological conditions during the winter haze in the
Beijing-Tianjin-Hebei region are usually accompanied by high relative humidity (RH) [16].
Water vapor is a cofactor that causes haze, and an increase in water vapor concentrations
effectively promotes the formation of secondary aerosols. In conditions of low wind
speed, pollutants cannot effectively diffuse, further aggravating the pollution [17-19].
Strong winds allow the transport of dust from distant sources, while low RH means
minimal precipitation to wash the dust out of the atmosphere, thus providing favorable
environmental conditions for the dust events [20,21]. Therefore, whether investigating
haze pollution or dust pollution, it is of great significance to study the variations in local
water vapor concentration in the pollution process.

Although several studies have been conducted on the characteristics of haze pol-
lution [5,6,16,19] and dust pollution [20-22] via near-ground observations or large-scale
models, the vertical distribution studies of the two types of pollution characteristics remain
rare. Zhou et al. (2012) studied the concentration and chemical composition of fine particles
during haze and dust pollution in Shanghai in autumn, and found that the secondary
components of haze pollution have a greater contribution to PM; 5, whereas dust pollution
is dominated by coarse particles [23]. Pachauri et al. (2013) studied the composition of
total suspended particulate matter in dusty and hazy weather in Agra, India, and found
that Ca2*, C1~, NO;~, and SO,%~ were the most abundant ions in dust, while secondary
aerosols, viz., NO;~, SO42~, and NH,*, were the main particles in haze [24]. Huang et al.
(2018) studied the various characteristics and potential source areas of the water-soluble
ions in PMy 5 during spring haze and dust in Chengdu, and discovered that the haze
pollution in Chengdu is mainly affected by NOx emissions [25].

Multi-axis differential optical absorption spectroscopy (MAX-DOAS) is a passive
DOAS remote sensing technology developed in recent years [26], featuring a low cost, sim-
ple instrument setup, mature algorithm, and high spatiotemporal resolution. MAX-DOAS
can measure the vertical distribution of a variety of trace gases (NO;, SO,, HCHO, HONO,
and CHOCHO), aerosols, and water vapor in the atmosphere [14,27-33], thus providing a
basis for the study of haze and dust pollution. In addition, the gas transport fluxes can be
measured by coupling the gas profile retrieved from MAX-DOAS measurements with the
wind profile [31,34], which is significant for the study of gas transport.

In this study, one-year observations using the MAX-DOAS system were carried out
from 1 January 2020 to 31 December 2020 at the Beijing Southern Suburb Observatory
(116.475°E, 39.808°N, 31 m above sea level), and the distribution of water vapor and aerosol
extinction (AE) was analyzed during haze and dust pollution. Moreover, the two typical
pollution characteristics (haze and dust) were also analyzed based on meteorological
observations and air mass backward trajectory. This study aimed to provide a reference for
the future analysis of the vertical distribution characteristics of pollutants and water vapor
during haze and dust pollution in Beijing.
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2. Instruments and Methods
2.1. MAX-DOAS

The MAX-DOAS system used in this study was independently developed by the An-
hui Institute of Optics and Fine Mechanics (AIOFM), Chinese Academy of Sciences [28,35].
The experimental device was installed on the roof of the second floor of the Beijing South-
ern Suburb Observatory, near South Fifth Ring Road, as shown in Figure 1a. The system
consists of a spectrometer, 360° controllable platform, telescope, optical fiber, computer,
and surveillance camera, divided into an outdoor unit and an indoor unit. The outdoor
unit includes the 360° controllable platform, telescope, and surveillance camera, while the
indoor unit includes the spectrometer and computer, with the optical fiber used for the
connection of both units. To prevent temperature drift, the spectrometer was placed in a
temperature-controlled box at 25 °C, with a spectral resolution of 0.6 nm and a detectable
spectral range from 301.29 nm to 465.37 nm. The controllable platform can be rotated
through an elevation angle of 0-90° and an azimuth angle of 0°-360°. The telescope was
driven to rotate using the controllable platform, and the spectral information at different
elevation angles and azimuth angles was collected. Then, the spectra were transmitted
to the computer for storage via fiber optic cable. The average number of spectrum ac-
quisitions was 100, and the integration time was automatically adjusted according to the
light intensity.
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Figure 1. The location (a) and system characteristics (b) of the multi-axis differential optical absorption spectroscopy

(MAX-DOAS) instrument.

2.2. Spectral Analysis
The theoretical basis of MAX-DOAS technology is the Lambert-Beer law [36],

L
I(A) = Ip(A)-exp {— /0 U(/\)-c(s)ds} , (1)
where I(A), In(A), 0(A), ¢, and L represent the radiant light intensity after absorption
by atmospheric molecules, the incident light intensity without passing through the at-
mosphere, the gas absorption cross-section, the gas concentration, and the optical path,
respectively. The acquired spectral data were fitted by least squares using QDOAS software
(version 3.2, 2017) [37], and the 90° spectrum from the same measurement cycle served
as the Fraunhofer reference spectrum (FRS). In the study, the MAX-DOAS system was
implemented using a 149° azimuth with a wide field of view to carry out cyclic elevation
scanning (facing the South Fifth Ring Road) to avoid occlusion at small elevation angles.
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The entire elevation angle cycle included 11 elevation angles of 1°, 2°, 3°, 4°, 5°, 6°, 8°,
10°,20°, 30°, and 90°. Combining the differential slant column density (dSCD) fitted by
QDOAS with the air mass factors (AMFs) calculated by the radiative transfer model (RTM,
SCAITRAN 2.2) [38], the gas tropospheric vertical column density (VCD) can be obtained
as follows [39]:

DSCD  dSCDy490° — dSCDy—g0°

VCD = - .
D = 5amr AMF, 2900 — AMF,—gp

2

Table 1 lists the DOAS fitting parameters for the species. Figure 2 shows an example
of DOAS fitting for O4, NO,, SO,, and HCHO at 10:06:58 a.m. on 24 April 2020, as well
as an example for H,O at 11:51:48 a.m. on 15 May 2020. For the SO, fitting, only the
results with a root-mean-square (RMS) error less than 5 x 1073 were retained, while the
results with an RMS less than 1 x 1073 were retained for the other gases. In addition,
Lampel et al. (2015) [40] confirmed that the saturated absorption effect of water vapor has
a negligible influence on the retrieval results in the 442 nm bandwidth because of relatively
weak absorption.

Table 1. DOAS analysis parameter settings.

Parameter

Source

Species

Oy NO, SO, HCHO H,O0

Fitting
Spectral Range

338.2-370 nm  338.2-370 nm 308-330 nm 336.5-359 nm  434-452 nm

NO3: Vandaele et al.

(1998) [41],298 K, 220 K v v v v v

Os: Serdyuchenko et al. . Y
(2013) [42], 223 K, 293 K

%

Oy4: Thalman and N Y,
Volkamer (2013) [43], 293 K

Cross
section

SO;,: Bogumil et al.
(2003) [44], 293 K

HCHO: Meller and Y, N
Moortgat (2000) [45], 293 K

BrO: Fleischmann et al.
(2004) [46], 223 K

<l <
<l ] <

H,O: Rothman et al. y
(2010) [47], 296K

Ring spectrum calculated

Ring

from DOASIS [48]
and additional ring

multiplied by A4 [49]

Polynomial
degree

- 4 4 5 5 5
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Figure 2. Examples of typical DOAS fits of O4, NO,, SO, and HCHO at 10:06:58 a.m. local time (LT) on 24 April 2020,
as well as of HpO at 11:51:48 a.m. LT on 15 May 2020.

2.3. Profile Retrieval

The vertical profile retrieval algorithm for aerosol extinction and trace gases (PriAM)
used in this study was jointly developed by the AIOFM and Max Planck Institute of
Chemistry (MPIC) [29,35,50-52]. PriAM is an optimal estimation method, which uses
SCIATRAN 2.2 RTM as the forward model (F) to simulate the measurement vector y
(M elements) according to the atmospheric state vector x (N elements). Then, the value
function is minimized through nonlinear iteration, and the optimal solution is gradually
obtained. The expression of the value function x? is as follows:

M 2
X(x) =Y, (71:"1(0

m=0 &m

N _ 2
Z Xn — Xan n ) 3)

where x refers to the vertical profile of aerosol extinction or gases; y refers to the gas
ASCD at different elevation angles; F is the forward model function; x,, ¢, and o, rep-
resent the a priori state vector, measurement error, and a priori state error, respectively.
The subscripts n and m represent the n-th and m-th elements. The iterative process of
using the Levenberg-Marquardt algorithm to modify the Gauss—Newton method can be
expressed as

-1
Xiy1 = X+ [K?5§1Ki +(1+ %’)5;1} {KiT5§1[y — F(x;)] — S; ' [xi — xa]}, 4)

where i is the current state, and T represents the transposed matrix. S¢, S;, and K are the
measurement error covariance matrix, a priori covariance matrix, and weight function
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matrix, respectively; v is a correction coefficient used to change the rate at which the state
quantity approaches the value function. It can be set to 1 and then modified according to
the iteration. The generality of the PriAM algorithm for aerosols, NO,, SO,, HCHO, and
H;O has been proven in many comparative observation experiments [29,31,32,34,35,50-52].
The measurable altitude range for PriAM is 0.05—4 km.

2.4. Transport Flux Calculation

The calculation of water vapor transport flux depends on the water vapor concentra-
tion profile calculated by PriAM and the wind profile. The wind profile was measured
using the wind profile radar of the Beijing Southern Suburb Observatory with a time
resolution of 6 min. In meteorology, the water vapor transport flux is usually divided into
zonal and meridional. Therefore, we decomposed the wind into # wind and v wind to
calculate the water vapor zonal transport flux (negative indicates transport from east to
west, while positive indicates transport from west to east) and meridional transport flux
(negative indicates transport from north to south, while positive indicates transport from
south to north). The calculation formula for water vapor transport flux of the i-th layer at
time ¢ is as follows:

Qurit = (xithi)yy Qojip = (xi0i)y, ®)

where x; is the gas concentration (g/m?) corresponding to the height of the i-th layer,
and A and ¢ represent the zonal and meridional transport, respectively. The unit of wind
speed is m/s, and the unit of water vapor transport flux in each layer is g/m?/s.

The zonal and meridional water vapor transport fluxes in each layer at time ¢ are
superimposed to obtain the vertically integrated water vapor transport fluxes Q, ; and
Qg,t, respectively.

Qut =Y (Ahi-Quir) = Y _(Ahi-xju;),, Qg = z(Ahi'Q¢,i,t) =Y (Ahj-xjv;),, (6)

1 1

1

where Ah; is the height resolution of the i-th layer of the flux profile, which is consistent
with the resolution of the water vapor profile. The height resolution was 200 m in this
study, and the unit of the vertically integrated water vapor transport flux is g/m/s.

3. Results and Discussion

MAX-DOAS observations at the Beijing Southern Suburb Observatory were carried
out from 1 January 2020 to 31 December 2020. The aerosol optical depth (AOD), the AE
profile, and the VCD and profiles of NO,, SO,, HCHO, and H,O were obtained.

3.1. Annual Observations and Analysis

The monthly distribution of atmospheric pollutants and water vapor in Beijing was
analyzed. The monthly averaged results of AOD, H,O VCD, NO, VCD, SO, VCD,
and HCHO VCD were calculated based on the MAX-DOAS measurements (Figure 3a,b).
The monthly mean results of PM; 5 and PMj from the Yizhuang Air Quality Monitoring
Station (116.506°E, 39.795°N) near the MAX-DOAS location are also shown in Figure 3c.
Compared to other months, the AOD (retrieved from 360 nm) was larger from May to
August (Figure 3a), with a maximum of 0.82 in May. The H,O VCDs were larger from May
to September, with a maximum of 1.08 x 10?* molecules/cm? in August. The NO, VCD
was relatively high in autumn, with the largest value of 22.21 x 10'®> molecules/cm? in
October. The maximum SO, VCD, 12.45 x 10 molecules/ sz, was recorded in February.
HCHO exhibited higher values during summer and lower values during winter, related to
the enhanced photochemical reaction during summer.
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and H;O vertical column density (VCD); (b) VCDs for NO,, SO,, and HCHO; (¢) PM; 5 and PMyj.

During autumn and winter, haze pollution events occurred frequently in Beijing, with
a higher content of fine particulate matter than in other seasons [18,19]. Figure 3c shows
that PMjg pollution was also relatively high during spring (March to June), related to dust
transport from the north [20]. We selected the haze and dust pollution periods according
to the PM; 5 and PMjy concentrations (Figure 4) and the historical weather patterns to
analyze the two typical pollution characteristics. As shown in Figure 4, referring to two
specific haze pollution events (from 24 to 29 January 2020 and from 10 to 14 February 2020)
and two dust pollution events (18 March 2020 and 24 April 2020) for analysis, it was found
that haze pollution mainly manifested as a rise in PM; 5 with a long duration of several
days, whereas dust pollution manifested as a sharp rise in PMjy with a short duration
of a few hours. These conclusions are as expected due to the mechanical nature of dust
formation and the chemical nature of haze formation.
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3.2. Analysis of Haze and Dust Pollution Processes
3.2.1. Characteristics of the Correlation between AE and H,O

The level of water vapor concentration affects the processes of haze and dust pol-
lution [18-20]. AE is one of the most important aerosol parameters, which characterizes
atmospheric turbidity. The correlation between AE and H,O allows for the investigation of
its potential impact on haze and dust [53].

The lowest height of the PriAM algorithm retrieved is 50 m, followed by 200 m, and
all the layer height resolutions above 200 m, are 200 m. Since pollution often occurs in the
near-surface boundary layer, the altitudes of 50 m, 200 m, and 400 m were used to analyze
the relationship between H,O mixing ratio (MR) concentration and AE during haze and
dust pollution events (Figure 5). To investigate the relationship between H,O MR and AE
during the two typical pollution periods, the daily H,O MR (x-axis) and AE (y-axis) were
linearly fitted, and the Pearson correlation coefficient (r), as well as the absolute value of
the correlation slope (| k1) were calculated (Figure 5). The two haze pollution events from
24 to 29 January and from 10 to 14 February are labeled Haze 1 and Haze 2, respectively,
while the two dust pollution events on 18 March and on 24 April are labeled Dust 1 and
Dust 2, respectively.
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Figure 5 shows that the AE at 50 m was significantly higher than that at 200 m
and 400 m during the dust pollution events. During the haze pollution events, the AE
also decreased with the height, but this trend was more obvious for dust pollution
(Figure 5i,m). The AE and H,O MR showed the same trend during both haze pollution
events, i.e., a slowly increasing trend before decreasing. During the dust pollution events,
r decreased and |k | increased, whereas r increased and | k| decreased during the haze
pollution events (Figure 5). Therefore, the O4 absorption was enhanced during the dust pe-
riod, while the H,O absorption increased significantly during the haze period. In addition,
the values of r at 50 m were close to 1 and 0.8 (Figure 5c,g) for Haze 1 and Haze 2, respec-
tively, which indicates that the secondary aerosol formation is affected by water vapor
during the haze pollution process, mainly occurring around or below 50 m. The variations
in the correlation between AE and H,O MR can help us understand the occurrence of haze

and dust.

3.2.2. The Variations in Gas VCD and Meteorological Factors

The variations in AOD, NO, VCD, SO, VCD, HCHO VCD, and H,O VCD during
haze and dust pollution were analyzed, and the results are presented in Figures 6 and 7.
To analyze the impact of meteorological factors on the pollution process, we also conducted
a statistical analysis of hourly near-ground meteorological data at the Beijing Southern

Suburb Observatory (Figure 8).

A N s ANEH

== NN
o> in 2 n

(
e
n

4.8

SN W
%o hivo

NN W WS S = =
hoihona b

X
—
=

%”/’ ' ‘/f%/(//mx

(a)-2
4/1)»4{), froe //%

v

./{/)%,/.///AY/ o

ke W m k

(a)-3

J 0 N‘ M

[

(a)-4

Ly

(@)-5

WEWEY

i
- M

2020/1/24

Ty

2020/1/26  2020/1/27  2020/1/28  2020/1/29
Date

2020/1/25

HCHO VCD SO, VCD NO,VCD

H,0 VCD

(x10%molec.cm’®)  (x10'°molec.cm®)  (x10'*molec.cm?) (x10"°molec.cm’)

2020/1/30

——T(C?) [pg - RH() ——3mis I sop [ No, [l so, Il HcHO [l H.0

(b)-1

NN WY M\
JNS AT I
\

0.0

- = NN
> n > W

i
n

I
%k ivo >

e v n

DENN® WS o = o= o EN®WA
o e

—_
)

2020/2/10

(b)-2
.Zé‘s, L ///Jf//////%k [ ///A//,LL. ot J///%M%/g\\, 4////////%

(b)-3

2020/2/11 2020/2/12

Date

2020/2/13 2020/2/14

2020/2/15
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Figure 6(a-3,b-3) and Figure 7(a-3,b-3) show that AOD was high in the morning
and evening and low at noon during these two haze pollution periods, while the AOD
increased during these two dust pollution periods in the afternoon, and the water va-
por concentration decreased. During these two haze pollution periods, SO, and HCHO
VCD showed a trend of first increasing and then decreasing. The biggest difference be-
tween haze and dust pollution was represented by the different meteorological conditions
(Figure 6(a-1,a-2,b-1,b-2) and Figure 7(a-1,a-2,b-1,b-2)), which is similar to previous stud-
ies [11-13,20,21]. The annual meteorological conditions are shown in Figure 8i,j. The annual
average wind speed was 2.66 m/s, and the wind directions were mainly concentrated
in the northeast (45° and 70°) and southwest (200° and 215°). The annual RH was con-
centrated between 20% and 60%. The near-surface wind speeds during haze pollution
were lower than the annual average wind speed, and they were basically less than 2 m/s
(Figure 8a,b). These two haze pollution events with RH higher than 60% accounted for
56.46% and 69.01%, respectively (Figure 8c,d), indicating that the aerosol particles contain
a large quantity of water [54]. Moreover, the low wind speeds and southeast air were
unfavorable for diffusion conditions, leading to continuous haze pollution. The wind
speeds were relatively higher (mostly greater than 4 m/s) than the annual average wind
speed and mainly from the northwest direction during dust pollution events (Figure 8e,f).
Most of the RH was <60% during dust pollution (Figure 8g,h).

To further analyze the meteorological conditions in large regions, the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) (https://cds.climate.copernicus.eu
accessed on 20 October 2021) ERAS5 climate reanalysis data were used to analyze the re-
gional distribution of wind vectors and RH for the two haze and dust pollution events,
as shown in Figures S1 and S2 in the supplement. ERA5 is ECMWF’s latest climate reanaly-
sis product, providing hourly data on various atmospheric, surface, and ocean parameters.
Figures S1 and S2 show the wind vectors and RH near the ground (120 m) at 12:00 LT dur-
ing the haze and dust pollution periods, respectively. During the period of haze pollution
(Figure S1), Beijing appeared to have static stability and high-humidity weather conditions.
There are high humidity air masses in the ocean southeast of Beijing. The northeasterly
wind was blowing in the upper part of the ocean, leading to the easterly wind bringing
the moisture mass to Beijing, and thus exacerbating the haze pollution. The northwest
wind in Beijing was dominant and the wind speeds were relatively higher during dust
pollution periods (Figure S2). RH in regions such as Inner Mongolia in the northwest were
less than 30%. We also downloaded PMjg data at 8:00 LT from the ECMWEF CAMS global
atmospheric composition forecasts model (see Figure S3 in the supplement). The CAMS
model contains various atmospheric composition data at 0:00 and 12:00 UTC. It can be
found that the PM;g concentration was higher in Mongolia on dusty days (18 March and
24 April). As there are many deserts in Mongolia, the dry air masses from the northwest
bring a large amount of sand and dust to Beijing.

The mean value of AOD (retrieved from 360 nm) during haze pollution (AOD = 0.66)
was significantly greater than that during dust pollution (AOD = 0.13). This is mainly
because the AOD at 360 nm reflects the concentration of fine particles. Haze pollution
mainly involves fine particles, whereas dust pollution mainly involves coarse particles.
During the Haze 2 event, the NO, VCD was relatively high when pollution occurred. As the
AOD increased, the NO, VCD decreased significantly (Figure 6(b-4)), which may be related
to the liquid-phase reaction [54]. NO, is converted to nitrate in the liquid-phase reaction,
thereby enhancing the formation of secondary aerosols and further leading to a rapid
increase in aerosol concentration [19]. SO, showed no obvious decreasing trend during
Haze 2 (Figure 6(b-5)); thus, the aerosol concentration was mainly contributed by the liquid-
phase reaction of nitrogen oxides. Beijing is a typical megacity, with a large population
and a corresponding number of petrol (gasoline) powered vehicles. Because there are no
large-scale chemical plants nearby, nitrogen oxide emitted by vehicles represents the main
source of pollution in Beijing [55]. Since fireworks and firecrackers are banned in Beijing,
the increase in SO, concentration during both haze pollution events may have been related
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to the display of fireworks and firecrackers in the cities surrounding Beijing (25 January is
the Chinese New Year and 8 February is the Lantern Festival).

3.2.3. The Gas Vertical Distribution

The vertical profiles of AE, NO,, SO,, HCHO, and HyO during the haze and dust
pollution periods are shown in Figures 9 and 10.
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Figure 9. Variations in gas profiles during the haze pollution events. (a,b) represent Haze 1 and Haze 2. Numbers 1 to 5
represent aerosol extinction (AE), NO,, SO,, HCHO, and H,O mixing ratio concentration, respectively. The two red arrows
in the figure indicate the increase in H,O concentration.

Figure 9 shows that both haze pollution events were dominated by SO, and NO,
pollution, whereas the concentration of HCHO was lower. The aerosols were mainly
concentrated below 1.0 km, and the near-ground AE ranged from 0.18 to 2.68 km ! during
haze pollution, showing a trend of being high in the morning and evening but low at noon.
NO,, SO,, HCHO, and H,O were all concentrated below 0.5 km during haze pollution,
which promoted the transformation of gaseous pollutants to secondary aerosol components.
Aerosols and SO, exhibited the same accumulation and dissipation process during haze
pollution. During Haze 2, NO, was already at a high concentration when the pollution
started on 10 February. As the pollution level worsened, NO, decreased from 11 to 14
February (Figure 9(b-2)), while the NO, VCDs also showed a similar trend (Figure 6(b-4)),
which may have been related to the liquid-phase reaction of NO; [54].
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Figure 10. Variations in gas profiles during the dust pollution events. (a,b) represent Dust 1 and
Dust 2. Numbers 1 to 5 represent aerosol extinction (AE), NO,, SO,, HCHO, and H,O mixing ratio
concentration, respectively. The two red boxes represent the dusty days in the figure, and the two red
arrows indicate the increase in AE.

The two dust pollution events showed a sharp increase in AE over a short time, and the
pollution height reached 1.0 km (see the red box in Figure 10(a-1,b-1)). Compared with
the haze pollution periods, the near-ground aerosol extinction coefficients were smaller
(0.10 to 0.84 km ') on dusty days, in line with the results of previous reports [56]. The dust
pollution lasted for a short time, and the aerosol extinction coefficient dropped within a
few hours. Due to the light intensity demands of MAX-DOAS, the nighttime dissipation
processes of the two dust pollution events were not captured. The morning after the dust
pollution, the dust had dissipated (see the AE on 19 March and 25 April in Figure 10).
NO,, SO,, and HCHO were all concentrated below 0.5 km during dust pollution, as also
observed for haze pollution.

We then analyzed the sounding profiles for temperature and water vapor at the Beijing
Southern Suburb Observatory. There were two sounding profiles recorded for temperature
and water vapor each day, at around 11:00 a.m. and 11:00 p.m. local time. Due to the
limited measuring time of MAX-DOAS, the morning sounding profile was used for analysis
every day (Figures 11 and 12).
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Figure 11. The sounding profiles (temperature and water vapor mixing ratio) during haze pollution. The red arrow
represents the area of large variation, and the red circle represents the area where the H,O mixing ratio concentration rises.
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The sounding profiles for temperature during the haze pollution periods show that
a strong temperature inversion occurred in the vertical direction, and the temperature
inversion intensity reached its peak at about 1.0 km (Figure 11), limiting the diffusion
of pollutants. Additionally, it appears from this data that high humidity in the lower
atmosphere was required to promote the early stages of haze formation. When the haze
dissipated, water vapor was transported upward from the near-surface, as seen in the
MAX-DOAS observations (Figure 9(a-5,b-5)). The high concentration of water vapor near
the ground spread to the upper air when the pollution dissipated, thereby alleviating the
high near-surface humidity. Therefore, the accumulation of water vapor near the ground
during haze pollution is conducive to the formation of haze.

Figure 12 indicates that there was no temperature inversion during the dust pollution
process, and water vapor did not gather near the ground. On 24 April, the water vapor
concentration even recorded its lowest value at the near-surface.

About 120 km southeast of Beijing is the Bohai Sea, and the high-humidity air mass
over the ocean may affect the humidity in Beijing. The increase of water vapor concentration
is conducive to the formation of haze. Therefore, it is of significance to study water vapor
transport during haze pollution events.

We calculated the water vapor transport flux during the two haze pollution events
according to the method described in Section 2.4. Since Beijing has many tall buildings,
the direction of transport flux within 0.2 km of the ground is easily affected. Therefore,
the zonal (east-west) and meridional (north-south) water vapor transport from 0.2 km to
3.8 km was analyzed (Figure 13).
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Figure 13. The zonal and meridional HyO transport fluxes during haze pollution: (a) zonal H,O
transport fluxes during Haze 1; (b) meridional H,O transport fluxes during Haze 1; (c) zonal H,O
transport fluxes during Haze 2; (d) meridional H,O transport fluxes during Haze 2.
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The flux results indicate that the meridional water vapor transport occurred from
south to north in the vicinity of 0.4 km to 1.0 km during both haze pollution events
(Figure 13b,d), whereas it was mainly transported from north to south at altitudes above
1.2 km.

The zonal water vapor transport flux mainly occurred from east to west during Haze
2 pollution event, and this was also the case for Haze 1 in the first 3 days (Figure 13a,c).
Therefore, the occurrence of haze pollution is closely related to water vapor transport from
the east.

Figure 14 shows the total zonal and meridional water vapor transport fluxes during
both haze pollution events. The zonal water vapor transport flux generally occurred from
east to west (negative), and it was mainly distributed at around 1.0 km. The maximum
zonal transport height was 1.0 km during Haze 2, with a corresponding transport flux
of —1526.92 g/m?/s. In general, the meridional water vapor transport flux occurred
from north to south (negative), and it was mainly distributed at about 0.2 km, 2.0 km,
and 3.0 km. The maximum meridional transport height was 3.2 km during Haze 2, with a
corresponding transport flux of —1755.75 g/ m?/s.
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Figure 14. The zonal (a) and meridional (b) H,O transport fluxes during haze pollution.

The vertically integrated water vapor transport fluxes from 0.2 km to 3.8 km were
calculated during the haze pollution events using Equation (6) with a vertical resolution
of 200 m. The results indicate that the total vertically integrated water vapor transport
flux, with a value of 5287.06 kg/m/s from east to west, was about 3.88 times that from
west to east (Table 2). The total vertically integrated water vapor transport flux from north
to south, with a value of 6285.60 kg/m/s, was about 1.66 times that from south to north
(Table 2). Therefore, the water vapor transport from the eastern air mass had an auxiliary
effect on haze pollution at the observation sites. This is related to the high-humidity air
masses in the ocean southeast of Beijing (see Figure S1 in the supplement).

Table 2. The vertically integrated H,O transport flux during haze pollution.

Transport Direction West to East East to West South to North  North to South

Vertically integrated
H,O transport flux 1361.10 5287.06 3783.73 6285.60
(kg/m/s)

4. Discussions
4.1. Cluster Analysis of Air Mass Back Trajectories
Figure 15 shows the cluster analysis of 24-h air mass back trajectories at 0.5 km and

1.0 km during the haze and dust pollution periods. The dust pollution period mainly
featured air mass transmission from the northwest (Mongolia direction), and the wind
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speeds were relatively high (Figure 15e-h). As there are many deserts with wind erosion
potential in Mongolia, the back trajectories of these dust incidents indicate a potential
transport for a long travel distance. However, there are also construction sites along with
the wind back trajectories, possibly mineral processing locations, or road works nearby the
sampling location, which all bring sand and dust to Beijing. On the other hand, it mainly
featured local transportation from the southeast during the haze pollution period, and the
wind speeds were relatively low (Figure 15a—d).
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Figure 15. The cluster analysis of 24-h air mass backward trajectories of the (a—d) haze and (e-h) dust cases at heights of

0.5 km and 1.0 km.

4.2. Source Identification of the Pollutions

To analyze the pollution transport and potential source regions of aerosol in Beijing, we
used the Potential Source Contribution Function (PSCF) and the Concentration-Weighted
Trajectory (CWT) model to evaluate the lower boundary layer and the upper boundary
layer [57-59]. The PSCF is based on the backward trajectory space grid to calculate the
probability of the polluted trajectory endpoint number in each grid. The CWT analyzes its
pollution contribution to the target grid by calculating the average weight concentration
of the source grid. Regional atmospheric transport can be better understood by studying
potential pollution sources at different altitudes.

In this paper, the study domain was divided into 0.5° x 0.5° grid cells. Hourly aerosol
extinction coefficient from MAX-DOAS measurement joined with corresponding 72 h back
trajectories in the lower (200 m) and upper (1000 m) altitudes were used as input for the
PSCF and CWT model. Figures 16 and 17 show the weighted calculation results of PSCF
and CWT (WPSCF and WCWT) of the trajectory grids for the months with frequent haze
pollution (January and February) and dust pollution (March, April, and May) in Beijing.
In general, the potential aerosol source regions at higher altitudes were more widespread
than the source regions at lower altitudes. In January and February, the most potential
source areas with WPSCEF values for aerosol were from Shandong in the south and Inner
Mongolia in the northwest of Beijing (Figure 16). The WCWT values show that the trans-
ported aerosols at lower altitudes from the northwest areas made a significant contribution
to aerosols in Beijing. In March, April, and May, the greatest potential sources with WPSCF
values for aerosol were from Shandong, Henan, and other places in the south of Beijing
(Figure 17). The WCWT values show that the transported aerosols at lower altitudes from
the southern region made a great contribution to Beijing.
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Figure 16. Spatial distributions of WPSCF (a,b) and WCWT (c,d) values for aerosol extinction
coefficient at 200 m (left panel) and 1000 m (right panel) altitudes in January and February 2020 over
Beijing. The purple five-pointed star symbol represents Beijing.
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In addition, hourly PM; 5 and PMj data from near-surface measurements joined with
corresponding 72 h back trajectories in the lower (200 m) were used as input for the PSCF
model (Figure 18). The WPSCF values of the aerosol extinction coefficient (retrieved at
360 nm) were similar to that of PM;5 at 200 m. The potential source regions of PM; 5
in January and February were more widespread than the source regions from March to
May, while PMyj is the opposite. This is related to the seasonal pollution characteristics in
Beijing. In January and February, the most potential source areas with WPSCF values for
PM; 5 were from the surrounding areas of Beijing and Inner Mongolia in the northwest of
Beijing (Figure 18a). The most potential source areas with WPSCF values for PM;y were
from Henan in the south and Inner Mongolia in the northwest of Beijing (Figure 18d).
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Figure 18. Spatial distributions of WPSCF values for PM; 5 (a,b) and PMjg (c,d) at 200 m altitude
from January to May 2020 in Beijing. The purple five-pointed star symbol represents Beijing.

5. Conclusions

Haze and dust pollution have attracted widespread attention due to their notable
impact on human health and productivity. This study carried out one-year observations
(from 1 January 2020 to 31 December 2020) at the Beijing Southern Suburb Observatory
using MAX-DOAS and analyzed the characteristics of pollutant gases and meteorological
factors during the two typical processes of haze and dust. Two haze and dust pollution
events were selected for this study.

Firstly, the variations in aerosol and water vapor concentration during haze and dust
pollution at different heights were analyzed. The linear fitting results of the H,O mixing
ratio concentration and AE indicated that the correlation coefficient (r) decreased and the
correlation slope (k) increased during dust pollution, whereas the r increased and |k |
decreased during haze pollution. Therefore, the O4 absorption was enhanced during the
dust period, while the H,O absorption increased significantly during the haze period.

Secondly, the gas vertical column density and near-surface meteorological conditions
during the two typical pollution events were analyzed. The AOD was high in the morning
and evening and low at noon during the two haze pollution periods, while the AOD
increased in the afternoon during the two dust pollution events, and the HyO concentration
decreased. This same trend of AOD, SO, VCD and HCHO VCD was observed during haze
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pollution (slowly increasing before decreasing), while SO, VCD and HCHO VCD show
no obvious regular changes during dust pollution. There are high-humidity air masses
in the ocean southeast of Beijing during haze pollution periods. The northeasterly wind
was blowing in the upper part of the ocean, which led to the easterly wind bringing the
moisture mass to Beijing and thus exacerbating the haze pollution. During dust pollution
days, the dry air masses from the northwest (Mongolia) bring a large amount of sand and
dust to Beijing.

Thirdly, we studied the vertical distribution of gases during the pollution period.
Aerosols and H,O were concentrated below 1.0 km, with the aerosols tending to be high
in the morning and evening and lower at noon during haze pollution. Aerosols and
SO, exhibited the same accumulation and dissipation process during haze pollution.
During dust pollution, the aerosol extinction coefficient quickly increased over a short time,
and the pollution altitude reached 1.0 km. In addition, high PM;g and PM; 5 dust levels
dropped within a few hours of the dust pollution starting. NO,, SO,, and HCHO were
all concentrated below 0.5 km during both typical pollution processes. The temperature
and humidity sounding profiles showed that haze pollution formation is associated with a
strong temperature inversion at around 1.0 km; furthermore, high humidity in the lower
atmosphere was required to promote the early stages of the haze formation.

Next, we studied the transportation of water vapor during haze pollution. The zonal
water vapor transport was the largest at about 1.0 km, whereas the meridional transport
was higher at about 0.2 km, 2.0 km, and 3.0 km. The flux of water vapor transport from
east to west was about 3.88 times that from west to east, whereas the flux of water vapor
transport from north to south was about 1.66 times that from south to north. This indicates
that water vapor from the east has an auxiliary effect on haze pollution of the observation
location. This is related to the high-humidity air masses in the ocean southeast of Beijing.

Lastly, the 24-h air mass backward trajectories indicated that the dust pollution was
mainly due to the transmission of air mass from the northwest, with a relatively high wind
speed. On the other hand, haze pollution was mainly due to local transportation from the
southeast, accompanied by lower wind speeds.

Our study illustrated the spatiotemporal differences between haze and dust pollution
incidents and reflects the application value of MAX-DOAS remote sensing instruments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1rs13245133 /51, Figure S1: The regional distribution of wind vectors (a) and RH (b) from ERA5
climate reanalysis data during haze pollution periods. 1 to 11 represent different dates. The red dots
represent Beijing, Figure S2: The regional distribution of wind vectors (a) and RH (b) from ERA5
climate reanalysis data during dust pollution periods. 1 to 6 represent different dates. The red dots
represent Beijing. The two red boxes represent the dusty days in the figure, Figure S3: The regional
distribution of PM10 from the CAMS model on dusty days (March 18 and April 24). (a) March 18;
(b) April 24. The red dots represent Beijing.
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