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SO2 decrease rapidly with increasing heights in the warm season, while lifted layers were
observed in the cold season, indicating accumulation or long-range transport of SO2 in dif-
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ferent seasons might occur at different heights. The diurnal variations of SO2 were roughly
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consistent for all four seasons, exhibiting the minimum at noon and higher values in the
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morning and late afternoon. Lifted layers of SO2 were observed in the morning for fall and
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winter, implying the accumulation or transport of SO2 in the morning mainly occurred at
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the top of the boundary layer. The bivariate polar plots showed that weighted SO2 concentrations in the lower altitude were weakly dependent on wind, but in the middle and upper
altitudes, higher weighted SO2 concentrations were observed under conditions of middlehigh wind speed. Concentration weighted trajectory (CWT) analysis suggested that potential sources of SO2 in spring and summer were local and transported mainly occurred in the
lower altitude from southern and eastern areas; while in fall and winter, SO2 concentrations
were deeply affected by long-range transport from northwestern and northern polluted re-

∗

Corresponding authors.
E-mails: hongqq@jiangnan.edu.cn (Q. Hong), chliu81@ustc.edu.cn (C. Liu), qhhu@aiofm.ac.cn (Q. Hu).

https://doi.org/10.1016/j.jes.2020.09.036
1001-0742/© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

120

journal of environmental sciences 103 (2021) 119–134

gions in the middle and upper altitudes. Our findings provide new insight into the impacts
of regional transport at different heights in the boundary layer on SO2 pollution.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Sulfur dioxide (SO2 ), one of the primary air pollutants in the
atmosphere, which plays a significant role in Earth’s atmospheric chemistry and climate. SO2 has already been regarded
as an atmospheric pollution source in many countries that
poses a threat to human health by affecting the respiratory
system (Chiang et al., 2016). SO2 can be removed from the
atmosphere either through wet and dry deposition or oxidation processes, the latter resulting in the formation of sulfate
aerosol (Squizzato et al., 2013; Yoo et al., 2014). In the urban
atmosphere, anthropogenic SO2 emissions are accounted for
primarily by sulfur-containing fuel combustion (e.g., domestic heating, power generation through thermal power plants)
and partly by sources such as metal smelting, oil refining, and
shipping (Chin et al., 2000; Fioletov et al., 2016; Valverde et al.,
2016). SO2 emitted as a result of human activities are mostly
confined to the atmospheric boundary layer (approximately
1–2 km from the ground), as well as its formation, evolution,
and diffusion are closely related to the atmospheric boundary layer. In addition to local emission sources, the regional
transport sources of SO2 might frequently change due to varied meteorological conditions, which can be recognized by its
vertical distribution in different atmospheric layers. Moreover,
owing to the rapid development of the city, people’s living and
working space gradually expands from the ground to higher
heights, making people pay attention not only to the pollution
on the ground level but also to the vertical distributions of air
pollutants. Consequently, information on the vertical distribution of SO2 is vital for understanding its sources and sinks,
chemical process as well as the possible source regions of SO2
at different heights.
At present, research on SO2 pollution in the urban environment is mainly based on surface-level data from in situ
observations, or on column densities from satellite remote
sensing monitoring. Yang et al. (2017) reported a panel research about spatial and temporal variations of SO2 in 113
Chinese cities utilizing the data from the conventional monitoring networks of urban air quality and found that highly
polluted cities were predominantly located in northern China.
Zhang et al. (2019a) retrieved tropospheric SO2 over eastern
China during 2005–2017 from the ozone monitoring instrument (OMI) and found remarkable decreasing trends in SO2
since 2011 over most regions. Although a comprehensive spatial and temporal variation on SO2 can be drawn from the
monitoring from the networks of urban air quality and satellite remote sensing, none of them could provide effective vertical structure information of SO2 , which is the key to comprehensively understand the air pollution features. To date, most
observations of the vertical structure of air pollutants have
been made with aircraft, tethered balloon, unmanned aerial
vehicle, and meteorological tower (Li et al., 2012; Li et al., 2018;
Liu et al., 2018; Sun et al., 2009; Zhang et al., 2018). Specifi-

cally, Li et al. (2012) described the vertical profile of SO2 by utilizing aircraft measurements over northeastern China. However, measurements of air pollutants from airborne platforms
are expensive and cannot be used for long-term monitoring
at a single location. Sun et al. (2009) revealed that the highest
concentration of SO2 is observed at the altitude of about 50 m
from the 325 m high meteorological observation tower in Beijing and found that weather conditions are the main affecting
factors on the distribution of SO2 concentrations; whereas the
observational level lies mainly in the height of the meteorological tower, which is usually less than 300 m.
In the past decades, a well-established technique called
Differential Optical Absorption Spectroscopy (DOAS) method
is applied to detect and quantify tropospheric aerosols and
trace gases by utilizing the Lambert-Beer Law (Platt and
Stutz, 2008). The Multi-Axis Differential Optical Absorption
Spectroscopy (MAX-DOAS) technique is developed based on
the DOAS method, which can be used to derive simultaneous
information of aerosols and trace gases in the lower troposphere (Frieß et al., 2016; Ryan et al., 2018; Wang et al., 2019;
Xing et al., 2019). As the MAX-DOAS instrument is rather inexpensive and easy to install, it has already been widely applied
to the ground-based, vehicle-mounted, ship-based, airborne,
and satellite-based platform for atmospheric environmental
monitoring (Baidar et al., 2013; Hong et al., 2018; Li et al., 2013;
Su et al., 2019; Tan et al., 2019; Xing et al., 2017; Zhang et al.,
2020). Combining with radiative transfer model, the MAXDOAS technique can simultaneously retrieve vertical profiles
of aerosols and trace gases (Frieß et al., 2006). Some studies have applied MAX-DOAS observations to investigate the
spatial and temporal variations of SO2 (Schreier et al., 2015;
Wang et al., 2017), as well as SO2 emission fluxes (Wu et al.,
2013), but few have investigated the impacts of regional transport on SO2 pollution at different heights in the boundary
layer.
In this study, ground-based MAX-DOAS measurements
were conducted in Hefei, an inland city in eastern China,
from March 2018 to February 2019. This study aims at understanding SO2 vertical distribution under varying meteorological conditions and distinguishing the possible source regions
of SO2 at different heights in the boundary layer. In Section 2, a
detailed description of the MAX-DOAS measurement, spectral
retrieval, as well as CWT analysis is presented. The seasonal
and diurnal variation of SO2 vertical profiles is presented in
Section 3.1 and 3.2. In Section 3.3 and 3.4, the influence of meteorological conditions and potential sources on SO2 concentrations at different heights in the boundary layer is discussed.

1.

Methodology

1.1.

Site and instrument

Hefei, the capital city of Anhui province, which located inland of the Yangtze River Delta on the east coast of China.
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Hefei has a population of about 8.18 million. Industrial activities and transportation have proven to be the main anthropogenic sources of air pollution in Hefei (Zhang et al.,
2017). It enjoys a subtropical humid monsoon climate featuring mild climate with distinct seasons: spring (March-May),
summer (June-August), fall (September-November), and winter (December-February).
Ground-based MAX-DOAS measurement system was installed on a building roof of the Environmental Protection Bureau of Hefei (located at 31.78°N, 117.20°E, ˜20 m above the
ground, AGL) (Fig. S1). The MAX-DOAS system contains three
major parts: a telescope unit, a controlling computer, and an
imaging spectrometer (Princeton instrument, USA) equipped
with a charge-coupled device (CCD) detector (512 × 2048 pixels). A stepping motor is used to control the viewing directions
of the telescope. Scattered sunlight collected by the telescope
is redirected by an optical fiber bundle to the spectrometer
for spectral analysis. The spectrometer works in the ultraviolet wavelength range from 300 to 370 nm with a full width
half maximum (FWHM) spectral resolution of 0.35 nm. Spectral data recorded by the imaging spectrometer were average
along the first dimension of the CCD in order to get a better
signal to noise ratio. During the observation, a full MAX-DOAS
scan includes 10 elevation angles (1°, 2°, 3°, 4°, 5°, 8°, 10°, 15°,
30°, and 90°) which lasts about 15 min to complete. The detailed information of MAX-DOAS measurement is described
by Hong et al. (2019).

Table 1 – DOAS retrieval settings used for the SO2 slant
column densities retrieval.
Parameter

Data source

Fitting internal
SO2
NO2

307.5-315 nm
Vandaele et al. (2009), 298 K
Vandaele et al. (1998), 294 K,
I0 -correction∗ (SCD of 1017
molecules/cm2 )
Meller and Moortgat (2000), 297 K
Brion et al. (1993), 228 K, 243 K,
I0 -correction∗ (SCD of 1020
molecules/cm2 )
Ring spectra calculated with QDOAS
according to Chance and Spurr (1997)
Order 5
Order 1
Based on a high resolution solar
reference spectrum (SAO2010 solar
spectra) (Chance and Kurucz, 2010)

HCHO
O3

Ring
Polynomial degree
Intensity offset
Wavelength calibration

∗

Solar I0 -correction (Aliwell et al., 2002)

elevation angle of 30° can be written as:
VCDtrop =

1.3.
1.2.

Spectral retrieval

In this study, one year’s MAX-DOAS spectra data were analyzed by using the QDOAS software developed by BIRAIASB (http://uv-vis.aeronomie.be/software/QDOAS/) (Platt and
Stutz, 2008). Differential slant column densities (DSCDs) of SO2
will be firstly calculated from the measurement spectra. The
wavelengths ranging from 307.5 to 315 nm with three strong
absorption peaks were selected for SO2 fit. In this study, the
zenith (90°) spectra of each scan were chosen as the reference
spectra in the DOAS spectral analysis, resulting in approximate elimination of the stratospheric contribution. Detailed
DOAS fit settings for SO2 has been summarized in Table 1.
Typical DOAS analysis of a spectrum recorded on 1st August 2018 at 9:27 LT is shown in Fig. 1. The range of fitting
residuals is between -2 × 10−3 and 2 × 10−3 , with a root
mean square (RMS) of 5.6 × 10−4 . The diurnal variation pattern of SO2 DSCDs at different elevation angles on 1st August
2018 is presented in Fig. S2. As expected, the SO2 DSCDs decreased with increasing elevation angle; but the differences
in DSCDs at lower elevation angles (e.g. 3°, 4°, 5°, and 8°) are
small.
Usually, the DSCDs obtained from the spectral analysis has
to convert to vertical column density (VCD) by applying air
mass factor (AMF). In this study, tropospheric SO2 VCDs were
determined by assuming a single scattering event occurred for
each photon such that the AMF depended only on the elevation angle. Tropospheric AMF for the zenith (α = 90°) and the
off-axis (α = 90°) view can be simply approximated as 1 and
1/sin(α) (α: the elevation angle), respectively (Hönninger et al.,
2004; Ma et al., 2013). The tropospheric VCD (VCDtrop ) at the
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DSCDα
(α = 30◦ )
1/ sin (α) − 1

(1)

SO2 profile retrieval

For vertical profile retrieval, we used the HEIPRO (Heidelberg
Profile, developed by IUP Heidelberg) retrieval algorithm (Frieß
et al., 2016; Frieß et al., 2011). It is based on the well-known optimal estimation method (OEM) and employs the SCIATRAN
radiative transfer model as the forward model (Rozanov et al.,
2005). A two-step approach is applied to retrieve the vertical profile of SO2 in HEIPRO: firstly, aerosol extinction vertical profiles can be estimated by using measured O4 DSCDs
(Wagner et al., 2004). Secondly, retrieved aerosol extinction
profiles will serve as input parameters to the forward model
for the retrieval of SO2 vertical profile. The cost function χ2 is
selecting to determine the maximum a posteriori (MAP) solution, which can be expressed as follows:
χ 2 (x ) = [y − F (x, b)]T S−1
ε [y − F (x, b)]
+[x − xa ]T S−1
a [x − x a ]

(2)

Here, F(x, b) represents the forward model, x represents the
atmospheric state (aerosol extinction or SO2 concentrations at
a series of discrete altitude intervals), b is the meteorological
parameters. y represents the measurement vector (e.g., O4 or
SO2 DSCDs at different elevation angles). xa is a priori state
vector. Sε and Sa denote the covariance matrices of y and xa ,
respectively.
In this retrieval, the troposphere was divided into 15 layers
from surface to 3.0 km, with a vertical resolution of 0.2 km. An
exponentially decreasing a priori profile was assumed with a
scale height of 3 km, surface aerosol extinction and SO2 concentration were set to 0.2 km−1 and 5 ppbv, respectively. In the
radiative transfer model, a set of fixed aerosol optical properties including surface albedo, single scattering albedo, and
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Fig. 1 – Example of DOAS fit results for SO2 . The evaluated spectrum was recorded on 1st August 2018 at 9:27 LT, at an
elevation angle of 2°. The red line shows the measured atmospheric spectrum after all other absorbers have been
subtracted, and the black line shows the reference spectrum.

asymmetry parameter are assumed to be 0.05, 0.90, and 0.69
for the urban environment (Hong et al., 2019; Xing et al., 2017).
An example of the SO2 profile retrieval result (Hefei, 1st August 2018 at 9:23 LT) is presented in Fig. 2. Fig. 2a compares
the a priori and retrieved profiles and a maximum SO2 concentration was found in the 0.2–0.4 km layer for the retrieved
profile. Regarding the errors, the smoothing errors are significantly larger than the noise error above 0.2 km (Fig. 2b). The
averaging kernels suggest that the retrieval is mainly sensitive to the layer close to the surface. In this example, the degrees of freedom for signal (DFS) of SO2 is 3.13, suggesting that
three independent pieces of information can be determined
from the measurements (Fig. 2c). As shown in Fig. 2d, DSCDs
calculated from the retrieved profile are consistent well with
measured DSCDs.
For verification purposes, the retrieved near-surface SO2
concentrations (0-200 m layer) were compared with in situ SO2
data collected from the China National Environmental Monitoring Center (CNEMC, http://106.37.208.233:20035/). As presented in Fig. S3, both data sets exhibited similar temporal
trends during the whole study period, with a correlation coefficient (R) of 0.68. Compared to MAX-DOAS results, an expected overestimation of in situ measurements of SO2 was
found, which might be due to vertical and horizontal inhomogeneity of trace gases. In situ measurements are easy to capture the pollution transportation phenomenon for its smaller
measuring region, so the measured SO2 results from the in
situ instrument are relatively high. Moreover, once the vertical profile was retrieved, the VCD can be easily obtained by integrating the concentration in vertical. We further compared
the geometric approached SO2 VCDs with the integrated SO2

VCDs calculated from the vertical profile. As shown in Fig. S4,
good correlation was found between geometric approached
SO2 VCDs and integrated SO2 VCDs (R = 0.92), which implies
that the high consistency of the VCDs by these two methods.

1.4.

Concentration weighted trajectory (CWT) analysis

To get an insight into potential emission sources (the local or regional sources) contributing to SO2 concentration
at different heights in the boundary layer over Hefei, the
concentration weighted trajectory (CWT) model was applied
(Brereton and Johnson, 2012; Wang et al., 2006). In this study,
back-trajectories arriving at the receptor site were generated
hourly by Meteoinfo, a GIS software including hybrid singleparticle lagrangian integrated trajectory (HYSPLIT) model for
trajectory calculation (Wang, 2014). Here we only calculated
48 h backward trajectories due to the global lifetime of SO2
in the lower tropospheric is estimated to be about 1.8 days
(Faloona, 2009). Moreover, 48 h backward trajectories were
computed for air masses arriving at the midpoint of each
MAX-DOAS retrieval layer (e.g., 100 m,500 m, and 900 m, AGL).
The entire potential region covered by the trajectories is divided into an array of grid cells (defined by the cell indices i
and j), and each grid is assigned a weighted concentration by
averaging the concentrations that have associated trajectories
that cross the grid cell. The average weighted concentration in
the ijth cell, Cij , is calculated as follows:
1
Ci j = M

M


l=1 τi jl l=1

cl τi jl

(3)
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Fig. 2 – Example of SO2 vertical profile retrieval (Hefei, 1st August 2018, ˜9:23 LT). The upper plots display (a) the a priori and
retrieved profiles and (b) the smoothing error, noise error and total error. The lower plots show (c) the averaging kernels and
(d) the fit results (comparison between measured DSCDs and those calculated with the retrieved profile).

where l is the index of the trajectory, M is the total number of
trajectories, cl is the SO2 concentration observed at the receptor site on the arrival of trajectory l, and τ ijl is the time spent
in ijth the cell by trajectory l Stohl (1996). A high value for Cij
indicates that air parcels traveling over the ijth cell would be
associated with high concentrations at the receptor.
The total number of trajectory endpoints falling within ijth
grid cell is designated Nij . In order to reduce the effect of small
values of Nij in CWT model, the CWT values were multiplied
by a weight function Wij to better reflect the uncertainty in
the values for these cells, and this is referred to as WCWT. The
details of the CWT model were described by Wang et al. (2006).

1.5.

Ancillary data

In this study, in situ SO2 data were collected from the China
National Environmental Monitoring Center (CNEMC, http://
106.37.208.233:20035/). Meteorological parameters (e.g., temperature, relative humidity, and precipitation) are obtained
from the weather history data at the Xinqiao International Airport of Hefei (available at http://www.wunderground.com/),
located about 30 km away from our study site. Based on the
NCEP FNL global meteorological dataset, wind fields at different vertical heights were simulated by Weather Research and

Forecasting (WRF) model with a horizontal resolution of about
20 km. In addition, the boundary layer heights (BLHs) in Hefei
from March 2018 to February 2019 were also simulated by WRF
model.

2.

Results and discussion

2.1.

Seasonal variation

Time series of monthly mean SO2 concentrations at different
heights in the boundary layer from March 2018 to February
2019 in Hefei is shown in Fig. 3, based on hourly averaged
data. Tropospheric SO2 VCDs could fairly represent the nearsurface SO2 concentrations, but it cannot fully represent the
SO2 conditions at different heights. Generally, a much consistent seasonal variation was observed for SO2 in different atmospheric layers, with lower SO2 concentration occurring in
summer compared to other seasons. Also, three obvious peak
values were found in April, October, and January, which could
be explained by the seasonality of lifetime, atmospheric transport, and emission strengths. An important influencing factor
in the seasonal variation of SO2 is the lifetime via determining the rate of removal processes (Lee et al., 2011). The highest
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Fig. 3 – Time series of the daytime monthly mean SO2 concentrations from March 2018 to February 2019 in Hefei. Data have
been averaged monthly based on 1 hr bins, covering the 8-17 hr local time period. Notes: the bottom and top of the box
represent the 25th and 75th percentiles, respectively; blue squares and the line within the boxes represent mean and
median; the whiskers below and above the box stand for the 10th and 90th percentiles.

amount of SO2 was observed in April and October, as a consequence of lower relative humidity (see Fig. 6) during the same
period, leading to the removal of SO2 through wet deposition
is decreasing during these months. The highest SO2 concentrations were observed in the lowest boundary layer (0–200 m
layer) for most months; however, higher levels of SO2 could
not be ignored in the higher heights (600–1000 m) in October.
Due to the large range of SO2 lifetime (from less than 1 h to 2
weeks) (Beirle et al., 2014; Lee et al., 2011), regional transport
at higher heights might play a significant role on the SO2 concentrations in Hefei. Previous study in the North China (NC) region showed that strongly SO2 emission was observed in cold
months on account of domestic heating (Wang et al., 2014);
transport from these long-distance polluted areas could influence the SO2 concentrations in winter of Hefei, thus partly
contributing to the SO2 seasonality. From the perspective of
emission, during the domestic heating period (December 2018
to February 2019), coal consumption and biofuel burning increase greatly in winter, the emissions of SO2 are much larger
than that in summer.

The monthly mean vertical profiles of SO2 are presented
in Fig. 4. From March to August, SO2 almost showed an exponentially decreasing profile. At 0.2 km, the average value
of SO2 volume mixing ratio (VMR) is about half that of the
near-surface VMR, and it rapidly drops above 0.2 km to about
0.5 ppbv at 1.5 km. High concentrations of SO2 were mainly
found below ˜0.2 km, implying that the substantial amount
of ambient SO2 was concentrated near the surface. This profile shape is typical and similar results were also obtained
from aircraft measurements in central-eastern China, with
SO2 concentrations decreases with altitude Xue et al. (2010).
Different from warm months, the SO2 profile shape in cold
months consists of three parts: a decreasing trend from the
surface to about 0.4 km, and SO2 increased with height and
exhibited a peak value at 0.8 km, then a steep decrease above
0.8 km. High SO2 VMRs from the surface to 0.4 km is probably
due to the sulfur emissions from coal-burning for electricity
generation, domestic heating, and cooking. While the lifted
layers of SO2 was also found in the previous study in which
relatively high SO2 concentrations were observed at high alti-
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Fig. 4 – Monthly mean vertical profiles of SO2 VMRs for the period from March 2018 to February 2019.

tudes (˜1 km) from aircraft measurements over central China
(He et al., 2012). Li et al. (2012) also observed a lifted layer of
SO2 around 0.5 km in Shenyang. This finding probably can be
attributed to the transport of SO2 from a long distance in the
cold season, which will be supported by the source identification of SO2 (coming from the northern and northwestern
polluted area) in Section 3.4 compared to other seasons (see
Fig. 10). We compare our SO2 profile results with the MAXDOAS measurements over Wuxi due to both of the observation sites belong to the YRD region (Wang et al., 2017). They
found a box-like SO2 profile shape in winter and an exponential SO2 profile shape in summer, which is similar to our results in Hefei.

2.2.

Diurnal variation

The diurnal variations of urban air pollutants’ vertical structure are not only depend on human activities but also closely
correlated to the regional transport. Analyzing the diurnal
variation of SO2 vertical profile can give further information
about emission sources and regional transport process in the
atmosphere. In this study, the averaged daytime diurnal variations of SO2 profiles for the four different seasons in Hefei
are compared. It should be noted that the available period for
analysis is confined by the sunshine duration (˜8:00-17:00 LT)
for MAX-DOAS measurements. As presented in Fig. 5, SO2 concentrations show similar diurnal cycles for each season, with
maxima at the beginning (8:00-10:00 LT) and end (15:00-17:00
LT) of the daytime and minimum values around noon (11:00-

13:00 LT). Generally, the diurnal variation of any atmospheric
pollutant can be mainly attributed to several factors: emission
level, solar radiation, BLHs, and atmospheric transport. Firstly,
owing to enhanced combustion of fossil fuels (e.g., cooking
and refueling the coal-burning boilers for heating office buildings) in the morning and late afternoon, the emissions of SO2
are larger during this period than noon. Secondly, the solar irradiance is relatively lower in the morning and late afternoon,
thus reducing the photolysis of SO2 . From the perspective of
BLHs, the boundary layer expands after sunrise, and reach its
maximum around noon, which is favorable for the diffusion of
the SO2 pollution at noon (Fig. S5). Our result is similar with
previous research in which the bimodal diurnal cycle of tropospheric SO2 VCDs was found at the Xianghe observatory
based on MAX-DOAS measurements (Wang et al., 2014). From
the vertical perspective, in spring and summer, most of the
SO2 is concentrated near the surface, indicating that the major SO2 emissions from anthropogenic activities are at ground
level. However, the second peak of SO2 in the late afternoon is
weak in summer. This phenomenon might be due to reduced
combustion from residents for cooking and heating during a
hot summer afternoon. Diurnal variations of the SO2 vertical
profiles during fall and winter showed a similar bimodal pattern, with one peak around 8:00-10:00 LT observed in elevated
heights (˜0.4–1 km) and another around 15:00-17:00 LT found
near the surface (Figs. 5c-d). When lifted to higher boundary
layer altitudes, the atmospheric SO2 has a longer lifetime, and
winds are stronger at higher heights (see Section 3.3); longrange transport of atmospheric SO2 might become important.
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Fig. 5 – Diurnal variations of the vertical distribution of SO2 VMRs during (a) spring, (b) summer, (c) fall and (d) winter.

2.3.
Impacts of meteorological factors on SO2
concentrations
To clarify the impacts of meteorological factors on the temporal variation of SO2 , analyses were conducted with the temperature, relative humidity, precipitation, wind speed and direction, which have all been proven to be key factors influencing air pollution (He et al., 2017; Li et al., 2014). Time series of
SO2 VCDs along with temperature, relative humidity, and precipitation are shown in Fig. 6. Firstly, atmospheric turbulence
and convection can be expected to strengthen with increases
in temperature, which will provide a dynamic field for pollutant transport and spread. Higher temperatures (>20 °C) were
recorded in summer, and the lower temperatures (<10 °C)
were mainly recorded in winter. Therefore, higher temperatures in summer exerted inhibitory effects on SO2 pollution.
Secondly, both relative humidity and precipitation are associated with the removal process of SO2 through the wet deposition. We found that the relative humidity was lower during
October, leading to the removal of SO2 through wet deposition
was not as substantial as in summer, corresponding to higher
SO2 concentrations during October. Precipitation is similar to
relative humidity, leading to a negative effect on SO2 pollution.
Higher precipitation values were recorded from July to August,
and lower precipitation values were recorded from JanuaryFebruary and October-December. Therefore, in the warm season, SO2 diffusion is favored by enhanced atmospheric turbulence and convection under high-temperature conditions,

and increased relative humidity levels promote the conversion of SO2 to SO4 2− , resulting in lower SO2 concentrations.
Conversely, the cold season is closely related to characteristics such as low temperatures, decreased humidity levels, and
low precipitation; these conditions do not make beneficial to
the SO2 diffusion and elimination that further lead to SO2 accumulation above emission areas.
Wind fields strongly affect the regional transport and dispersion of air pollutants. The prevalence of wind direction and
bivariate polar plots for SO2 concentrations are shown in Fig. 7.
For the convenience of the following discussion, three representative altitudes were chosen as the lower (100 m), middle (500 m), and upper (900 m) altitudes within the boundary
layer. Generally, the wind frequency roses mainly distribute
in the direction from northeast-southeast (NE-SE) and southsouthwest (S-SW) sectors (Fig. 7a), which accounted for about
40%–50% and 15%–25% to wind frequency, respectively. Considering the dependence of the SO2 concentrations not only
on wind direction but also on wind speed, we further study
the connection between SO2 and wind (speed and direction)
by bivariate polar plots (Fig. 7b). It can be seen that the SO2
concentrations in the lower altitude are weakly dependent on
the wind, with high SO2 values were observed both in the low
and high wind speed condition at different directions. For the
middle and upper altitudes, relatively higher concentrations
of SO2 were mainly observed at high wind speed (>10 m/sec).
A typical high SO2 concentration (around 10 ppbv) was found
under conditions of high wind speed from the NNE sector
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Fig. 6 – Time series of SO2 VCDs along with temperature, relative humidity (RH), and precipitation from March 2018 to
February 2019 in Hefei.

(Fig. 7b-2). Air mass originated from the northeast direction,
which is a region located with power plant (point B marked
on Fig. S1), SO2 in the upwind polluted regions are blown into
the downwind regions (monitoring site, point A marked on
Fig. S1), making SO2 concentrations in downwind regions increase. Moreover, the relatively strong winds at higher heights
will transport SO2 over greater distances, making a significant
influence on large-scale air quality. Here we note that bivariate polar plots for SO2 VMRs can reflect the dependence of SO2
on the wind field, but it cannot effectively represent the different source contributions. Thus, the weighted SO2 concentrations were applied in this study, which denotes SO2 VMRs
multiplied by corresponding wind frequency in 16 wind direction sectors. As shown in Fig. 7c, relative high weighted SO2
concentrations occur in the ENE-ESE and SSE-SSW sectors in
the lower altitude, suggesting that SO2 from these directions
made the larger contribution to the MAX-DOAS station, which
were closely correlated to the emissions of the power plant
and factories located at the northeast and east of the measurement site. In the middle and upper altitudes, the weighted

SO2 distributions indicate that air transport from E and S directions plays a relatively high contribution to SO2 pollution
in our monitoring site.
Due to wind fields vary greatly by seasons, the wind frequency roses and the bivariate polar plots for weighted SO2
concentrations were compared for four different seasons (Fig.
S6). In spring, winds from the S-SW and S-SE sectors accounted for about 40%–50% to wind frequency. Through the
weighted SO2 distributions (Fig. 8), we can find that lower
weighted SO2 concentrations were most observed for the
three representative altitudes under the low wind speed condition, while in the high wind speed condition, the dependence of SO2 concentration on wind direction was more varied. Air mass transport from the E-NE and S-SW directions
contribute most to the SO2 pollution in the lower altitude.
While in the middle and upper altitudes, higher weighted
SO2 concentrations were mainly observed from the southern wind. Whereas under the impacts of summer monsoons,
winds from the E-S sector increased significantly, corresponding to the contribution to wind frequency above 50%. Higher
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Fig. 7 – (a) Wind rose plots based on frequencies of hourly data at 100 m (left panel), 500 m (middle panel), and 900 m (right
panel) heights; bivariate polar plots for (b) SO2 concentration and (c) weighted SO2 concentration at 100 m, 500 m, and 900 m
heights from March 2018 to February 2019.

SO2 concentrations were related to medium-high wind speeds
from the E-SE and S wind directions in the lower altitude.
However, in the middle and upper altitudes, high SO2 values were not in accordance with high wind speed, indicating that air masses transport from higher heights in summer are relatively clean, leading to a stronger dilution effect
on SO2 concentration. In Fall, the prevailing wind directions
were east and northeast, winds from the northeast increased
significantly, corresponding to the contribution to wind frequency above 40%. The bivariate polar plots for weighted
SO2 concentrations in fall illustrated that air mass transport
from NE-SE directions contributes most to the SO2 pollution
for the three representative heights. In winter, ENE-ESE sectors wind represented the prevailing wind direction at the
lower and middle heights, while the wind rose for frequencies associated with the upper height in winter illustrated
that the dominant wind direction came from west and east
sectors.

2.4.

Source identification of SO2

The discussion above has already demonstrated that regional
transport plays an important role at different heights in all
seasons. However, the bivariate polar plots based on wind field
data only provide an insight into the first order advection processes to impact SO2 variability, cluster analysis, and CWT
model are further applied to determine the major transport
pathways and potential emission sources of SO2 at different
heights in the boundary layer. The clustering pathways and its
cluster characteristics of the entire study period in Hefei are
presented in Fig. 9 and Table 2, respectively. In the lower altitude, the 48 h back trajectories were classified into five clusters. Cluster 1 accounts for 11.45% and originates from Henan
province, and correlates with the highest SO2 concentration
of 3.67 ± 4.76 ppbv. Cluster 5 originates from the Zhejiang and
southeastern part of Anhui, with a mean SO2 concentration of
3.22 ± 1.54 ppbv, but only contributes 10.38% of the total back-
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Fig. 8 – Bivariate polar plots for weighted SO2 concentration based on hourly average data at 100 m (left panel), 500 m
(middle panel), and 900 m (right panel) heights in four seasons. Notes: The radial scale shows the wind speed (m s−1 ),
which increases from the center of the plot radially outwards.
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Fig. 9 – Mean 48-h backward trajectories of each trajectory cluster and spatial distributions of WCWT values for SO2 at
(a-b)100 m, (c-d) 500 m and (e-f) 900 m heights in Hefei.

ward trajectories. Further CWT analysis reveals a significant
contribution to SO2 from sources in all directions. As given
in Fig. 9b, the WCWT distribution indicated that the potential source areas were located in Anhui province and its surrounding regions from all directions. In the middle altitude,
cluster 4 comes from the southern part of Anhui and only accounted for 11.62% of the total backward trajectories, but correlated with the highest SO2 concentration (1.75 ± 2.02 ppbv).

The WCWT result also suggested the potential contributors
of SO2 were from the southern regions, including the local
area, Jiangxi, and Zhejiang provinces (Fig. 9d). In the upper altitude, cluster 1 originated from Henan province, while cluster 2, traveling via Hebei, Shandong, and northeastern part of
Anhui. The average SO2 concentrations associated with these
two clusters were higher than the mean SO2 of the entire period; thus, they were regarded as the main transport pathway
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Table 2 – Trajectory number and mean SO2 for all trajectory clusters arriving at Hefei in the lower (100 m), middle (500 m)
and upper (900 m) heights during the whole study period.
Lower (100 m)

Middle (500 m)

Upper (900 m)

Cluster

Traj_num

SO2 (ppbv) Mean ± SD

Cluster

Traj_num

SO2 (ppbv) Mean ± SD

Cluster

Traj_num

SO2 (ppbv) Mean ± SD

1
2
3
4
5
All

184
452
492
348
179
1655

3.67 ± 4.76
2.74 ± 2.69
2.78 ± 4.42
3.17 ± 2.39
3.22 ± 1.54
3.00 ± 3.44

1
2
3
4
5
All

339
161
485
227
443
1655

1.53 ± 1.52
1.53 ± 1.13
1.23 ± 1.18
1.75 ± 2.02
1.33 ± 1.48
1.42 ± 1.48

1
2
3
4
5
All

315
496
341
292
211
1655

1.63 ± 1.38
1.59 ± 1.44
1.04 ± 0.87
1.21 ± 0.97
1.15 ± 1.05
1.36 ± 1.23

Fig. 10 – Spatial distributions of WCWT values for SO2 at 100 m (left panel), 500 m (middle panel), and 900 m (right panel)
heights in (a) spring, (b) summer, (c) fall, and (d) winter.
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of SO2 in the upper height. The spatial distribution of WCWT
values also indicated that the potential emission sources of
SO2 were from the northern and northwestern regions, mainly
located in the junction of Anhui, Shandong, and Henan three
provinces (Fig. 9f).
In order to further understand the seasonal characteristics of potential sources of SO2 , the seasonal spatial distribution of the WCWT results for three representative heights
are illustrated in Fig. 10. In spring, the most likely source areas for SO2 in the lower altitude were mainly concentrated
in the southern and eastern regions, covering most of the
local area, Jiangxi and Jiangsu provinces. When lifted to the
higher heights, the SO2 WCWT values for local area were relatively lower, while the southern and eastern part of Jiangxi
province was still at a high WCWT level (> 3 ppbv). In summer, the WCWT values were the lowest in the four seasons,
with high values only distributed in the surrounding areas
and to the southeastern of Hefei in the lower altitude. In Fall,
the WCWT map in the lower altitude suggested that significant potential sources are mainly distributed in northern and
eastern parts of the observation site, including Anhui, Shandong, and Jiangsu provinces. Different from summer, many
potential sources were still found in the middle and upper
altitudes, which distributed in the provinces (Shandong and
Hebei) of the northern China. It indicates that long-distance
sources from the intensively polluted northern region significantly contributed to SO2 over Hefei. In winter, except for the
surrounding regions, exogenous sources of SO2 were mainly
localized to Jiangsu, Anhui, Henan, Shandong, and Shanxi
provinces in east-central China to the north-west. Previous
studies have already demonstrated that northern and northwestern China is the most severe SO2 pollution regions, including the Beijing-Tianjin-Hebei region, Circum-Bohai-Sea
region, and Guanzhong Plain (Shanxi and Shaanxi provinces)
(Krotkov et al., 2016; Meng et al., 2018; Zhang et al., 2019b). The
Yangtze River Delta region was also identified as the potential
source regions for SO2 likely due to a great deal of industry
and vehicle emissions (He et al., 2017) and heavy shipping traffic along the Yangtze River and the coastal waters (Fan et al.,
2016), leading to severe air pollution in Hefei under the domination of the east wind.

3.

Conclusions

In this study, we characterized the vertical distribution of
SO2 based on ground-based MAX-DOAS measurements from
March 2018 to February 2019 in Hefei. SO2 exhibited a typical
seasonal cycle with the maximum in winter and minimum
in summer. SO2 almost exhibited an exponentially decreasing profile in the warm season, implying that the substantial amount of ambient SO2 was concentrated near the surface. While in the cold season, the SO2 profile shape consists
of three parts: a decreasing trend from the surface to about
0.4 km and SO2 increased with height and exhibited a peak
value at 0.8 km, then a steep decrease above 0.8 km. Moreover,
SO2 vertical profiles in fall and winter exhibited similar diurnal patterns with enhanced levels of SO2 at elevated heights
(˜0.4–1 km) in the morning, while the highest SO2 VMRs in the
afternoon were found at the surface. This SO2 lifted layers in

the morning might be influenced by the accumulation or the
prevailing air mass, which transported SO2 form long-distance
intensively polluted region at higher heights.
Through bivariate polar plots for weighted SO2 concentration in the three representative heights (100 m, 500 m, and
900 m), we found that weighted SO2 concentrations in the
lower altitude were weakly dependent on wind, but in the
middle and upper altitude, relatively high weighted SO2 values
were observed under conditions of middle-high wind speed.
The bivariate polar plots for weighted SO2 concentrations vary
greatly by seasons. Especially in fall and winter, air masses
transport from NE-SE and NW-W directions contribute most
to the SO2 pollution at higher heights. CWT model was applied to evaluate the potential sources of SO2 at the three representative heights in Hefei. The potential emission sources
of SO2 in the lower altitude were from Anhui province and its
surrounding regions from all directions; while lifted to middle
and upper altitudes, the potential contributors for SO2 were located in the southern regions, and northern and northwestern
regions, respectively. The potential source regions of SO2 exhibited obvious seasonal characteristics, with most SO2 emission sources in spring and summer were local as well as transported mainly occurred in the lower altitude which from distant places situated in the southern and eastern part of the
observation site; while in fall and winter, SO2 concentrations
were deeply affected by long-range transport from northwestern and northern polluted regions in the middle and upper
altitudes.
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