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Compared with the urban boundary layer, air pollution–surface energy budget
interactions in farmland areas are relatively sparse. To investigate the roles of
local aerosol and transported dust pollution on the surface energy balance over
farmland, a �eld experiment was conducted during spring 2016 in eastern
China. The heavy pollution episodes during the measurement period were
typically accompanied by easterly winds, low wind speeds, and high relative
humidity. On polluted days, relative to clean days, both downward and upward
shortwave radiation decreased by 46%, while downward and upward longwave
radiation increased by 4% and 1%. The combined effects of the four radiation
components resulted in a 33% reduction in net radiation on polluted days, and
thus, the surface energy budget changed. Polluted days had 15% (58%) less
sensible (latent) heat �ux than clean days. This resulted in a higher daytime
Bowen ratio on polluted days (0.83) compared to clean days (0.44). In a case
analysis of dust pollution, high wind speeds and continuous high pressure
induced the outbreak of the dust pollution episodes. Compared to local
pollution events, the latent (sensible) heat �ux was reduced more (less) than
that in transported dust pollution events. Generally, this work has important
implications for understanding the surface energy balance across
land–atmosphere interactions over farmland regions, which are experiencing
frequent aerosol pollution from local emissions and transboundary dust events.
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1 Introduction

Particulate matter (PM) air pollution poses a great threat to
the environment, global climate change, and human health (Gu
et al., 2018; Hamanaka and Mutlu, 2018; Yang et al., 2019; Wang
et al., 2020a). Meanwhile, the process of heat exchange is one of
the most important factors in the surface energy budget for
understanding the formation, maintenance, and dissipation of
PM pollutants (Guo et al., 2016; Wang et al., 2020b). Radiative
transfer processes can be modulated by aerosols through the
scattering, re�ection, and absorption of shortwave radiation and
through the re�ection, absorption, and emission of longwave
radiation, which further alter the surface energy balance
(Jacobson et al., 2007; Brown et al., 2018). For example, Ding
et al. (2013) pointed out that mixed agricultural burning plumes
with fossil fuel combustion pollution in eastern China could
result in the solar radiation intensity reducing by more than 70%.
In a winter wheat �eld on the North China Plain, the daily mean
shortwave (longwave) radiation on polluted days reduced
(increased) by about 50% (20%) when compared to clean
days, due to the radiative forcing of aerosols. Although the
radiative forcing of aerosols has been intensively investigated,
a thorough understanding of the surface energy budget under
different pollution levels has yet to be realized, especially in the
Huaihe River Basin (HRB) of eastern China. In addition, most
observation stations are located in urban or suburban areas, with
relatively little observational data available for the pure farmland
background area, meaning there is a lack of knowledge on the
effects of aerosols on surface energy budgets over farmland. In
China, there is a large amount of farmland (accounting for
12.5%), which plays a key role in weather forecasting across
the range of land–atmosphere interaction. At present, weather
forecasting models rarely account adequately for the energy
balance in cases of aerosol pollution, and thus studying the
effects of aerosols on surface energy budgets over farmland
can help to improve weather forecasting models. Also, more
broadly, such work has important implications for
understanding the surface energy balance across the
land–atmosphere interactions that take place over farmland
regions, which themselves are experiencing frequent aerosol
pollution episodes, owing to local emissions and
transboundary dust events.

The HRB (30°–36°N, 112°–122°E), a transitional belt between
the subtropical and temperate climate regions in eastern China, is
an area known to be sensitive to climate change (Jin et al., 2022).
It belongs to the warm temperate semi-humid monsoon climate
zone, with the mean annual precipitation varying between
600 and 1400 mm, and the average air temperature (Ta)
ranging from 11°C to 16°C (Xu et al., 2021). Owing to the
suf�cient precipitation and suitable temperature, the HRB has
become one of China’s major grain-producing areas (Yang et al.,
2020a). Recently, PM pollution episodes have started to occur
frequently and intensively over the farmland area of the HRB.

The aerosol composition and sources in the HRB are complex,
including not only local anthropogenic pollutants (e.g., from crop
straw burning, transportation, and industrial emissions) but also
natural aerosols from regional dust storms in spring (Jin and
Shepherd, 2008; Fan et al., 2010). In addition to the issue of air
pollutant emissions, the formulation of PM pollution episodes is
also closely related to the prevailing meteorological conditions
[e.g., winds, temperature inversion, relative humidity (RH), and
boundary layer height], and synoptic-scale circulation (Zhang
et al., 2014; Li et al., 2018; Fan et al., 2019; Wang et al., 2019; Yin
et al., 2019). To explore the air pollution–boundary layer
dynamics, many atmospheric �eld experiments have been
conducted in the HRB over the past few years (Gao et al.,
2003; Tanaka et al., 2007; Chen et al., 2015; Duan et al.,
2021). For example, Kang et al. (2013) analyzed a long-lasting
haze episode in Nanjing and found that the formation of haze
pollution was often accompanied by lower wind speeds, a stably
strati�ed atmosphere and a lower planetary boundary layer
depth. Moreover, dust pollution in Asia generally originates
from remote areas, such as northern China or Inner Mongolia
(Liu et al., 2009; Liu et al., 2011). Also, for eastern China
speci�cally, Han et al. (2022) reported that the storms in
spring transporting dust to the region mainly derive from the
deserts of Northwest China, Central Asia, South Asia, and East
Asia, based on spaceborne lidar measurements.

Previous studies have shown that aerosols can discernably
decrease the surface net shortwave radiation in the HRB (Xiong
et al., 2022), and this in turn can result in rice yields in East China
reducing by around 6.74% on average (Wang et al., 2020c). In
addition, air pollution caused by the combination of local sources
and long-distance transport is prominent in the HRB (Hu et al.,
2018; Shao et al., 2006; Zhu et al., 2011; Shen et al., 2015), where
PM concentrations from regional transport are higher than the
average typically observed for concentrations from local sources
(Ding et al., 2017; Hu et al., 2018). However, few studies have
focused on the effects of local aerosol and transported dust
pollution on the surface energy balance over farmland in the
HRB. Thus, this study seeks to quantify the differences in the
meteorological conditions, radiation, and turbulent �ux on days
categorized according to three different pollution levels
(background, clean, and polluted) at a farmland site in spring
in eastern China. Following this introduction, Section 2
introduces the site, instruments, and data processing methods;
Section 3 reports and discusses the results; and Section 4 provides
conclusions.

2 Data and methods

2.1 Data

The data used in this study were obtained from the National
Climatology Observatory (32.44°N, 116.79°E; 26.8 m above sea
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level) in Shouxian County, Anhui Province, China. The site is
located on the south bank of the Huaihe River and is in�uenced
by the subtropical monsoon climate (Figure 1). The annual mean
Ta in 2015–2018 was 16.4°C and the annual precipitation was
1116 mm (Duan et al., 2021). During the measurement period
(March–May 2016), winter wheat was grown around the site. A
2.5 m eddy covariance �ux tower, equipped with a three-
dimensional sonic anemometer (CSAT3A, Campbell Scienti�c
Incorporation, United States) and a CO2/H2O open-path gas
analyzer (EC150, Campbell Scienti�c Incorporation,
United States), was installed at the center of the wheat �eld to
continuously monitor the surface turbulent �ux. In addition, a
net all-wave radiometer (CNR4, Kipp & Zonen Inc.,
Netherlands) was installed at 1.5 m a.g.l. (meters above
ground level). The raw 10-Hz EC eddy covariance data were
averaged over 60-min periods following the methods described in
Duan et al. (2022). Additional sensors measuring coarse PM
(PM10) and �ne PM (PM2.5) (GRIMM180) were installed on top
of a 3 m-high building, 100 m northwest of the �ux tower. The
PM concentration, radiation, and meteorological data were
excluded according to the criterion of X(t) < (�X � 4�) or
X(t) > (�X + 4�), where X(t) is the observation value, �X
denotes the means over the interval, and � is the standard
deviation. Eddy �uxes of sensible heat and latent heat were
calculated as: Hs � ��Cp��T�, LE � L����q�, where ��, Cp and L
are the density of air (kg m�3), the speci�c heat of air (J kg�1 K�1),
and the latent heat of vaporization (J kg�1), respectively. ��, T� and
q� are the �uctuations in the vertical wind component (m s�1), air
temperature (K) and speci�c humidity, respectively (Gao et al.,
2009). In addition, data collected on rainy days were discarded to
minimize the effects of clouds and precipitation. More detailed
information about the instruments can be found in Table 1.

2.2 Materials and methods

Based on the environmental air quality criteria proposed by the
Ministry of Environmental Protection of China, the days on which
pollution events occurred during the measurement period were
categorized into three levels: 1) background days, 2) clean days,
and 3) polluted days. The selected period covered 1 March–31 May,
during which, as illustrated in Figure 2, pollution episodes occurred
frequently, with some episodes (e.g., on 2 March) having daily
maximum values of PM10 and PM2.5 that reached as much as
414 and 320 �g m�3. Background days represented the arithmetic
means of variables during the measurement period apart from on
days when precipitation events occurred and the 2 days for either
side of those events. Daily mean PM10 concentrations higher
than 150 �g m�3 for more than 48 consecutive hours and hourly
PM2.5 concentrations higher than 100 �g m�3 were regarded as
polluted episodes. To reduce the impacts of solar altitude and
seasonal changes, four polluted cases (i.e., 2–8 March,
13–15 March, 17–20 March, and 26–27 March) in the same
month were selected. In addition, clean days were de�ned as
when the daily mean PM10 was lower than 150 �g m�3 within
5 days before and after each polluted episode. Ultimately,
20 background days (background episodes, BEs), 6 clean days
(clean episodes, CEs), and 6 polluted days (polluted episodes,
PEs) were obtained during 3 months (Table 2). The daily mean
PM10 (PM2.5) concentrations for CEs, BEs, and PEs were 104,
124, and 234 �g m�3 (68, 91. and 184 �g m�3), respectively.
Moreover, four dust cases (i.e., 8–14 March, 18–23 March,
5–11 May, and 10–15 May) were identi�ed in the study
period from the dust records of weather phenomena at the
weather station, in which the ratios of PM10 and PM2.5 are
combined and precipitation events are excluded.

TABLE 1 Type key technical speci�cations of sensors.

Sensor type Measurement range Accuracy Sampling
frequency (Hz)

Installation height (m)

CNR4 DSR and USR: 0.3–2.8 �m DSR and USR: 10–20 �v W�1 m�2 0.1 Hz 1.5

DLR and ULR: 5–50 �m DLR and ULR: 5–15 �v W�1 m�2

CSAT3A u, v, w: ±65.6 m s�1 ±2% (wind vector within ±5° of
horizontal)

10 Hz 2.5

Ta: �50 to 60°C ±3% (wind vector within ±5° of
horizontal)

EC150 CO2: 0–1,000 �mol mol�1 ±1% 10 Hz 2.5

±2%

GRIMM180 PM2.5 and PM10: 0–1,500 �g m�3 ±5% 0.1 Hz At the top of a 3 m-high
building

DSR, USR, DLR, and ULR, are the downward shortwave radiation, upward shortwave radiation, downward longwave radiation, and the upward longwave radiation. u and v are the
horizontal wind velocity along the x and y axis. w is the vertical wind velocity. Ta is the air temperature.
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3 Results and discussion

3.1 Meteorological conditions

As shown in Figure 3A, the wind speed and variance of
vertical wind speed (�w

2) had consistent diurnal variations
under different pollution conditions. The wind speed
�uctuated between 1.5 m s�1 during 00:00–08:00 LST (local
standard time), and then increased sharply to a relatively high
value (about 2.5–3.5 m s�1) at noon. After that, the wind
speed began to decrease and kept at a stable value of about

1.5 m s�1 during 18:00–24:00 LST. The wind speed and �w
2

were markedly different on background, clean, and polluted
days. For example, the wind speed on clean days was broadly
higher than that on polluted days, especially in the middle
part of the day (13:00 LST; difference could be up to 1 m s�1),
which was favorable for atmospheric diffusion. High-PM
concentrations were mostly found under low wind speeds
(about 1.7 m s�1) from the east or southeast—around 20%
lower than during CEs—indicating that local sources
contribute to elevated loadings of PM10 at the observatory
(Figures 3B, C).

FIGURE 1
MODIS land use/land cover (resolution: 500 m) in eastern China in 2016.
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FIGURE 2
Hourly (A) mass concentrations of PM10 and PM2.5, (B) ratio of PM10 to PM2.5, and (C) precipitation during 1 March–31 May 2016.
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The PM concentration increased with increasing of Ta

(Figure 4). High Ta was induced by southeasterly winds
during PEs, which would bring warm and moist air to
Shouxian. In addition, the radiative warming effect due to the
absorption/re�ection of longwave radiation by air pollutants can
lead to a high Ta (Cao et al., 2016). The daily mean RH during
PEs (40%) and BEs (23%) was much higher than during CEs,
indicating that high RH was conducive to the growth of aerosol
hygrosorption (Peter, 1988; Hara et al., 2018).

3.2 Surface energy budget

Aerosols modulate the climate by absorbing and scattering
solar radiation to alter the energy budget of the
earth–atmosphere system (Wang et al., 2019). Figure 5 shows
the diurnal variations in surface radiation (Rn), sensible heat �ux
(Hs), and latent heat �ux (LE) under the PEs, CEs, and BEs in
Shouxian from March to May 2016. The downward shortwave
radiation (DSR) and upward shortwave radiation (USR) during
PEs were much lower than during CEs (Figure 5A). The DSR on
PEs decreased by 15–287 W m�2 during the daytime (07:00–18:
00 LST); the attenuation rate was 28%–84% and the daily average
value was 123 W m�2. Meanwhile, the USR during PEs decreased
by 4–52 W m�2, with an attenuation rate of 27%–80% during the
daytime. In order to eliminate the interference of cloud cover,
some typical polluted days with few or no clouds were selected
(Tables 3, 4). The DSR and USR during PEs with few or no clouds
were also lower than those during CEs; the DSR decreased by
6–75 W m�2 during the daytime (07:00–18:00 LST), with an
attenuation rate of 1%–11% (Figure 6A). The downward
longwave radiation (DLR) and upward longwave radiation

(ULR) showed unimodal diurnal variation. The peak of ULR
was delayed by 30 min–1 h compared with the peak of DLR,
re�ecting the response time of the underlying surface of farmland
in Shouxian County to solar radiation heating during the diurnal
cycle (Figures 5B, 6B). The DLR and ULR during PEs were higher
than those during CEs, with daily average differences of 13 and
4 W m�2 between PEs and CEs, respectively (Figure 5B).

Under the three types of weather conditions, the trend of Rn
was consistent with that of shortwave radiation (both DSR and
USR), indicating that shortwave radiation was the main factor
affecting Rn (Figures 5C, 6C). The Rn during the day was
signi�cantly lower during PEs than CEs with clouds (few
clouds or clear days), with a peak difference of more than
100 W m�2 (61 W m�2), approaching 32% (12.5%) and a mean
daily difference of 115 W m�2 (20 W m�2) (Figures 5C, 6C). In
contrast, the difference in Rn between different weather
conditions at night was very small, and the Rn during PEs
was slightly higher than during CEs (Figures 5C, 6C). In the
daytime, aerosols weakened the solar radiation reaching the
ground and reduced the effective radiation at the surface.
Under the combined effect of the two, the Rn was reduced,
thus weakening the energy of the earth–atmosphere system and
causing the ground to cool. Longwave radiation played a
dominant role at night, and the existence of aerosols re�ected
the longwave radiation emitted by the ground and the lower
atmosphere back to the surface, increasing the DLR and playing a
role in thermal insulation (Figures 5B, 6B).

The diurnal variations of Hs and LE were similar to that of
Rn, showing a consistent unimodal pattern (Figures 5D, 6D). The
diurnal variation of Hs was comparable during BEs, PEs, and CEs
with clouds (few clouds or clear days), with daytime mean values
of 36, 33, and 39 W m�2 (36, 36, and 39 W m�2), respectively. LE
dominated the Rn during all three types of weather conditions
with clouds (few clouds or clear days), with the daytime mean LE/
Rn being 32%, 21%, and 28% (32%, 24%, and 28%) for BEs, PEs,
and CEs, respectively. The LE during PEs with few clouds also
increased by 13 W m�2 (Figures 5D, 6D). In the daytime, the
mean Bowen ratio (� = Hs/LE) was about 0.36, 0.83, and 0.44
(0.36, 0.55, and 0.44) for BEs, PEs, and CEs with much cloud (few
clouds or clear days) (Figures 5D, 6D). Therefore, through
comparative analysis, the reduction in aerosols changed the
distribution of Rn in Hs and LE, and the effect of aerosols on
LE was greater than that of Hs. However, in the urban areas of the
Yangtze River Delta, the situation is on the contrary. Hs
dominates Rn and aerosols had deeper in�uence on Hs than
that on LE (Ling and Han, 2019).

The diurnal variation of LE was more obvious than that of
Hs (Figures 5D, 6D). Since the underlying surface of this area
is farmland, crops transpire and vegetation interacts with the
atmosphere, so there is a high rate of water vapor exchange.
The LE was obviously larger than the Hs (Figures 5D, 6D),
which indicated that the heat exchange in this area was mainly
in the form of LE, and the heat exchange by moisture was

TABLE 2 Typical pollution and clean days.

Type Date PM10 (�g m�3) PM2.5 (�g m�3)

Pollution days 2 March 2016 245 187

4 March 2016 223 173

5 March 2016 278 214

6 March 2016 213 175

7 March 2016 231 197

14 March 2016 216 159

Clean days 11 March 2016 136 91

21 March 2016 69 54

23 March 2016 110 78

24 March 2016 87 38

28 March 2016 107 70

29 March 2016 116 79

Frontiers in Environmental Science frontiersin.org06

Zhou et al. 10.3389/fenvs.2022.1059292

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1059292


stronger than the heat exchange caused by the change in
surface temperature between land and atmosphere. This
was because aerosols during PEs in Shouxian reduced the
transpiration rate of crops, so the LE during PEs was much less
than that during CEs (Wang et al., 2021). Meanwhile, the
Hs had a similar range of variation and the same trend under
the three types of weather conditions, so the in�uence
of aerosols on LE during PEs was greater than on Hs
(Figures 5D, 6D).

3.3 Case analysis

In order to deepen the level of understanding regarding the
impact of transported dust pollution on the surface energy
balance over farmland in eastern China, four cases
(i.e., 7–8 May, 10–11 March, 20–21 March, and 12–13 March)
were selected. Here, we focus on the evolution of the atmospheric
boundary layer structure during a dust pollution period
(7–8 May 2016).

FIGURE 3
Diurnal variations of winds under three pollution levels (background, clean, and polluted days): (A) wind speed (WS) and variance of vertical
velocity, (B) radar chart for wind direction, and (C) radar chart for wind speed.
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3.3.1 Meteorological conditions
On 5 May, the surface PM10 concentration began to increase

steadily. Starting from 13:00 LST 7 May, the PM10 concentration
increased dramatically and reached up to 307 �g m�3 by 19:
00 LST 7 May. The site was controlled by low pressure
(~1,001 hPa) before the occurrence of the dusty pollution
(5–6 May). However, the surface air pressure increased
rapidly from 12:00 LST 6 May, and then remained at a high
level of 1010 hPa during 7–8 May. Thereafter, the pressure
oscillated and dropped, and the concentration also gradually
fell back (Figure 7A1). Similar phenomena also occurred in other
dusty pollution events (Figures 7A2–A4). In addition, high
wind speeds transported a lot of regional aerosol, which caused
the outbreak of the dust pollution (Figures 7B1–B4). The Ta

was relatively low between 16:00 LST 7 May and 02:00 LST
8 May, when PM10 concentrations remained high
(Figure 7C1). After that, the PM10 concentration gradually
decreased as the Ta increased. High temperatures accelerate
evaporation from rivers, resulting in high RH, which inhibits
the occurrence of dust pollution. High RH can increase the
viscosity of the near-surface air and sand, which further
inhibits the occurrence of dust pollution (Chang et al.,
2012). As shown in Figures 7D1–D4, RH at about 50% was
able to inhibit the occurrence of dust pollution. Meanwhile,
the RH was relatively low (daily mean: 69%) during the dust
events (Figure 7C1). Therefore, high air pressure, low Ta, and
low RH co-induced the formation, maintenance, and
dissipation of dust pollutants.

3.3.2 Radiation and turbulent �ux
As can be seen in Figure 8A1–A4, the shortwave radiation during

the dust pollution periods was signi�cantly lower than on clean days.
For example, the downward radiation at noon on 7 May was
approximately 481 W m�2, lower than the value of 657 W m�2 on
6 May. During the process of dust pollution, the surface effective
radiation decreased obviously under the effect of aerosol. The Rn at
noon on 7 May had decreased by 385 W m�2 compared with the
previous day. As can be seen from Figures 8B1–B4,C1–C4, the Hs
and LE also weakened as the Rn decreased. Compared to the clean
days beforehand, the Hs and LE decreased by 3 and 35 W m�2,
respectively, during dust pollution days. In addition, the proportion of
Hs and LE in Rn also reduced, by 43% and 49%, respectively. Hence,
an outbreak of dust pollution has a greater impact on LE. Dust
pollution weakens crop photosynthesis and transpiration, which
further reduces the surface–atmosphere exchanges of water,
energy, and carbon dioxide.

3.3.3 Dynamic factors
Previous studies have reported that PM concentrations are

closely related to dynamic factors in the near-surface layer
(Zhang et al., 2015; Miao et al., 2018). Figure 9 shows the
response of surface dynamic factors (vertical velocity and
covariance of vertical velocity and horizontal wind
components) during the dust pollution episodes. The variance
of vertical velocity (�w

2) showed an obvious unimodal pattern of
diurnal variation, and the diurnal maximum appeared at noon.
The highest �w

2 (0.27 m2 s�2) occurred at 18:00 LST 6 May. Then,

FIGURE 4
Diurnal variations of air temperature (Ta, solid lines) and relative humidity (RH, dashed lines) on heavily polluted days (black), clean days (blue),
and background days (yellow).
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�w
2 declined slowly until 8 May, with the maximum daytime

value of 0.16 m2 s�2 occurring at 19:00 LST (PM10 larger than
300 �g m�3 during this period). This turbulence transported the
PM accumulated in the residual layer downwards to the lower
levels, resulting in the later cumulative stage of PM (Halios and
Barlow, 2018).

Figure 9B shows the covariance of the vertical velocity and
the horizontal wind component. There was a clear positive
correlation between the southeasterly wind component and
the vertical velocity before the outbreak of the pollution
process. Southeasterly winds promoted the transport of
pollutants to Shouxian. The enhanced downdraft and the

FIGURE 5
Diurnal variations in the four components of the surface energy balance under three pollution levels (background days: yellow, clean days: blue,
and polluted days: black): (A) downward shortwave radiation (DSR) and upward shortwave radiation (USR), (B) downward longwave radiation (DLR)
and upward longwave radiation (ULR), (C) net radiation (Rn), and (D) sensible heat �ux (Hs) and latent heat �ux (LE).

TABLE 3 Typical polluted days with clouds.

Date Mean daily PM10
(�g m�3)

Mean daily PM2.5
(�g m�3)

Mean daily cloud
cover

Mean daily low cloud
cover

Weather

2 March 2016 245 187 8 0 Cloudy

4 March 2016 223 173 10 0 Cloudy

5 March 2016 278 214 8.6 0 Cloudy

6 March 2016 213 175 6 0 Partly
cloudy

7 March 2016 231 197 10 0 Cloudy

14 March 2016 216 159 2.8 0 Partly
cloudy
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increased vertical momentum �ux caused the downward
transport of pollutants over Shouxian, leading to rapid
accumulation and mixing of pollutants in the area
(Figure 9B). The horizontal winds and vertical velocity jointly

changed the aerosol concentration. From 7 to 8 May, the
covariance of the vertical velocity and the horizontal wind
component was negative (around �0.05 m2 s�2), indicating that
the vertical velocity and horizontal wind component changed in

TABLE 4 Typical polluted days with few clouds or clear sky.

Date Mean daily PM10
(�g m�3)

Mean daily PM2.5
(�g m�3)

Mean daily cloud
cover

Mean daily low cloud
cover

Weather

1 March 2016 130 106 0.6 0 Clear day

6 March 2016 213 175 6 0 Partly
cloudy

14 March 2016 216 159 2.8 0 Partly
cloudy

16 March 2016 140 108 4.8 0 Partly
cloudy

19 March 2016 155 130 0 0 Clear day

22 March 2016 148 120 5.6 0 Partly
cloudy

FIGURE 6
Diurnal variations in the four components of the surface energy balance under three weather conditions with less cloud or clear days
(background weather—yellow, clean sky—blue, and polluted sky—black): (A) downward shortwave radiation (DSR) and upward shortwave radiation
(USR), (B) downward longwave radiation (DLR) and upward longwave radiation (ULR), (C) net radiation (Rn), and (D) sensible heat �ux (Hs) and latent
heat �ux (LE).
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FIGURE 7
Daily variations in surface micrometeorological conditions during dust pollution periods: (A1–A4) air pressure (Prs), (B1–B4) wind speed (WS),
(C1�C4) air temperature (Ta), and (D1�D4) relative humidity (RH). The gray-shaded region in each panel is the PM10 concentration.
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FIGURE 8
Daily variation in the surface energy budget during dust pollution periods: (A1–A4) the four radiation components (DSR, downward shortwave
radiation; USR, upward shortwave radiation; DLR, downward longwave radiation; and ULR, upward longwave radiation), (B1–B4) net radiation �ux
(Rn), and (C1–C4) sensible heat �ux (Hs) and latent heat �ux (LE). The gray-shaded region in each panel is the PM10 concentration.
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FIGURE 9
Daily variations in surface dynamic factors during dust pollution periods: (A1–A4) vertical velocity variance and (B1�B4) covariance of vertical
velocity (w) and horizontal wind components (u, v). The gray-shaded region in each panel is the PM10 concentration.
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the opposite direction. The horizontal wind component became
larger and the vertical velocity became smaller. Eventually, these
factors led to the occurrence of dust pollution in this area. The
decrease in air pressure and wind speed led to a rapid decrease in
the PM10 concentration on 8 May, which also resulted in a
continuous decrease in the covariance between the horizontal
wind component and the vertical velocity. At this moment, the
degree of reversal in the vertical velocity and horizontal wind
component became more pronounced. The rapid increase in
vertical velocity and decrease in the horizontal component
prompted dust �oating in the air to be deposited downwards,
and thus, the pollution process was weakened.

3.4 Limitations

There are differences in composition and size among different
aerosol types. In terms of composition, absorptive and scattering
aerosols differ in their effects on radiation and energy balance. For
example, absorbing aerosol dominated by black carbon has strong
absorbing properties, which induce both prominent surface cooling
and near-surface warming. Scattering aerosols are dominated by
sulfate, which has a strong scattering capacity and cools the surface
to result in a weaker near-surface warming (Gu et al., 2006; Ding
et al., 2016; Huang et al., 2018; Zhu et al., 2018; Yang et al., 2020b).

In addition, the size of aerosol particles also affects the radiation
budget (Tegen and Lacis, 1996; Murphy et al., 2021), but there is no
way to quantitatively distinguish the corresponding relationship
between radiation and particle size when measuring radiation.
Therefore, mainly, the differences in radiation and energy
balance are compared by taking the PM2.5 as the primary
pollutant under the eastern region’s background and the PM10

transported from a distance. However, the meteorological
factors under the two different backgrounds also bear some
differences, so they too will bring some errors to the
contributions of different aerosol species to the effect on
the surface energy balance over farmland. Sensitivity tests
with more precise observations and numerical simulations
will be conducted in the future.

4 Conclusion

Based on the meteorological observations, and measurements of
radiation and turbulent �ux in Shouxian between 1 March and
31 May 2016, meteorological factors and the surface energy balance
were analyzed under different air pollution levels. The main
conclusions can be summarized as follows:

1) Compared to clean days, polluted days had high RH, low
wind speeds, and low air pressure. Weak wind speed had an
inhibitory effect on the diffusion of pollutants. The high RH
was conducive to the growth of aerosol hygroscopicity.

2) Compared with the DSR, USR, DLR, and ULR in the daytime
during CEs, the attenuation ratios during PEs were about
46%, 46%, 4%, and 1%, respectively, which mainly caused a
33% reduction in Rn.

3) During the whole observation period, the range of diurnal
variation of Hs and LE was diminished on highly polluted
days. PEs had 15% (58%) less sensible (latent) heat �ux than
CEs. This resulted in a higher daytime Bowen ratio during
PEs (0.83) than CEs (0.44).

4) In Shouxian, sandstorms occur frequently in spring. A sharp
increase from low pressure to high pressure (1005–1010 hPa)
and the continuation of high pressure cause outbreaks of dust
pollution. On dust polluted days, Hs was reduced by 43% and
LE by 49%. The in�uence of aerosol on LE was greater than
that on Hs during both typical PEs and dust PEs.

The present study demonstrates that the aerodynamic and
thermodynamic conditions in the atmospheric boundary layer
are mainly modulated by local aerosol and transported dust
pollution. This has important implications for the surface energy
balance across the land–atmosphere interactions over farmland
regions, which are experiencing frequent aerosol pollution from
local emissions and transboundary dust events.
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