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Abstract Previous studies have reported air pollution‐radiation interactions in the urban boundary layer
(UBL), but vertical gradient variations in the radiation budget and heat flux under air pollution conditions
are relatively sparse. In this study, based on gradient observations from the Beijing 325 m meteorological
tower in December 2015, the characteristics of near‐surface radiation balance and energy budget at three
levels under different pollution conditions were comparatively investigated. Relative to clean days, both
downward and upward shortwave radiation (DSR and USR) dropped during daytime, while downward and
upward longwave radiation (DLR and ULR) enhanced during nighttime on heavily polluted days, showing
that with evaluated height, the drop magnitudes of DSR and USR decreased, while the enhancement
magnitude of DLR (ULR) decreased (increased). The combined effects of four radiation components
significantly induced the reduction in net radiation (Rn) on polluted days, leading to the near‐surface energy
budget change. In addition, the monthly averaged anthropogenic heat flux (Qf) was estimated to
quantitatively calculate the heat storage (G) term in the surface energy budget. During daytime, compared to
the clean episodes, the sensible heat flux (H) was reduced more than Rn in the whole near‐surface UBL
during heavy polluted episodes, resulting in smallerH/(Rn+Qf) and largerG/(Rn+Qf). Finally, we revealed
that weak thermal forcing effects caused by insufficient availability of net radiation energy at the surface
and weak dynamic motion associated with weak winds were both responsible for the larger reduction
(increase) in H (G) during pollution episodes in the whole near‐surface UBL.

1. Introduction

The heat exchange process is one of the most fundamental factors in the surface energy balance for under-
standing the development and variations in the atmospheric boundary layer, urban air pollution episodes,
the thermal environment, and the resultant human health (Gu et al., 2018; Oke et al., 2017; Wang &
Li, 2019; Yim et al., 2019; Zheng et al., 2018); additionally, this understanding is also critical for improving
numerical weather and climate models as well as air quality models (Chen & Dudhia, 2001; Holt et al., 2006;
Miao et al., 2009; Li & Bou‐Zeid, 2014; Liu et al., 2018; Sellers et al., 1996).

Solar radiation is the most important driver of surface energy balance (Haywood, 2011). Previous studies
have reported that radiative transfer processes can be affected by air pollution through the scattering, reflec-
tion, and absorption of shortwave radiation and through the reflection, absorption, and emission of long-
wave radiation (Brown et al., 2018; Dickerson et al., 1997; Haywood & Boucher, 2000; Jacobson
et al., 2007; Wang et al., 2014, 2016), which affects the surface energy balance. Oke et al. (2017) stated that
many air pollutants, fine particular matter in particular, modify radiative transfer processes, which impacts
airflow over longer time scales. In recent years, the aggravation of air pollution induced by massive
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emissions and unfavorable meteorological conditions in China (Guo et al., 2011, 2016; Li et al., 2017; Miao
et al., 2015; Wang et al., 2012; Yang et al., 2018), especially in urban areas, largely affects the variations in
solar radiation and associated radiation budget at both the weather and climatic scales, resulting in obvious
weather and climate effects (Che et al., 2005; Fu et al., 2017; Guo et al., 2019; Haywood, 2016; Hu &
Liu, 2013; Johnson et al., 2019; Wang et al., 2018; Zhang et al., 2013, 2018). However, studies on how the
urban boundary layer (UBL) heat exchange responds to the various radiation budgets at different vertical
heights under air pollution conditions are less studied.

Beijing, the capital of China, is among the fastest growing cities in the world during the past decades. Rapid
urbanization has resulted in numerous environmental problems, such as air pollution. Previous studies have
reported that heavy pollution in Beijing is strongly related to local meteorological conditions, especially UBL
processes (Chan & Yao, 2008; Ling et al., 2014; Shi et al., 2019; Su et al., 2018; Wang, Liu, et al., 2019; Wang,
Wang, et al., 2019; Zhang et al., 2012). In addition, in response to reduced solar radiation, the cooling of sur-
face air temperature can lead to strong temperature inversions in the near‐surface layer, which can increase
the atmospheric stability and then prolong the accumulation of pollution (Barbaro et al., 2013; Lolli
et al., 2019; Tang et al., 2016;Wu et al., 2019). Particularly strong interactions were verified in the Beijing area
when the PM2.5 (fine particular matter with a diameter smaller than 2.5 μm) concentrations were larger than
150–200 μg m−3 (Luan et al., 2018). Recently, based on a case observation from a 325mmeteorological tower
in a heavily polluted, high‐density building area of Beijing during 1–4December 2016,Wang, Liu, et al. (2019)
found that vertical mixing could be weakened by large aerosol radiation cooling effects related to increased
pollutants and further worsen the pollution, leaving large gaps in how different radiation budget processes
under different pollution conditions modulate the heat flux in the vertical direction in urban areas.

For this study, we aim to comprehensively investigate the characteristics of heat flux in the urban boundary
layer during polluted and clean air episodes in Beijing from 1 to 31 December 2015 by using 325 m meteor-
ological tower and conventional meteorological observations from the urban center of Beijing, China. The
organization of this paper is as follows: In section 2, the observational site, sensors, and data processing pro-
cedures are described. In section 3, the meteorological factors at 15 height levels, radiative transfer at three
height levels, and heat transfer at seven height levels in the UBL over Beijing under different polluted (clean,
light polluted, and heavy polluted) conditions are compared. The conclusions are given in section 4.

2. Materials
2.1. Site and Data

The main data used in this study were from the Beijing 325‐m meteorological tower (Figure 1a), which is
located at an urban site at the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences
(39.97°N, 116.37°E; Beijing “inner city” site) (Figure 1b). Within a 5 km radius of the tower, buildings of dif-
ferent heights are distributed irregularly in all directions, and the area is surrounded by four‐story to 20‐story
buildings with heights of 10–60 m (Liu et al., 2017) and mean heights of 18.7 m (4 km × 4 km) and 19.1 m
(20 km × 20 km) based on the ground survey (Miao et al., 2012). In the present study, we just examine the
differences in radiation budget and heat fluxes between the selected clean and pollution cases during 1–31
December 2015. Nevertheless, the selected episodes covered in December as a representative month for win-
ter can to a certain extent remove the influence of solar zenith angle and intra‐seasonality.

Sonic anemometers (ModelWindmaster Pro, Gill, UK) are settled at seven different levels of this tall tower to
obtain turbulent flux measurements, including the streamwise (u), cross‐stream (v), vertical velocities (w),
and the virtual air temperature (Tv). The downward shortwave radiation (DSR), upward shortwave radiation
(USR), downward longwave radiation (DLR), and upward longwave radiation (ULR) measurements are col-
lected using the downward‐pointing and upward‐pointing pyrgeometers and pyranometers (CNR1, Kipp &
Zonen, Netherlands) at three different levels to measure four‐component radiation. Meteorological ele-
ments, including wind speed (WS), wind direction, air temperature (T), and relative humidity (RH), are mea-
sured at 15 levels above ground. The main sensors erected at the 325 m tower are summarized in Table 1.
Additionally, the near‐surface WS (05103‐L, R. M. Young) and temperature (HMP45C, Vaisala) at the
2.2 m level are measured at a surface station approximately 20 m south of the tower. Using Tapered
Element Oscillating Microbalance analyzers with hourly monitored readings, the mass concentrations of
PM2.5 measured at the Beijing Olympic Sports Center (Aoti surface station, approximately 2 km north of
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IAP station) were obtained from the website of the China National Environmental Monitoring Center
(http://113.108.142.147:20035/emcpublish).

2.2. Methods
2.2.1. Footprint of Site
Due to the importance of ensuring sufficient spatial representativeness of the eddy‐covariance fluxes, espe-
cially on the complex urban surface, a quantitative description of the scalar flux footprint is essential. The
average footprints of the study sites were determined in a previous study (Cheng et al., 2018) using an
approximate analytical model based on a combination of Lagrangian stochastic dispersion model results
and dimensional analysis (Hsieh et al., 2000). The average fetch length was estimated as 238.0, 589.0,
2,644.0, 7,617.0, 11,461.0, 14,746.0, and 17,013.0 m at heights of 8, 16, 47, 80, 140, 200, and 280 m, respec-
tively, in Cheng et al. (2018). Based on these results, we estimated the land cover fractions retrieved from
a Landsat 8 satellite image in 2015 (with a resolution of 30 m), and the circles shown in Figure 1c roughly
indicate the footprints of the measurements at different heights. With these circular footprints, the distribu-
tion of the flux source area can be directly determined. The compositions in the footprints of the 325 m tower
were separated into three categories: impervious (including both ground and buildings), vegetation, and
water. Note that the fetch lengths of 8 and 16 m were so small that the satellite image could not provide reli-
able land cover fractions, so only the other five land use fractions within the footprint measured heights are
given in Table 2. As shown in Table 2, impervious built‐up surfaces were the dominant land cover type. Even
for the 280 m level, the fraction was 83.1%, and for the 47, 80, and 140 m levels, the fraction exceeded 90%,
indicating high‐density buildings underlying the surface around the IAP site in the center of Beijing.

Table 1
Key Technical Specifications of the Sensors on the 325 Tower

Sensor type Measurement Unit Sampling frequency Installation height (m)

CNR1 DSR/USR DLR/ULR W−1 m−2 W−1 m−2 0.1 Hz 47/140/280
010C WS m s−1 0.1 Hz 8/15/47/65/80/100/120/140/160/180/200/240/280/320
HMP54C T RH °C % 0.1 Hz 8/15/47/65/80/100/120/140/160/180/200/240/280/320
Gill u/v/w Tv m s−1 °C 10 Hz 8/16/47/80/140/200/280

Figure 1. Photograph of the 325 m tower (a), the geographical location of the 325 m tower at the IAP site (courtesy of Bing, © 2019 Microsoft) (b), and the
impervious surface fraction retrieved from a Landsat satellite image in 2015 (c). The circles roughly indicate the footprints of measurements at different
heights (Red star: 325 m tower).
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Vegetation was the second most common surface type, and the maximum
fraction in these five footprints was only 13.4% for the 280 m level. The
water surface had the lowest fractions, and the fractions in these five foot-
prints increased with measured levels, varying from 0.7% to 3.5%.
2.2.2. Calculation of Heat Flux
The friction velocity u* (m s−1), turbulence kinetic energy TKE per unit
mass of flow (m2 s−2), sensible heat flux (H), and latent heat flux (LE)
were calculated as follows:

u*¼ u′w′
2þv′w′

2
� �1=4

(1)

TKE=m¼1
2

u′2 þ v′2 þ w′2
� �

(2)

H¼ρCpw′Tv′ (3)

LE¼Lvw′q′ (4)

where ρ is the air density (kg m−3), CP is the specific heat capacity at a constant pressure (J kg−1 K−1), Tv
is the virtual air temperature (K), Lv is the latent heat of water vaporization (J kg−1), and q is the specific
humidity (kg kg−1).

The three‐dimensional sonic anemometer original records (10 Hz) were processed prior to analysis using the
methods of double rotation (i.e., yaw and pitch rotations) and linear detrending. The overbar denotes time
averages, and an averaging period of 1 hr was used in this study. The density effect correction by Detto
and Katul (2007) was used in this paper. In addition, the planar fit method (Wilczak et al., 2001) was used
to determine the plane to correct the tilt of the anemometer.

The surface energy budget (SEB) over urban surfaces is formulated as

Rn þ Qf¼H þ LE þ G (5)

where G is the ground and urban canopy heat storage. The net radiation Rn is described as

Rn¼DSR − USRþ DLR − ULR (6)

The additional energy released by the anthropogenic heat flux (Qf) due to human activities is a significant
term in urban areas, which can be defined as a measurement of the heat released into the environment by
human activities, that is, anthropogenic heat emissions generated per unit time and area at regional or
even global scales (Chen et al., 2014; Chen & Hu, 2017; Chen & Shi, 2012; Taha, 1997). Sources of anthro-
pogenic heat include industrial activities, heating and cooling of buildings, human metabolism, and vehi-
cle exhaust, which play important roles in weather and climate processes and associated model
simulations and developments (Chen et al., 2016, 2014). In this study, Qf was estimated with satellite data
using the RAHF (Refined Anthropogenic Heat Flux) model, which can clearly demonstrate the spatial dis-
tribution of Qf at a 500 m resolution based on multisource remote sensing data and energy consumption
statistics (Chen, Hu, et al., 2019; Chen & Hu, 2017). Heat storage is difficult to measure directly, requiring
extensive observations that cover the diversity of buildings, canyons, and other elements in the urban
canopy volume (Kotthaus & Grimmond, 2014). Thus, the heat storage term G estimated by the energy bal-
ance residual approach, that is, Rn + Qf − H − LE, will be analyzed in this work.

3. Results and Discussion
3.1. Characteristics of Surface Meteorological Conditions

In this study, the environmental air quality criteria issued by the Ministry of Environmental Protection of
China were used to categorize the pollution conditions. Three levels were identified as follows: clean days,
light polluted days, and heavy polluted days with daily mean PM2.5 concentrations ranging from 0 to
75 μg m−3, 75 to 150 μg m−3, and above 150 μg m−3, respectively. The selected period covered 1 month

Table 2
Land Use Fractions Within the Footprints of Each Flux Measurement
Height at the 325 m Tower Site

Height (m) Impervious (%) Vegetation (%) Water (%)

47 91.6 7.7 0.7
80 93.3 4.9 1.8
140 92.1 5.7 2.3
200 84.7 12.0 3.3
280 83.1 13.4 3.5
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from 1 to 31 December 2015, as shown in Figure 2a, indicating that pollution episodes frequently occurred,
and in some episodes, the daily maximum and mean values reached approximately 500 and 650 μg m−3,
respectively. Finally, 11 clean days (clean episodes, CEs), eight light polluted days (light polluted episodes,
LPEs), and 12 heavy polluted days (heavy polluted episodes, HPEs) were obtained during this 1 month.
These 20 polluted days were named polluted episodes (PEs).

As shown in Figure 2, wind speed was ranged as 1–3, 0.5–2, and 0–1 m s−1 for CEs, LPEs, and HPEs, respec-
tively. The wind direction was mostly northerly for CEs, while had not obvious systematic features for pol-
luted days. This is mainly resulted of this weak wind direction at 2‐m level for polluted days can easily
disturbed by the surrounding buildings. Therefore, Figure 3 shows that 24‐hr back trajectories of the differ-
ent polluted days (Figure 3) at 100 m on 17:00 LST (the most occurrence time for pollution events), indicat-
ing that the air masses were mostly from the northwest and moved faster during CEs. Compared to CEs, air
masses moved slower for LPEs, and the slowest for HPEs, which more originated from southwest, indicating
that the regional transport from the heavily southern Hebei Province to Beijing played an essential role in
the formation of the severe haze events in Beijing during PEs, especially for HPEs.

Figure 2. The time series of surface PM2.5 concentrations at the Aoti surface station (a), surface WS (b), wind direction
(c), air temperature (d), RH (e), and pressure (f) during the period from 1 to 31 December 2015 at the IAP site. The light
blue, light gray, and dark gray shades mark clean, light polluted, and heavy PEs, respectively (red square: daily averaged
PM2.5 concentration, dashed and closed red lines: PM2.5 concentrations that are equal to 75 μg m−3 and 150 μg m−3,
respectively).
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The daily mean values of these four meteorological elements at different polluted levels were estimated. The
daily mean WS/RH/pressure was 0.80 m s−1/31.06%/1,024.04 hPa, 0.43 m s−1/45.52%/1,023.74 hPa, and
0.30 m s−1/64.99%/1,020.97 hPa for clean, light, and heavy polluted conditions, respectively, showing that
the WS decreased with increasing polluted levels. The largest air temperature (1.96°C) on the light polluted
days was found, while clean (0.70°C) and heavy polluted days (0.79°C) had similar daily averaged air
temperatures.

3.2. Characteristics of Meteorological Conditions at Different Levels

In this section, the averaged profiles of different meteorological factors averaged at noon time (12:00–14:00
LST, when solar radiation reaches the maximum value) and midnight (22:00–24:00 LST, which can capture
more pollution samples in Figure 2) were used to investigate the different vertical variations of the UBL over
Beijing under these three polluted conditions between daytime and nighttime. Note that the vertical varia-
tions of WS were not pronounced, and WS were below 2 m s−1 at all measured levels at the noontime of
HPEs, while they significantly increased with height for LPEs and CEs (Figure 4). Compared to CEs, the
WS (T) decreased (increased) throughout the observed heights, which ranged from 34.3% to 25.8% (36.6%
to 375.7%) and increasing (decreasing) with evaluated height at LPEs (Figure 4). Significant temperature
inversions were found during polluted nights, showing stable stratification in the nighttime UBL.

Figure 5 shows the diurnal change of the bulk Richardson number (Rb) calculated by the wind speed and air
temperature averaged with two lower heights (32 and 47 m) and two higher heights (200 and 240 m), reveal-
ing that the stability of the atmosphere during polluted nights was more stable than those during clean
nights. Moreover, this stable stratification occurred early at 15:00 LST and maintained and lasted for the
whole nights during the HPEs. RH on heavy polluted days was far greater than the light and clean days at
all observed levels due to an easterly wind with more moisture.

All the implications of variations in surface PM2.5 and meteorological conditions can be summarized as fol-
lows: Southwesterly wind transports polluted air with high‐concertation aerosols to Beijing, resulting in
worse air quality during HPEs, while the strong northwesterly wind brought cold clean air to Beijing, result-
ing in removal of the local high‐concentration aerosols and decrease in temperature with high RH during
HPEs, which is consistent with the findings of previous studies (Li et al., 2017; Wang et al., 2013; Yang
et al., 2018). This higher RH may further worsen aerosol pollution due to the hygroscopic growth effects
of aerosols (Han et al., 2018; Sun et al., 2014). Additionally, the stable stratification UBL featured HPEs,
which also plays an important role in the accumulation of polluted aerosols under HPEs (Miao et al., 2018;
Zhong et al., 2017).

3.3. Characteristics of Flux Parameters at Different Levels

As an important quantity, u* is used in numerical applications to parameterize the turbulent mixing process,
and TKE is a direct measure of the turbulence intensity, which is essential for predicting air dispersion. The

Figure 3. Twenty‐four‐hour back trajectories at 100 m height arriving at IAP site (star: 325 m tower) at 17:00 LST on different polluted days for the clean episodes
(a), light PEs (b), and heavy PEs (c). The numbers indicate the day in December 2015.
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Figure 4. The average noon hours (12:00–14:00) and average midnight hours (22:00–24:00) vertical profiles, WS (a), air
temperature (b), and RH (c) during clean episodes (blue), light PEs (green), and heavy PEs (red).
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relationships between surface PM2.5 concentrations and vertical flux dynamic factors (i.e., u* and TKE in
Figure S1) exhibited significant anticorrelations, which is consistent with the findings of previous studies
(Dupont et al., 2016; Holmes et al., 2015; Liu, Gao, et al., 2019; Wang, Wang, et al., 2019). In detail, high
concentrations of PM2.5 at the ground were associated with weak u* and TKE at all seven measured
levels. The diurnal variations were not obvious, and values were lower than 0.25 m s−1 and 0.5 m2 s−2 on
heavy polluted days for both u* and TKE at all levels (Figure 6). In contrast with daytime, a larger
difference in u* and TKE occurred during the nighttime between CEs and LPEs.

For vertical profiles averaged at noontime and midnight, increasing u* was found at heights below 140 m,
particularly below 80 m, and then slightly decreased upward of 140 m for all different polluted conditions
(Figure 7). The same pattern occurred for TKE. For clean daytime, the slopes between u* at 140 m and other

Figure 5. Box and whisker plots of bulk Richardson number at different levels in clean episodes (blue), light PEs (green),
and heavy PEs (red). The top, middle, and bottom horizontal lines in the box represent the average, 75th percentile,
median, and 25th percentile, respectively.

Figure 6. Similar to Figure 5 but for friction velocity (a) and turbulence kinetic energy (b) at different levels in clean episodes (blue), light PEs (green), and heavy
PEs (red).
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levels of 8, 16, 47, 80, 200, and 280 m were estimated as 0.56, 0.64, 0.85, 0.92, 0.96, and 0.87, respectively, in
this study. In contrast, u* and TKE under heavy polluted conditions were very weak and showed unnotice-
able vertical changes at noontime, in which values of u* and TKE during daytime were weaker than under
clean conditions during nighttime, as shown in Figure 6. In addition, maximum change magnitudes for u*
(0.38 m s−1) occurred at the 140 m level between heavy polluted and clean conditions during daytime, while
the largest attenuation ratio of 65.0% occurred at the 280 m level. For TKE, the variation ratios were similar
at all levels. Differences in vertical changes in u* and TKE between heavy and light pollution at midnight
seemed nonobvious in contrast to the changes at noontime.

3.4. Characteristics of Radiation Balance at Different Levels

To explore the relationship between radiation and aerosol pollution, four components (i.e., DSR, USR, DLR,
and ULR) of radiation at three height levels were collected. Taking the 140 m height as an example,
Figure S2 presents an hourly scale time series of four components of radiation and net radiation during
the studied period. Figure 8 shows the mean diurnal variation in these five radiation variables at 47, 140,
and 280 m during CEs, LPEs, and HPEs, and the differences in these five variables between HPEs and

Figure 7. Similar to Figure 4 but for friction velocity (a) and turbulence kinetic energy (b).
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CEs are also shown in Figure 9. Generally, less shortwave radiation and more longwave radiation were
received by the near‐surface layer during the daytime of PEs than during the daytime of CEs. This
reduced DSR implies the strong cooling effect of the aerosols at surface during HPEs mainly resulted in a
lower air temperature, relative to the clean noon with a cold northerly wind in Beijing, with decrease
ratios ranging from 9.8% to 17.4% at all measured heights (Figure 4b). The aerosol cooling radiative at
surface is a negative feedback to the development of the UBL, which can further aggravate the
accumulation of pollutants. This effect on the surface PM2.5 concentration has also been quantified in
sensitivity studies using the Weather Research and Forecasting with Chemistry (WRF‐Chem) model in
Wu et al. (2019). They found that when the near‐surface PM2.5 mass concentration increased from
approximately 50 μg m−3 to hundreds μg m−3, resultant cooing effects positively contributed to the
accumulation of the PM2.5 by more than 20% during the daytime.

The differences in four components between HPE and CEs were estimated as shown in Figure 9, which are
defined as DDSR, DUSR, DDLR, and DULR, respectively. The largest DDSR (DUSR) reached 210.4 (15.0) W m−2

at 11:00 (11:00) LST and 160.2 (11.1) Wm−2 at 11:00 (10:30) LST (Figure 9a), and the attenuation ratios were
approximately 54.3% (47.6%), 49.8% (43.3%), and 45.0% (26.5%) for the 47, 140, and 280 m levels, respectively.
The maximum DDLR between HPEs and CEs ranged from 42 to 46 W m−2 and occurred during nighttime
(approximately 21:00 LST) at all three levels (Figure 9c). DULR was lower than 10 W m−2 between PEs
and CEs. The difference in Rn (DRn) between PE and CEwas also large and similar to DDSR, with amaximum
value (attenuation ratio) of 166.22 Wm−2 (51.8%) at the 47 m level, 138.88 Wm−2 (49.1%) at the 140 m level,
and 119.33Wm−2 (44.3%) at the 280 m level, resulting in a larger albedo during HPEs (0.10, 0.15, and 0.18 at
the 47, 140, and 280 m levels at noontime) than during CEs (0.08, 0.11, and 0.12 at the 47, 140, and 280 m
levels at noontime).

Figure 8. Similar to Figure 5 but for downward shortwave radiation (a), upward shortwave radiation (b), downward incoming longwave radiation (c), upward
longwave radiation (d), and net radiation (e).
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Generally, the magnitude of DDSR and DUSR decreased with evaluated
height in the near‐surface UBL, ranging from heights of 47 to 280 m
(Figures 9a and 9b), implying that much more shortwave radiation is
absorbed and scattered by the high‐concentration aerosols in the UBL.
Similarly, the magnitude of DDLR (DULR) from late night to early morning
decreased (increased) with evaluated height in the near‐surface UBL
(Figures 10c and 10d), suggesting that much more longwave radiation
was trapped by the high‐concentration aerosols in the UBL. The vertical
variation in DRn mainly depended on the combination of DDSR, DUSR,
DULR, and DDLR. Note that the different compositions of pollutants and
sizes of particulate matter induced different longwave and shortwave
radiation effects at the surface and top of the atmosphere (Gu et al., 2006;
Ghan et al., 2012; Haywood & Boucher, 2000; Huang et al., 2018; Liu
et al., 2018; Yang et al., 2020), which should be further explored at vertical
near‐surface UBL in Beijing in future studies, combined with vertical
aerosol measurements.

Note that the covering of clouds also plays an important role in surface
radiation. However, we are unable to exclude potential influences of
clouds in this study because of the lack of accurate cloud observations.
In particular, satellite observations may fail to distinguish aerosols and
clouds on highly heavy polluted days (Tan et al., 2018). Moreover, pre-
vious studies reported that high aerosol loading could lead to enhance-
ment of the cloud fraction (Gunthe et al., 2011; Li et al., 2016; Malavelle
et al., 2017; Zhao et al., 2017), and during heavy polluted days, more
clouds were indeed found over Beijing in case studies (Li et al., 2018;
Wang, Liu, et al., 2019; Yang et al., 2020). Therefore, as one of features
of HPEs, the existing clouds could be the result of polluted aerosols, which
is outside of the scope of the present work.

3.5. Characteristics of the Heat Energy Budget at Different Levels

Figure 10 maps Qf (month averaged) estimated by using the RAHF model
during December 2015 around the 325 m tower (20 × 20 km) for Beijing.
Consistent with the urban fraction shown in Figure 1c, a large impervious
fraction accompanied large values of Qf and vice versa. Generally, Qf

declined along the density gradients of urban development, from center
to rural. The largest values of Qf could reach approximately 130 W m−2

and are mostly distributed southeast of the 325 m tower, where the
Center Business District of Beijing is located. The area averaged Qf values were determined based on the flux
source area of the 47, 140, and 280 m levels as 21.6 W m−2, 20.4 W m−2, and 16.3 W m−2. Qf can be the pri-
mary input of energy to the balance in winter over heterogeneous urban surfaces with high density buildings
(Oke et al., 2017), especially during polluted winter with reduced Rn (<150 W m−2 at noon), as shown in
Figure S2. The heat storage G was quantitatively derived by Rn + Qf −H − LE, assuming the same Qf during
different days in this month.

Taking the 140 m level as an example, Figure S3 shows that the heat exchanges were obviously weak during
PEs, and H was particularly dramatically attenuated in HPEs and the maximum values of H reached
300 W m−2 in CEs and below 100 W m−2 in HPEs. Note that during the red alert PEs from 19 to 24
December, H decreased along with the lasting polluted time, which indicates the feedback of the UBL to
the polluted aerosol effect, especially in the last stage of the pollution process (22–24 December) with little
changes in WS (Figure 2b) due to the reduction in the solar radiation at the near surface. This feedback is
negative to the diffusion of the polluted aerosols. Such UBL‐aerosol interactions have been discussed in pre-
vious field observations and experiments (Fan et al., 2019; Han et al., 2018; Quan et al., 2013; Wang, Liu,
et al., 2019). Latent heat exchange was extremely weak, and LE was less than 50 W m−2 during the entire
studied period in winter, mainly due to the large impervious urban surfaces of Beijing with a low water

Figure 9. The mean diurnal variation in the difference in downward
shortwave radiation (DDSR) (a), upward shortwave radiation (DUSR) (b),
downward longwave radiation (DDLR) (c), upward longwave radiation
(DULR) (d), and net radiation (DRn) (e) between heavy PEs and clean
episodes at the 47 (green), 140 (purple), and 280 m (black) levels.
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fraction, as shown in Table 2. Moreover, it is obvious that mostly urban
fabrics released much more heat to the atmosphere during the nighttime
for CEs than PEs. The largest amount of G during daytime (nighttime),
approximately 270.8 (311.8) W m−2, occurred at 12:00 (23:00) LST 17 (2)
December, with a weak (strong) H and WS, approximately 31.6
(39.4) W m−2 and 1.2 (12.26) m s−1 at the 140 m level. In addition, G
was also reduced for polluted conditions.

The diurnal variation in heat fluxes, H and LE, at all seven observed
heights, and G at three heights for the three different polluted conditions
are illustrated in Figure 11. Similar to the changes in the time series of
140 m, as mentioned above, compared to the PEs, CEs had stronger sensi-
ble heat exchange during the daytime at all levels. The mean values of LE
were lower than 30 W m−2 in all three different polluted conditions at
seven levels, which are much smaller in HPEs than LPEs/CEs. Liu, Gao,
et al. (2019) also reported that H on heavily polluted days (daily mean
PM2.5 concentration > 150 μg m−3) was weaker than that on clean days
(daily mean PM2.5 concentration < 75 μg m−3) in wintertime, at a rural
site of mulched wheat in the North Plain of China, approximately
120 km away from the IAP station. The maximum soil heat storage during
the daytime was approximately 100 W m−2, and most of the soil released
less than 50Wm−2 over the winter wheat surface in rural areas (Liu, Gao,
et al., 2019). In contrast, the maximum (minimum) of G could reach over
200 W m−2 (−100 W m−2) during the daytime (nighttime) for CEs and
approximately 150 W m−2 (−50 W m−2) for HPEs in the whole urban
near‐surface layer (Figure 11). Relative to rural areas, this larger heat sto-

Figure 10. Spatial distributions of anthropogenic heat flux at a 500 m
resolution during December 2015 around the 325 m tower (20 × 20 km)
for Beijing (black circles from inner to outside indicate flux source areas for
the 47, 140, and 280 m levels; red star: 325 m tower).

Figure 11. Similar to Figure 5 but for sensible heat flux (a), latent heat flux (b), and storage heat (c) at different levels.
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rage of urban surfaces is among the main causes of the urban heat island effect. Note that heat storage in
both urban and rural areas dramatically modulated air pollution, and their interactions should be consid-
ered in numerical models, particularly in urban canopy models for accurate simulations of urban weather,
climate, and environment.

For the vertical profile of H (Figure 12) during the clean daytime, the slopes between H at 140 m and other
levels of 8, 16, 47, 80, 200, and 280 m were estimated as 0.32, 0.42, 0.77, 0.68, 0.39, and 0.23, respectively. A
dramatic vertical change was found, especially between the 140 and 200 m levels for light polluted and clean
noon, while a nonapparent vertical change was found for heavy polluted noon. Previous studies have shown
that both the momentum and sensible heat fluxes increased with height from the surface up to the upper
portion of the roughness sublayer (RSL) (Christen et al., 2009; Grimmond et al., 2004), while they naturally
decreased by a small fraction (<10%) in the constant flux (Zou et al., 2017). According to the estimation of
depth for RSL, typically 2–3 times the spatially averaged building height (Roth, 2000), we can speculate that
the three levels, 8, 16, and 47 m, could be in the RSL, with an approximately 18.7 m height of the spatially
averaged building around the 325 m tower (section 2.1). When combined with the slopes of u* and H at dif-
ferent levels, it is hard to speculate whether or not the 80 or 200 m level is in the constant flux layer in this
study, as the 280 m level is mostly in the mixing layer (Miao et al., 2012), and further research should be con-
ducted with much longer term observation data.

Moreover, similar to u* and TKE (Figure 7), H values in heavy polluted conditions were also much weaker
and showed no noticeable vertical change at noontime. These results imply an insignificant dynamic effect
under heavy polluted conditions during both daytime and nighttime, which is conducive to the accumula-
tion of pollutants. In particular, polluted nighttime was usually accompanied by thermal inversion. Thus,
the existence of both a weak dynamic effect and thermal inversion aggravates the transport condition of
nocturnal pollutants, and the PM2.5 concentration typically reaches a maximum at midnight, as shown
in Figure 2a. In contrast, forH, the maximummagnitude was approximately 93.8 W m−2 at the 140 m level,
and the attenuation ratio reached 76.8%, which is close to the largest ratio of 76.9% at the 280 m level.
Differences in the vertical changes in u*, TKE, and H between heavy and light pollution are midnight
seemed nonobvious in contrast with changes at noontime. In general, these results may suggest a signifi-
cant effect of high‐concentration aerosols on the momentum and sensible heat fluxes in different layers
of the UBL, with the maximum magnitudes in the constant flux layer and the largest variation ratio in
the mixing layer.

Figure 12. Similar to Figure 4 but for sensible heat flux.
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To quantitatively investigate the characteristics of the surface energy partitions under different polluted con-
ditions, the situations described by H/(Rn + Qf), LE/(Rn + Qf), and G/(Rn + QFf) averaged during daytime
hours (08:00–17:00 LST) are shown in Figure 13. Generally, for UBL during wintertime, LE accounted for
less than 16% of Rn + QF, which was mainly balanced by the other two terms. In detail, during clean epi-
sodes, H accounts for the absolute proportion, which is more than approximately 50%, of Rn + QF for the
47 and 140 m levels, while H and G show similar proportions of 41.6% and 43.1%, respectively, for the
280 m levels. Values of G at all three levels had a positive relationship with pollution levels, accompanied
by decreasingH, and approximately 82.4% of Rn + Qfwas stored in the urban fabrics at the 280 m levels dur-
ing heavy pollution episodes. Taking 140 m as an example, H/(Rn + Qf) was 58.9%, 41.3%, and 24.3%, while
G/(Rn + Qf) was 27.3%, 45.8%, and 65.4% for CE, LPE, and HPE, respectively. A significant reduction in H/
(Rn + Qf), an approximately 34.6% difference between clean and heavy pollution episodes, indicates extre-
mely weak heat exchange, and much more heat is stored in urban fabrics under heavy pollution conditions.
This event will suppress the evolution of the UBL and weaken the vertical mixing of the pollutants in the
UBL. Based on the process analysis on assessing the formation and evolutionmechanisms of severe haze pol-
lution from 23 to 24 December 2015 (the same as one of the heavy pollution episodes in this study) in the
Beijing‐Tianjin‐Hebei region using theWRF‐Chemmodel, Chen, Zhu, et al. (2019) noted that restrained ver-
tical mixing was the primary reason for the enhancement in surface PM2.5 concentration, which is supported
by our present observations.

Based on the SEB system, the changes in the available energy partition into sensible heat flux, latent heat
flux, and heat storage can be mainly contributed by net radiation, air temperature, and WS, respectively.
The former directly drives the SEB system, and the latter two imply ambient thermal conditions, advection,
and convection efficiency (Sun et al., 2017). Figure 14 illustrates the changing of these three factors and SEB
averaged for noon hours (12:00–14:00 LST) at the 140 m level during the entire study period, and the PM2.5

concentrations were also averaged for noon hours in Figure 14c. Changes in H/(Rn + Qf) and G/(Rn + Qf)
were nearly out of phase with each other because of the extremely weak LE and low LE/(Rn + Qf) during
wintertime in Beijing. Generally, the variation in WS is positive (negative) to the proportion of H (G) in
SEB. It was found that the coefficient of H/(Rn + Qf) and WS was approximately 0.4. On clean days, such
as 2–5 December for example, H/(Rn + Qf) decreased with the weakening of WS. Under strong windy con-
ditions (WS ~ 11.2 m s−1) at noon on 3 December, H/(Rn + Qf) was approximately 0.9 and G/(Rn + QF) was
negative, which means a super‐high efficient heat exchange between the building and atmosphere, and Rn+
QF is insufficient for heat exchange; thus, heat storage becomes an energy supply for heating the atmosphere
(G < 0), as shown in Figure S3c. For weak wind (WS < 2 m s−1) days in which all polluted events occurred,
G/(Rn +QF) was approximately 0.6 or greater. As another example, G/(Rn+ QF) on 22 December (a red alert
issued) was close to 1.0, and this large partition (with a lower Rn compared to clean days) indicates a poor
heat transfer as well as a remarkably poor UBL for vertical mixing of the pollutants. Note that the PM2.5 con-
centration reached the largest value on 25 December, butHwas not the weakest at that time. This is because
vertical mixing is a major factor for the diffusion of pollutants, although not the only factor and other

Figure 13. The partitions of the surface energy in clean episodes (a), light PEs (b), and heavy PEs (c) at the 47, 140, and 280 m levels.
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physical and chemical processes (e.g., regional transport, secondary aerosol formation, and hygroscopic
growth) also make a large contribution, as mentioned in section 3.1.

Previous studies revealed the characteristics of Rn and H under different polluted conditions (Liu, Gao,
et al., 2019; Tang et al., 2016), while they did not further study the change in H/Rn under different polluted
conditions. Following the results of Liu, Gao, et al. (2019), we further estimated H/Rn using the data
collected over the winter wheat surface. Our work showed that H and Rn decreased by approximately
59.0% and 34.0% from clean days to heavy polluted days. In addition, the heat energy partitions were further
calculated, and values of H/Rn were found to decrease from 44.8% to 30.1% and increased from 34.0% to
47.7% for (Rn − H − LE)/Rn, with WS reduced from 1.5 to 1.1 m s−1 at the 4 m level.

Generally, combined with the different characteristics of SEB in different PEs, we can conclude that both Rn
and H decreased, while the relative change in H was larger than that of Rn, resulting in a smaller H/Rn in
PEs. This larger decrease in H was mainly attributed to the decreased WS under polluted conditions caused
by the change in the synoptic condition. Holmes et al. (2015) also suggested that insufficient availability of
net radiation energy and weak winds were responsible for the low magnitudes of latent and sensible heat
fluxes. Therefore, it is better to investigate the UBL feedback to the existing polluted aerosols in the same

Figure 14. The noon hours (12:00–14:00 LST) averaged net radiation (a), wind speed and temperature (b), and partitions of sensible heat (blue) and storage heat
(red) in the surface energy and noon hours surface PM2.5 concentration (c) at the 140 m level.
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synoptic condition and quantitatively analyze the attributions of synoptic and polluted aerosols in the UBL
under different synoptic conditions. In addition, UBL height is also an import factor linked to the variations
in SEB and the pollution process, which should be considered in our future work when the high‐resolution
boundary layer height data are available.

4. Conclusions

Based on conventional meteorological, turbulence and radiation observations from the 325 m towers over
the Beijing urban area, UBL characteristics, such as surface meteorological conditions, turbulent para-
meters, near‐surface radiation balance, SEB, and vertical heat flux under different pollution conditions, were
comparatively analyzed. The main conclusions can be summarized as follows.

First, compared to clean days, polluted days had weak wind, high humidity, and low air pressure. The warm-
est days occurred under light polluted conditions, and heavy polluted days exhibited significant aerosol cool-
ing effects at surface and resultant lower air temperatures. The turbulence parameters and TKE/m (lower
than 0.25 m s−1 and 0.5 m2 s−2) at all measured levels were usually small under polluted conditions, indicat-
ing a nearly stagnant vertical mixing motion.

Moreover, relative to CEs, muchmore shortwave (longwave) radiation is absorbed and scattered (trapped) in
the UBL during HPEs, leading to the fact that both downward and upward shortwave radiation (DSR and
USR) dropped during daytime, while downward and upward longwave radiation (DLR and ULR) enhanced
during nighttime on heavily polluted days. In the near‐surface UBL, the drop magnitude of DSR and USR
during daytime decreased with evaluated height, while the enhancement magnitude of DLR (ULR) at night-
time usually decreased (increased) with evaluated height. The vertical variation in net radiation mainly
depended on the combination of changes in DSR, USR, ULR, and DLR.

Furthermore, heat storage G over the IAP site was quantitively derived by the energy balance residual
approach due to the available Qf estimated by the RAHF model. Relative to CEs, both Rn and H decreased
in the entire near‐surface UBL during PEs, with a larger relative change in H than Rn, leading to a smaller
(larger) proportion of H (G in the urban fabrics) in Rn + Qf. The remarkably weak wind may contribute to
this larger relative change in H and the increase in G under polluted conditions. These results indicate
not only the changes in polluted aerosols but also local weather conditions, accounting for the variations
in energy partitions under different polluted conditions.

Finally, features of the vertical profiles of sensible heat flux and related meteorological elements and turbu-
lence parameters can be concluded as follows: (i) WS, u*, TKE, andH showed a nonapparent vertical change
for heavy polluted noon, and (ii) a significant temperature inversion was found in HPEs midnight, and high
RH (> 60%) occurred at all the measured levels for heavy polluted days. (iii) The high‐concentration polluted
aerosols significantly affect the momentum and sensible heat fluxes in different layers of the UBL, with max-
imum effect magnitudes in the constant flux layer.

In general, our findings provide scientific evidence that the vertical characteristics of the radiation budget
and heat budget process are closely related to surface aerosol pollution, which is expected to assist future
modeling studies in improving the numerical model capability to accurately simulate the heat budget in
the UBL under air pollution conditions. The findings reported here should also have important implications
for other urban regions in both China and other developing countries experiencing high concentrations of
PM2.5 and with high building density.

Data Availability Statement

The data set used in this study is deposited at DOI: 10.17632/m7cngsdm8c.1.
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