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A B S T R A C T

Upon the effect of atmospheric stability on air pollution, this study highlights the weakened diurnal evolution of
atmospheric boundary layer (ABL), which is crucial to the formation of regional fog-haze and air pollution episodes
over eastern China (ECN). The decrease of atmospheric visibility (Vis) during 1973–2012 is found to be related to the
more stable ABL with weakened diurnal evolution that is characterized by a concurrent weakening of surface wind, a
decrease in ABL height, and a reduction of diurnal temperature range (DTR, – 0.26 and – 0.092 °C/10-years in the
winter and summer, respectively). With a general synchronous variation, the increase in both aerosol loading and
cloud cover might work in concert to reduce solar radiation reaching the surface, stabilize ABL and weaken the
diurnal ABL evolution, thereby weakening the turbulent mixing of pollutants and enhancing air pollution. This
conjecture of “aerosol, cloud – ABL – air pollution” feedback, with particular emphasis on the effect of cloud (in
addition to the effect of aerosol) on the ABL evolution, is supported by our analysis of 40 years trends in the cloud,
Vis and DTR from surface observation, the aerosol optical depth from MODIS, and the validated MERRA-2 reanalysis
aerosol, cloud and boundary layer height (by surface observation and routine radiosonde sounding). Regarding the
linkage between fog-haze and diurnal evolution of the ABL, the result emphasizes the effect of a persistent high relative
humidity (RH), which is found to be important to the formation of regional persistent fog-haze episodes and must be
carefully considered in future study. Therefore, a chain of processes is suggested to interpret the occurrence of
regional persistent fog-haze episodes over ECN. First, during a polluted day, because of aerosol radiative effects, the
high ABL stability and high RH can persist throughout the day, and consequently, favoring the accumulation of
pollutants as well as the secondary formation and hygroscopic growth of aerosol. Second, the maintenance of such
more stable, humid and polluted ABL is in contrast to a clear day when the ABL is more convective in the afternoon
and facilitates the diffusion and dilution of pollutants. Third, under a persistent stable synoptic system, the increase of
air pollution associated with the weakened diurnal evolution of ABL due to the “aerosol, cloud – ABL – air pollution”
feedback, as described above, can be further strengthened, thereby renders more persistent and severe air pollution
events. The DTR variation in relationship with the aerosol, cloud, ABL and air pollution is also discussed.

1. Introduction

The global deterioration of air quality and the increase in atmo-
spheric particulate matter (PM) concentrations have been attributed to
the increase in anthropogenic emissions and more frequent stagnant
weather conditions; the latter is believed to be part of large-scale cli-
mate change that has occurred over the past several decades and is
likely to continue as the average global temperature increases (Jacob

and Winner, 2009; Niu et al., 2010; Yan et al., 2011; Chin, 2012; Zhu
et al., 2012; Qu et al., 2013, 2015a; Yin and Wang, 2015; Wang and
Chen, 2016; Zhang et al., 2016).

The increase in aerosol loading and the change in weather condition
also impact processes in the atmospheric boundary layer (ABL), as
aerosols can alter atmospheric radiative transfer (either directly or in-
directly by modifying cloud properties), and weathers can influence the
ABL properties. Similar to the self-trapping mechanism of smoke
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proposed for fires in the United States of America (USA; Robock, 1988;
Wang and Christopher, 2006), Quan et al. (2013) used field observa-
tions of the ABL and measurements of air pollutants to suggest a pos-
sible positive feedback between aerosols and the ABL during pollution
episodes in Tianjin, China. More aerosol loading is believed to result in
a reduction in solar radiation (SR) reaching the surface, stabilizing the
ABL and creating a positive feedback loop in which “more aerosol
loading → more stable ABL → enhanced accumulation of pollutants
within the ABL → more polluted and hazier atmosphere” (Zhang et al.,
2013). A Weather Research and Forecast (WRF) – Community Multi-
scale Air Quality (CMAQ) simulation study by Xing et al. (2015)
identified the aerosol direct radiative effects (DRE) on surface air pol-
lution and on the daytime temperature range, and found the largest
magnitude of DRE under high-pollution conditions. A theoretical ana-
lysis also reported a more effective aerosol – ABL feedback at higher PM
loading, which enhances air pollution (Petäjä et al., 2016). The in-
tensification of aerosol pollution in Beijing was also linked to the
feedback with surface SR and winds (Yang et al., 2016). Xing et al.
(2016) found that the deterioration of the air quality due to aerosol
cooling on the surface temperature and the modulation of atmospheric
dynamics (resulting from increased stability) could complicate the
evaluation of related health impacts. Using a two-way coupled WRF-
CMAQ model, Wang et al. (2017a) separated the impact pathways of
the aerosol direct effects on the air quality, and found that the max-
imum impacts on vertical diffusion occurred in the morning and eve-
ning and the maximum impacts on secondary reactions and dry de-
position occurred at noon. On the other hand, Wang et al. (2013) and
Ding et al. (2016) also highlighted the adverse impact of absorptive
aerosols on air quality through heating the air and stabilizing the at-
mosphere. Such feedbacks, while conceptually understood, still require
further verification and clarification for the exact mechanisms via long-
term observational data. The possible effect of clouds on the ABL pro-
cess and air pollution also must be investigated.

The severe air pollution and fog-haze episodes over eastern China
(ECN), a global major polluted area, have received considerable at-
tention (Zhao et al., 2013b; Zhang et al., 2013; Sun et al., 2014; Zhang

et al., 2014). Statistics show that the annual averaged PM2.5 con-
centration in central-eastern China reached over 100 μgm−3 (in some
regions even over 150 μgm−3), and only 4.1% of the Chinese cities
attained the annual average standard of 35 μgm−3 in 2013 (Wang
et al., 2017b). Regarding the adverse impact of air pollution on human
health and life, PM2.5 (the particulate matter with diameter < 2.5 μm)-
related premature mortality in East Asia was found to increase by 21%
from 1990 to 2010 (Wang et al., 2016). Studies over ECN did identify a
possible synchronous stabilization of the atmosphere and increase of the
haze event; for example, the atmospheric visibility (Vis) decline over
ECN has been partially attributed to more frequent stagnant and humid
weathers, which is associated with the strengthened and westward-
extended western Pacific subtropical high in the summer (Qu et al.,
2013) and fewer wintertime cold waves (CWs) and cold air activities
(Qu et al., 2015a) since the 1970s. To continue the progress made in
past studies toward a full understanding of the “aerosol, cloud – ABL –
air pollution” feedback over ECN, this study investigates the possible
relationship between aerosol pollution and the change in the ABL,
especially the change in the low-level cloud cover, surface wind speed,
boundary layer height (BLH) and diurnal temperature range (DTR). We
especially focused on the climatology of the diurnal variation of para-
meters associated with the ABL evolution and on the factors favoring
occurrence of the regional persistent fog-haze episodes (e.g., the per-
sistent high relative humidity (RH), which has been previously con-
sidered less often).

2. Data

The data used in this study are provided in Table 1. The daily Vis
(an average of the observations for the day of at least four records with
an uncertainty of 0.1 km, China Meteorological Administration, 2003),
wind speed, air temperature (T), daily minimum and maximum air
temperature (Tmin and Tmax) and DTR (Tmax – Tmin) for the Chinese
meteorological stations (Fig. 1a and e) were extracted from the Global
Surface Summary of the Day (GSOD) database, the details of which
were described in Qu et al. (2013). The 25th percentile Vis better

Table 1
The variables and data used in this study. Refer to section 2 for the full name of the abbreviation that describes the data source, and to the acknowledgments for data
availability.

Variable Duration Location Source Description

Vis (visibility) 1973–2012 China GSOD Daily surface weather records from 354 Chinese stations; 136 stations over
eastern China (ECN).Wind speed

T (daily air temperature)
Tmax (daily maximum air

temperature)
Tmin (daily minimum air

temperature)
DTR (diurnal temperature range,

defined as Tmax–Tmin)

Cloud cover (the total lowest cloud
cover)

1973–2012 China Daily 8 times surface
weather records

00, 03, 06, 09, 12, 15, 18, 21 UTC; 427 Chinese stations, 172 stations over
ECN.

Air temperature

AOD (aerosol optical depth) 2000–2016 110–120° E,
20–40° N

MODIS Terra MOD08_M3 v6; 1°× 1° grid.
CF (cloud fraction)

BLH (planetary boundary layer
height)

1980–2016 110–120° E,
20–40° N

NASA MERRA-2 0.5°× 0.625° grid; the surface incoming shortwave flux to reflect solar
radiation; the extinction AOD, the surface mass concentration for the total
aerosol and the major aerosol components.Surface incoming shortwave flux

The extinction AOD
Surface mass concentration

RH (relative humidity) 2000–2014 110–120° E,
20–40° N

NCEP reanalysis 2.5°× 2.5° grid; at 1000 hPa, 925 hPa and 850 hPa.

Air temperature 1979–2016 110–120° E,
20–40° N

ECMWF reanalysis 1.0°× 1.0° grid; surface.

PM2.5 concentration Dec, 2016–Jan,
2017

Beijing, China MEPC Hourly average.
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reflects the trend of Vis (Qu et al., 2013) and air quality degradation;
therefore, this value was used to assess the Vis variation. The RH from
the NCEP (United States National Centers for Environmental Predic-
tion) reanalysis data and the air temperature from the ECMWF (Eur-
opean Centre for Medium-Range Weather Forecasts) reanalysis data
were also used.

The total lowest cloud cover and air temperature from the daily 8
times surface weather records were used to analyze the cloud cover and
the temperature response. The total lowest cloud cover is the variable
archived in the surface weather records, and was extracted to reflect the
variation of low clouds (i.e., low-level cloud as termed in other studies).
Low-level clouds were found to be especially effective at keeping the
ground warm at night (Kukla and Karl, 1993) and reflecting the sun-
light (Dai et al., 1999), thus causing the greatest change in DTR
(Hansen et al., 1995). Therefore, the total lowest cloud cover is ap-
propriate to use to evaluate the cloud impact on the DTR. Moreover, the
daily 8 times records facilitated analysis of how the DTR responds to the
diurnal variation of cloud cover.

The MODIS (MODerate resolution Imaging Spectroradiometer)
Terra aerosol optical depth (AOD, MOD08_M3 V6) and cloud fraction
(CF, MOD08_M3 V6) were used to evaluate the variation in AOD and
CF. The AOD and CF products used were the most up-to-date versions
with the highest confidence levels. The MERRA-2 (the Modern-Era
Retrospective analysis for Research and Applications, Version 2) data of
the planetary boundary layer height, surface incoming shortwave flux,
extinction AOD and surface mass concentration of the major aerosol
components were used in the analysis. MERRA-2 provides the latest
atmospheric reanalysis of the modern satellite era that was produced by
the National Aeronautics and Space Administration (NASA) Global
Modeling and Assimilation Office (Gelaro et al., 2017). MERRA-2 is the
first long-term global reanalysis to assimilate space-based observations
of aerosols and represent their interactions with other physical pro-
cesses in the climate system (https://gmao.gsfc.nasa.gov/reanalysis/
MERRA-2/). (i) In MERRA-2, the dynamical core and physical para-
meterizations dealing with physical processes were performed using
GEOS-5 (Goddard Earth Observing System model, version 5; Gelaro
et al., 2017), a detailed description of which can be found in Molod
et al. (2015). (ii) The MERRA-2 aerosol analysis uses the Goddard
Aerosol Assimilation System (GAAS) to assimilate a quality-controlled
AOD (from MODIS, Aerosol Robotics Network and other platforms) into
the radiatively coupled GEOS-5/GOCART (Goddard Chemistry,
Aerosol, Radiation, and Transport model) modeling system (Gelaro
et al., 2017; Randles et al., 2017). The GOCART model is coupled with
the GEOS atmospheric model to simulate the life cycles of five ex-
ternally mixed aerosol species, including dust, sea salt, black carbon,
organic carbon and sulfate, and to treat the sources, sinks, and chem-
istry of 15 externally mixed aerosol mass mixing ratio tracers, including
dust (five non-interacting size bins), sea salt (five non-interacting size
bins), hydrophobic and hydrophilic black and organic carbon (four
tracers) and sulfate. Despite the fact that the aerosol properties (such as
the vertical distribution, aerosol speciation, and absorption) are pri-
marily determined by the underlying model physics and error covar-
iance assumptions, the MERRA-2 aerosol reanalysis was found to have
considerable skill in simulating numerous observable aerosol proper-
ties, and the AOD fields in MERRA-2 generally have both a high cor-
relation and a low bias relative to independent (non-assimilated) sun

photometer and aircraft observations (Gelaro et al., 2017; Randles
et al., 2017). (iii) The assimilation of satellite radiances in MERRA-2 is
performed using the CRTM (Community Radiative Transfer Model)
version 2.1.3 (Gelaro et al., 2017), and a detailed description of this
assimilation process is provided in Liu and Boukabara (2014). While the
aerosol direct radiative effect (DRE) was critically assessed in Randles
et al. (2017), the DRE efficiency for MERRA-2 was found to be within
approximately 20% of the observational estimate (Yu et al., 2006).

To validate the quality of the cloud data, we compared the total
lowest cloud cover from surface weather records over ECN with the CF
derived from MODIS Terra (area averaged over 110–120° E, 20–40° N,
which is the typical ECN region). The two variables varied synchro-
nously in winter (December, January and February, DJF) during
2000–2012 with a significant correlation (R= 0.83, P < 0.0005;
R= 0.88, P < 0.0001; R=0.70, P < 0.01 for the daily, daytime and
nighttime mean, respectively, n= 13), suggesting that both variables
can reflect the variation of cloud cover well.

The hourly PM2.5 concentration from the Ministry of Environment
Protection of China (MEPC) and the hourly weather records for Beijing
from December 2016 to January 2017 were also used to analyze the
formation and persistence of fog-haze episodes associated with the
evolution of the ABL.

3. Stabilizing and weakening of the diurnal evolution of the ABL
associated with air pollution

The concurrent weakening of surface wind and decreasing of Vis
over ECN in summer and winter have been reported in Qu et al. (2013,
2015a). The decline in Vis presumably reflects an aggravation of air
pollution and an increase in aerosol loading, which is supported by the
increasing trend in haze over ECN (Wang and Chen, 2016) and the
increase in MERRA-2 AOD and surface mass concentrations of black
carbon, sulfate and organic carbon (for details refer to the supple-
mentary material).

Accompanied with the decline in Vis, the BLH calculated from
MERRA-2 monthly mean shows a significant decrease (– 12 and – 19m
per 10-years, R= – 0.48 and – 0.49 in the winter and summer, re-
spectively, P < 0.005, n= 33, Fig. 2a and b) during 1980–2012; the
calculated BLH is also positively correlated with Vis in the winter
(R=0.70, P < 0.0001, n= 33) and summer (R=0.46, P < 0.01,
n=33). Despite the overall decrease, the specific fluctuation of the
MERRA-2 BLH before 1986 was further investigated by comparing it
with the BLH calculated from daily radiosonde sounding observation at
00 UTC and 12 UTC for nine typical representative stations over dif-
ferent areas of ECN (http://weather.uwyo.edu/upperair/sounding.
html). We calculated the BLH from the sounding data using the RH
method (RH-BLH) and the potential temperature method (θ-BLH; Seidel
et al., 2010). Consistent with the result from MERRA-2, a decreasing
trend was identified in the BLH calculated from radiosonde sounding
(for details refer to the supplementary material). Furthermore, there is a
decreasing trend for the diurnal difference (defined as daily maximum
minus minimum) of the 25th percentile Vis (– 0.33 and – 0.98 km per
10-years, Fig. 2c), the 75th percentile surface wind speed (– 0.14 and –
0.11m/s per 10-years, Fig. 2d) and the cloud cover (– 0.063 and –
0.090 tenth per 10-years, Fig. 2e) in the winter and summer, respec-
tively, during 1973–2012, implying a reduced diurnal contrast in Vis,

Fig. 1. (a) The trend of diurnal temperature range (DTR, °C/10yr) for the stations over China in winter from 1973 to 2012, all shown trends are significant at 95%
confidence level. Partition of the area in China can be found in Qu et al. (2013, 2015a), and the area shaded with light green, green and dark green is eastern China
(ECN). (b) Time series of the geometric mean of DTR (°C) over ECN in winter; the best linear fitting of the variable is presented, and the correlation between DTR and
the total lowest cloud cover (CLD, tenth of the total celestial dome) is also presented at the panel top. (c), same as (b) but for CLD. (e), same as (a) but for the trend of
CLD (tenth/10yr). (f), same as (b) but for the average daily minimum air temperature (Tmin) and daily maximum air temperature (Tmax, °C). (g), same as (b) but for
the geometric mean of the 25th percentile Vis (km); the best linear fitting of the variable is presented, and the correlation between DTR and Vis as well as between
CLD and Vis is also presented at the panel top. (d) Scatter plot of the average Tmin (y-axis) with the nighttime CLD over ECN during 1973–2012; the best linear fitting
line (dashed) between variables on the y-axis and x-axis is also shown. (h), same as (d) but for the average Tmax (y-axis) with the daytime CLD.
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wind speed and cloud cover associated with the aggravation of air
pollution over ECN.

The Weakening of the surface wind and decrease in the BLH sug-
gests a more stable ABL, which favors the accumulation of pollutants
near the surface; meanwhile a weakening diurnal evolution of the ABL
was also reflected by the reduced diurnal contrast in Vis, wind speed,
cloud cover and air temperature (to be discussed in section 4).

4. Decreased DTR – possible causes and relationship with air
pollution

In contrast to the lack of a significant Tmax trend (figures not
shown), Tmin increased at most stations over ECN (see the supplemen-
tary material) with an overall trend of +0.39 °C per 10-years
(R = 0.50, P < 0.005, n= 40, Fig. 1f) in the winter during
1973–2012, which is approximately a factor of 2.5 of the trend in the
Tmax (+0.15 °C per 10-years, R = 0.18, insignificant, n = 40). This

Fig. 2. Time series of the boundary layer height (BLH, meter) derived from the MERRA-2 model over 110–120° E, 20–40° N (the typical eastern China region, ECN)
and the geometric mean of the 25th percentile visibility (Vis, km) over ECN (defined in Fig. 1) in (a) winter (December, January and February, DJF) and (b) summer
(June, July and August, JJA) during 1980–2012; the best linear fitting of the variable is presented, and the correlation between Vis and BLH is also presented at the
panels top. (c), (d) and (e), same as (a) but for the diurnal difference of the 25th percentile Vis (km), the 75th percentile wind speed (m/s) and the total lowest cloud
cover (in tenth of the total celestial dome) over ECN in winter and summer during 1973–2012.
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more significant increase in Tmin (i.e., nighttime warming) over ECN,
which is similar to that over the Tibetan Plateau (Liu et al., 2006) and
over other areas of the globe (Alexander et al., 2006), can result in a
declining DTR (Fig. 1a) with an overall trend of – 0.26 °C per 10-years
(R= – 0.44, P < 0.005, n=40, Fig. 1b) over ECN in the winter. This
result is consistent with previous studies (Liu et al., 2004, 2016; Ye
et al., 2010; Zhou and Ren, 2011; Wang et al., 2014). The decrease in
DTR is another important feature of the more stable ABL over ECN in
recent years in addition to the weakening of surface winds and the
decrease in the BLH (see section 3).

The decrease in the DTR over China has been attributed to a decline
in the solar irradiance (Liu et al., 2004), a decrease in the sunshine
duration, and an increase in the surface soil moisture (Wang et al.,
2014); the decrease in the solar irradiance and sunshine duration has
been attributed to increased aerosol loading (Che et al., 2005; Wang
et al., 2012). Wang and Christopher (2006) showed that the biomass
burning particles over the USA can reduce the DTR by 0.31 °C and
0.26 °C near the smoke source and in downwind regions, respectively.
Modeling over Asia during 1961–2005 (Liu et al., 2016) also suggested
that anthropogenic aerosol forcing was mainly responsible for the de-
crease in the DTR, especially over ECN. Because the radiative effect of
aerosols can influence the surface energy budget and consequently the
DTR, the air pollution over ECN could be related to the variation in the
DTR. A lower DTR is likely to reflect the effect of increased aerosol
loading. Indeed, a close relationship was found between the DTR and
Vis; both showed a decreasing trend over ECN in the winter (Fig. 1b and
g) and correlated at R=0.78 (P < 0.0001, n=40, refer to Fig. 1g
top). The decrease in the DTR is associated with an increase in aerosol
loading (presumably reflected by the decreasing Vis, see the first para-
graph in section 3) over ECN, and both changes resulted from the more
stable atmosphere associated with more frequent fog-haze episodes in
recent years (Qu et al., 2015a). This result is also consistent with the
negative Tmin-Vis correlation (R= – 0.58, P < 0.0001, n=40); a
warmer winter with less CW tends to favor low Vis and more frequent
air pollution (Qu et al., 2015a).

In contrast to the synchronous decrease in the DTR and Vis (Fig. 1b
and g), the cloud cover varied inversely with DTR (Fig. 1b and c) over
ECN in the winter during 1973–2012. More specifically, the valley
values of the DTR (Fig. 1b) are well corresponding to the peak values of
cloud cover (Fig. 1c) for the winters of 1974, 1984, 1989, 1994 and
1997 (indicated by the dashed lines between Fig. 1b and c). A negative
correlation was also identified between the DTR and cloud cover (R= –
0.80, P < 0.0001, n=40, refer to Fig. 1b top), suggesting that the
increase in cloud cover is another important factor that has resulted in
the decrease in the DTR over ECN. This increasing trend of cloud cover
is consistent with Xu (2012), who showed an increase in the low cloud
cover to the south of the Yangtze River during 1960–2009. Inconsistent
with the general increase in cloud cover over the entire ECN area, there
was a decrease in cloud cover at many stations over the northern part of
ECN (to the north of 35° N latitude, Fig. 1e). This decrease in the all-day
cloud cover over northern ECN is an integrated result of the increase in
cloud cover during the nighttime (13 stations increase versus 9 stations
decrease, Fig. 3b) and the more significant decrease in cloud cover
during the daytime (16 stations decrease versus 11 stations increase,
Fig. 3a). The effect of this difference in the nighttime and daytime cloud
cover on the DTR will be discussed in detail below.

To interpret the DTR change, the effects of greenhouse gases
(GHGs), aerosols and clouds should be considered holistically (refer to
the supplementary material for details). The direct radiative effect of
GHGs on the DTR is negligible (Cao et al., 1992; IPCC, 2013) because
GHGs are transparent to SR, and their effects on long-wave radiation
(LWR) are equivalent during the daytime and nighttime and are thus
equally efficient in affecting Tmax and Tmin (Kukla and Karl, 1993). On
the other hand, the decrease in the SR and the decline of sunshine
duration in China since the 1960s have been attributed to air pollution
and increased aerosol loading (Che et al., 2005; Wang et al., 2012),

suggesting the importance of considering aerosols in radiation balance
and DTR variation.

Regarding the contribution of the increased aerosol loading and
increased cloud cover (Fig. 1c and e) to the decrease in the DTR (Fig. 1a
and b) over ECN, (i) the aerosol loading and cloud cover over ECN
during 1973–2012, both of which showed a coherent increasing trend,
tended to reduce the daytime SR, thus favoring a decrease in the Tmax

and, consequently a decrease in the DTR; (ii) the cloud cover was found
to increase more rapidly during the nighttime (+0.12 tenth of the total
celestial dome per 10-years), which is approximately 1.5 times that of
the cloud cover during the daytime (+0.076 tenth/10-years, Fig. 1c).
This difference may have resulted in a more significantly enhanced
cloud effect upon trapping of the LWR at night (thus an increase in
Tmin) and contributed partially to the decrease in DTR.

Summarizing from the perspective of radiative forcing agents, (i)
the direct effect of GHGs on the DTR is negligible, (ii) an increase in the
aerosol loading (associated with more frequent fog-haze episodes over
the region in recent years) can reduce the daytime SR, decrease the Tmax

and decrease the DTR, (iii) and the cloud influence on the DTR is a
combined effect of reducing the daytime SR (associated with a decrease
of Tmax) and trapping the LWR with a daytime-nighttime difference,
which is determined by the daytime and nighttime difference in cloud
cover and consequently influences the Tmax and Tmin. Over the northern
part of ECN, the trapping of LWR by the more significantly increased
cloud cover during the nighttime (Fig. 3b) can result in more sig-
nificantly enhanced nighttime warming than the daytime (with a gen-
eral decrease in the cloud cover, Fig. 3a). Such enhanced nighttime
warming (i.e., Tmin increase) can also contribute to the decrease in the
DTR (Fig. 1a).

Considering the daytime and nighttime effects separately, Tmin is
positively correlated with the nighttime cloud cover (R=0.44,
P < 0.005, n=40, Fig. 1d) in the winter, whereas the Tmax is nega-
tively correlated with the daytime cloud cover (R= – 0.47, P < 0.005,
n=40, Fig. 1h). The opposite response of air temperature to cloud
cover (positive during the nighttime due to trapping of the LWR, and
negative during the daytime due to reducing of the SR) and the overall
increasing trend of cloud cover over ECN (Fig. 1c) are consistent with
the decrease in the DTR during 1973–2012 (Fig. 1b).

Fig. 4 illustrates that the air temperature trend at 5:00 a.m. local
time (LT; the latest record before sunrise of the daily 8 times records)
for the cloudy condition (cloud cover > 3/10, +0.52 °C per 10-years,
R = 0.52, P < 0.001, n= 40, Fig. 4b) almost doubled that for the
none/less cloud condition (cloud cover ≤ 3/10, +0.28 °C per 10-years,
R = 0.30, P < 0.1, n=40, Fig. 4a) over ECN in the winter during
1973–2012. The more significant T increase for the cloudy condition at
night highlights the cloud effect on trapping of the LWR and nighttime
warming. An analysis based on the ECMWF reanalysis data demon-
strates that the trend of the surface air temperature at 5:00 a.m. LT in
the winter increased from +0.12 °C per 10-years (insignificant) for the
cloud fraction (CF) ranged in 0/10–2/10 to + 0.39 °C per 10-years
(R = 0.45, P < 0.005, n=38) for the CF ranged in 8/10–10/10
during 1979–2016 (refer to the supplementary material for details). The
higher warming rate under a high-CF condition supports the above
analysis based on the surface meteorological observations. The net total
radiative forcing due to both direct and indirect aerosol effects at five
rural USA sites during 2006–2011 was – 19W/m2 during the daytime in
contrast to +16 W/m2 averaged diurnally (Ten Hoeve and Augustine,
2015), which also suggests a positive nighttime radiative forcing.

Interestingly, the decreasing DTR is related to air pollution over
ECN. A negative correlation was identified between Vis and cloud cover
(R= – 0.83, P < 0.0001, n= 40, refer to Fig. 1g top); an increase in
cloud cover (Fig. 1c) was found to occur concurrently with an increase
in aerosol loading (presumably reflected by the decrease in Vis, as
presented in Fig. 1g, which is associated with more frequent fog and
haze episodes in recent years). Both the increase in cloud cover and the
increase in aerosol loading tend to reduce the SR during the daytime
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and result in a decrease in the Tmax. On the other hand, nighttime
warming, which is due to the more significantly enhanced cloud effect
on trapping of the LWR by the more rapidly increased cloud cover at
night (as discussed before), tends to result in an increase in the Tmin.
These effects thus result in a decrease in the DTR. This is a possible
mechanism for how air pollution is linked to the decrease in the DTR.

The discussion above is mainly for the winter; the result for the
summer is similar (refer to the supplementary material for details). The
decreasing trend in the DTR for the summer (– 0.092 °C per 10-years,
R= – 0.41, P < 0.01, n= 40) is smaller than that for the winter, and
the summertime trend in the Tmin (+0.28 °C) is approximately a factor
of 1.5 of that in the Tmax (+0.20 °C). The smaller difference between
the trends of the Tmin and Tmax in the summer (compared to the winter)
suggests a nighttime warming that is not as significant as that in the
winter.

Considering the similar aerosol and cloud effect (for reducing the
SR) and the additional cloud effect (for trapping the LWR) on the sur-
face energy balance, the variations in the aerosols and clouds are im-
portant for their collaborative effect on the DTR, ABL evolution and air
pollution, which will be discussed below.

5. Collaborative effect of aerosols and clouds

The time series of the AOD and CF derived from MODIS Terra in the
winter months (December, January and February) during 2000–2012
show a similar increasing trend over ECN (Fig. 5a). A positive corre-
lation exists between the winter monthly AOD and CF (R=0.61,
P < 0.0001, n=39, Fig. 5b) during 2000–2012. This increase in cloud
cover corresponding to the increase in AOD was also found in other
area (Ten Hoeve and Augustine, 2015). However, considering the
complicated and non-monotonic relationship between clouds and
aerosols (Dagan and Chemke, 2016; Dagan et al., 2017), the synchro-
nous variation of the AOD and CF over ECN, which does not necessarily
reflect a causality between the increase in cloud cover and the increase
in aerosol loading, is probably due to the covariation of the AOD and CF
with specific meteorological factors, such as RH. Indeed, both the AOD
and CF show a positive correlation with RH (R=0.45 and 0.70, re-
spectively, P < 0.0001, n=39, Fig. 5c). The cloud formation is ex-
pected to enhance at an elevated RH (with a more abundant moisture
supply); meanwhile, an elevated RH can also enhance the secondary
formation and the hygroscopic growth of aerosols (Sun et al., 2013; Qu
et al., 2015b), subsequently increasing the AOD. The latter process is
also supported by the major hygroscopic component of the aerosols
over ECN, in which the sulfate extinction AOD derived from MERRA-2
accounts for approximately 75% of the total aerosol AOD in the winter
months during 1980–2012 (Fig. 5d). The long-term statistics here does
not necessarily reflect any direct causal relationship between aerosols
and clouds. However, further consideration of the specific chemical
composition of aerosols and cloud condensation nuclei (CCN) should be
helpful for investigating their relationship and interaction over dif-
ferent regions.

Because aerosols can serve as a source for CCN, a change in aerosols
can affect the optical properties (Twomey, 1977; Wang et al., 2010,
2015), the extent (Albrecht, 1989) and thickness (Andreae et al., 2004;
Altaratz et al., 2014) of the clouds as well as the precipitation (Koren
et al., 2014). Kaufman and Koren (2006) reported that the elevated
aerosol concentration was estimated to result in an increase in the
average cloud cover by 5%. Gryspeerdt et al. (2016) found that the
AOD-cloud cover relationship mainly resulted from the covariations of
aerosol and cloud properties with the RH and convergence. Ten Hoeve
and Augustine (2015) also highlighted the influence of the aerosol
composition on the relationship between cloud cover and AOD. Al-
though the exact mechanism and causality still must be further studied,
the synchronous variation in the aerosol loading and the cloud cover
over ECN can work in concert to affect the surface energy balance and

Fig. 3. (a) The trend of the daytime total lowest cloud cover (CLD, tenth of the total celestial dome) for the stations over China in winter (December, January and
February, DJF) from 1973 to 2012, all shown trends are significant at 95% confidence level. Partition of the area in China can be found in Qu et al. (2013, 2015a),
and the area shaded with light green, green and dark green is eastern China (ECN). (b), same as (a) but for the nighttime CLD.

Fig. 4. The trend of air temperature (°C/10yr) at 5:00 a.m. LT (local time) over
eastern China under (a) none/less cloud (cloud cover≤ 3/10) and (b) cloudy
(cloud cover > 3/10) conditions in winter from 1973 to 2012.
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ABL evolution, which consequently influence the DTR and air pollution
in the region.

6. Effect of aerosols and clouds on the ABL evolution: possible
mechanism for air pollution

According to the above discussion, the increased amount of aerosols
is expected to reduce the SR reaching the surface, stabilize the ABL and
favor the occurrence of air pollution (Quan et al., 2013; Zhang et al.,
2013; Petäjä et al., 2016). Similarly, an increase in cloud cover will
reduce the SR, leading to another possible positive feedback loop, such
as “higher aerosol concentration and larger cloud fraction → SR re-
duction → cooling surface and more stable ABL → enhanced accumu-
lation of pollutants and more polluted atmosphere”, as supported by the
synchronous variation in the AOD and cloud cover over ECN (section
5). A recent observational study of Nanjing, China (Zou et al., 2017)
also found that high aerosol loading can significantly increase the ABL
stability and efficiently reduce the BLH.

The effect of the increased aerosol loading and cloud cover on the
SR reduction (which further affect the ABL stabilization and air pollu-
tion) can be validated by the decrease in the surface incoming short-
wave flux (indicating SR) over ECN (– 2.2 and – 6.6W/m2 per 10-years,
R= – 0.42 and – 0.79, P < 0.05 and < 0.0001 in the winter and
summer, respectively, Fig. 6a and b) during 1980–2014, which is

negatively correlated with the total aerosol extinction optical depth and
the total lowest cloud cover in the winter (R= – 0.61 and – 0.85,
P < 0.0001, Fig. 6c and e) and summer (R= – 0.70 and – 0.55,
P < 0.0001, Fig. 6d and f).

A comparison of the diurnal variation of pollutants and meteor-
ological factors between a fog-haze day and a normal day is helpful for
understanding how the more stable and weakening diurnal evolution
ABL contributes to the occurrence and long-durative persistence of air
pollution episodes (Fig. 7). Analysis of the sounding observations
(http://weather.uwyo.edu/upperair/sounding.html) for the fog and
haze episodes in Beijing during December 11, 2016 to January 17, 2017
showed that an enhanced temperature inversion persisted during both
nighttime and daytime on the fog-haze days and that the water vapor
condensation height was reduced to as low as 100–200m (figures not
shown). During normal clear days (with no significant air pollution), a
decrease in the PM2.5 concentration, an increase in the surface wind
speed (WDSP) and a decrease in the RH generally occurred in the
afternoon with more convective ABL; in contrast, during the fog and
haze days (H-1, December 17 to 21, 2016, and H-2, December 30, 2016
to January 7, 2017, when the air quality was reported as high-level
pollution to severe pollution by MEPC, Fig. 8) the PM2.5 concentration
and RH generally remained at high levels (Fig. 8c and b) and were
associated with a low WDSP (Fig. 8a) and a more stable ABL throughout
the day. Therefore, (i) the general diffusion and dilution of pollutants

Fig. 5. (a) Time series of the monthly aerosol optical depth (AOD, unitless) and the monthly cloud fraction (CF, unitless, reflecting the cloud cover) from MODIS
Terra over 110–120° E, 20–40° N (the typical eastern China region, ECN) in winter months (December, January and February) during 2000–2012. (b) Scatter plot of
the monthly CF (y-axis) with monthly AOD over ECN in winter months during 2000–2012; the best linear fitting line (dashed) between variables on the y-axis and x-
axis is also shown. (c), same as (b) but for monthly AOD (y-axis) and CF (y-axis) with the monthly mean relative humidity (RH, %) at 1000 hPa, 925 hPa and 850 hPa
levels over ECN. (d), same as (b) but for the extinction AODs of the major aerosol components such as sulfate, organic carbon (OC), black carbon (BC), dust and
seasalt derived from MERRA-2 (y-axis) with AOD of the total aerosol over ECN in winter months during 1980–2012.
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that normally occur in the afternoon (accompanied with more efficient
convection and turbulent mixing) on a clear day could weaken or dis-
appear during fog-haze days, and this could be one reason for the
persistence of air pollution episodes (Fig. 7). Consistently, Qu et al.
(2015a) identified a lower afternoon BLH over ECN during a less CW
influenced and more polluted winter. The second reason for the per-
sistence of regional fog-haze episodes could be (ii) the maintenance of a

high RH as well as an enhanced secondary formation and hygroscopic
growth of aerosols (which are more efficient at a high RH; Sun et al.,
2013; Qu et al., 2015b) throughout the day (Fig. 7). Indeed, during the
fog and haze episodes (H-1 and H-2, Fig. 8), the RH was consistent
throughout the day at a high level that was comparable or greater than
60% (Fig. 8b, e.g., during December 20–21, 2016, and January 1 and
January 4–7, 2017); or the low RH (i.e., < 40%) duration (that might

Fig. 6. Time series of the surface incoming short-wave flux (W m−2) derived from the MERRA-2 model over 110–120° E, 20–40° N (the typical eastern China region,
ECN) in (a) winter (December, January and February, DJF) and (b) summer (June, July and August, JJA) during 1980–2014. Scatter plot of the surface incoming
short-wave flux (y-axis) with the extinction aerosol optical depth for the total aerosol (unitless) derived from MERRA-2 over ECN in (c) winter and (d) summer; the
best linear fitting line (dashed) between variables on the y-axis and x-axis is also shown. (e) and (f), same as (c) and (d) but for the surface incoming short-wave flux
with the total lowest cloud cover (in tenth of the total celestial dome).
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occur at noon and in the afternoon) became much less than that during
the clear days, and could be reduced to less than 6 h (e.g., during De-
cember 17–19 and December 30–31, 2016, and January 2–3, 2017).
Here 60% is the deliquescence point of aerosols, exceeding which hy-
groscopic growth becomes more efficient (Wang et al., 2008). To con-
sider the hygroscopic growth, we calculated the ambient PM2.5 con-
centration (abbreviated as APM25C, Fig. 8) using the IMPROVE
(Interagency Monitoring of Protected Visual Environments) algorithm
(http://vista.cira.colostate.edu/Improve/the-improve-algorithm/). The
ambient concentration of sulfate and nitrate was calculated by multi-
plying the dry mass concentration of sulfate and nitrate (which is as-
sumed to account for 37% of the PM2.5 dry mass concentration ac-
cording to Zhao et al., 2013a) by a hygroscopic growth factor f(RH)
(http://vista.cira.colostate.edu/Improve/wp-content/uploads/2016/
03/fRHOriginalIMPROVE.csv). The calculated ambient sulfate and ni-
trate concentration was subsequently added to the concentration of the
other species to obtain the APM25C (Zhao et al., 2013a). Because f(RH)
shows exponential growth with an increase of in RH (within the high

RH range), the calculated APM25C varied beyond several orders of
magnitude. To accommodate this feature and facilitate the comparison
of the APM25C, the natural logarithm (Ln) was used here. A Ln (am-
bient PM2.5 concentration) > 5 during the pollution episodes (e.g., H-1
and H-2, Fig. 8d) suggests that the APM25C persisted at a high level
(associated with aggravation of air pollution) during the fog-haze epi-
sodes in contrast to the low level of APM25C found during normal clear
days. In a broader context, the increase in global surface specific hu-
midity accompanied with warming (Dai, 2006) may enhance these
processes and favor the occurrence and persistence of fog and haze
episodes.

In summary, in contrast to normal clear days in which there is
diffusion and dilution of pollutants and a decrease in RH that generally
occurs with a more convective ABL in the afternoon, the ABL during
fog-haze days shows less diurnal contrast, with a low WDSP, a high RH
as well as a high dry and ambient PM2.5 concentration persisting
throughout the day. Thus, the maintenance of an atmospheric tem-
perature inversion that is associated with a stable, shallow and humid

Fig. 7. A conceptual illustration about the effect of increased aerosol, cloud and more stagnant weather on the stability and diurnal evolution of atmospheric
boundary layer (ABL), and consequently on the occurrence of regional persistent fog-haze episodes and aggravation of air pollution.

Fig. 8. Diurnal variation of the near surface (a) wind speed (WDSP, m/s), (b) relative humidity (RH, %), (c) PM2.5 concentration reported by the Ministry of
Environment Protection of China (MEPC), and (d) the natural logarithm (Ln) of the ambient PM2.5 concentration in Beijing during December 11, 2016 to January 17,
2017; the cell filled with white indicates a missing value for the time. During this period, there were two persistent fog, haze and air pollution episodes during
December 17 to 21, 2016 (H-1) and during December 30, 2016 to January 7, 2017 (H-2), accompanied with high PM2.5 concentration, and the air quality was
reported as high-level pollution to severe pollution by MEPC.
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ABL with less diurnal variation ABL (under a specific stable synoptic
system) is favorable for the formation and persistence of fog-haze and
air pollution episodes.

7. Conclusions and discussion

Air pollution was found to be related to weakened diurnal evolution
of the ABL, which was demonstrated by a concurrent decrease in the Vis
and DTR over ECN in recent years. Accompanied with the aggravation
of air pollution, an increase in both aerosol loading and cloud cover was
identified, which can reduce the SR reaching the surface, stabilize the
ABL and weaken the diurnal ABL evolution, thus favoring the occur-
rence of more severe and persistent fog-haze episodes. The negative
Tmin-Vis correlation and positive DTR-Vis correlation are consistent
with the fact that a warmer winter with lower DTR and weaker ABL
diurnal evolution is hazier than a colder winter with higher DTR and
more dynamic ABL evolution. The weakened diurnal evolution of the
ABL, which is characterized by a reducing diurnal contrast in T, Vis,
wind speed and cloud cover, is important for air pollution aggravation
over ECN and must be carefully considered.

Our comparison of the BLH from the MERRA-2 reanalysis data with
the calculated RH-BLH and θ-BLH from sounding at nine typical sta-
tions over ECN generally supports a decrease in the BLH in the region.
However, further investigation of the variation in the BLH with con-
sideration of the frequency of atmospheric temperature inversions and
the sounding observation is warranted to further clarify how the ABL
evolution interacts with the regional air pollution over ECN in the
context of increasing anthropogenic emissions and more frequent
stagnant weather conditions in the region. Furthermore, the sounding
data in China during the early years generally has coarse vertical re-
solution, and the surface-level records are occasionally missing, sug-
gesting that more careful consideration should be taken, such as only
considering the standard pressure level to reduce the uncertainty from
the inconsistent vertical resolution during the study period. A combined
systematic algorithm using adequate methods of the BLH calculation as
suggested in Seidel et al. (2010) must be constructed for determining
the BLH from the sounding observations and to subsequently evaluate
the BLH variation over ECN.

On the other hand, measurements of the diurnal variation in aerosol
composition for the secondary and hygroscopic species are also neces-
sary to determine how the persistence of more efficient secondary
formation and hygroscopic growth of aerosols contributes to the oc-
currence of regional persistent fog and haze episodes. The “aerosol,
cloud – ABL – air pollution” feedback and the suggested mechanism of
regional persistent fog-haze episodes, which are associated with the
weakened diurnal evolution of the ABL, should be considered to im-
prove regional air quality forecasts over ECN.

The increasing trend in Tmin (+0.39 and + 0.28 °C per 10-years) is
approximately a factor of 2.5 and 1.5 of that in the Tmax (+0.15
and + 0.20 °C per 10-years) in the winter and summer, respectively,
which resulted in a decrease in the DTR over ECN during 1973–2012.
While the GHG warming is equivalent all day, the faster increase in the
Tmin and the decrease in the DTR are due to the following: (i) the
counterbalance to GHG warming due to a reduction in the SR by
aerosols and clouds, which is only effective during the daytime and
slows down the increase in Tmax; (ii) the trapping of LWR with a greater
nighttime magnitude by the more rapid increase in cloud cover at night
versus the day (+0.12 versus + 0.076 tenth of the total celestial dome
per 10-years in winter), which further increases Tmin. Compare with the
daytime, the more rapid increase in cloud cover at night and the dou-
bled warming trend at 5:00 a.m. LT for a cloud cover> 3/10 (against
that for a cloud cover≤ 3/10) highlights the nighttime cloud effect for
trapping LWR (with a larger magnitude), favoring a more significant
nighttime warming.

The concurrent decline in the DTR and Vis as well as the synchro-
nous variation in the aerosols and clouds over ECN are unique in the

global background; a preliminary inspection found different variations
in the DTR and Vis over other global areas. The chemical composition
and microphysical properties of the particles, fog droplets and CCN may
play an important role in the cloud process as well as in the formation
of fog-haze episodes. For different global areas with various aerosol
components, the interaction between the air pollution with ABL stabi-
lity and the diurnal evolution via the effect of a changing aerosol
loading and cloud cover should be investigated specifically on a re-
gional scale rather than on a global scale (as suggested by Chin et al.
(2014)), which should be carefully considered in future modeling re-
search.
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