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ABSTRACT
Temperature inversions inhibit the transfer of momentum, heat and moisture in the atmosphere and have led
to severe air pollution in China. This study investigated the spatiotemporal variation in temperature
inversions in China using sounding data for the past four decades. Surface-based inversion, elevated
inversion, and both in one sounding dataset were analysed. Statistical analyses of inversion parameters
included frequency, strength and depth. The annual frequency of total inversions showed no significant
increasing or decreasing trend with mean values of 0.78, 0.33, 0.24, 0.28, 0.5 and 0.36 at six stations
representing different climate zones—Beijing, Harbin, Haikou, Shaowu, Ruoqiang, and Xining, respectively.
The annual inversion strength and depth showed downward trends. Monthly variation in inversion frequency
and strength differed among stations. The weakest surface-based inversion was found in summer at Beijing
and Harbin with mean values of 1 and 1.3  C, respectively; the strongest surface-based inversion was found
in winter with respective mean values of 3.5 and 3.6  C. Higher surface temperature in summer and
subsidence aloft in winter may explain the monthly variation in inversion depth with a minimum in summer,
with mean values of 165, 334, 135, 267, 363 and 420 m, and a maximum in winter, with mean values of 250,
646, 140, 591, 806 and 664 m, at the six respective stations. Total inversion was least frequent in
southwestern China (mean 0.15), surface-based inversion was most frequent in the north (mean 0.78), and
elevated inversion was most frequent in the southeast (mean 0.42). The strongest, deepest surface-based
inversion dominated in the north (mean 3.4  C and 398 m). Elevated inversion strength did not significantly
differ among regions (mean 2.5  C). The deepest elevated inversion dominated in the southeast (mean 654 m).
Future efforts should focus on the interactions between aerosols and temperature inversions and accurate
model simulations of temperature inversions.
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1. Introduction
Temperature inversion, which is defined meteorologically
as a layer of air where the temperature increases with altitude (Bilello, 1968), plays an essential role in determining
atmospheric stability and has a considerable influence on
meteorological and environmental issues (Anfossi et al.,
Corresponding author. e-mail: songyu@pku.edu.cn

1976). The temperature inversion layer generally acts as a
‘lid’ that constrains vertical airflow through the layer
(Hudson and Brandt, 2005; Gramsch et al., 2014) and
strongly depresses the transfer of momentum, heat, and
moisture in the air (Serreze et al., 1992; Kahl et al.,
1996), resulting in high humidity and weak winds. The
presence of temperature inversions is not favourable for
the development of deep local circulations, because the
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vertical extension of local circulations is hindered by
strong stratification (Ganbat and Baik, 2016). Pollutants
that are emitted into an inversion layer are difficult to
dilute by vertical mixing (Abdul-Wahab, 2003; AbdulWahab et al., 2004). The stagnant conditions resulting
from temperature inversion also favour chemical reactions in liquid and heterogeneous phases that benefit the
formation of new secondary aerosols (Silva et al., 2007).
Serious atmospheric pollution events have been attributed
to continuous long-lived temperature inversion layers
(Gao et al., 2015, 2016; Yang et al., 2015; Zhang et al.,
2015; Zhong et al., 2018).
It is important to study the behaviour of temperature
inversions and the variation in their general characteristics because of their strong link with physical processes
and air pollution (Abdul-Wahab et al., 2004). Moreover,
temperature inversion is a prominent climate feature and
long-term changes in temperature inversions may even
reflect climate change (Kahl et al., 1996). Temperature
inversions may be distinct in different regions because of
the influence of different terrains, surface land, and
atmospheric circulation. The inversion layers are generated at different heights above the ground, with different
strengths and depths, which are caused by different mechanisms, including surface cooling resulting from a negative radiation budget, warm air advection over a colder
surface layer, subsidence and topography (Kassomenos
and Koletsis, 2005; Liu et al., 2006; Vihma et al., 2011).
Therefore, it is important to investigate long-term trends
and spatial variation in temperature inversions. There has
been much research on temperature inversions over the
last several decades (Rouch, 1920; Douglas, 1932; Mai
et al., 1932; Kahl, 1990; Kahl et al., 1996; Abdul-Wahab
et al., 2004; Bourne et al., 2010; Wolf et al., 2014; Liu
et al., 2016). Using nearly 30,000 Arctic Ocean temperature profiles for 1950–1990, Kahl et al. (1996) investigated long-term changes in the low-level tropospheric
inversion layer and found that the temperature difference
across the inversion layer increased significantly during
winter and autumn. Focusing on monthly changes in
inversion frequency, depth and strength, Abdul-Wahab
et al. (2004) reported a reduction in surface-based inversion depths, accompanied by increases in both the
strength of surface-based inversions and surface temperatures in Oman. Wolf et al. (2014) studied a 2-year record
of ground-based and elevated inversions in the Bergen
Valley, Norway, and found that ground-based inversions
were common during winter nocturnal hours, whereas
elevated inversions were recorded mostly in spring and
summer. Bourne et al. (2010) analysed surface-based temperature inversions in Alaska and found that the relationship between Alaskan inversions and the Pacific Decadal

Oscillation changes over time and was stronger before
1989 than in recent years.
In recent decades, China, a vast country in East Asia,
has been experiencing temperature changes related to
variation in the global atmospheric circulation and synoptic pattern (Yan et al., 2002; You et al., 2011). Moreover,
local circulation, topography, and land cover can also
result in regional variation in temperature (Gao et al.,
2007; Soon et al., 2011; Li et al., 2015b). Thus, temperature inversions in different regions may be distinct due to
differences in topography, land cover, and climate in
China. The differences in temperature inversions from the
north to south and west to east could be significant. In
recent years, severe air pollution events related to largescale emission of air pollutants and disadvantageous
meteorological conditions have frequently occurred in
China and have attracted a great deal of attention
(Guinot et al., 2007; Jung et al., 2009; Zhang et al., 2012;
Wang et al., 2015; Cui et al., 2016). Temperature inversions in China have previously been investigated (Chan
et al., 2005; Ji et al., 2012; Zhao et al., 2013; Gao et al.,
2016), but most of these studies focused on short-term
periods of air pollution. Although Li et al. (2012) investigated temperature inversions from 1990 to 2010, radiosonde data at only seven stations were analysed, of which
five stations were near 30 N. There have been no comprehensive explorations of the spatial and temporal variation
in temperature inversion characteristics over China. In
this study, the spatiotemporal variation in temperature
inversions in China was identified using sounding data
from the 40 years from 1976 to 2015. Possible factors
responsible for these long-term changes as well as
monthly and spatial variation in temperature inversions
for the whole of China are discussed.

2. Data and methodology
2.1. Sounding data and quality control
The sounding data used in this study were obtained from
the Department of Atmospheric Science, University of
Wyoming. The global data are available twice daily
(00:00 and 12:00 UTC) and updated every day. Pressure,
height, temperature, dew-point temperature, mixing ratio,
humidity, wind speed, wind direction, and potential temperature are all included in the data, and vertical height
ranges from dozens of meters to tens of thousands
of meters.
The data period extends from 1976 to 2015. Stations
for which more than 50% of data were available were
selected. Ultimately, data from 82 stations were used in
this study (Fig. 1; South China Sea is not included in the
maps of China in this study; more detailed information is

TEMPERATURE INVERSIONS IN CHINA DERIVED FROM SOUNDING DATA FROM 1976 TO 2015

listed in Table S1). Only approximately 0.08% of recorders were excluded, e.g., those lacking temperature data,
geopotential height increase with pressure decrease.
Temperature profiles as a function of height were used to
investigate the temperature inversions in China. As the
atmospheric boundary layer exceeds 2000 m in the
Qinghai-Tibet plateau region in China and deep mixed
layers may develop up to 4000–6000 m above many
deserts (Gamo, 1996), temperature data up to 4000 m
were used in this study. In this study, six stations were
selected to study the temporal patterns of temperature
inversions, both yearly and monthly. Station Beijing is
located in northern China and represents a warm temperate continental monsoon climate; station Harbin is in
northeast China and represents a temperate continental
monsoon climate; station Haikou is in south China and
represents a tropical oceanic monsoon climate; station

Fig. 1. Spatial distribution of 82 national meteorological
stations in China (red solid circle).
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Shaowu is in southeast China and represents a subtropical monsoon climate; station Ruoqiang is in northwest
China and represents a typical continental arid climate;
and station Xining is on the Qinghai-Tibet Plateau and
represents a plateau and mountain climate (Fig. S1).

2.2. Methodology
In this study, temperature inversions were divided into
three different types: surface-based inversion (SI), elevated inversion (EI), and both surface-based and elevated
temperature inversions in one sounding dataset (SEI). SI
is defined as a temperature profile with DT1 > 0 and
DTi < 0 for i 2 (2, … , n). The SI layer is primarily driven
by a deficit of solar radiation at the Earth’s surface
(Kahl, 1990); it usually occurs on long nights, as in winter when outgoing radiation from the Earth exceeds
incoming solar radiation, and it is favoured by clear skies
with calm conditions or weak winds (Abdul-Wahab,
2003). Within the surface-based inversion layer, pollutants can accumulate, favouring chemical reactions. EI is
defined as a temperature profile with DT1 < 0 and
DTi > 0 for at least one i 2 (2, … , n). The EI layer generally results from advection of warm air from low latitudes
or high-pressure systems (Busch et al., 1982). Sinking
motions and wind shear can also result in an EI layer
(Kassomenos and Koletsis, 2005; Cassano et al., 2016).
This EI layer traps pollutants within it as the height of
both smoke stacks and other emission sources emitting
the pollutants is generally lower than the top of the EI
layer. SEI is defined as a temperature profile with
DT1 > 0 and DTi > 0 for at least one i 2 (3, … , n). This
multilayer temperature inversion may be generated under
many scenarios, such as when surface radiation and
advection of warm air occur simultaneously, and tends to
be more stable than SI and EI. DT is defined as
Ti þ 1–Ti, where i represents the number of layers (Kahl,
1990; Wolf et al., 2014). Three fundamental parameters
described by Kahl et al. (1996) were used to investigate
inversion characteristics throughout the analysis period:
inversion frequency, inversion depth, and inversion

Table 1. Inversion depth in summer and winter at six stations.
SI
Station
Beijing
Harbin
Haikou
Shaowu
Ruoqiang
Xining
Unit: m.

EI

SEIs

SEIe

Summer

Winter

Summer

Winter

Summer

Winter

Summer

Winter

165
334
135
267
363
420

250
646
140
591
806
664

270
217
198
133
158
164

360
817
852
1088
833
194

183
308
114
267
389
423

232
623
138
567
806
638

200
96
189
35
255
81

354
508
358
553
872
139
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Fig. 2. Annual relative frequencies of total inversion (FTI), surface-based temperature inversion (FSI), elevated temperature inversion
(FEI) and both surface-based and elevated temperature inversion (FSEI) from 1976 to 2015.

strength. The frequencies of total inversions (FTI), SI
(FSI), EI (FEI) and SEI (FSEI) are defined as:
FTI ¼ NI =NT

(1)

FSI ¼ NSI =NI

(2)

FEI ¼ NEI =NI

(3)

FSEI ¼ NSEI =NI

(4)

where NSI, NEI and NSEI are the numbers of SI, EI and
SEI, respectively. NT is the total amount of sounding
data and NI is the number of total inversions.
The inversion strength is defined as the difference
between minimum and maximum temperatures within the
inversion layer (Fig. S1), which is an index of low tropospheric stability. The inversion depth is defined as the
height difference between the bottom and top of the
inversion layer (Fig. S1), and it describes the vertical
extent of an inversion. A thicker inversion has a greater
impact on convection, requires more energy to dissipate,
and therefore lasts longer (Kassomenos et al., 2014).
Both stronger and deeper inversions are more effective at
trapping moisture, permitting greater cloud cover, and
benefiting secondary reactions between air pollutants,
thus leading to more severe air pollution (Wood and
Bretherton, 2006). When successive inversion layers were
detected, inversion strength and depth were analysed by
combining successive layers together to consider the total
inversion depth and strength and create a stronger and

deeper inversion (Kassomenos and Koletsis, 2005). When
discontinuous EI layers were present in any single sounding dataset, only the first EI layer parameters were calculated. Analyses of temperature inversion frequency,
strength, and depth were carried out temporally and spatially. More detailed descriptions of inversion strength
and depth can be found in our earlier study (Xu
et al., 2019).

3. Results and discussion
3.1. Temporal variation
3.1.1. Interannual variability. The annual frequencies of
total inversions, surface-based inversions, elevated inversions, and both surface-based and elevated temperature
inversions (FTI, FSI, FEI and FSEI) from 1976 to 2015
showed no significant increasing or decreasing trends
were found for annual FTI over the past four decades
(Fig. 2). On average, annual FTI values were 0.78, 0.33,
0.24, 0.28, 0.5 and 0.36 at Beijing, Harbin, Haikou,
Shaowu, Ruoqiang and Xining, respectively. The range
of FTI was 0.64–0.88, 0.15–0.48, 0.14–0.56, 0.16–0.4,
0.37–0.61 and 0.22–0.58 at the six respective stations. TI
was more frequent in north China than in south China.
Annual FSI and FSEI were both 0.25 and showed slight
downward trends, the ranges of FSI and FSEI were
0.13–0.47 and 0.1–0.37, respectively. The annual FEI was
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Annual inversion strength from 1976 to 2015 at six stations.

0.5 and showed an increasing trend; the range of FEI was
0.3–0.63 at Beijing. Annual FSI, FEI and FSEI were 0.77,
0.21 and 0.02 and showed no significant increasing or
decreasing trend at Harbin. The ranges of FSI, FEI and
FSEI were 0.6–0.96, 0.1–0.36 and 0–0.04, respectively.
Annual FSI and FSEI were 0.71 and 0.02, with ranges of
0.25–0.97 and 0–0.1, respectively, and showed slight
downward trends, while the annual FEI was 0.27, with a
range of 0.1–0.6, and showed an increasing trend at
Haikou. The annual FSI was 0.63, with a range of
0.3–0.8, and showed a slight increasing trend (annual
increase 0.0076), whereas annual FEI and FSEI were 0.36
and 0.01, with ranges of 0.18–0.6 and 0–0.13, respectively,
and showed a decreasing trend at Shaowu. Annual FSI,
FEI and FSEI were 0.89, 0.09 and 0.02 with no significant
increasing or decreasing trends, with respective ranges of
0.73–0.95, 0.03–0.12 and 0–0.07 at Ruoqiang. Annual FSI
was 0.82, with a range of 0.39–1, and showed a slight
increasing trend (annual increase 0.01), whereas annual
FEI and FSEI were 0.11 and 0.07, with ranges of 0–0.43
and 0–0.25, respectively, and showed decreasing trends at
Xining (most of these trends in frequency variation were
significant at the  95% confidence level in t-tests; the
null hypothesis for the t-tests assumed that the inversion
characteristics did not vary from 1976 to 2015).
At Beijing station, FSI and FSEI showed slight downward trends, which may have resulted from increases in
surface temperature related to land cover changes and
urbanization over the past four decades (Zhou et al.,
2004; Ren et al., 2008). Because each SEI included two

inversion layers—surface-based SEIs and elevated SEIe,
once the SEI was broken, the SEI was converted into an
EI and thus annual FEI showed the opposite trend. At
Harbin and Ruoqiang, there were no significant increasing or decreasing trends in the temperature inversion,
possibly attributable to the comprehensive effects of land
cover change, urbanization, and continental climate. At
Haikou, there was an increasing trend of FEI and little
SEI, and thus the opposite trend of FSI could be partly
due to changes in ocean circulation (Hua et al., 2015). At
Shaowu and Xining, the increasing trend of FSI and
downward trends of FEI and FSEI may have resulted from
changes in urbanization and land cover (Zhou et al.,
2004; Gong et al., 2012; Zhang et al., 2019). Moreover,
interannual trends of FSI, FEI and FSEI were different at
different stations, which may have been due to local circulation and regional climate.
The annual inversion strengths of SI, EI, and SEI from
1976 to 2015 at the six stations showed that the inversion
strengths of SI, EI and SEI at all stations decreased over
time (most were significant at the 95% confidence level
in t-tests) (Fig. 3). The strengths of SI, EI, SEIs and SEIe
were, respectively, close to 2.6, 2.6, 2.4 and 2.3  C at
Beijing (annual decrease 0.02, 0.02, 0.01 and 0.02, respectively); 2.7, 2.9, 3.1 and 0.7  C at Harbin (annual decrease
0.03, 0.05, 0.04 and 0.01, respectively); 1.1, 4.2, 1.4 and
1.5  C at Haikou (annual decrease 0.01, 0.09, 0.04, and
0.01, respectively); 2, 3.6, 1.7 and 3.4  C at Shaowu
(annual decrease 0.06, 0.07, 0.01 and 0.06, respectively);
3.7, 5.3, 6.9, and 6.9  C at Ruoqiang (annual decrease
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Annual inversion depth from 1976 to 2015 at six stations.

0.01, 0.12, 0.08 and 0.17, respectively); and 3.1, 6.3, 3.1
and 2.8  C at Xining (annual decrease 0.03, 0.21, 0 and
0.09, respectively).
The annual inversion depths of SI, EI and SEI from
1976 to 2015 at the six stations showed overall downward
trends in depth (most were significant at the 95% confidence level in t-tests) (Fig. 4). The depths of SI, EI, SEIs
and SEIe were, respectively, close to 272, 382, 232 and
333 m at Beijing (annual decrease 2.96, 2.74, 2.85 and
1.47, respectively); 537, 611, 524 and 172 m at Harbin
(annual decrease 4.87, 4.75, 4.85 and 0.09, respectively);
126, 623, 105 and 144 m at Haikou (annual decrease 1.44,
5.9, 1.45 and 1.47, respectively); 491, 838, 466 and 794 m
at Shaowu (annual decrease 0.3, 8.47, 1.82 and 3, respectively); 491, 527, 501 and 705 m at Ruoqiang (annual
decrease 0.092, 0.63, 6.29 and 0.47, respectively); and 507,
412, 402 and 199 m at Xining (annual decrease 5.95,
11.39, 0.39 and 8.56, respectively).
The reductions in inversion strength and depth may
have been due to shifts in atmospheric circulation over
the last 40 years. Surface temperatures may have
increased and inversions may have become shallower and
weaker due to systematic increases in warm air advection.
Urbanization and land cover changes, which may have
led to increases in surface temperature, could result in
reductions in inversion strength and depth. Moreover,
increasing levels of greenhouse gases would increase
atmospheric opacity to outgoing long-wave radiation and
increase downward long-wave radiation, which could also
result in higher surface temperatures and reductions in
the depth and strength of the inversion layer (Bradley

and Keimig, 1993; Abdul-Wahab et al., 2004). Absorbing
aerosols, such as black carbon and brown carbon, which
are known to have warming effects (Ramanathan and
Carmichael, 2008; Ding et al., 2016), could also lead to a
decline of inversion strength and depth by warming the
land surface. Although inversion frequency showed different decreasing or increasing trends among the six stations, inversion strength and depth decreased over the
past four decades.
Moreover, this study examined the seasonal variation
in the temperature inversions at Beijing. This station was
chosen as an example to study the seasonal variation in
temperature inversions because the sounding data there
has finer vertical resolution and can reflect temperature
inversion characteristics better than the data from other
stations (Wolf et al., 2014; Li et al., 2015a). However,
there were no significant increasing or decreasing trends
in inversion frequency across the four seasons (all significant at the 95% confidence level in t-tests) (Fig. S2).
Mean FTI was about 0.71, 0.62, 0.85 and 0.9 in spring,
summer, autumn and winter, respectively; mean FSI was
0.22, 0.17, 0.33 and 0.24; mean FEI was 0.6, 0.72, 0.31
and 0.38; and mean FSEI was 0.18, 0.11, 0.36 and 0.38.
Inversion depth decreased slightly in all four seasons
(Fig. S3) (significant at the 95% confidence level in ttests). Mean SI depths were 188, 165, 241 and 249 m in
spring, summer, autumn and winter, respectively; and
mean EI depths were 320, 270, 307 and 364 m. Although
annual inversion strength decreased overall, seasonal
inversion strength showed different variation at Beijing
station (Fig. 5). In spring, inversion strength decreased
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Seasonal inversion strength in every year in Beijing ((a) for spring, (b) for summer, (c) for autumn and (d) for winter).

from 1976 to 1981 and showed no significant increasing
or decreasing trend from 1982 to 2015 (non-significant at
the 95% confidence level in t-tests). The mean strengths
of SI, EI, SEIs and SEIe were 2, 2.3, 1.7 and 1.7  C,
respectively. A slight decreasing trend was found in summer (annual decrease 0.03, 0.026, 0.028 and 0.017,
respectively) (significant at the 95% confidence level in
t-tests). Mean strengths of SI, EI, SEIs and SEIe were 1,
1.8, 1 and 1  C, respectively. No significant increasing or
decreasing trends were found in autumn (non-significant
at the 95% confidence level in t-tests). The mean
strengths of SI, EI, SEIs and SEIe were 3.1, 2.1, 2.9 and
1.8  C, respectively. The mean strengths of SI, EI, SEIs
and SEIe were 3.5, 2.6, 3.1 and 2.1  C in winter.
However, inversion strength showed a significant increase
from 2012 to 2015 and SI reached 4.9  C in 2015, EI
reached 5.8  C, and SEIs reached 6.8  C in 2014, which
may have been related to severe air pollution in the winter months in these years in Beijing. Further diagnostic
work and general circulation model studies are needed to
provide additional insight into the causative mechanisms
for the interannual variability of temperature inversions.
3.1.2. Monthly variability. For monthly FTI, similar
trends were found among the six stations, with a maximum in winter months and minimum in summer months
(Fig. 6). The values were 0.9, 0.63, 0.3, 0.5, 0.7 and 0.63
in winter and 0.62, 0.05, 0.08, 0.05, 0.38 and 0.23 in summer at Beijing, Harbin, Haikou, Shaowu, Ruoqiang and
Xining, respectively. In winter, cold advection occurs
southward in the lower troposphere, whereas warm
advection occurs northward in the middle troposphere;
temperature inversion appears when cold air is located
under warm air, and it is usually accompanied by a cold
front system. Conversely, in July, the northerly wind

always dominates below 370 hPa, and the same wind direction is relatively unfavourable for the formation of a
mid-level inversion (Li et al., 2012). However, FSI, FEI
and FSEI were inconsistent between stations. At Beijing
and Harbin, SI was most frequent in autumn with
respective frequencies of 0.33 and 0.79, followed by winter with respective frequencies of 0.24 and 0.74, while it
was least frequent in summer with respective mean values
of 0.17 and 0.71, and FSI was 0.23 and 0.73, respectively,
in spring. Surface heating by solar radiation reduces stability and leads to turbulent mixing in the boundary
layer, which results in a reduced FSI in summer. During
the summer months in Oman, the passage of fronts and
episodes of strong advection with turbulent mixing often
disrupt the inversion layer (Abdul-Wahab, 2003). Such
conditions are also found in China and rare in autumn
(Matsui et al., 2009; Wang et al., 2012; Chen et al.,
2013), allowing SI to persist undisturbed for longer periods. On the other hand, in winter, the net emission
exceeds energy input from the sun. The resulting negative
radiative imbalance is mainly responsible for the relatively high FSI in winter compared to summer when this
imbalance is either weak or positive (Devasthale et al.,
2010). In addition, increasing FSI during the autumn and
winter months can be explained by the longer nights than
in summer that promote surface cooling (Abdul-Wahab
et al., 2004). As FEI is the complement of FSI and FSEI,
and SEI was so infrequent that the opposite FEI trend
was seen, a higher FEI was found during the summer
months with mean values of 0.72 and 0.28 at Beijing and
Harbin, followed by spring months with mean values of
0.6 and 0.21, respectively.
The trends in FSI, FEI and FSEI differed at other stations. At Haikou and Shaowu stations, TI was most frequent in winter with respective mean values of 0.3 and
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Monthly FTI, FSI, FEI and FSEI at six stations.

0.5, followed by 0.25 and 0.26 in autumn; it was least frequent in summer with respective mean values of 0.13 and
0.08. At Haikou, SI was most frequent in autumn with a
mean value of 0.89, followed by 0.86 in spring; it was
least frequent in winter with a mean value of 0.44. At
Shaowu, SI was most frequent in summer with a mean
value of 0.83, followed by 0.76 in autumn; it was least
frequent in winter with a mean value of 0.45. At Haikou
and Shaowu, FEI was highest in winter with mean values
of 0.5 and 0.51, respectively, followed by spring months
with mean values of 0.25 and 0.4, respectively; FEI was
lowest in summer with mean values of 0.13 and 0.17,
respectively, which may have been due to seasonal variation in the ocean circulation. EI is closely linked to the
development of the so-called marine inversions, which are
initiated by the cooling effect of a large body of water on
the warmer air masses above (Palarz et al., 2019).
Interestingly, the opposite was observed at Ruoqiang in
that FSI was higher in summer (0.96) than in winter
(0.74). Ruoqiang is located in northwest China dominated by the Gobi Desert. Surface sand has a lower specific heat capacity than urban land, and therefore less
energy is needed for the temperature to change; that is, it
warms and cools rapidly, which results in large temperature differences between the surface land and air. Surface
land warming and cooling are much quicker in summer
than in winter, and the temperature difference between
the surface land and air in this region is much larger, so
radiation inversion is more common, particularly on summer nights. The Xinjiang region is controlled by the cold
Siberian High in winter; the air temperature is much

lower than in summer, and the temperature inversion
layer may be destroyed as the cold air sinks. Therefore,
FSI in summer was higher than in winter at Xinjiang. EI
showed the opposite monthly variation in that FEI was
highest in winter with a mean value of 0.3, followed by
spring with a mean value of 0.06; it was lowest in summer with a mean value of 0.03. FSEI was almost zero
in spring.
The monthly strengths of SI, EI and SEI in the various
months for the whole period of the study showed that the
monthly variation in inversion strength differed among
stations (Fig. 7). At Beijing, strengths were weakest in
summer and strongest in winter; monthly SI strength was
about 1  C in summer and 3.5  C in winter, EI strength
was about 1.8  C in summer and 2.6  C in winter, SEIs
strength was 1.2  C in summer and 3.3  C in winter, and
SEIe strength was 1.4  C in summer and 2.1  C in winter.
The same monthly variation in inversion was found at
Harbin; monthly SI strength was 1.3  C in summer
and 3.6  C in winter, EI strength was 1  C in summer and
2.8  C in winter, SEIs strength was 2  C in summer and
3.6  C in winter, and SEIe strength was 1.1  C in summer
and 1.7  C in winter.
Given the strong coupling of surface temperature and
inversion strength by radiative cooling, trends in surface
temperature should be correlated with trends in inversion
strength (Liu et al., 2006). Stations with decreasing trends
in inversion strength generally showed increasing trends
in surface skin temperature, and thus inversion strength
decreased with increases in surface skin temperature from
spring to summer. While stations with decreasing trends
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Monthly inversion strength at six stations.

in inversion strength generally showed increasing surface
skin temperature trends, inversion strength increased with
the decrease in surface skin temperature from autumn to
winter at Beijing and Harbin. In addition, Blanchet and
Girard (1995) proposed a hypothesis involving the water
vapour dehydration cycle: as an air mass cools, its dehydration is strongly dependent on water uptake by hygroscopic, anthropogenic aerosols. Enhanced removal of
water vapour increases surface radiative cooling rates and
produces a stronger inversion layer (Kahl et al., 1996). In
addition, the warm temperate continental monsoon climate at Beijing and temperate continental monsoon climate at Harbin could also impact monthly variation in
inversion strength.
There were different patterns in monthly variation at
other stations. At Ruoqiang, monthly SI was strongest in
autumn (mean 4.3  C) and weakest in spring (mean
3.1  C), monthly EI was strongest in winter (mean 3.7  C)
and weakest in autumn (mean 2.3  C), monthly SEIs was
strongest in summer (mean 6.5  C) and weakest in spring
(mean 4.8  C), and monthly SEIe was strongest in winter
(mean 3.7  C) and weakest in autumn (mean 3.2  C).
These distinct patterns may be related to the sand surface
and typical continental arid climate at Ruoqiang, which
is markedly different from Beijing and Harbin in that
urban land and a temperate continental monsoon climate
dominate. It is windy in autumn in the Xinjiang region,
so EI was more easily affected by stronger winds at high
altitude, such that it was weakest in autumn. At Haikou,

monthly SI was strongest in winter (mean 0.9  C) and
weakest in summer (mean 0.6  C), monthly EI was strongest in winter (mean 2.9  C) and weakest in autumn
(mean 1.2  C), monthly SEIs was strongest in winter
(mean 1.3  C and weakest in autumn (mean 0.8  C), and
monthly SEIe was strongest in spring (mean 1.2  C) and
weakest in summer (mean 0.3  C). At Shaowu, monthly
SI was strongest in spring (mean 1.9  C) and weakest in
autumn (mean 1.5  C), monthly EI was strongest in
spring (mean 2.6  C) and weakest in autumn (mean
1.4  C), monthly SEIs was strongest in winter (mean 2  C)
and weakest in autumn (mean 1.5  C), and monthly SEIe
was strongest in winter (mean 0.8  C) and weakest in
summer (mean 0.1  C). This monthly variation in inversion strength at Haikou and Shaowu may be related to
the ocean circulation, surface temperature, and monsoon
climate. In the tropical oceanic monsoon climate region,
the strengthened barrier layer during winter leads to a
shallower mixed layer; relatively suppressed mixing below
the mixed layer warms the subsurface layer, leading to
stronger temperature inversion (Seo et al., 2009). At
Xining, monthly SI was strongest in winter (mean 3.7  C)
and weakest in summer (mean 1.5  C), monthly EI was
strongest in spring (mean 2.9  C) and weakest in autumn
(mean 1.9  C), monthly SEIs was strongest in winter
(mean 3.6  C) and weakest in summer (mean 2.3  C), and
monthly SEIe was strongest in winter (mean 1.6  C) and
weakest in spring (mean 0.5  C). This monthly variation
in inversion strength could be related to the topography,
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Monthly inversion depth at six stations.

surface temperature, and plateau and mountain climate
at Xining. Large seasonal variation in the temperature
lapse rate can be seen in northeast China, where plateaus
and a mountain climate dominate, and there was a steep
temperature lapse rate in spring and summer with a
strong surface temperature vertical gradient inversion in
winter (Qin et al., 2018).
The monthly inversion depths of SI, EI and SEI
showed a consistent trend in that the depth was maximum in winter months and shallowest in summer
months at the six stations (Fig. 8), consistent with previous studies (Kahl et al., 1996; Tjernstrom and Graversen,
2009; Kassomenos et al., 2014). At Beijing, the SI depth
was approximately 165 m in summer and 250 m in winter,
the EI depth was approximately 270 m in summer and
360 m in winter, the SEIs depth was 183 m in summer
and 232 m in winter, and the SEIe depth was 200 m in
summer and 354 m in winter. The EI layers were deeper
than the SI layers. Table 1 lists the inversion depths at
the other stations. Cooling of the overlying atmosphere
causes the inversion to progressively increase in thickness.
Thus, lower surface temperatures are associated with
deeper inversion layers (Bradley et al., 1992; Bradley and
Keimig, 1993). Synoptic conditions, which lead to strong
surface cooling (clear sky, anti-cyclonic conditions), are
generally correlated with the development of the deepest
SI layers and may also produce deeper EI layers, due to
subsidence aloft (Busch et al., 1982). In addition, the

inversion depth increases with decreasing relative humidity (Vihma et al., 2011), and therefore deeper inversion
was found in winter as relative humidity was lower compared to that in summer.

3.2. Spatial variation
Overall, FTI in summer was lower than in the other seasons (Fig. S4), consistent with the temporal variation in
FTI at each station. Similar spatial variation in four seasons was found in that TI was least frequent in southwestern China (including the Qinghai and Tibetan
Plateaus, Chongqing, and Sichuan province) (mean 0.15)
(Fig. 9a), which was possibly related to local circulation,
regional climate and topography. TI was most frequent
in north China (including the Xinjiang Uygur
Autonomous Region, Ningxia Hui Autonomous Region,
Gansu province, Inner Mongolia Autonomous Region,
Heilongjiang province, Jilin province and Liaoning province) (mean 0.49), where dust storms occur frequently,
especially in winter and early spring. TI was less frequent
in southeast China (including Fujian province,
Guangdong province, Guangxi province, Anhui province,
Hunan province, Hubei province, Zhejiang province,
Jiangsu province, Jiangxi province and Hainan province)
(mean 0.41), which has a sub-tropical climate under the
influence of the Asian monsoon, in which air masses
mainly come from northern China during winter. FSI
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Spatial variation of FTI (a), FSI (b), FEI (c) and FSEI (d).

showed similar spatial variation in the four seasons (Fig.
S5) and was highest in north China (mean 0.78) (Fig. 9b),
possibly due to lower surface temperatures, longer winters, and greater temperature differences between day and
night there. SI was less frequent in southwest China
(mean 0.51), which has a moist, cloudy environment
unfavourable for radiation cooling and where the temperature inversion intensity is relatively weak (Li et al.,
2012). SI was least frequent in the southeast (mean 0.47).
Typically, SI are rarely found over marine areas with subtropical monsoon climate, which is thought to be a consequence of large heat capacity of water providing the
possibility of absorbing large amounts of solar energy
without significant changes in near-surface air temperature (Palarz et al., 2018; Palarz et al., 2019). FEI showed
similar spatial variation in the four seasons (Fig. S6) and
EI was most frequent in the southeast (mean 0.42) (Fig.
9c), consistent with the temporal variation in that FEI
was higher at Haikou and Shaowu. Southeast China with
monsoon climate is closer to the Pacific than other

regions, and more EI possibly results from upper-level
warming related to atmospheric circulation generated on
the ocean, which is agreement with previous study that
the inversions over the open water zone were elevated
(Tian et al., 2020). EI was less frequent in north China
(mean 0.17) and least frequent in the southwest (mean
0.13). SEI was much less frequent than SI and EI; it was
slightly more frequent in winter than in the other seasons
(Fig. S7) and did not differ significantly throughout
China (mean 0.06) (Fig. 9d). Over different regions, SI
development may be attributed to surface radiation and
EI development may be attributed to surface radiation
and large-scale subsidence and adiabatic heating of air
parcels in extensive high-pressure systems (Palarz et al.,
2019). Therefore, stronger surface radiation in north
China and more frequent subsidence in south China may
be responsible for the uniformity of the SEI frequency
over China.
The inversion strength of SI and SEIs showed similar
spatial variation in the four seasons (Fig. S8) and the
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Fig. 10.

Spatial variation of SI strength (a) and SEIs strength (b).

Fig. 11.

Spatial variation of EI strength (a) and SEIe strength (b).

strongest inversion dominated in northern China (Fig.
10) with mean values of 3.4 and 3.3  C, respectively, consistent with the temporal variation in that stronger SI
and SEIs were found at Ruoqiang and Harbin, which are
located in the north. Generally, the inversion strength of
the SI layer is negatively correlated with surface temperature, and surface temperature is lower in northern China
than in the south, which may result in deeper inversion.
Moreover, Harbin station is close to Russia with temperate continental monsoon climate, as discussed in precious study that higher values of SI depth and strength
was associated with the influence of a seasonal high pressure system found over Russia (Palarz et al., 2018). SI
strength was anti-correlated with surface temperature
(Zhang et al., 2011), surface temperature in southwest
China with monsoon climate is generally higher than in

North China with continental monsoon climate. Thus
weaker SI and SEIs were found in the southwest with values of 2.6 and 2.3  C, respectively. The weakest SI and
SEIs were found in the southeast with mean values of
1.7 and 2  C, respectively. The inversion strengths of EI
and SEIe also showed similar spatial variation in the four
seasons, with no significant differences between different
regions with mean values of 2.5 and 1  C, respectively
(Fig. 11 and Fig. S9). The strength of the EI layer is
affected by many factors, such as subsidence aloft, wind
shear, circulation, frontal systems, non-uniform oceanic
warming, and large-scale synoptic conditions (Wolf et al.,
2014; Qu et al., 2015). Similarly, stronger subsidence aloft
and wind shear in north China and deeper ocean circulation in south China may be responsible for the uniformity
of the EI layer strength over China.
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Fig. 12.

Spatial variation of SI depth (a) and SEIs depth (b).

Fig. 13.

Spatial variation of EI depth (a) and SEIe depth (b).

The inversion depths of both SI and SEIs showed the
same spatial distribution in the four seasons, with deeper
inversion in winter (Fig. S10), which was also consistent
with the temporal variation at the six stations mentioned
above. With regard to the spatial variation, although
deeper SI and SEIs were found at several stations located
in southern China, they dominated in the north (Fig. 12)
with mean values of 398 m and 337 m, respectively, which
is likely related to the lower surface temperatures in the
north. The inversion depth of the SI layer is negatively
correlated with surface temperature, and therefore lower
surface temperature results in deeper inversion in northern China. Thinner SI and SEIs were found in the southwest, with mean values of 280 and 305 m, respectively.
The thinnest SI and SEIs were found in the southeast,
with mean values of 261 and 257 m, respectively. The
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inversion depths of both EI and SEIe also showed the
same spatial distribution in the four seasons, in that
deeper EI and SEIe dominated in the southeast (except a
deeper EI also occurred in the northwest region in winter), consistent with the temporal variation at the six stations (Fig. 13 and Fig. S11). The mean values were
654 and 221 m, respectively, consistent with the temporal
variation in that a deeper EI was found at Haikou and
Shaowu located in the southeast. A stronger influence of
ocean circulation may result in deeper upper-level inversion. Southeast China is next to the Pacific, and the EI
layer mainly results from warm advection, and the western Pacific subtropical high has a stronger influence in
southeast China than other regions of the country.
Thinner EI and SEIe were found in north China, with
mean values of 427 and 143 m, respectively. The thinnest
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Frequency of different inversion strengths at six stations, in 1  C intervals.

EI and SEIe were found in the southwest, with mean values of 251 and 108 m, respectively.

3.3. Strong temperature inversions lead to severe
air pollution
Stronger inversion results in not only a more stable
boundary layer, which leads to aggravation of primary
air pollutants, but also a moister and cloudier boundary
layer (Qu et al., 2015). Moister air benefits the formation
of secondary pollutants, such as sulphates and nitrates
(Wang et al., 2005; Huang et al., 2014b), causing air pollution to become increasingly more serious.
The frequencies of SI and EI strengths at the six stations, in 1  C intervals, reflected the exclusion of SEI
from this analysis as it was much less frequent than SI
and EI (except at Beijing station) (Fig. 14). Strong inversion (defined as an inversion strength 5  C in this study)
showed a certain proportion at all six stations. The frequencies of strong SI and EI were 0.16 and 0.07, respectively, at Beijing; 0.2 and 0.15 at Harbin; 0.02 and 0.06 at
Haikou; 0.15 and 0.12 at Shaowu; 0.46 and 0.3 at
Ruoqiang; and 0.23 and 0.17 at Xining. Moreover, 82%
of strong SI and 50% of strong EI at Beijing, 72% and
66% at Harbin, 48% and 41% at Haikou, 49% and 74%
at Shaowu, 84% and 50% at Ruoqiang, and 88% and
32% at Xining occurred in autumn and winter, respectively. Strong inversions were more frequent in autumn

and winter, which coincides with the period of severe air
pollution in China.
From 10 to 13 January 2013, extremely severe and persistent haze occurred over north China. The recordbreaking high concentrations of fine particulate matter
(PM2.5) > 700 lg m3 (hourly average) and the persistence of the episodes have raised widespread concern
(Huang et al., 2014a; Sun et al., 2014). In response to the
extremely severe and persistent haze pollution, temperature inversions were investigated at Beijing from 8 to 16
January 2013 (Fig. S12). Although temperature inversions
appeared on 8 and 9 January, their strengths were lower
than 2  C and PM2.5 concentrations were 24 and 83 lg
m3, respectively. Stronger SI or EI began from 10
January and persisted; the inversion strengths exceeded
5  C, which resulted in PM2.5 pollution with increased
concentrations of 201 and 222 lg m3 on 10 and 11
January, respectively. The strongest inversion occurred on
12 January with an inversion strength of 8  C, accompanied by the most serious pollution with a PM2.5 concentration of 375 lg m3 (Fig. S13). The temperature
inversion remained from 13 to 14 January but was much
weaker than on 12 January; the inversion strengths were
lower than 4  C, which resulted in slightly less pollution
with lower PM2.5 concentrations of 242 and 131 lg m3.
Temperature inversion continued to become weaker on
15 January, with an inversion strength lower than 3  C
accompanied by decreasing PM2.5 with a concentration of
91 lg m3. On 16 January, the temperature inversion
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disappeared and the PM2.5 concentration decreased to
60 lg m3. This serious and persistent air pollution indicates that temperature inversions, particularly strong
inversions, have a profound negative impact on
air quality.

4. Conclusions
Temporal and spatial characteristics of atmospheric temperature inversions were analysed with sounding data
from 82 stations covering the period from 1976 to 2015
in China. The frequency, strength and depth of surfacebased inversion, elevated inversion and both surfacebased inversion and elevated inversion in sounding data
were investigated.
Annual FTI showed no significant increasing or
decreasing trend over the 40 years included in the dataset
with mean values of 0.78, 0.33, 0.24, 0.28, 0.5 and 0.36 at
Beijing, Harbin, Haikou, Shaowu, Ruoqiang and Xining,
respectively. Annual FSI, FEI and FSEI showed different
trends at different stations. Annual inversion strength
and depth showed overall downward trends, which may
have been caused by increases in surface temperature
over the past four decades. At the six stations, the
respective surface-based inversion strength and depth
were close to 2.6  C and 272 m, 2.7  C and 537 m, 1.1  C
and 126 m, 2  C and 491 m, 3.7  C and 491 m, and 3.1  C
and 507 m; the strength and depth of elevated inversions
were close to 2.6  C and 382 m, 2.9  C and 611 m, 4.2  C
and 623 m, 3.6  C and 838 m, 6.9  C and 527 m, 6.3  C
and 412 m, respectively. Seasonal variation in temperature
inversions at Beijing was also investigated. The inversion
frequency had no significant increasing or decreasing
trend, although inversion depth decreased slightly in all
four seasons. Although annual inversion strength
decreased overall, seasonal inversion strength showed different variation and inversion strength showed significant
increases in winter from 2012 to 2015. Similar trends in
the monthly frequency of all inversions were found
among the stations, with the maximum in winter and
minimum in summer. Monthly FSI, FEI and FSEI were
inconsistent at the six stations. The monthly inversion
depth showed consistent trends, with the maximum in
winter and minimum in summer. The monthly inversion
strengths were different at the six stations. Severe air pollution in winter time was attributable to strong and deep
inversions. High PM2.5 concentrations related to strong
inversions were found in winter at Beijing station.
Spatially, a lower FTI was found in southwestern
China (mean 0.15). A higher FSI was found in north
China (mean 0.78), which may have been caused by the
longer winter than in the south. EI was more frequent in
the southeast (mean 0.42) and SEI showed no significant
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difference throughout the country (mean 0.06). Stronger
SI and SEIs dominated in the north (mean 3.4  C and
3.3  C, respectively), which may have been due to lower
surface temperatures there. The inversion strengths of EI
and SEIe showed similar spatial variation in that there
were no significant differences between different regions
(mean 2.5  C and 1  C). Deeper SI and SEIs dominated
in north China (mean 398 and 337 m, respectively), which
was likely related to lower surface temperatures in the
north. Deeper EI and SEIe dominated in the southeast
(mean 654 and 221 m, respectively), possibly due to the
stronger influence of ocean circulation in that region.
This is the first spatiotemporal analysis of atmospheric
temperature inversion characteristics over all of China.
Further research should include other datasets (e.g., longterm air pollution, sunshine duration and intensity,
larger-scale climate change) to understand the causes of
the variation in inversion characteristics, and more
detailed model simulation studies are also required. Our
results could be used in many other studies, such as studies of air pollution related to temperature inversions, the
interactions between aerosols and temperature inversion
from a spatiotemporal perspective, and the influence of
temperature inversion on spatiotemporal wet-cooling
tower performance based on the conclusions regarding
the spatiotemporal variation in temperature inversions in
this study. Moreover, our study can also serve as a reference for studies of atmospheric stable boundary layer
development in India, which also suffers from severe air
pollution. We plan to investigate the long-term interactions between aerosols and TI based on the spatiotemporal variation in temperature inversions.
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