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ABSTRACT: The variability of the lower tropospheric temperature inversion (TI) across China remains poorly under-
stood. Using seven years’ worth of high-resolution radiosonde measurements at 120 sites, we compile the climatology of
lower tropospheric TI in terms of frequency, intensity, and depth during the period from 2011 to 2017. The TI generally
exhibits strong seasonal and geographic dependencies. Particularly, the TI frequency is found to be high in winter and low in
summer, likely due to the strong aerosol radiative effect in winter. The frequency of the surface-based inversion (SBI)
exhibits a ‘“‘west low, east high”” pattern at 0800 Beijing time (BJT), which then switches to “‘west high, east low’” at 2000 BJT.
Both the summertime SBI and elevated inversion (EI) reach a peak at 0800 BJT and a trough at 1400 BJT. Interestingly, the
maximum wintertime EI frequency occurs over Southeast China (SEC) rather than over the North China Plain (NCP),
likely attributable to the combination of the heating effect of black carbon (BC) originating from the NCP, along with the
strong subsidence and trade inversion in SEC. Correlation analyses between local meteorology and TI indicate that larger
lower tropospheric stability (LTS) favors more frequent and stronger TIs, whereas the stronger EI under smaller LTS
conditions (unstable atmosphere) is more associated with subsidence rather than BC. Overall, the spatial pattern of the
lower tropospheric TI and its variability in China are mainly controlled by three factors: local meteorology, large-scale
subsidence, and BC-induced heating. These findings help shed some light on the magnitude, spatial distribution, and un-

derlying mechanisms of the lower tropospheric TI variation in China.
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1. Introduction

Meteorological variables have increasingly been recognized
as important drivers of the dispersion and dilution of aerosol
particles (Wehner and Wiedensohler 2003; Wang et al. 2014;
Ding et al. 2016; Guo et al. 2017; Su et al. 2018). The aerosols
give feedback to the meteorological conditions mainly through
aerosol microphysical effects and radiative effects (Qian et al.
2011; Boucher et al. 2013; Li et al. 2017; Miao et al. 2017a,b;
Guo et al. 2018). Such complex interactions between aerosol
and meteorological conditions have been extensively studied
over the past decades (e.g., Cao et al. 2009; Ding et al. 2016; Li
et al. 2017). In particular, much attention has been paid to
temperature inversion (TI) and atmospheric stratification
within the planetary boundary layer (PBL), which directly af-
fects the dispersion and accumulation of air pollutants (Seidel
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et al. 2012; Li et al. 2017). TI is deemed to occur when the tem-
perature increases with altitude, which is generally caused by
large-scale subsidence, radiative cooling, and the advection of
warm air mass in the PBL (Kahl 1990). TI typically manifests
itself as a capping layer on top of the PBL during daytime, lim-
iting the diffusion of atmospheric pollutants and thus favoring the
formation of severe air pollution episodes (Stull 1988; Ding et al.
2016; Li et al. 2017; Miao et al. 2017a).

The lower tropospheric TI has been widely recognized as
responsible for the enhancement of haze pollution due to the
suppression of vertical turbulent mixing in the PBL (Chen and
Feng 1995, 2001; Cheng et al. 2007; Johnson et al. 1996; Li et al.
2015; Milionis and Davies 2008). Recent studies have demon-
strated that black carbon (BC) is one of the most important
light-absorbing aerosol types that modulate TI via the positive
aerosol-PBL feedback (Ding et al. 2016; Huang et al. 2018;
Wang et al. 2018). For instance, the TI frequency is observed to
be positively associated with BC concentrations. However,
negligible correlations are found between the TI strength or
intensity and BC (Gramsch et al. 2014). Besides, the observa-
tional studies at four urban sites in New Zealand in the winter
of the period 2010-12 indicate that high TI strength is always
associated with high BC emissions (Trompetter et al. 2013). By
comparison, the BC below the mixing height has the potential
to promote a negative feedback on the atmospheric stability
over basin valleys, thereby weakening the ground level TT and
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facilitating the dispersal (Ferrero et al. 2014). It seems that the im-
pact of BC on TI is highly dependent on the vertical distribution of
BC, which has been comprehensively reviewed by Li et al. (2017).

Additionally, TIs are sometimes found to be located beneath
the low-level jet, which is frequently linked to the occurrence
of severe storms (Stull 1988; Garreaud and Muiioz 2005;
Vihma et al. 2011). These inversions show a loaded-gun upper-
air sounding pattern, which is occasionally associated with the
heavy precipitation (Yan et al. 2019). Also, the TIs have been
found to exert a large influence on precipitable water (Tomasi
1977) and atmospheric pollutants (Olofson et al. 2009; Wallace
and Kanaroglou 2009a,b). Moreover, TI is an important fea-
ture in climate sensitivity; notably, surface-based inversion
(SBI) regulates to some extent the variability of sea ice in both
hemispheres, thereby exerting positive feedback on albedo
(Deser et al. 2010; Kay and Gettelman 2009; Mernild and
Liston 2010; Pavelsky et al. 2011).

Depending on the base height of the inversion layer, the T1 is
typically partitioned into SBIs and elevated inversions (EIs)
(Abdul-Wahab et al. 2004). According to their formation
mechanisms, TIs are generally classified as radiative inver-
sions, frontal inversions, or subsidence inversions (Ji et al.
2018). Radiative inversions frequently occur at night as the
ground surface cools more rapidly than the overlying air (Hyun
et al. 2005). Valley inversion is a form of radiative inversion
that occurs in valleys and hilly areas (Anquetin et al. 1998).
Marine inversion generally occurs in coastal areas and is
formed by cool ocean air being blown onto warm land. Frontal
inversion tends to develop under the synoptic-scale advection
of an air mass, broadly characterized by a weak vertical mixing
at the top of the inversion layer by forming a very strong barrier
(Zhang et al. 2009). By comparison, subsidence inversion
forms when a widespread layer of air descends, which is then
compressed and heated as a result of increases in atmospheric
pressure. Regardless of the inversion regime, stable stratified
inversions have been recognized to suppress the vertical tur-
bulent mixing in the PBL (Ball 1960; Lilly 1968; Stevens 2002;
Stevens et al. 2003), resulting in unbalanced surface radiation,
increased amounts of atmospheric pollutants, inhibited cloud
formation, destruction of surface ozone, and adverse effects on
human health (Holzworth 1972; Janhall et al. 2006; Beard et al.
2012; Rendo6n et al. 2014; Yin et al. 2020).

The TI evolves rapidly on some occasions, which is strongly
linked to the diurnal variation of solar radiation reaching the
surface, as well as the complex orography (Connolley 1996;
Whiteman et al. 1999). In addition, large-scale atmospheric
circulation can dramatically affect the occurrence of TI (Bailey
et al. 2011). Based on a large number of observations, tre-
mendous progress has been made in quantifying the charac-
teristics of T1Is (e.g., frequency, intensity, and depth) at a range
of locations around the world that are favorable for the for-
mation of inversions, including the polar regions (Liu and Key
2003; Devasthale et al 2010), the North China Plain (NCP; Xu
et al. 2019), central China (Liu et al. 2018), the southern Great
Plains (Li et al. 2017), the southwest United States (Bailey et al.
2011), and some major European cities (Kukkonen et al. 2005).
However, most of these studies are limited in temporal and
spatial coverages. As a result, the explicit large-scale pattern of
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FIG. 1. Spatial distribution of China Radiosonde Network con-
sisting of 120 upper-air sounding sites (blue dots) across mainland
China. Also shown are the topography (gray shading) and five re-
gions of interest (ROIs) highlighted in red rectangles, including the
Tibetan Plateau (TTP), Sichuan basin (SCB), Yangtze River Delta
(YRD), Pearl River Delta (PRD), and Beijing-Tianjin-Hebei
(BTH). These ROIs will be used for further analysis of tempera-
ture inversions.

TI remains unclear, especially in China. Recently, the spatial
and temporal variability of surface inversions have been re-
vealed throughout Europe (Palarz et al. 2018), but this is based
on ERA-Interim reanalysis data that are well known to be
limited in vertical resolution. The climatology of T1 throughout
all of China based on high-resolution radiosonde observations
have yet to be reported so far.

Since 2011, L-band radiosondes have routinely been
launched twice each day at 120 sites forming the China
Radiosonde Network (CRN). These provide in situ measure-
ments of the atmosphere at 1.2-s intervals (Guo et al. 2016a;
W. Zhang et al. 2018; Guo et al. 2019). The present study uses a
7-yr record (2011-17) of this dataset as the first attempt to
elucidate the climatology of TI throughout all of China, with a
focus on five regions of interest (highlighted in Fig. 1).
Specifically, the large-scale spatial pattern and seasonality of
inversions are reported in detail. More importantly, the influ-
ential factors are thoroughly investigated in an attempt to
provide a reasonable explanation for the observed TI pattern
over China.

The remainder of this paper proceeds as follows: section 2
describes the data and methods used in the determination and
calculation of SBIs and Els. The spatial (horizontal and ver-
tical) distributions of inversions are detailed in section 3. Also
shown in this section are the diurnal, monthly, and seasonal
features of the inversions. The connections of TI pattern are
discussed as well with local meteorological variables, large-
scale subsidence, and BC. Finally, the key findings are sum-
marized in section 4.

2. Data and methods

a. Radiosonde data
Beginning in calendar year 2011, new-generation L-band
(1675MHz) GTS-1 radiosondes have been routinely used at
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FIG. 2. Flowchart showing the primary procedures for identifying the SBI and EI using the temperature profiles
from 1-s radiosonde measurements. Note that the acronyms have been explained at the bottom.

120 radiosonde stations (Y. Zhang et al. 2018), providing fine-
resolution profiles of temperature, pressure, relative humidity,
wind speed, and direction at 0800 and 2000 Beijing time (BJT;
UTC + 8h). In the warm season (May through August),
additional sounding measurements at most CRN sites are
conducted to provide key reference to better predictions of
high-impact weather in China, which is significantly influenced
by the East Asia summer monsoon (EASM) (Li et al. 2016;
Chen et al. 2018). These fine-resolution soundings allow for the
characterization of the diurnal variability of inversions in
China. These in situ measurements are recorded every 1.2s,
translating to an approximate vertical resolution of 5-8 m. The
GTS1 digital radiosonde profiles the atmosphere from the
ground surface up to about 30 km above ground level.

Past verification studies (e.g., Bian et al. 2011) indicate that
the measurements from the GTS1 radiosonde agree very well
with those from Vaisala RS80 radiosonde in the PBL. In

particular, the accuracy of the temperature profile has been
found to be less than 0.1 K in the troposphere (Tao et al. 2006;
Ma et al. 2011). Therefore, these radiosonde measurements
have been widely used in a variety of applications, including
detection of the cloud base (Y. Zhang et al. 2018) and esti-
mation of the PBL height (Guo et al. 2016b; Su et al. 2017;
Zhang et al. 2016; W. Zhang et al. 2018). Therefore, the ra-
diosonde measurements from the CRN are considered of
sufficient quality to determine the features of inversions
throughout China.

The topography and geomorphology throughout China vary
greatly, including coastal regions, basins, plains, deserts,
mountainous areas, and plateaus; this variation arguably af-
fects the occurrence and intensity of inversions (Fast et al.
1996; Whiteman et al. 1996). The severe haze pollution
caused by increasing anthropogenic activities in eastern
China is another driving force for the variability of TIs (Guo
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FIG. 3. Sample temperature profile (black curve) from the Xingtai (114.5°N, 37.07°E) upper-
air sounding site at 2000 BJT 28 Jul 2016 showing how to define a surface-based inversion (SBI)
and elevated inversion (EI), in addition to the depths (AH1, AH2) and strength (AT1/AH1,
AT2/AH2). The blue square indicates the turning point of temperature profile. Thin embedded
noninversion layers (TEL; temperature decreases with altitude) and their corresponding depth
are indicated in black text. The bold dotted line indicates dry adiabatic lapse rate.

et al. 2011; Li et al. 2017; Liu et al. 2018; Yang et al. 2018).
Therefore, five regions of interest (ROIs) are selected for
further in-depth investigations of TIs in an attempt to better
elucidate the mechanism of inversion formation: 1) the Tibetan
Plateau (TTP), 2) Sichuan Basin (SCB), 3) Yangtze River Delta
(YRD), 4) Pearl River Delta (PRD), and 5) Beijing-Tianjin—
Hebei (BTH). Further details of these five ROIs are provided in
Table S1 in the online supplemental material.

b. Black carbon and reanalysis dataset

Because large-scale BC observations are still lacking in China,
here we use the Modern-Era Retrospective Analysis for Research
and Application version 2 (MERRA-2) reanalysis, which is NASA’s
new-generation reanalysis produced by the Goddard Earth
Observing System, version 5 (GEOS-5). GEOS-5 is a state-
of-the-art system that couples a global atmospheric general
circulation model (GEOS-5 AGCM) to the National Centers
for Environmental Prediction (NCEP) Grid-point Statistical
Interpolation (GSI) analysis (Rienecker et al. 2011). The BC
total column extinction (i.e., optical depth) is publicly available
from the MERRA-2 aerosol diagnostics. Recent validation
efforts suggest that the BC total extinction data from the
MERRA-2 reanalysis agree well with ground- or satellite-
based observations, albeit with some deficiencies due to the
missing BC emissions (Buchard et al. 2017).

Furthermore, several meteorological variables have been
utilized such as wind speed and wind direction at 10 m above

ground level (AGL), 2-m surface air temperature (Ts), and the
potential temperature at both 700 hPa and the surface level, all
of which are obtained from the MERRA-2 reanalysis in order
to perform a causal analysis with regard to inversions. The LTS
was calculated as the difference in potential temperature be-
tween 700 hPa and the surface (Slingo 1987) and was able to
adequately describe the thermodynamic state of the lower
troposphere (Guo et al. 2016a). This MERRA-2 reanalysis has
been intensively evaluated in previous studies, which shows
that it can well reproduce the near-surface wind fields (Gelaro
et al. 2017; Rienecker et al. 2011; Coy et al. 2016). In terms of
the performance of the 850-hPa wind fields from MERRA-2
reanalysis in China, previous quantitative validation ana-
lyses have proved well the robustness of MERRA-2 in ad-
equately capturing the wintertime prevailing wind across
China (R. H. Zhang et al. 2019).

c¢. Classification of temperature inversions

Based on the fine-resolution temperature soundings from
the CRN described in section 2a, TIs can first be identified
using the first-derivative algorithm developed by Kahl (1990)
and Serreze et al. (1992). The major procedures undertaken
are outlined as follows. First, a series of derivatives for one
given temperature profile is calculated, resulting in a profile of
derivatives. Then, this derivative profile is scanned upward
from the surface to the 2000-m level; an inversion layer is
identified when the derivative is positive and remains positive
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FIG. 4. Schematic diagram illustrating the typical diurnal cycle of boundary layer and temperature inversions over land, (a) adapted
from Stull (1988), and (b)-(d) corresponding to the potential temperature profile at 1400, 2000, and 0800 LST, respectively. For high-
lighting the distinction of the low-atmosphere inversions between winter and summer, the free-atmosphere potential temperature profiles
(the overlapping parts between black and red lines) are assumed to be identical for these two seasons.

over an altitude range of at least 100 m. The temperature dif-
ference between the top and base of the inversion is required to
be greater than 0.5°C. Very thin negative derivative layers are
occasionally encountered. If these layers are less than 100 m,
they are considered to be one embedded part of an inversion
layer. In this way, a number of inversion layers are identified
and further classified into SBIs and Els. The SBIs represent
those inversions with bases below a height of 100m AGL,
whereas the Els are inversions with bases above 100 m. Unless
otherwise noted, all TIs are deemed to have a base height
below a height of 2000 m AGL. The flowchart is schematically
shown in Fig. 2.

For each sounding that contains an inversion layer, the fol-
lowing three parameters are calculated: 1) inversion depth,
which denotes the difference in altitude between the top and
the base of the inversion (AZ); 2) inversion intensity, which
represents the temperature difference across the inversion
layer divided by the inversion depth (A7/AZ); and 3)

inversion frequency, calculated as the number of profiles with
an inversion divided by the total number of profiles. The same
calculations were performed for both SBIs and Els.

Figure 3 schematically shows how Els and SBIs were iden-
tified. It can be seen that four thin embedded-noninversion
layers (TELs), each less than 100 m, were embedded in the SBI
layer. Thus, they can be regarded as one part of the entire in-
version layer below 304 m AGL. The Els were identified be-
tween the bottom (449m) and top (711 m), with two TELs.
Consequently, SBI intensity was determined to be 0.82°C
(100m) ™!, which was much weaker than the EI intensity
[1.91°C (100m)~1].

d. Conceptual framework

Figure 4 is a schematic diagram that describes the concep-
tual framework used to facilitate the understanding of the
temporal evolution of low-level inversion layers from the
thermodynamic perspective, based on a typical clear-sky PBL
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FIG. 5. Spatial distributions of the annual mean frequency of (left) SBI and (right) EI at (a),(b) 0800 and (c),(d) 2000
BJT across China, which are derived from high-resolution radiosonde measurements for the period 2011 to 2017.

over flat land. For simplicity, the effects of thermal advection for the statistical analysis of inversions from radiosonde
were ignored. This idealization was necessary to identify the = measurements.

essential processes governing the formation and evolution of During the night, the radiative cooling of the land surface is
inversion layers, which could be used as theoretical guidance generally stronger than that of the overlying air (Petty 2006).
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FIG. 6. Spatial distributions of the (a) annual mean total column water, (b) surface net thermal radiation, and (c) sensible heat flux at night
(2000-2300 BJT) for the period from 1 Jan 2015 to 31 Dec 2015. The data are obtained from ERA-Interim reanalysis.
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FIG. 7. As in Fig. 5, but for annual mean depth of SBI and EI.

This differential longwave cooling leads to the formation of a
surface inversion layer (Fig. 4c). After sunrise, incoming solar
radiation heats the land surface, generating convective turbu-
lence and building up a surface mixed layer. The mixing erodes
the nocturnal surface inversion layer (Stull 1988). This process
can be considered as the transition of turbulent kinetic energy
(TKE) to the potential energy of the fluid of the mean atmo-
sphere (Stevens 2007). The erosion rate is controlled by the
intensity of surface buoyancy fluxes because stronger surface
buoyancy fluxes increase the TKE that destabilizes the PBL,
and ultimately erodes the nocturnal surface inversion.
Therefore, in summer when the surface heating is strong, after-
dawn surface inversions should occur much less frequently and
also be less intense than those in winter (Fig. 4d).

As the surface heating continues, the surface mixed layer
deepens and penetrates into the residual layer that is typically
capped by a weak inversion. In summer when the surface
buoyancy fluxes are strong and cause a mixed layer, which
further rapidly elevates the capping inversion that develops
over the heated underlying surface during daytime due to the
positive buoyancy flux from the ground. This stratified TI layer
acts as a lid to the buoyant thermals originating from the
convectively mixed layer, leading to frequent observed EI
(red curve in Fig. 4b). By comparison, in winter, the capping

inversion should remain stronger due to the lack of convective
penetration (black curve in Fig. 4b). The capping inversion will
persist, as the upper boundary of the residual layer, until it is
eroded by the convective activities of the next day.

3. Results and discussion

a. Spatial distribution of SBls and Els and the potential

impact of topography and land cover

Figure 5 shows the geographic distributions of the annual
average frequencies of SBIs and Els at 0800 and 2000 BJT,
respectively. Overall, both inversion metrics occur more fre-
quently at 0800 BJT, which confirms the conceptual model
presented in Fig. 4. Interestingly, more than half of the
soundings experience SBI episodes across almost all sites over
northwest China at 0800 BJT. In contrast, less frequent SBI
episodes dominate Northeast China. This ““west high, east low”
pattern of SBI frequency could be due to a time lag of 1-2h
between BJT and local standard time (LST). For example, the
radiosonde balloons launched at 0800 BJT in western China
generally correspond to 0600 or 0700 LST when the sun typi-
cally does not rise on the eastern horizon, especially in winter.
If we neglect the horizontal advection of potential tempera-
ture, the atmospheric cooling near the surface at night is mainly
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FIG. 8. As in Fig. 5, but for annual mean intensity of SBI and EL

controlled by sensible heat flux divergence and the net long-
wave radiative flux divergence (Steeneveld et al. 2010). As
shown in Fig. 6, the distribution of surface net thermal radia-
tion is broadly consistent with that of SBI frequency at 0800
BIJT. As compared to that in eastern China (low-lying region),
the drier atmosphere in western China tends to cause larger
positive net longwave radiation flux during night, thereby re-
sulting in a much faster drop in land surface temperature in
western China. This in turn leads to a larger radiative cooling
rate near the surface, which could be the dominant driving
factor accounting for the frequent formation of SBI in western
China at 0800 BJT (Wang et al. 2016). Given the spatial pattern
of negative sensible heat flux (Fig. 6¢), which is not similar to
that of SBI frequency in Fig. 5, sensible heat flux could only
be a secondary cause, if any, for the spatial discrepancy ob-
served in SBI frequency.

However, the EI frequency at 0800 BJT and 2000 BJT does
not exhibit the west high, east low pattern like SBI frequency.
Interestingly, the EIs occur more frequently in East China than
in West China, both in the morning and the evening
(Figs. 5b,d).

As shown in Fig. 7, the annual average depth of TI ranges
from 100 to 500 m. The SBI layer at 0800 BJT is on average

deeper than that at 2000 BJT. The depths of both types of in-
version at 0800 BJT are spatially heterogeneous across main-
land China, indicating strong geographic dependence of SBI in
the morning. In contrast, the mean depths of Els at 2000 BJT in
most parts of China are slightly shallower, compared with those
at 0800 BJT, and there is no noticeable difference between the
morning and the evening EI depths. More interestingly, the EI
intensity is significantly less than the SBI intensity both in the
morning and the evening (Fig. 8). It is also noteworthy that the
spatial pattern of SBI intensity at 2000 BJT seems not uniform
throughout China, with relatively low intensity at northwestern
China and southern China.

Owing to their strong impacts on the temperature profile in
the lower PBL, topography and land use and land cover,
among other factors, have to be considered in an attempt to
better explain the spatial pattern of SBI. As shown in Fig. 9a,
all of the mean SBI frequency at 0800 BJT has a positive
correlation with elevation, regardless of the season. By
comparison, the SBI frequency at 2000 BJT is found to posi-
tively correlate with elevation except in winter (Fig. 9b). It is
well known that the terrain in China exhibits a pronounced
west high, east low pattern. It would be expected that the sta-
tions at western China (generally with high elevation) tend to
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experience more SBI, compared with those in eastern China,
because of the much earlier LST in the morning. This positive
correlation between SBI frequency and elevation would most
likely be caused by the time lag of radiosonde launching.
Additionally, Figs. 6a and 6b show that the large radiative
cooling coincidently corresponds to low humidity over high-
altitude region, which favors the formation of SBI over western
China at 0800 BJT (Fig. 5a). This leads to a certain connection
between SBI frequency in the early morning and elevation
or terrain. However, it remains challenging to quantify the
dependence of SBI frequency on elevation. Furthermore, a
close-up look at those stations with an elevation less than 500 m
indicates that the points are much scattered (Fig. 9a). As a
matter of fact, these low-lying stations are mostly limited to
eastern China (to the east of 110°E), and thus we argue that the
dependence of SBI frequency on elevation is also weak even in
regions without delay of local time to launch balloons.
Similarly, the dependence of EI frequency at 2000 BJT on
elevation seems to be weak as well (Fig. 9b).

As illustrated in Fig. 10, the seasonal SBI frequency varies
dramatically for a given type of land cover for both 0800 and
2000 BJT, especially for the land covers classified as “‘grass-
lands,” ““croplands,” ‘“‘urban and built-up lands,” and ‘bar-
ren.” At 0800 BJT, the SBI occurs 0.16% of the time over
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urban and built-up lands in the autumn, whereas the most SBI
(91.95%) occurs over grassland in the winter. In terms of the
dependence of SBI occurrence on land cover, apparently it is
not significant either, as evidenced by the large variability of
frequency range (from 18% to 83%) for any given land cover.
Therefore, land cover could not be the major driver of the
spatial variability of TI.

b. Diurnal and seasonal variations of temperature inversion

Figure 11 illustrates the seasonally averaged height-resolved
frequencies of both types of inversion during the period from
2011 to 2017. Overall, the occurrence frequency of tempera-
ture inversions at 2000 BJT does not exceed 20% in the PBL
(0-2km), regardless of the season or type of inversion. In
comparison, TIs at 0800 BJT are present less than 50% of the
time throughout the PBL.

Both types of inversion are most commonly observed in
winter, followed by autumn, spring, and the least in summer,
particularly near the ground surface. There are two reasons for
the wintertime maximum TI frequency: 1) the ground surface
in the Northern Hemisphere receives the least solar insolation
in winter due to that season having the lowest solar elevation
angle of the year, and 2) the atmosphere is typically driest in
winter (Kassomenos et al. 2014; Nodzu et al. 2006), resulting in
stronger longwave cooling during the morning and night
(Zheng et al. 2019).

In the vertical direction, the layer closer to the ground sur-
face experiences more frequent SBIs (Figs. 11e-h) than EIs
(Figs. 11i-1). This could be owning to the different criteria used
to define SBIs and Els, with SBI requiring that the base height
of TI should be less than 100m above ground level. Three
soundings per day (0800, 1400, and 2000 BJT) are launched in
summer at most sites of the CRN, which allows us to charac-
terize the temporal variation of height-resolved inversion fre-
quency during the course of a day. The diurnal cycle of
atmospheric structure within the PBL is strongly driven by
solar radiation (Stull 1988). Thus, the diurnal variation in TIs
tends to reflect pronounced signals from solar radiation; this
is detailed in the conceptual framework in section 2d.
Irrespective of the season, the TIs occur most frequently at
0800 BJT. This was because inversions are more likely to occur
when radiative cooling occurred in the early morning. The
surface longwave cooling accumulates throughout the night,
leading to a build-up and strengthening of surface-level in-
versions in the morning. It is noteworthy that SBIs are least
frequent at 1400 BJT throughout the PBL in summer, with the
exception of some sporadic EI episodes in the upper levels of
the PBL (Fig. 11j). This indicates that inversions in the summer
afternoon periods are limited to the upper levels of the PBL,
which could be due to warm air masses or light-absorbing
aerosols. The Els in the early evening (2000 BJT) and early
morning (0800 BJT) are more frequent throughout the PBL in
winter than in summer (Figs. 11i-1). In winter, the net outgoing
infrared radiation generally exceeds the incoming solar radia-
tion especially in the early morning, leading to a negative ra-
diative imbalance and a positive temperature gradient upward
in the vertical. This is largely responsible for the relatively high
frequency of TI in winter compared to summer when this
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data were obtained from the Land Cover Type Yearly Climate Modeling Grid (CMG:; https:/ladsweb.modaps.eosdis.nasa.gov/
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imbalance is either weak or positive (Devasthale et al. 2010),
which helps maintain a strong inversion. In addition, most EI
episodes at 0800 BJT occur at approximately 0.3km AGL,
except in winter, whereas the highest EI frequency at 2000 BJT
occurs at heights ranging from 1 to 2km AGL, except in
summer.

The spatial distribution of seasonal mean SBI frequency is
shown in Fig. 12. On average, the SBI has a maximum fre-
quency at 0800 BJT in winter, especially in both West and
Northeast China, followed by autumn, spring, and the mini-
mum in summer. Such a salient seasonal contrast, however,
cannot be observed at 2000 BJT.

Similarly, the seasonally averaged SBI depth at 0800 BJT is
much greater than at 2000 BJT (see Fig. S1 in the online sup-
plemental information), with the maximum SBI depth occur-
ring in winter. It is known that radiative cooling generally
peaks in the morning and in the boreal winter, which tends
to lead to a thickening of the inversion layer (André and
Mabhrt 1982). At both 0800 and 2000 BJT, the average depths
of Els are lowest in summer, as shown in Fig. S2. Compared
with the spatial distribution of the SBI depth, the distribu-
tion of the EI depth is much more spatially homogeneous
and uniform. In addition, the EI shows the maximum depth
in winter, with no apparent difference between morning and
evening.

As shown in Fig. S3, the SBI intensity in the morning is on
average stronger than in the evening, regardless of the season.

In terms of the seasonal variability in inversion intensity, both
types of inversion are weaker in summer (Figs. S3 and S4).
Interestingly, the spatial patterns of the EI intensity at 0800
and 2000 BJT for all seasons are much more uniform than the
SBI intensity. This indicates that Els are less susceptible to
ground surface due to the indirect contact with the ground
surface.

c. Potential impact of large-scale circulation and BC on

wintertime EI frequency

Figure 13 shows the spatial distributions of EI frequencies at
0800 BJT for spring, summer, autumn, and winter. At 2000
BJT, the spatial pattern of the EI frequency bears a striking
resemblance to that at 0800 BJT, albeit with a much smaller
magnitude (Fig. 14). Unlike the spatial pattern of SBI fre-
quencies (Figs. 12a-d), in western China (including the TTP)
there is not a high EI frequency in the early morning, whereas a
much larger EI frequency is observed at radiosonde sites across
eastern China. The EI frequency over eastern China is gener-
ally much higher than that over western China, except in winter
and summer. The EI frequency is much higher in the early
morning (0800 BJT) than in the early evening (2000 BJT) in all
seasons (Figs. 13 and 14). The lowest and most uniform spatial
pattern of EI frequency is observed to occur in summer, which
could be connected to the unstable atmospheric conditions
induced by the EASM (Ding 1994). Conversely, the spatial
pattern in winter is characterized by the highest and most
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FIG. 11. Height-resolved frequency of temperature inversion below 2000 m averaged over all radiosonde stations in China for the period
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heterogeneous EI frequency across China. Interestingly, the
maximum wintertime EI frequency occurs over Southeast
China rather than over NCP, while the relatively smaller
wintertime EI frequency occurs over the NCP.

A subsidence inversion is generally produced by the adia-
batic warming of an air mass when a sinking motion occurs. As
shown in Fig. 15, the subsidence inversion arising from the
Siberian high is relatively stronger (notably at 925hPa) in
winter over Southeast China, compared with the NCP. This
spatial pattern roughly agrees with that of the EI frequency.
On top of that, it appears that the warm and moist air mass at
850 hPa originating from the East China Sea is advected over
the continent of mainland China. As such, a reversal of the
normal behavior of the moisture profile occurs, typically
termed ““moisture inversion,” in which a layer of cool and dry
air at the surface is overlain by a layer of warm and moist air.
The atmospheric levels with moisture inversion are generally
expected to experience warming due to the heat release caused

by condensation of extra water vapor. Figure 16 further indi-
cates that the warm advection in association with southerly
winds over southern China at 850 hPa, combined with the
northerly winds near the surface in the mean-state, contribute
to the high frequent EI observed over Southeast China.
Additionally, the dominant widespread motion occurs in sub-
tropical anticyclones, where the subsiding air parcels meet a
surface flow of warm maritime air (Figs. 15 and 16). As a result,
the trade wind inversion formed over Southeast China. Putting
these factors together, this indicates that both sinking motions
associated with Siberian highs from the northwest and trade
wind inversions originating from the northwestern Pacific play
nonnegligible roles in accounting for the high frequent win-
tertime EI events exclusively found in Southeast China.

Also noteworthy is that there exists large interannual vari-
ability of EI frequency in winter in eastern China, no matter
whether in the morning or in the evening, which is clearly il-
lustrated in Fig. S4. This intermittent appearance of the Els
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found in eastern China is most likely modulated by the large
interannual variability of the South China Sea winter circula-
tion (Wang et al. 2020) and the strength of the East Asian
winter monsoon, both of which are largely influenced by the
processes linked to the sea surface temperature anomaly over
the tropical Pacific (Chen et al. 2000, 2020).

d. Potential impact of BC on wintertime EI frequency

In addition to the impact of large-scale subsidence on EI, BC
is another important factor. It is well recognized that BC, the
most important light-absorbing aerosol, is able to affect the
temperature profiles. The warming effect induced by the BC
highly depended on the altitude where the BC resides (Li et al.
2017). In the following paragraphs, we will mainly discuss the
potential BC-induced radiative impact on the spatial discrep-
ancy of wintertime EI frequency, since it is widely believed that
additional aerosol emissions, especially BC, are produced due
to winter heating over the NCP (e.g., Xiao et al. 2015).
Figure 13d shows that the prevailing northerly or northeasterly
winds tend to bring BC particles emitted from northern or
northeastern China, the largest emission source region, to
southeastern China. The transboundary transport of BC causes
large amounts of BC to be suspended in the upper PBL or
lower troposphere (Y. Zhang et al. 2019). These additional BC

particles absorb the solar radiation, and at the same time re-
duce the solar radiation reaching the ground surface (Ding
et al. 2016; Huang et al. 2018). This would warm the atmo-
sphere at upper PBL or lower troposphere but cool the air near
the surface, which leads to the inadvertent formation of Els
over Southeast China. Furthermore, the formation of Els
prevents the vertical dissipation of atmospheric pollutants and
thus enhances the BC concentration in PBL. Such interactions
between BC and temperature inversions have been previously
reported at several places in China based on field observations
(e.g., Li et al. 2015). Recent studies (e.g., Wang et al. 2018)
suggest that the radiative effect of BC has a strong dome effect
in rural areas, especially in the areas downwind of the high BC
emission regions. Figures 13 and 14 illustrate that most parts of
northwestern China experience relatively high frequencies of
Els at 0800 and 2000 BJT in winter, which is likely related to
the relatively high BC emissions (Cao et al. 2006). Therefore,
we speculate that the radiative forcing of BC could contribute
to the formation and intensification of SBI and EI episodes, to
some extent.

Itis noticeable that the total extinction of BC is considerably
higher over the NCP compared with South China in summer
when southerly winds prevail, resulting in a higher EI fre-
quency over North China, even though there are high levels of
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precipitation scavenging during summer across all of eastern
China. Combining the spatial pattern of EI frequency at 0800
and 2000 BJT reveals that the effect of prevailing wind patterns
is significant in regulating the EI frequency.

The seasonal averaged EI intensity is weaker than that of
SBIs (see Figs. S3 and S4). In the morning in spring and sum-
mer, the El intensity in Northeast China is slightly higher than
in other regions. In the evening, the EI intensity in Northwest
China is slightly higher than in other regions. In autumn and
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winter, there are no significant differences in the EI intensity
over China in either the morning or evening (Fig. S5).

Previous observational studies indicate that BC could cool
the ground surface but cause a heating effect in the lower
troposphere during wintertime over China (Ding et al. 2016; Su
et al. 2020; Zhao et al. 2020). To illustrate how transboundary
transport BC affects the formation of EI in a straightforward
way, we obtain the vertical distribution of BC mass concen-
tration from an airplane in Beijing on 11 December 2016
(Fig. 17), in which the BC mostly resides in the middle to upper
part of PBL. To figure out how the BC affects the atmosphere
in the PBL, we show the profiles of temperature on the
same days from simultaneously measured radiosonde
and MERRA-2 reanalysis (Fig. 17). On the whole, the
MERRA-2 captures well the temperature profile in this
case given the high consistency starting from the surface to
upper parts of PBL and even beyond. It is worth noting that
there exists an elevated layer of high BC concentration
near the top of PBL observed on 11 December 2016.
Coincidently, the temperature profiles from both sounding
and reanalysis reveal the significant EI episodes occurring
therein. More importantly, the prevailing southerly winds
would bring a large amount of BC from the southern part of
Hebei province, a major source region of anthropogenic
aerosols (including BC). Therefore, this lends credence
to the observational evidence that transboundary trans-
ported BC could possibly enhance the frequency of EI.
This corroborates our findings revealed from Fig. 13d.
However, the EI observed here could not totally rule out
the influence by the warm-air advection from south, which
would lead to inversion as well. To achieve a more robust
signal of the effect of long-range transported BC on EI, five
other cases with vertical measurements of BC in Beijing in
December of 2016 are presented in Fig. S6. Unfortunately,
we could not see any signals of EI, let alone the BC impact
on EI. Therefore, the experiments are highly warranted to
accomplish this challenging task in the future.

In addition, the relationships are analyzed between SBI in-
tensity, EI intensity, LTS and BC (Fig. S7). At 0800 BJT, high
concentrations of BC tend to occur when the inversion inten-
sity is relatively weak [less than 2°C (100 m) '] and the lower
troposphere is stable (LTS ranging from 20 to 35 K). What is
more interesting is that at night, the BC concentration tends
to reach its peak under both low and high TI intensity con-
ditions, indicating that the BC relates to neither SBIs nor Els.
In particular, when the atmosphere was extremely unstable
(with lowest LTS), the total extinction of BC appears not to
change much with EI intensity, either in the morning or the
evening. In this case, the aforementioned subsidence or ad-
vection inversion likely overrides the inversion that is in-
duced by BC.

e. Regional characteristics of temperature inversions

In terms of the national average, the occurrence frequencies
of EI and SBI at 0800 BJT are almost similar to each other
throughout the year but are much higher than their corre-
sponding frequencies at 2000 BJT, especially in winter
(Fig. 18a). Another striking feature is that the SBI at 2000 BJT
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is dramatically shallower than others except for summer
(Fig. 18b). Interestingly, the SBI intensity is much stronger
than EI intensity throughout the year, irrespective of in the
morning or evening. The intensity of SBI reaches more than
2°C (100m)~"! in December and January, which is more than
twice the intensity of EI. To better understand the regional
features of inversions, five ROIs (Fig. 1), each of which has
received increasing attention in recent years due to the joint
influences of global warming and air pollution, are further
analyzed. Figure 19 shows the regional average frequency,

depth, and intensity of SBIs on a monthly basis over the ROIs.
The SBI frequency in the evening (2000 BJT) in each ROI is
significantly lower than in the morning (0800 BJT) in all
months (Fig. 19a). Geographically speaking, the SBI frequency
reaches the maximum in the morning over the TTP, with
minima over the YRD and PRD. However, the TTP has almost no
inversions in the early evening from February to August. The BTH
experiences the much more frequent SBI episodes in all seasons ex-
cept for summer, compared with SCB, YRD, and PRD. This is in
sharp contrast to the regional differences in EI frequency (Figs. 20a,d).
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FIG. 17. (a) Vertical profiles of temperature from MERRA-2 (in blue) and radiosonde measurements (in red), as

compared with the simultaneously BC vertical distribution as measured by aircraft (black dashed line) in Beijing on
11 Dec 2016. (b) The wind fields at 850 hPa superimposed by 500-hPa geopotential height on the same day as in (a).
Note that the solid black star denotes the location of the radiosonde station and black carbon observation in Beijing,
and the thick white lines indicate the boundaries of Beijing and Hebei province.
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Besides, the intensity of SBI is found to be much stronger in the

morning over BTH, compared with other ROIs (Figs. 19¢.f).
Except over the TTP, the inversion depth in the ROIs is

similar in all months in the morning (Fig. 19b), suggesting that

there is no apparent seasonal dependence in SBI depth. In the
early evening, the SBI depth over BTH reaches a peak in May,
whereas the smallest depth occurs in winter (Fig. 19¢), in sharp
contrast to the seasonality of the SBI frequency. For the TTP,
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FIG. 19. The average (a),(d) frequency, (b),(e) depth, and (c),(f) intensity of SBI in each ROI as a function of month shown for (top) 0800
and (bottom) 2000 BJT. Note that the color-shaded areas represent one standard deviation of mean inversion frequency.
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the inversion depth (both SBI and EI) at 0800 BJT exhibits
similar seasonal variability to the inversion frequency, with the
minima observed in June. By comparison, the depth over the
BTH peaks in May at 2000 BJT. At 0800 BJT, the inversion
intensity over BTH is slightly larger than in the TTP or SCB,
whereas the weakest inversion intensity occurs in the YRD and
PRD. At 2000 BJT (Fig. 19f), there is no significant difference
in the SBI intensity in these five ROlIs.

As shown in Figs. 19 and 20, the EI frequency at 0800 and
2000 BJT over the TTP is much lower than the SBI frequency,
particularly in winter, possibly due to the scarcity of horizontal
advection and large-scale subsidence. Except over the BTH,
the EI frequency in the other ROIs is much more than the SBI
frequency in all months (Fig. 20). The same spatial discrepancy in
the EI depth in the morning and evening is apparent in all ROIs,
with the exception of TTP, where the EI depth is slightly lower
than in the other ROIs at 2000 BJT. The El intensity over the TTP
at 0800 BJT is much smaller than in the other ROIs (Fig. 20).

f- Potential influences of local meteorology

Several meteorological variables that may affect tempera-
ture inversions are further analyzed here, including Ts, 10-m
wind speed (WS), and LTS. To investigate the influence of
these meteorological variables across China, we analyze the
spatial pattern of correlation between inversion intensity and
meteorological variables. As illustrated in Fig. 21, the spatial
distribution of correlation coefficient (R) between inversion
intensity and three meteorological variables does not exhibit
uniform positive or negative signs across China, regardless of
the TI types. The correlation is the strongest for SBI intensity
and LTS (R = 0.24), followed by SBI intensity and Ts
(R = —0.18), SBI intensity and WS (R = —0.07), EI intensity

and WS (R = 0.06), EI intensity and LTS (R = 0.06), and the
weakest correlation (R = —0.04) for EI intensity and Ts.
Therefore, the meteorological variables, by and large, are more
closely associated with SBI intensity than with EI intensity. In
particular, wind speed and SBI intensity have an inverse rela-
tionship (R = —0.07), as do surface temperature and SBI in-
tensity (R = —0.18), but a positive correlation is found between
the SBI intensity and LTS (R = 0.24). This indicates that a
stable PBL, low temperature, and weak wind speed combine to
favor the intensification of SBIs in China, which is in good
agreement with the well-established relationships between
these factors identified in previous studies (e.g., Nygard et al.
2017). Conversely, the wind speed is positively correlated with
the EI intensity (R = 0.06).

To obtain a holistic understanding of the impact of meteo-
rological variables on the SBI and EI intensities, the 2D joint
probability distributions are explicitly checked of LTS, wind
speed, and surface temperature versus inversion frequency and
intensity, respectively (Figs. 22 and 23). Overall, a greater LTS
generally corresponds to a higher frequency and stronger in-
tensity of inversions, particularly within a suitable range of
wind speeds and surface temperatures (Fig. 22). This could be
due to the greater LTS values representing a more stable PBL,
which in turn facilitates the formation of TI in the PBL. When
the lower troposphere is extremely unstable (LTS < 10 K), it is
difficult to find out the influence of wind speed on the SBI and
EI frequency and is impossible for both SBI and EI to fre-
quently occur. Conversely, when the PBL is thermodynami-
cally stable in the vertical direction (LTS > 30K), a high SBI
frequency is closely associated with relatively low surface
temperature (Fig. 22c). By comparison, a more disorderly
pattern is observed for the joint dependence of EI frequency on
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FIG. 21. Spatial distribution of correlation coefficients (R) between inversion intensity of (top) SBI or (bottom) EI and (a) 10-m wind
speed (WS), (b) lower tropospheric stability (LTS) and (c) 2-m surface air temperature (Ts). Note that all these meteorological variables
are obtained from MERRA-2 reanalysis. Color-shading dots outlined in black indicate that R values are statistically significant (p < 0.05),

and the mean R is given for each panel.

both LTS and wind speed, given the scattering of hot spots in
Fig. 22b. Overall, the SBI and EI frequency decrease as the sur-
face temperature increases, implying that the surface temperature
anticorrelates with inversion frequency. This broadly agrees with
the correlation distribution shown in Figs. 21c¢ and 21f.

Figure 23 shows the combined effect of these meteorological
variables on the inversion intensity. Similar to the inversion
frequency, the 10-m wind speed has almost no effect on the SBI
intensity when the lower troposphere is unstable, considering
the almost invariant SBI intensity with respect to the wind
speed shown in Fig. 23a. When the LTS is large enough (ap-
proximately 35 K), the SBI intensity tends to be the strongest
under wind conditions ranging from 5 to 9ms ™' (Fig. 23a). The
10-m wind speed seems much larger than that in the previous
modeling (Liipkes et al. 2008) and observational (Cassano
et al. 2016; Riordan 1977) studies, in which the strongest SBI
inversions are observed to occur when the wind speed is
2-6ms L. By comparison, the EI intensity tends to be stronger
under high wind conditions, particularly for those cases with

LTS between 10 and 35K, or under low wind conditions
(<3ms~ ') combined with extremely stable PBL (LTS >
35K), as shown in Fig. 23b. Interestingly, the SBI intensity
under relatively stable PBL conditions (LTS > 10K) generally
increases as the surface temperature decreases (Fig. 23c),
which is broadly consistent with the results of Connolley
(1996). Figure 23d shows no apparent dependence of EI in-
tensity on surface temperature, indicating little effect of sur-
face temperature on the El intensity. This sounds reasonable in
that the El is supposed to be less susceptible to the influence of
land surface than SBI. Therefore, the dependence of TI in-
tensity (especially the El intensity) on local meteorology in the
PBL exists exclusively under limited restricted conditions.

4. Conclusions

The dataset of lower tropospheric temperature inversions
(TIs) in China is seldom reported in previous studies due to the
lack of long-term high-resolution radiosonde measurements,
which considerably impairs our understanding of PBL. In this
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study, we statistically present the climatological features of TIs
in the PBL for the period 2011-17, including the occurrence
frequency, depth, and intensity of SBI and EI, based on the 7-yr
record of high-resolution upper-air sounding measurements
from the China Radiosonde Network.

In general, the TI frequency exhibits a large geographic
dependence. There is at least a 50% chance for almost the
entire northwestern China to experience an SBI episode at
0800 BJT, which is much greater than over eastern China. The
time lag of 1-2h between BJT and LST leads to a typical
nocturnal PBL in most sites of western China at the launch of
soundings, which would result in negative latent and sensible
heat fluxes associated with cooling ground and condensing
water vapor. As a result, a positive gradient in temperature and
specific humidity occurs, thereby facilitating the formation of
SBI in western China. This primarily accounts for the “west
high, east low” pattern. At 2000 BJT, the spatial pattern
switches. In comparison, the spatial distribution of the EI fre-
quency is much more uniform, with a relatively large frequency

in East China in both the morning and evening. Similarly, the
depths for both SBIs and Els do not exhibit a significant geo-
graphic dependence, although the SBI is much deeper in the
morning than in the early evening. Additionally, the EI in-
tensity is smaller than the SBI intensity, irrespective of in the
morning or evening.

Both SBI and EI tend to occur more frequently at 0800 BJT,
most likely owing to the stronger radiative cooling at 0800 BJT
than at 2000 BJT. In particular, the summertime inversion
frequency for both SBI and EI exhibits a pronounced diurnal
variability, with a peak at 0800 BJT and a minimum at 1400
BJT. In the vertical direction, the largest EI frequency at 0800
BJT is observed at a height of approximately 300 m, except in
winter, whereas the EI frequency at 2000 BJT reaches a max-
imum at heights between 1 and 2 km, except during summer.
The highest SBI frequency usually occurs in winter, whereas
the summer has the lowest frequency. Besides, the EI is found
to occur most frequently in winter over Southeast China, which
could be linked to both subsidence inversions and the heating
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effect. The latter may be largely induced by the BC originating
from the NCP. Besides, the role of trade inversion cannot be
ignored either. Due to the strong variations in the loading and
vertical distribution of BC, it remains a great challenging task
to quantitatively confirm the heating effect of BC on EI based
on observational analyses alone, which merits more obser-
vational and modeling studies in the future. Furthermore, it
is hard to see any pronounced impact of topography and
land cover on the seasonal and spatial patterns of TIs
in China.

The relationships are analyzed between TIs and three local
meteorological variables: surface temperature, 10-m wind
speed, and LTS. The large wind speed and high surface tem-
perature are linked to a lower SBI intensity, whereas a large
LTS tends to be associated with a more intense SBI. In con-
trast, the El intensity does not have a spatially uniform positive
or negative correlation with any single meteorological variable
across China, suggesting a combined effect of meteorological
variables on the EI intensity. Furthermore, correlation ana-
lyses show that a greater LTS generally comes with a higher
frequency of inversions and a stronger inversion intensity,

especially when the wind speed is weak, and the surface tem-
perature is low. Conversely, when the LTS is small (unstable
lower atmosphere), the wind speed and the surface tempera-
ture have little influence on the SBI or the EI frequency,
indicating that the role of the above-mentioned surface mete-
orological variables can be ignored in regulating inversions
under unstable PBL conditions. By comparison, the SBI in-
tensity is found to be more dependent on the surface temper-
ature than the EI intensity, whereas the dependence of EI
intensity on local meteorology merely exists under restricted
conditions.

The methods developed here to estimate TIs from high-
resolution radiosonde measurements could be applied to other
regions or countries. To the best of our knowledge, this is the
first attempt to elucidate the climatological features of temper-
ature inversions in the PBL across China using high-resolution
radiosonde measurements. The classification of SBI and EI
provides us deeper insight into the finer PBL structures over
China. More importantly, the climatological dataset of TT would
contribute to our understanding of the formation mechanisms of
haze pollution and severe weather.
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