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ABSTRACT

Boundary layer height (BLH) plays an important role in regulating global weather/climate, as well as the disper-
sion and transportation of pollutants. Until now, however, the attribution and contributions of different control-
ling factors to BLH long-term variability and trends have not been quantified on a global scale. The long-term
radiosonde dataset was used in this study to retrieve global BLH climatology; seasonal, diurnal, long-term varia-
tion and trends were analyzed over a 39-year period (1980-2018). Statistical results show that the global distri-
bution of the BLH and its trend have apparent day-night differences. BLH during daytime is deeper during clear-
sky conditions compared to cloudy sky conditions, indicating a significant effect of clouds; BLH during nighttime
is deeper under cloudy conditions. BLH was also found to vary over different land types; dry and hot soil exhibits
a deeper BLH than those of wet and cool soil. The long-term variation and trend of BLH are highly influenced by
near-surface meteorological parameters. In particular, based on multiple linear stepwise regression models and
the contribution calculation method, this investigation initiatively quantifies the influences of meteorological pa-
rameters on global BLH long-term variation and trend. Our results emphasized that a 10 m wind speed (WS) and
low tropospheric stability (LTS) have significant contributions to long-term BLH variation; WS and LTS anomalies
alternately dominated the contribution of the diurnal cycle of the BLH anomaly. Annual BLH recorded an average
increasing trend (38.9-42.1 m/decade), and LTS is more dominant than WS from a contribution perspective, es-
pecially for increased BLH anomaly. Contributions from near-surface temperature (T) and relative humidity (RH)
also play important roles. However, a decreasing WS trend dominated the decreased trends of BLH anomaly, ac-
counting for nearly 40% of the total contribution.
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1. Introduction

The atmosphere boundary layer (ABL) is located at the bottom of the
troposphere, encapsulating nearly all human life and industrial activi-
ties (Stull, 1988). Due to its influence on the exchanges of momentum,
heat, moisture and material between the surface and the atmosphere,
the ABL plays a key role in the hydrology cycle and environmental pro-
cesses (e.g., agriculture, air pollution, hydrology and aviation) (Huang
et al.,, 2020; Stull, 1988; Garratt, 1994). As a key ABL parameter, the
boundary layer height (BLH) indicates the degree of vertical mixing
and exchange (Seibert et al., 2000; Seidel et al., 2010), having an impor-
tant impact on weather forecast and climate predictions (Seidel et al.,
2010; Yim et al., 2019). In addition, the BLH determines the volume of
diffusion for pollutants (Kim et al., 2007; Miao et al., 2021; Zhang
et al., 2012). Its effect in regulating pollution emissions and elimination
has also received wide attention over the last few decades (Ding et al.,
2017; Hu et al., 2014; Miao and Liu, 2019; Zhao et al., 2019; Zhang
et al., 2006). However, it is difficult to accurately simulate BLH and its
variation in models (Medeiros et al., 2011; Seidel et al., 2012), because
it refers to numerous physical processes considered in the parameteri-
zation scheme of the ABL, especially small-scale exchange processes oc-
curring in the ABL (Fekih and Mohamed, 2019; Wyant et al., 2010;
Garratt, 1994). Therefore, studying the BLH and its long-term variations,
especially the factors that control BLH changes, is crucial to improve our
understanding of air pollution and related boundary-layer processes.

As radiosonde can provide dynamic and thermal profiles within the
ABL, it is considered a powerful tool for BLH measurement (Seidel et al.,
2010). Currently, global radiosonde observation projects have produced
long-term global records of temperature, humidity and wind profiles,
which have been widely used to explore boundary layer characteristics
over different regions, such as in the Arctic (Zhang and Seidel, 2011),
Europe and America (Seidel et al., 2012; Zhang et al., 2013), China
(Guo et al,, 2016) and Japan (Zhang and Li, 2019). Many studies have
been undertaken to expand our understanding of basic features of the
BLH. For example, based on intensive radiosonde observations, Liang
and Liu (2010) found that radiosonde-based BLH over land and oceans
shows a strong diurnal cycle due to the diurnal variation of solar energy.
Seidel et al. (2012) studied diurnal and seasonal BLH variations over
Europe and America, recording different BLH seasonal patterns for the
daytime and nighttime. In addition, the BLH at most sounding stations
also exhibited significant trends over the past few decades (Zhang
et al,, 2013), and the BLH trend regime over China has been shown to
have an abrupt shift; trends before and after 2004 recorded opposite re-
sults (Guo et al., 2019). In fact, due to the ABL being strongly affected by
surface forcing (e.g., increased surface friction can reduce wind velocity,
heat and water vapor fluxes may change boundary layer conditions
(Stull, 1988)), diurnal and seasonal BLH cycles and its variation are
therefore closely controlled by surface parameters (e.g., soil moisture
(SM)) and near-surface meteorological conditions (e.g., temperature
and relative humidity) (Guo et al.,, 2019; Zhang et al., 2018). Based on
temporal correlation analysis between the BLH and meteorological var-
iables, Guo et al. (2016, 2019) reported the BLH to be closely related to T,
WS, LTS, near-surface pressure, RH and SM. Likewise, Pal and Haeffelin
(2015) proposed a physical insight about how geophysical variables
(e.g., solar short-wave radiation, sensible heat flux (SH), SM, T and
RH) influence the BLH maximum annual cycle. In addition, the influenc-
ing mechanism of meteorological factors on the BLH has also been ex-
plored (Pal and Haeffelin, 2015; Yi et al., 2001). Bianco et al. (2011)
found that irrigated fields and urban areas have a shallower BLH than
areas of parched grass during an arid summer in the California Valley
(USA) due to a larger part of surface net radiant flux being converted
into latent heat flux (LH). Recently, Zhang et al. (2018) indicated that
the BLH is higher over bare land in northwest China than wet land in
southern China due to a higher surface sensible heat flux (SH) and
lower near-surface RH. However, the majority of meteorological vari-
ables have inherent seasonal and daily cycles, thus correlations between
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them may be controlled by their strong seasonal variations which can-
not fully explain BLH long-term variations. In addition, correlations be-
tween BLH and related variables (such as T, surface pressure and
500 hPa geopotential height) also vary over time and space, with oppo-
site correlations being recorded during the day and night (Seidel et al.,
2012). In addition, global climatological conditions have recently under-
gone significant changes (Davy and Esau, 2016; Rummukainen, 2013);
its influences on the variability of the BLH have received less attention
and are still poorly understood. Therefore, systematic studies about sta-
tistical relationships between long-term BLH variations and different
contributory variables on a global scale should be undertaken, and rela-
tive contributions of different meteorological and surface parameters to
long-term BLH variation should also be further quantified.

In order to increase our understanding of related physical processes
in the ABL, and to improve parameterized schemes of BLH in models, we
retrieved the BLH from the global sounding network and investigated its
climatological characteristics. In particular, by combining multiple
datasets, we focused on two key questions: (1) what are the factors
driving long-term variation of BLH at regional and global scales? And
(2) which factor has the dominant contribution? Although some statis-
tical results agree reasonably well with previous studies, new insights
are also presented. The rest of the paper consists of the following sec-
tions. Section 2 introduces data and methods. The mean climate state,
long-term trends, BLH differences over different land covers, and the at-
tribution and contribution analysis are presented in Section 3. Finally,
Section 4 presents the conclusion.

2. Dataset and methodology
2.1. Radiosonde dataset

The radiosonde datasets, derived from the University of Wyoming
website (http://weather.uwyo.edu/upperair/sounding.html), cover
long-term radiosonde observations of 660 global stations over a 39-
year period (1980 to 2018). Soundings were launched at two fixed
times (0000UTC, 1200UTC), providing abundant profiles for pressure,
temperature, humidity, potential temperature and wind. Although ver-
tical resolutions of global radiosonde have significantly improved re-
cently, the majority of stations in Asia still have poor resolution.
Radiosonde networks in the southern Hemisphere and Africa have a
sparse distribution, having shorter sampling periods (Fig. S1). For a bet-
ter comparability and consistency of retrieved BLH, only stations with
data spanning more than 20 years were taken into account; stations
with periods of long-term missing data or a geographical location that
has changed were removed. In this study, therefore, 488 stations at
0000UTC and 436 stations at 1200UTC met our strict conditions.

Before retrieving BLH, a series of strict quality-control procedures
were performed to filter unsuitable data (Durre et al., 2006; Fig. S2). A
basic parameter check was undertaken to ensure that parameters
were within a reasonable range. A surface altitude inspection was un-
dertaken to check station altitude change over a long time series; a sta-
tion with an altitude difference >50 m was eliminated. An internal
consistency check mainly ensured reasonable relationships existed be-
tween the pressure level and geopotential height, eliminating observa-
tions with more than one surface layer in a sounding. The repetitive data
check ensured observations undertaken in both temporal and vertical
directions were suitable; temporal running check considered observa-
tions showing the same data at 15 consecutive observations or 15 con-
secutive same time observations (e.g., 0000 UTC) to be inaccurate;
vertical running check considered the same observations at five consec-
utive vertical layers as false observations. Similar to Seidel et al. (2012)
and Zhang et al. (2013), two additional restrictions were used before
calculating the BLH: (1) within 5 km above the ground, there were at
least seven vertical levels of sounding records of specific humidity, vir-
tual potential temperature, geopotential height and at least four records
of wind observation; (2) at least 50 observations per season were
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obtained. In addition, the dewpoint depression (AT,) threshold method
was adopted to identify whether boundary layer clouds existed during
sounding periods, and cloud layer was confirmed when dewpoint de-
pression fell below the set threshold (Poore et al., 1995). The reference
threshold was set as: if the temperature of an observed layer > 0 °C, ATy
= 1.7 °G; if temperature ranged from —20 °Cto 0 °C, AT, = 3.4 °C; and if
the temperature < —20 °C, ATy = 5.2 °C. In this study, all analyses are
undertaken with respect to cloudy or clear sky conditions.

2.2. Land cover and meteorological reanalysis datasets

In order to estimate BLH and its long-term change tendency over dif-
ferent land types, yearly updated global land cover maps (1992- 2015)
were generated using data from the European Space Agency (ESA)
Climate Change Initiative (CCI) and subsequent products released by
Copernicus Climate Change Service (C3S). Both data sources are in
good continuity and consistent with each other; data was integrated
at https://www.esa-landcover-cci.org/?q=node/197. The spatial reso-
lution of this data attained 0.00278°. The fine-resolution allowed the
landscape to be described in great detail. As land cover maps from
1992 onwards were available, we only analyzed BLH properties over
different land covers during this period. Analysis indicated that land-
scapes of 78 sounding stations had changed during this period, of
which 73 of these stations had become “urban” due to urbanization;
only one or two stations changed into bare land, forest or grassland.
The remained 558 stations did not record a land-use change.

In addition, SH, LH, SM, soil temperature (ST), solar radiation (RS),
downward thermal radiation (RT) and WS from the ERA5-Land reanal-
ysis dataset were also used in this study. Compared with prior versions
of ECMWF global climate reanalysis, the latest fifth-generation ERA5-
Land reanalysis dataset has considerable improvement and its temporal
resolution had been increased to include an hourly level; horizontal spa-
tial resolution was 0.1° x 0.1°. In addition, simultaneous T and RH pro-
files were obtained from radiosonde data. LTS is expressed as:

AO = 0700 —0s (1)

where, 6 is potential temperature; and ;o9 and s indicate 700 hPa and
the surface. All meteorological variables used in this study can funda-
mentally reveal the thermodynamic and dynamic conditions of the
ground and near-surface atmosphere. Thermal characteristic variables
(SH, LH, RS, RT, ST and T) reflect the energy budget in the lower atmo-
sphere, indicating that ground heating and cooling control turbulent de-
velopment (Bianco et al., 2011; Pal and Haeffelin, 2015; Pielke, 2001;
Tanaka et al., 2007; Yi et al., 2001; Zhao et al., 2019). As humidity condi-
tions (i.e., SM, SH) regulate the energy balance of the surface, net surface
radiation is mainly converted into LH and SH, and surface humidity con-
ditions can influence the distribution ratio (Banta, 2003; Meng et al.,
2017), referred to as the Bowen ratio. Moreover, SM can alter surface al-
bedo (Sanchez-Mejia and Papuga, 2014), RH is associated with surface
evaporation and vegetation transpiration, and the surface water-vapor
flux is also an important contribution of buoyancy flux for wet ground
(Endo et al., 2008). WS alters the contribution to turbulence generated
by mechanical effects, and WS also affects the ABL structure by horizon-
tal transport (Banta, 2003). Finally, LTS indicates thermodynamic condi-
tions in the lower atmosphere (Guo et al., 2019).

2.3. Calculation of BLH and its long-term variation

Currently, the most common methods of determining BLH based on
radiosonde datasets include the parcel method (Liang and Liu, 2010),
the gradient method (Wang and Wang, 2016; Seidel et al., 2010), tem-
perature inversion layer height (Seidel et al., 2010), and the Richardson
number method (Zhang et al., 2020; Zhang and Seidel, 2011). Differ-
ences, and advantages and disadvantages between these methods
were reviewed by Seidel et al. (2012). It is believed that there are
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notable differences and uncertainties in calculating BLH using different
methods, and none of the currently used methods can perfectly capture
BLH. Each method has its inherent shortcomings, and they are only suit-
able to calculate BLH under certain conditions; it is therefore important
that the adopted method should be dependent on the research subject.
By using long-term radiosonde observations, Seidel et al. (2012) evalu-
ated almost all methods, concluding that the optimal method to study
BLH climatology is the widely used bulk Richardson number method
(Vogelezang and Holtslag, 1996). As the physical meaning of the bulk
Richardson number method is the dimensionless ratio between the
suppression of turbulence produced by buoyancy and turbulence gener-
ated from wind shear, it considers both dynamic and thermodynamic
effects comprehensively. This method has obvious advantages over
other methods because it is suitable for both convective and stable
boundary layer regimes, being valid when raw radiosonde data is
under low vertical resolution (Leventidou et al., 2013). Formulation
for this method is:

(g/evs)(gvz _0v5)<z_zs)

Ri(z) =
l( ) (uz_us)2 + (Vz_Vs)2 + buf

2)

where, g is gravitational acceleration; 6, is virtual potential tempera-
ture; u and v denote wind components whose units have been con-
verted from knots into m/s; z is height away from the ground; z and s
represent variables at altitudes of z and the ground; u, is friction veloc-
ity,and bu , % is the friction term that is negligible due to a much smaller
value than the other term in the denominator (Vogelezang and Holtslag,
1996). According to Stull (1988), surface turbulence exists when R; is
less than the critical value of 0.25. The corresponding bulk Richardson
number R; at each sounding level can be obtained using Eq. (2). By scan-
ning the R; profiles upward from the surface, in conjunction with a lin-
ear interpolation between the level with R; initially exceeds 0.25 and
the adjacent sounding level below it. BLH may therefore be determined
when R; = 0.25. After calculating BLH, the Mann-Kendall trend test
(Kendall, 1975; Mann, 1945) and Sen's slope estimation (Sen, 1968)
were used to assess linear trends of BLH and their significance tests.

In order to investigate the long-term variations of BLH and meteoro-
logical variables, and to further explore their interrelationships, sea-
sonal cycles of these variables were removed from their monthly-
mean values. By using this method, anomalies for both BLH and other
variables on a monthly scale were obtained as (Pal and Haeffelin, 2015):

Hj, = H*~H" 3)

where, H represents the monthly mean value; k is the month; B repre-
sents averaged H of the kth month among 39-years; and H,’ represents
the anomaly.

After removing seasonal factors, obtained time series of variables
were still non-stationary for long-term variation analysis due to the
trend in the variable causing spurious covariation (Raffalovich, 1994).
We therefore adopted a detrend method derived from monthly anoma-
lies minus its least square fitted line. By using stepwise regressions, the
irrelevant variables were filtered and linear linkages between the BLH
anomaly and variable anomalies were established. We also conducted
collinearity diagnostics on variable anomalies and no significant collin-
earities were found. Regression model was based on the following func-
tion (Che et al., 2019a; Jian et al., 2018):

OH \x +%Ax2+-"+a—HAx,»+c 4)

AH = =—
aX1 1 aX,‘

where, all variables have undergone normalized procedure (mean = 0,
standard deviation = 1). AH is BLH anomaly; Ax; is the independent
variable anomaly, which is reserved in a stepwise regression model
when the statistical significance test is met (>90%); i is the number of
variables; c is a constant term; and gTIZ is the regression coefficient.
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Based on the regression models in Eq. (4), we further quantified the
relative contribution of each meteorological variable to BLH long-term
variation. Contribution was calculated using the formulation (Huang
and Yi, 1991):

C=L3(myy m2
i\

j=1

(3)

where, m is the data length in the time series; n is the total amount of
variables considered in the stepwise regression model, H;j = ¢; x;;, in
which ¢; is the regression coefficient; and C; denotes contribution rate
of ith variable.

2.4. Uncertainty analyses about the method

Under strong winds or deep boundary layers, radiosondes may drift
far from their launch point, causing ambiguous land classification and
cloud identification. Here, as the horizonal resolution of the land type
dataset was 300 m, we considered the dominant land type within
3 km of the radiosonde as the station land type. Secondly, during the ra-
diosonde horizontal drifts, the corresponding surface parameters will
also change. However, current available ERA5-land surface parameters
have a the highest resolution of 10 km, indicating that the surface pa-
rameters are fixed when the sounding balloon reaches the top of the
ABL. This may introduce some uncertainty in the calculation of contribu-
tion rates. Thirdly, we didn't make a clear distinction of boundary layer
types (convective or stable) due to the rough vertical resolution of many
radiosonde observations, especially early observations; these factors
may bias averaged BLH results. Additionally, we know that the
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convective clouds are strongly linked to the convective boundary
layer, whereas stratiform clouds may or may not be linked to the ABL.
In our study, as a simple dewpoint depression threshold method cannot
distinguish cloud types, we therefore only focused on BLH behavior
under cloudy and cloud-less conditions.

3. Results and discussion
3.1. Global characteristics and trends

This section presents the global distribution of multi-year averaged
BLH and its long-term trend, including seasonal and day-night differ-
ences. Note that the averaged BLH is derived by using the bi-weight
mean estimator (Lanzante, 1996), which is more robust for BLH with
non-normal distribution. Distinct day-night differences were found in
the BLH due to fixed sample time, during our analysis we categorized
data into two periods to clearly distinguish the daytime and nighttime
ABL. For the region of 60°W-120°E, 0000 UTC encompassed 20:00-
08:00 LT (the nighttime period) and 1200 UTC encompassed 08:00-
20:00 LT (the daytime period).

The global distribution of multi-year averaged BLH at 0000 UTC and
1200 UTC under cloudy- and clear-sky conditions are shown in Fig. 1a-
d.In general, BLH ranged from less than 200 m to nearly 2 km. High BLH
appeared over Europe and Western Asia at 1200 UTC, and over the
western mountains of North America at 0000 UTC (where BLH even
exceeded 2 km); shallow BLH was mainly located over the Eurasia con-
tinent (0000 UTC), America and East Asia (1200 UTC), corresponding to
nighttime BLH. BLH over eastern areas of China exhibited a weak day-
night difference, possibly being due to the local sounding time in this
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Fig. 1. (a)-(d) for the spatial distribution of multiyear averaged BLH over period 1980 to 2018, both BLH under clear sky (top) and cloudy (middle) is provided here, the left panel for 0000
UTC and the right for 1200 UTC. Only stations sampled for more than 20 years are presented in the figure. The histograms to the right of the subplots represent the zonal mean. (e), (f) for
the differences between clear-sky BLH and cloudy.
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area coinciding with BLH transition periods in the morning and evening,
when the ABL was near-neutral and turbulence had a similar intensity
(Blay-Carreras et al., 2014); day-night differences at these two periods
were therefore weak.

Radiosonde at the two fixed synoptic time periods only captures two
“snapshots” of the ABL structure (Seibert et al., 2000). Due to different
local sampling times, BLH at the two sampling times represent obvious
zonal gradient. Results indicate that the global distribution of BLH is
controlled by a strong diurnal cycle, linked to the daily cycle of energy
budgets for both the Earth's surface and atmosphere, and peak BLH is
basically distributed in areas where sounding samples were collected
in the afternoon period. For example, BLH over the western part of
North America exceeds 2 km at 0000 UTC, while the lowest height is
only about 120 m at 0000 UTC. In addition, spatial characteristics of
BLH distribution are also related to latitude, altitude and cloud cover.
For example, differences in latitude are associated to changes in the
angle of the sun, where a more stable boundary layer with shallow
height occurs at high latitudes (Seidel et al., 2010), with low- and
mid-latitude regions recording a higher BLH due to receiving more
solar energy. However, the highest BLH is not found in the tropics but
in the mid-latitudes, this may be due to the fact that the tropics are
mostly oceanic. Although there may be thicker BLHs in the Sahara, our
dataset has few samples from these regions. In addition, the utilized
bulk Richardson method is a little bit uncertain in the tropics due to fre-
quent deep convection (Seidel et al., 2012). Elevation may be another
factor related to global distributions (altitude is not shown); previous
studies have recorded deep radiosonde-based BLH to exhibit depen-
dence on stations with higher altitudes (e.g., western North America
Plateau (Seidel et al., 2012) and the Tibet Plateau (Guo et al., 2016)).
Guo et al. (2016), however, considered deeper BLH recorded over the
Tibet Plateau to be related to strong wind speeds. The near-sea BLH
may be obviously influenced by sea-land breezes (Fig. S3), during the
day, sea breezes bring cold, high-humidity flows to the near-sea sta-
tions, resulting in a BLH that shallower than its adjacent continental sta-
tions (Huang et al., 2016). At night, dry land breezes generate more
turbulence induced by mechanical effects, BLH of the near-sea stations
therefore responds to higher levels; the diurnal cycle of near-sea BLH
is therefore weaker.

Boundary layer cloud has been recorded to have a significant influ-
ence on BLH (Wang and Wang, 2014; Zhang et al., 2018). Clouds can in-
hibit shortwave radiation reaching the surface (Molod et al., 2015),
resulting in shallower BLH during the daytime. The impact of clouds
on the BLH can be clearly seen from BLH differences between clear
skies and cloudy conditions (Fig. 1e-f). Clouds tend to inhibit ABL devel-
opment during the daytime, especially over Siberia, Europe and North
America, where clear-cloudy BLH differences may reach 500 m. During
the nighttime, however, our results indicate that cloud cover may main-
tain a deeper BLH (Europe, western Asia and western part of North
America). The nocturnal boundary layer is generally characterized
with stable stratification, with sporadic turbulence existing when the
surface temperature decreases to become colder than the air tempera-
ture (Stull, 1988), hence height is always considered to be the top of
the surface inversion layer. During cloudless nights, downward atmo-
spheric radiation is weak, resulting in rapid surface cooling due to
heat loss; turbulent exchange is therefore greatly suppressed during
this period. In contrast, longwave flux emitted by clouds can induce
net heating effects (Harrison et al., 1990) during cloudy nights, thereby
slowing down surface cooling, resulting in global mean BLH to be about
90 m higher than those during clear nights. However, deeper nighttime
BLH under cloudy conditions persist until earlier period before sunrise,
when the BLH is less affected by cloud cover (e.g., eastern Asia at 0000
UTC and eastern North America at 1200 UTC). This means that the
cloud effect is insignificant during earlier periods before sunrise; other
factors, such as surface non-thermal conditions (e.g., SM (Xu et al.,
2021), WS (Banta, 2003)) and topped entrainment processes
(Angevine, 2007) may also play more important roles.
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Comparison of annual and seasonal trends of global BLH under clear
sky and cloudy conditions (Fig. 2) indicated that only 280 stations (from
434 valid stations) exhibited statistically significant annual trends, with
an average clear-sky (cloudy) trend of 42.1 (38.9) m - dec™! (Fig. 2a5-
d5), having the same magnitude with previous results (Zhang et al.,
2013; Zhang and Li, 2019). Our results also indicate that BLH trends
under clear-sky and cloudy conditions had similar distributions and
values. However, trends at two observed times had opposite results, in-
dicating that the global distribution of BLH trends was also related to
different controlling factors and day-night differences. Land areas over
central and western Eurasia were dominated by increased trends at
1200 UTC; at 0000 UTC trends were significantly weakened or became
negative, with trends over central Eurasia becoming insignificant. Previ-
ous investigations recorded radiosonde-based BLH trends over Europe
(Zhang et al., 2013) and Japan (Zhang and Li, 2019) to also have similar
day-night differences. In addition, trends during the day were more
strongly affected by clouds, with central and western Eurasia (1200
UTC) and North America (0000 UTC) having smaller trend values during
cloudy periods.

Global mean trends for four seasons under clear-sky conditions were
60.5 (MAM), 53.5 (JJA), 46.4 (SON) and 45.3 (DJF) m - dec™'; mean
trends for cloudy periods were slightly smaller (59.5, 50.0, 45.6 and
46.5 m - dec™!, respectively). Under both conditions, values decreased
with the season cycle, recording higher results during MAM and lowest
results during DJF (or SON). Trends recorded among the seasons were
notably different, for example, the number of stations with statistically
significant trends over the Eurasia continent gradually decreased from
MAM to DJF, with trends in some stations (e.g., clear-sky trends in
East Asia at 1200 UTC) even shifting from positive values in MAM to
negative values in other seasons. This result explains why the mean
trend during MAM was much higher than those recorded during the
other seasons. In addition, clouds may result in some trends becoming
insignificant, especially for stations during daytime periods. Under
cloudy conditions, stations recording a significant trend in central
Eurasia were sparse during JJA, SON and DJF; their annual mean trends
were thereby distinctly lower than those under clear sky conditions.

3.2. BLH characteristics over different land types

Regional observations indicate that BLH over different land types is
distinctly different due to differences in surface parameters and meteo-
rological conditions (Friedl et al., 2010; Pielke, 2001). 78 stations with
altered landscapes (due to rapid urbanization) were excluded from
this analysis (Fig. S4). Here, BLH at 0000 UTC and 1200 UTC were com-
bined to ensure enough samples were collected.

BLH values for 17 land types under cloudy- and clear-sky conditions
are shown in Fig. 3. The number of stations for corresponding land types
is also presented with histograms being organized (top to bottom)
using mean BLH. Results indicate BLH to be generally lower under
cloudy conditions than under clear-sky conditions: mean BLH ranged
from 485 m (deciduous needle-leaved) to 842 m (vegetation covered
flood) under cloudy, and from 486 m (lichen and moss) to 1019 m
(bare land) under clear-sky conditions. The clear-cloudy differences
had noticeable variations. For example, difference over lichen and
moss land (3 stations) was only 6 m while deciduous needle-leaved
land (4 stations) was 191 m. It should be noted that all deciduous
needle-leaved stations were located in one time zone (100.23°E-
113.86°E), coinciding with a larger clear-cloudy BLH difference
(Fig. 1e-f). In light of this uncertainty, further analyses focused on
land with more than 20 stations and with station location spanning
multiple time zones (eight land types met this standard, see the red la-
bels in Fig. 3a-b).

For eight land types, average BLH over bare land and shrubland was
consistently higher; irrigated cropland consistently recorded the lowest
BLH. Generally, higher BLH existed on land with low humidity, vegeta-
tion fraction and albedo; lower BLH was recorded on land with opposite
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characteristics, consistent with other recent findings (Sanchez-Mejia
and Papuga, 2014; Zhang et al., 2018). However, huge differences over
the same land type still exist. It can be seen in Fig. 3a-b, that the higher
the number of stations, the larger the BLH variation range. It has previ-
ously been shown that lower soil moisture levels or relative humidity
results in more surface net radiation flux distributed to the sensible
heat flux, which is conducive to the development of the ABL (Pal and
Haeffelin, 2015). For areas of shrubland and bare land, relatively dry
soil could be an essential cause for higher BLH; low levels of roughness
correspond to high horizontal wind speeds (Wever, 2012), which con-
tributes more to mechanical effects induced turbulence, thus being an-
other reason for its higher BLH. Although albedo in shrubland and bare
land were the highest, its impact on BLH is insignificant over these land
types. Here, albedo is not the only factor determining surface parame-
ters (e.g., temperature); soil thermal properties and solar radiation are
also important aspects (Xiao and Bowker, 2020). As wet areas
(e.g., water, irrigated cropland) are accompanied by high soil moisture,
evaporation or transpiration, they recorded relatively shallow BLH;
meteorological conditions over these lands caused more surface energy
to be distributed in latent heat, therefore resulting in shallower BLH
(Bianco et al.,, 2011). Due to evergreen needle-leaved forests being
mainly distributed in cold temperate zones, low temperature and
solar energy may be highly related to shallow BLH. In addition, average
urban BLH was also recorded to be similar to that of evergreen needle-
leaved or irrigated cropland. In fact, urban areas often have a higher
surface heat flux (White et al., 1978) and higher BLH than adjacent
surrounding areas due to the urban heat island effect (Pal et al., 2012).
Across all land types, urban area accounted for the largest number of
stations (>100), resulting in a more comprehensive and larger variation
range, and more nocturnal BLH may bias the average results;
furthermore, combined BLH at 0000 and 1200 UTC could also be
influence to the statistics. Lower averaged BLH is therefore generally
recorded in urban areas and its varying amplitude is greater than most
areas.

Annual BLH trends over 17 land types are presented in Fig. 3c-d.
Here, averaged values of maximum and minimum trend are provided
in the histogram, with trend bars arranged by mean values from bottom
to top. These results indicate that more than half of the stations over
each land type had a significant trend (95% confidence level). Under
cloudy conditions, mean trends ranged from —3.6 m - dec™! (snow
and ice) to 66.7 m - dec™ ! (sparse vegetation); under clear skies, values
varied from —68.5 m - dec™! (deciduous needle-leaved) to 74.4 m -
dec™! (bare land). For all land types, average BLH trends were generally
positive, with only deciduous needle-leaved land recording a decreasing
trend under clear skies. However, results from three stations did not
represent the complete tendency state over this land type. Results for
trend differences between clear and cloudy skies over the eight land
types (Table S1) indicate that mean trends were reduced under cloudy
conditions, apart for urban and water stations where mean trends were
slightly lower under clear sky conditions. As per our previous analysis,
BLH trends at one station significantly varied by day and night, or by
season, thus increasing and decreasing trends coexist over the same
land type and the trend range significantly varied with land cover.

In order to estimate diurnal BLH cycles over the eight land, we con-
verted two fixed observed times into local time for each station (Fig. 4).
Here, it is worth noting that the diurnal cycle in the present analysis was
only formed by combining stations located at different time zones, var-
iation in meteorological conditions (e.g., solar radiation, wind speed
etc.) over different stations may introduce some uncertainties. How-
ever, our statistical results still revealed some basic features of BLH diur-
nal variation. Regardless of the underlying surface, BLH increased from
the morning with an increase in solar radiation, reaching a daily peak
around 15:00 LT (Liang and Liu, 2010; Zhao et al., 2019). Under cloud
conditions, the daily peak was reached slightly earlier. Daily maximum
and minimum values at each land-cover are basically consistent with
BLH upper and lower limits (Fig. 3a-b), indicating that BLH differences
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under the same land cover type is mainly caused by diurnal variation.
Other possible factors (e.g., latitude, altitude and meteorology factors)
were not taken into account here. In addition, under clear skies, daily
variation amplitude was larger than that under cloudy skies. As previ-
ously discussed, once clouds were present, the convective boundary
layer increased more slowly during the daytime, and the nocturnal
BLH was slightly higher than that under clear skies. BLH exhibits a dif-
ferent diurnal cycle across various land covers. For example, maximum
BLH on bare land and shrub land can reach around 2500 m during the
midday period under clear skies, but night minimum BLH was only
224 m. However, stations situated in water, characterized by high hu-
midity and low diurnal temperature ranges, recorded a weak diurnal
variation compared with those of other land types. Diurnal cycles of
trends over eight land types (Fig. S5) have maximum and minimum
values that are consistent with the distribution shown in Fig. 3c-d. As
noted earlier, only a few stations recorded a decreasing trend; decreas-
ing trends were easily identified in stations at night and increasing
trends dominated daytime stations, usually reaching a peak value by
midday.

3.3. Contributions from different factors to BLH variation and trend

Based on the long-term variations of related meteorological factors,
the regression model of BLH anomaly at each station was established
using Eq. (4). Apart for some mid-latitude stations over Asia, high-
correlations (95% confidence level) between observed and model pre-
dicted time series of BLH anomalies were exhibited at most stations, in-
dicating that the stepwise regression models have good prediction for
BLH anomaly (Fig. S6). Compared with other areas, low vertical resolu-
tions over stations in East Asia may result in uncertain retrieval of the
BLH, which are partly related to poor regressions in these areas. Due
to a lack of ERA5-land derived meteorological factors (RS, RT, SH, LH
and WS) over a few sporadic island stations in the southwest Pacific,
contribution analyses for these stations were not provided.

3.3.1. Contributions to BLH long-term variation

The contribution rates of meteorological variables to BLH long-term
variation were derived using Eq. (5) (Fig. 5). Due to similar results re-
corded under clear and cloudy conditions, only contribution distribu-
tions under clear skies were provided (cloudy conditions are provided
in Fig. S7). For the majority of stations, LTS and WS are always retained
in the regression models, indicating that the variations of the two vari-
ables are closely related to BLH variation. Other variables were shown to
have weak or insignificant contributions. Quantified contributions indi-
cate that LTS and WS had the dominant contributions to BLH variations
over the majority of stations; their contributions exhibited distinct spa-
tial and day-night differences. For example, WS was the dominant factor
during the night, or at high latitude areas, and the maximum contribu-
tion rate of WS exceeded 50%. However, the contribution of WS during
the nighttime was insignificant at stations over central and western Asia
(i.e., the Iranian plateau and its eastern regions; red box in Fig. 5j1). This
was largely due to the stepwise regression failing to pass the significant
test over this region (Fig. S6). In addition, the anomaly in LTS accounted
for a considerable contribution of daytime stations at low and middle
latitudes. Rough diurnal cycles of contribution over the eight main
land types under clear sky (Fig. S8) and cloudy (Fig. S9) were calculated.
It was seen that LTS contribution gradually increased during the morn-
ing while the contribution of WS declined; nighttime contribution was
dominated by WS and the contribution of LTS only exceeded that of
WS in the afternoon period. In summary, LTS and WS alternately dom-
inated the daily anomaly in BLH. As previously highlighted, the influ-
ence of land surface on BLH is mainly reflected in the buoyancy flux
and the mechanical shear effect (Banta, 2003; Pino and Vila-Guerau
De Arellano, 2008). During nighttime periods, the mechanical shear ef-
fect is generally the only process producing boundary layer turbulence
(Stull, 1988), near-surface WS is closely related to these mechanical
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Fig. 5. The contribution rates from anomalies of meteorological variable to BLH anomaly. Here, RS: solar radiation, RT: thermal radiation, SH: sensible heat flux, LH: latent heat flux, T: near
surface air temperature, ST: surface soil temperature, SM: surface soil moisture, RH: near surface relative humidity, LTS: low tropospheric stability, WS: 10 m wind speed. “0000” and
“1200” represent UTC. Red box in (j1) denotes the region where the regression models did not pass the correlation test (p < 0.05).

effects. However, unstable-stratified ABL mainly occurs during thermal
instability or during convection conditions produced by strong surface
heating during daytime periods (Garratt, 1994); these unstable condi-
tions can induce variation in LTS. The contribution of the mechanical
shear effect during the daytime is therefore not as great as that at
night; the contribution of cloudy LTS anomaly is essentially lower than
those under clear skies due to more vigorous instability, whereas WS
and RH contributions under cloudy conditions to be slightly increased
(compare to Fig. S7). Although RS, RT, T, ST, SH, LH, RH and SM, which
reveal energy and water vapor supply related to buoyancy flux, play im-
portant roles in driving ABL growth, anomalies of these factors over
long-term periods do not indicate significant contributions to the
long-term variation of BLH in many cases their anomalies were elimi-
nated by regression models.

It is worth noting that we selected anomalies instead of raw values
to build the regression model, thereby already removing trends and sea-
sonal cycles. However, if we only take original series of observed values
into account, BLH and other variables exhibit significant correlations. As
shown in Fig. S10, BLH is negatively correlated with RH and LTS, and
positively correlated with WS and LH. This is consistent with the prior
findings (Guo et al., 2019; Pal and Haeffelin, 2015; Zhang et al., 2018;
Zhang et al.,, 2013). Correlation coefficients of other parameters (SH, T,
ST, RT, RS and SM) with BLH exhibited obvious day-night differences;

contrary correlation coefficients between daytime and nighttime were
highlighted in Fig. S10; similar findings were also recorded by Seidel
et al. (2012). This possibly indicates that the driving mechanisms to
ABL are different during the daytime and nighttime. Indeed, recent find-
ings by Xu et al. (2021) suggest that nocturnal BLH is mainly induced by
intermittent turbulence (Shingleton, 2010), which is more related to SM
rather than SH. Compared with the original series of BLH and meteoro-
logical variables, Pal and Haeffelin (2015) found correlations between
BLH anomaly and variable anomalies over a single station were obvi-
ously reduced. Findings from our study indicated that global-scale cor-
relations of anomalies for most variables are also weak (Fig. S11), with
only WS and LTS anomalies maintaining a strong correlation; other var-
iables were mainly independent of BLH long-term variation. As a sam-
ple, Fig. S12 provided the time series of anomalies at Camborne
station (5.32°W, 50.22°N) and their correlation coefficients. Statistical
results indicated that the LTS anomaly and WS anomaly are highly re-
lated with anomaly of BLH, and their correlations have obvious day-
night difference. WS anomaly dominates the nighttime BLH anomaly
but LTS anomaly the daytime. In recent decades, global WS has under-
gone drastic interannual and interdecadal variabilities (Zeng et al.,
2019; Zhang and Wang, 2020), which are highly linked to the influences
of weather processes and climate systems. Wang et al. (2019) revealed
that detrended and de-seasonalized monthly WS anomalies in the

Fig. 4. Diurnal cycles of BLH under cloudy (left panel) and clear (right panel) cases. Only the land cover with more than 20 sounding stations is provided. Diurnal cycles are formed by
converting UTC into the local sample time. The error bar represents the standard deviation, and X-axis is local time (hour), Y-axis is BLH (m).
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Northern Hemisphere are dominated by general circulation, implying
that the detrended BLH anomaly, especially the nocturnal BLH anomaly,
is related to the anomaly of synoptic process. LTS denotes the potential
temperature deference between 700 hPa and the surface, and a clear
linear relationship exhibits between LTS and air temperature. The
detrend temperature anomaly, however, filters out the effects of global
warming, thus it still records large inter-annual fluctuations which are
also influenced by general circulation (Wallace et al., 2012). Since
surface temperature anomaly contributes are insignificant to the BLH
anomaly, the anomaly of 700 hPa temperature may have an important
influence on BLH anomalies.

3.3.2. Contribution to the BLH trend

Nearly 280 stations exhibited statistically significant annual linear
trends. In order to examine causes for BLH trends, observed BLH and
meteorological variables with significant annual trends were normal-
ized and then stepwise regressed using Eq. (4), and contribution rates
to trends of BLH anomaly (only de-seasonalized) were calculated as
(Chen et al., 2020; Cheng et al., 2015):

BH/Bx,- -AX;

G=

(6)
where, 0H/0x; is the coefficient of stepwise regression; and AH (Ax;) is
the difference of average predicted BLH (meteorological factors)
between the first and last ten years. Notably, derived contributions
may include negative values and values >1. A negative contribution
indicates that the variable trends inversely varied with the trend of

BLH anomaly; a value >1 indicates that the strong contribution of the
variable anomalies. In this study, we used the relative contribution rate
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calculated by absolute values, as per the method of Haji Gholizadeh et al.
(2016):

IC;!

Cri = IC11+ ICol + - + 1Cyl

x 100%

()

where, G; is the relative contribution of ith variable; |G| is the absolute
value of contribution calculated from Eq. (6); and n is the total number
of variables in the regression model.

The global distributions of relative contribution rate of different factors
to trends of BLH anomaly under clear sky conditions were shown in Fig. 6
(cloudy conditions see Fig. S13). In general, LTS and WS anomalies played
important roles in determining trends of BLH anomaly, with LTS having a
relatively greater contribution for the majority of stations. The contribu-
tions of RH and T notably increased, largely being caused by the effects
of global warming. Other variables exhibited small contributions, even
failing to enter the regression models. Global results also indicated that
day-night differences in the contribution of WS were still significant evi-
dent. By grouping the contributions of T, RH, LTS and WS anomalies, we
roughly assessed the diurnal cycle of averaged contributions (Fig. S14).
Although WS was the dominating factor for BLH long-term variation,
LTS trends had greater effects on predicted trends of BLH anomaly, espe-
cially for the clear-sky conditions. LTS contributed the most in the late af-
ternoon, but a peak was also exhibited around 04:00 LT. As the source of
this peak was mainly located at a station near 60°E (0000 UTC), an area
noted for a poor regression performance (Fig. S15, failed correlation
test), this peak was deemed to be noise. The contribution of WS during
the daytime was distinctly lower than those of night; however, T and
RH also had significant contributions in the morning.
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Fig. 6. Same to Fig. 5, but for the contribution from variable anomalies to the trend of BLH anomaly under clear-sky conditions; “0000” and “1200” denote UTC. The cloudy case is shown in

Fig. S13.
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Comparisons between observed (after de-seasonalizing) and the trends, they captured BLH well (Fig. S15; Table S2) and were always
predicted trends of BLH anomaly over eight land types (Fig. 7; left side within the uncertainty range of observed trends. The differences
of the dotted red line) clearly indicate that regression models capture between observed and predicted trends may be due to the incomplete
the right sign of trends. As per results, all land types recorded mean in- expression of a linear model, in fact, physical ABL processes could be
creasing trends. Although regression results generally underestimated complex and non-linear (Seidel et al., 2012). Moreover, regression

Clear Sky Cloudy Sky
= 11 (a) 30 17(b) {30
s I o mwlIR e b 7
= 0 . : 0 0 : 0
05 : 0.5 :
Obs Pre T RH LTS WSOthers Obs Pre T RH LTS WSOthers
oz (c) f 3 17 (d) : {30
Q : 20 : 120
< © 0.5 ' 0.5f '
© — : )
S a . . |_| l 10 : 110
g g 0 | 0 0 : 0
-0.5 i 05 :
Obs Pre T RH LTS WSOthers Obs Pre T RH LTS WSOthers
[0) v ! 1 !
il ' i ' ]
§ § (e) | 28 (f) i @
— -O 1 1
q>'> 8 0 T E 0 :
- 05 : 0.5 :
’ Obs Pre T RH LTS WSOthers ’ Obs Pre T RH LTS WSOthers
o 17 (9) s0 17 (h) 130
205 5 I l fg 05} 5 I D N ‘58
= 1! ; 1
% 0 : |_| 0 0 : 0
-0.5 ‘ . . : ' . -0.5 : — , v : i
Obs Pre T RH LTS WSOthers Obs Pre T RH LTS WSOthers
o 17 () 30 170 {30
2 os) : 20 . :
1= % : 10 :
8 0 il = . .—O !
o i ;
-0.5 s — : : g . -0.5 6 i : g ; :
Obs Pre T RH LTS WSOthers Obs Pre T RH LTS WSOthers
1 30 1) {30

T M
& 05} 20
o o mm N 5

0.5 —_— o 0.5 —_ —_—
Obs Pre T RH LTS WSOthers Obs Pre T RH LTS WSOthers
1 (m 30 1f(n) {30
® 05f i 20 o5t T i 120
8 : 10 | 110
0 ! 0 o—Hr— 0
-0.5 i 05 i
Obs Pre T RH LTS WSOthers Obs Pre T RH LTS WSOthers
11 (0) : 30 11 (P)T f {30
. . )
9 05 i 20 o5t i 120
: amlllim " M=
; 0 I —] : 0 0 =— : 0
-0.5 ’ :

-0.5
Obs Pre T RH LTS WSOthers Obs Pre T RH LTS WSOthers
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Table 1
Averaged contribution (%) to increased and decreased BLH trends from meteorological
variables.

T RH LTS WS Other
Clear-sky Decrease 6.5 8.9 283 36.9 19.4
Increase 13.8 19.2 28.5 19.7 18.8
Cloudy Decrease 6.4 14.9 20.8 39.8 18.1
Increase 14.5 20.8 249 23.7 16.1

models mainly consider variables related to surface forcing, but entrain-
ment processes above ABL are also non-negligible (Angevine, 2007;
Huang et al., 2020). However, it is difficult to quantify their contribu-
tions in the present study based on radiosonde observations; further
analyses about entrainment in models will be undertaken in future
work. The mean contributions from several main factors are shown on
the right-hand side of the red dotted line in Fig. 7. LTS dominates pre-
dicted trends of BLH anomaly over most clear-sky land types (except
water), as well as some cloud covered land (irrigated cropland, shrub-
land, bare land), and WS is generally the second most important factor.

Due to the generally decreasing trends in global land WS (Bichet
et al.,, 2012; Torralba et al., 2017), the contribution of WS was obviously
dominant for decreased BLH (Table 1). This presents a further interpre-
tation for why decreased BLH mostly occurs during the nighttime, as WS
plays more roles in nighttime ABL. A recent study suggested that de-
creased land WS is mainly caused by the increasing of surface friction
(Wang et al., 2019), which may be strongly linked to global greening
(Zhu et al,, 2016) and urbanization (Li et al., 2017). T and RH are gener-
ally negatively correlated with each other, increases in T caused by
global warming may also result in a decrease in RH. Both increased T
and decreased RH (Fig. S16) can promote an increase in BLH, and they
contributed more to increased BLH anomaly than that of decreased
BLH anomaly. Although the LTS trend is a dominant factor for increasing
the BLH trend, few studies, however, have focused on the LTS trend.
Global warming has caused whole static stability increased (Frierson,
2006), however, LTS has declined over the past few decades because
the 700 hPa warming is slower than the surface warming (Fig. S16),
possibly being the main reason of decreasing trend of LTS. On the
other hand, aerosols can affect the Earth energy balance (Che et al.,
2019b), such as it causes the redistribution of energy by scattering and
absorption, aerosol weakens solar energy during the day and indirectly
weakens turbulent mixing; moreover, it warms the middle atmosphere
and cools the surface, which in turn increases LTS (Malavelle et al.,
2011). Most regions of the world exhibit negative trends in aerosol
loading (Mortier et al., 2020) may weaken this effect, thereby reducing
the LTS. The above four variables contributed the majority of predicted
trends, with total contribution of other variables is below 20% from
the perspective of global average. Clouds narrow the amplitude of an-
nual BLH trends (Fig. S5; Table S1), clear-cloudy differences of BLH
trends may be partly related to different degrees of contributions of var-
iables. For example, contributions of LTS were weakened with the pres-
ence of clouds, while the contributions of WS and RH under cloudy
conditions were larger. For the long-term variation and trend of BLH
anomaly, contributions from T and RH are always larger in the tropics
than the non-tropics, whereas the contribution of WS rapidly dimin-
ished; this indicates that the high temperature and high humidity mete-
orological conditions in the tropics have a greater influence on ABL
(Table S3).

4. Conclusions

As a crucial parameter of ABL, BLH has important effects on the de-
velopment and transport of pollutants, as well as weather and climate
studies (Miao and Liu, 2019; Yim et al., 2019). Previous studies focused
on retrieval methods and long-term trends of BLH, or its impact on dis-
persion of pollutants and aerosols. However, related studies about the
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attribution of its long-term variation (and trends) have received far
less attention and are still poorly understood. In order to address this
area of research, a long-term time series of BLH was calculated from a
39-years period of global sounding; contributions from meteorological
factors to long-term variation and BLH trends were investigated. Al-
though results from this study are in good agreement with those from
previous investigations, some new insights are provided.

Multiple-year mean values indicated that BLHs at two fixed sam-
pling times exhibit a regular latitudinal gradient due to inherent diurnal
BLH cycles; boundary layer clouds reduce daytime thermal forcing and
nighttime thermal loss (Huang et al., 2020), having opposite results in
day-night BLH differences. More than 50% of the stations recorded sta-
tistically significant annual and seasonal trends, positive trends that
were found on a global scale, and a few decreasing trends mainly
existing at stations in the night. Seasonal trends were ordered as MAM
> JJA > SON (or DJF), SON close to DJF.

Different characteristics in land cover, including soil moisture and
thermal property, roughness, albedo and vegetation fraction (Acs
et al.,, 2014; Burakowski et al., 2018) result in different BLH perfor-
mances. Dry shrubland and bare land always recorded deeper BLH
than water and irrigated cropland; evergreen needle-leaved land re-
corded relatively shallow BLH due to being located in high-latitude
cool temperate zones. The dispersed distribution of urban stations re-
sulted in an insignificant mean BLH, having the largest variation range.
BLH diurnal cycles over eight lands had a general pattern with peaking
in the later afternoon, highlighting significant differences between day
and night, and between clear sky and cloudy conditions.

Stepwise regression models suitably captured the long-term varia-
tion and trends of BLH at most stations. The detrended WS and LTS
anomalies indicated more influences than other factors from a long-
term variation perspective, implying a possible linkage between
detrended BLH anomaly and anomaly of general circulation. WS and
LTS alternately dominated the diurnal anomaly in BLH, with LTS being
the main contributor in the afternoon and WS at other periods. This re-
sult could be due to the day-night differences in the BLH forcing mech-
anism that are mainly determined by buoyancy flux and shear
mechanical effects (Choi et al., 2011; Pino and Vila-Guerau De
Arellano, 2008). Non-detrended regression models generally underesti-
mate BLH trends. Four variables (T, RH, WS and LTS) combined contrib-
uted to the majority of predicted annual BLH trends, contributions from
T and RH to trend of BLH anomaly are larger than to long-term variation,
due to the non-detrended anomalies contain the influences of global
warming. Overall, LTS is the major contributor to trends of BLH anomaly
and WS takes second place. LTS trend is determined by slower warming
in 700 hPa than surface and possible decreasing of aerosol loading, as a
result, global BLH has increased generally. In addition, due to global WS
having undergone a significant decline in the last few decades (Torralba
et al., 2017), WS also contributes nearly 40% of the decreased BLH
anomaly. WS exhibits more influences on nocturnal BLH than daytime,
such that the decreased BLH trends are mainly exhibited in night period.

In this work, global seasonal, diurnal and annual BLH characteristics
were investigated, and contributions from surface parameters to BLH
long-term variation and trend were quantified. However, this study
lacks a detailed investigation on synoptic processes, aerosol loading
etc., although these processes may be related to the BLH long-term
variation and trend. Besides, the influences of cloud types and entrain-
ment processes may also be the future research topics. Additionally,
twice-daily radiosonde could not provide a complete diurnal cycle
over a single station, the statistical diurnal cycle of BLH on a global or re-
gional scale is still poorly understood and quantified. Space-born lidar,
located on the non-sun-synchronous International Space Station
(Matthew et al., 2015), may accumulate long-term datasets which
may help to roughly obtain climatological diurnal variations of BLH
over a certain region or globally. This is of great importance to BLH
evolution and the mechanism studies on a daily scale, and to evaluate
existing models.
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