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A B S T R A C T   

Observational evidence has indicated a significant decline in the planetary boundary layer height (BLH) in China 
since the 2000s. However, the specific factors contributing to this decline have remained unclear. This study uses 
an approach based on partial derivative equation to investigate the individual and combined impacts of six 
potential land surface factors (sensible heat flux, latent heat flux, air temperature, specific humidity, wind speed, 
and vertical velocity) on the variation and trend of BLH in China from 2000 to 2016. The results reveal that wind 
speed predominantly influences BLH variation in most months, except for the period from June to August, where 
air temperature becomes the primary driver. Regarding the BLH trend, sensible heat flux plays a dominant role in 
most months and across various regions of China. However, during the June to August timeframe, the change in 
latent heat flux, driven by vegetation greening in northern China, becomes the primary factor influencing the 
BLH trend. These findings provide important insights for regional sustainable management and environmental 
protection, supporting policymakers and local administrations in China.   

1. Introduction 

The planetary boundary layer (PBL) represents the lowest layer of 
the atmosphere where exchange and transport processes of energy and 
water vapor occur between the air and land surface. It plays a crucial 
role in the overall atmospheric dynamics (Garratt, 1994; Stull, 2012; 
Zhu et al., 2018). The height of the planetary boundary layer, known as 
the boundary layer height (BLH), is an important metric that varies with 
latitude, altitude, and climate on Earth’s surface (Seibert et al., 2000). 
Traditionally, BLH estimation involves height-resolved observations of 
temperature, specific humidity, and wind speed obtained from atmo-
spheric soundings. Various methods have been developed utilizing ob-
servations such as radiosonde, LIDAR, and sodar to calculate the BLH 
(Beyrich, 1997; Guo et al., 2016b; Helbig et al., 2021; Mayor, 2017; 
Seidel et al., 2010; Su et al., 2017; Tang et al., 2021; Zhang et al., 2016a). 
Radiosonde measurements have been widely utilized in estimating BLH 
by considering the thermodynamic and dynamic conditions of the lower 
atmosphere, contributing to understanding its diurnal and seasonal 
variations (Liu and Liang, 2010; Seidel et al., 2010). Additionally, 

studies utilizing high-resolution micropulse LIDAR datasets have 
improved the spatial coverage of BLH and analyzed diurnal mixing layer 
height (Yang et al., 2013). Recent researches have focused on charac-
terizing the climatology, and temporal and spatial variability of BLH in 
China with high temporal and spatial resolutions (Guo et al., 2016b). 

The factors influencing BLH can vary across different temporal 
scales. In the short term, thermal instability and turbulence resulting 
from intense surface heating play a significant role in determining the 
height of the atmospheric boundary layer. At a seasonal scale, the BLH is 
influenced by seasonal shifts in large-scale pressure systems and changes 
in land surface friction due to phenology or drought. At annual to 
multiannual scales, changes in land surface conditions can affect the 
BLH. Investigating changes in BLH and identifying major contributing 
factors at seasonal and annual scales has been a focus of research over 
the past decade. 

Table 1 provides a summary of several studies conducted in the last 
decade, focusing on the spatiotemporal characteristics and dominant 
factors influencing changes in BLH at seasonal to annual scales. For 
example, Xu et al. (2021a) utilized correlation analysis to investigate the 
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relationship between soil moisture and BLH, finding a negative corre-
lation under convective and neutral boundary layer conditions. 
Sudeepkumar et al. (2020) employed regression analysis and two-way 
analysis of variance to examine the influence of surface parameters, 
such as specific humidity, sensible heat flux, and latent heat flux, on 
BLH. Their findings indicated that BLH changes along the west coast of 
India from 1980 to 2018 were associated with surface specific humidity 
and energy exchange (i.e., sensible and latent heat flux). Jousse et al. 
(2016) employed the Weather Research and Forecasting model to 
explore the relationship between sensible heat flux, latent heat flux, and 
boundary layer thickness over the northeast Pacific region, observing a 
significant correlation between sensible and latent heat fluxes and BLH. 
Darand and Zandkarimi (2019) employed the correlation method to 
analyze the relationship between BLH and air temperature and relative 
humidity. Their results demonstrated a strong positive correlation be-
tween annual BLH variations and air temperature, as well as a strong 
negative correlation with surface relative humidity, attributing deeper 
convection and larger BLH to higher air temperature and lower relative 
humidity. Additionally, Acs et al. (2014) estimated BLH changes influ-
enced by land cover and soil changes using the Weather Research and 
Forecasting model, and they found that differences in BLH caused by 
temperature and moisture changes in the soil were comparable to those 
caused by land cover changes. These studies collectively suggest that 
BLH changes are closely linked to near-surface meteorological variables, 
such as air temperature, specific humidity, and wind speed. Further-
more, the energy exchange at the surface layer (sensible heat flux and 
latent heat flux) and vertical velocity also impact BLH. Overall, the 
studies listed in Table 1 predominantly employ statistical methods to 
establish relationships between BLH and its potential contributing 
factors. 

Investigating the contribution of different factors to the variation and 
trends of BLH in China is of great importance. Prior to 2000, China 
experienced significant soil erosion, degradation, and desertification on 

a large scale. To address these environmental challenges, various 
ecological programs have been implemented, resulting in extensive 
changes in land use and vegetation coverage (Qiu et al., 2017; Zhang 
et al., 2016b). Moreover, since 2000, rapid urbanization and substantial 
land use and land cover changes have occurred in China. These changes 
have influenced the water-energy balance between the atmosphere and 
land surface, including evapotranspiration, surface runoff, net radiation, 
sensible heat flux, and latent heat flux, consequently impacting regional 
climate and local precipitation processes (Zhang et al., 2021). It is 
reasonable to hypothesize that these significant modifications in land 
surface conditions have potentially altered the BLH by affecting surface 
energy fluxes and local climate conditions. Considering the BLH as the 
thickness of the lowest turbulent air layer, this study focuses on three 
categories of contributing factors: energy variables (sensible heat flux 
and latent heat flux), thermodynamic variables (specific humidity and 
air temperature), and dynamic variables (wind speed and vertical ve-
locity) (Cao et al., 2020; Garratt, 1994; Zhang et al., 2014). Notably, 
previous research has indicated that BLH increases are associated with 
decreased surface relative humidity and increased surface temperature 
(Zhang et al., 2013). Air temperature and specific humidity reflect the 
overall energy and moisture content of the lower atmosphere, which 
have an impact on the stability of the lower troposphere (Guo et al., 
2019; Raval and Ramanathan, 1989; Zhang et al., 2013). These six 
selected land surface variables (sensible heat flux, latent heat flux, sur-
face air temperature, specific humidity, wind speed, and vertical ve-
locity) are considered dominant factors contributing to BLH changes. 

By exploring the relationship between BLH and these factors, this 
study aims to quantify their relative contributions to BLH changes in 
China. Specifically, this study focuses on examining the interannual 
variability and trends of the BLH in the northern, southern, and north-
western regions of China, and tries to quantify the relative contributions 
of several factors: sensible heat flux (H), latent heat flux (LE), surface air 
temperature (T), specific humidity (SH), wind speed (WS), and vertical 

Table 1 
Summarizing the studies for investigating the changes and dominant factors on BLH.  

Study Region Method Main objective Key conclusion 

Xu et al. (2021a) China Pearson correlation 
coefficient and 
regression lines 

Correlation between soil moisture and BLH under 
different boundary layer regimes 

There existed a negative correlation between SM and 
daytime PBLH under convective and neutral boundary 
layer 

Sudeepkumar et al. 
(2020) 

West coast of 
India 

Regression analysis, two- 
way analysis of variance 

Correlation between BLH and surface parameters, 
such as specific humidity, temperature, sensible & 
latent heat fluxes 

The BLH was significantly decreased due to decrease 
in surface wind, and it was significantly correlated 
with surface parameters 

Cao et al. (2020) Sichuan Basin, 
China 

Correlation analyses Relationship between maximum BLH and 
temperature, geopotential height, sensible heat 
flux and wind 

The sensible heat flux and wind shear were the main 
influencing factors to max boundary layer height on 
sunny days. 

Darand and 
Zandkarimi 
(2019) 

Iran Correlation analyses Relationship between BLH and air temperature and 
surface relative humidity over Iran 

The variations of BLH showed a strong positive 
(negative) correlation with air temperature (surface 
relative humidity) 

Guo et al. (2019) China Correlation analyses Correlation between BLH and meteorological 
parameters 

The BLH had a negative (positive) association with 
soil moisture, lower tropospheric stability and relative 
humidity (temperature) 

Zhang et al. (2017) China Correlation analyses Correlation between BLH and meteorological 
parameters 

The BLH was found to be positively (negatively) 
associated with near-surface air temperature 
(humidity) 

Wan et al. (2017) East Asia Correlation analyses Correlation between BLH and sensible heat The BLH had a positive correlation with sensible heat 
Jousse et al. (2016) Northeast 

Pacific 
Weather research and 
forecasting numerical 
model 

Relationship between BLH and sensible & latent 
heat fluxes 

Sensible heat flux and latent heat flux are significantly 
correlated to BLH 

Acs et al. (2014) Carpathian 
Basin 

Weather research and 
forecasting numerical 
model 

Sensitivity of land cover and soil changes to BLH PBL height differences caused by soil change were 
comparable with the PBL height differences caused by 
land cover change 

Zhang et al. (2013) Europe Correlation analyses Correlation between BLH and relative humidity 
and temperature 

Daytime BLH variations showed a strong negative 
(positive) correlation with surface relative humidity 
(surface temperature) 

Ma et al. (2011) Northwest 
China 

Weather research and 
forecasting numerical 
model 

The sensitivity of soil moisture and surface albedo 
to BLH 

The initial soil moisture and surface albedo were the 
influencing factors of BLH 

This study China The partial derivative 
equation approach 

Detection and attribution of BLH changes Climate and vegetation changes both caused BLH 
declining in China  
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velocity (VV) (Fig. S1). The specific objectives of the study are as 
follows:  

i) To uncover the annual variation and trend of the BLH and its 
possible contributing factors in China from 2000 to 2016;  

ii) To compare the observed annual and seasonal variations in the 
BLH with those estimated by the possible contributing factors; 
and  

iii) To investigate the contribution rate of the possible contributing 
factors to the trend of the BLH in China from 2000 to 2016. 

2. Data and methods 

2.1. Radiosonde measurements and relevant variables 

The datasets used in this study to calculate the BLH at seasonal and 
annual scales from 2000 to 2016 were derived from radiosonde tem-
perature profile measurements. These measurements were collected 
during cloud-free conditions and had an accuracy of ≤0.1 K in the 
troposphere (Bian et al., 2011). The datasets, including temperature, 
pressure, specific humidity, and wind speed, were obtained from the 
China Meteorological Administration (CMA) and recorded twice daily at 

0000 UTC (0800 Beijing Time, BJT) and 1200 UTC (2000 BJT) (Chen 
et al., 2019b; Guo et al., 2016a). The PBL was classified into three cat-
egories: the convective boundary layer (CBL), neutral boundary layer 
(NBL), and stable boundary layer (SBL), based on the potential tem-
perature profile. The CBL is predominant during the daytime, while the 
SBL dominates at nighttime. In this study, the BLH data at 1200 UTC 
(2000 BJT) were used to minimize the influence of surface-based in-
versions that commonly occur in the morning (Stull, 2012). The BLH 
data underwent strict quality control procedures and homogeneity tests, 
as detailed in Chen et al. (2019b). The bulk Richardson number (Ri) 
method was applied to estimate the BLH over China, which is applicable 
to both stable and convective conditions and has been previously used to 
compile BLH climatology in China. In addition, it is weakly dependent 
on the vertical resolution of sounding (Zhang et al., 2013). Furthermore, 
to account for terrain changes, all BLH values were referenced to a 
height above ground level. 

The land surface variables H, LE, T, SH, WS, and VV were used from 
multiple datasets covering the period from 2000 to 2016. The H data 
were obtained from the Global Land Data Assimilation System (GLDAS) 
and provided a daily temporal resolution with a spatial resolution of 
0.25◦ × 0.25◦ grid. The LE data were generated using a diagnostic 
biophysical model called PML-V2 (Zhang et al., 2019). It generated LE at 
500 m and at 8-day resolutions by using GLDAS as climate force data and 
a Moderate-resolution Imaging Spectroradiometer (MODIS) leaf area 
index (Myneni et al., 2015). The T, SH, and WS data were collected from 
the China Meteorological Forcing Dataset (CMFD) with a spatial reso-
lution of 0.1◦ × 0.1◦. These variables were available at a daily temporal 
resolution (He et al., 2020). The VV data , representing vertical velocity, 
were obtained from ERA5-land with a daily temporal resolution and a 
spatial resolution of 0.25◦ × 0.25◦ (Hersbach et al., 2020). 

To ensure consistency and comparability, all the land surface vari-
ables from the different datasets were calculated as annual or seasonal 
values within a 1◦ radius around the radiosonde site. 

2.2. Method 

2.2.1. The partial derivative equation approach 
This study aims to clarify the influence of six selected land surface 

variables from three categories of contributing factors to observed BLH 
based on statistical analysis. The partial derivative equation approach, 
as described by Roderick et al. (2007), is used to estimate the elasticities 
of multiple factors in a multivariate regression model, where the 
regression coefficients represent the relationships between the potential 
factors and the observed BLH. The chain rule is applied to describe the 
multivariate function that relates the observed BLH to the six possible 
contributing factors. The multivariate function can be expressed as 
follows: 

BLH = f (H, LE, T, SH,WS, VV) (1)  

where H, LE, T, SH, WS, and VV are sensible heat flux, latent heat flux, 
surface air temperature, specific humidity, wind speed, and vertical 
velocity, respectively. The multivariate, nonparametric model (Eq. (1)) 
is developed by assuming that the absolute change in the BLH to its mean 
value during the study period is a linear combination of absolute 
changes in H, LE, T, SH, WS, and VV to their mean values. This can be 
estimated as: 

where ∂BLH
∂H , ∂BLH

∂LE , ∂BLH
∂T , ∂BLH

∂SH , ∂BLH
∂WS , and ∂BLH

∂VV are the partial correlation 
coefficients of H, LE, T, SH, WS and VV. These regression coefficients of 
the possible contributing factors were estimated from 2000 to 2016. 

When the absolute changes in the BLH and the six possible contrib-
uting factors in Eq. (2) are substituted by changes from their average 
values during the study period, Eq. (2) can be rearranged as follows: 

BLHi − BLH
BLHi

=
∂BLH

∂H
Hi

BLHi

(
Hi − H

Hi

)

+
∂BLH
∂LH

LHi

BLHi

(
LHi − LH

LHi

)

+
∂BLH

∂T
Ti

BLHi

(
Ti − T

Ti

)

+
∂BLH
∂SH

SHi

BLHi

(
SHi − SH

SHi

)

+
∂BLH
∂WS

WSi

BLHi

(
WSi − WS

WSi

)

+
∂BLH
∂VV

VVi

BLHi

(
VVi − VV

VVi

)

(3) 

For convenience at seasonal (including spring, summer, autumn and 
winter) or annual scales, the following variables were defined: 

Δxi = xi − x (4)  

ΔBLHi = BLHi − BLH (5)  

εx =
∂BLHi/BLHi

∂xi/xi
(6)  

where BLHi represents the boundary layer height of a single season or 
year, BLH is the mean BLH in season or annual, xi represents the possible 
contributing factors of a single season or year, x is the their mean, and εx 
represents the coefficient of elasticity for possible contributing factors at 
seasonal or annual scales (Zhang et al., 2023). 

By applying the coefficients of elasticity for each driving factor at a 
seasonal or annual scale, we obtain: 

ΔBLHest =

(

εH
ΔH
H

+ εLE
ΔLE
LE

+ εT
ΔT
T

+ εSH
ΔSH
SH

+ εWS
ΔWS
WS

+ εVV
ΔVV
VV

)

× BLH
(7) 

dBLH =
∂BLH

∂H
dH +

∂BLH
∂LE

dLE +
∂BLH

∂T
dT +

∂BLH
∂SH

dSH +
∂BLH
∂WS

dWS +
∂BLH
∂VV

dVV (2)   
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where ΔBLHest is the estimated change in the BLH at a seasonal or annual 
scale. Based on the multivariate regression model (Eq. (7)), we obtain 
the seasonal or annual trend in ΔBLH as follows: 

where Tr presents the estimated trend of the variables from 2000 to 
2016 at a seasonal or annual scale. 

2.2.2. Empirical mode decomposition 
To examine the temporal trends of the studied variables, the 

empirical mode decomposition (EMD) algorithm, introduced by Wang 
et al. (2010), was employed. The EMD algorithm allows for the 
decomposition of a signal, x(t), into intrinsic mode functions (IMFs) and 
a residual component, which filters out the underlying trend. Through 
an iterative process, the EMD algorithm decomposes the fluctuations or 
residuals of different scales present in the original signal data, gener-
ating a series of data sequences with distinct characteristic scales. 

The EMD algorithm is represented as follows: 

x(t) =
∑N

i=1
IMFi(t) + rN(t) (9)  

where N denotes the number of IMFs obtained from the decomposition 
process. 

In this study, the trend filtering, represented by rN(t), was analyzed 
for the BLH and the possible contributing factors over the period from 
2000 to 2016 in different regions of China. 

2.2.3. Relative contribution of possible contributing factors 
The relative contribution of the possible contributing factors to the 

variation in the BLH (i.e., ΔBLH) is calculated from coefficients of 
elasticity, as follows: 

CRx =
|εx|

∑6
k=1|εx|

(10)  

where CR is the contribution rate, and the sum of the relative contri-
bution equals 1.0. 

The relative contribution of possible contributing factors to TrΔBLHest 
can be seen below: 

CRTrx =
|Trx|

∑6
k=1|Trx|

(11)  

where x represents the variables of the six possible contributing factors, 
and the sum of the relative contribution equals 1.0. 

3. Results 

3.1. The annual mean and trends in the BLH and possible contributing 
factors in China 

Fig. 2a-g presents a summary of the spatial patterns of the annual 
mean BLH, H, LE, T, SH, WS, and VV data across the research regions 
from 2000 to 2016. It is widely acknowledged that BLH and its potential 
contributing factors exhibit spatial heterogeneity across mainland 
China. The annual means of BLH, H, WS, and VV demonstrate a distinct 
spatial pattern of "High in the West and Low in the East," while the 
annual means of LE, T, and SH show a pattern of "High in the East and 

Low in the West." 
Fig. 2h-n illustrates the spatial pattern of linear trends in BLH, H, LE, 

T, SH, and WS from 2000 to 2016. Interestingly, the trends in BLH, H and 

VV have decreased over most of the studied areas, whereas other vari-
ables generally exhibit increasing trends. These findings indicate a 
strong correlation between BLH changes and the six potential contrib-
uting factors. 

3.2. The temporal disparity in BLH and its possible contributing factors 

To analyze the dependence of BLH on causal factors, we examine 
three regions separately: northern, southern, and northwest China 
(Figure S1). Fig. 3 illustrates the temporal variations in BLH, H, LE, T, 
SH, WS, and VV in these regions from 2000 to 2016. 

Observing Fig. 3, it is evident that the BLH in all three regions has 
decreased, exhibiting similar trends derived from EMD trend filtering. 
The H data shows decreasing trends across all regions, while the LE data 
indicates an increase, particularly in northern China. The air tempera-
ture trend is slightly positive, while the SH and WS trends initially 
decrease and then show later increases. The vertical velocity trend fol-
lows a similar pattern to the BLH trend in northwestern China, while the 
vertical velocity first increases and then later decreases in southern or 
northern China. 

The relative importance of each contributing factor in the decrease in 
BLH in China from 2000 to 2016 is further quantified. This analysis 
involves utilizing the six possible contributing factors and estimating the 
BLH in China through the use of the partial derivative equation 
approach (Section 2.2.1). The results demonstrate that the annual and 
seasonal variations in the estimated BLH, based on the possible 
contributing factors, align well with the observed BLH in China, 
exhibiting a determination coefficient (R2) above 0.4. Regression anal-
ysis reveals that the coefficients of H, LE, and WS in relation to BLH are 
negative. Conversely, the elasticity coefficients of T and VV exhibit a 
positive correlation with BLH. Regarding SH, the coefficient is negative 
for all regions of China, except for southern China (Figure S1). 

3.3. The possible contributing factors for the change in BLH 

Based on the estimated elasticities of the possible contributing fac-
tors, we use the observation factors to estimate the ΔBLH on an annual or 
seasonal scale. Figs. 4a-e show that the estimated Δ BLH (Eq. (7)) per-
forms well against annual and seasonal observations. For the annual 
scale, the correlation (R) between the observed and estimated ΔBLH is 
above 0.75 (p < 0.001) in all three regions. For example, in spring (i.e., 
MAM in Fig. 4b), the R values are all similar at 0.75, 0.74 and 0.69 in 
northern, southern, and northwestern China, respectively. In summer 
(JJA), the R value is found to be the highest in northern China (0.76), 
followed by southern China (0.75) and northwestern China (0.73). In 
autumn (SON), the R values are the highest in southern China (0.80), 
followed by northwestern China (0.79) and northern China (0.78). Last, 
in winter (DJF), the R value is the highest in northern China (0.75) 
compared to the other regions (0.72). It is worth mentioning that the 
estimation of ΔBLH in northern China exhibits better accuracy than that 
in other regions, expect for in SON (autumn) seasons. Nonetheless, even 
in regions where the estimation may not be as accurate, there is still a 
satisfactory level of agreement between the observed and estimated 

TrΔBLHest =

⎛

⎜
⎜
⎝Tr(

εH
ΔH
H

)+Tr(
εLE

ΔLE
LE

)+ Tr(
εT

ΔT
T

)+Tr(
εSH

ΔSH
SH

)+Tr(
εWS

ΔWS
WS

)+ Tr(
εVV

ΔVV
VV

)

⎞

⎟
⎟
⎠ × BLH (8)   
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ΔBLH, with an R-value exceeding 0.69. This implies that the possible 
contributing factors used in this study can largely be used to attribute 
variations in the BLH. 

The relative contribution of each contributing factor to the ΔBLH is 
further quantified. The summed contribution of T, SH, and WS to the 
ΔBLH in China is above 62 % at both annual and seasonal scales (Fig. 3f). 
The dominant factors of the different regions over the same periods are 
similar. For the annual scale, the most dominant factor is T (36 %) in 
southern China, but SH is dominant in mainland China (27 %), northern 
China (28 %), and northwest China (32 %). For mainland China and at a 
seasonal scale, the dominant factor is T (27~38 %) in most seasons, but 
WS (24~30 %) in JJA and DJF. Furthermore, the dominant factor is T 
(35~45 %) in JJA in northern China, southern China and northwest 
China. The dominant factor is WS (25~27 %) in northern and northwest 
China, but T (38 %) over SON in southern China. The dominant factor is 
WS (33 %) over DJF in northern and southern China, but SH (34 %) in 
northwestern China. The dominant factors over MAM are WS (29 %), T 
(35 %) and WS (32 %) in northern, southern and northwestern China, 
respectively. 

Fig. 5a-e illustrates a comparison between the observed ΔBLH trends 
and the estimated trends at annual and seasonal scales. Overall, the 
trend of the estimated ΔBLH (TrΔBLHest) is strongly positively correlated 
to that of the observed ΔBLH (TrΔBLHob). The R value between the two is 
larger than 0.79 (p < 0.001) at both annual and seasonal scales. TrΔBLHest 
performs best from SON and worst from MAM. At seasonal scales, the 
estimated TrΔBLHest performs similarly in the three regions. The R value 
in southern China is > 0.93, in northwest China it is between 0.88~0.95, 
and in northern China, it is > 0.97 in all seasons except for MAM (R =
0.79) (Figs. 4b-e). This study also analyzes the contribution of the six 
possible contributing factors at annual and seasonal scales. Overall, the 
summed contribution of H and WS to TrΔBLHest over China is between 
45~66 % in different regions at annual and seasonal scales. The domi-
nant factor for TrΔBLHest is WS or H (above 17 %) at either annual or 
seasonal scales in all of, northern, southern and northwestern China. It is 
interesting to note that the contribution of LE is largest (36 %) in 
northern China in JJA, which is much higher than that in southern and 
northwestern China. 

4. Discussion 

It is complex and difficult to detect the causality for the variability 
and trends in the BLH in China, where land cover and land use condi-
tions have undergone dramatic changes. This can be attributed to ur-
banization, economic development and the implementation of 
ecological projects over the last few decades (Chen et al., 2019a). The 
effects of land surface changes on the regional climate could be impor-
tant at a regional scale. Changes in the land surface regulate the climate 
by mediating energy and water balances at the land surface. As shown in 
Fig. 1, land surface changes or vegetation coverage changes can impact 
the water vapor transported to the atmosphere, including changes in 
regional atmospheric humidity, air temperature, and hydrological pat-
terns (Liang et al., 2015). 

Previous studies have shown that vegetation greening has led to an 
increase in evapotranspiration (or latent heat flux). The incoming solar 
radiation is balanced by the energy released from the land surface. Net 
radiation is partitioned into latent heat flux, sensible heat flux and soil 
heat flux. Soil heat flux is negligible at seasonal to monthly scales. 
Therefore, the land surface conditions strongly influence the proportion 
that is returned as latent heat versus sensible heat fluxes (Li et al., 2020; 
Zhang et al., 2021). Furthermore, large-scale vegetation greening has a 
positive effect on regional precipitation, including an increase in the 
total amount of rainwater resources, which shows that vegetation 
greening accelerates the global water cycle (Xu et al., 2021b; Zhang 
et al., 2021). In addition, changes in the land surface can also change the 
surface roughness and turbulence patterns that influence wind speed 
and vertical velocity (Hernandez et al., 2015; Zha et al., 2017) . 

Using the BLH derived from the record of high-resolution radiosonde 
measurements from 2000 to 2016, this study investigated the variability 
and trend of BLH and possible surface contributing factors in China. This 
study described the BLH and six possible land surface contributing fac-
tors over China for the annual mean and trend separately. All parameters 
exhibit a distinct west to east gradient. It was found that in wet regions 
of eastern China, the BLH is lower than that in drylands of western China 
largely covered by grasslands and bare soil (Guo et al., 2019; Zhang 
et al., 2017). The BLH and H show decreasing trends at most stations 
while other variables mostly show increasing trends. To quantify the 
temporal variations in BLH and possible land surface contributing fac-
tors, measurements of possible land surface contributing factors are 
analyzed in tandem with those of BLH. We can observe that the BLH is 
decreased in all three regions. In addition, the range of BLH decrease in 
northwestern China is larger than that in northern and southern China. 
Surface possible contributing factors have large interannual fluctua-
tions. For example, the air temperature and specific humidity both 
increased in China. The boundary layer traps the temperature and 
moisture at the low levels, and this enhanced specific humidity and 
latent heat flux give rise to heavy rainfall which may lead to the 
occurrence of vulnerable situations such as floods and landslides. 

It is interesting to discuss how air temperature and specific humidity 
affect changes in BLH. First, the boundary layer is the closest to the 
earth’s surface, and its height is strongly influenced by the stability 
characteristics of the surrounding air (Stull, 2012). Elevated surface 
temperatures induce the ascent of warm air, fostering vertical growth 
within the atmospheric boundary layer. Higher air temperature and 
lower humidity tend to render the boundary layer more unstable, 
facilitating vertical mixing and an increase in height (Guo et al., 2019). 
By integrating air temperature and specific humidity into the 6-variable 
partial derivative equation approach, we witness an enhancement in its 
performance, reflected in an average increase of R2 value by 0.10 when 
compared to the 4-variable approach. Second, air temperature and 
specific humidity are more than a proxy for stability. We consider using 
lifting condensation level (LCL), an integrated variable including tem-
perature and humidity, to simulate the variability in boundary layer 
height. For consistency, we follow Lawrence (2005) to diagnose the LCL 
using surface temperature and surface dew point temperature. We then 
replace air temperature and specific humidity with LCL that is obtained 
from CMFD data and the Modern-Era Retrospective analysis for 
Research and Applications, Version 2 (MERRA-2) data, respectively, and 
conduct the partial derivative equation analysis. The result shows that 
using LCL (obtained from CMFD or MERRA-2) is poorer than using air 
temperature and specific humidity, with a decrease of R2 by about 0.04. 
In short, our results strongly imply that the variability of air temperature 
and specific humidity significantly governs the fluctuations in surface 
fluxes and the growth of the boundary layer. Consequently, these factors 
also exert a discernible influence on the variations observed in air 
temperature and specific humidity levels. 

Interestingly, this study shows that LE has different contributions to 
the BLH in different regions of China. In northern China, the contribu-
tion rate of LE is higher than that in southern and northwestern China in 
most seasons, especially in summer. To further investigate the impact of 
LE on BLH in China, we conducted a similar analysis using LE data from 
ERA5-land. The results indicate a strong positive correlation between 
the estimated change in BLH (TrΔBLHest) using LE from ERA5-land and 
the observed change in BLH (TrΔBLHob), with an R-value larger than 
0.90 (p < 0.001). However, we found that the contribution ratio of LE 
from ERA5-land to the overall analysis, both on an annual and seasonal 
scale, is relatively smaller compared to LE from PML-V2, especially 
during the spring and summer seasons (refer to Figs. 5 and S6). This also 
demonstrates the benefit of using remotely sensed leaf area of to obtain 
reasonable LE estimates. The large role of LE from PML-V2 plays in 
northern China can be attributed to the fact that the vegetation coverage 
has largely increased over the last two decades, following the imple-
mentation of several national policies/ecological projects (Chen et al., 
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2019a; Zhang et al., 2016b). 
The study further analyzed the relationship between the annual leaf 

area index (LAI) and annual LE and found a strong relationship between 
the two in northern China (Figure S2). The tendency of co-increasing LAI 
and LE is even stronger at a summer scale than at an annual scale 
(Figure S3), demonstrated by R = 0.85 in northern China at the summer 
scale, compared to R = 0.62 at an annual scale. These results demon-
strate that increase in LAI strongly enhances LE, particularly in northern 
China in summer. This further confirms that large-scale vegetation 
greening in northern China has caused a strong increase in LE (Chen 
et al., 2020; Zhang et al., 2017). Consequently, the increase in LE has led 
to a decrease in the sensible heat transfer from the land surface to the 
atmosphere, which plays a major role in controlling the decrease in the 
BLH in summer (Fig. 5f). This interaction has contributed significantly to 
the decline in BLH. This has resulted in a negative indication of regional 
environmental pollution management (Wang et al., 2013; Zhang et al., 
2017). 

More importantly, this study pioneered the examination of the 
relative contribution of possible surface contributing factors to the 
variability and trend of BLH at annual and seasonal scales in China with 
the partial derivative equation approach. The results from this study 
show that the annual and seasonal BLHs estimated by H, LE, T, SH, and 
WS correspond well with the observed BLH (Figure S1). This can espe-
cially be seen in northern China, which suggests that the possible surface 
contributing factors can explain most of the BLH changes in China. For 
the temporal variability in BLH, the summed contributions of T, SH and 
WS are above 62 % in all of, northern, southern and northwest China. 
However, it should be noted that the factors are not consistent in 
different seasons and regions. Overall, the ΔBLH over China is mainly 
controlled by WS in most seasons, but by T in summer (Miao et al., 2017; 
Xue et al., 2019). For the annual trend in BLH, the summed contributions 
of WS, H and SH are larger than 68 % in all of, northern, southern and 
northwestern China. Furthermore, the WS increased after 2010, yet the 
sensible heat flux decreased with time in China, the thermal turbulence 
caused by the thickness of the boundary layer decreased, and the height 

of the boundary layer decreased (Fig. 3). The possible contributing 
factors (except for WS) played an important role in the trend of the BLH 
after 2010. The contribution of surface possible contributing factors to 
the variability and trend of BLH in China is different in each period. 
Overall, this study concisely estimated the variability and trend of BLH 
and directly examined the relative contribution of possible surface 
contributing factors to the BLH. 

It is worth reiterating that the possible contributing factors used in 
this study include not only those for atmospheric circulation processes, 
but also those for local energy and water cycling. For instance, the air 
temperature is the result of local energy cycling and large scale advec-
tion. These changes are expected to provide underlying feedback to the 
BLH, by changing its surface possible contributing factors (Mccumber 
and Pielke, 1981; Prueger et al., 1996; Raval and Ramanathan, 1989; 
Zhang et al., 2013). Other factors that can affect the BLH are soil 
moisture and soil temperature via the exchange of water and heat fluxes 
between the land surface and the atmosphere. Another contributing 
factor is atmospheric aerosols, which has a negative impact on the BLH 
(Malavelle et al., 2011). Nevertheless, its impact such as the increasing 
temperature difference between the middle atmosphere and surface can 
be complexly coupled with the six possible contributing factors in this 
study. Above all, this study using a partial derivative equation approach 
with possible surface contributing factors can sufficiently explain the 
variability and trends of BLH in China. 

Despite the solid performance, we need to discuss the uncertainty or 
limitations of this study. First, this study estimates the variation and 
trend in BLH by the six possible contributing factors. It is possible that 
the uncertainty in the variables selected could influence the accuracy of 
the results. We noted that the BLH is complexly influenced by various 
factors including their interplay (Brugger et al., 2018; Wang et al., 
2016). Therefore, this study used all six variables (LE, H, T, SH, WS and 
VV) from the energy, thermodynamic and dynamic effects as possible 
contributing factors. To reduce the effect of possible interplays of these 
factors, we also used four variables (LE, H, WS and VV) and five variables 
(LE, H, T, WS and VV) for the same analysis. We found that the BLH 

Fig. 1. A schematic diagram depicting the main contributing factors that influence the boundary layer height. These factors include sensible heat flux (H), latent heat 
flux (LE), surface air temperature (T), specific humidity (SH), wind speed (WS), and vertical velocity (VV). 
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estimated by six variables was noticeably better than that estimated 
using four variables or five variables (Figure S4). This gives us confi-
dence in using six possible contributing factors to estimate the variation 
and trend in BLH at a seasonal or annual scale (Figure S5). Second, this 
study has a limitation in that the direct aerosol impact on the BLH has 
not been included as there are no large-scale aerosol observations 
available (Ou et al., 2021; Rihani et al., 2015; Xu et al., 2021a). Third, 

this study is subject to the limited spatial and temporal coverage of good 
quality radiosonde measurements. This is because in the past, only 
several observational studies have been conducted on the long-term BLH 
trend at a regional scale (Guo et al., 2019). Fourth, this study ignores the 
process analysis on how the possible contributing factors affect the BLH, 
such as the subsidence or changes in free tropospheric conditions that 
are influenced by the surface possible contributing factors (Zuidema 

Fig. 2. The spatial distribution of the annual mean (a-g) and annual trend (h-n) in BLH, H, LE, T, SH, WS, and VV over 68 stations in China during 2000–2016. The 
abbreviations BLH, H, LE, T, SH, WS, and VV are the boundary layer height, sensible heat flux, latent heat flux, air temperature, specific humidity, wind speed, and 
vertical velocity, respectively. 

Fig. 3. Time series of the annual BLH, H, LE, T, SH and WS over the three regions of China at 2000 BJT from 2000 to 2016. The black curves represent the annual 
time series, while the red curves indicate the residual or trend filtering obtained through empirical mode decomposition (EMD) using Eq. (9). The panels in the top, 
middle, and bottom rows correspond to northern China, southern China, and northwest China, respectively. . 
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et al., 2009). 
In summary, this study reveals that vegetation changes play a role in 

decreasing BLH, but more details about the links between land use and 
land cover change and BLH are still not clear. More insights should be 
provided on the mechanism and process-based model simulation of the 
relationship between the two in the future. Despite the uncertainties and 
limitations, this study provided an improved understanding of the 

changes in the BLH and the major possible contributing factors in China. 

5. Conclusions 

Investigating the variability and trends of boundary layer height 
(BLH) is a challenging yet crucial scientific inquiry in China, particularly 
due to significant land surface changes that have occurred since the 

Fig. 4. The relationship between the ΔBLH estimated (ΔBLHest) and the observed (ΔBLHob) in (a) annual, (b) MAM, (c) JJA, (d) SON, and (e) DJF. Where MAM, JJA, 
SON and DJF present March-to-May, June-to-August, September-to-November and December-to-February respectively. Furthermore, the symbols in blue, green, and 
yellow stand for northern, southern and northwest China; the symbol ** is a significance level (p) smaller than 0.001 and the symbol * is a p value smaller than 0.05. 
(f) shows the contribution rate of each of the following selected factors of ΔBLH from 2000 to 2016 in China. In (f), the four columns from left to right within each 
panel represent whole, northern, southern and northwestern China, respectively. . 

Fig. 5. In (a)-(e), the relationship between the trends of the estimated (TrΔBLHest) and the observed ΔBLH (TrΔBLHob) annually, and from MAM, JJA, SON, and DJF is 
shown. The symbols in blue, green and yellow represent northern, southern and northwest China, respectively; the symbol ** is a significance level (p) smaller than 
0.001 and the symbol * is a p value smaller than 0.05. In (f), the contribution of the selected factors to TΔBLHest from 2000 to 2016 in China is shown. The four 
columns from left to right within each panel represent whole, northern, southern, and northwestern China, respectively. 
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2000s. This study comprehensively examines six potential surface 
contributing factors (sensible heat flux, latent heat flux, air temperature, 
specific humidity, wind speed, and vertical velocity) and their impacts 
on the observed BLH in China, which has exhibited a noticeable overall 
decrease, as well as in northern, southern, and northwest China, from 
2000 to 2016. 

The results of the study suggest that the six potential contributing 
factors can largely account for the observed changes in BLH, especially 
in northern China. Among these factors, wind speed emerges as the 
dominant factor influencing the variability of BLH, while specific hu-
midity plays a significant role in the decreasing trend. Additionally, the 
declining trend of BLH in northern China can be primarily attributed to 
latent heat flux (36 %) during the summer season, which effectively 
explains the impact of vegetation greening on BLH. The substantial in-
crease in greening in northern China stands out as the most significant 
contributing factor to the reduction in BLH during summer. Conse-
quently, further ecohydrological investigations are crucial for the sus-
tainable environmental development of northern China. Overall, these 
findings greatly enhance our understanding of the long-term changes in 
BLH across China and underscore the importance of considering various 
contributing factors for a comprehensive analysis. 
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