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1.  INTRODUCTION 

The near-surface air temperature lapse rate, also 
called surface air temperature lapse rate (SATLR), is a 
result of land surface energy balance, which is de -
fined as the rate of near-surface air temperature (SAT) 
decreasing with the increase of altitude (Whiteman 
2000, Minder et al. 2010, Hartmann 2016). In order to 
keep consistent with the definition in the atmospheric 
science community (Gardner et al. 2009, Minder et 
al. 2010, X. Li et al. 2013, Y. Li et al. 2015,  Shen et 
al. 2016, He & Wang 2020), we consider a positive 

SATLR as temperature decreasing with increasing al-
titude and a negative SATLR as temperature increas-
ing with increasing altitude. 

SATLR was characterized by hourly/diurnal varia-
tion in the day, monthly/seasonal variation in the 
year, and interannual to multi-decadal variation. 
Many previous studies focused on the monthly/sea-
sonal variation (Rolland 2003, Marshall et al. 2007, 
Blandford et al. 2008, Minder et al. 2010, Kattel et al. 
2013, 2018, Li et al. 2015, Shen et al. 2016, Ojha 2017, 
Du et al. 2018). However, only a few studies dis-
cussed the hourly/diurnal variation (Pepin et al. 
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1999, Pepin & Kidd 2006, Tang & Fang 2006, Wang et 
al. 2018) and interannual to multi-decadal variation 
of SATLR (Pepin 2001, Li et al. 2013, Guo et al. 2016, 
He & Wang 2020). They were usually taken as a part 
of the research on spatiotemporal variation of SATLR, 
although a few studies emphasized the interannual 
to multi-decadal variation. The long-term trend of 
SATLR in a certain period, which was sometimes 
related to the multi-decadal to century-scale variation, 
is worth examining, as it was also linked to elevation-
dependent warming (EDW) (Pepin 2001, Guo et al. 
2016), and might play an important role in modulat-
ing climate sensitivity to external drivers. According to 
the above-mentioned definition of SATLR, when high 
elevations warmed faster than the low, the long-term 
trend of SATLR was negative, and when the low ele-
vations warmed faster than the high, it was positive. 

There are only a few previous studies which have 
examined the long-term trend of SATLR in China. 
For instance, Li et al. (2013) found that most of China 
had increasing trends of annual SATLR ex cept for 
the southwest part of China and the northern part of 
Xinjiang Province, and an opposite trend of annual 
SATLR between the eastern and central parts of the 
Tibetan Plateau, with SATLR decreasing (i.e. became 
shallow) in the eastern part and increasing (i.e. 
became steep) in the central part. However, the spa-
tial resolution they used was too coarse to reflect 
more details in spatial scale. He & Wang (2020) also 
detected an increasing trend in the country-wide aver-
age of annual SATLR. However, they were focused 
more on the differences in the long-term trends 
between the SATLR and the land surface tempera-
ture lapse rate, than on the distribution charac -
teristics of the long-term trends. Few studies have 
paid much attention to long-term SATLR. Therefore, 
to make up for the gap, we fo cused on researching 
the long-term trend of SATLR in China. In this arti-
cle, the research goal is to re veal the characteristics 
of long-term changes in SATLR in China’s main-
land, including the spatiotemporal distribution of 
long-term SATLR trends over 1961–2018 and the 
changing trend of regional averaged SATLR anom-
alies, applying a dataset of >2400 meteoro logical 
stations. 

2.  MATERIALS AND METHODS 

2.1.  Data 

The data on the monthly mean, maximum, and 
minimum of SAT (Tmean, Tmax, and Tmin) and the alti-

tudes of stations were provided by the National Mete-
orological Information Center (NMIC), China Mete-
orological Administration. Quality control and ho -
mogeneity adjustment had already been made by 
NMIC (Cao et al. 2016). There was a total of 2419 
meteorological stations in the dataset, the spatial dis-
tribution of which was characterized as dense in the 
east part of China and sparse in the west. The topog-
raphy of the study area (China’s mainland) and the 
information on geographical position are shown in 
Fig. 1. 

The time period of 1961–2018 was used. There 
were no missing values in the records of altitudes 
of  stations, and the altitudes ranged from –47.4 to 
4801.2 m. The missing data of the SAT were re -
placed by the values predicted by a recurrent neu-
ral network (RNN) algorithm, the program codes of 
which were ob tained from GitHub (Atabay 2016). 
The low root mean squared error between the pre-
dicted values calculated by the RNN algorithm and 
the observed values in the monthly SAT series in -
dicated that the imputation method for missing 
data was reasonable (Qin et al. 2021a). The annual/
seasonal mean (spring: March, April, May; summer: 
June, July, August; autumn: September, October, 
November; winter: December, January, February) 
of Tmean, Tmax, and Tmin at each station were then 
calculated. 

2.2.  Estimation of SATLR 

Due to the limitation of simple linear regression 
and moving window regression methods, which were 
frequently used in previous studies, a geographically 
weighted regression (GWR) model was ap plied to 
estimate the annual/seasonal mean SATLR in this 
research, which was more reasonable for a large 
region with complex terrain and climatic conditions 
(Brunsdon et al. 1996, Fotheringham et al. 2002, Fis-
cher & Getis 2010). In the GWR model, the annual/
seasonal mean SATLR at each station was esti-
mated by the weighted linear relationship be tween 
the annual/seasonal mean of SAT and the altitudes of 
its surrounding stations within the adaptive band-
width size, which was defined as the distance of the 
17th nearest neighbor station (Qin et al. 2021b). Small 
bandwidth had the ability to reveal the spatial pat-
tern of SATLR on a small spatial scale, e.g. a small 
mountainous area, while large bandwidth could pres-
ent the spatial variation of SATLR on a large spatial 
scale, e.g. a large plateau area (Fotheringham et al. 
2002, Lu et al. 2017). 
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The regression coefficient for the altitude in the 
GWR model with the local R2 (i.e. a measure of good-
ness of fit) <0.7 or the condition number >30 was 
considered as an invalid SATLR (Mitchell 2005, ESRI 
2018, Qin et al. 2021b). Consequently, there were 
some stations where the values of annual/seasonal 
mean SATLR series in some years were missing, 
especially in the flat areas with little altitude varia-
tion, which could induce uncertainties. In order to 
reduce the uncertainties, for each annual/seasonal 
mean SATLR series, if the number of missing values 
was >5, the series was re moved. For the remaining 
series, the criteria for judging SATLR were broad-
ened until there were no missing values. After that, a 
few series with negative SATLR (i.e. temperature 
inversion) were re moved, and then all of the SATLR 
values in the research were positive. 

Finally, there were 916, 793, 1037, 845, and 446 
stations in the annual, spring, summer, autumn, and 
winter SATLR series of Tmean, respectively; 867, 769, 
908, 824, and 464 stations in the annual, spring, sum-
mer, autumn, and winter SATLR series of Tmax, re -
spectively; and 575, 506, 784, 511, and 299 stations in 
the annual, spring, summer, autumn, and winter 
SATLR series of Tmin, respectively. 

2.3.  Regional averaging and trend analysis 

Firstly, in order to overcome the problem that could 
be caused by the sparse coverage in some areas, the 
annual/seasonal mean SATLR anomalies (herein -
after shortened to SATLR anomalies) with respect to 
the reference period of 1961–1990 were calculated 
(Jones & Hulme 1996). Secondly, the SATLR anom-
alies of all available stations in each grid box (1° lati-
tude × 1° longitude) were merged into one SATLR 
anomaly with the arithmetic average method, due to 
the low standard deviation of SATLR in the grid box. 
Thirdly, the regional average SATLR anomalies were 
calculated with the grid box area-weighted average 
method, and the cosine of the center latitude of each 
available grid box was set as the weight (Jones & 
Hulme 1996). Note that the regional average value 
was actually the average in the mountainous areas of 
China’s mainland, where the estimate of the SATLR 
was valid. Finally, as the SATLR anomalies might not 
have a Gaussian distribution and they were almost 
correlated in time (von Storch & Navarra 1999), the 
long-term trends for each available grid box and the 
regional average SATLR anomalies were estimated 
with a modified Theil-Sen estimator that diminished 
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Fig. 1. Topography of the study area
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the effect of lag-1 autocorrelation using an iterative 
pre-whitening process (Sen 1968, Zhang et al. 2000, 
Wang & Swail 2001). The significance of trends was 
tested with a Mann-Kendall test (Mann 1945, Ken -
dall 1957, Hirsch et al. 1982). Details of this method 
to estimate the trends were given by Wang & Swail 
(2001). In addition, the change points of re gional 
average annual/seasonal mean SATLR anomalies 
de tected with the Mann-Kendall method oc curred 
mostly between 1982 and 1986. For the convenience 
of comparison, the year of 1984 was used to divide 
the time periods, and then the trend over 1961–1984 
and 1984–2018 were calculated respectively with the 
above-mentioned method. 

If the SATLR trend was significantly negative, it in-
dicated that the value decreased over the time period, 
and the SATLR became shallow; if the SATLR trend 
was significantly positive, it indicated that the value 
increased over the time period, and the SATLR be-
came steep. To better understand this, 2 cases were 
used to expound the change in SATLR. One showed a 
negative/de creasing change in SATLR from the early 
period (1961–1980) to the late period (1999–2018), 
which was exemplified by the winter mean SATLR in 
Tmean at Xinlong Station located in the Hengduan 
Mountains (Fig. 2a); the other showed a positive/in-
creasing change in SATLR, exemplified by the spring 

mean SATLR in Tmean at Jiexiu Station located in the 
T’ai-hang Mountains (Fig. 2b). As shown in Fig. 2, all 
stations underwent warming; however, the warming 
amplitudes were different be tween high altitudes and 
low altitudes, which re sulted in the change in SATLR 
at the center station. In the first case, the high 
altitudes warmed faster than the low ones, and 
SATLR decreased from 6.4 to 5.6°C km–1 (Fig. 2a), 
which indicated that there was a negative SATLR 
trend over time. Contrarily, the low altitudes warmed 
faster than the high altitudes in the second case, and 
SATLR increased from 5.2 to 5.9°C km–1 (Fig. 2b), 
which indicated a positive SATLR trend. 

3.  RESULTS 

3.1.  SATLR trends in Tmean (Figs. 3 & 4) 

The regional average annual SATLR anomalies in 
Tmean showed a significant (at the 5% level) decreas-
ing trend of –0.028°C  km–1  decade–1 during the 
period of 1961–2018 (Table 1, Fig. 3b). Most of the 
annual SATLR trends across China’s mainland were 
negative, with lower than –0.1°C  km–1  decade–1 in 
the Hengduan Mountains and the eastern part of 
Tibetan Plateau (Fig. 3a). 

In terms of the seasonal SATLR in 
Tmean, the re gional average SATLR 
anomalies had significant de creasing 
trends over 1961–2018 in summer, 
autumn, and winter, but not in spring 
(Table 1, Fig. 4). Positive trends were 
frequently observed in northern moun-
tainous areas in spring, with larger 
trends in the Yin Mountains, the 
T’ai-hang Mountains, and the Lvliang 
Mountains (Fig. 4a). Although the 
number of grid cells with SATLR val-
ues was relatively low in winter than 
in the other seasons, strong decreas-
ing trends (<–0.2°C  km–1  decade–1) 
were found in some areas of the cen-
tral and eastern parts of the Tibetan 
Plateau and the Yunnan-Guizhou Pla -
teau (Fig. 4d). 

In the earlier period of 1961–1984, 
the regional average SATLR anom-
alies in Tmean showed significant de -
creasing trends in summer (Table 1, 
Fig. 4b), and the later period of 1984–
2018 underwent significant decrease 
in winter (Table 1, Fig. 4d). 

Fig. 2. Scatter of altitude and near-surface air temperature (SAT) at the 17 
nearest neighbor stations to (a) Xinlong Station (an example of negative/de-
creasing change of near-surface air temperature lapse rate [SATLR]) and (b) 
Jiexiu Station (an example of positive/increasing change of SATLR). The slope 
represents the SATLR estimated with the geographically weighted regression  

(GWR) model. Note the different x- and y-axis scales between (a) and (b)
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3.2.  SATLR trends in Tmax and Tmin (Figs. 5–7) 

The regional average annual SATLR anomalies 
both in Tmax and Tmin showed significant decreasing 
trends over 1961–2018, with –0.030 
and –0.027°C  km–1  decade–1, respec-
tively (Table 1, Fig. 5c,d). Although the 
direction of regional average trends 
was the same and the values were 
close, the spatial distribution was dif-
ferent; many negative SATLR trends in 
Tmax occurred in the central part of 
China, but in the southwestern part of 
China for Tmin (Fig. 5a,b). 

The regional average values of sum-
mer, autumn, and winter SATLR 
anomalies in Tmax and those of autumn 
and winter SATLR anomalies in Tmin 
showed significant decreasing trends 
over 1961–2018 (Table 1, Figs. 6 & 7). 

In spring, though the regional average trend of 
SATLR anomalies in Tmin was not statistically signifi-
cant, widespread positive trends were found in some 
parts of northern and northwestern China (Fig. 6a). 
In winter, there were strong and widespread nega-
tive SATLR trends in Tmin (<–0.2°C km–1 decade–1), 
with a regional average value of –0.123°C km–1  
decade–1 (Table 1, Fig. 7d). 

In the earlier period of 1961–1984, the regional aver-
age SATLR anomalies in Tmax underwent significant 
decreasing trends in summer, with –0.078°C  km–1  
decade–1 (Table 1, Fig. 6b). For the regional average 
SATLR anomalies in Tmin, the strong significant 
decreasing trends occurred in winter over the later 
period of 1984–2018, with a value of –0.147°C  km–1  
decade–1 (Table 1, Fig. 7d). 

4.  DISCUSSION 

The estimation of SATLR should be treated with 
caution where the linear relationship between alti-
tude and SAT was not perfect. In this article, we uti-
lized the GWR model to estimate SATLR, which was 
proved to be reasonable for the annual/seasonal 
mean series (Qin et al. 2021b). However, to avoid the 
missing values introduced through the process of 
judgement for SATLR, we broadened the judgement 
criteria, which could result in error. In addition, the 
missing values of SAT may have also induced uncer-
tainty, as the filled values might be different from the 
true values. 

The regional average annual SATLR anomalies in 
Tmean, Tmax, and Tmin showed a significant decreasing 
trend during the period 1961–2018 (Table 1, Figs. 3b 
& 5c,d). This indicated that the SATLR became shal-
low in most of the mountainous areas of China’s 
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Fig. 3. (a) Trend distribution of grid-box annual near-surface 
air temperature lapse rate (SATLR) anomalies and (b) re-
gional average annual SATLR anomalies in Tmean. Grids 
with statistically significant (at the 5% level) trends are stip-
pled. The black smooth curve in (b) was achieved with a lo-
cally weighted scatter smoothing method (Cleveland 1979)

SATLR            Period           Annual    Spring   Summer   Autumn    Winter 
anomalies 
 
Tmean            1961–2018        –0.028     –0.004     –0.033      –0.035     –0.075 
                    1961–1984        –0.025     –0.004     –0.056      –0.058     –0.040 
                    1984–2018        –0.020      0.005     –0.011      –0.031     –0.079 

Tmax              1961–2018        –0.030      0.010     –0.043      –0.036     –0.045 
                    1961–1984        –0.025      0.028     –0.078      –0.045      0.032 
                    1984–2018        –0.007      0.022     –0.019      –0.014     –0.020 

Tmin              1961–2018        –0.027     –0.004     –0.009      –0.037     –0.123 
                    1961–1984        –0.009      0.003     –0.005      –0.001     –0.054 
                    1984–2018        –0.029      0.014     –0.003      –0.041     –0.147 

Table 1. Trends in regional average annual/seasonal near-surface air tempera-
ture lapse rate (SATLR) anomalies (°C km–1 decade–1). Statistically significant  

(at the 5% level) trends shown in bold
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Fig. 4. Trend distribution of grid-box seasonal near-surface air temperature lapse rate (SATLR) anomalies and regional average  
seasonal SATLR anomalies in Tmean for (a) spring, (b) summer, (c) autumn, and (d) winter. Other details as in Fig. 3
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mainland. The result was opposite to that of Li et al. 
(2013), who showed an overall increasing trend in 
the whole of China’s mainland. The difference may 
have been caused by the different coverage of the 
study area; the regional average SATLR in this arti-
cle represented only the value in the mountainous 
areas, not the whole of China’s mainland. Never -
theless, the decreasing SATLR trend in the eastern 
part of the Tibetan Plateau was accordant in the 2 
studies. 

The phenomenon that negative SATLR trends in 
Tmax occurred mainly in the central part of China, but 
in the southwestern part of China for Tmin, might be 
caused by the difference of SATLR sensitivity be-
tween Tmax and Tmin to the variation of climatic vari-
ables (Fig. 5a,b). The SATLR trend could be related 
to the variation of soil water, specific humidity, cloud 
cover, and albedo, and these mechanisms are com-
prehensive and complex (Mountain Research t EDW 
Working Group 2015). It will be necessary to make 
further analyses in the future. 

According to the definition of SATLR, when the 
SATLR became shallow, it indicated that the high 

elevations warmed faster than the low elevations 
(Fig. 2a), i.e. positive EDW; when it became steep, 
the low elevations warmed faster than the high ones 
(Fig. 2b), i.e. negative EDW. The relationship be -
tween the negative SATLR trend and the positive 
EDW was proved with the observed data in the 
Tibetan Plateau by Guo et al. (2016). In addition, as 
the intensity of EDW was probably spatially hetero-
geneous on a large scale of mountainous areas, it 
was not a simple linear relationship between alti-
tudes and warming rates (Pepin & Seidel 2005, Pepin 
& Lundquist 2008, You et al. 2010). Not only the 
intensity, but also the direction of EDW was probably 
not consistent. For instance, Wang et al. (2014) 
detected positive EDW in the southern part of the 
Tibetan Plateau, but negative EDW in the northern 
part. The SATLR trend has the ability to measure the 
difference in the warming rate between the 2 alti-
tudes by 1 km vertical distance in the context of 
warming, which could probably be used to detect 
differences in altitude response to climate change on 
a small spatial scale, and to examine the local effect 
of EDW. 
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Fig. 5. Trend distribution of grid-box annual near-surface air temperature lapse rate (SATLR) anomalies in (a) Tmax and (b) Tmin  
and regional average annual SATLR anomalies in (c) Tmax and (d) Tmin. Other details as in Fig. 3
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Fig. 6. Trend distribution of grid-box seasonal near-surface air temperature lapse rate (SATLR) anomalies and regional average  
seasonal SATLR anomalies in Tmax for (a) spring, (b) summer, (c) autumn, and (d) winter. Other details as in Fig. 3
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Fig. 7. Trend distribution of grid-box seasonal near-surface air temperature lapse rate (SATLR) anomalies and regional average  
seasonal SATLR anomalies in Tmin for (a) spring, (b) summer, (c) autumn, and (d) winter. Other details as in Fig. 3
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5.  CONCLUSIONS 

Regional average annual, autumn, and winter 
SATLR anomalies in Tmean, Tmax, and Tmin decreased 
significantly over 1961–2018, indicating that on the 
whole, the high altitudes warmed faster than the low 
altitudes in the mountainous areas of China’s main-
land. In terms of spatial distribution, both positive 
trends and negative trends of SATLR were found in 
all seasons, which revealed the inhomogeneity and 
complexity of warming across China’s mainland. 
Most of the negative SATLR trends in Tmax occurred 
in the central part of China, but in the southwestern 
part of China for Tmin. Widespread negative SATLR 
trends were usually found in winter in Tmin, espe-
cially in the Hengduan Mountains and the eastern 
part of the Tibetan Plateau. Widespread positive 
SATLR trends were observed in spring in Tmax, 
mostly distributed in northern mountainous areas. 
The phenomenon might be caused by the difference 
of SATLR sensitivity between Tmax and Tmin to the 
variation of climatic variables, and the mechanism 
will be needed to be studied further in the future. 

In the context of global and regional warming, the 
long-term trend of SATLR has the potential to be ap -
plied for detecting differences in the altitude re -
sponse to climate warming on a small spatial scale, 
and for examining the local effect of EDW. 
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