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Abstract: The vertical distribution of vegetation 
types along an elevational gradient in mountain areas 
largely depends on the elevational changes in air 
temperature and humidity. In this study, we 
presented the seasonal and diurnal variations in the 
elevational gradients of air temperature and humidity 
on the southern and northern slopes in the middle 
Tianshan Mountain Range using data collected 
throughout the year via HOBO data loggers. The 
measurements were conducted at 12 different 
elevations from 1548 to 3277 m from September 2004 
to August 2005. The results showed that the annual 
mean air temperature decreased along the elevational 
gradients with temperature lapse rates of 
(0.71±0.20)°C/100 m and (0.59±0.05)°C/100 m on 
the northern and southern slopes, respectively. The 
annual mean absolute humidity significantly 
decreased with increasing elevation on the northern 
slope but showed no significant trend on the southern 
slope. The annual mean relative humidity did not 
show a significant trend on the northern slope but 
increased with increasing elevation on the southern 
slope. The mean air temperature lapse rate exhibited 
significant seasonal variation, which is steeper in 

summer and shallower in winter, and this value 
varied between 0.37°C/100 m and 0.75°C/100 m on 
the southern slope and between 0.30°C/100 m and 
1.02°C/100 m on the northern slope. The mean 
absolute and relative humidity also exhibited 
significant seasonal variations on both slopes, with 
the maximum occurring in summer and the minimum 
occurring in winter or spring. The monthly diurnal 
range of air temperature on both slopes was higher in 
spring than in winter. The annual range of air 
temperature on the southern slope was higher than 
that on the northern slope. Our results suggest that 
significant spatiotemporal variations in humidity and 
temperature lapse rate are useful when analyzing the 
relationships between species range sizes and climate 
in mountain areas. 
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Introduction  

Mountains cover approximately one-fifth of 
Earth’s land surface, and support one- quarter of 
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terrestrial biodiversity, with nearly half of the 
global biodiversity hotspots located in mountains 
(Körner 2004). Mountains play important roles in 
shaping the regional climate through their 
orographic barrier effect (Beniston 2006), which is 
responsible for the spatial changes in climatic 
variables, such as rainfall, air humidity, air 
movement, air temperature, and solar radiation 
(Barry 2008). Accurate measurements of climatic 
elements, especially the surface air temperature 
and its spatiotemporal variations in the 
mountainous area are vital for better 
understanding the impacts of climate change on 
organisms, biodiversity and hydrological processes 
(Whittaker et al. 2001; Pepin et al. 2015). For 
example, Wason et al. (2017) investigated the 
climate-vegetation relationship along an 
elevational gradient using temperature records 
form data loggers and climatic stations and found 
that elevational distribution of spruce-fir forests 
was strongly correlated with summer and fall 
monthly temperature on mountains in the 
northeastern U.S. Chan et al. (2016) reported that 
the diurnal variations in air temperature were 
negatively correlated with the size of the 
elevational range of terrestrial vertebrates 
throughout the world, whereas the seasonal 
variations were positively correlated with the 
elevational range. Based on in-situ measurements 
of the microclimate, Tang and Fang (2006) found 
that the mean air temperature of the growing 
season (MTGS) could explain the elevational 
differences in timberline better than other thermal 
indices, such as mean temperature of the warmest 
month (MTWM), growing season length or warmth 
index (WI), on the southern and northern slopes of 
Mt. Taibai in Central China. These results highlight 
the importance of high spatial and temporal 
resolution measurements of climate variables when 
studying the distribution and performance of 
organisms. However, in mountainous areas, the 
variability in air temperature is complicated and 
generally regulated by various non-linear processes; 
this variability is affected by large-scale 
atmospheric circulation characteristics, local-scale 
air flows, interactions between topography and air-
flow, solar radiation and other ground surface 
features, such as soil and vegetation types (Barry 
2008). Moreover, mountain ecosystems are 
exceptionally fragile and sensitive to global 

warming (Körner 2004) and are experiencing more 
rapid climate change than other areas (Wang et al. 
2013; Deng et al. 2015; Pepin et al. 2015). However, 
the estimation of climate change in mountains 
presents a major challenge to scientific 
communities and local managers, as climatic 
stations are very sparse in mountain areas. The 
challenge is more critical at mid- and high- 
elevations in remote areas and over complex 
terrain, where climatic stations are usually sparse 
or unavailable mainly because of the inconvenience 
of installing and maintaining climatological 
stations (Chae et al. 2012).  

The temperature lapse rate (TLR) commonly 
used to extrapolate air temperature from point 
measurements to sites at different elevations where 
measurements are scarce. Traditionally, a constant 
adiabatic TLR in the range 0.60°C/100 m to  
0.65°C /100 m has been used in gridded analyses 
(Prentice et al. 1992; Ngo-Duc et al. 2005); 
however, this value could be inappropriate because 
it neglects the topographical features and other 
local factors (Minder et al. 2010; Shuttleworth 
2012; Kirchner et al. 2013). Other approaches, such 
as station-based spatially interpolated and satellite 
remote sensing datasets, have also been employed 
to obtain the local climate conditions in mountain 
areas (Li et al. 2013; Zhang et al. 2018). 
Interpolating point records to the gridded data at 
regional or global scales would not accurately 
represent the natural variability in temperature 
along the elevational range in mountainous areas 
due to the low spatiotemporal resolution (Li et al. 
2013; Minder et al. 2010). 

Near the surface, temperature generally 
decreases with increasing elevation, and the TLR is 
usually negative (Fang and Yoda 1988); however, 
the TLR can be positive when the inversion effect, 
cold air drainage or the foehn effect occur 
(Blandford et al. 2008). For example, during the 
cloud-free nights in colder months, the calm 
higher-pressure events result in the descent of cold, 
dense air along the slopes down to the bottom of 
the valley, producing an inversion layer, i.e., the air 
in the mountain valley that is colder than the air 
above that layer (Lundquist et al. 2008; Pagès et al. 
2017). This cold air at the surface fills in the 
topographic depression confined by the nearby 
higher terrain and becomes stagnant, which is a 
process called cold air pooling (Lundquist et al. 
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2008). Therefore, some previous studies reported 
obvious spatial and temporal variations in the TLR 
in mountain regions (Lundquist et al. 2007; Li et al. 
2015). A significant change in the TLR at both 
diurnal and seasonal time scales was caused by the 
variation in sensible heat flux between the free air 
and the near-surface air. Pepin (1994) and Rolland 
(2003) found that the TLR was steeper in 
spring/summer than in winter and steeper during 
the daytime than at night. The steeper TLR in 
warmer months could be attributed to the increase 
in solar radiation, which increases the near-surface 
air temperature, whereas the shallower TLR in 
winter was a consequence of the monsoon airflow 
induced the inversion effect (Blandford et al. 2008; 
Li et al. 2015). Additionally, the variation in free air 
instability and terrain conditions also affected the 
seasonal variations in the TLR (Barry 2008; Li et al. 
2015). Diurnal changes in the TLR correspond to 
the variation in synoptic weather conditions 
(Gardner et al. 2009). During the day, increases in 
surface air temperature at lower elevations were 
more rapid than those at higher elevations under 
the same radiation conditions, and this asymmetric 
effect resulted in the TLR being steeper during the 
daytime than during the night (Barry 2008). At 
night, the increased frequency of the inversion 
effect mentioned above would contribute to the 
diurnal change in the TLR. However, the spatial 
variability in the TLR usually depends on 
topographic features and synoptic weather types. 
In a previous study, Li et al. (2013) investigated the 
spatial changes in the TLR in mainland China 
using records from 533 climatic stations and found 
that the TLR exhibited a banded distribution from 
northwest to southeast and that the values on the 
Tibetan Plateau were steeper than those in other 
parts of China, which corresponded to the 
variations in air temperature, relative humidity and 
topography. Thus it is not appropriate to use the 
fixed lapse rate to interpolate the temperature. 

The lack of climatic stations is more severe in 
Central Asia, where most of the climatic stations 
stopped working after the fall of the Soviet Union 
in 1991 (Schiemann et al. 2008), and the stations 
that currently work are unevenly distributed or 
rare in high-elevation regions, where ecological 
researches hihgly focus. As a result, little 
information is provided about the spatial or 
temporal (i.e., interannual-, seasonal- and diurnal-

scale) variation in the air temperature and 
humidity in this region. For this reason, more 
accurate and real climatic data along the full 
elevational range are required to reveal the actual 
relationships between climate and vegetation 
distribution. 

The Tianshan Mountain Range, which is 
located in the centre of the Eurasian Continent, is 
characterized by a large elevation range, from 154 
m below sea level to 7439 m above sea level, which 
results in significant changes in air temperature, 
precipitation and soil properties and thus displays 
clear vertical patterns of vegetation types and 
diversities. In addition, the Tianshan Mountain 
Range is regarded as the “water tower” of Central 
Asia, because the high snow cover and glacier 
extent at the top of the mountains (i.e., 3800-5000 
m a.s.l.) are the main water resources for the oasis 
and desert ecosystem in Central Asia; however, this 
area is highly susceptible to climate change (Sang 
2009). Therefore, accurate measurements of the 
spatial variations in climatic variables are crucial 
for understanding the hydrological processes in 
this region (Minder et al. 2010). 

In this study, we present the results of a full 
year of climatic measurements over an elevational 
range of 1500 m on both the southern and northern 
slopes of the middle Tianshan Mountain area. 
Although the fieldwork is not recent and the 
collected data was old, our study can still provide 
basic information for future research on the 
vegetation-climate relationship because the 
Tianshan Mountains show a significant vertical 
distribution of vegetation. The objective of this 
paper is to investigate the elevational and seasonal 
patterns in humidity and air temperature and the 
potential causes of their variations over different 
slopes in arid regions. 

1    Materials and Methods 

1.1 Study area 

The Tianshan Mountain Range (39°30´–
45°45´N, 74°10´–96°15´E) is the largest mountain 
system located in arid Central Asia and stretches 
2500 km from west to east, with peaks ranging 
from 4000-6000 m (Sobel et al. 2006; Zhang et al. 
2018). In China, this mountain range is located 
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between the vast Tarim Basin to the south and the 
Junggar Basin to the north in the Xinjiang Uyghur 
Autonomous Region (Guo and Li 2015). Far from 
the Oceans, the region demonstrates typical 
continental climate characteristics with relatively 
warm and humid summers, cold and dry winters 
and large diurnal air temperature range (Xu et al. 
2018). Tianshan Mountain Range constitutes a 
physical barrier that intercepts the northern and 
western air masses from Siberia and Kazakh 
grasslands, so that they cannot reach Central Asia, 
ultimately causing a drought-dominant climatic 
patterns and life zones in that region. The effect of 

Tianshan Mountain Range on Central Asia is 
similar to that of the Himalayas on their North 
(Aizen et al. 1997). According to the Urumqi-Mushi 
climate station on the northern slope (87°07´E, 
43°16´N, 2350 m) and the Baluntai climate station 
on the southern slope (86°07´E, 42°66´N, 1752 m), 
the annual mean precipitation is 511 mm and 214 
mm, and the temperature is 2.9°C and 7.6°C, 
respectively (Figure 1). Recent studies showed that 
7934 glaciers were distributed in the China parts of 
the Tianshan Mountain Range, with total areas and 
volumes of 7179.77 km2 and 707.95 km3, 
respectively (Liu et al. 2015), and these glaciers are 

 
Figure 1 Distribution of observation sites along the southern and northern slopes in the Tianshan Mountain Range. 
The contour interval on the topographic map is 800 m. The upper left subset shows the location of the study area in 
Central Asia, and the right subset shows the climate characteristics of nearby stations on the northern (Urumqi-
Mushi) and southern slopes (Baluntai). AMT: annual mean temperature; AP: annual mean precipitation. Red dots 
and blue dots in the lower-left subset represent the locations of data loggers and climatic stations, respectively. The 
Numbers corresponding to the blue dots refer to the names of the 10 climatic stations used in the present study: 1. 
Heshuo, 2.Yanqi, 3. Hejing, 4. Baluntai, 5. Daxigou, 6. Urumqi-Mushi, 7. Xiaoquzi, 8. Urumqi, 9. Miquan, 10. Changji. 
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vital for the sustainability of the oases and desert 
areas in this region. 

The vegetation structure exhibits an obvious 
vertical distribution in the mountains. Along the 
northern slope, the vegetation changes from desert 
(below 800 m with dominated by Artemisia 
rupestris), desert steppes [800, 1100) m with 
Artemisia sp.), forest-steppe ecotone [1100, 1720) 
m with Stipa glareosa and tree species of Picea 
schrenkiana and Salix sp.), Tianshan spruce forest 
[1700, 2800) m, with Picea schrenkiana ), alpine 
and subalpine meadow [2800, 3400) m with 
Polygonum viviparum) and alpine cushion 
vegetation [3400, 3900) m with Thylacospermum 
caespitosum) to glacier and perennial snow cover 
≥ 3900 m (Sang 2009; Pan et al. 2013). On the 
southern slope, the vegetation changes from desert 
(below 1800 m dominated by Anabasis sp.), 
mountain steppes [1800, 2200) m with Artemisia 
macrocephala), subalpine forest-steppes [2200, 
3000) m with Stipa capillata sp. and tree species 
of Picea schrenkiana) and alpine meadow [3000, 
3600) m with Festuca ovina) to glacier and snow 
cover ≥ 3600 m (Liu 2017). 

1.2 Measurement of temperature and 
humidity 

To explore the spatial changes in air 
temperature, 15 electronic HOBO H8 data loggers 
(Onset Computer Corporation, Cape Cod, MA, USA; 
a temperature sensor with a measuring range from 
-30°C to +50°C , accuracy of ±0.2°C) were installed 
at a height of 0.5 m above the ground along the 
northern slope between 1548 m and 2826 m and 
along the southern slope between 1569 m and 3598 
m at an interval of approximately 300 m in the 

study area (Figure 1), and Table 1 provides the 
characteristics of each location. The measurement 
of the elevation at each location was implemented 
with a Barigo altimeter. To ensure the accuracy of 
the data and sensor stability (deviation from zero 
±0.2 ℃), the loggers were tested in an ice-water 
bath before and after exposure. The data loggers in 
our study were placed in cylindrical plastic pipes 
with open ends to protect from direct radiation and 
to allow adequate ventilation. Because there were 
no trees at most of our measurement sites, we 
attached and tied the plastic pipes to the shrub 
canopies horizontally, with the pipes facing from 
north to south. Because the height of the shrubs at 
our sites was mostly approximately 0.5 m, to 
ensure the same installation height at all sites, we 
attached the data loggers 0.5 m above the ground. 
The measurements of air temperature and 
humidity began at 00:00 on July 1, 2004, and 
stopped at 21:00 on September 27, 2005. The 
interval was set to 0.5 h, and the local solar time, 
i.e. Coordinated Universal Time (UTC) + 6 was 
used in the present study. Considering that there 
were large fluctuations in the data in July and 
August of 2004 that differed from our normal 
dataset, we believe this period represents an 
adaptation time for sensor; for this reason, we did 
not use the data from this period in this study. 
Thus, only the data recorded from 00:00 on 
September 1, 2004 to 23:30 on August 31, 2005 
were used in this study, and no corrections were 
made. At the end of the measurement period, we 
found that the data loggers at the sites at 2680 and 
3598 m a.s.l. on the southern slope and site at the 
site 2598 m a.s.l. on the northern slope were 
broken into pieces; thus, we obtained 12 
observations over a one-year period of air 

Table 1 Characteristics and description of the different locations where the 12 data loggers were installed. 

Location Lat.(°N) Long.(°E) Ele.(m) Aspect  Slope  Topography Vegetation type 

Northern slope 

43.5220 87.3128 1548 NE 7.06° Valley floor Desert scrub 
43.3936 87.2096 1997 NE 19.07° Valley Forest-steppe ecotone 
43.1942 87.1135 2152 NE 9.64° Valley Mountain shrubby steppe 
43.1330 87.0782 2402 NE 10.62° Valley Spruce forest 
43.0910 86.8173 2826 NE 7.86° Slope Alpine shrubby meadow 

Southern slope 

42.6637 86.2812 1569 SW 8.77° Valley Desert scrub 
42.7637 86.3341 1741 SE 6.64° Valley Desert scrub 
42.8522 86.4238 1990 SE 7.37° Valley Mountain shrubby steppe 
42.8795 86.5193 2222 SE 3.13° Valley Mountain shrubby steppe 
42.8799 86.5924 2414 SE 3.68° Valley Subalpine forest-steppe 
43.0067 86.7333 2990 SE 7.40° Slope Subalpine forest-steppe 
43.0368 86.7884 3277 SE 14.54° Slope Alpine shrubby meadow 
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temperature and humidity data. The elevational 
range of the data loggers was relatively small given 
the entire range of the Tianshan Mountains. 
However, it is difficult to reach the mountain-top 
to install data loggers at the upper altitudes (>3900 
m) of the middle Tianshan Mountain area where 
glacier and snow covered (Sang 2009; Pan et al. 
2013). 

1.3 Data analysis 

To understand if the data collected through 
data loggers represent the long-term climatic 
pattern in our study area, we compared the actual 
data from the data loggers with that interpolated 
from observation stations. For this reason, we 
applied multiple regression and explored the 
relationship between air temperature (obtained 
from both climatic stations and data loggers) and 
latitude, longitude and elevation using the 
following model, which is commonly used to 
interpolate local climate conditions (Fang and 
Yoda 1988): 

AMT ൌ ܽ଴ ൅ ܽଵ ൈ ݐܽܮ ൅ ܽଶ ൈ ݃݊݋ܮ ൅ ܽଷ ൈ  ሺ3ሻ				ܧܮܧ

where a1, a2 and a3 are regression coefficients, and 
a3 is also the elevational TLR of temperature. Then 
based on this relationship, we calculated the 
extrapolated the AMT (annual mean temperature) 
for each observation site in our study. We used 
monthly air temperature records during the 
periods of 2003-2005 from 10 climatic stations (6 
on the northern slope and 4 on the southern slope) 
near the study area (Figure 1) within a latitudinal 
range of 42°04´- 44°01´N, and a longitudinal 
range of 86°19´- 87°39´E. 

Four humidity indices, i.e., monthly mean 
absolute (MMAH) and relative humidity (MMRH) 
and annual mean absolute (AMAH) and relative 
humidity (AMRH), and five temperature indices, 
i.e., monthly mean temperature (MMT) and AMT, 
monthly (MDRT) and annual mean diurnal range 
of temperature (ADRT), and annual range of 
temperature (ART), were computed to investigate 
the elevational and temporal changes in humidity 
and air temperature. The MMRH, MMAH and 
MMT were averaged arithmetically according to 
the daily mean values of (average values of 48 
records per day, and one record per 0.5 h) relative 
and absolute humidity and temperature in each 

month. The AMRH, AMAH and AMT were an 
averaged arithmetically from 12 MMRH, MMAH 
and MMT values. The MDRT was the mean values 
of the diurnal range of temperatures (DRT) 
(difference between the daily maximum and 
minimum temperatures) in each month, and the 
ADRT was the mean value of 12 MDRT values. The 
ART was the difference between the MMTs of the 
warmest and coldest months. To investigate the 
diurnal change in the TLR, we calculated the 
average hourly air temperature at each site (2 
records per hour and 48 records per day) for 
different dates throughout the year, which was 
important for exploring the climatic pattern (Fang 
and Yoda 1988; Tang and Fang 2006). Linear 
regression was used in this study to investigate the 
elevational patterns of these climatic indices. The 
TLR was represented by the coefficient calculated 
through an ordinary least squares regression line 
that was fitted to temperature against elevation 
(Rolland, 2003; Minder et al., 2010). 

2    Results 

2.1 Comparison of temperature from the 
data loggers versus climatic station 

Comparing data from the data loggers and 
those interpolated from observation stations 
showed that at most elevations, both data fit well, 
except for the much lower values at 2826 m on the 
northern slope using mean daily temperature 
(Figure 2a), suggesting that the climate pattern in 
the Tianshan Mountain Range is well represented 
by data from data loggers. We also made a similar 
comparison using mean daily maximum (Figure 2b) 
and minimum (Figure 2c) temperatures separately. 
The results showed that extrapolated values were 
lower than observations for mean daily maximum 
temperature, but for mean daily minimum 
temperatures, extrapolated values were higher than 
observations. This may be caused by climate 
variation, local topography, soil type, etc. 

2.2 Elevational variations in temperature 
and humidity  

On both slopes, the AMT decreased with 
increasing elevation, and the TLR on the northern 



J. Mt. Sci. (2020) 17(2): 397-409 

 403

slope was steeper than that on the southern slope 
(Figure 3). 

The mean AMAH was 3.8 g/m3 on the 
northern slope and 3.4 g/m3 on the southern slope. 
The AMAH showed decreasing trends from low to 
high elevations on the northern slope but did not 
show any significant trend along the southern slope 
(Figure 3). The mean AMRH on the northern slope 
was higher than that on the southern slope. The 
AMRH did not show any trend with elevation along 
the northern slope but showed an increasing trend 
with increasing elevation on the southern slope 
(Figure 3).  

2.3 Seasonal changes in temperature and 
humidity  

The maximum MMT value occurred in July, 
while the minimum occurred in January on both 
slopes. In July, the MMT decreased with increasing 
elevation on both slopes. In January, along the 
northern slope, the MMT varied from -17.6°C (at 
2826 m) to -12.6°C (at 2402 m) and from -14.7°C 
(at 2414 m) to -7.8°C (at 1569 m) along the 

southern slope (Figure 4a, 4b). 
On both slopes, the MMAH showed unimodal 

curves, with maximum values appearing in 
summer, and minimum values appearing in winter 
(Figure 5a, 5b). The MMRH also varied seasonally, 
with the highest value in August and the lowest 
value in April for both slopes, and the MMRH on 
the southern slope was smaller than that on the 
northern slope, on average (Figure 5c, 5d). 

2.4 Diurnal changes in absolute and relative 
humidity 

 Mean absolute humidity significantly 
decreased from low to high elevation at each time 
point before 10:00 a.m. Then, the elevational trend 
weakened at 2152 m (sudden increase), but the 
overall trend showed a significant decrease on the 
northern slope; on the southern slope, it decreased 
significantly from 1569 to 1990 m until it plateaued 
(or slightly increased) from 1990 to 2414 m (or 
2990); then it dropped to the lowest value at 3277 
m; however, the overall trend also showed a 
significant decrease (Figure 6a, 6b). The highest 

 
Figure 2 Comparison between the AMTmean (a), AMTmax (b) and AMTmin (c) measured by loggers and that 
extrapolated using multiple regression against long-term observations. Elevation of each data-logger site is given. 
 

 
Figure 3 Elevational variations in annual mean air humidity (AMAH, g/m3), relative humidity (AMRH, %) and 
temperature (AMT, °C) along the southern and northern slopes of the Tianshan Mountain Range. 
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value of the daily absolute humidity for the 
southern slope appeared at midnight, and the 
lowest value appeared in the afternoon, except for 
the patterns at elevations of 2990 and 3277 m; 
however, on the northern slope, there were 
different trends at different sites. For the mean 
relative humidity, the elevational trends were not 

significant at most time points on the northern 
slope; on the southern slope, they did not show a 
significant trend from 1569 to 2222 m and then 
increased to the maximum at 3277 m. In general, 
the highest mean relative humidity values were 
observed in the morning, and the lowest values 
were observed in the afternoon on both slopes 

 
Figure 4 Monthly mean temperature (MMT) (a, b), lapse rate of temperature (c) and monthly mean diurnal range of 
temperature (MDRT) (d) for each site on the northern and southern slopes of the Tianshan Mountains. 
 

 
Figure 5 Monthly mean absolute and relative humidity for each site on the northern and southern slopes of the 
Tianshan Mountains. 
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(Figure 6c, 6d). 

2.5 Diurnal and seasonal 
changes of TLR 

The TLR changed 
significantly from 08:00 a.m. 
to 06:00 p.m. on the 
northern slope and from 
10:00 a.m. to 02:00 p.m. on 
the southern slope during the 
day (Figure 7c). The TLRs 
were highest at noon and 
lowest in the afternoon and 
morning for both slopes 
(Figure 7c). The TLR also 
showed significant seasonal 
variation; the highest value 
appeared in July, and the 
lowest value appeared in 
January for both slopes 
(Figure 4c). On average, the 
TLR on the northern slope were steeper than those 
on the southern slope for all months. 

2.6 Diurnal and annual ranges of 
temperature 

Along the elevational gradient, the ADRT did 
not show any significant pattern (Figure 8); it 
varied from 12.3°C (at 2826 m) to 18.4°C (at 2152 
m) on the northern slope and from 7.7°C (at 2990 
m) to 19.6°C (at 2222 m) on the southern slope. 
Seasonally, the highest MDRTs appeared in April, 
and the lowest appeared in December for both 
slopes (Figure 6d). The ART decreased with 
elevation for both slopes (Figure 8) as follows 
model: 

ܴܣ ேܶ ൌ െ0.0072ܪ ൅ 42.5	ሺܴଶ ൌ 0.99ሻ									ሺ1ሻ 

ܴܣ ௌܶ ൌ െ0.0037ܪ ൅ 35.4	ሺܴଶ ൌ 0.68ሻ									ሺ2ሻ 

where ARTN and ARTS are the annual ranges of 
temperature for the northern and southern slopes, 
respectively, H is the elevation in meters, and R2 is 
the goodness of fit of the linear regression model. 

3    Discussion 

3.1 Validation of temperature from the data 
loggers 

There are several possible explanations for the 
observations that are lower than the extrapolated 
values for mean daily temperature. First, local-and 
regional- processes, such as the cold airflow from 
hilltop and slope sites or blockage of cold air 
masses by relief, may result in lower air 
temperature, which may also have effects on the 
local air temperature (Barry 2008; Pepin et al. 
2011); second, different vegetation types (e.g. tree, 
shrub, grass or cushion), local topography 
(inclination and slopes), sunshine duration or 
strong wind shear may result in the variation in 
evaporative force, which may contribute to this 
difference (Körner 2007). Similarly, Wang et al.  
(2017) found that observation values from data 
loggers were higher than the extrapolated values on 
the northern slope of the western Qinling 
Mountain range, partly because of the mass 
elevation effect. Our results also suggest that 
extrapolating the climate of the mountain tops 
from climatic stations at lower elevations (i.e., 
elevations of ≤ 2000 m a.s.l.) may overestimate the 
temperature (Duane et al. 2008); thus, we need to 
be cautious when using data from low elevations to 
estimate the climate of high mountain areas. For 
mean daily maximum temperature most of sites 
are varied around the line, but for the minimum 
temperature, sites mostly below the line, this may 

 
Figure 6 Diurnal variation in annual mean absolute and relative humidity along 
the southern and northern slopes of the Tianshan Mountain Range. The local 
time was used in analysis, i.e. UTC +6. 
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suggests that there is cold air drainage at some of 
these logger locations. 

3.2 Temperature comparisons between the 
northern and southern slopes 

The southern slope (leeward slope) of the 
Tianshan Mountain Range is drier than northern 
slope (windward slope) (Guo and Li 2015; Shen et 
al. 2018). Because water vapor is largely 
transported from west and north of the area, 
precipitation occurs as the airflow rises along the 
windward slope, while the air that crosses over to 
the leeward side of the mountain is mainly dry 
(Beniston 2006). This phenomenon has been 
confirmed in the present study, which showed that 
the mean absolute humidity was higher at the 
northern slope sites than at the southern slope sites 
(3.8 g/m3 vs. 3.4 g/m3). 

The TLR determines the stability of the air 
mass and hence plays an important role in climate 
formation in mountain areas and varies with the 
local topography, direction of airflow, latitude, 
solar radiation input and distance from the nearest 
coast (Blandford et al. 2008; Shuttleworth 2012; 
Kirchner et al. 2013). It is commonly acknowledged 
that the TLR is shallower in moist or cooler 
environments and steeper in drier or warmer 
environments because of the increased solar 
radiation input (Blandford et al. 2008; Gardner et 
al. 2009; Minder et al. 2010).Indeed, we found a 
steeper TLR for the Tianshan Mountain Range 
(0.59°C/100 m for the southern slope and 
0.71°C/100 m for the northern slope) than that 
from a humid mountain range, Mt. Taibai 
(0.34°C/100 m for the northern slope and 
0.50°C/100 m for the southern slope) in central 

China (Tang and Fang 2006). This difference was 
observed because the Tianshan Mountain Range is 
more distant from the ocean and drier than Mt. 
Taibai. Similarly, Chen et al. (2018) found that the 
TLR of air temperature for Sygera Mountain on the 
southeast Tibetan Plateau was 0.50°C/100 m, and 
was shallower than that for Tianshan Mountain, 
probably because Sygera Mountain is wetter than 
the Tianshan Mountain areas. 

Meanwhile, on both slopes, we observed a 
steeper the TLR in summer than in winter, due to 
the strong solar radiation input and maximum dry 
convection in summer, as well as the temperature 
inversion in winter (Rolland 2003; Kirchner et al. 
2013; Li et al. 2015). Additionally, consistent with 
several previous studies, the TLR was high at noon 
or afternoon and low at night or in the morning 
(Tang and Fang 2006; Minder et al. 2010; Petersen 
and Pellicciotti 2011), partly because of the 
asymmetric effect of solar radiation at different 
elevations and nighttime temperature inversion (Li 
et al. 2015). However, when comparing the 
different slopes within the mountain, we found that 
the TLR on the southern slope (although drier) was 
not steeper than that on the northern slope, 
possibly because the cold air pooling at low 
elevations and more exposure to warm airflow at 
higher elevations resulted in decrease in the TLR 
and the formation of a temperature inversion on 
the leeward slope (Rolland 2003; Pagès et al. 2017). 
In prior studies, Li et al. (2013) and Shen et al. 
(2016) reported that temperature inversions in the 
winter months are a common phenomenon in the 
Tianshan Mountains, which would weaken the 
temperature-elevation relationships. They also 
noted that local topography (i.e., mountain valley) 
could also influence the atmospheric structure. 

 
Figure 7 Diurnal variation in annual mean temperature (a, b) and lapse rates (c) along the southern and northern 
slopes. The hourly lapse rate was an average lapse rate of the same time for different dates between 1 September 
2004 and 31 August 2005. The time zone UTC +6 was used in analysis. 
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During the cloud-free nights in winter, the calm 
high-pressure events result in the descent of cold 
dense air along the leeward slope down to the 
bottom of the valley, producing the inversion layer, 
i.e., air in the mountain valley that is colder than 
the air above the layer (Lundquist et al. 2008; 
Pagès et al. 2017). Indeed, we found that at the 
altitude of 2414 m, a temperature inversion 
(measured by the mean difference in temperature 
between site 2414 m and 2990 m) mainly occurred 
in winter on southern slope, whereas in summer 
there were no inversion observed or the intensity of 
inversion were weak (Appendix 1). In addition, we 
found that stronger inversion in night-time (3.15) 
than that in daytime (0.77) in winter at an altitude 
of 2414 m on southern slop. In summer there were 
no inversion in day or night, even though the mean 
difference in temperature between site 2414 m and 
2990 m lower in night-time (-0.51) than that in 
daytime (-6.57) (Appendix 1). From this 
perspective, we can conclude that site at 2414 m on 
the southern slope was influenced by the sharp 
inversion effect in nights in winter. This cold air at 
the surface filled in the topographic depression 
confined by the nearby higher terrain and became 
stagnant, which limited the temperature exchange 
between high elevations and lowlands. Our results 
are consistent with a study by Chen et al. (2018), 
who found that the TLR on the warm slope was 
smaller than that on the cool slope on Sygera 
Mountain, which was partly due to the different 
vegetation types on the two slopes. However, our 
finding is contrary to that of Tang and Fang (2006), 
who found that the TLR on the northern slope was 
steeper than that on the southern slope due to the 
climate on the northern slope being much drier 
than that on the southern slope. 

3.3 Elevational patterns of humidity on 
northern and southern slopes 

Our study showed that the annual mean 
absolute humidity (AMAH) decreased with 
elevation on the northern slope but showed no 
significant trend on the southern slope (Figure 3). 
This phenomenon might be because air expands 
and cools with increasing elevation; the extra water 
vapor is then dropped through condensation when 
the moisture is saturated (Pepin 1994) on the 
northern slope. However, on the southern slope, 

the absolute humidity did not change significantly, 
probably because the air moisture was not 
saturated even when the air temperature decreased 
with increasing elevation. This result can be further 
illustrated by the higher annual mean relative 
humidity (AMRH) on the northern slope than on 
the southern slope (63.6% vs. 47.0%). In addition, 
higher forest shelter and grassland coverage on the 
northern slope may increase the extent of 
convective cloud systems and create cooler and 
wetter conditions by increasing transpiration 
compared with that on the southern slope. The 
mean relative humidity generally increased with 
elevation on the southern slope, probably because 
at lower elevations, the air was warm and the dew 
point and the air temperature were far apart. With 
decreasing air temperature, saturated vapor 
pressure will decrease and absolute humidity will 
remain constant, so the possibility of saturation 
will increase. On the northern slope, the relative 
humidity did not show a clear pattern with 
elevation because the humidity easily became 
saturated at all sites along the slope. We also found 
that both the absolute and relative humidity on the 
two slopes reached their maximum during the 
summer due to the abundant summer rainfall that 
contributed to increased air moisture, while in 
winter, the strong influence of the Siberian 
anticyclonic circulation decreased precipitation 
(Aizen et al. 1997).  

In the present study, we measured the air 
temperature and humidity along the elevational 
gradient on both the northern and southern slopes 
of the Tianshan Mountains; thus far, no relevant 
studies have been conducted in this area. Thus, our 
results can be helpful to better understand the 
relationships between species distribution and 
climatic conditions and can provide basic 
information for future research in these areas. 
However, we also note the drawbacks and 
limitations of our approach and the dataset. First, 
the data were old, and they may not be applicable 
to analyse the current vegetation-climate 
relationships in this area because the elevational 
range of some vegetation types and the altitude of 
the treeline might have changed due to climate 
change over the past decade. Second, the study 
period was not long enough for us to explore the 
interannual variation in the TLR on both slopes. 
Third, the elevational range of measurements was 
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insufficient to extrapolate to the full elevational 
range of this mountain. In addition at some sites 
data might have been influenced by local factor, for 
example, the diurnal range of temperature in April 
at the altitude of 2152 m on the northern slope was 
much higher in comparison with other sites (Figure 
4d, Appendix 2), this might be due to the reflected 
radiation from snow heated on the sensor. 

4    Conclusion 

In this study, we analyzed the spatial-temporal 
changes of air temperature and humidity along 
elevational the gradient on the Tianshan 
Mountains based on 12 HOBO data loggers at 
different elevational sites. The conclusions are as 
follows. 1) The TLR on the northern slope was 
steeper than that on the southern slope and 
exhibited a significant seasonal difference, as the 
values in the summer were steeper than those in 
the winter. 2) The monthly mean diurnal range of 
temperature (MDRT) showed significant seasonal 
variations, with values that were higher in spring 
than in winter for both slopes; the annual range of 
temperature (ART) on the southern slope was 
higher than that on the northern slope. 3) The 
maximum value of mean absolute (MMAH) and 
relative humidity (MMRH) were observed in  

summer, whereas minimum values were observed 
in winter and spring on both slopes. Our results 
suggested that when investigating the vegetation 
patterns and their relationship with climates in 
mountain areas, the temporal and spatial patterns 
of the TLR should be taken into account. Although 
our findings may not be applicable to other 
mountain areas in the world, they can provide 
accurate data to identify the elevational-dependent 
hydrological and other ecological processes in this 
area. It provide researchers with valuable 
information to analyse the vegetation patterns, 
species elevational range sizes and their responses 
to climate change in this area because no 
measurements have been previously conducted 
along the elevational gradient on both slopes in the 
Tianshan Mountains. 
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