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The Qinghai-Tibet Plateau (QTP) holds massive freshwater resources and is one of the most active regions in the world with
respect to the hydrological cycle. Soil moisture (SM) plays a critical role in hydrological processes and is important for plant
growth and ecosystem stability. To investigate the relationship between climatic factors (air temperature and precipitation) and
SM during the growing season in various climate zones on the QTP, data from three observational stations were analyzed. The
results showed that the daily average (Tave) and minimum air temperatures (Tmin) significantly influenced SM levels at all depths
analyzed (i.e., 10, 20, 30, 40, and 50 cm deep) at the three stations, and Tmin had a stronger effect on SM than did Tave. However, the
daily maximum air temperature (Tmax) generally had little effect on SM, although it had showed some effects on SM in the middle
and deeper layers at the Jiali station. Precipitation was an important factor that significantly influenced the SM at all depths at the
three stations, but the influence on SM in the middle and deep layers lagged the direct effect on near-surface SM by 5–7 days. These
results suggest that environment characterized by lower temperatures and higher precipitation may promote SM conservation
during the growing season and in turn support ecosystem stability on the QTP.

1. Introduction

The Qinghai-Tibetan Plateau (QTP) is the highest plateau in
the world [1], with an average altitude greater than 4000 m,
and covers an area of 2.5×106 km2. The low temperatures
support many glaciers and a thick layer of permafrost. The
QTP is the headwater region of many of Asia’s largest rivers
[2–4], such as the Yangtze, Yellow, and Yarlung Zangbo
rivers. Consequently, the QTP is known as “the water tower
of Asia” on account of its key role in the hydrological cycle
[5], and its abundant water resources have a significant
impact on global and regional climate systems, including the
Asian monsoon, as well as on its ecosystems and inhabitants
[3, 6]. However, QTP is one of the most weak regions in the
world under global warming and climate change; its

ecosystem security, nutrient cycling, biomass, and society
function are all facing serious challenges and high risks
[1–3]. For example, Fan et al. [7] reported that between 1961
and 2016, the QTP’s annual maximum and minimum
temperatures showed a marked increasing trend, which may
heighten the challenges affecting ecosystems on the QTP.
Other studies have suggested that global warming might not
only have accelerated ice melting and increased surface
runoff over recent decades but also increase rate of evap-
oration, increase or decrease soil moisture, and lead to a big
uncertainty of this problem, further affecting sensitive
ecosystems on the QTP [2, 8, 9].

Soil moisture (SM) is one of the important parts of the
hydrological cycle in ecosystems and climatic system and has
a direct influence on vegetation growth and ecosystem
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stability [10, 11]. Seneviratne et al. [11] pointed out that an
important influence on near-surface soil moisture was re-
lated to air temperature, in particular, the effects of SM-
temperature coupling and feedback between these two
variables. Although SM-precipitation coupling has been
investigated for at least several decades, little attention has
been given to SM on the QTP [12, 13]. Yang et al. [3] re-
ported that high SM levels in April and May were caused by
thawing driven by rising air temperatures and that pre-
cipitation caused SM increase on the QTP between June and
September. Changes in SM caused by air temperature and
precipitation may lead to different greenhouse gases flux
from alpine meadows, which are an important carbon (C)
and nitrogen (N) pool on the QTP [14]. Increased SM on the
QTP may also lead to an increase in precipitation over
eastern China and a decrease over the south China region
[6].

Furthermore, the large area and variation in elevation of
the QTP mean that it experiences many different climate
zones, and thus the natural vegetation species were diverse,
with forest, alpine steppe, meadow, wetland, desert, and
valley agriculture all being found on the plateau [9]. In
addition, the severe environment and cold, arid climate
cause the soil to freeze in mid-October to November, and
this freezing persists for nearly six months until the fol-
lowing April or May, when the ground starts to thaw again
[3]. Therefore, the growing season on the QTP is too short,
approximately six months from May to October in every
year. However, the relationships between SM and climatic
factors (air temperature and precipitation) among site scale
with different climate patterns on QTP are still unclear
during growing season, especially for the daily minimum,
average, and maximum air temperature, and this problem is
much important for plant growth and ecosystem stability.

Thus, to investigate how SM is affected by changes in air
temperature and precipitation during the growing season at
sites on the QTP with differing altitudes, climatic conditions,
and vegetation patterns, the data were obtained from three
observational stations in the central Tibet Autonomous
Region (TAR), near the TAR’s capital, Lhasa. These three
sites each have different climate patterns, and the rela-
tionships between SM at various depths and air temperature
and precipitation during one growing season (May–October
2015) were analyzed below. Investigating how SM at dif-
ferent depths responds to changes in air temperature and
precipitation through the growing season will help us better
understand the key role of SM with respect to the ecosystems
and climate on the QTP.

2. Data and Methodology

2.1. Study Sites. The three climate observation stations used
here, at Naqu, Zedang, and Jiali, are at elevations of 4507 m,
3560 m, and 4488 m, respectively (Figure 1). Naqu is located
in an alpine subfrigid and semiarid climate zone, with an
average annual air temperature of −2.1°C and an annual
precipitation in the range 247–514 mm. The main ecosys-
tems are alpine steppe and alpine meadow, and this is an
important pasturing area in Tibet [15]. Zedang belongs to

the alpine temperate semiarid monsoon climate zone, with
an average annual air temperature of 7.5°C and an annual
precipitation in the range 302–446 mm, and is a main ag-
ricultural region in Tibet [16]. Jiali belongs to the alpine
subfrigid semihumid monsoon climate zone and is the most
humid area on the QTP, with the South Asian monsoon
bringing large amounts of moisture and rainfall each
summer. The annual average air temperature is −0.4°C, and
the annual precipitation is between 522 and 958 mm, with an
annual average of 719 mm [17, 18].

2.2. Data. Daily air temperature (°C), daily precipitation
(mm), and hourly soil moisture (%) data from the three
stations for the period May to October 2015 were provided
by the China Meteorological Administration. Daily air
temperature data comprised the average (Tave), maximum
(Tmax), and minimum (Tmin) temperatures. Hourly soil
moisture (SM) data were recorded at depths of 10 and 20 cm
(shallow layer), 30 and 40 cm (middle layer), and 50 cm
(deep layer). These hourly SM data were switched into daily
data with the average daily SM being used as the SM value for
each day.

3. Results

3.1. Effects of Air Temperature on Soil Moisture. The rela-
tionships between Tave, Tmax, Tmin, and SM at the different
depths for all three stations were analyzed. At Naqu, the
average values of Tave, Tmax, and Tmin from 1 May to 31
October 2015 were 7.1°C, 14.6°C, and 0.8°C, respectively.
Both Tave (Figures 2(a)–2(e)) and Tmin (Figures 2(k)–2(o))
were significant related to SM at different depths, with the
strength of the relationship (as assessed by correlation co-
efficients) decreasing from shallow to deep. However, Tmax
(Figures 2(f )–2(j)) had no significant effect on SM. In ad-
dition, the correlation coefficients between Tmin and SM
were greater than those between Tave and SM at all depths.
These results showed that higher air temperatures probably
have no or little effect on SM but that lower temperatures
might be closely related to SM at Naqu.

In Figures 2–4, the solid green dots indicate the average
air temperature, the solid red dots indicate the maximum air
temperature, and the solid blue dots indicate the minimum
air temperature.

At Zedang, the average values of Tave, Tmax, and Tmin
during the growing season in 2015 were 13.9°C, 22.2°C, and
7.8°C, respectively. As Zedang has the lowest altitude
(3560 m) of the three sites used in this study, it shows the
highest air temperatures of the three stations. Figure 3 shows
the correlation coefficients between Tave (Figures 3(a)–3(e)),
Tmax (Figures 3(f )–3(j)), Tmin (Figures 3(k)–3(o)), and SM
through the soil profile from Zedang. As with Naqu, Tave and
Tmin both showed significant effects on SM, and the cor-
relation coefficients between Tmin and SM were greater than
those between Tave and SM at all depths. Also similar to
Naqu, except for the 10 cm depth (Figure 3(f)), Tmax had no
significant influence on SM. These results showed that the
maximum air temperatures affected only the near-surface
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SM levels; however, in comparison, the minimum air
temperatures had a strong effect on SM at all depths at
Zedang.

At Jiali, the average Tave, Tmax, and Tmin values for the
2015 growing season were 6.5°C, 13.9°C, and 1.1°C, re-
spectively, similar to the values recorded at Naqu. Figure 4
shows the correlation coefficients between SM and Tave
(Figures 4(a)–4(e)), Tmax (Figures 4(f)–4(j)), and Tmin
(Figures 4(k)–4(o)) at the different depths at Jiali. As for
Naqu and Zedang, Tave and Tmin at Jiali both have significant
effects on SM, and the correlation coefficients between Tmin
and SM were higher than those for Tave and SM at all depths.
However, in contrast to Zedang, Tmax showed no influence
on SM in shallow layers (Figures 4(f), 4(g)) but significantly
influenced SM in the middle and deep layers of the soil
(Figures 4(h)–4(j)). These results suggested that shallow SM
levels may respond only to lower air temperatures at Jiali, but
SM in the middle and deeper layers are insensitive to air
temperature change, although the extent of the response
differs with different air temperatures.

3.2. Effects of Precipitation on Soil Moisture. In Naqu,
272.3 mm of precipitation fell between May and October
in 2015. There were two main periods of rainfall: 10 June to
10 July and 5 August to 20 September, during which there
was 116 mm of rainfall in each period. Fluctuations in SM
levels through the soil profile followed this pattern of
precipitation (Figure 5), with SM in the shallow soil
(depths of 10 and 20 cm) being closely related to pre-
cipitation (Table 1). Although precipitation had no direct
effect on SM in the middle and deep layers, which showed
a lagged relationship with rainfall, with the strongest
response appearing 5 to 7 days after the precipitation fell
(Table 2).

In Figures 5–7, the hollow bars indicate precipitation,
and the black, red, green, blue, and purple lines indicate SM
at depths of 10, 20, 30, 40, and 50 cm, respectively.

The total amount of precipitation during the growing
season of 2015 at Zedang was 256 mm, which is similar to the
amount that fell at Naqu. At Naqu, there were also two main
periods of rainfall, namely, 20 June to 20 July and 5 August
to 5 September, with precipitation amounts of 71 mm and
138 mm, respectively (Figure 6). Precipitation had a sig-
nificant directly influence on SM at all five depths (Table 3).
However, the correlation coefficient of 10 cm SM was much
greater than that at the other depths, which suggests that the
near-surface soil was affected immediately by rainfall, but at
Naqu, SM in the middle and deep layers (30, 40, and 50 cm)
showed a lagged strongest response to precipitation of 5 to 7
days (Table 2).

At Jiali, the total precipitation during the growing season
in 2015 was 582 mm, which was the most recorded at the
three stations in this study. Jiali also showed two main
periods of rainfall, 10 May to 14 July and 6 August to 20
September, with amounts of 300 and 250 mm, respectively
(Figure 7). Precipitation had a significant effect on SM
(except at 50 cm), particularly for depths of 10 and 20 cm
(Table 4). The middle layers (30 cm and 40 cm) showed a
lagged response to rainfall of 1 day, and the 50 cm SM
showed a lag of 5 days (Table 2).

4. Discussion and Conclusions

For most natural ecosystems, changes in air temperature
could affect evaporation and soil temperature and lead to
increase or decrease in soil respiration and plant photo-
synthesis, which in turn lead to changes in SM levels
[11, 19, 20]. Generally, when SM increased, rate of evapo-
ration also increased, which further caused latent heat flux
from net radiation for evapotranspiration to increase. Thus,
sensible heat flux decreases, and surface air temperature
decreases [9]. Furthermore, air temperature decreases as SM
increases [21], and Whan et al. [22] found a negative re-
lationship between SM and extreme maximum summer
temperatures in Europe. However, Zhang et al. [5] suggested
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Figure 1: Locations of the study sites. Black solid dots are the three stations, and the red circle is the TAR capital Lhasa; the numbers indicate
the altitude (m) at each location.
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Figure 2: Correlations between air temperature and soil moisture at Naqu.
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Figure 3: Correlations between air temperature and soil moisture at Zedang.
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Figure 4: Correlations between air temperature and soil moisture at Jiali.
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that air temperature is an important driver of spatiotemporal
changes in SM as it controls snowmelt on the QTP, which
further increases runoff and SM levels. In the present study,
both Tave and Tmin showed significant positive relationships
with SM among all depths at the three stations, and the
correlation coefficients between Tmin and SM were higher
than those between Tave and SM. This suggests that tem-
perature, especially low temperature, could better promote
SM conservation across the various climate zones and
ecosystems of the QTP. However, no obvious relationship

between Tmax and SM was found in the present study; only
the surface layer of Zedang and 30 to 50 cm layers in Jiali
have weakly positive correlation, and this might be caused by
the different soil properties among the three sites. As we all
know, for most ecosystems, the evaporation or respiration
had a significant positive correlation with air temperature, it
means that the higher air temperature was benefit for
evaporation or respiration, and negative relationship with
soil water. However, because Tmax was limited by the cold
climate and high altitude on the QTP, in this study, the mean
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Figure 5: Precipitation and SM levels in the soil profile at Naqu from May to October 2015.

Table 1: Correlations between precipitation and SM through the soil profile at Naqu.

Precipitation 10 cm 20 cm 30 cm 40 cm
10 0.61∗∗
20 0.34∗∗ 0.77∗∗
30 0.16 0.43∗∗ 0.82∗∗
40 0.12 0.28∗∗ 0.68∗∗ 0.95∗∗
50 0.1 0.23∗ 0.62∗∗ 0.88∗∗ 0.97∗∗

∗∗ and ∗∗ indicate that the correlation coefficients are statistically significant at the 99% and 99.9% levels, respectively (Student’s t-test).

Table 2: The lag correlation coefficients between middle and deep layers’ SM and precipitation.

Lag (days) (cm) 1 2 3 5 7

Naqu
30 0.23 0.26∗∗ 0.29∗∗ 0.35 ∗∗
40 0.14 0.17 0.19 0.23 0.24∗∗
50 0.12 0.13 0.14 0.16 0.18

Zedang
30 0.31∗∗ 0.33∗∗ 0.32∗∗ 0.36∗∗
40 0.28∗∗ 0.31∗∗ 0.3∗∗ 0.3∗∗ 0.35∗∗
50 0.25∗∗ 0.28∗∗ 0.28∗∗ 0.29∗∗ 0.35∗∗

Jiali
30 0.4∗∗
40 0.35∗∗
50 0.2 0.24∗∗ 0.25∗∗ 0.28∗∗

∗∗ indicates that the correlation coefficients are statistically significant at the 99.9% level (Student’s t-test). Bold numbers indicate the maximum correlation
coefficients.
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Figure 6: Precipitation and SM levels in the soil profile at Zedang from May to October 2015.

Table 3: Correlations between precipitation and SM through the soil profile at Zedang.

Precipitation 10 cm 20 cm 30 cm 40 cm
10 0.41∗∗
20 0.56∗∗ 0.7∗∗
30 0.31∗∗ 0.24∗∗ 0.74∗∗
40 0.29∗∗ 0.21∗∗ 0.7∗∗ 0.99∗∗
50 0.26∗∗ 0.14 0.65∗∗ 0.99∗∗ 1.0∗∗

∗ indicate that the correlation coefficients are statistically significant at the 99% and 99.9% levels, respectively (Student’s t-test).

Table 4: Correlations between precipitation and SM through the soil profile at Jiali.

(cm) Precipitation 10 cm 20 cm 30 cm 40 cm
10 0.47∗∗
20 0.45∗∗ 0.93∗∗
30 0.34∗∗ 0.82∗∗ 0.91∗∗
40 0.25∗∗ 0.67∗∗ 0.72∗∗ 0.92∗∗
50 0.12 0.47∗∗ 0.5∗∗ 0.75∗∗ 0.94∗∗

∗∗ indicate that the correlation coefficients are statistically significant at the 99% and 99.9% levels, respectively (Student’s t-test).
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Tmax of the three sites in growth season was 14.6°C, 22.2°C,
and 13.9°C, respectively, not much hot. Thus, we inferred
that the pronounced increase in evaporation or respiration
expected under Tmax was not significantly high. Moreover,
the Tmax duration of everyday was also limited, only for a
very short period in everyday on the QTP, so the evaporation
or respiration kept a lower level in general, meaning that SM
at the study sites was relatively high. Furthermore, in this
study, the mean Tmin of the three sites in growth season was
0.8°C, 7.8°C, and 1.1°C, respectively. It means that Tmin often
below ice point and the soil water was frozen in soil, and thus
the respiration of plant and microorganism was limited, and
they were hard to use soil water effectively, so the water use
efficiency (WUE) is decreased, and it is helpful to keep SM in
high level on the QTP [3, 15]. In addition, the Tmin could not
only significantly effect on the surface layer but also for the
middle and deep layers’ SM; however, the Tmax only have a
weakly impact on the surface layers’ SM. Maybe, this is why
Tmin has a stronger effect on SM than Tmax on the QTP.

Precipitation exerts an important control on SM [23],
with higher SM levels being associated with higher pre-
cipitation on the QTP [5]. Precipitation infiltrates directly
into soil and so increases SM levels. Furthermore, precipi-
tation can lead to decreases in air and soil temperatures,
which slows evaporation and respiration which will reduce
the consumption of soil water [24]. But in this study, we did
not find an interactive effect of precipitation and air tem-
perature (including Tmin, Tave, and Tmax) on SM (Table 5),
which suggested that precipitation and air temperature
could independently impact on the SM in this study, and
also this is a different point with other research studies
[11, 23]. For the three stations in this research, precipitation
showed a significant positive correlation with SM in the
shallow soil layers at all three observational stations, which
indicated that a tight relationship between precipitation and
SM was not influenced by the different conditions charac-
terizing climatic zones on the QTP. However, for the middle
and deep layers, there was a time-lagged effect of precipi-
tation on SM, with the strongest signal occurring 5 to 7 days
after rainfall (Table 2). The lagged response of SM to pre-
cipitation was just only in middle and deep layers, which
suggested that the precipitation process was very short and
the precipitation intensity was very weak, which may only
influence SM in surface layers, and it had no lagged effects on
middle and deep layers’ SM. Contrarily, if the precipitation
could keep a long process and with a stronger precipitation
intensity, it may not only directly impact surface layers but
also had time-lagged effects on middle and deep layers.
Therefore, the lag of soil moisture content to precipitation
was different under different precipitation conditions.

In summary, we investigated the relationship between
SM and air temperature and SM and precipitation, during a
single growing season in three different climatic zones on the
Qinghai-Tibet Plateau. We found that the effect of Tmax on
SM was not significant at Naqu and Zedang (only weak
effects on surface layer), and it influences SM only in the
middle and deep soil layers at Jiali. However, Tave and Tmin
had a well-defined effect on SM at all three stations, with
Tmin having a stronger effect on SM than did Tave.

Precipitation had a clear influence on SM at the studied sites,
especially in the near-surface layers, with a directly signif-
icant positive correlation between these two variables. There
was a time-lagged relationship between precipitation and
SM in the middle and deep layers, with the response
reaching a maximum level after 5 to 7 days among all three
stations. Although we have got some interesting and new
results, there were still a lot of uncertain factors in this
research, for example, we only chose three studied sites and
one growth season on the QTP and did not consider the
effects of vegetation, soil temperature, and global warming.
Thus, all of these are needed to be dealt with carefully in our
future work.
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