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1.  INTRODUCTION

The Qinghai−Tibetan Plateau in southwest China
covers approximately 2.57 × 106 km2 (Zhang et al.
2002) and has a mean elevation of >4000 m above
sea level (Fig. 1). The fragile and vulnerable eco -
systems in this region are highly sensitive to climate
variation (Gao et al. 2009, Wang et al. 2015). Over the
past decades, most of the Plateau has experienced
vegetation degeneration and land degradation (Cui &
Graf 2009), including grassland/ steppe and meadow/
swamp degradation (Harris 2010), defores ta tion
(Studley 1999), permafrost degradation (Cheng & Wu
2007), and sandy desertification (Li et al. 2006). How-

ever, vegetation variations in the Qinghai−  Tibetan
Plateau also play an important role in Asian and
global climate regimes (Wang et al. 2008), hydro -
logical processes (Barnett et al. 2005, Immer zeel et
al. 2010), and ecological systems (Kato et al. 2006) by
altering the energy budget and water balance
between the biosphere and atmosphere (Hsu & Liu
2003). Therefore, vegetation response to climate
variation has attracted the interest of climatologists,
geographers, and ecologists (e.g. Klein et al. 2004,
Wang et al. 2004, Zeng et al. 2011).

Previous studies have shown that the vegetation of
the Qinghai−Tibetan Plateau is primarily controlled
by variations in solar radiation, temperature, and
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water availability (Zhou et al. 2007, Gao et al. 2009,
Piao et al. 2011); however, the relative importance of
each climate factor on vegetation dynamics in differ-
ent areas of the Plateau remains unclear. To this end,
in order to evaluate the relative importance of each
climate factor in different areas of the Plateau, we
used the extended normalized difference vegetation
index (NDVI) database and Climatic Research Unit
(CRU) dataset from 1982−2011, to determine correla-
tions between climate factors and vegetation activity
variability on the Qinghai−Tibetan Plateau.

2.  DATA SOURCE AND METHODS

2.1.  AVHRR NDVI dataset

The third generation of the NDVI database was re-
cently released and is widely employed as a proxy for
temporal and spatial trends in vegetation activity
(Tucker et al. 2005, Pinzon & Tucker 2014). Variations
in the vegetation index are often interpreted to indi-
cate changes in vegetation activity (e.g. greening or
browning). In the present study, we used the Global
Inventory Modeling and Mapping Studies (GIMMS)
NDVI-3g dataset (1982−2011), which was derived
from the Advanced Very High Resolution Radiometer
(AVHRR) sensor. The biweekly NDVI images with a

1/12 de gree spatial resolution were
corrected for calibration, view geome-
try, volcanic aerosols, and other fac-
tors not related to actual vegetation
change (Tucker et al. 2005). Based
on the maximum value compo siting
(MVC) technique (Holben 1986), the
highest NDVI value of a 15 d period
was extracted to represent the value
for each biweekly interval. However,
some atmospheric noise remained,
 especially in areas with persistent
cloudy conditions. Therefore, the har -
mo nic analysis of NDVI time series
(HANTS) algorithm (Verhoef 1996),
which was performed by an interpo-
lated method, was used to remove the
remaining noise in the data. In addi-
tion, because low-NDVI pixels with
very sparse or non-vegetated sur faces
might be affected by the nature of the
soil, which would influence the reso-
lution of the analysed results (Zhou et
al. 2001), only those pixels with an
 average NDVI > 0.1 were analysed

(nearly 75% of the Plateau area). Only the NDVI-3g
dataset for the growing season (May to September,
MJJAS) was employed for further analyses.

2.2.  Climate dataset

Because the sparse meteorological stations scatte -
red on the Plateau could not provide sufficient infor-
mation for analyses of the relationships between
 climate variation and vegetation activity, we used a
high-resolution (0.5 × 0.5° spatial with monthly tem-
poral resolution) climate gridded dataset spanning
1982−2011, which was acquired from the CRU time
series (TS 3.21) (www.cru.uea.ac.uk/cru/data/) from
the University of East Anglia (Mitchell & Jones 2005).
The monthly cloud cover (a proxy of incident photo-
synthetically active radiation, PAR) (Zhuravleva et
al. 2006), temperature, and precipitation CRU time
series were used in this study.

2.3.  Methods

We used Pearson’s correlation coefficients to assess
the statistical significance of the influence of climate
variation (i.e. cloud cover, temperature, and precipi-
tation) on changes in vegetation activity (i.e. growing
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Fig. 1. Qinghai−Tibetan Plateau, vegetation types (modified from Hou 2001)
and their general divisions (gray dashed lines) (Zheng 1996). Zones — (IC2)
Qangtang high-cold steppe, (IIC1) southern Tibet montane shrub steppe,
(IIC2) eastern Qinghai–Qilian montane steppe, (IC1) southern Qinghai high-
cold meadow steppe, (IB1) Golog–Nagqu high-cold shrub-meadow, (IIAB1)
western Sichuan–eastern Tibet montane coniferous, (OA1) southern slopes of
Himalaya montane evergreen broad-leaved forest, (IID1) Ngari montane
desert-steppe and desert, (ID1) Kunlun high-cold desert, (IID3) northern 

slopes of Kunlun montane desert , (IID2) Qaidam montane desert
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season NDVI series) from 1982−2011. The growing
season NDVI series were obtained by aggregating
the original biweekly NDVI dataset on a yearly basis.
There was a large difference in grid size between
CRU climate data (0.5 × 0.5°) and NDVI data (1/12 ×
1/12°); hence the correlation coefficients were cal -
culated between each NDVI grid and the climate
variables series of its nearest CRU grid during the
growing season, which were obtained by summing
(av er aging) the original data for monthly precipitation
(cloud cover and temperature). In addition, due to
time lags between climate variation and the vegeta-
tion growth response (e.g. Nicholson et al. 1990), cor-
relations between growing season NDVI series and
climate variables of spring (i.e. March to May, MAM)
were also assessed as suggested by e.g. Herrmann et
al. (2005). In addition, because the time lags of vege-
tation responses to precipitation variations varied
with different vegetation communities across the
Plateau, in order to find better correlations with
NDVI, the correlations between vegetation activity
and growing season precipitation of the previous year
were also calculated. For each pixel, 2-tailed tests of
significance were performed for the correlation coef-
ficients between the NDVI and CRU series.

Previous studies (e.g. Piao et al. 2006) indicated
that the vegetation growth environment influences
the responses of the vegetation to climate drivers,

and thus the complex topography and high biodiver-
sity on the Plateau may have contributed to the dif-
ferent correlations between vegetation activity and
each climate factor in each sub-region. Therefore,
excluding deserts, the areal mean NDVI and CRU
time series of 7 physico-geographical areas of the
Qinghai− Tibetan Plateau (after Zheng 1996), includ-
ing the Qangtang high-cold steppe zone (IC2), south-
ern Tibet montane shrub steppe zone (IIC1), eastern
Qinghai−Qilian montane steppe zone (IIC2), south-
ern Qinghai high-cold meadow steppe zone (IC1),
Golog−Nagqu high-cold shrub-meadow zone (IB1),
western Sichuan−eastern Tibet montane coniferous
zone (IIAB1), and southern slopes of Himalaya
 montane evergreen broad-leaved forest zone (OA1),
were calculated to illustrate the relationships be -
tween vegetation activity and climate variables.

3.  RESULTS

3.1.  Vegetation activity and climate variation 
across the region

The correlations between climate factors and
growing season NDVI series were calculated for
each grid on the Plateau (Figs. 2 & 3), and were found
to vary among each sub-region. From 1982−2011,
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Fig. 2. Spatial patterns in the correlation coefficients between growing season normalized difference vegetation index (NDVI)
and (a) cloud cover and (c) temperature of the growing season (May to September), and lagged correlation coefficients be-
tween growing season NDVI and (b) cloud cover and (d) spring temperature (March to May) on the Qinghai−Tibetan Plateau 

from 1982−2011. Areas with average NDVI < 0.1 are masked by white
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growing season cloud cover was negatively corre-
lated with vegetation activity mainly in the central
and southeastern region (such as IC1, IB1 and IIAB1
regions, Fig. 2a), whereas it showed positive corre -
lations with NDVI series in the southwestern and
northeastern Plateau (such as IIC2 and IIC1 regions),
and in both cases there were scattered areas with
significant corre lation coefficients (p < 0.1). By com-
parison, time-lagged correlations between vegeta-
tion activity and spring cloud cover were weaker and
not significant (p > 0.1) over most of the Plateau
(Fig. 2b), indicating that vegetation activity may have
quick responses to variations in cloud cover.

From 1982−2011, significant positive relationships
(p < 0.1) between growing season temperature and
vegetation activities were mainly found in the central
and eastern Plateau (Fig. 2c). In addition, spring tem-

perature did not significantly correlate (p > 0.1) with
vegetation activity across the Plateau (Fig. 2d), sug-
gesting that temperature was more likely to have a
rapid effect on plant growth.

Over the past 3 decades, the growing season pre-
cipitation of the concurrent year showed insignificant
correlations (p > 0.1) with the NDVI series over the
central and southeastern Plateau, while in the south-
western and northeastern Plateau it was positively
and significantly correlated (p < 0.1) with vegetation
dynamics (Fig. 3a). Lagged correlation be tween the
growing season precipitation of the previous year
and vegetation activity was significant (p < 0.1) in the
central and southeastern Plateau (Fig. 3b). By com-
parison, there were few areas with significant lagged
correlation coefficients (p < 0.1) between spring
 precipitation and vegetation activity, and significant
positive correlations were only found in the north-
eastern Plateau (such as IIC2 region, Fig. 3c).

3.2.  Vegetation activity and climate variation in
different sub-regions

In the 2 sub-regions of the western Plateau, the
dominant climate factors for vegetation growth were
very different (Table 1). For instance, in the IC2
region, growing season temperature was the key cli-
mate factor controlling regional vegetation activity,
and it positively and significantly correlated with the
NDVI series (r = 0.321, p = 0.083). The growing sea-
son precipitation of the previous year might also have
influenced plant growth, but its correlation co -
efficient was not significant at the 0.1 level (r = 0.276,
p = 0.148). Also in this region, cloud cover during
both the growing season and spring did not signifi-
cantly correlate with vegetation dynamics, with cor-
relation coefficients of 0.134 (p = 0.481) and −0.221
(p = 0.240), respectively. In comparison, in the IIC1
region of the southwestern Plateau there were posi-
tive and significant correlations between the NDVI
series and growing season precipitation of both the
concurrent and previous year, with correlation co -
efficients of 0.466 (p = 0.009) and 0.436 (p = 0.019),
respectively. The regional vegetation activity also
positively and significantly correlated (r = 0.331, p =
0.074) with growing season cloud cover.

In the IIC2 region of the northeastern Plateau, pre-
cipitation of both the spring and concurrent growing
seasons had positive impacts on the NDVI series dur-
ing the growing season, but only the correlation with
spring precipitation was significant (r = 0.311, p =
0.095). In contrast, although the total IIC2 growing
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Fig. 3. Spatial patterns in the correlation coefficients be -
tween growing season normalized difference vegetation in-
dex (NDVI) and precipitation of (a) the concurrent growing
season, (b) the previous growing season, and (c) spring on
the Qinghai−Tibetan Plateau from 1982−2011. Areas with 

average NDVI < 0.1 are masked by white
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season temperature did not significantly correlate
with vegetation dynamics (r = 0.110, p = 0.562), it ap -
peared to be offset by opposite correlations between
the south and north part of this region (Fig. 2b). In the
north part of IIC2, the growing season temperature
positively correlated with NDVI, whereas in the
south part of IIC2, temperature had a significant neg-
ative correlation with NDVI.

In the central and southeastern Plateau, the 3 sub-
regions show similar correlation patterns with cli-
mate factors. In the IC1 region, growing season tem-
perature was the dominant climate factor influencing
regional plant growth, and a positive and significant
correlation was observed between them (r = 0.311,
p = 0.095). The growing season precipitation of the
previous year played a secondary, although impor-
tant, role in vegetation activity, but its relationship
with the NDVI series narrowly failed to pass the test
at the 0.1 level (r = 0.302, p = 0.111). In the IB1,
regional vegetation activity was only significantly
correlated with growing season temperature (r =
0.439, p = 0.015), whereas the other climate factors
had little impact (p > 0.1) on regional vegetation
dynamics. In the IIAB1 region, growing season tem-
perature was also an important climate factor for
plant growth (r = 0.440, p = 0.015). In addition, re -
gional plant growth was positively and significantly
correlated with both growing season precipitation of
the previous year (r = 0.333, p = 0.078) and spring
precipitation (r = 0.452, p = 0.012).

In the OA1 region of the southeastern Plateau, as a
result of warmer temperatures (~16°C) and higher
amounts of precipitation (~900 mm), the dominant
vegetation type is broadleaf evergreen forest. Conse-
quently, inter-annual variations of NDVI in this region
were very low, and vegetation activity was less sensi-
tive to climate variation, showing no significant rela-
tionship with climate factors over the past 3 decades.

4.  DISCUSSION

Cloud cover plays a crucial role in regulating the
underlying vegetation (Roderick et al. 2001) through
the exchange of radiation, heat, and moisture be -
tween the terrestrial ecosystem and climate system
(Freedman et al. 2001). Variations in cloud cover
alter the PAR that reaches the ground surface and
thus affects the vegetation yield (Mercado et al.
2009, de Jong et al. 2013). Results of this study
revealed a negative relationship between the areal
mean NDVI and cloud cover in most of the sub-
regions (such as IC1, IB1, IIAB1, and OA1 regions)
over the past 3 decades, but in all these regions, the
relationship was not significant at the 0.1 level
(Fig. 4). Nevertheless, the positive relationships
with cloud cover in the IIC1 and IIC2 regions, espe-
cially for the former region where the positive cor-
relation was significant (r = 0.331, p = 0.074), appear
to indicate that increased cloud cover promotes
plant growth, which has also been suggested by
previous studies (e.g. de Jong et al. 2013). However,
the growing season cloud cover in the IIC1 region
was highly correlated (r = 0.651, p < 0.001) with
growing season precipitation of the concurrent year,
which also significantly correlated with the NDVI
series (r = 0.466, p = 0.009). Therefore, a partial cor-
relation test was used to calculate the correlations
between vegetation activity and each of 2 climate
factors by re moving the covariate effects of 2
factors. When the influence of precipitation was eli -
minated, the correlation with cloud cover became
insignificant (r = 0.041, p = 0.834). However, when
the influence of cloud cover was removed, the cor-
relation coefficients of precipitation remained sig-
nificant (r = 0.350, p = 0.063). This indicates that
cloud cover had a marginal influence on regional
plants in the IIC1 region, and that the close connec-
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Western Northeastern Central and southeastern Southeastern
IC2 IIC1 IIC2 IC1 IB1 IIAB1 OA1

Cld 0.134 (0.481) 0.331* (0.074) 0.200 (0.289) −0.183 (0.333) −0.076 (0.691) −0.298 (0.109) −0.282 (0.131)
Tmp 0.321* (0.083) 0.025 (0.894) 0.110 (0.562) 0.328* (0.077) 0.439** (0.015) 0.440** (0.015) 0.197 (0.296)
Pre 0.016 (0.933) 0.466** (0.009) 0.262 (0.162) 0.098 (0.606) 0.091 (0.634) 0.142 (0.455) −0.037 (0.847)
Pre_previous 0.276 (0.148) 0.434** (0.019) 0.160 (0.408) 0.302 (0.111) 0.157 (0.417) 0.333* (0.078) 0.239 (0.211)
Cld_spring −0.221 (0.240) 0.011 (0.953) −0.004 (0.981) −0.290 (0.120) −0.098 (0.607) 0.029 (0.881) −0.003 (0.986)
Tmp_spring 0.109 (0.566) 0.112 (0.555) 0.141 (0.458) 0.177 (0.349) 0.272 (0.145) 0.217 (0.250) −0.061 (0.750)
Pre_spring 0.019 (0.922) 0.017 (0.931) 0.311* (0.095) 0.164 (0.387) 0.014 (0.942) 0.452** (0.012) −0.124 (0.514)

Table 1. Correlation coefficients and their corresponding significance levels (in parentheses) between each climate factor and the nor-
malized difference vegetation index (NDVI) series during the growing season in each sub-region of the Qinghai−Tibetan Plateau from
1982−2011. See Fig. 1 for region abbreviations. Cld: growing- season cloud cover; Tmp: growing-season temperature; Pre: growing-sea-
son precipitation; Pre_previous: growing season precipitation of the previous year; Cld_spring: spring cloud cover; Tmp_spring: spring 

temperature; Pre_spring: spring precipitation. Significant values are indicated in bold; *p ≤ 0.1, **p ≤ 0.05 (2-tailed)
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tion between cloud cover and precipitation during
the growing season might explain the correlation
between cloud cover and NDVI. However, the
underestimation of the efficiency of photo synthesis
on cloudy days (Gu et al. 2002) might be the reason
for the non-significant correlations be tween cloud
cover and vegetation activity.

In higher altitude areas of the Qinghai−Tibetan
Plateau, vegetation can occasionally be affected by
cold waves (Liu & Chen 2000) that can occur even in
summer, triggering widespread freezing and devas-
tation; therefore, regional vegetation activity is
highly sensitive to temperature. This suggests that
the relationship between vegetation growth and
growing season temperature have some connections
with regional mean temperature, which has also
been reported in other regions (e.g. Piao et al. 2006,
Buermann et al. 2014). For instance, the mean tem-
perature of the IC2, IC1, and IB1 regions (4.74, 3.68
and 5.46°C, respectively) was lower than that of the
other sub-regions, and thus had a closer correlation
with regional vegetation growth (Fig. 4a,d,e). The
lower mean temperature in these regions limited
regio nal plant growth, while other climate factors
had a negligible effect on vegetation dynamics;
therefore, growing season temperature was the only

climate factor that significantly correlated with the
NDVI series (p < 0.1). Nevertheless, in the semi-
arid south part of IIC2 where the regional steppe was
mainly underlain by sandy sediments (Wang et al.
2015) with lower water capacity, temperature in -
creases could result in increases in potential evapo-
transpiration and thereby limit vegetation activity.

With higher mean temperatures, when tempera-
ture was no longer the limiting climate factor in
regional vegetation activity, precipitation became
the vital factor in controlling the vegetation dy -
namics (e.g. Nemani et al. 2003) of the Plateau by
providing the soil with moisture for plant growth.
It has been suggested that NDVI is mainly con-
trolled by soil moisture in the concurrent month,
which is consistent with precipitation being accu-
mulated over >1 mo (Herrmann et al. 2005). In
addition, there were large differences in the time
lag between vegetation activity and precipitation
variations because each sub-region has different
dominant plant species and soil properties (Fig. 5).
For in stance, shallow-rooted montane steppe is ex -
tensive in the semiarid IIC2 region, where upper
layer soil moisture is the major water source for
plant growth (Shinoda et al. 2010); such moisture
accumulates  rapidly during precipitation events, as
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Fig. 4. Normalized difference vegetation index (NDVI) versus cloud cover (black dots) and temperature series (red dots) dur-
ing the growing season over Qinghai–Tibetan Plateau regions (abbreviations in bottom left of panels; see Fig. 1 for full forms). 

Solid lines: best fit
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the coarse-grained sandy soil absorbs water readily.
Therefore, in this region it takes less time for veg-
etation activity to respond to precipitation variabil-
ity, including in the concurrent growing season
and spring precipi tation. In the IIAB1 region,
which is dominated by needle-leaf forest, the
major moisture resource for trees is deep soil
water, resulting in a time lag be tween changes in
surface shallow water sources and variability in
deep soil moisture (Bigler et al. 2007). In addition,
the finer-grained soil of the southeastern Plateau
has a high water holding capacity (Brady & Weil
1999). This resulted in significant correlations
between the NDVI series and precipitation accu-
mulated during a certain period (Lloret et al.
2007), such as precipitation during spring and
growing season of the previous year. In the IIC1
region, the shrubland and woods are distributed in
a mosaic pattern, and both short- and long-term
accumulation of precipitation may have an impor-
tant influence on vegetation dynamics. However,
in the OA1 region where the broadleaf forest is
consistently under warm and humid conditions,
inter-annual variations in NDVI are minor (Luo et
al. 2013), and climate factors may have a limited
influence on vegetation activity.

5.  CONCLUSIONS

From 1982−2011, both temperature and precip -
itation were important influences on the growing
season vegetation activity on the Qinghai−Tibetan
Plateau, whereas cloud cover had a minor influence.
The responses of vegetation activity to variations in
both temperature and precipitation were spatially
heterogeneous. In sub-regions with lower mean
 tem peratures, regional vegetation activity was more
sensitive to temperature, whereas the other climate
factors showed insignificant correlations with vege-
tation dynamics (p > 0.1). In other sub-regions where
temperature was not the limiting factor, variations in
precipitation was the predominant climate contribu-
tor to vegetation dynamics. The time lag between
precipitation and growing season vegetation growth
differed among the different sub-regions. In the IIC1,
which is dominated by short-rooted montane steppe,
it took less time for the vegetation to respond to vari-
ations in precipitation, whereas in the IIAB1, an area
that consists of deep-rooted needle-leaf forest, there
was a longer time lag between precipitation variation
and vegetation dynamics. In comparison, in the OA1
region none of the climate factors examined had sig-
nificant impacts on regional plant dynamics (p > 0.1).
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Fig. 5. Normalized difference vegetation index (NDVI) versus precipitation series of the concurrent growing season (red dots),
previous growing season (black dots), and spring (blue dots) over Qinghai–Tibetan Plateau regions (abbreviations in bottom 

left of panels; see Fig. 1 for full forms). Solid lines: best fit
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