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ABSTRACT: The response of vegetation activity to variations in cloud cover, temperature, and
precipitation on the Qinghai−Tibetan Plateau from 1982−2011 was analysed using the third generation Normalized Difference Vegetation Index (NDVI-3g) and Climatic Research Unit (CRU)
dataset. There was no significant correlation between growing season cloud cover and vegetation
growth (p > 0.1) over the Plateau. However, both temperature and precipitation were positively
and significantly correlated with vegetation growth (p < 0.1), although these correlations varied
among the different sub-regions of the Plateau. For instance, in higher altitude and latitude
regions (where temperatures are lower), there was a significant correlation between temperature
and NDVI series during the growing season (p < 0.1), whereas the other climate factors were not
significantly correlated with vegetation dynamics (p > 0.1). In sub-regions with lower altitude or
latitude (where temperature is not the limiting climate factor), precipitation variations had an
important influence on vegetation activity. The time lag between precipitation variations and
changes in vegetation dynamics differed between those sub-regions of the Plateau with different
plant species and soil properties. In the warm and humid region, vegetation activity was less sensitive to all of the climate factors compared with the other regions.
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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 ecosystems 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), deforestation
(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), hydrological processes (Barnett et al. 2005, Immerzeel 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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1/12 degree spatial resolution were
corrected for calibration, view geometry, volcanic aerosols, and other factors not related to actual vegetation
change (Tucker et al. 2005). Based
on the maximum value compositing
(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 harmonic analysis of NDVI time series
(HANTS) algorithm (Verhoef 1996),
which was performed by an interpolated method, was used to remove the
Fig. 1. Qinghai−Tibetan Plateau, vegetation types (modified from Hou 2001)
and their general divisions (gray dashed lines) (Zheng 1996). Zones — (IC2)
remaining noise in the data. In addiQangtang high-cold steppe, (IIC1) southern Tibet montane shrub steppe,
tion, because low-NDVI pixels with
(IIC2) eastern Qinghai–Qilian montane steppe, (IC1) southern Qinghai highvery sparse or non-vegetated surfaces
cold meadow steppe, (IB1) Golog–Nagqu high-cold shrub-meadow, (IIAB1)
might be affected by the nature of the
western Sichuan–eastern Tibet montane coniferous, (OA1) southern slopes of
Himalaya montane evergreen broad-leaved forest, (IID1) Ngari montane
soil, which would influence the resodesert-steppe and desert, (ID1) Kunlun high-cold desert, (IID3) northern
lution of the analysed results (Zhou et
slopes of Kunlun montane desert , (IID2) Qaidam montane desert
al. 2001), only those pixels with an
average NDVI > 0.1 were analysed
water availability (Zhou et al. 2007, Gao et al. 2009,
(nearly 75% of the Plateau area). Only the NDVI-3g
Piao et al. 2011); however, the relative importance of
dataset for the growing season (May to September,
each climate factor on vegetation dynamics in differMJJAS) was employed for further analyses.
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
2.2. Climate dataset
used the extended normalized difference vegetation
index (NDVI) database and Climatic Research Unit
Because the sparse meteorological stations scatte(CRU) dataset from 1982−2011, to determine correlared on the Plateau could not provide sufficient infortions between climate factors and vegetation activity
mation for analyses of the relationships between
variability on the Qinghai−Tibetan Plateau.
climate variation and vegetation activity, we used a
high-resolution (0.5 × 0.5° spatial with monthly temporal resolution) climate gridded dataset spanning
2. DATA SOURCE AND METHODS
1982−2011, which was acquired from the CRU time
series (TS 3.21) (www.cru.uea.ac.uk/cru/data/) from
2.1. AVHRR NDVI dataset
the University of East Anglia (Mitchell & Jones 2005).
The monthly cloud cover (a proxy of incident photoThe third generation of the NDVI database was resynthetically active radiation, PAR) (Zhuravleva et
cently released and is widely employed as a proxy for
al. 2006), temperature, and precipitation CRU time
temporal and spatial trends in vegetation activity
series were used in this study.
(Tucker et al. 2005, Pinzon & Tucker 2014). Variations
in the vegetation index are often interpreted to indicate changes in vegetation activity (e.g. greening or
2.3. Methods
browning). In the present study, we used the Global
Inventory Modeling and Mapping Studies (GIMMS)
We used Pearson’s correlation coefficients to assess
NDVI-3g dataset (1982−2011), which was derived
the statistical significance of the influence of climate
from the Advanced Very High Resolution Radiometer
variation (i.e. cloud cover, temperature, and precipi(AVHRR) sensor. The biweekly NDVI images with a
tation) on changes in vegetation activity (i.e. growing
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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 between 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

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 calculated between each NDVI grid and the climate
variables series of its nearest CRU grid during the
growing season, which were obtained by summing
(averaging) the original data for monthly precipitation
(cloud cover and temperature). In addition, due to
time lags between climate variation and the vegetation growth response (e.g. Nicholson et al. 1990), correlations 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 vegetation 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 coefficients 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 biodiversity on the Plateau may have contributed to the different 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), including the Qangtang high-cold steppe zone (IC2), southern Tibet montane shrub steppe zone (IIC1), eastern
Qinghai−Qilian montane steppe zone (IIC2), southern 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 between 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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perature did not significantly correlate (p > 0.1) with
vegetation activity across the Plateau (Fig. 2d), suggesting that temperature was more likely to have a
rapid effect on plant growth.
Over the past 3 decades, the growing season precipitation of the concurrent year showed insignificant
correlations (p > 0.1) with the NDVI series over the
central and southeastern Plateau, while in the southwestern and northeastern Plateau it was positively
and significantly correlated (p < 0.1) with vegetation
dynamics (Fig. 3a). Lagged correlation between 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 comparison, 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 northeastern Plateau (such as IIC2 region, Fig. 3c).

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

Fig. 3. Spatial patterns in the correlation coefficients between growing season normalized difference vegetation index (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

growing season cloud cover was negatively correlated with vegetation activity mainly in the central
and southeastern region (such as IC1, IB1 and IIAB1
regions, Fig. 2a), whereas it showed positive correlations 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 correlation coefficients (p < 0.1). By comparison, time-lagged correlations between vegetation 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-

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 climate factor controlling regional vegetation activity,
and it positively and significantly correlated with the
NDVI series (r = 0.321, p = 0.083). The growing season precipitation of the previous year might also have
influenced plant growth, but its correlation coefficient 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 significantly correlate with vegetation dynamics, with correlation 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 positive and significant correlations between the NDVI
series and growing season precipitation of both the
concurrent and previous year, with correlation coefficients 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, precipitation of both the spring and concurrent growing
seasons had positive impacts on the NDVI series during 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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Table 1. Correlation coefficients and their corresponding significance levels (in parentheses) between each climate factor and the normalized 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-season 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)
Western
IC2
Cld
0.134 (0.481)
Tmp
0.321* (0.083)
Pre
0.016 (0.933)
Pre_previous 0.276 (0.148)
Cld_spring
−0.221 (0.240)
Tmp_spring
0.109 (0.566)
Pre_spring
0.019 (0.922)

IIC1

Northeastern
IIC2

IC1

0.331* (0.074)
0.025 (0.894)
0.466** (0.009)
0.434** (0.019)
0.011 (0.953)
0.112 (0.555)
0.017 (0.931)

0.200 (0.289)
0.110 (0.562)
0.262 (0.162)
0.160 (0.408)
−0.004 (0.981)
0.141 (0.458)
0.311* (0.095)

−0.183 (0.333)
0.328* (0.077)
0.098 (0.606)
0.302 (0.111)
−0.290 (0.120)
0.177 (0.349)
0.164 (0.387)

season temperature did not significantly correlate
with vegetation dynamics (r = 0.110, p = 0.562), it appeared 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 negative correlation with NDVI.
In the central and southeastern Plateau, the 3 subregions show similar correlation patterns with climate factors. In the IC1 region, growing season temperature 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 important, 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 temperature was also an important climate factor for
plant growth (r = 0.440, p = 0.015). In addition, regional 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. Consequently, inter-annual variations of NDVI in this region
were very low, and vegetation activity was less sensitive to climate variation, showing no significant relationship with climate factors over the past 3 decades.

Central and southeastern
IB1
IIAB1
−0.076 (0.691)
0.439** (0.015)
0.091 (0.634)
0.157 (0.417)
−0.098 (0.607)
0.272 (0.145)
0.014 (0.942)

−0.298 (0.109)
0.440** (0.015)
0.142 (0.455)
0.333* (0.078)
0.029 (0.881)
0.217 (0.250)
0.452** (0.012)

Southeastern
OA1
−0.282 (0.131)
0.197 (0.296)
−0.037 (0.847)
0.239 (0.211)
−0.003 (0.986)
−0.061 (0.750)
−0.124 (0.514)

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 between 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 subregions (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, especially for the former region where the positive correlation 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 correlation test was used to calculate the correlations
between vegetation activity and each of 2 climate
factors by removing the covariate effects of 2
factors. When the influence of precipitation was eliminated, the correlation with cloud cover became
insignificant (r = 0.041, p = 0.834). However, when
the influence of cloud cover was removed, the correlation coefficients of precipitation remained significant (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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Fig. 4. Normalized difference vegetation index (NDVI) versus cloud cover (black dots) and temperature series (red dots) during the growing season over Qinghai–Tibetan Plateau regions (abbreviations in bottom left of panels; see Fig. 1 for full forms).
Solid lines: best fit

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 photosynthesis
on cloudy days (Gu et al. 2002) might be the reason
for the non-significant correlations between 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 devastation; 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 temperature 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
regional 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 semiarid south part of IIC2 where the regional steppe was
mainly underlain by sandy sediments (Wang et al.
2015) with lower water capacity, temperature increases could result in increases in potential evapotranspiration and thereby limit vegetation activity.
With higher mean temperatures, when temperature was no longer the limiting climate factor in
regional vegetation activity, precipitation became
the vital factor in controlling the vegetation dynamics (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 controlled by soil moisture in the concurrent month,
which is consistent with precipitation being accumulated 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 instance, shallow-rooted montane steppe is extensive 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. 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

the coarse-grained sandy soil absorbs water readily.
Therefore, in this region it takes less time for vegetation activity to respond to precipitation variability, including in the concurrent growing season
and spring precipitation. 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 between 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 accumulated 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 important 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 precipitation 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
temperatures, regional vegetation activity was more
sensitive to temperature, whereas the other climate
factors showed insignificant correlations with vegetation dynamics (p > 0.1). In other sub-regions where
temperature was not the limiting factor, variations in
precipitation was the predominant climate contributor 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 variations 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 significant impacts on regional plant dynamics (p > 0.1).

Clim Res 66: 65–73, 2015

72

Acknowledgements. This work was supported by the
National Key Project for Basic Research, ‘Responses of Aeolian Desertification to Global Change in the Qinghai−Tibet
Plateau’ (2013CB956003) and Foundation for Excellent
Youth Scholars of Cold and Arid Regions Environmental and
Engineering Research Institute, Chinese Academy of Sciences (Y451171001).

LITERATURE CITED

Plateau. Glob Change Biol 12:1285−1298

➤ Klein JA, Harte J, Zhao XQ (2004) Experimental warming

➤

➤

➤ Barnett TP, Adam JC, Lettenmaier DP (2005) Potential
➤

➤

➤
➤

➤
➤

➤

➤
➤

➤
➤

➤

impacts of a warming climate on water availability in
snow-dominated regions. Nature 438:303−309
Bigler C, Gavin DG, Guning C, Veblen TT (2007) Drought
induces lagged tree mortality in a subalpine forest in the
Rocky Mountains. Oikos 116:1983−1994
Brady NC, Weil RR (1999) Elements of the Nature and Properties of Soils. Prentice Hall, Upper Saddle River, NJ
Buermann W, Parida B, Jung M, MacDonald GM, Tucker
CJ, Reichstein M (2014) Recent shift in Eurasian boreal
forest greening response may be associated with warmer
and drier summers. Geophys Res Lett 41:1995−2002
Cheng G, Wu T (2007) Responses of permafrost to climate
change and their environmental significance, Qinghai−
Tibet Plateau. J Geophys Res 112:F02S03, doi:10.1029/
2006JF000631
Cui X, Graf HF (2009) Recent land cover changes on the
Tibetan Plateau: a review. Clim Change 94:47−61
de Jong R, Schaepman ME, Furrer R, de Bruin S, Verburg
PH (2013) Spatial relationship between climatologies
and changes in global vegetation activity. Glob Change
Biol 19:1953−1964
Freedman JM, Fitzjarrald DR, Moore KE, Sakai RK (2001)
Boundary layer clouds and vegetation−atmosphere feedbacks. J Clim 14:180−197
Gao Q, Li Y, Wan Y, Qin X, Jiangcun W, Liu Y (2009)
Dynamics of alpine grassland NPP and its response to
climate change in Northern Tibet. Clim Change 97:
515−528
Gu L, Baldocchi D, Verma SB, Black TA, Vesala T, Falge EM,
Dowty PR (2002) Advantages of diffuse radiation for terrestrial ecosystem productivity. J Geophys Res 107:4050,
doi:10.1029/2001JD001242
Harris RB (2010) Rangeland degradation on the Qinghai−
Tibetan Plateau: a review of the evidence of its magnitude and causes. J Arid Environ 74:1−12
Herrmann SM, Anyamba A, Tucker CT (2005) Recent
trends in vegetation dynamics in the African Sahel and
their relationship to climate. Glob Environ Change 15:
394−404
Holben BN (1986) Characteristics of maximum value composite images from temporal AVHRR data. Int J Remote
Sens 7:1417−1434
Hou H (2001) Vegetation atlas of China. Science Press, Beijing
Hsu HH, Liu X (2003) Relationship between the Tibetan Plateau heating and East Asian summer monsoon rainfall.
Geophys Res Lett 30:2066, doi:10.1029/2003GL017909
Immerzeel WW, van Beek LPH, Bierkens MFP (2010) Climate change will affect the Asian water towers. Science
328:1382−1385
Kato T, Tang Y, Gu S, Cui X and others (2006) Temperature
and biomass influences on interannual changes in CO2
exchange in an alpine meadow on the Qinghai−Tibetan

➤

➤

➤

➤

➤

➤

➤

➤
➤

➤

➤

causes large and rapid species loss, dampened by simulated grazing, on the Tibetan Plateau. Ecol Lett 7:
1170−1179
Li X, Jia X, Dong G (2006) Influence of desertification on
vegetation pattern variations in the cold semi-arid grasslands of Qinghai−Tibet Plateau, northwest China. J Arid
Environ 64:505−522
Liu X, Chen B (2000) Climatic warming in the Tibetan
Plateau during the recent decades. Int J Climatol 20:
1729−1742
Lloret F, Lobo A, Estevan H, Maisongrande P, Vayreda J,
Terradas J (2007) Woody plant richness and NDVI
response to drought events in Catalonian (northeastern
Spain) forest. Ecology 88:2270−2279
Luo X, Chen X, Xu L, Myneni R, Zhu Z (2013) Assessing performance of NDVI and NDVI3g in monitoring leaf
unfolding dates of the deciduous broadleaf forest in
northern China. Remote Sens 5:845−861
Mercado LM, Bellouin N, Sitch S, Boucher O, Huntingford
C, Wild M, Cox PM (2009) Impact of changes in diffuse
radiation on the global land carbon sink. Nature 458:
1014−1017
Mitchell TD, Jones PD (2005) An improved method of constructing a database of monthly climate observations and
associated high-resolution grids. Int J Climatol 25:
693−712
Nemani RR, Keeling CD, Hashimoto H, Jolly WM and others
(2003) Climate-driven increases in global terrestrial net
primary production from 1982 to 1999. Science 300:
1560−1563
Nicholson SE, Davenport ML, Malo AR (1990) A comparison
of the vegetation response to rainfall in the Sahel and
East Africa, using Normalized Difference Vegetation
Index from NOAA AVHRR. Clim Change 17:209−241
Piao S, Mohammat A, Fang J, Cai Q, Feng J (2006) NDVIbased increase in growth of temperate grasslands and its
responses to climate changes in China. Glob Environ
Change 16:340−348
Piao S, Cui M, Chen A, Wang X, Ciais P, Liu J, Tang Y (2011)
Altitude and temperature dependence of change in the
spring vegetation green-up date from 1982 to 2006 in
the Qinghai−Xizang Plateau. Agric For Meteorol 151:
1599−1608
Pinzon JE, Tucker CJ (2014) A non-stationary 1981-2012
VHRR NDVI3g time series. Remote Sens 6:6929−6960
Roderick M, Farquhar G, Berry S, Noble I (2001) On the
direct effect of clouds and atmospheric particles on the
productivity and structure of vegetation. Oecologia 129:
21−30
Shinoda M, Nachinshonhor GU, Nemoto M (2010) Impact of
drought on vegetation dynamics of the Mongolian
steppe: a field experiment. J Arid Environ 74:63−69
Studley J (1999) Forest and environmental degradation in
SW China. Int Forest Rev 1:260−265
Tucker CJ, Pinzon JE, Brown ME, Slayback DA and others
(2005) An extended AVHRR 8-km NDVI dataset compatible with MODIS and SPOT vegetation NDVI data. Int J
Remote Sens 26:4485−4498
Verhoef W (1996) Application of harmonic analysis of NDVI
time series (HANTS). In: Azzali S, Menenti M (eds)
Fourier analysis of temporal NDVI in the Southern
African and American continents. Winand Staring Centre, Wageningens, p 19−24

Hua et al.: Vegetation response to climate in the Tibetan Plateau

➤ Wang X, Dong Z, Zhang J, Liu L (2004) Modern dust storms
➤

➤

in China: an overview. J Arid Environ 58:559−574
Wang B, Bo Q, Hoskins B, Wu G, Liu Y (2008) Tibetan
Plateau warming and precipitation changes in East Asia.
Geophys Res Lett 35:L14702, doi:10.1029/2008GL034330
Wang X, Ma W, Lang L, Hua T (2015) Controls on desertification during the early twenty-first century in the Water
Tower region of China. Reg Environ Change 15:735−746
Zeng HQ, Jia GS, Epstein H (2011) Recent changes in phenology over the northern high latitudes detected from
multi-satellite data. Environ Res Lett 6:045508, doi:
10.1088/1748-9326/6/4/045508
Zhang Y, Li B, Zheng D (2002) A discussion on the boundary
and area of the Tibetan Plateau in China. Geogr Res 21:
1−8
Editorial responsibility: Toshichika Iizumi,
Tsukuba, Japan

➤

➤

73

Zheng D (1996) The system of physic-geographical regions
of the Qinghai−Xizang (Tibet) Plateau. Sci China Ser D
39:410−417
Zhou LM, Tucker CJ, Kaufmann RK, Slayback D, Shabanov
NV, Myneni RB (2001) Variations in northern vegetation
activity inferred from satellite data of vegetation index
during 1981 to 1999. J Geophys Res 106:20069−20083
Zhou D, Fan G, Huang R, Fang Z, Liu Y, Li H (2007) Interannual variability of the Normalized Difference Vegetation Index on the Tibetan Plateau and its relationship
with climate change. Adv Atmos Sci 24:474−484
Zhuravleva TB, Rublev AN, Udalova TA, Chesnokova TY
(2006) On calculation of photosynthetically active radiation in estimation of carbon balance parameters of surface ecosystems. Atmos Oceanic Opt 19:57−59
Submitted: September 16, 2014; Accepted: July 21, 2015
Proofs received from author(s): September 11, 2015

