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Abstract
Due to cold and arid climate of Tibet Autonomous Region, vegetation growth is considered to be
controlled by bothmoisture availability andwarmth. In order to reveal the patterns of regional climate
change and themechanisms of climate-vegetation interactions, long term (1982–2013) datasets of
climate variables and vegetation activities were collected fromClimatic ResearchUnit (CRU) and
Global InventoryMonitoring andModeling System (GIMMS). Principal regression analysis and
(partial) correlation analysis were conducted to reveal the contributions of controlling factors on
vegetation growth. Study results showed that (1)Annualmean air temperature (TMP)had increased
by 0.38 °Cper decade (P=0.00) and annual precipitation (PRE) had increased by 17.25mmper
decade (P=0.15). A significant change point around the year 1997/1998was detected byMann-
Whitney-Pettit test, coinciding with the occurrence of ElNiño event. (2)NormalizedDifference
Vegetation Index (NDVI)had an insignificant positive trend. Spatially, pixels of highNDVI values,
greatNDVI trends and high inter-annual deviations are distributed in the densely vegetated eastern
part. Principal regression analysis revealed that, alpine grassland (northern andwestern part) ismostly
controlled by temperature, steppemeadow (middle and southern part) ismostly controlled by
precipitation, and shrub/mixed needle leaved and broad leaved forest (eastern part) ismostly
controlled by cloud coverage. (3)Partial correlation analyses showed that regions with high sensitivity
to precipitation nearly overlappedwith regions of high sensitivity tominimum temperature. And the
high importance of cold index (CDI, accumulated negative difference between TMPand 5 °C)
revealed in this study implied the effects of regional glacialmelting and permafrost degradation.We
concluded that the regional climate change can be characterized aswarming andwetting. Different
regions and vegetation types in Tibet Autonomous Region demonstrated different driving climate
factors and climate-vegetation relationships.

1. Introduction

TheTibetan Plateau is located in southwesternChina and considered as the ‘Third Pole’ of the Earth. It provides
various ecosystem services for human beings, including climate regulation, water resources retention,
biodiversity conservation and regional/national eco-security protection.With high sensitivity to climate
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warming and an average altitude exceeding 4000m a.s.l., TP is also a hot spot for studies of climate-vegetation
interactions (Kim et al 2012,Huang et al 2016, Cong et al 2017).

In recent years, a growing number of studies on the regional climate-vegetation relationship provided
controversial results. For example, studies revealed that water availability is considered as themain limiting
factor for plant growth (Yang et al 2010, Kulkarni 2012, Zeppel et al 2014) and phenological changes (Shen et al
2015,Wang et al 2015) over the Tibetan Plateau.Whereas, other studies highlighted temperature as an
important constraint due to the cold environments (Zhang et al 2014, Shi et al 2019). In addition,more studies
have recognized the role of asymmetric warming, which is characterized as higher trend of diurnalminimum
temperature thanmaximum (You et al 2016), played in controlling the plant phenology and vegetation
dynamics (Yang et al 2017).

Besides the controversial conclusions on controlling factors for vegetation activity, the spatial pattern of
vegetation growth responding to climate change remains unclear. Different vegetation types (Zhu et al 2017) and
regions (Wang et al 2015) have different pattern of climate-vegetation interactions, resulting in a considerable
spatial heterogeneity of vegetation activity (Huang et al 2016).

Therefore, sensitivity analyses of vegetation dynamics to climatic variables are essential to understanding the
relationship between the regional climate change and vegetation dynamics.Moreover, understanding the
ecological effects of climate change on the Tibetan Plateau is of great significance to improve environmental
management and to promote regional sustainable development (Guo et al 2014).

With datasets collection of climate variables and vegetation activities in the Tibet AutonomousRegion, this
study tries to address the following questions: (1)what are the temporal patterns of changes in climate factors
and vegetation activity in this region? (2)what are the ecological effects of climate change (especially asymmetric
warming) on vegetation dynamics? (3)what is the spatial distribution of the vegetation sensitivity to different
climate factors?

2.Materials andmethods

2.1. Study site
TibetAutonomousRegion (26°50′-36°53′N; 78°25′-99°06′E) is located in the south-western part of Tibetan
Plateau.With average annual temperature of less than 5 °Cand long sunshine durationofmore than 3000 hper
year, this region iswell known for its harsh environment and fragile ecosystems. Frost occursmore than 6months of
the year andpermafrost occurs over extensive parts of the region. The climate of theTibetanPlateau is alternatively
controlled by the Indian summermonsoon in the summer andwesterlies in thewinter. The total amount of annual
precipitation varies fromover 1,000mmin the southeast to less than 50mmin thenorthwest.

This region consists ofQiangtang Semi Arid Zone, South Tibetan Semi Arid Zone, Eastern Tibetan Semi
HumidZone and EasternHimalayas South SlopeHumidArea (Academician of Chinese Academy of
Sciences 2001). The vegetation distribution follows the spatial distribution of humidity: Alpine Steppe grows in
thewestern and northern part,MeadowGrassland grows in themiddle and southern part, scrubs andmixed
needle/broad leaved forest grows in the eastern part (Yang et al 2010, Zhang et al 2014) (Figure 1). Themajor
vegetation type of this region is alpine grassland, served as the dominant food supply for animal husbandry of
Tibetan communities. Alpine steppe consists of cold and xerophytic herbaceous plants such as Stipa purpurea
andCarexmoorcroftii, mixedwith alpine forbs (e.g.,Polygonum viviparum).Whereas,meadow grassland is
dominated by perennial grasses such asKobresia pygmaea,K. humilis andK. tibetica.

2.2.Data collection
2.2.1. NDVI data
TheNormalizedDifference Vegetation Index (NDVI), derived from the contrast between the red andnear-
infrared reflection of solar radiation, is commonly used to reflect the growth conditions of the vegetation
activity. The latest version of the global vegetation inventorymodelling andmapping studies (GIMMS)NDVI3g
dataset was download formhttps://nex.nasa.gov/nex/projects/1349/. GIMMSNDVI3g datasets have been
normalized to account for issues such as sensor calibration loss, orbital drift, and atmospheric effects such as
volcanic eruptions (Pinzon andTucker 2014).We followedHe et al (2017) to do the cleaning (eliminating the
Flag values from3 to 7), then re-projected thisNDVI3g data onto a geographic gridwithWGS 1984 spheroid.
We collected 32 years (1982–2013) ofNDVI images with a temporal interval of 15 days and a spatial resolution of
1/12°.

2.2.2. Climate data
TheClimaticResearchUnit (CRU:University of EastAngliaClimaticResearchUnit, 2008)provides high resolution
griddeddatasetswith global coverage. Thedata sets (CRUTS4.01, https://crudata.uea.ac.uk/cru/data)provide time
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series for a rangeof climate parameters (Harris et al2014). In theCRUprocessing scheme, several station-baseddata
sourceswereharmonized to obtainmost reliable estimates (table 1). After spatial interpolation and superposition
on the reference climatologies, these anomalies constitute thefinal 0.5° grids global climate dataset (Mitchell and
Jones 2005).We extracted themonthlydata of climate variables from the year 1982 to 2013 and cropped thedataset
by the regional boundaries. Then, the originalCRUdatasetswere disaggregatedusing a bilinear interpolation
function tomatch theGIMMSNDVI3gdatasets spatially and temporally.

The threshold of 5 °C is considered as an important bio-climatic indicator in ecological studies especially for
cold environment (Dong et al 2012). The continental vegetation distribution and species spatial distribution
limits are supposed to be constrained by the accumulated temperature above/below this threshold (Kira 1991).
In this study,Warm index (WMI) and cold index (CDI) (Kira 1945)were prepared for each pixel using
equations (1) and (2), which counts the annual sumof positive and negative differences betweenmonthlymeans
and 5 °C.As the vegetation activity ismostly influenced by coldness before the growing season, the CDI in this
study is counting the negative temperature difference (TMP-5 °C) between two consecutive summers.

WMI TMP 5 TMP 5 1å= -( ) ( ) ( )

CDI TMP5 TMP 5 2å= - - <( ) ( ) ( )

Figure 1.The location of Tibet AutonomousRegion. Vegetationmapwas provided by Environmental and Ecological ScienceData
Center forWest China, NationalNatural Science Foundation of China (http://westdc.westgis.ac.cn).

Table 1.Data Source and abbreviation of climate variables.

Abbreviation Variables Unit Source/Method

CLD Cloud cover % CRUTS v4.01

PRE Precipitation mm CRUTS v4.01

TMP Dailymean temperature °C CRUTS v4.01

TMN Dailyminimum temperature °C CRUTS v4.01

TMX Dailymaximum temperature °C CRUTS v4.01

VAP Vapour pressure hPa CRUTS v4.01

PET Potential evapotranspiration mm CRUTS v3.23

WMI Warmth index of Kira, accumulate TMP above 5 °C °C/month (Kira, (1945))
CDI Cold index of Kira, accumulate negative difference between TMPand 5 °C °C/month (Kira, (1945))
NDVI NormalizedDifference Vegetation Index — GIMMSndvi3g
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2.3.Methods
2.3.1. Trend analysis
Weanalyzed the trends of climatic variables and vegetation activities with theMann–Kendall test (Mann 1945,
Hamed 2008). As serial autocorrelation could influence the trend significance detected byMann–Kendall test, a
pre-whitening procedure (MK-TFPW)was conducted to reduce the influence of autocorrelation on the
significance ofMann–Kendall test results (Yue andWang 2002). Then, theMann–Kendall test was applied to
prewhitened temperature series. Positive tau values ofMann–Kendall test indicated an increasing trend, whereas
negative tau represented a decreasing trend. To detect the change points in these time series, theMann–
Whitney–Pettit test was conducted (Pettitt 1979).

The slope of each variable was computed by simple linear regression against the year. Since a linear
regression trend fails to represent the slopewhen abnormal anomalies are included in the time series, then the
true slope (change per unit time) can be estimated by using a simple nonparametric procedure developed by Sen
(1968), which is robust against outliers and has the ability to reject anomalies without affecting the slope. The
Sen slope estimator is themedian of the slopes computed for n values observed at all pairwise time steps for a
total of n×(n-1)/2 slopes.

2.3.2. Correlation analysis
Correlation analyses were conducted to reveal the relationship between climatic variables and vegetation
activities. In consideration of the colinearity among the climate variables, the partial correlation coefficient
between theNDVI and each climatic factorwas calculated, with the other climatic factor acting as control
variable. The partial correlation of time series of xi and xj given xk is:

r
r r r

r r1 1
3ij k

ij ik jk

ik jk
2 2

=
-

- -
( )∣

Where rij|k is the partial correlation coefficient between xi and xj controlling xk, rij is the correlation coefficient
between xi and xj, rik is the correlation coefficient between xi and xk, rjk is the correlation coefficient between xj
and xk.

2.3.3. Principal regression analysis
To reveal the spatial patternof climate-vegetation interaction and eliminate the co-linearity among climate variables,
weusedprincipal components regression (PCR) to identify the vegetation sensitivities to the correlated climate
variables. In eachpixel, all time series of climate variables andNDVIwere transformed to z-score anomalies using
long-termmean and standarddeviation. For thedata frameof climate variables, principal component analysiswas
conducted to extract themajor principals and the correlated climate variables. Then the loadings of each variables
weremultipliedby the coefficients derived fromregression analysis between standardizedNDVI and themajor
principals. Finally, the relative importance of each climate variables indriving the changes inNDVI canbe revealed
and thenplotted.All of the calculationswere conducted inR (RCoreTeam2014).

3. Results

3.1. Climate change and trend analyses
Figure 2 and table 2 displayed the results of time series analysis for climate variables and vegetation activities.
From1982 to 2013, TMPhad a positive trend of 0.38 °Cper decade.Higher trend in TMN (0.44 °Cper decade)
thanTMX (0.34 °Cper decade) implies the asymmetric warming and decreasing diurnal temperature range. The
linear trend of CDI (4.33 °C·month·10 yr−1) is 2.6 times higher thanWMI (1.66 °C·month·10 yr−1), indicating
thewidely reported pronouncedwinter warming. Despite annual precipitation (PRE) increasedwith a slope of
17.25mmper decade, NDVI had an insignificant positive trend over the past decades, indicating the
complicated interaction between vegetation growth and climate change.

A significant change point around the year 1997/1998was detected in time series of temperature regime.
From1982 to 1997, TMP, TMN,TMX,WMI andCDI had slightly increased, whereas, their slopes had greatly
increased since 1998 (table 2). By contrast, PRE had amoderate positive rate of 17.80mm·10 yr−1 from1982 to
1997, followed by great decreasing rate of−47.94mm·10 yr−1 from1998 to 2013. The time series of CLD is
characterized by significant positive trend but insignificant change point, which is different from the temporal
patterns of PRE and temperature regime.
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3.2. Correlation and principal component analyses
Table 3 shows that, NDVI had an insignificant Pearson correlation coefficient but a significant Kendall
correlation coefficient with PRE, indicating the nonlinear relationship between PRE andNDVI. Significant
Pearson correlations between temperature regime (TMP, TMX,CDI) andNDVI suggests the complicated
controlling factors ofNDVI inter annual variation.

Partial Pearson correlation analysis shows that the correlation coefficient (RNDVI·TMP, PRE) betweenNDVI
andTMP (controlling PRE) is higher thanRNDVI·PRE, TMP (correlation coefficient betweenNDVI and PREwhen
TMP is controlled), suggesting the higherNDVI sensitivity to TMP (table 4).Whereas, Kendall and Spearman
methods revealed a contrary result, indicating the complicated climate-vegetation relationship. Table 4 also
revealed thatNDVI has high sensitivities to TMXandCDI thanTMNandWMI respectively, indicating the
higher importance of TMXandCDI in drivingNDVI inter annual variation.

Spatially,more pixels display the significant positive partial correlation betweenNDVI andTMP (21.62%,
controlled PRE), comparedwith 7.35%of pixels that display the significant positive partial correlation between
NDVI and PRE (controlled TMP). A proportion of 14.49%pixels displays positive partial correlation between

Figure 2.The inter-annual variations and linear slopes of TMP (a), PRE (b), TMN (c), TMX (d),WMI (e), CDI (f), CLD (g) andNDVI
(h). Annual values are aggregated bymonthly values.
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Table 2.Time series analyses of climatic variables andNDVI over the past 3 decades (1982–2013). All of the calculationswere based on the annual values aggregated by themonthly values.

TMP (°C) TMX (°C) TMN (°C) WMI (°C·month) CDI (°C·month) PRE (mm) PET (mm) VAP (hPa) CLD (%) NDVI

MK-tau 0.52 0.44 0.58 0.46 0.50 0.21 0.23 0.42 0.26 0.16

pwmk-tau 0.26 0.28 0.21 0.23 0.23 0.15 0.17 0.23 0.29 0.06

Sen slope (per 10 yr) 0.18a 0.23a 0.12a 0.98a 1.63a 16.09 3.81 0.05a 0.61b 0.00

Linear slope (per 10 yr) 0.38a 0.34a 0.44a 1.66a 4.33a 17.25 5.45b 0.10a 0.47 0.00

Change point year 1997a 1997a 1997a 1997a 1998a 1995 1997b 1994a 2002 1987

Slope (1982–1997) 0.04 −0.08 0.16 −0.28 3.81 17.80 −12.28b 0.15 −0.01 0.00

Slope (1997–2013) 0.46b 0.50 0.43b 1.89 4.35b −47.94 11.59 0.06 0.89 −0.00

a Correlation is significant at the 0.01 level (2-tailed).
b Correlation is significant at the 0.05 level (2-tailed).
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NDVI andCDI (controlledWMI)whereas, only 3.92%of pixels displays positive partial correlation between
NDVI andWMI (controlled CDI).

3.3. Principal regression analysis
Principal component analysis revealed that, the 1st principal component is highly correlatedwith TMP, TMN
andTMX, representing the temperature component (table 5). The 2th principal component is highly correlated
with PRE, representing the humidity component. And the 3th principal component is highly correlatedwith
CLD, representing the radiation component. Thefirst 6 principals explainedmore than 99.9%of variance.
Using the principal regression coefficients as the importance, CDI has the highest importance in controlling
NDVI, CLD and PRE ranks the second and the third importance respectively.

Table 3.Correlation analysis of climate variables andNDVI. All of
the calculations were based on the annual valueswhichwere
aggregated bymonthly values.

Correlation coefficients

Correlation analyses Pearson Kendall Spearman

TMP 0.356a 0.233 0.356a

TMN 0.340 0.202 0.312

TMX 0.351a 0.266a 0.382a

WMI 0.193 0.153 0.216

CDI 0.419a 0.238 0.352a

PET 0.210 0.145 0.224

VAP 0.342 0.209 0.304

PRE 0.321 0.310a 0.396a

CLD −0.086 −0.060 −0.117

a Correlation is significant at the 0.05 level (2-tailed).

Table 4.Partial correlation analyses betweenNDVI and the comparable climatic variables.

NDVI

Proportion of

significant pixels

Partial correlation Pearson Kendall Spearman Positive Negative

RNDVI·TMP, PRE 0.312 0.187 0.279 21.62% 7.17%

RNDVI·PRE, TMP 0.271 0.278a 0.332 7.35% 2.68%

RNDVI·TMX, TMN 0.113 0.178 0.234 9.71% 3.78%

RNDVI·TMN, TMX 0.066 0.024 −0.029 6.32% 7.62%

RNDVI·WMI, CDI −0.053 0.057 0.006 3.92% 3.78%

RNDVI·CDI, WMI 0.382a 0.193 0.284 14.49% 2.94%

a Correlation is significant at the 0.05 level (2-tailed).

Table 5.Correlation coefficients and principal regression coefficients (PRC) between climate variables and the principal components.

Correlationmatrix PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PRC

TMP 0.992 0.048 −0.011 −0.017 −0.014 −0.107 0.033 −0.027 0.000 0.005

TMN 0.977 −0.137 0.054 −0.058 −0.031 −0.030 0.132 0.013 0.000 0.030

TMX 0.950 0.229 −0.075 0.024 0.003 −0.175 −0.066 −0.065 0.000 −0.021

WMI 0.848 0.144 0.297 0.286 0.201 0.220 −0.006 −0.034 0.000 0.002

CDI 0.855 0.016 −0.204 −0.352 −0.257 0.192 −0.034 −0.007 0.000 0.330

PET 0.685 0.666 −0.067 −0.160 0.223 −0.027 −0.027 0.083 0.000 −0.007

VAP 0.783 −0.408 −0.093 0.410 −0.194 −0.026 −0.040 0.064 0.000 0.129

PRE 0.246 −0.760 −0.525 −0.067 0.286 0.025 −0.007 −0.007 0.000 0.251

CLD 0.326 −0.667 0.610 −0.262 0.059 −0.049 −0.043 0.017 0.000 −0.289

Cumulative variance 0.615 0.807 0.896 0.949 0.980 0.995 0.998 1.000 1.000 —

7

Environ. Res. Commun. 1 (2019) 091003



3.4. Spatial distribution of climate-vegetation relationship
Spatially, high values ofNDVI andNDVI standard deviation are distributed in the eastern part covered by
densely vegetation (figures 3(a), (b)). And pixels of significant positiveNDVI trends aremostly located in eastern
part (figure 3(c)). The negativeNDVI trends aremostly located along themiddle reaches of Yalu TsangpoRiver.

Using TMP, PRE andCLD as the independent variables, principal regression analysis revealed that the alpine
steppe of western part ismostly sensitive to temperature, themeadow grassland ofmiddle part ismostly sensitive
to humidity and the scrubs/mixed needle leaved and broad leaved forest in eastern part is relatively sensitive to
radiation (figure 3(d)).

In order to reveal the spatial distribution of relative importance that controls the vegetation growth, partial
correlation analysis at pixel scale was conducted. TMPhas higher importance than PRE in northern Tibet
AutonomousRegion (figure 4(a)).Whereas, PREhas higher importance thanTMP in South Tibetan Semi Arid
zone (figure 4(b)). The impact of TMX is higher thanTMN inmost of the Tibet Autonomous Region, whereas,
the impact of TMN ismore important thanTMX inYaluTsangpoRiver overlappedwith the regionswith high
sensitivity to PRE. Regionwith high partial correlation betweenNDVI andWMI (controlled CDI) is located in
northern part and forest distributed southeastern edge (figure 4(e)).Whereas, regionswith high sensitivity to
CDI (figure 4(f)) nearly overlapswith the regionswith high sensitivity to TMP (figure 4(a)).

4.Discussion

4.1. Characteristics of climate change and vegetation growth
In this study, air temperature showed a strong trend of 0.38 °Cper decade, whichwas higher than the global
average level (Pachauri et al 2014). Combinedwith the positive trend in PRE, the regional climate change can be
characterized aswarming andwetting (Kuang and Jiao 2016). The greater warming trends inCDI andTMN than
WMI andTMX represent thewidely reported asymmetric warming (Liu andChen 2000, Xia et al 2014). As
diurnalminimum temperature is considered to be influenced by the surface longwave radiation (You et al
2017), the increased cloud coverage is accountable for the increased TMNand the decreased diurnal
temperature range (You et al 2016).

The significant change point around the year 1998 is coincidedwith the climatic change point in
Mediterranean (Jemai et al 2017), NorthKorea (Nam et al 2016), southwest China (You et al 2013) and the
world famous 1997/1998 ElNiño year (Bhaskaran andMullan 2003, Cai et al 2014). The negative trend of

Figure 3. Spatial distribution ofNDVI (a), NDVI stand divation (b), NDVI trend (c) andRed,Green, Blue (RGB) composite of
vegetation sensitivity to TMP (red), PRE (blue) andCLD (green) (d).
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precipitation in post-1998 period coincidedwith theweakened Indian summermonsoon (Kulkarni 2012,
Marotzke and Forster 2015).

As a result of regional climate change especially for the change of thermal growing season length (Dong et al
2012), NDVI has a positive trend over the past decades, which is in linewith the previous reports of regional
vegetation greening (You et al 2016) and surface albedo decreasing (Tian et al 2014). Spatially, the positive trends
ofNDVI aremostly distributed in eastern part of the region, which is coincidedwith the previous studies of
regional phenology changes (Ding et al 2013) and vegetation growth (Zhang et al 2014).

This study also reveals the scattered pixels with negativeNDVI trend (mostly distributed along the
Yalunzangbu river), implying the ecological effects of land cover change, grassland degradation, urbanization,
deforestation and desertification (Cui andGraf 2009, Shen et al 2012). Therefore, the ecological servicemight
have reduced in eastern region (Tang et al 2018), despite the regional climate warming andwetting over the past
decades.

4.2.Driving factors for vegetation activity
The asymmetricwarming and its impact on vegetation activity has been reportedbyZu et al (2018). The limited
impacts of TMXandWMIonNDVIvariation suggests the insignificant role ofwarmth in controlling the vegetation
growth,which is contradictedwith thewarmth-limited regions such as boreal biomes (Peng et al2013). Thehigh

Figure 4. Spatial distribution of partial correction coefficients betweenNDVI andTMP (a), controlled PRE), NDVI and PRE (b),
controlled TMP), NDVI andTMX (c), controlled TMN), NDVI andTMN (d), controlled TMX), NDVI andWMI (e), controlled
CDI), NDVI andCDI (f), controlledWMI).
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importance of TMNoncontrolling vegetation growth revealed in this study complieswith theprevious report of
correlationbetweenTMNandvegetation greenness over theTibetanPlateau (Shen et al2016).

The insignificant regionalNDVI trend and complicated driving factors can be attributed to the spatial
distribution of vegetation types (Zhong et al 2010). As the Tibet AutonomousRegion consists of the alpine
steppe in the northern andwestern part, themeadow grass in themiddle and eastern part, and the shrub/mixed
needle leaved and broad leaved forest in the eastern part, principal regression analysis revealed the 3 different
patterns of controlling factors corresponding to the spatial distribution of the 3 vegetation types. Previous
studies had also reported the different ecological consequences of climate change determined by different
vegetation types (Sun et al 2016, Zhang et al 2018).

In this region, observed PRE is only a fraction ofmoisture availability for vegetation growth. The glacier
melting, degradation of permafrost were neglected in this study. Previous study showed that, winter warming
and greater TMN slopewere considered as the indicators of permafrost degradation andwater variability (Liu
et al 2011). As a result, regionwith significant partial correlation betweenNDVI andTMN (controlled TMX)
overlapswith themass loss in southeastern Tibet and along theHimalayas (Song et al 2013, Pritchard 2019).

5. Conclusion

This study reveals the regional climate warming andwetting. The significant change point around the year of
1997/1998 coincides with the occurrence of global ElNiño event and the starting of weakening IndiaMonsoon.
The regionalNDVI had an insignificant positive trendwith an insignificant change point, indicating the
complicated climate-vegetation relationship. The asymmetric warming and the high importance of CDI and
TMNpossibly reflect the ecological effects of glaciermelting and permafrost degradation.

Spatial distribution of controlling factors represents the spatial distribution of vegetation types. Alpine
steppe is sensitive to temperature,meadow grassland is sensitive to humidity, andmixed needle leaved and
broad leaved forest in eastern part is relatively influenced by radiation. The scattered negativeNDVI trend
implies the ecological effects of land cover changes, grassland degradation, urbanization, deforestation and
desertification resulting from the increased human activity. Further studies are needed to reveal the impact of
the asymmetric warming on the regional carbon/water flux and carbon/water balance.

Acknowledgments

This researchwas supported byNational KeyResearch andDevelopment Plan ofChina (2017YFC0506605) and
Ecological Red Line Protection andManagement Program,Ministry ofEcology andEnvironment, China.We
thankNational Aeronautics and SpaceAdministration (NASA), CRU (ClimateResearchUnion), Environmental
andEcological ScienceDataCenter forWestChina,NationalNatural Science FoundationofChina (Cold andArid
Regions ScienceDataCenter at Lanzhou) for providing the free data access. R software team is appreciated for
time-saving calculation.We thank the anonymous reviewers for valuable suggestions and comments on the
manuscript.

Declaration of interest

None

Additional information

The authors declare that they have no competing interests.

ORCID iDs

Guangyong You https://orcid.org/0000-0002-3204-7597

References

Academician of Chinese Academy of Sciences 2001 1:1000,000 Vegetation Atlas of China (Beijing: Science Press (in Chinese))
Bhaskaran B andMullan A 2003 ElNiño-related variations in the southern Pacific atmospheric circulation:model versus observationsClim.

Dyn. 20 229–39
CaiW et al 2014 Increasing frequency of extreme ElNiño events due to greenhouse warmingNat. Clim. Chang. 4 111

10

Environ. Res. Commun. 1 (2019) 091003

https://orcid.org/0000-0002-3204-7597
https://orcid.org/0000-0002-3204-7597
https://orcid.org/0000-0002-3204-7597
https://orcid.org/0000-0002-3204-7597
https://doi.org/10.1007/s00382-002-0276-2
https://doi.org/10.1007/s00382-002-0276-2
https://doi.org/10.1007/s00382-002-0276-2
https://doi.org/10.1038/nclimate2100


CongN, ShenM, YangW, Yang Z, ZhangG and Piao S 2017Varying responses of vegetation activity to climate changes on the Tibetan
Plateau grassland Int. J. Biometeorol. 61 1433–44

Cui X andGrafH-F 2009Recent land cover changes on the Tibetan Plateau: a reviewClim. Change 94 47–61
DingM, ZhangY, SunX, Liu L,WangZ andBaiW2013 Spatiotemporal variation in alpine grassland phenology in theQinghai-Tibetan

Plateau from1999 to 2009Chinese Sci. Bull. 58 396–405
DongM, Jiang Y, ZhengC andZhangD2012Trends in the thermal growing season throughout the Tibetan Plateau during 1960–2009Agric.

For.Meteorol. 166–167 201–6
GuoB, ZhouY,Wang S andTaoH2014The relationship between normalized difference vegetation index (NDVI) and climate factors in the

semiarid region: a case study in Yalu TsangpoRiver basin ofQinghai-Tibet Plateau J.Mt. Sci. 11 926–40
HamedKH2008Trend detection in hydrologic data: theMann—Kendall trend test under the scaling hypothesis J. Hydrol. 349 350–63
Harris I, Jones PD,OsbornT J and ListerDH2014Updated high-resolution grids ofmonthly climatic observations—theCRUTS3.10

Dataset Int. J. Climatol. 34 623–42
HeY, Lee E andWarner TA 2017A time series of annual land use and land covermaps of China from1982 to 2013 generated usingAVHRR

GIMMSNDVI3g dataRemote Sens. Environ. 199 201–17
HuangK et al 2016The influences of climate change and human activities on vegetation dynamics in theQinghai-Tibet PlateauRemote Sens.

8 876
Jemai S, EllouzeMandAbidaH 2017Variability of precipitation in arid climates using thewavelet approach: case study ofwatershed of

Gabes in South-East TunisiaAtmosphere (Basel) 8 178
KimY,Kimball J S, ZhangK andMcDonaldKC2012 Satellite detection of increasingNorthernHemisphere non-frozen seasons from1979

to 2008: implications for regional vegetation growthRemote Sens. Environ. 121 472–87
Kira T 1991 Forest ecosystems of east and southeast Asia in a global perspective Ecol. Res. 6 185–200
Kira T 1945ANewClassification of Climate in Eastern Asia as the Basis for Agricultural Geography (Kyoto, JapanHortic: Inst. KyotoUniv.)
KuangX and Jiao J J 2016Review on climate change on the Tibetan Plateau during the last half century J. Geophys. Res. Atmos. 121

3979–4007
Kulkarni A 2012Weakening of Indian summermonsoon rainfall inwarming environmentTheor. Appl. Climatol. 109 447–59
KumarKR, PantGB, Parthasarathy B and SontakkeNA1992 Spatial and subseasonal patterns of the long-term trends of Indian summer

monsoon rainfall Int. J. Climatol. 12 257–68
Liu J, Xie J, Gong T,WangH andXie Y 2011 Impacts of winter warming and permafrost degradation onwater variability, upper Lhasa River,

TibetQuat. Int. 244 178–84
LiuX andChenB 2000Climaticwarming in the Tibetan Plateau during recent decades Int. J. Climatol. 20 1729–42
MannHB1945Nonparametric tests against trendEconom. J. Econom. Soc 13 245–59
Marotzke J and Forster PM2015 Forcing, feedback and internal variability in global temperature trendsNature 517 565–70
Mitchell TD and Jones PD 2005An improvedmethod of constructing a database ofmonthly climate observations and associated high-

resolution grids Int. J. Climatol. 25 693–712
NamW-H,Hong E-MandBaigorria GA 2016How climate change has affected the spatio-temporal patterns of precipitation and

temperature at various time scales inNorthKorea Int. J. Climatol. 36 722–34
Pachauri RK et al 2014Climate change 2014: synthesis reportContribution ofWorkingGroups I, II and III to the Fifth Assessment Report of the

Intergovernmental Panel on Climate Change (IPCC) (https://doi.org/10.1017/cbo9781107415416.008)
Peng S et al 2013Asymmetric effects of daytime and night-timewarming onNorthernHemisphere vegetationNature 501 88–92
Pettitt AN1979Anon-parametric approach to the change-point problemAppl. Stat. 28 126–135
Pinzon J andTucker C 2014Anon-stationary 1981–2012AVHRRNDVI3g Time SeriesRemote Sens. 6 6929–60
PritchardHD2019Asia’s shrinking glaciers protect large populations fromdrought stressNature 569 649–54
RCore Team2016R:A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna (https://www.

R-project.org/)
Sen PK 1968 Estimates of the regression coefficient based onKendall’s tau J. Am. Stat. Assoc. 63 1379–89
ShenM, Piao S, ChenX, An S, FuYH,Wang S, CongN and Janssens I A 2016 Strong impacts of dailyminimum temperature on the green-

up date and summer greenness of the Tibetan PlateauGlob. Chang. Biol. 22 3057–66
ShenM, Piao S, CongN, ZhangG and Jassens I A 2015 Precipitation impacts on vegetation spring phenology on the Tibetan PlateauGlob.

Chang. Biol 21 3647–56
ShenW, LiH, SunMand Jiang J 2012Dynamics of aeolian sandy land in the Yarlung ZangboRiver basin of Tibet, China from1975 to 2008

Glob. Planet. Change 86–87 37–44
Shi C et al 2019Growth response of alpine treeline forests to awarmer and drier climate on the southeasternTibetan PlateauAgric. For.

Meteorol. 264 73–9
SongC,Huang B andKe L 2013Modeling and analysis of lakewater storage changes on the Tibetan Plateau usingmulti-mission satellite

dataRemote Sens. Environ. 135 25–35
Sun J, QinX andYang J 2016The response of vegetation dynamics of the different alpine grassland types to temperature and precipitation on

the Tibetan PlateauEnviron.Monit. Assess. 188 20
TangZ, SunG, ZhangN,He J,WuN, Tang Z, SunG, ZhangN,He J andWuN2018 Impacts of land-use and climate change on ecosystem

service in eastern Tibetan Plateau, China Sustainability 10 467
Tian L, Zhang Y andZhu J 2014Decreased surface albedo driven by denser vegetation on the Tibetan PlateauEnviron. Res. Lett. 9 104001
WangC,GuoH, Zhang L, Liu S,Qiu Y and SunZ 2015Assessing phenological change and climatic control of alpine grasslands in the

Tibetan PlateauwithMODIS time series Int. J. Biometeorol. 59 11–23
Xia J et al 2014 Satellite-based analysis of evapotranspiration andWATERbalance in theGrassland ecosystems ofDRYLANDEast AsiaPLoS

One 9 e97295
Yang Y, Fang J, Fay PA, Bell J E and Ji C 2010Rain use efficiency across a precipitation gradient on the Tibetan PlateauGeophys. Res. Lett. 37

1–5
Yang Z, ShenM, Jia S, Guo L, YangW,WangC,ChenX andChen J 2017Asymmetric Responses of the End ofGrowing Season toDaily

MaximumandMinimumTemperatures on the Tibetan Plateau J. Geophys. Res. Atmos. 122
YouG, Zhang Y, SchaeferD, Sha L, Liu Y,GongH, TanZ, Lu Z,WuC andXie Y 2013Observed air/soil temperature trends in open land and

understory of a subtropicalmountain forest, SWChina Int. J. Climatol. 33 1308–16
YouQ, Jiang Z,WangD, PepinN andKang S 2017 Simulation of temperature extremes in the Tibetan Plateau fromCMIP5models and

comparisonwith gridded observationsClim. Dyn. 51 355–69

11

Environ. Res. Commun. 1 (2019) 091003

https://doi.org/10.1007/s00484-017-1321-5
https://doi.org/10.1007/s00484-017-1321-5
https://doi.org/10.1007/s00484-017-1321-5
https://doi.org/10.1007/s10584-009-9556-8
https://doi.org/10.1007/s10584-009-9556-8
https://doi.org/10.1007/s10584-009-9556-8
https://doi.org/10.1007/s11434-012-5407-5
https://doi.org/10.1007/s11434-012-5407-5
https://doi.org/10.1007/s11434-012-5407-5
https://doi.org/10.1016/j.agrformet.2012.07.013
https://doi.org/10.1016/j.agrformet.2012.07.013
https://doi.org/10.1016/j.agrformet.2012.07.013
https://doi.org/10.1016/j.agrformet.2012.07.013
https://doi.org/10.1016/j.agrformet.2012.07.013
https://doi.org/10.1007/s11629-013-2902-3
https://doi.org/10.1007/s11629-013-2902-3
https://doi.org/10.1007/s11629-013-2902-3
https://doi.org/10.1016/j.jhydrol.2007.11.009
https://doi.org/10.1016/j.jhydrol.2007.11.009
https://doi.org/10.1016/j.jhydrol.2007.11.009
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1016/j.rse.2017.07.010
https://doi.org/10.1016/j.rse.2017.07.010
https://doi.org/10.1016/j.rse.2017.07.010
https://doi.org/10.3390/rs8100876
https://doi.org/10.3390/atmos8090178
https://doi.org/10.1016/j.rse.2012.02.014
https://doi.org/10.1016/j.rse.2012.02.014
https://doi.org/10.1016/j.rse.2012.02.014
https://doi.org/10.1007/BF02347161
https://doi.org/10.1007/BF02347161
https://doi.org/10.1007/BF02347161
https://doi.org/10.1002/2015JD024728
https://doi.org/10.1002/2015JD024728
https://doi.org/10.1002/2015JD024728
https://doi.org/10.1002/2015JD024728
https://doi.org/10.1007/s00704-012-0591-4
https://doi.org/10.1007/s00704-012-0591-4
https://doi.org/10.1007/s00704-012-0591-4
https://doi.org/10.1002/joc.3370120303
https://doi.org/10.1002/joc.3370120303
https://doi.org/10.1002/joc.3370120303
https://doi.org/10.1016/j.quaint.2010.12.018
https://doi.org/10.1016/j.quaint.2010.12.018
https://doi.org/10.1016/j.quaint.2010.12.018
https://doi.org/10.1002/1097-0088(20001130)20:14<1729::AID-JOC556>3.0.CO;2-Y
https://doi.org/10.1002/1097-0088(20001130)20:14<1729::AID-JOC556>3.0.CO;2-Y
https://doi.org/10.1002/1097-0088(20001130)20:14<1729::AID-JOC556>3.0.CO;2-Y
https://doi.org/10.2307/1907187
https://doi.org/10.2307/1907187
https://doi.org/10.2307/1907187
https://doi.org/10.1038/nature14117
https://doi.org/10.1038/nature14117
https://doi.org/10.1038/nature14117
https://doi.org/10.1002/joc.1181
https://doi.org/10.1002/joc.1181
https://doi.org/10.1002/joc.1181
https://doi.org/10.1002/joc.4378
https://doi.org/10.1002/joc.4378
https://doi.org/10.1002/joc.4378
https://doi.org/10.1017/cbo9781107415416.008
https://doi.org/10.1038/nature12434
https://doi.org/10.1038/nature12434
https://doi.org/10.1038/nature12434
https://doi.org/10.2307/2346729
https://doi.org/10.2307/2346729
https://doi.org/10.2307/2346729
https://doi.org/10.3390/rs6086929
https://doi.org/10.3390/rs6086929
https://doi.org/10.3390/rs6086929
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1038/s41586-019-1240-1
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1111/gcb.13301
https://doi.org/10.1111/gcb.13301
https://doi.org/10.1111/gcb.13301
https://doi.org/10.1111/gcb.12961
https://doi.org/10.1111/gcb.12961
https://doi.org/10.1111/gcb.12961
https://doi.org/10.1016/j.gloplacha.2012.01.012
https://doi.org/10.1016/j.gloplacha.2012.01.012
https://doi.org/10.1016/j.gloplacha.2012.01.012
https://doi.org/10.1016/j.gloplacha.2012.01.012
https://doi.org/10.1016/j.gloplacha.2012.01.012
https://doi.org/10.1016/j.agrformet.2018.10.002
https://doi.org/10.1016/j.agrformet.2018.10.002
https://doi.org/10.1016/j.agrformet.2018.10.002
https://doi.org/10.1016/j.rse.2013.03.013
https://doi.org/10.1016/j.rse.2013.03.013
https://doi.org/10.1016/j.rse.2013.03.013
https://doi.org/10.1007/s10661-015-5014-4
https://doi.org/10.3390/su10020467
https://doi.org/10.1088/1748-9326/9/10/104001
https://doi.org/10.1007/s00484-014-0817-5
https://doi.org/10.1007/s00484-014-0817-5
https://doi.org/10.1007/s00484-014-0817-5
https://doi.org/10.1371/journal.pone.0097295
https://doi.org/10.1029/2010GL043920
https://doi.org/10.1029/2010GL043920
https://doi.org/10.1029/2010GL043920
https://doi.org/10.1029/2010GL043920
https://doi.org/10.1002/2017JD027318
https://doi.org/10.1002/joc.3494
https://doi.org/10.1002/joc.3494
https://doi.org/10.1002/joc.3494
https://doi.org/10.1007/s00382-017-3928-y
https://doi.org/10.1007/s00382-017-3928-y
https://doi.org/10.1007/s00382-017-3928-y


YouQ,Min J, Jiao Y, SillanpääMandKang S 2016Observed trend of diurnal temperature range in the Tibetan Plateau in recent decades Int.
J. Climatol. 36 2633–43

Yue S andWangCY 2002Applicability of prewhitening to eliminate the influence of serial correlation on theMann-Kendall testWater
Resour. Res. 38 4-1–4-7

ZeppelM J B,Wilks J V and Lewis J D 2014 Impacts of extreme precipitation and seasonal changes in precipitation on plantsBiogeosciences
11 3083–93

Zhang L,GuoH,WangC, Ji L, Li J,WangK andDai L 2014The long-term trends (1982–2006) in vegetation greenness of the alpine
ecosystem in theQinghai-Tibetan PlateauEnviron. Earth Sci. 72 1827–41

ZhangQ,KongD, Shi P, SinghVP and SunP 2018Vegetation phenology on theQinghai-Tibetan Plateau and its response to climate change
(1982–2013)Agric. For.Meteorol. 248 408–17

Zhong L,MaY, SalamaMS and SuZ 2010Assessment of vegetation dynamics and their response to variations in precipitation and
temperature in the Tibetan PlateauClim. Change 103 519–35

ZhuW, JiangN,ChenG, ZhangD, Zheng Z and FanD2017Divergent shifts and responses of plant autumn phenology to climate change on
theQinghai-Tibetan PlateauAgric. For.Meteorol. 239 166–75

Zu J, Zhang Y,HuangK, Liu Y, ChenNandCongN2018 Biological and climate factors co-regulated spatial-temporal dynamics of
vegetation autumnphenology on the Tibetan Plateau Int. J. Appl. EarthObs. Geoinf. 69 198–205

12

Environ. Res. Commun. 1 (2019) 091003

https://doi.org/10.1002/joc.4517
https://doi.org/10.1002/joc.4517
https://doi.org/10.1002/joc.4517
https://doi.org/10.1029/2001WR000861
https://doi.org/10.1029/2001WR000861
https://doi.org/10.1029/2001WR000861
https://doi.org/10.5194/bg-11-3083-2014
https://doi.org/10.5194/bg-11-3083-2014
https://doi.org/10.5194/bg-11-3083-2014
https://doi.org/10.1007/s12665-014-3092-1
https://doi.org/10.1007/s12665-014-3092-1
https://doi.org/10.1007/s12665-014-3092-1
https://doi.org/10.1016/j.agrformet.2017.10.026
https://doi.org/10.1016/j.agrformet.2017.10.026
https://doi.org/10.1016/j.agrformet.2017.10.026
https://doi.org/10.1007/s10584-009-9787-8
https://doi.org/10.1007/s10584-009-9787-8
https://doi.org/10.1007/s10584-009-9787-8
https://doi.org/10.1016/j.agrformet.2017.03.013
https://doi.org/10.1016/j.agrformet.2017.03.013
https://doi.org/10.1016/j.agrformet.2017.03.013
https://doi.org/10.1016/j.jag.2018.03.006
https://doi.org/10.1016/j.jag.2018.03.006
https://doi.org/10.1016/j.jag.2018.03.006

	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Data collection
	2.2.1. NDVI data
	2.2.2. Climate data

	2.3. Methods
	2.3.1. Trend analysis
	2.3.2. Correlation analysis
	2.3.3. Principal regression analysis


	3. Results
	3.1. Climate change and trend analyses
	3.2. Correlation and principal component analyses
	3.3. Principal regression analysis
	3.4. Spatial distribution of climate-vegetation relationship

	4. Discussion
	4.1. Characteristics of climate change and vegetation growth
	4.2. Driving factors for vegetation activity

	5. Conclusion
	Acknowledgments
	Declaration of interest
	Additional information
	References



