
A
cc

ep
te

d
 A

rt
ic

le

This article has been accepted for publication and undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as 

doi: 10.1111/gcb.14432 

This article is protected by copyright. All rights reserved. 

DR. MIAOGEN  SHEN (Orcid ID : 0000-0001-5742-8807) 

 

Article type : Primary Research Articles 

 

Mismatch in elevational shifts between satellite observed vegetation 

greenness and temperature isolines during 2000-2016 on the Tibetan Plateau 

 

Keywords 

Climate warming, elevational shift, grassland, Tibetan Plateau, vegetation greenness, velocity 

 

Running title 

Mismatch between greenness and temperature 

 

Shuai AN
1
, Xiaolin ZHU

3
, Miaogen SHEN

2*
, Yafeng WANG

2*
, Ruyin CAO

4
, Xuehong

CHEN
5
, Wei YANG

6
, Jin CHEN

5
 , Yanhong TANG

7

1
 College of Applied Arts and Science, Beijing Union University, 197 Beitucheng West Rd, 

Haidian District, Beijing 100191, China. anshuai@buu.edu.cn  

2
 Key Laboratory of Alpine Ecology and Biodiversity, CAS Center for Excellence in Tibetan 

Plateau Earth Sciences, Institute of Tibetan Plateau Research, Chinese Academy of Sciences, 

16 Lincui Rd, Chaoyang District, Beijing 100101, China. 

This is the peer reviewed version of the following article: An, S, Zhu, X, Shen, M, et al. Mismatch in elevational shifts between satellite observed vegetation 
greenness and temperature isolines during 2000–2016 on the Tibetan Plateau. Glob Change Biol. 2018; 24: 5411– 5425, which has been published in final 
form at https://doi.org/10.1111/gcb.14432. This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of 
Self-Archived Versions. This article may not be enhanced, enriched or otherwise transformed into a derivative work, without express permission from Wiley or 
by statutory rights under applicable legislation. Copyright notices must not be removed, obscured or modified. The article must be linked to Wiley’s version of 
record on Wiley Online Library and any embedding, framing or otherwise making available the article or pages thereof by third parties from platforms, services 
and websites other than Wiley Online Library must be prohibited.

This is the Pre-Published Version.



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

3
 Department of Land Surveying and Geo-Informatics, The Hong Kong Polytechnic 

University, 181 Chatham Road South, Hung Hom, Kowloon, Hong Kong. 

xiaolin.zhu@polyu.edu.hk  

4
 School of Resources and Environment, University of Electronic Science and Technology of 

China, 2006 Xiyuan Avenue, West Hi-tech Zone, Chengdu, Sichuan 611731, China. 

cao.ruyin@uestc.edu.cn  

5
 State Key Laboratory of Earth Surface Processes and Resource Ecology, College of Remote 

Sensing Science and Engineering, Faculty of Geographical Science, Beijing Normal 

University, Beijing 100875, China. chenxuehong@bnu.edu.cn, chenjin@bnu.edu.cn  

6
 Center for Environmental Remote Sensing, Chiba University, 1-33, Yayoicho Inageku 

Chibashi, Chibaken, 263-8522, Japan. yangwei@chiba-u.jp  

7
 Department of Ecology, College of Urban and Environmental Sciences, and Key Laboratory 

for Earth Surface Processes of the Ministry of Education, Peking University. Beijing 100871, 

China. tangyh@pku.edu.cn  

*Corresponding authors: Miaogen SHEN, shen.miaogen@gmail.com; Yafeng WANG,

yfwang@rcees.ac.cn 

 

Abstract 

Climate warming on the Tibetan Plateau tends to induce an uphill shift of temperature 

isolines. Observations and process-based models have both shown that climate warming has 

resulted in an increase in vegetation greenness on the Tibetan Plateau in recent decades. 

However, it is unclear whether the uphill shift of temperature isolines has caused greenness 

isolines to shift upward and whether the two shifts match each other. Our analysis of satellite 

observed vegetation greenness during the growing season (May–Sep) and gridded climate 
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data for 2000–2016 documented a substantial mismatch between the elevational shifts of 

greenness and temperature isolines. This mismatch is probably associated with a lagging 

response of greenness to temperature change and with the elevational gradient of greenness. 

The lagging response of greenness may be associated with water limitation, resources 

availability, and acclimation. This lag may weaken carbon sequestration by Tibetan 

ecosystems, given that greenness is closely related to primary carbon uptake and ecosystem 

respiration increases exponentially with temperature. We also found that differences in terrain 

slope angle accounted for large spatial variations in the elevational gradient of greenness and 

thus the velocity of elevational shifts of greenness isolines and the sensitivity of elevational 

shifts of greenness isolines to temperature, highlighting the role of terrain effects on the 

elevational shifts of greenness isolines. The mismatches and the terrain effect found in this 

study suggest that there is potentially large micro-topographical difference in response and 

acclimation/adaptation of greenness to temperature changes in plants. More widespread in 

situ measurements and fine-resolution remote sensing observations and fine gridded climate 

data are required to attribute the mismatch to specific environmental drivers and ecological 

processes such as vertical changes in community structure, plant physiology, and distribution 

of species. 
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Introduction 

Observations from around the world have shown that the rate of temperature increase during 

the past few decades was greater at high elevations than at low elevations 

(Mountain-Research-Initiative-EDW-Working-Group, 2015). This pattern of 

elevation-dependent warming is expected to modify biodiversity, vegetation greenness-a 

surrogate of aboveground green biomass or leaf area index, carbon and water cycles, energy 

flows, and other functions in mountain ecosystems (Alexander et al., 2018, Crimmins et al., 

2011, Gottfried et al., 2012, Shen et al., 2014). Although many studies have focused on 

ecosystem changes, such as shifts in species ranges and changes in plant community 

compositions (Bertrand et al., 2011, Crimmins et al., 2011, Klanderud &  Birks, 2003, 

Lenoir et al., 2008, Saikkonen et al., 2012), few studies have addressed the 

elevation-dependent relationships between climate warming and greenness which is a proxy 

for vegetation productivity in mountain areas (Tao et al., 2015). Given that temperature is a 

major determinant of greenness in alpine regions (Körner, 2003), climate warming should 

have substantially affected the geographical pattern of greenness. However, relevant data are 

generally lacking. 

The Tibetan Plateau is well suited to investigations of this topic: it is large, with an area of 

about 2.5 × 10
6
 km

2
, and it has vegetation widely distributed up to about 6000 m above sea

level, well below its highest elevation of 8843 m. Moreover, changes in greenness on the 

Tibetan Plateau could significantly modify the biophysical properties of the land surface 

(Shen et al., 2015b), which could in turn affect the movement of air masses over and around 
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the Tibetan Plateau and thus have far-reaching impacts on regional and continental climate 

(Wu &  Liu, 2016, Wu et al., 2012, Zhang et al., 2011). Changes in greenness also play an 

important role in the area’s carbon balance, which is sensitive to climate change (Piao et al., 

2012).  

The Tibetan Plateau has experienced intensive climate warming in recent decades at a rate of 

about 0.4 °C per decade (Bibi et al., 2018, Dong et al., 2012, Duan &  Xiao, 2015, 

Mountain-Research-Initiative-EDW-Working-Group, 2015, Xu et al., 2017). Moreover, 

unlike the global warming “hiatus” since 1998 elsewhere, the temperature continued to 

increase on the Tibetan Plateau (Duan &  Xiao, 2015, Xu et al., 2017). Satellite observations 

and process-based ecosystem model simulations have both explained increases in greenness 

as a result of this warming (Piao et al., 2012, Shen et al., 2015b, Wang et al., 2012). However, 

although temperature has been shown to increase faster at higher elevations on the Tibetan 

Plateau (Mountain-Research-Initiative-EDW-Working-Group, 2015), it is yet not clear 

whether greenness has likewise increased faster at higher elevations. Moreover, it is unclear 

whether the rate of increase with respect to elevation is the same for climate warming and 

greenness. It is well understood that climate warming results in uphill movement of 

temperature isolines on the Tibetan Plateau. Given that greenness declines with elevation, we 

should expect greenness to respond to climate change with an uphill shift of greenness 

isolines on the Tibetan Plateau. Whether the upward progress of warming matches the 

upward increase in greenness is subject to how greenness responds to temperature; however, 

some studies have shown that the response of greenness to temperature on the Tibetan 

Plateau is nonlinear and spatially diverse (Cong et al., 2017, Dorji et al., 2013, Shen et al., 
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2015a, Wang et al., 2015a). In addition, field observations across the plateau show that 

warming-induced upward shifts of treelines were slowed by species interactions (Liang et al., 

2016, Wang et al., 2016). Those observations (Liang et al., 2016, Wang et al., 2016) imply 

that the elevational shifts of greenness isolines may be affected by biotic factors, although 

there are differences between greenness isolines and treelines. Those studies suggest that 

elevational shifts of greenness isolines may have a complex relationship with shifts of 

temperature isolines on the Tibetan Plateau.  

Vegetation indices derived from time series of satellite images have been widely used to 

quantify vegetation greenness and monitor vegetation dynamics. The normalized difference 

vegetation index (NDVI) is based on the reflectance in the red and near infrared bands, which 

are closely related to photosynthetic pigments and mesophyll (Tucker et al., 1986). 

Satellite-derived NDVI has been shown to be directly related to the aboveground green 

biomass of the canopy and vegetation greenness (Huete et al., 2002, Myneni et al., 1997, 

Shen et al., 2008), and it has been widely used to indicate changes in large-scale vegetation 

dynamics and greenness (Edwards &  Treitz, 2017, Guay et al., 2014, Xu et al., 2013). Thus, 

NDVI time series offer an opportunity to investigate the consistency between changes in 

temperature and greenness on the Tibetan Plateau, where no in situ observations at large 

scales are available.  

In this paper, we first report the elevational pattern of multiyear averages of temperature and 

vegetation greenness on the Tibetan Plateau using the growing season NDVI (NDVIGS), 

derived from Moderate Resolution Imaging Spectroradiometer (MODIS) imagery. We then 
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address the question of whether or not the uphill movement of temperature isolines matches 

that of NDVIGS isolines during 2000–2016, a period of rapid warming. Lastly, we examine 

the spatial variations in the rate of elevational movement of NDVIGS isolines and explore 

possible explanations for those variations. 

 

Materials and methods 

Datasets 

The NDVI data used in this study were extracted from the MOD13Q1 Version 6 product, 

which was downloaded from https://reverb.echo.nasa.gov during October 2017. The spatial 

resolution of the data grid is about 250 m. The main approach used to produce this product 

was the Constrained View angle–Maximum Value Composite (CV-MVC), which generates 

the best quality NDVI for every 16-day period (resulting in 23 NDVI values per year) using 

the two 8-day composite surface reflectance granules (MOD09A1) (Didan et al., 2015). This 

surface reflectance product employs a minimum-blue-band-reflectance approach to minimize 

contaminations by clouds, aerosols, and other factors (Didan et al., 2015).  

The gridded climate data, including daily air temperature and precipitation, were extracted 

from a dataset produced by the Data Assimilation and Modeling Center for Tibetan 

Multi-spheres, Institute of Tibetan Plateau Research, Chinese Academy of Sciences (Chen et 

al., 2011, He, 2010). The climate variables were produced for every 3 hours at a spatial 

resolution of 0.1° × 0.1°. Air temperature at 2 m above the ground surface was produced by 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

assimilating meteorological records at stations provided by the China Meteorological 

Administration (CMA) and the Princeton meteorological forcing data (Sheffield et al., 2006). 

The precipitation data were produced by assimilating the precipitation observations at the  

operational stations of CMA, the precipitation data provided by the Asian Precipitation - 

Highly Resolution Observational Data Integration Toward Evaluation of the Water Resources 

(APHRODITE) (Yatagai et al., 2009) and the Tropical Rainfall Measuring Mission (TRMM) 

3B42 (Huffman et al., 2007). 

The elevation data were provided by the Advanced Spaceborne Thermal Emission and 

Reflection Radiometer Global Digital Elevation Model version 2, at a spatial resolution of 30 

m, downloaded from http://earthexplorer.usgs.gov/. More information can be found in 

http://www.jspacesystems.or.jp/ersdac/GDEM/E/1.html. Vegetation types across the Tibetan 

Plateau were extracted from the 1:1,000,000 Vegetation Atlas of China (Editorial Board of 

Vegetation Map of China). The vegetation types used in this study included alpine meadow, 

alpine steppe, alpine cushion vegetation, alpine shrubland, and forest. A map of the 

distribution of those vegetation types can be found in (Geng et al., 2012).  

 

Analyses 

We focused on areas with elevations higher than 3000 m that also had vegetation coverage. 

Grid cells in the NDVI product (referred to as pixels hereafter) were the basis of our analysis. 

A pixel with vegetation coverage was determined as follows. First, pixels with multiyear 
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(2000–2016) average NDVI higher than 0.4 were classified as moderate or dense vegetation 

coverage. Evergreen vegetation in the southeastern Tibetan Plateau (Geng et al., 2012) 

belonged to this category. Second, pixels were excluded from further analysis if the lowest 

annual mean NDVI value over the period 2000–2016 was less than 0.1. Third, pixels with 

annual mean NDVI between 0.1 and 0.4 were considered to have deciduous vegetation. For 

those pixels we calculated an average annual NDVI profile (consisting of 23 values), then 

imposed two criteria to determine if a pixel represented vegetation coverage: 1) the peak 

maximum NDVI value occurred in summer (June–August) and 2) the summer peak NDVI 

was at least 1.2 times the average NDVI for January through March. By this means, we 

excluded pixels with no vegetation coverage, accounting for 55.2% of the total pixels, mainly 

distributed in the northern and western regions and lakes and glaciers of the plateau. The 

climate data and vegetation type data then were resampled to the resolution of NDVI data, 

using the bilinear interpolation method. 

 

Regional level analysis 

The regional level analysis focused on 100-m elevation bins for the study area and used 

growing season NDVI (NDVIGS) and growing season temperature (TGS), defined as the mean 

of the five monthly maximum NDVI values for May to September and the mean daily 

temperature from May to September, respectively. Here monthly maximum NDVI was used 

to further eliminate clouds and snow effect on NDVI. Only bins with at least 1000 data points 

were included in the analysis, and the elevation ranged from 2950–3050 m (the 3000 m bin) 
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to 5650–5750 m (the 5700 m bin). We first calculated the mean of the set of annual NDVIGS 

and TGS values for pixels in each elevation bin. We then calculated the velocity of the vertical 

movement of NDVIGS isolines (V_NDVIGS) at a given elevation bin: 

            
           

           
,                (1) 

where T_NDVIGS(h) is the temporal trend of NDVIGS and A_NDVIGS(h) is the elevational 

gradient of NDVIGS at elevation bin h. V_NDVIGS is measured in meters per year, where 

positive values indicate upward movement while the negative values are downhill movement 

(Table 1). T_NDVIGS(h) is defined as the slope of the linear regression between NDVIGS and 

years, and A_NDVIGS(h) is defined from the two neighboring bins as 

            
                                       

                              
,         (2) 

where E[(h - 100) : h] is the mean of the elevation of all pixels in the interval from h-100 to h, 

and similar do E[h : (h + 100)], NDVIGS[(h - 100) : h], and NDVIGS[h : (h + 100)]. The 

velocity of vertical movements of TGS isolines was determined in a similar manner.  

We further investigated the sensitivity of movements of NDVIGS isolines to temperature, 

S_NDVIGS, at each elevation bin, defined as 

            
             

           
,            (3) 

where L_NDVIGS_T(h), the change rate of NDVIGS with respect to TGS, is the coefficient of 

TGS in the multiple linear regression model NDVIGS(h) ≈ TGS(h) + P(h), in which P(h) is 

cumulative precipitation in the growing season, which is included in the regression because 
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precipitation may affect greenness. S_NDVIGS(h) is expressed as the change in greenness 

isolines in meters when the temperature increases by 1°C, positive values signifying upward 

movement (Table 1). 

 

Pixel level analysis 

In the pixel level analysis, the movement velocity of NDVIGS isolines is determined from Eq. 

(1), but using individual pixels instead of bin averages. The temporal trend of NDVIGS was 

again determined as the slope in the linear regression between NDVIGS and years. The 

elevational gradient of NDVIGS for a given pixel was defined as follows. A given pixel and 

its eight neighbors defined a 3 × 3 pixel window with that pixel in the center. Sets of three 

pixels defined four directions through the central pixel (Fig. 1): vertical (azimuth 0°), 

horizontal (90°), and two orthogonal diagonals (45° and 135°). Slopes were determined only 

for directions with monotonically increasing or decreasing elevation. For each of those 

directions, we calculated the slope angle for the central pixel using the elevations of the two 

pixels on opposite sides of it. We determined the elevational gradient of NDVIGS along those 

directions, wherever NDVIGS increased or decreased monotonically, as the ratio of NDVIGS 

difference to elevation difference between the two pixels neighboring the central pixel. Here 

only pixels with slope angle greater than 2.5° were considered, and the direction with the 

steepest slope was selected. From that result, it was simple to determine the aspect for the 

central pixel as the slope angle along one of the eight azimuths from 45° to 360°. The pixels 

with NDVIGS increasing or decreasing monotonically along slope accounted for about 96.5% 
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of the total vegetated pixels with slope greater than 2.5°. For a given pixel, we determined the 

sensitivity of movements of NDVIGS isolines to temperature as the ratio defined by the 

sensitivity of NDVIGS to TGS divided by the elevational gradient of NDVIGS, and the first 

term of this ratio was determined by a regression similar to that in the regional analysis. 

Positive values of velocity and sensitivity signify upward shifts (Table 1). 

 

Results 

Elevation dependence of mean growing season temperature and NDVI 

The mean value of TGS for the period 2000–2016 decreased linearly with elevation, from 

about 11.5
 
°C at 3000 m to about 3.1

 
°C at 5700 m (Fig. 2a), and the mean NDVIGS for this 

period also generally decreased with elevation (Fig. 2b). In detail, the mean NDVIGS 

increased from about 0.55 in the 3000–3200 m bins to about 0.59 at 3500 m, gradually 

decreased to about 0.53 at 4200 m, sharply decreased to about 0.30 at 4900 m, then gradually 

decreased to about 0.22 at 5700 m. In correspondence with TGS, the gradient of TGS with 

elevation increased between the 3000 m and 4600 m bins and decreased with some 

fluctuations at higher elevations (Fig. 3a). The gradient was about –5.6 °C/km at 3000–3300 

m, about –1 °C/km at 4600–4700 m, and about –3.5 °C/km at 5500–5700 m. The elevational 

gradient of NDVIGS was about 0 for 3000–3300 m, about 0.25/km at 3400 m, about –0.44/km 

at 4500 m, about –0.09/km around 5100 m, and about –0.07/km between 5100 and 5700 m 

(Fig. 3b).  
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The rate of increase in TGS from 2000 to 2016 rose with elevation from about 0.007 °C/year 

at 3000 m to about 0.057 °C/year at 4500 m, slowed above that to about 0.046 °C/year at 

5000, then rapidly fell above 5300 m, reaching –0.017 °C/year at 5700 m (Fig. 3c). In 

contrast, the temporal trends of NDVIGS showed a general decrease with elevation, with 

exceptions in the bins around 3300, 4300, and 5600 m (Fig. 3d). The trend was strongly 

positive at the lowest elevations, fell to zero by 4800 m, and was weakly negative at all 

higher elevations except in the top bin, 5700 m. 

 

Elevation dependence of velocity of TGS and NDVIGS isoline movement 

Between 2000 and 2016, the TGS isolines moved from lower to higher elevations, except in 

the two highest bins at 5600 m and 5700 m (Fig. 3e). The velocity of this elevation change 

increased steadily with increasing elevation, from about 2m/year at 3000 m to about 16 

m/year at 5100 m, interrupted by an extreme peak centered at 4600 m that reached about 85 

m/year. It then increased to about 33 m/year at 5200 and 5300 m and steeply decreased to 

about –6 m/year at 5700 m. In contrast, the vertical movement of NDVIGS isolines was 

generally much smaller (Fig. 3e). Below 4000 m, NDVIGS velocity showed large fluctuations 

between about –87 and about 41 m/year. Above 4000 m, NDVIGS velocity decreased with 

elevation, remaining no more than 5 m/year away from zero, until the two highest bins.  

 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

We also investigated the sensitivity of vertical movements of NDVIGS isolines to temperature 

changes (Fig. 3f). The sensitivity fluctuated substantially between about –580 m/°C and 

about 391 m/°C in the bins below 3500 m, decreased sharply to about 58 m/°C at 3800 m, 

increased to about 146 m/°C at 4000 m, decreased steadily to about –136 m/°C at 5300 m, 

and increased to about –41 m/°C at 5700 m. In general, vertical movements of NDVIGS 

isolines were more sensitive to temperature changes below 4000 m and between 5200 and 

5500 m. For their part, TGS isolines rose with increased temperatures in all elevation bins. 

The sensitivity of these movements to temperature was slightly greater in the higher 

elevations, ranging from about 200 m/°C to about 380 m/°C, plus strong peaks around 4700 

m and at 5200 and 5300 m. The sensitivity of TGS isoline movements to temperature changes 

was in general 1 to 3 times that of NDVIGS. 

 

Spatial pattern of velocity of NDVIGS isoline movements 

In addition to analyzing the data in terms of elevation bins, we examined the spatial pattern of 

variables, including the elevational gradient and temporal trend of NDVIGS, and the velocity 

of vertical movements of NDVIGS isolines. The NDVIGS elevational gradient was negative in 

about 62% of pixels, mostly in the eastern and southern parts of the plateau, and positive in 

the remainder, mostly in the west, where the slopes were gentler (Fig. 4a). NDVIGS increased 

in 57% of pixels over the study period, mainly in the eastern and north-central parts of the 

plateau where temperature increased substantially, and decreased mostly in the western half, 
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east of the center, and along the eastern edge of the plateau although most of those areas 

experienced increasing temperature (Fig. 4b, c). 

The velocity of vertical movements of NDVIGS isolines were spatially diverse (Fig. 4d), with 

a spatial standard deviation of 878 m/year. Both upward and downward movements of 

NDVIGS isolines occurred all over the plateau. In general, the velocities of isoline movements 

were higher in the northeast, southeast, and south. In the eastern half of the plateau, upward 

movements of NDVIGS isolines predominated over downward movements. Movements were 

upward in 53% of pixels. In about 49% of pixels, the velocity of these movements was within 

5 m/year of zero, 24% being downward and 25% being upward 

We also mapped the sensitivity of NDVIGS isoline movements to temperature, which was 

spatially highly heterogeneous as it was with the velocity of isoline movements (Fig. 4e). 

Sensitivities were higher in the mountainous areas of the study area in the northeast, 

southeast, and south, and lower in the center and northwest where the terrain is flatter. A 

slight majority of pixels (52%) showed upward movements of NDVIGS in response to 

temperature increase, meaning that in 48% of pixels NDVIGS isolines tended to move 

downward as temperature increased. 

The method predicts that temporally increasing NDVIGS could result in NDVIGS isolines 

moving either uphill or downhill. Our analysis, presented in Fig. 5a, found that in the 62% of 

pixels where the multiyear average of NDVIGS decreased with elevation (negative elevational 

gradient), NDVIGS isolines moved upward as NDVIGS increased during the study period in 

34% (blue points in Fig. 5a, mostly in the east) and downward in 28% (red points, mainly in 
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the southwest and center). In the remaining 38% of pixels where the multiyear average of 

NDVIGS increased with elevation (positive elevational gradient), NDVIGS isolines moved 

upward as NDVIGS increased in 18% (green points, mostly in the west) and downward in 

20% (orange points, no predominant location). The sensitivity of NDVIGS movements to 

temperature also showed similar direction along elevation, except for that there were more 

uphill movements in the center and more downhill movements of NDVIGS in the southeastern 

regions of the plateau in responses to higher temperature (Fig. 5b) compared with the 

NDVIGS velocity. 

 

Relationship of NDVIGS isoline movement to slope and aspect 

The elevational gradient of NDVIGS was lower in mountainous areas than in flatter areas, 

which suggests that terrain may affect the vertical movements of NDVIGS isolines. We found 

that 42% of pixels had slope angles greater than 15°, mostly in the southeast, the eastern and 

northeastern margins, and the south (Fig. 6a). Elsewhere the slope angles were less than 15°, 

particularly in the center and west where they were mostly less than 10°. The aspect showed 

no clear spatial patterns other than a direct relation to local topography, as expected (Fig. 6b). 

The magnitude (both positive and negative) of the elevational gradient of NDVIGS decreased 

inversely with slope (Fig. 7a) and showed little variation with aspect (Fig. 8a). The positive 

temporal trend of NDVIGS was stable with respect to aspect for slope angles less than 37° but 

scattered at larger slope angles, whereas the negative NDVIGS trend gradually strengthened 
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with slope angle and was more scattered with respect to aspect (Fig. 7b). The differences in 

the trend of NDVIGS at the same slope angle were associated with aspect (Fig. 8b). The 

velocity of vertical NDVIGS movements increased with slope angle (Fig. 7c) and strongly 

favored aspects of 135° and 315° (Fig. 8c). The sensitivity of NDVIGS isoline movements to 

temperature rise also increased with slope, except for the aspect of 315° (Fig. 7d). The 

sensitivity with positive value was greatest at the aspect of 315° whereas the sensitivity with 

negative value varied little with aspect (Fig. 8d). 

 

Variability in vertical movements of NDVIGS isolines in relation to vegetation type 

The elevational gradient of NDVIGS was greatest for cushion vegetation (about 0.6/km), 

followed in decreasing order by meadow, steppe, shrubland, and forest (Fig. 9a). This was 

true for both positive and negative values of gradient. In contrast, the temporal trend of 

NDVIGS showed little variation among the vegetation types and was stronger for positive 

gradients (15–20 10
–4

/year) than for negative ones (11–16 10
–4

/year) (Fig. 9b). As a 

consequence, forest had the highest vertical velocity, followed by shrubland, meadow, steppe, 

and cushion vegetation (Fig. 9c). The sensitivity of NDVIGS isoline movements to 

temperature change, both positive and negative, was also greatest for forest, then shrubland 

(Fig. 9d). 
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Discussion 

Match and mismatch of elevational movements of TGS and NDVIGS isolines 

Our results confirmed that climate warming has caused substantial upward shifts in TGS 

isolines on the Tibetan Plateau; however, the vertical shifts of NDVIGS isolines did not 

always match those of TGS in either direction or magnitude (Fig. 3e). Mismatches were 

associated with the temporal trends and the elevational gradient of vegetation greenness. 

Downward shifts of greenness isolines were caused by either temporal decreases in greenness 

for elevation bins (or pixels) with negative NDVIGS elevational gradients or temporal 

increases in greenness for elevation bins (or pixels) with positive NDVIGS elevational 

gradients (Fig. 3e, 5). In the areas with positive NDVIGS elevational gradients, precipitation 

may increase with elevation (Wang et al., 2013), resulting in higher greenness at higher 

elevation. Temporally increasing greenness will induce downshift of the greenness isolines. 

On the hand, downshift of the greenness isolines in the areas with negative NDVIGS 

elevational gradients should be caused by temporal decreases in greenness for which reason 

are given later. The lower speed of uphill shifts of greenness isolines compared with that of 

temperature isolines was because the ratio of NDVIGS trend to NDVIGS elevational gradient 

was lower than the ratio of TGS trend to TGS elevational gradient. 

It is of interest to determine whether vertical shifts in greenness isolines were caused by the 

response of greenness to interannual variations in temperature on the Tibetan Plateau, where 

greenness is limited mainly by temperature (Shen et al., 2015b, Wang et al., 2015b, Wang et 

al., 2012, Xu et al., 2011). The consistency in sign between the sensitivity of NDVIGS isoline 
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shifts to temperature and the velocity of NDVIGS isoline shifts suggests that the response of 

greenness to inter-annual variations in temperature played a determinative role in the 

direction of the elevational shifts of greenness isolines. Therefore, for the areas where 

increasing greenness shifts greenness isolines upward (i.e. where the NDVIGS elevational 

gradient is negative), represented by 62% of the pixels (Fig. 5a), the lag of uphill shifts of 

greenness isolines behind temperature isolines should reflect a lagging response of greenness 

to increasing temperature, and downhill shifts of greenness should reflect a negative impact 

of temperature on greenness.  

The lagging response of and decrease in greenness may have several causes. First, the 

impacts of higher growing season temperature on vegetation growth are regulated by 

precipitation on the Tibetan Plateau. Low precipitation may weaken the positive impact of 

temperature, and continuous low water availability may even depress growth (Cong et al., 

2017, Liang et al., 2012, Liang et al., 2009, Lu et al., 2018, Shen et al., 2015a, Shen et al., 

2015b, Zhong et al., 2010). Warming-enhanced evaporation may affect water availability 

(Gao et al., 2015). Meanwhile, the degradation of permafrost induced by warming may also 

reduce soil water availability by deepening the active layer and thus enhancing the loss of soil 

water (Jin et al., 2009, Qin et al., 2017, Yi et al., 2014). Water availability is a major 

determinant of vertical plant migration in arid and semiarid areas (Crimmins et al., 2011). 

Second, climate warming may increase plants’ demands for nitrogen or other resources on the 

Tibetan Plateau (Liu et al., 2015), which could restrict the effect of higher temperature on 

vegetation growth. Nutrition limitations are a key factor that prevents uphill movement of 

species under climate warming (Rumpf et al., 2018). Third, another environmental factor 
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such as CO2 fertilization may also affect vegetation growth, but relevant observations are 

lacking for the Tibetan Plateau (Zhu et al., 2016). Other possibilities include a decrease in 

sunshine duration, which could suppress vegetation growth (Wang et al., 2015b), and spring 

warming, which may enhance greenness in spring and early summer by advancing the start of 

the growing season (Shen et al., 2015c). Fourth, decreasing grazing pressure during the past 

decade may have contributed to greenness (Chen et al., 2014). Fifth, temperature has 

increased rapidly, by about 0.4 °C per decade, during the past few decades on the plateau 

(Dong et al., 2012, Duan &  Xiao, 2015). Vegetation growth may have to some extent 

acclimated to this continuous rapid warming and become less responsive to recent 

temperature increases (Hikosaka et al., 2006, Körner, 2007), although no evidence from the 

Tibetan Plateau has been published. Finally, climate change may have induced changes in the 

community’s composition that affect overall greenness (Wang et al., 2012). The impacts of 

climate change on community species composition and greenness and plant growth depend 

on elevation (Liu et al., 2016), because many climatic factors are tied to elevation (Korner, 

2007) . Moreover, vertical shifts in the distribution of species induced by climate change 

(Beckage et al., 2008) should also have affected the shifts in greenness isolines. In addition, 

interactions between species may also affect vertical greenness shifts through their influence 

on species composition (Steinbauer et al., 2018). Field observations across the plateau show 

that warming-induced upward shifts of treelines and shrublines were slowed by species 

interactions (Liang et al., 2016, Wang et al., 2015c, Wang et al., 2016), providing direct 

evidence that inter- and intra-species could impact elevational movement of species 

distribution. A study in the Himalayas also suggests that the responses of plant species to 
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climate change will not be unidirectional upward range shifts (Dolezal et al., 2016). However, 

most of those studies are based on shrubs and trees, little is known about recent vertical shifts 

in herbaceous species distribution and their relation to climate change on the Tibetan Plateau. 

Intensive efforts will be required to disentangle the multiple abiotic and biotic factors 

affecting species distribution and greenness isolines on the Tibetan Plateau. Based on our 

current knowledge and the fact that most areas of the Tibetan Plateau are arid or semi-arid, it 

is likely that the limitation in water availability would be the most feasible cause of the 

lagging response of greenness to warming. 

The Tibetan Plateau is recognized as an important terrestrial carbon pool (Piao et al., 2009). 

Because greenness is a direct indicator of an ecosystem’s primary production, the lag of 

greenness isolines behind temperature isolines suggests that the sensitivity of primary carbon 

uptake by the ecosystem to temperature is decreasing. Such a decrease could reduce the net 

carbon uptake of the Tibetan Plateau ecosystem, because ecosystem respiration increases 

exponentially with temperature (Lin et al., 2011). It is even possible that the plateau will 

change from a carbon pool to a carbon source in the feature (Tan et al., 2010). Realistic 

process-based models for the plateau ecosystem are needed to identify the climate conditions 

under which that transition might occur. 
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Terrain effects on the elevational shifts of greenness isolines 

Besides the temporal response of NDVIGS to climate change and other factors, the velocity of 

NDVIGS isoline movements is determined by the NDVIGS elevational gradient as shown in 

Fig. 3e, f. We found that the slope angle of a pixel, when less than 15°, strongly affected the 

magnitude of the NDVIGS elevational gradient and thus the vertical velocity of NDVIGS and 

its sensitivity to temperature. Vertical shifts of NDVIGS isolines were faster and more 

sensitive to temperature where the slope angle was greater than 15°, because steeper slopes 

resulted in smaller NDVIGS elevational gradients. The role of slope may be connected to 

vegetation types, because on the Tibetan Plateau forests are in areas with the steepest slopes, 

followed by shrubland, cushion vegetation, steppe, and meadow. The dominant role of slope 

in determining the NDVIGS elevational gradient could be possibly because NDVIGS was not 

sensitive to slope angle at slopes gentler than 15°. In contrast, the impacts of aspect were 

small. Those results highlight the impact of slope angle on vertical shifts of NDVIGS isolines. 

There is a need to explore the role of terrain effects in regulating the responses to climate 

warming of species distribution and population dynamics, a topic that has attracted little 

attention (Gottfried et al., 1999, Jackson et al., 2016). Geomorphic factors were paid more 

attentions than terrain effects (Macias-Fauria &  Johnson, 2013). 
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limitations and future prospects  

Obviously, the elevational gradients of NDVIGS and TGS are dependent on the spatial 

resolution of the grid, as are the speed of vertical shifts of NDVIGS and the sensitivity of that 

speed to temperature. The coarse spatial resolution of the grid may limit our insights into the 

elevational gradients and elevational shifts. In particular, there is no gridded climate data with 

fine resolution available. Although we used 0.1° × 0.1° climate data, the finest resolution 

available, the resolution was still too coarse to investigate the spatial pattern of TGS isoline 

movements. On the other hand, the fine resolution remotely sensed vegetation greenness data 

suffered from low temporal resolution, contamination by clouds, and poor spatial coverage. 

High-accuracy methods are needed for blending imagery of fine and coarse resolution in 

areas of rugged topography on the Tibetan Plateau and elsewhere. Long-term in situ 

observations of meteorological conditions, population dynamics and community composition 

could usefully be established along representative elevational gradients on the plateau. 

In summary, we investigated the vertical shifts of vegetation greenness and temperature in the 

context of climate warming on the Tibetan Plateau. We found that greenness and temperature 

isolines moved at different rates. We speculate that the lagging response of greenness to 

interannual temperature changes may be related to water limitation and the elevational 

gradient of greenness. The vertical gradient of greenness, variation of which is strongly 

determined by slope angle, further explained the spatial variations in the vertical velocity of 

greenness isolines and the sensitivity of these vertical movements to temporal temperature 

changes, highlighting the role of terrain effects on vertical shifts of greenness. The lagging 
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response of greenness to temperature may weaken carbon sequestration by Tibetan Plateau 

ecosystems, given that greenness is an indicator of primary carbon uptake and ecosystem 

respiration increases exponentially with temperature. Our study suggests that further 

multiple-scale studies are needed to clarify the ecological processes that may affect vertical 

shifts in species distribution and greenness isolines on the Tibetan Plateau. 
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Table 1 Definition of the direction of velocity of NDVIGS isolines along elevation.  

 

Elevational gradient of 

NDVIGS 

Temporal trend or 

sensitivity to 

temperature of NDVIGS 

Velocity of NDVIGS 

movement 

Negative (decreasing with 

elevation) 
Positive Positive (uphill) 

Negative  Negative Negative (downhill) 

Positive (increasing with 

elevation) 
Positive Negative (downhill) 

Positive   Negative Positive (uphill) 

 

Figure 1 Diagram showing the determination of the elevational gradient of NDVIGS at the 

central pixel. 

 

Figure 2 Dependence upon elevation of mean growing season temperature TGS (a) and mean 

growing season greenness NDVIGS (b) over the period 2000–2016. The points and error bars 

indicate mean values and standard deviations for each 100-m elevation bin. 

 

Figure 3 Dependence upon elevation of the elevational gradient of TGS (a) and NDVIGS (b), 

the temporal trend of TGS (c) and NDVIGS (d), the velocity of vertical movements of TGS and 
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NDVIGS isolines (e), and the sensitivity of vertical movements of NDVIGS and TGS isolines to 

temperature (f). The circles in blacks indicate that the trends are significant at P < 0.10 level. 

 

Figure 4 Spatial distribution of the elevational gradient (a) and temporal trend (b) of 

NDVIGS, temporal trend of TGS (c), the velocity of vertical movements of NDVIGS isolines 

(d), and the sensitivity of vertical movements of NDVIGS isolines to temperature (e). 

Top-middle insets in each plate show the proportion of pixels in each interval of the mapped 

variable, keyed by color to the legend at lower left. Top-right insets in (b) and (c) show 

NDVIGS increase (green) or decrease (red) and TGS increase (red) or decrease (blue) at P < 

0.10 level, respectively.  

 

Figure 5 Spatial distribution of the vertical movement of NDVIGS isolines (a) and the 

sensitivity of vertical movements of NDVIGS isolines to temperature (b). Pixel colors express 

combinations of the signs of the elevational gradient of NDVIGS (AG), the temporal trend of 

NDVIGS (Trend), and the temperature sensitivity of NDVIGS (TS). Insets show the proportion 

of pixels with each combination. 

 

Figure 6 Spatial distribution of slope angle (a) and aspect (b) on the Tibetan Plateau. Insets 

show the proportion of pixels in each interval of slope angle or aspect signified by the color 

key at lower left. 

 

Figure 7 Variations with slope angle of the elevational gradient (a) and temporal trend (b) of 

NDVIGS, the velocity of vertical movement of NDVIGS isolines (c), and the sensitivity of 

vertical movement of NDVIGS isolines to temperature (d). Colored curves represent the 
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values in each 2.5° bin of slope angle for each of eight aspect azimuths. Positive and negative 

values were averaged separately. 

 

Figure 8 Variations with aspect azimuth of the elevational gradient (a) and temporal trend (b) 

of NDVIGS, the velocity of vertical movement of NDVIGS isolines (c), and the sensitivity of 

vertical movement of NDVIGS isolines to temperature (d). Colored curves and symbols 

represent mean values for each 5° slope bin (legend at right shows the central value of each 

bin). Positive and negative values were averaged separately. 

 

Figure 9 Elevational gradient (a) and temporal trend (b) of NDVIGS, velocity of vertical 

movement of NDVIGS isolines (c), and sensitivity of vertical movement of NDVIGS isolines 

to temperature (d) for five vegetation types on the Tibetan Plateau. Positive (blue) and 

negative (red) values were averaged separately, and the gray bars show overall mean for each 

vegetation type. 
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