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Abstract:

 Temperature and water conditions affect vegetation growth dynamics and associated spectral measures. We examined the response of the growing season maximum enhanced vegetation index (MEVI) to the growing season temperature, precipitation, vapor pressure and relative humidity on the Tibetan Plateau. The responses of the MEVI to climatic factors changed with the vegetation type, which may be attributed to the finding that the background values and climatic factor changes varied with the type of vegetation. The spatially averaged MEVI over the entire plateau exhibited a non-significant decreasing trend. Approximately 5% and 12% of the vegetation area exhibited significant MEVI decreasing and increasing trends, respectively. Both vapor pressure and relative humidity significantly affected the MEVI, whereas the temperature and precipitation did not significantly correlate with the MEVI over the entire plateau. Specifically, the environmental humidity dominated the MEVI variation over the entire plateau.
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1. Introduction

Vegetation indices (e.g., the normalized difference vegetation index, NDVI), which indicate vegetation growth conditions, have been widely applied for estimating vegetation biomass and coverage [1–5], determining vegetation phenology [6,7] and spatially extrapolating ecosystem carbon flux [8–12]. Vegetation indices are also often used as variables for satellite-based models of gross and net primary production [13–18]. Understanding the response of vegetation indices to climatic change is crucial for predicting future changes in vegetation growth.

Many studies have analyzed NDVI variations and their relationships with temperature and precipitation on the Tibetan Plateau, but no consistent correlations between NDVI and climatic factors have been observed [1,19,20]. Zhang et al. [6] demonstrated that warming beneficially affects alpine vegetation growth. In contrast, both Fu et al. [1] and Zhang et al. [21] found that warming adversely affects grassland growth. Although many studies have shown that precipitation positively correlates with NDVI [20,22], Zhang et al. [21] found negative relationships between NDVI and precipitation at certain specific sites on the Tibetan Plateau. In addition, the NDVI has certain disadvantages in vegetation analyses, such as band saturation, especially in areas with high vegetation coverage [13,23].

Compared with the NDVI, the enhanced vegetation index (EVI) reduces the soil background and atmospheric disturbance [13,24]. However, only a few studies have focused on the relationships between the EVI and climatic factors on the Tibetan Plateau. For example, Song et al. [25] discussed the dependence of EVI on temperature and precipitation in the Three-River-Source region based on only one year of MODIS images. Zhou et al. [26] demonstrated the relationship between EVI and precipitation, as well as temperature using five years of MODIS data (2000–2004) over the entire plateau. Wang et al. [24] analyzed the EVI response to wet-dry conditions using 10 years of MODIS data (2001–2010), but did not study the relationship between EVI and temperature across the entire plateau. Generally, the correlations between EVI and climatic factors are not fully understood.

Previous studies have mainly discussed the NDVI or EVI relationships with precipitation and temperature [1,20]. Few studies have analyzed the effects of other climatic factors (e.g., relative humidity and vapor pressure) on NDVI and EVI; however, these climatic factors may be more closely related to vegetation growth on the Tibetan Plateau. For example, Hu et al. [22] showed that vapor pressure played a more important role in controlling the NDVI variation compared with precipitation in the Three-River-Source region. The main objectives of this study were to: (1) determine the growing season maximum EVI (MEVI) variations; (2) explore the crucial climatic factors that control the MEVI variation; and (3) analyze whether relative humidity and vapor pressure play a more important role in influencing vegetation compared with the role of precipitation on the Tibetan Plateau.



2. Materials and Methods


2.1. Study Area

The Tibetan Plateau’s unique features include high elevation (mean elevation > 4000 m), high air transparency, strong solar radiation, thin air and low temperatures, among others [27,28]. The plateau covers approximately one-fourth of China’s total land area [29]. The main vegetation type includes forest, shrubland, cropland, alpine meadow, alpine steppe and temperate steppe, among others (Figure 1), based on a map showing the type of vegetation on the Tibetan Plateau (1:1,000,000 scale) obtained from the Data Sharing Infrastructure of Earth System Science in China. Generally, vegetation growth across the plateau reaches its peak values in July–September [25,30–33].

Figure 1. Types of vegetation and the location of meteorological stations on the Tibetan Plateau.
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2.2. EVI

In this study, EVI data were obtained from Moderate Resolution Imaging Spectroradiometer (MODIS) vegetation indices (MOD13A3, Collection 5). The spatial and temporal resolutions are 1 km × 1 km and 1 month, respectively [1]. The growing season is defined as June–September in this study. During this period, most plants in this region changed from green to yellow and were covered by the least amount of snow on the Tibetan Plateau [30,34,35]. Images collected during the 2000–2012 growing seasons were used for this study.



2.3. Climatic Data

Climatic data were obtained from 81 meteorological stations of the China Meteorological Data Sharing Service System [21,36], 2 in Yunnan, 16 in Sichuan, 3 in Gansu, 25 in Qinghai and 35 in Tibet; of those, 21 were located in alpine meadows, 10 in alpine steppes, 4 in temperate steppes, 10 in forests, 14 in shrublands and 22 in croplands. The climatic data include the growing season average air temperature (GAT), maximum air temperature (GMAT), minimum air temperature (GMIT), total precipitation (GTP), maximum precipitation (GMAP), average vapor pressure (GAE), average relative humidity (GARH), minimum relative humidity (GMIRH) and average vapor pressure deficit (GAVPD).




3. Results and Discussion


3.1. Climatic Factor Changes over the Meteorological Stations

Based on the data from all 81 meteorological stations, the spatial average of the GAT, GMAT and GMIT exhibited a non-significant increasing trend at 0.06, 0.04 and 0.05 °C·yr−1, respectively (Figure 2). The increased air temperature magnitudes were similar to previous reports [1,21]. Sun et al. [20] showed that the annual average air temperature and maximum air temperature increased significantly at 0.05 and 0.08 °C·yr−1 from 1960 to 2002 over the entire plateau, respectively. The total precipitation for the growing season exhibited a non-significant decreasing trend at −0.98 mm·yr−1; however, the GMAP exhibited a non-significant increasing trend at 0.09 mm·yr−1 (Figure 2). Likewise, Fu et al. [1] indicated that the spatially averaged GTP in Tibet exhibited a non-significant decreasing trend at −5.5 mm·yr−1 from 2000 to 2012. However, the average growing season precipitation increased significantly at 2.71 mm·yr−1 from 1960 to 2002 on the Tibetan Plateau [20]. We observed a non-significant decreasing trend for the spatially averaged GAE at −0.04 hpa·yr−1 in this study; however, the spatially averaged GARH and GMIRH exhibited a significant decrease at −0.46% and −0.47%·yr−1, respectively (Figure 2). In addition, the spatially averaged GAVPD increased significantly at 0.08 hpa·yr−1 (Figure 2). Therefore, the growing season climate became drying from 2000 to 2012 based on these meteorological records, which are consistent with previous studies [1,37].

Figure 2. Linear trends for: (a) the growing season average temperature (GAT); (b) maximum temperature (GMAT); (c) minimum temperature (GMIT); (d) total precipitation (GTP); (e) maximum precipitation (GMAP); (f) average vapor pressure (GAE); (g) average relative humidity (GARH); (h) minimum relative humidity (GMIRH); and (i) average vapor pressure deficit (GAVPD); from 2000 to 2012 from 81 meteorological stations on the Tibetan Plateau.
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The spatially averaged GAT increased significantly by 0.06, 0.07 and 0.08 °C·yr−1 in alpine meadows, forests and shrublands, respectively, but increased non-significantly by 0.05, 0.03, and 0.06 °C·yr−1 in alpine steppes, temperate steppes and croplands, respectively (Figure 2). The spatially averaged GMAT increased insignificantly by 0.03, 0.003, 0.03 and 0.08 °C·yr−1 in alpine meadows, alpine steppes, croplands and forests, respectively, but decreased non-significantly by 0.09 °C·yr−1 in temperate steppes (Figure 2). In contrast, the spatially averaged GMAT in shrublands showed a significant increase at 0.12 °C·yr−1 (Figure 2). The spatially averaged GMIT increased non-significantly by 0.04, 0.01, 0.04, 0.07 and 0.05 °C·yr−1 in alpine meadows, temperate steppes, croplands, forests and shrublands, respectively, but increased significantly by 0.08 °C·yr−1 in alpine steppes (Figure 2). The spatially averaged GTP increased non-significantly by 2.45, 2.58 and 3.34 mm·yr−1 in alpine meadows, alpine steppes and temperate steppes, respectively, but decreased non-significantly by 1.41, 6.97 and 4.93 mm·yr−1 in croplands forests and shrublands, respectively (Figure 2). The spatially averaged GMAP increased insignificantly by 0.17, 0.12, 0.03 and 0.13 mm·yr−1 in alpine meadows, alpine steppes, temperate steppes and croplands, respectively, but decreased insignificantly by 0.06 and 0.01 mm·yr−1 in forests and shrublands, respectively (Figure 2). The spatially averaged GAE decreased non-significantly by 0.01, 0.02 and 0.01 hpa·yr−1 in alpine meadows, alpine steppes and temperate steppes, respectively, but decreased significantly by 0.06, 0.07 and 0.06 hpa·yr−1 in croplands, forests and shrublands, respectively (Figure 2). The spatially averaged GARH decreased significantly by 0.35%, 0.31%, 0.48%, 0.62% and 0.67%·yr−1 in alpine meadows, alpine steppes, croplands, forests and shrublands, respectively (Figure 2). In contrast, the spatially averaged GARH in temperate steppes exhibited a non-significant decrease of 0.19%·yr−1 (Figure 2). The spatially averaged GMIRH decreased significantly by 0.48%, 0.41%, 0.50% and 0.67%·yr−1 in alpine meadows, alpine steppes, croplands and shrublands, respectively (Figure 2). In contrast, the spatially averaged GMIRH in temperate steppes and forests exhibited a non-significant decrease of 0.15% and 0.32%·yr−1, respectively (Figure 2). The spatially averaged GAVPD increased significantly by 0.06, 0.05, 0.09, 0.13 and 0.12 hpa·yr−1 in alpine meadows, alpine steppes, croplands, forests and shrublands, respectively (Figure 2). In contrast, the spatially averaged GAVPD exhibited a non-significant increase of 0.03 hpa·yr−1 in temperate steppes (Figure 2). Therefore, the growing season climate showed a significant warming and drying trend from 2000 to 2012 across meteorological stations in alpine meadows, forests and shrublands; however, the temperate steppes climate exhibited non-significant warming and drying. In addition, the climate in alpine steppes and croplands became drying. However, the drying in alpine steppes was also likely accompanied by climatic warming, considering the significant GMIT increase; that is, the growing season climate changes varied with the type of vegetation.



3.2. Climatic Factor Changes at Individual Meteorological Stations

A significant decrease in GAT (−0.09 °C·yr−1) was only observed at the Doulan station in Qinghai (Figure 3a). The Delingha, Wudaoliang and Guinan stations in Qinghai exhibited a non-significant decreasing trend in GAT at −0.05, −0.003 and −0.02 °C·yr−1, respectively (Figure 3a). In contrast, 30 stations showed significant increases in the GAT at 0.03–0.18 °C·yr−1 (most were in the southeastern region of the Tibetan Plateau) (Figure 3a). In addition, 47 stations showed no significant increasing trends in GAT at 0.001−0.10 °C·yr−1 (Figure 3a). The two largest GAT increases were observed at the Mozhugongka (0.18 °C·yr−1) and Lhasa (0.17 °C·yr−1) stations in Tibet.

Figure 3. Trends for the growing season: (a) average temperature (GAT); (b) maximum temperature (GMAT); (c) minimum temperature (GMIT); (d) total precipitation (GTP); (e) maximum precipitation (GMAP); (f) average vapor pressure (GAE); (g) average relative humidity (GARH); (h) minimum relative humidity (GMIRH); and (i) average vapor pressure deficit (GAVPD); from 2000 to 2012 from 81 meteorological stations on the Tibetan Plateau.
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A significant decrease in GMAT (−0.22 °C·yr−1) was only observed at the Doulan station in Qinghai (Figure 3b). Twenty-three stations exhibited non-significant decreasing trends in GMAT at rates from −0.22 to −0.004 °C·yr−1 (Figure 3b). In contrast, the Dege station in Sichuan, as well as the Damxung, Gongga, Mozhugongka, Zedang, Langkazi, Longzi, Dingqing, Luolong, Jiacha and Linzhi stations in Tibet showed a significant increase in GMAT at rates ranging from 0.13 to 0.27 °C·yr−1 (Figure 3b). In addition, 46 stations exhibited non-significant increasing trends for GMAT at 0.001–0.19 °C·yr−1 (Figure 3b).

The Wuqiaoling station in Gansu, the Seda station in Sichuan; the Damxung and Gongga stations in Tibet and the Tuole, Delingha, Doulan, Xinghai, Guinan, Yushu and Banma stations in Qinghai exhibited a non-significant decreasing trend in GMIT at rates ranging from −0.12 to −0.001 °C·yr−1 (Figure 3c). In contrast, the Wudaoliang station in Qinghai, the Ruoergai, Batang and Litang stations in Sichuan and the Pulan, Lazi, Lhasa, Mozhugongka, Changdu and Mangkang stations in Tibet showed a significant increase in GMIT at rates ranging from 0.09 to 0.18 °C·yr−1 (Figure 3c). In addition, 60 stations showed non-significant increasing trends in GMIT at 0.002–0.12 °C·yr−1 (Figure 3c).

The Batang station in Sichuan, as well as the Nimu, Lhasa, Mozhugongka and Jiacha stations in Tibet showed a significant decrease in GTP at −18.05, −8.64, −11.67, −17.86 and −20.14 mm·yr−1, respectively (Figure 3d). Thirty-five stations exhibited non-significant decreasing trends in GTP at rates from −15.31 to −0.31 mm·yr−1 (Figure 3d). In contrast, the Yeniugou, Doulan, Guizhou, Wudaoliang, Guinan, Tongren, Qumalai, Madou, Qingshuihe, Guoluo and Henan stations in Qinghai exhibited a significant increase in GTP at 6.52, 7.99, 7.06, 8.16, 12.14, 7.60, 10.84, 8.33, 12.98, 11.21 and 12.17 mm·yr−1, respectively (Figure 3d). In addition, 30 stations exhibited non-significant increasing trends in GTP at 0.04–8.96 mm·yr−1 (Figure 3d).

For GMAP, the Jiacha station in Tibet showed a significant decrease (−1.52 mm·yr−1); however, the Menyuan station in Qinghai showed a significant increase (1.67 mm·yr−1) (Figure 3e). Thirty-six stations exhibited non-significant decreasing trends at rates ranging from −0.16 to −0.02 mm·yr−1 (Figure 3e). In contrast, 43 stations exhibited non-significant increasing trends at 0.03–1.50 mm·yr−1 (Figure 3e).

For GAE, significant increases were only observed at the Doulan station (0.10 hpa·yr−1) in Qinghai, the Wuqiaoling station (0.08 hpa·yr−1) in Gansu and the Seda station (0.06 hpa·yr−1) in Sichuan (Figure 3f). Twenty-four stations exhibited non-significant increasing trends at 0.004–0.07 hpa·yr−1 (Figure 3f). In contrast, 29 stations exhibited significant decreases at rates from −0.23 to −0.05 hpa·yr−1 (most in southern Tibet) (Figure 3f). In addition, 25 stations exhibited non-significant decreasing trends at rates from −0.08 to −0.002 hpa·yr−1 (Figure 3f). The largest GAE decrease was observed at the Baxiu station (−0.23 hpa·yr−1) in Tibet.

For GARH, significant increases were only observed at the Doulan station (0.88%·yr−1) in Qinghai and the Wuqiaoling station (0.42%·yr−1) in Gansu (Figure 3g). The Gongshan station in Yunnan, the Seda, Hongyuan, Songpan and Jiulong Stations in Sichuan, the Maqu and Hezuo stations in Gansu and the Delingha, Wudaoliang and Guinan stations in Qinghai exhibited non-significant increases at rates ranging from 0.03% to 0.27%·yr−1 (Figure 3g). In contrast, 42 stations showed significant decreases at rates from −1.35% to −0.18%·yr−1 (most in the southern portion of the Tibetan Plateau) (Figure 3g). In addition, 27 stations exhibited non-significant decreasing trends at rates from −0.87% to −0.01%·yr−1 (Figure 3g). The three largest GARH decreases were observed at the Lhasa (−1.35%·yr−1) and Rikaze (−1.31%·yr−1) stations in Tibet and the Batang station (−1.32%·yr−1) in Sichuan.

Twenty-four stations exhibited significant decreases in GMIRH at rates from −2.25% to −0.37%·yr−1 (most in southern Tibet) (Figure 3h). In addition, 44 stations exhibited non-significant decreasing trends at rates from −1.27% to −0.04%·yr−1 (Figure 3h). The largest decrease was observed at Damxung (−2.25%·yr−1) in Tibet. In contrast, Deqin and Gongshan in Yunan, the Cuona station in Tibet, the Dege, Ganzi and Jiulong stations in Sichuan and the Tuole, Doulan, Wudaoliang, Tongren, Tuotuohe and Maduo stations in Qinghai exhibited non-significant increasing trends at rates ranging from 0.02% to 0.74%·yr−1 (Figure 3h).

A significant decrease in GAVPD (−0.17 hpa·yr−1) was only observed at the Doulan station in Qinghai (Figure 3i). The Wudaoliang, Delingha, Guinan, Wuqiaoling, Maqu, Seda and Gongshan stations exhibited non-significant decreasing trends at rates from −0.01 to −0.04 hpa·yr−1 (Figure 3i). In contrast, 44 stations showed significant increases at 0.03–0.33 hpa·yr−1 (Figure 3i). In addition, 29 stations exhibited non-significant increasing trends at 0.002–0.15 hpa·yr−1 (Figure 3i).

Therefore, the growing season climate change from 2000 to 2012 varied among the stations. For example, 16 stations (Tuole, Delingha, Gangcha, Xining, Tuotuohe, Yushu, Jiuzhi, Banma, Maqu, Hezuo, Suoxian, Deqin and Gongshan) exhibited non-significant changes for at least one of the nine climatic variables. Of the nine climatic variables, only GAT significantly increased at the Hongyuan and Jiulong stations, and only GTP significantly increased at the Yeniugou, Guizhou, Guinan, Tongren and Maduo stations.



3.3. MEVI Changes over the Entire Tibetan Plateau

The spatially averaged MEVI over the entire plateau exhibited a non-significant decreasing trend (Figure 4). Similarly, Sun et al. [20] reported that the maximum NDVI increased non-significantly from 1982 to 2006 over the entire Tibetan Plateau. Hu et al. [22] indicated that maximum NDVI exhibited a non-significant change from 1982 to 2000 in the Three-River-Source region. Similarly, Zhao et al. [38] found a non-significant change in NDVI and EVI from 2000 to 2009 in the Three-River-Source region. Yang et al. [39] showed a non-significant change in the NDVI from 1982 to 2001 in the Yangtze and Yellow River source regions.

Figure 4. Linear trends for the growing season maximum enhanced vegetation index (MEVI) from 2000 to 2012 over the entire Tibetan Plateau.
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Approximately 5% and 12% of the vegetation area exhibited significant decreasing and increasing trends in MEVI (Table 1, Figure 5). Likewise, Zhang et al. [21] observed significant decreasing and increasing trends in the NDVI at approximately 4% and 20% from 2000 to 2009 on the Tibetan Plateau. In addition, the non-significant increasing MEVI area (42.3%) was also larger than the non-significant decreasing MEVI area (40.4%) (Table 1). Therefore, the area with enhanced vegetative conditions was larger than the area where the vegetative conditions became worse. However, the average rate of increase was less than the average rate of decrease (Table 1), which may be responsible for the non-significant change in MEVI over the entire plateau.

Figure 5. Growing season maximum enhanced vegetation index trends from 2000 to 2012 at 81 meteorological stations on the Tibetan Plateau; (a) significance test; and (b) regression slope.
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Table 1. Average change magnitude in the growing season maximum enhanced vegetation index from 2000 to 2012 for 81 meteorological stations on the Tibetan Plateau.



	
Vegetation Type

	
Significant Increase

	
Significant Decrease

	
Non-Significant Increase

	
Non-Significant Decrease




	






	
Area (%)

	
Slope (yr−1)

	
Area (%)

	
Slope (yr−1)

	
Area (%)

	
Slope (yr−1)

	
Area (%)

	
Slope (yr−1)






	
Alpine meadow

	
8.2

	
0.0046

	
4.3

	
−0.0052

	
45.3

	
0.0019

	
42.2

	
−0.0019




	
Alpine steppe

	
15.6

	
0.0022

	
5.3

	
−0.0025

	
39.9

	
0.0008

	
39.1

	
−0.0009




	
Temperate steppe

	
30.0

	
0.0049

	
3.7

	
−0.0069

	
45.2

	
0.0021

	
21.0

	
−0.0023




	
Croplands

	
9.1

	
0.0065

	
17.6

	
−0.0088

	
27.6

	
0.0022

	
45.7

	
−0.0034




	
Forests

	
2.2

	
0.0074

	
11.5

	
−0.0093

	
26.0

	
0.0027

	
60.3

	
−0.0040




	
Shrublands

	
4.7

	
0.0061

	
6.4

	
−0.0074

	
37.6

	
0.0023

	
51.3

	
−0.0029




	
All types

	
12.2

	
0.0029

	
5.1

	
−0.0052

	
42.3

	
0.0015

	
40.4

	
−0.0019









The spatially averaged MEVI in croplands and forests decreased significantly at −0.002 and −0.003 yr−1, respectively (Figure 4); that is, the MEVI decreased by approximately 5.6% in croplands and by approximately 6.9% in forests during the past 13 years. Zhang et al. [21] showed that the spatially averaged NDVI in croplands increased significantly at 0.005 yr−1 from 2000 to 2009 on the Tibetan Plateau; however, the forests did not change significantly. The spatially averaged MEVI in temperate steppes increased significantly at 0.002 yr−1 (i.e., by 9.3%) (Figure 4). In addition, the spatially averaged MEVI in alpine meadows, alpine steppes and shrublands did not change significantly (Figure 4). Likewise, Fu et al. [1] found that growing season average NDVI for alpine meadows in Tibet increased non-significantly from 2000 to 2012. However, Zhang et al. [21] indicated that the growing season average NDVI for grasslands and shrublands increased significantly from 2000 to 2009 on the Tibetan Plateau.

The relative magnitude of the increasing and decreasing areas, as well as the degree of change may yield different net changes in the spatially averaged MEVIs among the six types of vegetation (Table 1, Figure 5). Approximately 4.3% of alpine meadows exhibited significant decreases at −0.0052 yr−1; however, approximately 8.2% showed significant increases at 0.0046 yr−1. Approximately 5.3% and 15.6% of alpine steppes exhibited significant decreases (−0.0025 yr−1) and increases (0.0022 yr−1), respectively. These results demonstrate that rates of decrease were greater than rates of increase; however, the decreasing areas were smaller in alpine meadows and steppes, which may produce non-significant increases for these two vegetation types. Approximately 3.7% and 30.0% of temperate steppes exhibited significant decreases (−0.0069 yr−1) and increases (0.0049 yr−1), respectively. However, the rate of non-significant increase was less than the non-significant decrease, and the area of non-significant increase was approximately 2.2-fold greater than for the non-significant decrease in temperate steppes. Thus, the significant MEVI increase in temperate steppes was mainly due to the relatively large areas of increase. The finding that the increased area was greater than the decreased area in grasslands is consistent with previous studies [1,21]. Approximately 17.6% and 9.1% of the croplands showed significant decreases (−0.0088 yr−1) and increases (0.0065 yr−1), respectively. Approximately 11.5% and 2.2% of forests showed significant decreases (−0.0093 yr−1) and increases (0.0074 yr−1), respectively. Moreover, the decreasing areas and rates of decrease were also greater than the increasing areas and rates of increase for the forest and cropland areas with non-significant changes; that is, the significant MEVI decreasing trends in these two types of vegetation were attributed to the relatively large decreasing areas and rates of decrease. Approximately 6.4% and 4.7% of the shrublands showed significant decreases (−0.0074 yr−1) and increases (0.0061 yr−1), respectively.



3.4. MEVI Changes at the Meteorological Stations

The MEVIs of the Delingha, Guizhou and Nangqian stations in Qinghai, the Maqu station in Gansu, the Ganzi, Hongyuan, Xinlong stations in Sichuan and the Naqu, Damxung, Lhasa, Nielaer, Jiacha and Chayu stations in Tibet decreased significantly by 31, 35, 50, 22, 46, 42, 13, 22, 17, 25, 32, 17 and 31% during the 13-year study period, respectively (Figure 5). In contrast, the MEVI of the Gongga station in Tibet, as well as the Yeniugou, Tongren and Qumalai stations in Qinghai increased significantly by 29, 18, 32 and 30%, respectively (Figure 5). In addition, 44 stations exhibited a non-significant decrease by 0.01%–25%, while 20 stations exhibited a non-significant increase by 0.8%–24% (Figure 5). Therefore, the inter-annual vegetation index change varied among the stations [1,21,38].

The MEVI change decreased with increasing GAT, GMIT, GAE and GMIRH (Figure 6), which implies that the MEVI was most likely more sensitive to temperature in colder environments and to humidity in drier environments. Likewise, Fu et al. [1] indicated that experimental warming-induced drying decreased the growing season average NDVI, and the level of the reduction increased with decreasing precipitation in an alpine meadow in northern Tibet. In addition, the MEVI increased with increasing GTP, GMAP, GAE and GARH, but decreased with increasing GAT and GMAT (Figure 7). Therefore, the MEVI change not only correlated with the climatic factors background values, but also their changes. In addition, the background values and growing season climatic factor changes varied among the stations (Figure 3). Therefore, the different inter-annual MEVI variations may be attributed to the different background values and climatic factor changes among the stations.

Figure 6. Relationships between several factors: (a) the linear trend for the growing season maximum enhanced vegetation index (Slope_MEVI) and growing season average temperature (GAT); (b) Slope_MEVI and growing season minimum temperature (GMIT); (c) Slope_MEVI and growing season average vapor pressure (GAE); and (d) Slope_MEVI and growing season minimum relative humidity (GMIRH).
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Figure 7. Relationships between several factors: (a) the linear trend of the growing season maximum enhanced vegetation index (Slope_MEVI) and the linear trend of the growing season average temperature (Slope_GAT); (b) Slope_MEVI and the linear trend of the growing season maximum temperature (Slope_GMAT); (c) Slope_MEVI and the linear trend of the growing season total precipitation (Slope_GTP); (d) Slope_MEVI and the linear trend of the growing season maximum precipitation (Slope_GMAP); (e) Slope_MEVI and the linear trend of the growing season average vapor pressure (Slope_GAE); and (f) Slope_MEVI and the linear trend of the growing season average relative humidity (Slope_GARH).
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Over the meteorological stations, the spatially averaged MEVI in croplands, forests, shrublands and all vegetation types decreased significantly by 8.3%, 10.7%, 4.8% and 5.1%, respectively. The spatially averaged MEVI in alpine meadows decreased insignificantly by 3.0%. In contrast, the spatially averaged MEVI in alpine steppes and temperate steppes increased insignificantly by 4.5% and 0.7%, respectively. The different MEVI changes may be attributed to the different climatic changes among the types of vegetation. The precipitation factors (GTP and GMAP) showed increasing trends in alpine meadow, alpine steppes and temperate steppes, but decreasing trends in croplands, forests and shrublands. These findings imply that the level of drying in alpine meadows was lower than in forests and shrublands, which most likely explains the lower magnitude of the MEVI response in alpine meadows compared with forests and shrublands. Similarly, the level of drying in alpine steppes was lower than in croplands, which likely resulted in the different MEVI response between these two types of vegetation. The GAT, GMIT and GAE values in forests, shrublands and croplands were larger than the average values over all 81 stations, but they were lower than the average values over all 81 stations in the alpine steppes, alpine meadows and temperate steppes (Figure 2). The forests showed the greatest decrease in magnitude of the MEVI change with the highest GAT, GMAT and GAE, while alpine steppes showed the greatest increase in magnitude of the MEVI change with the lowest GAT, GMAT and GAE (Figure 2). The change in MEVI negatively correlated with GAT, GMIT and GAE (Figure 6). Therefore, the different MEVI changes were also likely related to the different temperature and humidity conditions among the types of vegetation.



3.5. Relationships between the MEVI and Climatic Factors at the Meteorological Stations

At the meteorological stations, the MEVI was positively related to the GMIRH, GAE and GARH but did not correlate with temperature and precipitation (Table 2). This finding is consistent with the significant decreases observed in MEVI, GARH and GMIRH at all 81 stations (Figures 2 and 4). The greater variation in the linear trend for MEVI is explained by the GTP, GMAP, GAE and GARH, not GAT and GMAT (Figure 7). Therefore, environmental humidity conditions dominated the variation in MEVI and GAE and played a more important role than precipitation. Hu et al. [22] also found that vapor pressure exhibited a stronger positive relationship with NDVI from 1982 to 2000 compared with precipitation in the Three-River-Source region. Sun et al. [20] indicated that the average growing season precipitation had the greatest effect on the maximum NDVI from 1982 to 2002 over the entire plateau. Likewise, Xu et al. [40] showed that precipitation primarily controlled the variation in average vegetation cover over the entire plateau. Zhou et al. [26] demonstrated that average growing season EVI increased significantly with annual precipitation, but not with annual average temperature from 2000 to 2004 over the entire plateau. Zhao et al. [38] also demonstrated that precipitation played a more important role in controlling the variation in NDVI and EVI than temperature from 2000 to 2009 in the Three-River-Source region. However, Xu et al. [41] indicated that soil temperature dominated the NDVI alpine meadow variation in the Three-River-Source region from 1982 to 2006.

Table 2. Correlation coefficients for the growing season maximum enhanced index (MEVI) with the growing season average temperature (GAT), minimum temperature (GMIT), maximum temperature (GMAT), total precipitation (GTP), maximum precipitation (GMAP), average vapor pressure (GAE), average relative humidity (GARH), minimum relative humidity (GMIRH) and average vapor pressure deficit (GAVPD) from 2000 to 2012 at 81 meteorological stations on the Tibetan Plateau.


	Vegetation Types
	GAT
	GMIT
	GMAT
	GTP
	GMAP
	GAE
	GARH
	GMIRH
	GAVPD





	Alpine meadow
	0.25
	−0.14
	0.19
	−0.37
	−0.15
	0.33
	0.02
	0.18
	0.10



	Alpine steppe
	0.72**
	0.60*
	0.46
	−0.08
	−0.19
	0.16
	−0.58*
	−0.50*
	0.71**



	Temperate steppe
	0.43
	0.15
	0.05
	0.06
	0.08
	0.42
	0.07
	0.01
	0.24



	Croplands
	−0.32
	−0.45
	−0.03
	0.24
	−0.18
	0.74**
	0.74**
	0.82***
	−0.65**



	Forests
	−0.75**
	−0.38
	−0.58*
	0.66**
	0.33
	0.49*
	0.70**
	0.22
	−0.74**



	Shrublands
	−0.31
	−0.12
	−0.42
	0.39
	−0.05
	0.79**
	0.69**
	0.80**
	−0.60**



	All types
	−0.18
	0.05
	−0.38
	0.04
	−0.18
	0.58 *
	0.52 *
	0.58 *
	−0.45





*,** and *** indicate p < 0.05, p < 0.01 and p < 0.001, respectively.




The net effect of climatic change on vegetation growth depends on the initial temperature and humidity conditions, as well as their relative changes [1,36,42]. The temperature factors (GAT, GMAT and GMIT) played a stronger role in controlling the MEVI variations in southwestern Tibet and northwestern Sichuan; however, the water factors (GTP, GMAP, GAE, GARH and GMIRH) played a stronger role in eastern Qinghai, as well as the Tibet and Sichuan transition area (Figure 8). Similarly, temperature controlled the average growing season NDVI variations in southern Tibet; however, precipitation primarily controlled the variations in eastern Qinghai [21]. Sun et al. [20] found that temperature mainly controlled the variations in the maximum NDVI for southern Tibet. In contrast, precipitation produced a stronger effect on the NDVI in the Yamzho Yumco Basin [43] and the Lhasa area [44]. Therefore, different regions may have different climatic factors that dominate and control vegetation growth on the Tibetan Plateau.

Figure 8. Correlation coefficients of the growing season maximum enhanced vegetation index (MEVI) with: (a) the average temperature (GAT); (b) maximum temperature (GMAT); (c) minimum temperature (GMIT); (d) total precipitation (GTP); (e) maximum precipitation (GMAP); (f) average vapor pressure (GAE); (g) average relative humidity (GARH); (h) minimum relative humidity (GMIRH); and (i) average vapor pressure deficit (GAVPD); from 2000 to 2012 at 81 meteorological stations on the Tibetan Plateau.
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The negative effects of GAT, GMAT and GMIT on MEVI for the southern Tibetan Plateau were stronger compared with the northern Tibetan Plateau (Figure 8). Likewise, Zhang et al. [21] demonstrated that negative correlations were stronger between temperature and NDVI on the southern Tibetan Plateau compared with the northeastern Tibetan Plateau. In addition, water conditions regulated the effects of temperature on vegetation growth [20,45,46]. Therefore, this phenomenon was most likely the reason that precipitation and vapor pressure increased on the northern Tibetan Plateau, but decreased on the southern Tibetan Plateau [21].

The different types of vegetation may produce different sensitivities to climatic change [19,21,33,47,48], which was confirmed by this study (Table 2). Generally, the MEVI negatively correlated with temperature factors in the croplands, forests and shrublands, but exhibited positive correlations for the grasslands (Table 2). The apparently inconsistent correlations may be attributed to the different changes in precipitation rates and levels of drying for the climate (Figure 2). The level of drying in the grasslands was lower compared with the croplands, forests and shrublands. Precipitation tended to increase in the grasslands, but decrease in the remaining three types of vegetation (Figure 2). Drying can dampen and even mask the effects of warming on vegetation growth [1,45,46]. Significant positive correlations were observed between MEVI and GARH and/or GMIRH in the croplands, forests and shrublands, but the MEVI exhibited significantly negative correlations in the alpine steppes (Table 2). The higher level of drying in the croplands, forests and shrublands produced decreases in the MEVI, but the lower levels of drying in the alpine steppes produced an increase in the MEVI. Thus, the inconsistent relationships between MEVI and GARH and GMIRH among the four types of vegetation were also attributed to the lower level of drying in the alpine steppes compared with the remaining three types of vegetation.



3.6. Relationships between MEVI and Climatic Factors at Individual Meteorological Stations

The Doulan and Nangqian stations in Qinghai, Hongyuan, Xiaojin, Xinlong stations in Sichuan and the Naqu, Damxung, Lazi, Rikaze, Lhasa, Dingri, Jiangzi and Luolong stations in Tibet exhibited significant negative relationships between MEVI and GAT (Figure 8a). In contrast, the Gangcha, Zaduo, Qumalai, Henan and Jiuzhi stations in Qinghai, the Maqu station in Gansu and the Shenzha station in Tibet exhibited significant, positive correlations between MEVI and GAT (Figure 8a). In addition, 23 stations exhibited non-significant positive correlations, while 38 stations exhibited non-significant negative relationships (Figure 8a).

Significant negative correlations between MEVI and GMAT were observed for 13 stations (Naqu, Damxung, Lazi, Rikaze, Lasa, Dingri, Jiangzi, Xiaojin, Songpan, Luolong, Xinlong, Kangding and Doulan) (Figure 8b). In contrast, the Shiqu and Daofu stations in Sichuan exhibited significant positive correlations between MEVI and GMAT (Figure 8b). In addition, 36 stations exhibited non-significant negative correlations, while 30 stations exhibited non-significant positive correlations (Figure 8b).

Eight stations (Maerkang, Xiaojin, Doulan, Lazi, Rikaze, Lhasa, Zedang, Chayu) exhibited a significant negative relationship between MEVI and GMIT, while only Qingshuihe station exhibited a significant positive correlation (Figure 8c). In addition, 40 and 32 stations exhibited non-significant negative and positive correlations, respectively (Figure 8c).

The Yeniugou, Menyuan, Doulan, Xinghai, Qumalai and Maduo stations in Qinghai, the Batang, Xinlong, Litang, Daocheng and Kangding stations in Sichuan and the Jiangzi, Dingqing, Leiwuqi, Luolong, Jiacha and Linzhi stations in Tibet exhibited significant positive correlations between MEVI and GTP (Figure 8d). In contrast, only two stations (Shenzha and Daofu) exhibited significantly negative correlations between MEVI and GTP (Figure 8d). In addition, 41 and 21 stations exhibited non-significant positive and negative correlations, respectively (Figure 8d).

Eight stations (Doulan, Maduo, Ganzi, Kangding, Nanmulin, Pali, Luolong and Jiacha) exhibited significant positive relationships between MEVI and GMAP (Figure 8e). In contrast, Zaduo and Dari stations showed significant negative correlations between MEVI and GMAP (Figure 8e). In addition, 34 and 37 stations showed non-significant positive and negative correlations, respectively (Figure 8e).

Twenty-seven stations (Wuqiaoling, Maqu, Tuole, Gangcha, Doulan, Yushu, Maduo, Nangqian, Banma, Dege, Ganzi, Batang, Xinlong, Litang, Daocheng, Kangding, Naqu, Rikaze, Nimu, Lhasa, Dingri, Biru, Dingqing, Changdu, Baxiu, Jiacha and Zuogong) showed significant positive correlations between MEVI and GAE (Figure 8f). In contrast, the Gongga, Daofu and Deqin stations showed significant negative correlations (Figure 8f). In addition, 43 and eight stations showed non-significant positive and negative correlations, respectively (Figure 8f).

Twenty-four stations (Wuqiaoling, Tuole, Doulan, Guizhou, Nangqian, Dege, Ganzi, Maerkang, Batang, Xinlong, Litang, Kangding, Naqu, Lazi, Rikaze, Lhasa, Dingri, Jiangzi, Dingqing, Changdu, Luolong, Baxiu, Jiacha and Mangkang) exhibited significant positive relationships between MEVI and GARH (Figure 8g). In contrast, the Shenzha, Qumalai and Daofu stations exhibited significant negative correlations (Figure 8g). In addition, 38 and 16 stations exhibited non-significant positive and negative correlations, respectively (Figure 8g).

Sixteen stations exhibited significant positive relationships between MEVI and GMIRH (Qilian, Delingha, Doulan, Yushu, Guoluo, Nangqian, Maerkang, Naqu, Damxung, Lazi, Rikaze, Lhasa, Jiangzi, Changdu, Baxiu and Jiacha) (Figure 8h). In contrast, the Henan, Daofu and Deqin stations exhibited significant negative correlations (Figure 8h). In addition, 43 and 19 stations exhibited non-significant positive and negative correlations (Figure 8h).

The Shenzha, Qumalai, Daofu, Jiuzhi and Henan stations exhibited significant positive correlations between MEVI and GAVPD (Figure 8i). In contrast, 23 stations exhibited significant negative relationships between MEVI and GAVPD (Doulan, Guizhou, Nangqian, Wuqiaoling, Litang, Ganzi, Xiaojin, Batang, Maerkang, Xinlong, Kangding, Naqu, Damxung, Mangkang, Dingri, Rikaze, Lhasa, Jiangzi, Changdu, Baxiu, Luolong, Lazi and Jiacha) (Figure 8i). In addition, 17 and 36 stations exhibited non-significant positive and negative relationships, respectively (Figure 8i).

Both temperature and water conditions simultaneously affect vegetation growth [1,20,45]. Water conditions may regulate the correlation between temperature and vegetation growth, while temperature conditions may regulate the correlation between water and vegetation growth [1,49,50]. The net MEVI change was related to the climate factor conditions (Figures 6 and 7). The climate factor conditions varied among the stations (Figure 3). Therefore, the correlations between the MEVI and climatic factors varied among the stations.



3.7. Uncertainties, Errors and Accuracies

In addition to climate change, vegetation growth is also affected by various human activities, such as grazing [51], fertilization [52], fencing and other ecological protection measures [21,53]. Overgrazing can produce rangeland degradation or even desertification [54], whereas fencing and fertilization can increase plant biomass accumulation [52,53]. These human activities may partially dampen or strengthen the relationships between climatic factors and MEVI, which, in turn, may result in error. The strengths and accuracies of the correlations based on human activities remain unclear. An additional potential basis for error is related to the MEVI observations. Although the EVI mitigates certain disadvantages of the NDVI, the EVI remains affected by soil and atmosphere [13,24]. In addition, the relative azimuth angle, the view zenith angle and the sun zenith angle vary with space and time.




4. Conclusions

Quantifying the relationships among vegetation indices and climatic factors is important for understanding and predicting the effects of climatic change on vegetation growth. In this study, based on climatic data and enhanced vegetation indices from 2000–2012 on the Tibetan Plateau, we used a trend analysis to analyze the changes in the growing season maximum enhanced vegetation index (MEVI), temperature and water conditions, and we used a correlation analysis to analyze the relationship between the MEVI and climatic factors. This is the first study that has analyzed the correlations between the enhanced vegetation index and the temperature, precipitation and, especially, humidity for different types of vegetation on the Tibetan Plateau. The main conclusions are as follows: (1) MEVI exhibited a non-significant decreasing trend over the entire plateau, because the rate of decrease was greater than the rate of increase; (2) different types of vegetation exhibited different sensitivities to climatic change, which were attributed to the different initial conditions and changes in climatic factors among the types of vegetation (this is an advancement over previous studies, which did not sufficiently consider the effects of the initial climatic conditions); and (3) the environmental humidity dominated variations in the MEVI and played a more vital role than precipitation over the entire plateau. This result is an advancement over previous studies, because it only analyzes the correlations between vegetation indices and temperature, as well as precipitation.

Overall, this study demonstrates that the response of vegetation growth to climatic change varies with the type of vegetation and emphasizes the important role of environmental humidity in controlling vegetation growth. Future studies are necessary to consider the effects of human activities.
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