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Abstract
The aim of our study is to quantify the relationship between ecosystem and climate variables in southwest China. We fur-
ther examined spatiotemporal distribution patterns of daily reference evapotranspiration  (ET0) and ecosystem types through 
integrated approaches, including spatiotemporal interpolation, Penman–Monteith, Mann–Kendall test, statistical correlation 
analysis and transition matrix based on those datasets including observation climate data, satellite remote sensing images 
(MODIS and Landsat) and observed ecosystem data. The following results are achieved. First, changes of  ET0 were greatly 
influenced by the combined effects of precipitation (with a decrease rate of −13 mm/10 years) and temperature (with a 
decrease rate of + 0.17 ℃/10 years). The annual average  ET0 increased by + 2.1 mm/10 years, and the increased  ET0 are 
more than 25% of the total area. Second, evapotranspiration was regarded as a sensitive indicator of climate and ecosystem 
feedbacks, and these ecosystem types have a great transformation, including forest, agriculture, and grass. Forest and grass 
were distributed primarily in the southern and eastern mountain areas, grass was in high mountains area while agriculture 
was prevalent in basin areas respond to climate changes. The area of forest converted to grass was 3670  km2, which was 
greater than transition from grass to forest (1720  km2). Correlation coefficients of evapotranspiration and NDVI were posi-
tive in forest and negative in agriculture. Third, the effects of these changes on climate vegetation and ecosystem process 
feedbacks on the quickly warming southwest China are potentially significant. Although the variation in ecosystem types 
was combined effects caused by climate variation and human activities, an effective ecological restoration program “Grain 
for Green” has improved the environmental conditions in southwest China.
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Introduction

Global and regional climate have experienced consider-
able changes over the past decades which further influenced 
biodiversity by changing the factors of fundamental habi-
tat such as precipitation and temperature, and resulted in 
hazards (Allen and Ingram 2002; Gu et al. 2007; Mantua 
et al. 2010; Gobron et al. 2005). Previous investigations 
showed although the annual average precipitation has 
non-significant change as a whole of China, regional and 
seasonal changes are obvious (Li 2011; Ye et al. 2013). 
In northwestern China and the middle to lower reaches of 
the Yangtze River, the annual precipitation presented an 
increasing trend, meanwhile, in southern, northeastern, and 
northern China, it indicated a decreasing trend (Zhai et al. 
2004; Sui et al. 2013). Meanwhile, the average temperature 
increased by about + 0.2–0.3 °C/10 year in northern China 
and around + 0.1 °C/10 year in southern China during the 
past 50 years (Xu et al. 2011). The frequency of annual very 
warm days has increased by 1.8%, and spring and autumn 
turn drier since the 1990s (Ma and Ren 2007; Xu et al. 2011; 
Du et al. 2013).

Previous researches suggested that the variability of 
evapotranspiration had either negative or positive impacts 
on ecosystem type depending on ecosystem varieties and 
regional conditions (Chen et al. 2006; Bonan 2008; Thomas 
2008; Fan and Thomas 2013; Jhajharia et al. 2014; Gao et al. 
2015; Tony 2008; Ray et al. 2015). It indicated that vegeta-
tion cover responded to different parameters, such as cli-
matic variables and ecosystem changes in different areas 
(Fabricante et al. 2009). The relationships between NDVI 
and climatic variables and ecosystem have been well illus-
trated in coupling analysis between climate and ecosystem 
(Li et al. 2011; Liu et al. 2013). For instance, precipitation 
in west China plays a vital role in ecosystems, and the cor-
relation between vegetation conditions and precipitation are 
positive in most dry areas; however, heavy rainfall is nega-
tive in humid areas (Piao et al. 2004; Chen et al. 2005; Li 
et al. 2011; Liu et al. 2013). The impact of climate variables 
on NDVI is variable in the spatial distribution in southern 
China, and temperature changes impact much more on NDVI 
than on precipitation (Wang et al. 2008). In contrast, the 
environmental changes impact on the ecosystem variations 
during the past 3 decades from 1982 to 2012 in southwest 
China, for example, the agricultural land decreases although 
evergreen forest and mixed forest had an increasing trend, 
especially in south of Yunnan province. Agriculture area 
was decreased during the period from the late 1980 to 2010. 
It decreased by 17.84 × 104 ha from 2000 to 2010 due to 
ecological restoration programs and urban construction in 
the agricultural area (Liu et al. 2014, Mokhtar et al. 2019). 

Peng et al. (2011) studied the ecosystem changes in Guizhou 
province from 1970 to 2007 and indicated that the agricul-
tural area was increased from 41 to 46% during the period of 
1973–1970 and then decreased to 38% in 2002 and changed 
a little in 2007.

Ecosystem directly impacts the regional hydrological 
cycle by altering the processes of evapotranspiration and 
vice versa (Fang et al. 2004; Gu et al. 2007; Wang et al. 
2008; Li et al. 2011). The variability of evapotranspiration 
across vegetation types can be attributed to mean annual 
climate conditions, water supply, and plant functional types. 
Ecosystem changes biophysical processes such as albedo, 
surface roughness, and the balance between sensible and 
latent heat loss (DeWalle et al. 2000; Jackson et al. 2001; 
Foley et al. 2005; Liu et al. 2008; Sun et al. 2011; Lewis 
2006; Lehmann et al. 2011). Previous investigations pro-
vided a large amount of knowledge in addressing climate 
change patterns and its driving forces. It was examined that 
temporal evapotranspiration had negative trend in most of 
arid and semiarid stations while it was positive in humid 
and very humid stations using the Mann–Kendall test in 30 
stations located in Iran (Khanmohammadi et al. 2017). At 
the national scale, changes in maximum temperature, solar 
radiation, and wind speed are responsible for decreasing 
trends of evapotranspiration in most regions of China, and 
decreased in many regions over the world (Gao et al. 2006; 
Irmak et al. 2012; Liu et al. 2012). On the other hand, at the 
regional scale, trends of evapotranspiration varied with loca-
tion (Gong et al. 2006; Fan and Thomas 2013; Feng et al. 
2014). The sunshine hours and wind speed were the main 
contributors to evapotranspiration changes in Sichuan Hilly 
Basin. Decreasing trends in evapotranspiration were found in 
southwestern China and Yunnan Province (Yin et al. 2010a, 
b; Han et al. 2012; Fan and Thomas 2013; Zhang et al. 2013; 
Feng et al. 2014).

The achievements of abovementioned studies improved 
our understandings of climate change, ecosystem changes 
during the past decades regionally and globally. In address-
ing these issues, various approaches were introduced. Spe-
cifically, evapotranspiration was estimated by various meth-
ods. Among existing methods, the Food and Agriculture 
Organization (FAO)56 Penman–Monteith (PM) (Allen et al. 
1998), Priestley–Taylor method, the Hargreaves method, 
Thornthwaite methods and other empirical methods. Based 
on the previous studies, P–M equation was recommended as 
the sole standard method by FAO to calculate evapotranspi-
ration and successfully applied in China; it incorporates both 
physiological and meteorological parameters and it has been 
widely used over the world as a result of intrinsic rationality 
and reliability. P–M equation is the most precise method to 
estimate in comparison with the alternative methods (Allen 
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2000; Sumner and Jacobs 2005; Suleiman et  al. 2007; 
Kjaersgaard et al. 2008; Suyker and Verma, 2009; Wang 
and Zhou 2010; Fan and Thomas 2013). Therefore, in our 
study we have chosen Penman–Monteith (PM) for estimat-
ing evapotranspiration. The purpose of our study is to quan-
tify relationships between ecosystem and climate variables, 
through integrated approaches as to explore spatiotemporal 
distribution patterns of daily reference evapotranspiration 
and ecosystem types.

Materials and methods

Data sources

To satisfy with investigations in this study, we collected vari-
ous datasets, including climate, ecosystem types, remotely 
sensed images (Normalized Difference Vegetation Index, 
NDVI), and topography (Digital Evaluation Model, DEM). 
The climate data of 103 meteorological stations (1960–2016) 
in southwest China were from China National Meteorologi-
cal Data Sharing Platform. Daily climate variables included 
precipitation, temperature (minimum, maximum, and aver-
age), sunshine hours, wind speed, and relative humidity. 
Ecosystem data (1.0 km resolution), including types and 
distribution, were derived from remote sensing images. 
These datasets were downloaded from the remotely sensed 
images Resource and Environment Data Cloud Platform 
of Chinese Academy of Sciences (https ://www.resdc .cn/). 
NDVI (MOD13Q1 with resolution of 16 days and 250 m) 
was derived from MODIS.

Mann–Kendall (MK) test for climate time series 
analysis

In this study, trend analyses of the climate variables and time 
series characteristics of climate variables were examined by 
Mann–Kendall test (M–K test,) to statistically assess if there 
is a monotonic upward or downward trend of the variable of 
interest over time (Mann 1945; Kendall 1955; Li et al. 2016). 
The rank-based Mann–Kendall test (M–K) is widely used 
to determine the significance of the trends in hydroclimatic 
time series (Miao et al. 2010). M–K is highly recommended 
for general use throughout the world due to its robustness 
for non-normally distributed and censored data. To detect 
seasonality trends, we first calculate all Kendall’s tau for 
each season and then calculate an average Kendall’s tau. 
The variance of the statistic can be calculated by assuming 

that series are independent or dependent, which requires the 
calculation of a covariance.

Penman–Monteith method for evapotranspiration 
 (ET0) calculation

The Penman–Monteith equation has been recommended as 
the sole standard method by FAO to calculate evapotran-
spiration and successfully applied in China. It incorporates 
both physiological and meteorological parameters. As it is 
difficult to obtain accurate field measurements, evapotran-
spiration can be calculated from weather data using the P–M 
equation; thus, it has been widely used over the world as 
a result of intrinsic rationality and reliability (Allen 2000; 
Sumner and Jacobs 2005; Suleiman et al. 2007; Kjaersgaard 
et al. 2008; Suyker and Verma 2009; Wang and Zhou 2010; 
Fan and Thomas 2013). P–M equation considers many 
parameters related to the evapotranspiration process and it 
has presented very good results when compared to data from 
lysimeters populated with short grass or alfalfa. These mete-
orological datasets are adequate to be used in Penman–Mon-
teith equation  (ET0). The daily evapotranspiration values 
were calculated for each meteorological station. Monthly 
and annual evapotranspiration values were derived from the 
daily values. The formula of the Penman–Monteith method 
is described as Eq. 1 

 where  ET0 is reference evapotranspiration (mm), Rn is the 
net radiation at the crop surface (MJ m−2d−1), G is the soil 
heat flux density (MJ m−2 day−1), Δ is the slope of the vapor 
pressure curve (kpa/C), � is the psychrometric constant 
(kpa/C), T is the average air temperature (℃), U2 is wind 
speed measured at 2 m height (m/s), es is saturation vapor 
pressure (kPa), and ea is actual vapor pressure (kPa). If the 
solar radiation Rs is not measured, it can be calculated Eq. 2 
with the Angstrom formula:

 where Rns is the net solar or shortwave radiation 
(MJ m−2 day−1), α is the albedo or canopy reflection coef-
ficient, which is 0.23 for the hypothetical grass reference 
crop [dimensionless], Rs is the incoming solar radiation 
(MJ m−2 day−1): Eq. 3 

(1)ET0 =
0.408 × Δ

(

Rn − G
)

+ γ ×
900

T+273
× U2

(

es − ea

)

Δ + γ
(

1 + 0.34U2

) ,

(2)Rns = (1 − α) × Rs,

https://www.resdc.cn/
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 where Rs is the solar or shortwave radiation [MJ m−2 day−1], 
n is the actual duration of sunshine [hour], N is the maximum 
possible duration of sunshine or daylight hours [hour], n/N 
is the relative sunshine duration [−], Ra is the extraterres-
trial radiation [MJ m−2 day−1], as is the regression constant, 
expressing the fraction of extraterrestrial radiation reaching 
the earth on overcast days (n = 0), and as + bs is the fraction 
of extraterrestrial radiation reaching the earth on clear days 
(n = N); the Angstrom values asand bs will vary. Where no 
actual solar radiation data are available and no calibration 
has been carried out for improved as and bs parameters, the 
values as = 0.25 and bs = 0.50 are recommended (Allen 2000; 
Sumner and Jacobs 2005; Fan and Thomas 2013). Psychro-
metric constant γ can be calculated from Eq. 4 

 where γ is the psychrometric constant [kPa  C−1], P is the 
atmospheric pressure [kPa], λ is the latent heat of vaporiza-
tion, 2.45 [MJ  kg−1], Cp is the specific heat at constant pres-
sure [MJ  kg−1 °C−1], and ε is the ratio molecular weight of 
water vapor/dry air = 0.622 (Allen et al. 1998).

Spatial analysis through interpolation algorithms

In this study, spatial analysis through interpolation algo-
rithms was used to estimate spatial changes of climate 
variables which are becoming increasingly important as to 
explicit landscape and regional processes including those 
of regeneration, growth, and mortality of forest ecosys-
tems. The inverse distance weighting method had the low-
est mean error among the common interpolation methods. 
In this study, inverse distance weighting (IDW) algorithm 
was applied with highly variable data analysis to get the 
lowest mean error in comparison with the common interpo-
lation methods which were developed by the U.S. National 
Weather Service in 1972 and is classified as a determin-
istic method. This is due to the lack of requirement in the 
calculation to meet specific statistical assumptions; thus, 
IDW is different from stochastic methods (e.g., kriging and 
TRA), and it is a moving average interpolator that is usu-
ally applied to highly variable data. IDW method gave the 
lowest mean error among the three common interpolation 

(3)Rs =
(

as + bs
n

N

)

× Ra,

(4)� =
Cp × P

��
= 0.665 × 10−3P,

methods (spline, ordinary kriging, and inverse distance 
weighting) (Yu et al. 2017). IDW method is also for mul-
tivariate interpolation. Its general idea is based on the 
assumption that the attribute value of an unsampled point 
is the weighted average of known values within the neigh-
borhood (Lu and Wong 2008). This involves the process 
of assigning values to unknown points using values from 
a scattered set of known points. The value at the unknown 
point is a weighted sum of the values of N known points. 
In this study, the IDW method is used to interpolate spatial 
data. It can be used to estimate the unknown spatial rainfall 
data from the known data of sites that are adjacent to the 
unknown site (Goovaerts, 2000; Li and Heap 2008). The 
IDW formulas are presented as Eqs. 5 and 6. Furthermore, 
IDW does not require the preliminary modeling step of a 
variance distance relationship and it is very simple and 
quick (Moeletsi et al. 2016).

where Ȓp is the unknown rainfall data (mm); Ri is the rainfall 
data of known rainfall stations (mm); N is the amount of 
rainfall stations; wi is the weighting of each rainfall stations; 
di is the distance from each rainfall stations to the unknown 
site; α is the power, and is also a control parameter, generally 
assumed as two as used by Zhu and Jia (2004) and Lin and 
Yu (2008), or as six as set by Gemmer et al. (2004).

Study area

Our study area covers 1,052 × 106  km2 of southwest China 
(21°15′N and 29°25′N, 97°35′E–109°59′E), including Yun-
nan, Guizhou, and Sichuan Provinces (Fig. 1). Topographi-
cally, it can be divided into three regions, including west-
ern–Sichuan plateau, Sichuan basin, and Yunnan–Guizhou 
plateau. The Sichuan basin is ringed by mountains with 
1000–3000 m elevation; the floor of the basin has an average 
elevation of 500 m. Yunnan–Guizhou plateau has an aver-
age elevation of 2000 m, it is known for its limestone karst 
landscape. The southwest is a typical monsoonal climate 
region, and divided into dry season (November–April) and 

(5)
∧

Rp =

N
∑

i=1

w
i
R
i
,

(6)
w
i
=

d
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i
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∑

i=1

d
−�
i
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wet season (May–October), with average annual values of 
15–24 °C in air temperature and 250–1400 mm in precipita-
tion. The major ecosystem types in the southwest china are 
forest (46%), grass (28%), agriculture (22.8%), wetland and 
others (sparse forestry and grass).

Results and discussion

The spatiotemporal distribution of  ET0 (1960–2016)

Spatiotemporal distribution of  ET0 in southwest China has 
a significant difference which resulted from complex in the 
topography condition and climate variables. To detect the 
changes of  ET0, the Penman–Monteith method was applied 
to investigate the spatiotemporal distribution of  ETo dur-
ing the period (1960–2016). The average annual of  ET0 in 
southwest China ranged from 840 to 1000 mm, and showed 
a slight increasing trend with slope + 0.46 mm/year (Fig. 2a). 
The changing rates of  ET0 (which was represented as slopes) 
in spring, summer, autumn, and winter were −0.1, 0.11, 0.35 
and 0.11 mm/year, respectively. Slopes are relatively higher 
in autumn season and lower in spring season. The changing 
trend of  ET0 slightly decreased in spring season; however, 
the trends increased in the other three seasons, which agreed 

with the annual trend of  ET0.  ET0 is comparatively higher in 
the southwest of Yunnan Province, and decreases toward the 
Guizhou Province. Seasonally,  ET0 in autumn season ranked 
the highest value in comparison with the different seasons, 
and the spring season had the lowest value.

ET0 trend was carried out based on the MK test to illus-
trate the spatial annual trend of  ET0 which ranged from −57 
to 41 mm/10 years; however, it showed an increasing trend 
in Yunnan province, especially in the southwest of Yun-
nan (+ 41 mm/10 years) (Fig. 3a), the decreasing trend was 
located in the central part of Guizhou and Sichuan Basin 
(4.5% of total study area); the biggest decreasing trend was 
in Guizhou Province (−29 mm/10 years). Table 1 shows the 
percentage area of increasing and decreasing trend over the 
study area. Seasonally, there was an obvious change of  ET0 
between dry and wet seasons although it was not a clear vari-
ation in each season, especially between autumn and winter 
seasons, so we selected the dry and wet seasons to present 
the seasonal changes on  ET0. On the one hand, in wet season 
it displayed a high value in Sichuan province and gradually 
significantly decreases toward the Guizhou province. On the 
other hand, dry season has no trend in most of the study 
area; however, there was an increasing trend in northwest 
of Sichuan province that agreed with previous studies (Gao 
et al. 2006, 2017).  ET0 had a clear spatial pattern with wide 

Fig. 1  Location of the study 
area in southwest China
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Fig. 2  Time series analysis of  ET0 in the southwest China over the past 60 years (1960–2016) (a Annual, b Spring season, c Summer season, d 
Autumn season, e Winter season)
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range because of the complex in the topography condition 
and different monsoon circulation branches (Thomas 1993). 
Significant increase of Tmax, Tave, and Tmin, and the decrease 
of relative humidity were responsible for increasing  ET0; 
in contrast, the declines of wind speed and sunshine hours 

played a vital role for the decreasing trend of  ET0 from 1960 
to 2016. The above observations are close to previous find-
ings in southwest China (Gao et al. 2006; Zhang and Shen 
2007; Yin et al. 2010a, b).

Fig. 3  Spatial distribution analysis of annual and season  ET0 over the past 60  years (1960–2016) (a Annual spatial distrubtion, b Wet sea-
son spatial distrubtion, c Dry season spatial distrubtion
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Correlation between climate parameters and  ET0

The temporal evolution of  ET0 rates and climate parameters 
has shown remarkable changes over time. The variations of 
climate variables contribute differently to reference evapo-
transpiration changes, which include temperature, vapor 
pressure deficit, solar radiation, and wind speed. Climate 
variables temporarily fluctuated and spatial distribution was 
rather different in southwest China during the past decades 
(1960–2016). Per year average slope change of climate vari-
ables was −0.20 mm precipitation (P), + 0.03 °C tempera-
ture (T), −0.74 h sunshine hours (SHD), + 0.03% relative 
humidity (RH), and −0.002 m/s wind speed (WS) (Fig. 4). 
The average annual precipitation is about 1040 mm with a 
general decrease of −7.0 mm/10 years. M–K test of statis-
tics of changing properties for climate variables is shown in 
Table 1. The increasing trend of precipitation existed in 1% 
from the total area in the southwest China, which coincided 
with the previous studies of decreasing trends in this area 
(Liu et al. 2015). In contrast, the average annual temperature 
had an average increasing trend (+ 0.17 °C/10 years) in more 
than 90% of the whole area, it increased mostly in south of 
Yunnan Province (+ 0.51 °C/10 years), it sharply decreased 
in central of Guizhou Province by −0.14 °C/10 years based 
on the results from M–K test in Fig. 5. Sunshine hour dura-
tion, relative humidity, and wind speed decreased with the 
average rates of −29.4 h, −0.47%, and −0.05 m/s/10 years, 
respectively. Sunshine duration hours were the most increas-
ing trend in southwest of Yunnan Province that reached 
to + 66 h/10 years; however, it decreased in Guizhou Prov-
ince (−110 h/10 years). Relative humidity had a decreasing 
trend in most of the study area, and it decreased sharply 
in south Yunnan Province by −1.6%/10 years. Wind speed 

was complicated with general decreasing trend in the whole 
study area; however, it had a slight increasing trend in south-
west of Yunnan (0.15 m/s per 10 years) (Fig. 5e).

However, the daily climate variables presented differently 
in comparison with annual distribution patterns. Maximum 
daily temperature (Tmax) increased in most regions of the 
study area during the period of 1960–2016, with strong 
influence on  ET0. They had a significant increase in more 
than 80% of total area; in contrast, it decreased only 0.2% 
of total area. An increasing trend of maximum temperature 
was found in southwest China was + 0.15 °C/10 years during 
the study period. The increase was clear in the high eleva-
tion regions in south Sichuan province (0.72 °C/10 years), 
while Guizhou with low elevation has a decreasing trend 
(− 0.21 °C/10 years). Solar radiation has a decreasing trend 
(− 0.06 MJ/m2/10 years). It is found that there was a sig-
nificant increasing trend in small part of southwest Yunnan 
(0.25 MJ/m2 /10 years). Strong decrease of solar radiation 
was found in southeast of Guizhou province which reached 
− 0.35 MJ/m2/10 years. The vapor pressure deficit had an 
increasing trend (+ 5.3 kPa/10 years), and it was regarded as 
one of the major factors which impacted on  ET0 (Fig. 5h). 
It has a large increasing trend in the southwest of Yunnan 
(+ 19 kPa/10 years).

For decades, the annual temporal trend of  ET0 are similar 
to the variables that contribute the most (maximum tempera-
ture, solar radiation and vapor pressure deficit), especially 
with maximum temperature. The maximum temperature, 
solar radiation, and vapor pressure deficit have a slope + 0.03 
°C/year, −0.19 MJ/m2/year and −0.16 kPa/year, respectively. 
Maximum temperature showed a significant increasing trend 
while solar radiation has a strong decreasing trend, especially 
in 1991 and 1963, vapor pressure deficit had an increasing 

Table 1  Statistics of changing properties for climate variables

ATP average annual precipitation, AAT  average annual temperature, SHD sunshine duration, RH the relative humidity, WS the wind speed and 
 ET0 evapotranspiration

Indices Stations with 
increasing trend

Area with
increasing 
trend (%)

Stations with 
decreasing
trend

Area with
decreasing 
trend (%)

Stations with
no trend

Area with
no trend (%)

Change in magnitude
for 10 years

ATP 11 1 18 11 78 88 −13.7 mm
AAT 86 93 2 0.1 19 7  + 0.17 °C
SHD 16 4 62 49 29 47 −29.4 h
RH 10 2 59 52 38 46 −0.47%
WS 23 7 53 38 31 55 −0.05 m/s
ET0 35 26.3 20 4.5 52 69.2 2.1 mm
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Fig. 4  Time series analysis of climate variables over the past 60 years (1960–2016)



 Environmental Earth Sciences (2020) 79:312

1 3

312 Page 10 of 21

Fig. 5  Spatial distribution 
analysis of climate variables 
over southwest China during 
(1960–2016) (a Precipitation, 
b Temperature, c Sunshine 
d Relative humidity e Wind 
speed, f Maximum temperature, 
g (VPD) is the vapor pressure 
deficit and h Solar radiation
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trend in 1984 and 2013. In 2013, the highest value of  ET0 
(1000 mm) was related to the highest value of the maximum 
temperature and solar radiation (21.35 °C and 5014 MJ/m2), 
respectively, however, which existed in the second highest 
value of the vapor pressure deficit (1050.4 kPa). On the other 
hand, the lowest value of  ET0 (840 mm) was in 1968 which 
was similar to the lowest value of the maximum temperature 
(18.0 ℃), the lowest value of solar radiation and vapor pres-
sure deficit was in 1991. Annually scale, slope between  ET0 
and climate variables (maximum temperature, solar radia-
tion and vapor pressure deficit) was 31.4, 0.24 and 1.1 mm/
year, respectively (Fig. 6).  ET0 increased with the increase 
of climate variables, especially maximum temperature. 
The annual spatial distribution of  ET0 illustrated a strong 
regional variation due to changes of different climate vari-
ables.  ET0 is comparatively higher in the southwest of Yun-
nan Province, and decreases toward the Guizhou Province 
similar to the spatial distribution of maximum temperature, 
solar radiation, and vapor pressure deficit. While changes 
of wind speed were not significant, in general, the varia-
tions of annual and seasonal reference evapotranspiration 
of the study area reflect the comprehensive function of each 
climate parameters. Relative humidity or mean wind speed 
has a close relationship with reference evapotranspiration in 
most of the study area. The other parameters would enhance 
the impact of the major parameters according to their change 
and relation to reference evapotranspiration.

From the above-mentioned descriptions, climate variables 
differently influenced  ET0 in terms of different timescales. 
In this section, we further illustrate correlations between 
 ET0 and climate variables. Table 2 presents the correlation 
coefficients among annual and seasonal scale of  ET0 and 
climatic parameters. Solar radiation, vapor pressure deficit, 
temperature, and wind speed have a positive correlation with 
 ET0. While the relative humidity has negative correlation 
with  ET0,  ET0 variations over most of southwest China are 
almost related to maximum temperature and solar radiation 
variations. Variations of  ET0 over most regions are almost 
consistent with the variations of maximum temperature and 
solar radiation. It was observed that the correlation coeffi-
cients are 0.58 between annual  ET0 and maximum tempera-
ture, and 0.50 between annual  ET0 and solar radiation. Solar 
radiation contributes to seasonal  ET0 variation with correla-
tion coefficient in spring (0.55) higher than in winter (0.24). 
It further observed that  ET0 was mostly influenced by solar 
radiation in winter and relative humidity in spring. From 
the analysis of Pearson correlation coefficient in Table 2, it 
is indicated that all climate variables contribute differently 
to  ET0, and maximum temperature was the most influential 
factor to  ET0, followed by solar radiation and vapor pressure 
deficit although the solar radiation is regarded as the most 
important driver for  ET0 in most of regions in china. Our 
results revealed that changes of increasing rate in maximum 
temperature and vapor pressure deficit were higher than 

Fig. 5  (continued)



 Environmental Earth Sciences (2020) 79:312

1 3

312 Page 12 of 21

those of wind speed and solar radiation, which resulted in an 
increased change of  ET0. Maximum temperature is the most 
important factor controlling the trend, markedly increased 
during the period of 1960–2016 resulting in increasing  ET0. 
Ultimately, the meteorological parameters impact on spatial 
distribution of  ET0 (Yin et al. 2010a, b; Li et al. 2012).

Spatiotemporal changes of ecosystem dynamics

To investigate the dynamics of ecosystem changes, we fur-
ther established relationships between ecosystem classifica-
tions and NDVI values. NDVI has been commonly used to 
illustrate the ecosystem condition (Li et al. 2004; Mkhab-
ela et al. 2011). Our finding of NDVI values for forest, 

Fig. 6  Coupling analysis 
between annual evapotranspi-
ration  (ET0) and key climate 
variables over the past 60 years 
(1960–2016) (a relationship 
between evapotranspiration 
with maximum temperature, b 
relationship between evapo-
transpiration with solar radition 
and c relationship between 
evapotranspiration with vapor 
pressure deficit)
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agriculture, and grass ecosystem ranged from 0.55 to 0.56, 
0.50 to 0.51, and 0.45 to 0.46, respectively (Fig. 7). More 
than 76% of the total area had NDVI values over 0.5 which 
was covered by forest and agriculture ecosystem Fig. 8. The 
highest and lowest NDVI values were in 2003 and 2000, 
i.e., 0.56 and 0.41, respectively. The highest NDVI in 2003 
was consistent with the optimal climate in 2003 (Fig. 9). 
Forests in southwest of Yunnan Province, the east part of 
Guizhou Province and Sichuan Province was of the highest 
NDVI in these areas which reached to 0.63 in 2015 as aver-
age, and grass ecosystem had lower NDVI value than those 
ecosystems of agriculture and forests ecosystem (Fig. 7b). 
Seasonally, NDVI had a significant difference between wet 
and dry season. In the wet season, the lower value of NDVI 
(with less than 0.5) was covered by only 18% of the total 
study area that located in northwest of Sichuan and Yunnan 
Province, in contrast, the higher value of NDVI over than 
0.5 was covered by around 82% of the total study area, e.g. 
eastern part of the study area (Fig. 7d). However, in the dry 
season, the lower value of NDVI (less than 0.5) was domi-
nated in around 45% of the total area which concentrated 
especially in the northwest of Sichuan Province and small 
parts of Guizhou and Yunnan Province.

Spatial distribution of ecosystem types has a clear 
regional variety in southwest China, which was deeply 
influenced by climate, geomorphology, and hydrothermal 
distribution. The dominant ecosystem in southwest China 

was forest (49%), grass (28%), and agriculture (23%) during 
1980–2015 (Table 3). Fig. 8 shows the spatial distribution of 
ecosystem types from 1980 to 2015. Forest and grass were 
distributed primarily in the southern and eastern mountain 
areas, especially, the grass ecosystem was in high mountain-
ous area (e.g., Sichuan plateau) while agriculture land was 
prevalent in basin areas. Transition matrix for the ecosystem 
type during 1980–2000 is illustrated in Table 4. The areas of 
agriculture and forest decreased by 999  km2 and 2423  km2, 
respectively. Grass ecosystem increased 3740  km2. The area 
of forest converted to grass was 3670  km2, which was greater 
than transition from grass to forest (1720 km2). There was 
819  km2 agriculture area that converted into grass, and it was 
slightly greater than the grass area which was converted to 
agriculture (647 km2). The transition between grass ecosys-
tem and other ecosystem was obviously higher than others, 
especially, in comparison with forest. Transition matrix of 
ecosystem types during 2000–2015 is illustrated in Table 5. 
Agriculture and grass were decreased by 4041  km2 and 1716 
 km2, respectively. Forest increased slightly about 925  km2 
during 2000–2015. The area converted from grass to forest 
was 2237  km2, and it was greater than those area which was 
converted to grass (1299 km2). The converted areas from 
agriculture to forest (1109  km2) were greater than those from 
forest to agriculture (202  km2). Both cultivation of forest 
from grass and agriculture, and the transition areas between 
forest and other types were higher than others, especially, in 
comparison with agriculture ecosystem.

Changes of climate variables, especially temperature, 
precipitation, and moisture regimes, influenced much 
more on the distribution, growth, reproduction of eco-
system and variations in the types of ecosystem in the 
southwest of China. Climate variables changes impacted 
on grass and forest ecosystem resulted in the grass and 
forest ecosystem distributed in the southern and eastern 
mountain areas, and most grass ecosystem were existed 
in high mountains area (e.g., Sichuan plateau) while agri-
culture land located within the basin areas (e.g., Sichuan 
Basin and some parts in Guizhou province). Most recent 
studies indicated that climate is the major reason for the 
distribution of tropical forest and savanna at large spa-
tial scales. Undoubtedly, the savanna was observed to be 
converted into forest when annual rainfall increased by 
1500 mm and duration of seasonal drought was minimal. 
In our study, the uptrend temperatures and downtrend 

Table 2  Pearson correlation coefficients between  ET0 and meteoro-
logical factors

Tave is average temperature, Tmax is maximum temperature, Tmin is 
minimum temperature, RH is relative humidity, Rs is solar radiation, 
VPD is vapor pressure deficit and WS is wind speed
P < 0.05 (α = 0.05), S correlation is significant and NS correlation is 
not significant

Spring Summer Autumn Winter Year

Tave − 0.345NS 0.100NS 0.163NS − 0.017NS − 0.061NS

Tmax 0.512S 0.135NS 0.439S 0.278NS 0.580S

Tmin − 0.761S − 0.019NS − 0.077NS − 0.194NS − 0.478S

RH 0.699S 0.070NS 0.043NS 0.196NS 0.404S

Rs 0.551S 0.183NS 0.277NS 0.239NS 0.501S

VPD 0.423S 0.175NS − 0.198NS − 0.216NS 0.170NS

WS − 0.345NS 0.100NS 0.163NS − 0.017NS − 0.061NS
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Fig. 7  Spatiotemporal change 
of NDVI and its relationship 
with ecosystems. a Temporal 
changes of annual NDVI from 
2000 to 2015, b the NDVI of 
the ecosystem types, c spatial 
distribution of annual NDVI, d 
wet season and e dry sea-
son (The NDVI were classified 
as 8 levels, the lowest one was 
below 0.2 which means the 
lowest ecosystem condition and 
> 0.8 (from 0.8 to 1) means the 
highest ecosystem condition) 
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precipitation especially the relatively large rising tem-
perature played an important role in the decreasing of 
agriculture area from 2000 to 2015. Agriculture and grass 
were decreased although the forest was increased due to 
the impacts of climate changes during this period. There 
were many factors that were responsible to grass degra-
dation, including consuming biomass energy, overgraz-
ing and damage due to grass insects. The major driv-
ing forces in agriculture land decrease included water 
resource protection, urban expansion and implementation 
of ecological projects. In our research, the increased for-
est by 925  km2 and decreased agriculture ecosystem by 
4041  km2 after 2000s were benefited from implementa-
tion of “Grain for Green Project” in southwest China.

Because of the environmental impacts during the past 
three decades from 1982 to 2012 in southwest China, 
the agricultural land decreases although evergreen for-
est and mixed forest had an increasing trend, especially 
in south of Yunnan province. Savannas increased from 
1982 to 2002, then decreased after 2002 (Liu et al. 2014; 
He et al. 2017). On the other hand, there was a large area 
converted from agriculture to forest and grass ecosys-
tem. However, from the year 2000 to 2010, forest eco-
system area increased by 27.47 × 104 ha as a result of the 
34.19 × 104 ha of grass area converted to forest, another 
reason is the role of reforestation projects “Grain for 
Green” to increase the forested area by 15.31 × 104 ha, 
so grass ecosystem area decreased by 29.35 × 104 ha. 
Agriculture decreased by 17.84 × 104 ha from 2000 to 
2010 due to ecological restoration programs and urban 
construction in the agricultural area (Liu et al. 2014, 
Mokhtar et al. 2019). (Peng et al. 2011) indicated that 

the agricultural area was increased from 41 to 46% dur-
ing the period of 1973–1970 and then decreased to 38% 
in 2002 and changed a little in in Guizhou province from 
1970 to 2007. Increase of population resulted to increase 
the area of agriculture of 8% during the period from 1990 
to 2000; furthermore, forest and grass had a sharply 
decreasing trend in the same period.

Coupling climate variability and ecosystem 
dynamics (2000–2015)

Ecosystem in southwest China was sensitive to the main 
meteorological parameters such as precipitation, tempera-
ture, and evapotranspiration. Ecosystem changes are the 
combination result of climate changes. Average NDVI was 
slightly increased by 0.0001 per year based on combined 
effects of climate variables and evapotranspiration. Tempo-
ral changes between annual NDVI and climate variables are 
shown in Fig. 9. The slope of the relationship between the 
NDVI with precipitation, temperature, and evapotranspira-
tion was −1.01/mm, 0.01/℃, and 1.11/mm, respectively. The 
negative correlation between the NDVI and precipitation 
suggested that high precipitation reduced incoming solar 
radiation, and cloudy cover had negative effects on NDVI. 
However, seasonally, the temperature is a major factor con-
trolling on NDVI variations more than precipitation did.

Spatial correlation was further analyzed between climate 
parameters and NDVI (Fig. 10). Precipitation and NDVI had 
a significantly negative correlation in the north of Sichuan, 
northwest of Yunnan provinces and center of Guizhou 
province (where karst landform dominates). Precipitation 
plays a vital role in NDVI through decreasing the incom-
ing solar radiation which had negative effect on NDVI due 
to increased precipitation and cloudy cover in Yunnan and 
Sichuan provinces (Fig. 10a). There were positive correla-
tions between climate variables and NDVI in southeast of 
Sichuan, eastern Yunnan and Guizhou Province. For exam-
ple, the strong negative correlations among temperature and 
NDVI in the northwest Sichuan and west Yunnan Provinces 
were characterized by lower temperature and precipitation, 
especially in northwest Sichuan which covered by grass 
(Fig. 10b). Due to the cold temperature and deficit in pre-
cipitation, it led to grass degradation and low NDVI values. 
Most grass ecosystems, which were very sensitive to high 
temperature, were located in the northeast and southeast of 
Sichuan and some parts in Yunnan and Guizhou Provinces. 

Table 3  The ecosystem changes in southwest China during the period 
1980–2015 (unit:  km2)

Agriculture Forest Grass Wetland Others

1980 240,471 479,351 289,681 13,163 19,365
1990 240,836 480,486 289,704 10,461 21,075
1995 234,031 486,652 289,802 10,198 21,732
2000 239,472 476,927 293,421 10,659 21,550
2005 238,293 478,179 292,570 10,721 7885
2010 237,471 478,691 292,299 10,867 22,704
2015 235,431 477,852 291,707 11,703 10,885
Percentage 22.93 46.22 28.06 1.07 1.72
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Fig. 8  Spatial distribution 
analysis of ecosystem changes 
derived from NDVI in south-
west China (1980–2015) (a 
1980, b 1990, c 1995, d 2000, e 
2005, f 2010, g 2015)
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However, the increasing temperature led to rise in evapo-
transpiration, and finally decline NDVI. The correlation 
coefficients between temperature and NDVI were positive 
in northeast of Sichuan province, southwest Yunnan and 
small parts in Guizhou province. Correlation coefficients 
between annual variations in evapotranspiration had signifi-
cantly negative correlation with NDVI in most of Guizhou 
Province, particularly in the northern and southeastern parts 
of Sichuan Province. The agriculture was very sensitive to 
high temperature, and it was responsible to increase the 
potential evapotranspiration rate.

Ecosystem links the atmosphere, soil, and water 
resources, and it was an indicator of climate changes (Bonan 
and Pollard 1992; Cramer et al. 2001; Piao et al. 2005). The 
ecosystem sensitivity was related to climate variables, espe-
cially precipitation (Xu et al. 2008). The significant changes 
in precipitation and temperature during this period have 
affected the ecosystem in southwest China. Precipitation is 
the major factor controls in the productivity of the grass, 
increased precipitation leads to increase of grass produc-
tivity and vice versa. Furthermore, grass is more sensitive 

to temperature, especially in the high-temperature areas (Li 
et al. 2008).

Conclusion

Climate change is critical for the safety of water resources 
and ecological ecosystem changes. Our study aims to quan-
tify the relationship between ecosystem and climate vari-
ables in southwest China through investigate  ET0 variabili-
ties and climatic variables (P, Tave, Tmax, Tmin., RH, WS,  Rs, 
and VPD), and quantified relationships between ecosystem 
and climate variables. Therefore, the main conclusions were 
drawn as follows:

ET0 has a significant change in the temporal and spatial 
distribution due to the complex in the topography condition 
and climate variables which contribute differently to  ET0, 
for example, maximum temperature was most contributor 
of  ET0, followed by solar radiation and vapor pressure defi-
cit, respectively, however, low relative humidity contributed 
much more in enhancing  ET0, while low wind speed and 

Table 4  Transformation 
matrix for the ecosystem type 
in southwest China during 
1980–2000 (unit:  km2)

Rows stand for ecosystem types in 1980, whereas columns mean that in 2000, each value in the transition 
matrix mean an ecosystem in 1980 (columns) transformed into another ecosystem in 2000 (rows)

1980 2000

Agriculture Forest Grass Wetland Others Total 1980

Agriculture 237,402 870 819 296 1084 240,471
Forest 1337 474,239 3670 46 58 479,,350
Grass 647 1720 287,077 98 139 289,681
Wetland 70 93 1844 10,217 938 13,162
Others 16 1 5 2 19,331 4367
Total 2000 239,472 476,927 293,421 10,659 21,550

Table 5  Transformation matrix 
for the ecosystem type in 
southwest China during 2000 
and 2015 (unit:  km2)

Rows stand for ecosystem types in 2000, whereas columns mean that in 2015, each value in the transi-
tion matrix means an ecosystem type in 2000 (columns) transformed into another ecosystem type in 2015 
(rows)

2000 2015

Agriculture Forest Grass Wetland Others Total 2000

Agriculture 234,747 1109 606 378 2632 239,472
Forest 202 474,488 1299 308 630 476,927
Grass 458 2237 289,728 435 563 293,421
Wetland 19 5 53 10,555 27 10,659
Others 4 4 5 10 21,487 21,550
Total 2015 235,431 477,852 291,705 11,,702 25,339
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sunshine duration were responsible for the decrease of  ET0. 
Thus, southwest of Yunnan province was the highest increas-
ing trend of  ET0 based on the significantly increased of tem-
perature and the decreasing trend of precipitation, sunshine 

duration, wind speed, and relative humidity had from 1960 
to 2016.

Climate and ecosystem feedbacks influenced greatly 
on distribution patterns of ecosystem, especially those of 

Fig. 9  Time series analysis between climate variables and NDVI (2000–2015)
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forest, agriculture and grass ecosystem which were quite 
sensitive to the main meteorological parameters such as 
precipitation, temperature and evapotranspiration. Conse-
quently, the highest and lowest NDVI values were in 2003 
and 2000, respectively. Furthermore, human disturbances 
to natural forests and afforestation with several fast-growing 
tree species are harmful to native biodiversity and increase 
the system’s vulnerability to climate change. Moreover, the 
developing infrastructure to mitigate the impacts of water 
resources shortages, such as irrigation systems and reser-
voirs, we strongly suggest developing water-conserving 
agricultural techniques as adaptive strategies to climate 
change. Therefore, our further researches will focus much 
more on ecosystem biodiversity and river basin manage-
ment, which will provide scientific evidence on hydrologi-
cal processes and drought mitigation in southwest China 
as well as role of ecosystem biodiversity on water use 
efficiency.
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