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to their spatial extent, duration and intensity, especially 
in 2000s+. It was well-known that drought was closely 
related with a lack of precipitation; however, the impact 
of atmospheric demand of evaporation (reflected by PET 
here) on drought (e.g., duration and intensity) was rarely 
paid enough attentions. To that end, a spatial multi-linear 
regression approach was proposed in this study for quan-
tifying the contributions of decadal PET and precipitation 
variations to drought duration and intensity. We have found 
that the contributions of decadal PET anomalies to drought 
duration and intensity could exceed those of precipitation, 
e.g., during 1980s and 1990s in SWC. Additionally, despite 
the strongest droughts in 2000s+, it was suggested that 
PET could exert comparable impacts on drought anomalies 
as precipitation. All these findings implied that PET plays a 
critical role in drought event, which acts to amplify drought 
duration and intensity. To sum up, this study stressed the 
need for enough attentions for PET processes in drought 
studies.

Keywords Drought · Potential evapotranspiration · 
Decadal anomaly · SPEI · Southwest China

1 Introduction

The Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change has pointed out that Global Mean 
Surface Temperature (GMST) has increased the instru-
mental records during the last 100 years especially in since 
1960s; and, the first decade of the twenty-first century has 
become the warmest (IPCC 2014). With the successive and 
rapid warming during the past decades, more and more evi-
dences have suggested that climate extremes (e.g., extreme 
precipitation, heatwave, tropical cyclones and droughts) at 

Abstract Under the exacerbation of climate change, cli-
mate extreme events, especially for drought, happened fre-
quently and intensively across the globe with greater spatial 
differences. We used the Standardized Precipitation-Evapo-
transpiration Index computed from the routine meteorolog-
ical observations at 269 sites in Southwest China (SWC) to 
study the drought characteristics (e.g., extent, duration and 
intensity) and their decadal variations during 1971–2012. It 
was revealed that the drought, in responses to the coupling 
between decadal precipitation and potential evapotranspira-
tion (PET) anomalies, differed among regions and periods. 
For the entire SWC, droughts in 1970s and 2000s+ was 
generally stronger than in 1980s and 1990s with respect 
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both regional and global scales, are increasing with differ-
ent confidence levels (Stott et al. 2004; Elsner et al. 2008; 
Min et al. 2011; Sheffield et al. 2012; Dai et al. 2004; Dai 
2013; Trenberth et al. 2012; IPCC 2014). Among all the 
extremes, droughts are believed to be the most damaging 
natural disasters [Federal Emergency Management Agency 
(FEMA), 1995; Romm 2011], which affects more people 
than any other forms of devastating meteorological haz-
ards (Wilhite 2000; Yu et al. 2014) and causes global dam-
ages of billions dollars. For example, droughts have cost 
more than $144 billion for the United States from 1980 
to 2003 (Li et al. 2013); meanwhile, an intense and pro-
longed drought of China during 2009/2010 caused total 
economic losses of at least $3.5 billion (Barriopedro et al. 
2012). Consequently, numerous studies have focused on 
the drought variations and its adverse impacts in the back-
ground of changing and even exacerbating climate on both 
global and regional scales (Palmer 1965; Mckee et al. 
1993; Wells et al. 2004; Vicente-Serrano et al. 2010; Vergni 
and Todisco 2011; Sheffield et al. 2012; Choi et al. 2013; 
Dai 2011, 2013; Kogan et al. 2013; Li et al. 2013; Tren-
berth et al. 2012; Zhang and Jia 2013; Qin et al. 2015b). 
For example, Dai (2013) stated that drought would increase 
under the global warming based on instrumental observa-
tions and numerical simulations. However, Trenberth et al. 
(2012) compared the apparently conflicting results of Dai 
(2013) and Sheffield et al. (2012) on drought changes with 
climate change, and suggested that droughts were likely to 
be quicker and more intense despite the lower occurrence 
probability induced by global warming.

China is frequently stricken by natural disasters, in 
particular drought. During the second half of twentieth 
century, China has suffered from long-lasting and severe 
droughts, consequently resulting in devastating economic 
and social losses [National Climate Center (NCC) 1998; 
Huang et al. 2006; Qian et al. 2011; Lü et al. 2012; Yang 
et al. 2013; Yu et al. 2014]. For instance, Yu et al. (2014) 
found that severe and extreme droughts have become more 
serious since late 1990s throughout China (with an increase 
of dry area by ~3.72 % per decade) based on Standard-
ized Precipitation-Evapotranspiration Index (SPEI). Yang 
et al. (2013) identified severe droughts in China during 
1961−2010 with the Multi-Scale Standardized Precipita-
tion Index (MSPI), and stated that the severe droughts have 
presented a trend of gradual increase especially in autumn. 
Nevertheless, changes in drought and the related mecha-
nisms within China are different from region to region, due 
to different regional effects of climate changes (Wang et al. 
2013a, b). Since the start of twenty-first century, a sig-
nificant increase in extreme drought has been observed in 
Southwest China (SWC) (Duan et al. 2000; Hu et al. 2009; 
Huang 2011; Barriopedro et al. 2012; Feng et al. 2014; 
Zhang et al. 2012a, b, 2013, 2014; Wang et al. 2015a, b, 

2016; Xu et al. 2015a). Particularly, several provinces [i.e., 
Sichuan (SC), Chongqing (CQ), Guizhou (GZ), Yunnan 
(YN) and Guangxi (GX)] within SWC have experienced 
sustained and severe droughts during 2006 and 2009/2010, 
which has constituted devastating and far-reaching threats 
to agriculture, water availability and ecosystems (Qiu, 
2010; Barriopedro et al. 2012; Ye et al. 2012; Zhang et al. 
2012a, b; Wang and Chen 2014; Qin et al. 2015a). Nota-
bly, Yang et al. (2012a) has pointed out that this drought 
occurred in SWC was the most severe drought during the 
last five decades, and thus could be believed to be a ‘once-
in-a-century’ drought, which was reported that more than 
60 million residents suffered from drinking-water short-
ages, and crops of more than 1 million had died (Zhang 
et al. 2013). For studying the mechanisms of this drought 
and the likewise ones, more and more efforts have been 
devoted to precipitation deficiency from the perspective of 
atmospheric dynamic, including El Niño-Southern Oscil-
lation (ENSO) and North Atlantic Oscillation (NAO) (Li 
et al. 2009; Barriopedro et al. 2012; Qian and Zhang 2012; 
Zhang et al. 2013, 2014; Feng et al. 2014; Wang et al. 
2015b). Zhang et al. (2013) revealed that the strong autumn 
drought over SWC in 2009 was predominantly attributed to 
the concurrent distinctive warm pool El Niño, which gen-
erated a strongly anomalous cyclone over the west North 
Pacific, and consequently induced a serious decrease in 
rainfall over this region. Based on the measured rainfall 
and reanalysis data, Feng et al. (2014) found that the severe 
SWC droughts during 1951−2010 were closely related to 
the circulation anomalies caused by remote forcing from 
the tropical Pacific and North Atlantic Oceans.

To sum up, numerous studies have carried out relatively 
thorough analyses of SWC droughts, and reached general 
agreement that drought in SWC has become more fre-
quent and intense during the last five decades in observa-
tions and projections (Wang and Chen 2014; Wang et al. 
2015a). Nevertheless, it is worth noting that most of these 
researches only emphasized precipitation for explaining 
and predicting drought variations, but scarcely considered 
the impact of atmospheric evaporative demand which can 
be reflected by potential evapotranspiration (PET). Seen 
from the concept of soil water balance, PET plays a major 
role in influencing soil water loss (Monteith 1973, 1976; 
Abramopoulos et al. 1988; Hobbins et al. 2008). As a result, 
lacking considerations of PET impact may introduce uncer-
tainties into drought analyses and the possible mechanisms 
as well as the accurate forecast practice. Recently, some 
scholars have warned against systematically ignoring the 
importance of PET influences in drought conditions (Hu 
and Willson 2000; Vicente-Serrano et al. 2010, 2015; Wang 
and Chen 2012; Teuling et al. 2013; Wang et al. 2014a; Xu 
et al. 2015b). For example, Hu and Willson (2000) stated 
that drought responses to precipitation and temperature 
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(used for calculating PET) were of the same order. Briefly, 
for better understanding the physical mechanisms of 
drought variations, and improving its monitoring and pre-
dicting, it is crucial to consider PET impacts on drought 
and to determine how and what magnitudes the on-going 
changes in PET and precipitation have influenced drought. 
Up to date, however, there remains a challenge in quantify-
ing the respective impact of these two factors due to their 
complicated interactions. Therefore, the present study aims 
to: (1) comprehensively evaluate decadal drought anoma-
lies (e.g., extent, duration and intensity) during 1971–2012 
based on 3-month SPEI, which were estimated using obser-
vations from 269 weather sites observations in SWC; and 
(2) quantify the individual contributions of precipitation 
and PET to decadal anomalies of drought duration and 
intensity based on a spatial multi-linear regression model.

In the remainder of this study, Sect. 2 described the 
study region, the used datasets and methodology. Section 3 
illustrated the climatologic precipitation, PET and drought 
characteristics during 1971–2012, their decadal anomalies, 
and contributions of decadal precipitation and PET anom-
alies to drought duration and intensity. Possible causes of 
decadal precipitation and PET anomalies, and some uncer-
tainties of this study were discussed in Sect. 4. Finally, the 
major findings were summarized in Sect. 5.

2  Data and methodology

2.1  Study area and data

In this current study, SWC is specified between 21–34oN 
and 97–110oE, and encompasses a large geographic area 
ranging from the high plateau of west SC and YN to the 
low-lying SC basin, which mainly includes SC, CQ, GZ 
and YN province, and west part of GX province (wGX; 
Fig. 1). As one of the most densely populated area, it 
accounts for about 1/6 of the total population of China. It is 
also a main grain producing area, providing approximately 
16 % of the national food supply. Across SWC, a typical 
subtropical monsoon climate prevails with clearly defined 
dry/wet season, and rainy season usually beginning in April 
and ending in October.

To drive SPEI model, the routine meteorological obser-
vations were required. Here, monthly precipitation (P; 
mm/month), maximum and minimum temperature (oC), 
relative humidity (%), sunshine duration (h/month) and 
wind speed at 10 (m/s) measured during 1969–2012 at 334 
weather sites were collected from China Meteorological 
Administration (CMA). Note that two data quality issues 
for the historical meteorological observations needed to 
be mentioned here: (1) Inhomogeneity. For the long-term 
meteorological datasets, Wijngaard et al. (2003) stated that 

data inhomogeneity, if not accounted for properly, could 
largely impact the robustness of study results. Unfortu-
nately, due to a lack of the information about station his-
tory metadata, we could not adjust the data homogene-
ity. Alternatively, Pettitt test, a method to test time series 
homogeneity (Wijngaard et al. 2003), was employed here 
to check these variables. Each variable at most of stations 
could pass the significant test at the 5 % level. (2) Miss-
ing values. Despite some data gaps, at least more than 
10 months had available data in every year. The missing 
values were filled based on the data from nearby sites 
using linear regression equations. Lastly, 269 sites were 
chosen in SWC (Fig. 1).

2.2  Methodology

2.2.1  SPEI model

Wang and Chen (2012) have testified SPEI model in SWC 
comparing against droughts statistics from yearbooks, and 
found that SPEI could well reproduce the basic features of 
droughts. Therefore, SPEI model was selected for obtaining 
drought characteristics in the current study, which could be 
operated as follows:

(1) Previous researches have pointed out that the Thorn-
thwaite equation (Thornthwaite 1948) underestimated 
PET in arid and semiarid regions (Jensen et al. 1990) 

Fig. 1  Location of SWC with 269 weather sites. The shading denotes 
the elevation, which is represented using digital elevation model 
(DEM) with the spatial resolution of 90 m × 90 m. This data can be 
obtained from http://srtm.csi.cgiar.org/

http://srtm.csi.cgiar.org/
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and overestimated PET in humid equatorial and tropi-
cal regions (van der Schrier et al. 2011). Additionally, 
this formulation resulted in an overestimation of PET 
with increasing air temperature, and did not accurately 
calculate PET evolution over the last decades (Donohue 
et al. 2010). Therefore, we computed PET using a mod-
ified Penman–Monteith equation (Allen et al. 1998). 
This equation has been recommended as a standard tool 
for calculating PET with climatic data by the Interna-
tional Commission for Irrigation (ICID), the Food and 
Agriculture Organization (FAO) of the United Nations 
and the American Society of Civil Engineers (ASCE).

where Rn [MJ/(m2·d)], named as net radiation at refer-
ence crop surface, was difference between incoming 
net shortwave and outgoing net longwave radiation; 
G [MJ/(m2·d)] denoted soil heat flux density, which 
could be ignored at monthly or longer time scales; 
γ (kPa/oC) was psychometric constant; Δ (kPa/oC) 
represented the slope vapor pressure curve; U2 (m/s) 
converted from wind speed at 10 m height, was wind 
speed at a 2 m height; VPD (kPa) denoted vapor pres-
sure deficit, which could be estimated from saturation 
vapor pressure (es) multiplying by [1 minus relative 
humidity (Rh)]; T (oC) represented mean temperature, 
and equated to the average of maximum and minimum 
temperatures. Detailed equations about Rn, γ, Δ, U2 and 
es could be found in the reference of Allen et al. (1998). 
It was worth noting that all the computations were per-
formed on monthly scale.

(2) For representing water surplus or deficit in the analyzed 
month, a simple measure (precipitation minus PET for 
ith month, named as Di) was proposed. After that, Di 
was able to be aggregated at various time scales, which 
was prepared for estimating the SPEI at the correspond-
ing time scale (e.g., 3-, 6-, 12- and 24-month).

(3) Normalize the water balance based on a log-logistic 
probability distribution to obtain the SPEI time-series.

 Similar to precipitation, the probability distribution of Di is 
not normal, therefore, a three-parameter log-logistic distri-
bution was recommended to best fit the twelve time series 
Di within a year (Vicente-Serrano et al. 2010). Then, an 
inverse normal function was used to standardize the prob-
abilities (Abramowitz and Stegun 1965; Vicente-Serrano 
et al. 2010). In the current study, the computation of the 
SPEI model was carried out by the R package developed by 
Vicente-Serrano et al. (2010), which could be downloaded 

(1)

PET =
0.408 ·� · (Rn − G)+ γ ·

900
T+273

· U2 · VPD

�+ γ · (1+ 0.34 · U2)

at site of http://sac.csic.es/spei/tools.html. About the 
detailed procedures of the SPEI model, the reader can read 
the handling instruction (could be found at site of https://
cran.r-project.org/web/packages/SPEI/SPEI.pdf).

2.2.2  Identification of drought characteristics

In this study, the 3-month SPEI time-series was calcu-
lated using monthly observed precipitation and estimated 
PET during 1971–2012 at 269 sites of SWC, which were 
selected for analyzing drought characteristics, mainly 
including drought extent, duration and intensity. Before 
indentifying drought characteristics, threshold for judg-
ing whether a given month appeared drought or not, was 
requisite. According to the Classification of Meteorologi-
cal Drought of China, this threshold for drought was set to 
<−0.5. When monthly SPEI at some one month was <−0.5, 
we could think that drought occurred in this month, and 
vice versa. Here, we focused on decadal average drought 
extent (DADE), duration (DADD) and intensity (DADI) 
for each province and SWC, and their decadal anomalies 
relative to the multi-year mean during 1971–2012. For each 
objective region, DADE (characterized by number of sites 
with drought for each period), DADD and DADI could be 
estimated by:

where Sk,i,j was the SPEI value at jth month of ith year for 
kth site. sn represented the number of site within the study 
region, of which SC, CQ, GZ, YN, wGX and SWC had 
84, 18, 49, 77, 41 and 269 sites, respectively; while yn was 
years for each period with 10 years of 1971–1980 (1970s), 
1981–1990 (1980s), 1991–2000 (1990s) and 12 years of 
2001–2012 (2000s+). nk,i indicated months with drought at 
ith year of kth site. For SC, CQ, GZ, YN, wGX and SWC, 
anomalies of DADE, DADD and DADI were estimated 
through subtracting 1971–2012 period mean from the cor-
responding decadal mean. Considering the different spatial 
spans, furthermore, the percent anomalies of DADE were 
chosen for comparing among all these study regions, which 
were expressed as anomalies of DADE divided by 1971–
2012 period mean.

(2)
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2.2.3  Quantifying contributions of precipitation and PET 
to DADD and DADI anomalies

Driving factors of drought considered in this study con-
sisted of precipitation and PET, and thus their contribu-
tions to DADD or DADI anomalies were quantified based 
on a multi-linear regression method. This approach could 
be described as: (1) For each province or the whole SWC, 
samples for a multi-linear regression could be integrated 
as a whole, e.g., the whole SWC including 269 (sites) × 4 
(periods) samples. Then, a multi-linear regression within 
some one objective region could be established using 
DADD or DADI anomalies as dependent variable, and the 
corresponding decadal precipitation and PET anomalies 
as independent variables; and (2) Based on the established 
multi-linear regression coefficients, contributions of dec-
adal precipitation and PET variations to DADD or DADI 
anomalies could be calculated. Taking the contributions 
of decadal precipitation variations to DADD as an exam-
ple, its contribution over the whole SWC was able to be 
obtained with decadal precipitation variations multiply-
ing by precipitation coefficients from the corresponding 
regression. Similarly, contributions of decadal precipitation 
(PET) variations to DADD or DADI anomalies for each 
province or the whole SWC could also be calculated using 
the approach mentioned above. In addition, the potential 
impacts of spatial differences on results were also consid-
ered in this study, through involving the heights and loca-
tions (i.e., latitude and longitude) of weather sites into the 
multi-linear regressions.

It is worth noting that, for matching the time scale of 
SPEI-3, we have preprocessed precipitation, PET and the 
other climatic variables (i.e., sunshine duration, mean tem-
perature, VPD and wind speed) by averaging their values in 
a given month and the previous 2 months. In the following 
section, if not specified, the analyses were conducted based 
on the 3-month means.

3  Results

3.1  Climatologic characteristics of precipitation, PET 
and drought

In soil water balance, precipitation and ET (can be partly 
reflected by PET) mainly control soil moisture availability, 
which directly and closely relates to drought; thus, their 
climatologic characteristics across SWC have been ana-
lyzed here. We show first the spatial variations of precipita-
tion and PET derived from 42-year mean values (Fig. 2a, 
b). In general, precipitation showed gradient decreases 
from southeast to northwest, of which there were more 

than 1000 mm/year for annual precipitation over most 
sites, especially in south YN and wGX (Fig. 2a). Differ-
ent from spatial distribution of precipitation, PET basi-
cally showed an increase from north to south. Taking the 
provincial boundaries of YN and wGX as borderline, there 
was relative higher PET (>1000 mm/year) in south SWC, 
while that in north SWC was relative lower (<1000 mm/
year; Fig. 2b). Figure 3a displayed precipitation and PET 
averaged over SWC, SC, CQ, GZ, YN and wGX, respec-
tively. Over SWC, annual precipitation and PET were 
1118.15 and 971.47 mm/year, respectively (Fig. 3a). The 
annual precipitation over SC and GZ provinces amounted 
to around 1000 mm/year; however, that in the other prov-
inces all amounted to more than 1100 mm/year, especially 
in wGX where it was 1405.56 mm/year. The maximum 
PET appeared in wGX and YN where it amounted to more 
than 1100 mm/year; it amounted to around 900 mm/year in 
all the other provinces.

Due to the complex nature of drought, several drought 
characteristics, including drought extent, duration and 
intensity, have been studied for a comprehensive under-
standing in this current study. Table 1 showed climato-
logic drought extent across SWC and each province during 
1971–2012. It appeared that drought occurred over 87 sites 
across SWC every year. Despite of greater differences in 
absolute values of climatologic drought extent due to vari-
ous spatial span, it was interesting to find that climatologic 
drought extent divided by number of sites with drought for 
each region all approximated to 32 %/year, which implied 
that climatologic characteristics of drought extent in these 
regions were comparative. Figure 2c, d depicted the spa-
tial distributions of climatologic DADD and DADI across 
SWC, respectively. Seen from Fig. 2c, DADD exhibited 
complicate climatologic characters spatially, which ranged 
from 3.30 to 4.80 month/year. In SC basin, central YN, 
north GZ and west YN, DADD appeared to be greater than 
3.90 month/year, which might suggest that drought occur-
rences often combined with longer duration. For region-
ally averaged DADD within each province, however, there 
were not obvious differences with fluctuation around 
3.80 month/year (Fig. 3b). Similar to the spatial pattern of 
DADD, Fig. 2d illustrated that the climatologic DADI had 
also complex distribution over SWC with regionally aver-
aged mean value of −0.99 (Fig. 3b); and, the DADI value 
of most sites were between −1.10 and −0.96. Among the 
five provinces, the regionally averaged DADI climatology 
had similar values around −1.00 (Fig. 3c).

Generally, climatologic precipitation and PET over 
SWC exhibited relative evident differences in terms of 
spatial distributions and regional average, possibly due to 
precipitation mechanisms, PET divers and topography. Just 
under the allocations of precipitation and PET over SWC, 
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Fig. 2  Spatial distribution of 
climatologic precipitation a, 
PET b, DADD c and DADI d 
across SWC during 1971–2012

Fig. 3  Climatologic precipita-
tion and PET (a), and DADD 
and DADI (b) over SWC. About 
more information about these 
variables, their time series were 
also shown in Fig. S1
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climatologic drought extent, duration and intensity showed 
complex spatial patterns, whereas their regionally averaged 
values differed slightly.

3.2  Decadal anomalies of precipitation, PET 
and drought

Although drought variations can be influenced by a num-
ber of factors, changes in precipitation and ET (can be 
reflected by PET) are believed to be the most important 
ones. Thus, decadal variations of precipitation and PET 
across SWC were first analyzed relative to their mean val-
ues during 1971–2012 (Fig. 4a, b). As depicted in Fig. 4a, 
decadal precipitation anomalies averaged over the whole 
SWC were all positive from 1970s to 1990s, followed 
by a negative anomaly of −37.49 mm/year in the period 

2000s+, which was mainly because of the most part of the 
study with the more and the less precipitation during the 
first three (Fig. 7c, f and i) and the last decades (Fig. 7l), 
respectively. This indicated that SWC were relative wetter 
(drier) before (after) 2000. Corresponding to the decadal 
precipitation anomalies across the whole region, the posi-
tive PET anomalies during the periods 1970s and 2000s+ 
implied that soil moisture tended to be drier due to more 
water consummation by evapotranspiration; however, the 
negative anomalies during the periods 1980s and 1990s 
represented that soil moisture had potential to be wetter due 
to less water consummation by ET (Fig. 4b). In addition, 
seen from Fig. 4a, b, precipitation and PET for each prov-
ince exhibited positive decadal anomalies during 1970s, 
while they showed negative and positive decadal anomalies 
respectively for the period 2000s+. In addition, allocation 
of the decadal behaviors of precipitation and PET during 
1980s and 1990s basically differed among these provinces.

How did drought characters, namely drought extent, 
duration and intensity, act in response to these precipitation 
and PET anomalies? For this aim, we calculated decadal 
anomalies of these drought characters (Table 1; Fig. 4c, 
d). To the coupling between decadal precipitation and PET 
anomalies, drought responses generally differed among 
regions and periods. Table 1 presented the DADE percent 
anomalies for each province and the whole SWC during 
each period. For SWC, SC and CQ, drought extent in 1970s 
and 2000s+ was higher than the long-term mean value, but 
lower than those in 1980s and 1990s. There were consistent 
percent anomalies of droughts sites during 1990s (negative) 
and 2000s+ (positive) in GZ, YN and wGX; while, they 

Table 1  Climatology of drought extent on 3-month scale over SWC, 
and their percent anomalies

Region Climatol-
ogy

Decadal anomaly

1971–2012 
(sites/year)

1970s (%) 1980s (%) 1990s (%) 2000s+ 
(%)

SC 27.41 14.56 −12.87 −6.07 4.32

CQ 5.79 2.24 −9.90 −3.80 11.48

GZ 15.80 −10.48 8.47 −15.54 17.56

YN 25.07 2.33 4.39 −23.77 17.05

wGX 13.05 −1.45 −1.26 −2.20 4.84

SWC 86.83 1.49 −2.23 −10.32 11.06

Fig. 4  Anomalies of decadal precipitation (a) and PET (b), and DADD (c) and DADI (d) across SWC. For clarity, we also showed the spatial 
distribution of decadal PET, DADD and DADI anomalies in Fig. S2, Fig. S3 and Fig. S4, respectively



3786 S. Sun et al.

1 3

exhibited some differences in anomalous signs in other two 
periods. For example, GZ, YN and wGX presented nega-
tive (positive), positive (positive) and negative (negative) 
anomalies in 1970s (1980s), separately. In addition, except 
for SC, the drought extent for each region was the largest in 
2000s+, indicating that drought during this period widely 
happened across each province and even the whole SWC. 
As depicted in Fig. 4c, DADD anomaly for each province 
and the whole SWC was negative during 1990s, but posi-
tive for 2000s+. In 1970s (1980s), anomaly of DADD was 
positive (negative) for SC, CQ, and SWC, negative (posi-
tive) for GZ, positive (positive) for YN, and negative (nega-
tive) for wGX. Comparing Fig. 4c, d, it was interesting to 
find that DADI anomaly was basically opposite to those 
of DADD for a given period in some provinces of SWC. 
Figure 4d displayed that DADI anomaly for each province 
(excluding wGX) and SWC was negative for 2000s+, sug-
gesting that drought intensity had intensified. For other 
three periods, SC consisted with CQ in DADI anomalies 
which were negative in 1970s, positive in 1980s and nega-
tive in 1990s; GZ was the same as YN with anomalies to be 
positive in 1970s, negative in 1980s and positive in 1990s; 
and wGX exhibited negative DADI anomalies in 1970s and 
1980s, and positive ones in 1990s.

3.3  Contributions of precipitation and PET to DADD 
and DADI anomalies

From the above analyses, we knew that drought responses 
to decadal precipitation and PET anomalies differed among 
regions. Therefore, we hypothesized that PET also played 
an important role in the occurrence of drought anomaly in 
SWC. For testifying this hypothesis, spatial multi-linear 
regressions for 3-month DADD and DADI anomalies as 
dependent variables for each province or the entire SWC 
were established with independent variables of precipita-
tion and PET anomalies to quantify precipitation and PET 
contributions. Also, spatial differences, such as topogra-
phy (height), and latitude and longitude of sites, had been 
included in these regressions. Based on the least square 
method, regression coefficients and correlation coefficients 
(R) between the DADD (DADI) anomalies from the estab-
lished regressions and those extracted from 3-month SPEI 
were obtained, which were shown in Table 2. It was not dif-
ficult to find that each region had a higher value than ~0.8 
(~0.6) except wGX with R of 0.67 (0.35; Table 2); this sug-
gested that these regressions well fitted the 3-month DADD 
(DADI) anomalies. As shown in Table 2, coefficients signs 
of decadal precipitation and PET anomalies for DADD 
were negative and positive respectively, indicating that 
both precipitation decreases (increases) and PET increases 
(decreases) would prolong (reduce) drought duration. In 

contrast, positive and negative coefficients of decadal precip-
itation and PET anomalies for DADI, respectively, indicated 
both increases (decreases) in precipitation and decreases 
(increases) in PET would weaken (strengthen) drought 
intensity. It was not difficult to understand these findings. 
Based on soil water balance, precipitation increases or PET 
decreases would lead more water to be stored in the soil, 
consequently resulting in soil conditions to be unfavorable 
for drought evolution, and vice versa. Noteworthy, compar-
ing precipitation and PET coefficients of DADD and DADI 
in each period, the larger absolute value of PET coefficient 
denoted that drought responses to PET anomaly were more 
sensitive than precipitation in SWC. Overall, from perspec-
tives of the regressions performances (R) and the associated 
physical explanations, these regressions could relative accu-
rately and reasonably reconstruct DADD (DADI) anomalies, 
which provided a potential, effective tool for quantifying 
contributions of decadal precipitation and PET anomalies to 
anomalous DADD (DADI).

Using these multi-linear regressions parameters, we 
have estimated the respective contributions of decadal pre-
cipitation and PET anomalies to DADD and DADI for each 
period in SWC and the five provinces (Fig. 5 for DADD and 
Fig. 6 for DADI). Figures 5, 6 showed that anomalous PET 
contributions to DADD (DADI) anomalies during 1970s 
were all positive for each region with a range from 0.09 to 
0.66 month/year (from −0.09 to −0.014), while contribu-
tions of decadal precipitation anomalies were all negative 
with a value between −0.41 and −0.004 (between 0.003 
and 0.04). Obviously, the main causes of positive DADD 
(negative DADI) anomalies were positive PET variations for 
each region in 1970s, not including GZ where the dominant 
contributor was negative precipitation anomaly. For 1980s, 
because of complicated allocation of decadal precipitation 
and PET anomalies, the dominant causes of DADD (DADI) 
varied from region to region. Except for GZ with positive 
(negative) PET contribution to DADD (DADI) anomaly, 
SWC and other four regions all showed negative (positive) 
contributions ranging from −0.31 to −0.008 month/year 
(0.001–0.05). Meanwhile, precipitation anomalies in GZ and 
wGX positively (negatively) contributed to DADD (DADI), 
followed by other provinces and SWC showing negative 
(positive) contributions. Comparing contributions of PET 
and precipitation in 1980s, anomalies of DADD (DADI) in 
CQ, GZ, YN, wGX and SWC, were mainly induced by PET, 
precipitation, PET, precipitation, and PET, respectively; but 
anomalous precipitation (PET) were responsible for DADD 
(DADI) anomaly in SC. During 1990s, the contributions of 
PET and precipitation anomalies to DADD (DADI) were all 
negative (positive) except for precipitation in SC. In GZ, 
the dominant cause of DADD (DADI) anomaly was mainly 
because of anomalous precipitation with a contribution of 
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−0.48 month/year (0.04). Excluding GZ, SWC and other 
four provinces had the dominant causes of PET for DADD 
(−0.40 to −0.16 month/year) and DADI (0.027–0.053). 
In 2000s+, both precipitation and PET anomalies in each 
region positively (negatively) contributed to DADD (DADI). 
Additionally, drought intensifications of the period 2000s+ 

for each region (excluding wGX), including positive DADD 
and negative DADI anomalies, were mainly due to the 
greater contributions of negative precipitation anomalies. In 
wGX, precipitation and PET anomalies were the major con-
tributor for positive DADD and negative DADI anomalies, 
respectively.

Table 2  Multi-linear 
regressions coefficients for 
3-month drought

* Represented that the coefficient was significant at the confidence level of 5 %, while a was the correlation 
coefficients between the estimated DADD or DADI from the established regression and the derived from 
the 3-month SPEI. Also, we calculated the coefficients’ ranges at the confidence level of 5 % (see the sup-
plementary materials; Table S1)

Coefficients SC CQ GZ YN wGX SWC

Duration

 Constant 0.15 −0.44 −0.36 −0.098 −0.35 −0.16

 DEM 0.00001 −0.000016 −0.000015 −0.0000036 −0.000012 0.000004

 LAT −0.0023 −0.0027 −0.0043 0.00014 0.0034 −0.000086

 LON −0.0081 0.0049 −0.0045 0.00097 0.0025 0.0015

 Precipitation −0.0076* −0.0087* −0.0067* −0.0095* −0.0039* −0.0070*

 PET 0.022* 0.011* 0.011* 0.017* 0.0063* 0.017*

 Ra 0.86* 0.83* 0.79* 0.88* 0.67* 0.81*

Intensity

−0.061 0.19 0.15 0.047 0.26 0.035

 Constant
 DEM

−0.000001 0.000001 −0.0000007 0.00000019 −0.0000078 −0.00000083

 LAT 0.00079 0.00069 −0.00097 −0.00013 −0.00047 0.00025

 LON 0.00036 −0.002 −0.0012 −0.00044 −0.0023 −0.00039

 Precipitation 0.0011* 0.00051* 0.00058* 0.00077* 0.000094* 0.00063*

 PET −0.0019* −0.0024* −0.0014* −0.0019* −0.0011* −0.0018*

 R 0.61* 0.69* 0.59* 0.66* 0.35* 0.58*

Fig. 5  Contributions of pre-
cipitation and PET to DADD 
anomalies for each period and 
region. Dark red and blue lines 
denoted the range of precipita-
tion and PET contributions to 
DADD anomalies at the confi-
dence level of 5 %, respectively
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4  Discussions

4.1  Possible causes of decadal precipitation anomalies 
in 2000s+

Evidences have shown that there was a decreasing trend 
in annual precipitation over the SWC [Liu et al. 2014; Tan 
et al. 2016], and our results suggested that the decreasing 
tendency has accelerated since 2000. As can be seen from 
Fig. 4a and Fig.S1a, there was no apparent trend for pre-
cipitation from 1971 to 2000, while an abrupt decrease was 
observed around 2000, with 2000s+ featured by promi-
nent precipitation deficiency. This favors background for 
the intensification (e.g., severity, duration and extent) of 
the severe drought events over this study region. Most of 
previous studies have focused on some one single drought 
events (e.g., 2009/2010), whereas the investigations on the 
characteristics of decadal precipitation changes and the 
related possible causes were scarce over SWC, particu-
larly for the precipitation deficiency in 2000s+. Therefore, 
we aimed to discuss the possible causes of precipitation 
anomalies during 2000s+ from perspective of atmospheric 
circulation. As is known, moisture transportation and 
atmospheric dynamics played fundamental roles in precipi-
tation anomalies. Commonly, moisture convergence could 
increase humidity of air mass, and ascending motion usu-
ally decreases air temperature, consequently resulting in air 
to be saturated and then forming precipitation. Before ana-
lyzing the atmospheric dynamics with the NCEP/NCAR 
reanalysis data, it was necessary to compare the spatial 
patterns of precipitation anomalies between observational 
(Fig. 7a) and reanalysis datasets (Fig. 7b). Obviously, we 

found that the reanalysis data could well capture the spatial 
characteristics of precipitation anomalies over most SWC 
(except for northeast SC), including the occurrence of pre-
cipitation deficiency generally in CQ, GZ and most YN, 
and the precipitation surplus in southeast GX and west SC. 
Therefore, it can be speculated that precipitation anomalies 
in 2000s+ were mainly caused by circulation.

During 2000s+, the moisture condition (Fig. 7c) was 
unfavorable for precipitation over SWC. Firstly, anoma-
lies of the northerly moisture flux over this region oriented 
against the climatological flow, indicating a weaken mois-
ture transportation from the Indian Ocean. Secondly, SWC 
was dominated by the moisture divergence. For example, 
statistical significant (p < 0.1) moisture anomalies could 
be detected at east SC, CQ, most of GZ, northwest GX 
and southeast YN. However, convergence anomalies were 
mainly located at southeast GX and northwest SC. In most 
regions of SWC, anomalies of moisture divergence/conver-
gence matched well with those of precipitation. The diver-
gence over CQ, GZ and YN corresponded to precipitation 
deficiency, but precipitation surplus in west SC and south-
east GX could be linked to the local moisture convergence. 
Notably, there were also some regions where moisture con-
ditions mismatched with precipitation anomalies, with one 
possible cause was that the vertical motion anomalies might 
reinforce or cancel out the effects of moisture divergence. 
For instance, despite that there was stronger moisture diver-
gence (convergence), precipitation amount over east SC 
(northwest GZ) was still slightly less (more) than normal 
level, which was probably due to the offsetting effects of 
anomalous ascending (descending) motion (Fig. 7d). It was 
evident that over most of YN, GZ and northwest wGX, the 

Fig. 6  Contributions of precipi-
tation and PET to DADI anoma-
lies for each period and region. 
Dark red and blue lines denoted 
the range of precipitation and 
PET contributions to DADI 
anomalies at the confidence 
level of 5 %, respectively
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prominent precipitation deficiency was because of moisture 
divergence accompanied with descending motion.

Moisture transport and atmospheric dynamic anoma-
lies associated with SWC precipitation largely arose from 
external forcing of the atmosphere, such as sea surface tem-
perature (SST), or the atmosphere internal variability. It has 
been noted that precipitation variability over SWC might 
have a link with the El Niño–Southern Oscillation (ENSO). 
Using composite analysis, Feng et al. (2014) found that dur-
ing La Niña events, latent heating over the Maritime Con-
tinent was enhanced, which would favor downward motion 
over SWC through the modulation on local Hadley circu-
lation. Apart from La Niña, Zhang et al. (2013) revealed 
that central Pacific El Niño events were also responsible 
for SWC precipitation decrease. Notably, after 1990s, cen-
tral Pacific El Niño events occurred more frequently, which 
was favorable for decadal precipitation decrease over SWC 

(Zhang et al. 2014). Wang et al. (2015b) stated that increas-
ing trend of tropical Northwest Pacific SST also promoted 
decrease in SWC precipitation during autumn. Atmos-
pheric internal variability (e.g., North Atlantic Oscillation, 
NAO) also had a significant impact on SWC precipitation. 
Negative NAO could trigger an anomalous anticyclone over 
subtropical Asia through Rossby wave energy propagation, 
thereby decreasing precipitation in SWC (Ju et al. 2011). 
Additionally, it is well known that SWC has complicated 
topography (seen in Fig. 1), e.g., Yunnan–Guizhou plateau, 
Sichuan basin and Qinghai–Tibetan plateau, which could 
lead to prominent regional climate. For example, Qinghai-
Tibetan plateau could significantly influence water vapor 
flux (Tao et al. 1999) and atmospheric circulation via land 
surface processes (Wu and Zhang 1998; Wu et al. 2004; 
Liang et al. 2005; Zhu et al. 2007), and consequently SWC 
precipitation.

Fig. 7  Decadal anomalies 
of precipitation in observa-
tions (mm/year, a) and NCEP/
NCAR reanalysis (mm/year, 
b), vertical integrated moisture 
flux (vector, 10−6kg/m/s) and 
divergence (shaded, 10−6kg/
m2/s, c), and vertical velocity 
at 500 hPa (Pa/s, d) over SWC. 
Notably, positive (negative) 
values in c represented moisture 
divergence (convergence), while 
positive (negative) values in d 
denoted descending (ascending) 
motion. Dotted areas in a, b, d, 
and contours in c denoted that 
the anomalies were statistical 
significance with p < 0.1. Verti-
cal integrated moisture flux and 
divergence, and vertical motions 
were calculated based on the 
NCEP/NCAR reanalysis data-
set, while the spatial distribution 
of precipitation anomalies was 
interpolated by the bi-linear 
interpolation method with the 
269 weather sites observations
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4.2  Causes of decadal PET anomalies

As climate change and human activities were exacerbating, 
global water balance was believed to be changing signifi-
cantly, and many have already done so; whereas intensity 
and characteristics of such alteration might vary spatially 
(IPCC 2014). In the recent years, numerous studies have 
focused on prior and future changes in water cycle (e.g., 
ET and runoff/streamflow) as well as its underlying driv-
ers on global, regional and watershed scale (Roderick and 
Farquhar 2002, 2004; Roderick et al. 2007; Chaplot 2007; 
Andréasson et al. 2004; Gosling et al. 2010; Sun et al. 
2010, 2012, 2013, 2014). For instance, Roderick and Far-
quhar (2002) demonstrated that the large, widespread 
decreases in sunlight exposure due to cloud coverage and 
aerosol concentration increases was the major cause of the 
declining terrestrial evaporation over the past 50 years. 
Sun et al. (2010) revealed that the decreases in annual pan 
evaporation in Jiangxi Province of China were mainly 
because of the reduced daily hours of sunlight and wind 
speed. From the above analyses, the fact that decadal PET 
anomaly could impact on drought (i.e., DADD and DADI) 
in SWC was beyond doubt. What was more, PET contri-
butions to drought were greater than precipitation at some 
time, such as in 1970s, 1980s and 1990s for SWC, suggest-
ing that PET impacts on drought were also an indispensa-
ble, important item for explaining drought changes. There-
fore, to quantify what magnitude climate change induced 
PET was helpful for understanding drought changes 
comprehensively.

Seen from the Penman–Monteith equation employed 
in this study, sunshine duration (can reflect net radiation), 
mean temperature, VPD and wind speed were the major 
determinant factors of PET. We first analyzed decadal 
anomalies of these climate variables during each period in 
each province and SWC (Fig. 8a1–d1). Generally, decadal 
anomalies of sunshine durations in these regions were posi-
tive in 1970s but negative during the other three periods; 
and moreover, comparing these anomalies during 1970s to 
2000s+, there were also an obvious phenomenon of global 
dimming around 1980s and brightening after then in SWC, 
which generally coincided with the findings over the world 
(Wild et al. 2005, 2007; Kumari et al., 2007; Ohmura 2009; 
Wang et al. 2013a, b; Shen et al. 2014; Stanhill and Ahi-
man 2014; Rahimzadeh et al. 2015). Previous studies have 
pointed out that changes in sunshine duration were asso-
ciated with cloud coverage, and air pollution and aerosol 
loading from rapid urbanization (Roderick and Farquhar 
2002; Qian et al. 2007; Li et al. 2012; Yang et al. 2012b; 
Wang et al. 2013a, b; Kang et al. 2014; Stanhill et al. 
2014). In response to continuously global warming over the 
past century possibly due to anthropogenic activities, such 
as greenhouse gases (e.g., CO2) emissions (IPCC 2013; Xu 

et al. 2015c), decadal anomalies of mean temperature in 
each province and SWC were basically negative in the peri-
ods of 1970s–1990s, but positive in 2000s+. Interestingly, 
temperature over these study areas negatively responded to 
sunshine duration in 1970s and 2000s+, which were seem-
ingly contrary to our common knowledge. To address this 
issue, numerous researches have been carried out from a 
perspective of the Earth’s energy budget (Philipona and 
Dürr, 2004; Dong et al. 2006; Wild et al. 2007, 2008; Stan-
hill 2011; Stanhill et al. 2013; Stanhill and Ahiman 2014; 
Deng et al. 2015; Longinov et al. 2014; van den Besse-
laar et al. 2015), and the scholars found that temperature 
changes were mainly controlled by the long-wave radia-
tion, whose variations were closely linked to clouds, water 
vapor, precipitation, wind speed, greenhouse gases and 
aerosols, and their complex interactions (Dai et al. 1997, 
1999; Wild et al. 2007; Stanhill 2011; Longinov et al. 2014; 
Stanhill and Ahiman 2014; Lin et al. 2015). For decadal 
anomalies of VPD in all these regions, the first three and 
the last periods generally showed to be negative and posi-
tive, respectively, which mainly depended on synergistic 
variations of es and Rh viewed from the formula of VPD 
[= es × (1−Rh)]. Therefore, we also calculated their dec-
adal anomalies for each subregion and SWC: (1) es: nega-
tive from 1970s to 1990s but positive in 2000s+ (Fig. S5a) 
in responses to the continuously increasing maximum and 
minimum temperatures (Shen et al. 2014; Qin et al. 2015b); 
and (2) Rh: generally positive and negative during the first 
three and the last decades, respectively (Fig. S5b), which 
agreed with the previous results that an abrupt decrease in 
Rh occurred over land areas in the last decade (Dai 2006; 
Simmons et al. 2010; Xie et al. 2011; Vicente-Serrano et al. 
2014). During 1970s−1990s/2000s+, the positive/negative 
Rh anomalies might be explained from two aspects, includ-
ing (a) the relative lower/higher temperature (Fig. 8b1), 
which indicated the lower/higher es (Fig. S5a), and (b) the 
more/less moisture supply from the main terrestrial and 
oceanic areas, which could be reflected by the decadal pre-
cipitation anomalies (Fig. 4a). Decadal wind speed anoma-
lies for all the regions (excluding CQ in 1970s) appeared 
to be positive in 1970s and 1980s but negative in the other 
two periods, which were generally consistent with the pre-
vious results (Xu et al. 2006; Guo et al. 2013; Lin et al. 
2013; Yang et al. 2012c). These researchers pointed out 
that the spatial gradient of surface global warming or cool-
ing (e.g., land vs. ocean) might be the main cause of wind 
speed decreases at a regional scale through atmospheric 
thermal adaption. Therefore, it was not difficult to under-
stand that the lower/higher temperature over SWC would 
like to accompany with the stronger/weaker wind speed 
in the first/last two decades (Fig. 8b1 vs. d1). In addition, 
it was to be noted that anthropogenic activities, including 
land use/cover change (especially for urbanization) and air 
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pollution, could also influence wind speed (Klink 1999, 
2002; Xu et al. 2006; Ren et al. 2008; Wang et al. 2014b). 
All in all, the major climatic factors (e.g., sunshine dura-
tion, mean temperature, VPD and wind speed) over SWC 
showed an apparent decadal changes, characterized by 
complex couplings among them. Despite that, the further 
analyses about the underlying physical mechanisms were 
beyond of this study scope, and thus we would like to do 
this in the future work.

Although the change signs of each PET driving fac-
tor were basically the same, their magnitudes varied from 
region to region. Using a similar method of multi-linear 
regression for quantifying contributions of decadal pre-
cipitation and PET anomalies to drought, we also obtained 
the regression coefficients of PET with R of higher than 
0.95, which were shown in Table 3. In terms of these 

coefficients, the driving factors could significantly influ-
ence PET, but their magnitudes differed. Then, through 
multiplying coefficient by the decadal anomaly of some 
one driving factor for each period in each region, we cal-
culated their contributions to decadal PET anomalies 
which were displayed in Fig. 8a2–d2. In 1970s, dominant 
contributors for positive decadal PET anomalies in each 
region were mainly higher sunshine duration and stronger 
wind speed relative to the multi-year mean. During 1980s, 
the negative decadal PET anomalies in SC, CQ, wGX and 
SWC were mainly due to lower VPD, while higher wind 
speed was attributed to the positive decadal PET anomalies 
in GZ, and the integrated contributions of lower sunshine 
duration, mean temperature and VPD was responsible for 
the negative decadal PET anomaly in YN. For 1990s, the 
main contributors for decadal PET anomalies were weaker 

Fig. 8  Decadal anomalies of 
the major PET driving factors 
a during 1970s to 2000s+, and 
their contributions to decadal 
PET anomalies b for each study 
region. Vertical dark line of the 
right panel denoted the range of 
driving factors’ contributions to 
decadal PET anomalies at the 
confidence level of 5 %
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wind speed in SC and YN, lower VPD in CQ, GZ and the 
whole SWC, and shorter sunshine duration in wGX. For 
decadal PET anomalies in 2000s+, it was very obvious 
that major contributors for all these regions were because 
of higher VPD. Additionally, it was noteworthy that mean 
temperature could have significantly impact on PET (seen 
from the significance level of its regression coefficient), but 
they were limited and smaller comparing against others’ 
effects, which were consistent with other previous studies 
(Roderick and Farquhar 2002, 2004; Roderick et al. 2007; 
Sun et al. 2010, 2014). This implied that impacts of other 
climate variables (e.g., VPD, wind speed and sunshine 
duration) on PET were more important than those of tem-
perature, and thus more attentions should be paid on these 
driving factors’ influences for understanding PET changes 
comprehensively in the future researches.

4.3  Uncertainties

In spite of the SPEI model providing a useful metric of 
surface moisture balance, which associated with both sup-
ply and demand considerations, several factors (e.g., soil 
properties, elevated atmospheric CO2, vegetation-drought 
interaction and human activities) ignored by this index as 
formulated herein, had more or less potential to impact our 
results. As known to all, soil moisture always closely cor-
related soil properties, which determined how long and how 
much water would be held in soil layers. Park et al. (2004) 
found that water-holding capacity variation could explain 
most local variations of soil moisture, suggesting that soil 
properties played an important role in monitoring droughts. 
Theoretically, the elevated atmospheric CO2 were expected 
to directly influence plants physiological functions through 
declining stomatal and canopy conductance, increasing 
the water use efficiency of plants, and thus decreasing ET 
and soil moisture losses. These expectations have been 
extensively observed by various vegetation datasets, and 
further validated by numerous modeling studies over the 

world during the past decades (Field et al. 1995; Betts et al. 
1997, 2007; Cramer et al. 2001; Medlyn et al. 2001; Cao 
et al. 2010; de Boer et al. 2011; Lammertsma et al. 2011; 
Miglietta et al. 2011; Warren et al. 2011; Wiltshire et al. 
2013; Sun et al. 2014). It was worthy noting that, however, 
empirical evidences for this water use efficiency effect as a 
large-scale control on the surface moisture budget were still 
highly uncertain. For instance, Domec et al. (2009) investi-
gated loblolly pine acclimation to long-term elevated CO2 
and demonstrated that the elevated CO2 effect on stoma-
tal conductance manifested only during times of high soil 
moisture, rather than drought. Naudts et al. (2013) pointed 
out that no significant additional impact of the enhanced 
CO2 on soil wetness was revealed in their designed numeri-
cal simulations. Based on a modified Soil and Water Assess-
ment Tool (SWAT) model by involving the better descrip-
tions of plant physiology effects, Sun et al. (2014) also 
found that the enhanced CO2-induced stomatal conductance 
had a negligible effect on ET compared to climate change 
across the Poyang Lake Basin of China. The third factor 
was drought-vegetation interaction. It was well-known that 
vegetation under droughts was likely to dramatically alter 
through controlling stomatal conductance and structure 
[e.g., leaf area index (LAI); Ji and Peters 2003; McDowell 
et al. 2008; Jain et al. 2010; Sun et al. 2015]. Additionally, 
Anderegg et al. (2012) and Reichstein et al. (2013) reported 
that droughts, especially the most severe, often resulted in a 
higher vapor pressure gradient between leaves and atmos-
phere, inducing a stress on the hydraulic system of plants. 
As a result, high tension in the xylem can trigger embolism 
and partial failure of hydraulic transport in the stem, and 
even potentially causes vegetation mortality (Cook et al. 
2007; Allen et al. 2010; Guardiola-Claramonte et al. 2011; 
Adams et al. 2012). In reverse, drought-induced vegetation 
changes or mortality would significantly influence effec-
tual precipitation on the land surface, ET and soil moisture 
losses, and thus change the drought evolution (Teuling et al. 
2010). Besides the potential uncertainties mentioned above, 

Table 3  Multi-linear 
regressions coefficients for PET

* Represents that the coefficient was significant at the confidence level of 5 %. Also, we calculated the 
coefficients’ ranges at the confidence level of 5 % (see the supplementary materials; Table S2)

Coefficients SC CQ GZ YN wGX SWC

Constant −1.32 −45.62 −6.91 −18.04 −29.24 −10.79

DEM 0.00019 −0.0035 −0.00018 0.00011 0.0013 0.00027

LAT 0.00073 −0.14 −0.034 0.19 −0.22 0.065

LON 0.0096 0.47 0.074 0.12 0.31 0.081

Sunshine duration 0.17* 0.17* 0.19* 0.18* 0.22* 0.18*

Mean temperature 20.99* 9.93 9.62* 20.70* 18.65* 17.32*

VPD 179.50* 167.92* 299.81* 176.17* 191.24* 197.27*

Wind speed 84.57* 93.16* 34.52* 67.28* 71.60* 67.05*

R 0.97* 0.98* 0.95* 0.95* 0.98* 0.95*
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human activities [e.g., landuse/cover change (LUCC) and 
water resource facilities and management] could also exert 
impacts on droughts to some extent (Mu et al. 2010; Qiu, 
2010). Taking deforestation as an example, soil layer was 
likely to become thinner because of the water loss and soil 
erosion, which would weaken soil water capacity. Lastly, 
the deforestation-induced land surface hydrological balance 
changes potentially resulted in more drought occurrences 
after deforestation.

5  Conclusion

Numerous researches have pointed out that climate extreme 
events, particularly for drought, have frequently and inten-
sively occurred across the world due to the exacerbat-
ing climate change. In this current study, we selected the 
hotspot of SWC as a study region, and analyzed decadal 
drought anomalies (i.e., drought extent, duration and inten-
sity) during 1971–2012, which were extracted from the 
3-month SPEI values derived from the routine meteoro-
logical observations at 269 sites. For each province and the 
whole SWC, droughts in 1970s and 2000s+ was basically 
stronger than those in 1980s and 1990s, including greater 
extent, longer duration and enhanced intensity, especially 
in 2000s+ with the strongest drought in GZ and YN. Addi-
tionally, for quantitatively evaluating decadal precipitation 
and PET anomalies impacts on drought in each region, 
we proposed spatial multi-linear regressions for 3-month 
DADD or DADI anomalies as dependent variable with inde-
pendent variables of precipitation and PET anomalies, and 
heights, latitudes and longitudes of sites. For these regions, 
regressions coefficients of decadal precipitation and PET 
anomalies for DADD (DADI) variations were all negative 
(positive) and positive (negative), implying that precipita-
tion decreases (increases) and PET increases (decreases) 
would prolong drought duration (intensity), and vice versa. 
Meanwhile, absolute value of PET larger than one of pre-
cipitation suggested that drought responses to PET anoma-
lies were more sensitivity than precipitation on the decadal 
time scale. Comparing the contributions of decadal precipi-
tation and PET anomalies, results showed that: except for 
GZ, both DADD and DADI anomalies in 1970s and 1990s 
were mainly because of decadal PET, and decadal precip-
itation anomaly in 2000s+ was the major contributor for 
each region; while there were obvious regional differences 
for the dominant contributor of DADD and DADI anoma-
lies in 1980s.

In this study, we found that decadal PET anomalies 
could exert comparative or higher impacts on DADD and 
DADI relative to precipitation in some periods. These 
findings imply that PET played a critical role in drought 

evolution during drought episodes, which acted to amplify 
drought duration and intensity. Overall, our analyses pro-
vided a comprehensive assessments of the respective 
influences of decadal PET and precipitation anomalies on 
drought (mainly including duration and intensity) changes 
in SWC in the last ~40 years, which would stress the need 
for the enough attentions for PET in the future drought 
researches.
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