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Abstract
In this study, taking drought disaster-causing factors like precipitation, temperature, reference evapotranspiration, and the degree of drought severity based on the drought index as study objects, the characteristics of these above elements against the background of global warming were analyzed by using the method of
climate statistics. The data include a variety of climate observations of 129 meteorological stations in southwestern and southern China from 1961 to 2012. The results show that over the past half century sustained temperature increase has been presented in the study area against the background of global warming. However,
there is still a sharp warming point (mutation point) of temperature time series that occurred in 1994 during
1961 to 2012 according to the Mann-Kendal test. In other words, the past half century could be divided into
two episodes with the year 1994 as the boundary: the first period (i.e. the period before significant temperature rise) from 1961 to 1994, and the second period (i.e. the period after significant temperature rise) from
1995 to 2012. In order to highlight the effects that result from obvious warming, a comparison of the above
factors between the two episodes and the trend of these factors in the two episodes are analyzed. This shows
that, during the period after significant temperature rise, the study area has experienced a significant downward trend in precipitation and a decline in reference evapotranspiration, but a rise in its change trend, and
more serious degree of drought severity due to the impact of less precipitation and higher temperatures.

Keywords: drought disaster-causing factors, global warming, anomaly, southwestern and southern
China

Introduction
Global warming has been a hot topic and has drawn
widespread attention of scientists. Multiple data analysis
results have verified global warming in the 20th century [1-4].
*e-mail: wangjs02@lzu.edu.cn

The 20th century witnessed global warming, which is indisputable, although whether it witnessed the highest temperature in the recent millennium needs to be further confirmed [5]. Since 1950, multiple observed changes have
shown that global warming in the past 60 years is beyond
doubt [6]. Global warming has brought about severe environmental problems, including a rise in sea level and
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increased natural hazards [7]. For example, Oerlemans [8]
estimated that the total area of the world’s mountain glaciers would decrease by 1/3-2/3 in the 21st century as a result
of global warming.
Against the background of global warming, extreme
weather and climate events and accompanying disasters
have increased in frequency and intensity. Losses caused by
meteorological disasters – especially droughts – have consequently been increasing, seriously threatening the sustainable development of the social economy and environment worldwide [9]. Dai [10] pointed out that recent warming has increased atmospheric moisture demand and likely
altered atmospheric circulation patterns, both contributing
to the drying. In the past decade droughts have occurred
more frequently over the world. Drought becomes a main
threat to crops, which compromises food production capacity and food security [11]. Research also shows that social,
economic, and environmental sustainability can be
enhanced by disaster risk management and adaptation
approaches [12]. The increased risk of drought duration,
severity, and extent is a direct consequence of global warming [13]. Drought risk management can transfer negative
exposure and passive adaptation to positive prevention and
proactive response, favoring efficient allocation of drought
control resources and elimination of the adverse effects of
drought [14]. The drought hazards assessment is essential
for making mitigation plans to reduce the impact of drought
in China [15, 16]. As a foundation for drought risk management, drought hazard assessment should make clear
drought characteristics, including variations in intensity
caused by drought disaster-causing factors such as precipitation, temperature, and evaporation, with precipitation as
the most direct. It is necessary to analyze characteristics of
drought disaster-causing factors and their combined effect
so as to achieve drought risk management and enhance the
sustainable development of society, economy, and the environment.
Northwestern and northern China have suffered long
and frequent drought in the past. However, in recent years
southwestern China and the middle and lower Yangtze
River regions that used to have abundant precipitation have
experienced severe drought, causing enormous economic
losses [17-19]. Especially in southwestern China, drought
has been increasing and the frequency of extreme drought
has risen significantly in the past 50 years [20-24].
The research of He et al. [20] also showed that southwestern China is one of the high drought hazards areas. Against
the background of global warming, there is an upward trend
in serious and frequent drought, especially in the past
decade in southern China [25, 26].
All of the above research indicate that drought has
occurred frequently not only in northern China, but also in
the south. In fact, drought occurs over most parts of the
world, even in wet and humid regions [10]. Although
drought can occur anywhere, a primary cause of dramatic
increase in drought in the past decade in southwestern and
southern China may have some connection with global
warming. Under global warming conditions, what are the
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evolution characteristics of drought disaster-causing factors? In this paper, we take southwestern and southern
China as the case area, being the area of the greatest occurrence of drought in recent years. Rice planted in southern
China accounts for 94% of the total in sown acreage and
88% of the total in production in China [11].
Although global temperature increases have become
pronounced after the 1970s [27], responses to global warming in regions are different. Degrees of global warming
experience are obvious spatial differences in regional distribution [3]. This kind of different regional distribution in
temperature is also reflected in China [28]. In order to analyze evolution characteristics of drought disaster-causing
factors against the background of global warming, it is necessary to first consider the characteristics of responses to
global warming of the study area. In this paper, the period
from 1961 to 2012 has been selected as the analysis period,
considering the characteristics of time periods and regional
differences of responding to warming.
This paper first analyzed the temperature mutation point
of the study area in the past half a century and then gave the
comparison results of the evolution characteristics of
drought disaster-causing factors between the period before
and after significant temperature rise.

Data and Method Description
Study Area and Data
The study area is situated in southern China (Fig. 1),
including Sichuan, Chongqing, Yunnan, Guizhou, Guangxi,
and Guangdong provinces. This area is mainly located in
the subtropical climate zone, except for northwestern
Sichuan and the northernmost part of Yunnan, which are
located in the plateau climate zone. In addition, the southern part of Yunnan and Guangdong provinces also belong
to a tropical climate zone.
On the whole, the precipitation of the study area
increases from the northwest to the southeast. The mean
annual precipitation varies from about 500 mm in the northwest in Sichuan to more than 2,000 mm in Guangxi and
Guangdong along the southern coast. It is worth noting that
there is a high-value precipitation area in central Sichuan,
where Emei Mountain is located, due to the mountainprecipitation effect. Drought hazards occur frequently in
the study area, with one distinct feature in recent years –
that droughts generally extend over a large area and they
can continue for months or years, causing serious and lasting impacts on society and the economy.
This paper selected a variety of climate observations
from 129 meteorological stations in the study area (Fig. 1)
during 1961 to 2012, including monthly precipitation and
monthly average temperature, daily maximum temperature
and minimum temperature, sunshine hours, relative humidity, and average wind speed. All the data in this paper are
obtained from the National Meteorological Information
Center and have passed quality control.
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Climatic variability is actually a linear regression coefficient between climatic factor and time using the least
square to estimate:
n

k

Fig. 1. The location of southwestern and southern areas in
China, the spatial distribution of mean annual precipitation
(mm), and 129 meteorological stations (solid dots) in the study
area.

Methods
Mann-Kendall Method
The Mann-Kendall trend test method (referred to as
M-K) was adopted to detect sequence trends of climatic
elements and to evaluate whether there is a significant
discontinuity in data collected over a period of time.
It is one of the most widely applied tests to detect the
trend and abrupt change of a climate variable. As a nonparametric statistical test, this method is free from compliance with a certain distribution of samples and outlier
interference. Characterized by a wide range of detection,
less artificiality, and high quantification, focusing on climate sequence mutations, M-K has been widely adopted
[29]. The positive value of the M-K test means an
increasing trend, and the negative value denotes a
decreasing trend. The basic steps can be found in the literature [30].
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...where xi is temporal series of one climatic factor, ti
denotes the corresponding time for xi, n is the quantity of
samples (i.e. number of year), and k is variability [30].
Penman-Monteith Method
Reference evapotranspiration refers to the case of evapotranspiration at the sufficient soil moisture condition,
reflecting the underlying surface’s evapotranspiration ability determined by weather and climate conditions serving as
a main factor to be considered in the analysis of drought.
Reference evapotranspiration is generally obtained through
estimating, and there are many methods for doing so.
The FAO Penman-Monteith method was recommended as
the sole standard method for the definition and computation
of reference evapotranspiration [31]. Also, according to the
studies of Gao et al. [32], the FAO Penman-Monteith formula, which is based on the energy balance and water vapor
diffusion theory, can reflect the combined effects of various
climatic elements applicable to evapotranspiration calculations of areas of different climate types. This paper adopted
the FAO Penman-Monteith method to calculate reference
evapotranspiration. The specific formula of the FAO
Penman-Monteith method as well as the selection of some
parameters can be found as follows:
The equation of reference evapotranspiration from
Allen et al. [31] is defined as:

Trend Coefficient and Variability
This paper adopted trend coefficient and variability to
represent the nature and amplitude of climatic element
change, in other words increase or decrease and their
respective degree expressed with magnitude, in general, as
far as precipitation and temperature are concerned, with the
unit of mm·decade-1 and ºC decade-1.
The trend coefficient is calculated as follows:
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...where ET0 is the reference evapotranspiration (mm·day-1),
Rn is the net radiation at the crop surface (MJ·m-2·day-1),
G is the soil heat flux density (MJ·m-2·day-1), T is the mean
daily air temperature at 2 m height (ºC), U2 is the wind
speed at 2 m height (m·s-1), es is the saturation vapour pressure (kPa), ea is the actual vapour pressure (kPa), es–ea is the
saturation vapour pressure deficit (kPa), Δ is the slope of
saturation vapour pressure curve at air temperature T
(kPa·ºC-1), and γ is the psychrometric constant (kPa·ºC-1).
Significantly, as the magnitude of the day soil heat flux
beneath the grass reference surface is relatively small, it
may be ignored and thus:

G≈0
For the other details, expressions are given by:

(4)
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Table 1. The categories of drought severity about K index.
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The degree of drought severity is expressed with K
drought index, which has been well applied in northwestern
China and the Yellow River basin [33, 34], while its application in southern China is analyzed in another paper [35].
In the above literature, comparative analysis of drought
monitoring effects of different drought indices highlighted
the advantages of K drought index in drought monitoring of
different areas.
The K drought index is defined as:
(10)

...where Ki,j is the K drought index; R’i,j and E’i,j are the relative variability rate of precipitation and reference evapotranspiration in an appointed period time, respectively;
i denotes the year number, and j denotes the meteorological
station number.
The R’i,j is given by:

Ric, j

Ri , j / R pj

Percentile chance (%)

1

No drought

> 30

2

Incipient drought

15 to ≤ 30

3

Moderate drought

5 to ≤ 15

4

Severe drought

2 to ≤ 5

5

Extreme drought

≤2

The E’i,j is given by:

K Drought Index Calculation

Ric, j / Eic, j

Drought description

(7)

...where σ is Stefan-Boltzmann constant (MJK-4·m-2·day-1),
Tmax,k and Tmin,k are the maximum and the minimum daily air
temperatures in kelvin units at 2 m height (K), respectively; Rs is the solar or shortwave radiation (MJ·m-2·day-1); Rso
is the clear-sky solar radiation (MJ·m-2·day-1); Tmax and Tmin
are the maximum and the minimum daily air temperature at
2 m height (ºC) respectively; RHmean is the daily relative
humidity (%); and U10 is the wind speed at 10 m height
(m·s-1).

Ki, j

Category

(11)

...where Ri,j is the precipitation in an appointed period time
and Rpj is the latest 30-year average value of precipitation
(i.e. normal climate) of an appointed time period.

Eic, j

Ei , j / E pj

(12)

...where Ei,j is the reference evapotranspiration in an
appointed period and Epj is the latest 30-year average value
of reference evapotranspiration (i.e. climate normal) of an
appointed period.
Following the approach of Svoboda et al. [36], the classification of drought severity of K index is divided into five
levels according to the percentile method (Table 1). Each category is associated with its percentile chance of happening in
any given year out of the study period from 1961 to 2012.

Results and Analysis
Characteristics of Responses to Global Warming
in Southwestern and Southern China
Using the M-K method, this paper tested the trend and
mutation of the annual average temperature sequence of 129
meteorological stations in southwestern and southern China
during 1961 to 2012. As shown in Fig. 2, the overall temperature of the study area has increased in the past half century. Before 1970, fluctuations appeared in temperature, with
alternate rises and falls in inter-annual terms. After 1970,
temperature experienced a rise in the fluctuation situation
with the latter particularly significant after 1986. Clearly, the
response to global warming of the study area is obvious,
namely consistent with the global average temperature rise.
Although Fig. 2 shows that the past half century has displayed a constant temperature rise in southwestern and
southern China, a mutation occurred in 1994 (UF and UB
intersection in Fig. 2) and a more significant temperature
rise after 1994, serving as a period with significant temperature rise in the past half century. Taking 1994 as a boundary, we divided the period of 1961 to 2012 into two
episodes: the first from 1961 to 1994 (i.e., the period before
significant temperature rise) and the second from 1995 to
2012 (i.e., the period after significant temperature rise).
Thus, in order to highlight the impact of significant warming, the following will use contrastive analysis to study the
new evolution features of drought disaster-causing factors
under climate warming and describe the impact of the new
characteristics on the development of drought.

Mann-Kendall statistic
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Fig. 2. The annual mean temperature of southwest and south China between 1961 and 2012 by the Mann-Kendall test. The dashed at
y= ±1.96 are the significance standard borderlines of α=0.05. UF: analysis of the temperature anomaly values from 1961 to 2012. UB:
analysis of the temperature anomaly values from 2012 retrograde to 1961. Graphical analysis is conducted for UF and UB to identify
the intersection of the curves, thus allowing detection of the initiation of a trend or change. The point of intersection of the two curves
UF and UB in 1994 indicates initiation of a sharp warming trend.

Analysis of Drought Disaster-Causing Factor
Characteristics before and after Significant
Temperature Rises
The direct cause for drought occurrence (or relief) is the
shortage (or increase) of precipitation. In case the increase
in precipitation fails to offset the increase in evaporation, it
will be difficult to relieve the drought. In the case of a
decrease in precipitation accompanied by an increase in
evaporation, it will exacerbate drought. Therefore, in considering drought disaster-causing factors, precipitation and
evaporation should be the most basic elements.
To highlight the impact of temperature rise, as described
in section 3.1, this paper took the year 1994 as the boundary to divide the period from 1961 to 2012 into 2 periods:
the first period (1961 to 1994), and the second period (1995
to 2012), with the first as the pre-significant temperature
rise period and the second as the post-temperature rise period, analyzing the differences between annual precipitation,
temperature, and reference evapotranspiration of the two
periods so as to explore the variation characteristics of
drought disaster-causing factors after the significant temperature rise and the impact of significant temperature rise
on drought disaster-causing factors.

of the study area clearly experienced less precipitation after
the temperature rise.
Fig. 4 shows the precipitation variation trends of the
study area before and after the period of significant temperature rise. In terms of distribution, the range of precipitation
decrease was more than that of precipitation increase before
the period of significant temperature rise (Fig. 4a).
However, the precipitation decrease trend of most areas
failed to pass the confidence level test with credibility of
95%. Compared with the period prior to the significant temperature rise, precipitation variation in most areas in the
period after the significant temperature rise showed a
downward trend (Fig. 4b), except for northwest Yunnan,
northeast Chongqing, and southern Sichuan and
Guangdong, which witnessed the contrary, with northeast
Sichuan experiencing a slight rise, consistent with the precipitation variation in the period prior to the significant temperature rise. Different characteristics lie in the fact that
after the significant temperature rise, a downward trend in
precipitation in most areas passed the confidence level test
with credibility of 95%. Precipitation in a small area in
northeast Sichuan experienced an obvious increase.

Variation Characteristics of Precipitation
before and after Significant Temperature Rise
Most areas of southwestern and southern China experienced less annual average precipitation during the period
after significant temperature rise from 1995 to 2012 than
that during the period before significant temperature rise
from 1961 to 1994 (Fig. 3), centering on central and southern Sichuan, north Chongqing, east Yunnan, west Guizhou,
central Guangdong, north and southwest Guangxi, with
decrease values from 120 to 220 mm, while west Sichuan,
central Yunnan, east Guangxi, and south and north
Guangdong saw a certain increase. Fig. 3 shows that most

Fig. 3. Difference of mean annual precipitation between periods
of 1995-2012 and 1961-1994 in southwestern and southern
China (unit: mm).
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was clearly greater than that after the significant temperature rise, indicating that over the past half century, the overall temperature rise of the study area mainly depended on a
significant temperature rise after 1994. We can see from
Fig. 5a that after the significant temperature rise, northeast
Sichuan, southwest Guangxi, and most parts of Guangdong
illustrated a temperature drop. And the rest of the areas displayed an obvious temperature rise.
The difference in temperature during 1995 to 2012 and
1961 to 1994 (Fig. 6) showed the temperature in the whole
area as a positive value, demonstrating that the temperature
of southwest and south China was clearly higher in the period after significant temperature rise than that in the period
before significant temperature rise, indicating that southwest and south China have experienced serious impacts of
global warming since 1994.

Reference Evapotranspiration Variation
before and after the Significant Temperature Rise
It is shown in Fig. 7a that there is a downward trend of
reference evapotranspiration in the period before significant temperature rise in southwest and south China, except
a small area of southwest and north Sichuan and west
Yunnan, and the downward trend of reference evapotranspiration in most areas passed the confidence level test with
Fig. 4. Trend ratio of annual precipitation during the period
before (a) and after (b) 1994 in southwestern and southern
China (unit: mm·decade-1). (Symbols ○, ○, and ○ in figures
mean the trend ratio passed the significant test at 0.001, 0.01,
and 0.05 levels, respectively.)

However, all other areas of southwest and south China witnessed a decrease, centering on north Guangxi (as little as
450mm·decade-1), and then south Sichuan, east-central and
south Yunnan, and west and north Guizhou, as little as 150350 mm·decade-1, in other words, after the significant temperature rise, precipitation in most areas of southwest and
south China experienced a significant decrease.
Analysis in combination with Figs. 3 and 4 shows that
temperature rise made the precipitation decrease more significant in the study area. East Yunnan, west Guizhou, and
north Guangxi experienced a large precipitation decrease
amplitude and an obvious downward trend in precipitation,
in other words making these areas show the most serious
precipitation decrease.

Distribution of Average Temperature
before and after Significant Temperature Rise
Over the past half century, the average temperature of
the study area has shown a rise as a whole, with mutation in
1994 and then illustrating a significant temperature rise
(Fig. 2). However, in terms of the spatial variation distribution before and after the significant temperature rise
(Fig. 5), in either case temperature in some areas also
showed a downward trend. The range of the downward
trend of temperature before the significant temperature rise

Fig. 5. Trend ratio of annual mean temperatures during the period before (a) and after (b) 1994 in southwestern and southern
China (unit: ºC·decade-1). (Symbols ○, ○, and ○ in figures mean
the trend ratio passed the significant test at 0.001, 0.01, and
0.05 levels, respectively.)
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distribution of the areas with larger reference evapotranspiration determined the distribution range of reference evapotranspiration rise of the study area over the past half a century. However, most of the areas in Fig. 8 showed a negative value, indicating that the average annual reference
evapotranspiration in the period after the significant temperature rise, in most areas of southwest and south China,
was less than that of the period before the significant temperature rise. Fig. 8 shows the drought magnitude
decreased by 30-110 mm, centering on northwest Sichuan,
which decreased by 110 mm.

Fig. 6. Difference of average annual mean temperatures
between periods of 1995-2012 and 1961-1994 in southwestern
and southern China (unit: ºC).

credibility of 99%, presenting that before the significant
temperature rise, reference evapotranspiration had significantly dropped in the study area, with the largest decreasing
value of 50 mm·decade-1, centering on the eastern part of
the study area. In the period after significant temperature
rise (Fig. 7b), except for a few places, the reference evapotranspiration variation experienced growth that passed the
confidence level test with credibility of 95%, and 99% in
northeast and west Yunnan and south Guangxi, showing a
significant temperature rise in reference evapotranspiration
variation, with the largest value reaching 90 mm·decade-1,
centering on Guangxi in the west and Yunnan in the east of
the study area and north Guangdong.
Over the past half century, reference evapotranspiration
has generally witnessed a downward trend (Fig. 7c) except
in southwest Yunnan, southwest and north Sichuan, and
east Guangdong displaying an upward trend, in other
words, the continual temperature rise over the past half century has failed to increase reference evapotranspiration in
southwest and south China. According to the study results
of Ren et al. [37], the direct influencing factors on evaporation are elements such as sunshine hours, average wind
speed, and daily range of temperature evaporation, and then
the significant temperature rise. Liu et al. [38] pointed out
that the observed pan evaporation and simulated actual
evaporation also demonstrated a downward trend from
1960 to 2005 in southwest and south China. According to
the comparative analysis between the results of this paper
and that of the previous research, we can see that reference
evapotranspiration variation characteristics of the study
area over the past half century obtained by this paper
through analysis are consistent with the results obtained by
previous studies.
As can be seen from Fig. 8, the difference of reference
evapotranspiration between the period before and after significant temperature rise was positive in southwest Yunnan
(bordering Yunnan and Sichuan), and east and south
Guangdong, with its distribution basically consistent with
the range of reference evapotranspiration rise over the past
half a century (Fig. 7c), indicating that in the period after
1994, namely the significant temperature rise period, the

Fig. 7. Trend ratio of annual reference evapotranspiration during
the period before (a) and after (b) 1994, and (c) from 1961 to
2012 in southwestern and southern China (unit: mm·decade-1).
(Symbols ○, ○, and ○ in figures mean the trend ratio passed the
significant test at 0.001, 0.01, and 0.05 levels, respectively.)
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Fig. 8. Difference of mean annual reference evapotranspiration
between 1995-2012 and 1961-1994 in southwestern and southern China (unit: mm).

Degree of Drought Severity Evolution
Characteristics before and after Significant
Temperature Rise
Global warming not only raises temperatures, but also
enhances drying near the surface, as is captured by the
PDSI [39]. How about the drought evolution in southwest
and south China against global warming? Based on the K
drought index, this paper calculated the monthly K value
and analyzed the variation trend of the degree of drought
severity from January to December in the period before and
after significant temperature rise (Fig. 9). The greater the
drought grade is, the higher the degree of drought severity.
The positive variation in the figures expresses an increasingly high degree of drought severity. The difference
between the degree of drought variation trends before and
after significant temperature rise was characterized by the
factors outlined below.
According to the characteristics of temporal change, we
can see from Fig. 9 that there has been a marked shift in
drought intensity between the two episodes, namely the
period after 1994 (i.e. the period after significant temperature rise) and the period before 1994 (i.e. the period before
significant temperature rise). These distinct differences
were demonstrated in all months except April and
September, which only showed a slight difference, with
February, March, July, August, November, and December
showing the greatest change. The degree of drought became
more severe in most areas after the temperature rise, centering on February, March, July, and August in the southern
part of the study area. As far as November and December
are concerned, the degree of drought was more serious in
the northern and western parts of the study area. In January,
May, June and October, drought intensity variation was significantly different before and after significant temperature
rise and the distribution of drought aggravation and mitigation was also different. No consistent distribution variation
rule was available.
From the characteristics of spatial change, we can also
see from Fig. 9 that there was an upward trend in drought
intensity in most parts of the study area after the significant
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temperature rise. There are different features of the change
in the trend in the degree of drought severity in different
regions in the study area. In Sichuan and Chongqing,
drought intensity showed an upward trend all year round
after the significant temperature rise, except for May and
July. In Yunnan, drought intensity showed a marked
increase in all months after the significant temperature rise
except for January and April. In Guizhou, drought intensity
experienced a change in the trend upwards in all the months
after the significant temperature rise except for April and
December. In Guangxi, drought intensity rose in all months
after the significant temperature rise except for June,
November, and December. In Guangdong, drought intensity showed a downward tendency after the significant temperature rise in January, May, June, October, and
November, and upward in the rest of the months. So we can
see from the above analyses that the months with significant marked increases in drought intensity are different for
the different areas. However, it was common that after the
significant temperature rise – in February, March, July, and
August – the degree of drought severity was aggravated
obviously in Yunnan, Guizhou, Guangxi, and Guangdong,
which is located in the south of the study area. And in
January, November, and December, the degree of drought
became more serious in Sichuan and Chongqing – all located in the northern part of the study area. The above-mentioned different distribution of the degree of drought severity in the different regions against the background of global warming revealed that a change in the trend of the degree
of drought severity is distinct in northern and southern
regions in the study area. Although regional differences in
the degree of drought severity exist, the underlying conditions of warming more easily leads to droughts. This result
is consistent with the result obtained by Song et al. [40].

Conclusions
The above contrastive analysis on drought disastercausing factors of the study area, including precipitation,
temperature, reference evapotranspiration, and drought
intensity, variation characteristics before and after the significant temperature rise, indicate that the sharp rise of temperature has significantly decreased precipitation, centering
on east Yunnan, west Guizhou, and north Guangxi, and
making reference evapotranspiration magnitude decrease
and variation trend increase in the period after the sharp
temperature rise. The intensity variation trend of the degree
of drought severity expressed by the drought index indicates that drought becomes serious with temperature rise.
The basic definition of the drought index shows that
drought will be further aggravated under the impact of less
precipitation and higher temperatures.
It should be emphasized that multiple research results
show that against the background of a rise in temperature,
reference evapotranspiration variation has decreased [32,
37, 38]. Analysis results of this paper also point out that the
reference evapotranspiration variation trend over the past
half century has decreased, which is consistent with the
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Fig. 9. Trend ratio of monthly degree of drought severity defined by K drought index during the period before (a1-a12) and after
(b1-b12) 1994 in southwestern and southern China. The symbols a1 to a12 on the top right corner of the figures indicate the different
months in the period during 1961 to 1994 (a1 means in January, a2 means in February, a3 means in March, etc.). The symbols b1 to
b12 are the same as a1 to a12, but for 1995 to 2012. Red shade: the degree of drought severity has aggravated the trend. Blue shade:
the degree of drought severity has alleviated the trend. Symbols ○, ○, and ○ in figures mean the trend ratio passed the significant test
at 0.001, 0.01, and 0.05 level, respectively.
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results obtained by the previous studies. However, in the
warmer period after 1994, the reference evapotranspiration
trend in the study area increased, which is inconsistent with
the results obtained by previous studies. We think that two
issues exist: Firstly, although the impact of the continual
significant temperature rises on evaporation is secondary
[37], the reference evapotranspiration increase indicated in
the study area originates from the warmer period after the
temperature sharp warming point. So, will the more dramatic temperature rise have an important effect and influence on reference evapotranspiration? This problem should
be discussed in the future. Secondly, this article reaches the
conclusion that reference evapotranspiration increases in
the significant temperature rise period, which may be closely related to the study time interval. To highlight the temperature rise influence based on the M-K test, this paper
found the temperature mutation point occurred in 1994.
Taking the year 1994 as the boundary, this paper took the
period during 1995 to 2012 as the significant temperature
rise period. Thus, the reference evapotranspiration in this
paper refers to the significant temperature rise period,
namely the period during 1995 to 2012, in other words a
very limited period. It is necessary to conduct further analysis with the follow-up data so as to determine the credibility of the upward trend in reference evapotranspiration
against the background of a sharp rise in temperature.
This problem has yet to be studied further.
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