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ABSTRACT: Evapotranspiration is a sensitive parameter for assessing climate change. It controls energy and mass exchange
and is a descriptor of drought in arid- and semi-arid regions. Using the Mann—Kendall (M—K) test, Sen’s slope estimator, and
the stepwise regression, temporal, and spatial variations in potential evapotranspiration (ET,) and its dominant factors were
analysed. The analysis was based on data from 173 meteorological stations in a desertification-prone region of China over the
period from 1960 to 2013. The annual ET,, decreased prior to 1990s and increased thereafter. The majority of stations had
a decreasing ET, trend, especially in summer, in which the average slope of all stations was —2.43 mm decade™'. Analysis
of determining factors showed that a decrease in wind speed was the primary factor associated with decreasing ET,. The
trend magnitude of ET,, increased from —2.25 mm decade™! to —7.43 mm decade™! as wind speed increased, then decreased
to —3.00 mm decade™!. Decreasing ET,, and increasing P in the western region led to decrease in the aridity index, suggesting
a wetter climate and reduced desertification. Increasing aridity index in the eastern region reduced the vegetation cover and
facilitated desertification processes, which might be a disadvantage for ecological reconstruction and desertification control.
Better understanding of the response of ET|, to regional climate change may facilitate efficient use of limited water resources
and establish management strategies that can combat desertification and maintain ecological security in a desertification-prone

region.
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1. Introduction

Climate change has intensely influenced eco-hydrological
cycles causing a series of water resource issues in the last
few decades. Assessing the climate-induced hydrological
consequence is necessary for improving water resource
management and increasing the efficiency of water use.
Evapotranspiration (ET), a key process controlling energy
and mass fluxes exchange (Kousari and Ahani, 2012;
Croitoru et al., 2013), is considered to be one of the best
indicators for revealing the effects of climate change
on hydrological processes (Xu et al., 2006; Sharifi and
Dinpashoh, 2014). It also monitors the water and energy
balances (Croitoru et al., 2013). ET, an indispensable
component of the hydrological cycle, plays a crucial
role in determining the severity of drought in arid and
semi-arid regions.

Desertification can easily occur in arid and semi-arid
regions. It is a common problem worldwide and has
drawn increasing attentions (Reynolds et al., 2007; Li
et al., 2015). China has an extensive desertification-prone
region (DPR), which is the main source area of sand-
storm. Portions of this region have either been damaged
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by, or at risk of, desertification (Chinese Committee for
Implementing UN Convention to Combat Desertification
(CCICCD), 1997; Middleton and Thomas, 1997; Wang
et al., 2005). Due to droughts attributable to limited precip-
itation and improper management, the DPR is experienc-
ing serious ecological problems and has become extremely
fragile. Any minor variation in meteorological factors
induced by climate change can increase the dry conditions
by increasing potential evapotranspiration (ET,) (Gan,
2000; Ma et al., 2004). This may aggravate desertification
and trigger sandstorms, threatening ecosystem sustainabil-
ity (Huo et al., 2013; Xing et al., 2014). ET, provides
useful approach to evaluate the drought intensity in some
geographical regions, especially where water is the limit-
ing factor affecting plant landscape and soil productivity
(Kosmas et al., 2003; Croitoru et al., 2013). Under global
warming conditions, identifying the spatial and tempo-
ral patterns of ET, variations is useful for understanding
the hydrological mechanisms underlying climate change
responses (Xing et al., 2014). This information can con-
tribute to better management of limited water resources
and establish irrigation schemes for DPR (Wang et al.,
2012; Croitoru et al., 2013). Assessment of climate change
impact on variability of ET,; may be helpful in determin-
ing appropriate strategies for mitigating probable damage
(Shadmani e al., 2012).

A warmer climate is likely to increase ET,. However,
ET, has recently decreased in many regions of the world
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Figure 1. Location of the study area and meteorological stations.

(Roderick and Farquhar, 2005; Rayner, 2007; Irmak et al.,
2012; Tabari et al., 2012). A disparity between expected
and observed ET,,, known as the ‘evapouration paradox’,
has been observed in semi-arid and arid regions of China
(Huo et al., 2013; Feng et al., 2014; Li etal., 2014a,
2014b). An increasing trend in ET, has been reported
in many studies (Espadafor eral., 2011; Kousari and
Ahani, 2012; Berti et al., 2014; Nam et al., 2015). General
explaining for ET, trends has remained elusive.

The ET,, trend and its possible determining factors have
been stimulated. In general, solar radiation and wind speed
are the major determining factors. Decreases in duration
of sunshine and near-land surface wind speed are termed
‘global dimming and wind stilling” (Stanhill and Cohen,
2001; McVicar et al., 2008). They are the dominant factors
influencing the decline in ET, in China (Yin et al., 2010)
and other countries (Jhajharia et al., 2012; Limjirakan and
Limsakul, 2012; Tabari et al., 2012). Relative humidity
is the major factor causing the decline of ET, in some
areas (Chattopadhyay and Hulme, 1997; Jung et al., 2010).
Climate change is spatially and seasonally heterogeneous,
so regional scale trends in ET, and dominant factor require
further study.

Although trends of ET,, and associated meteorologi-
cal variables have been studied in many regions, there
is no definitive consensus on how climate change influ-
ences ET. In China’s DPR, unique geography and extreme
climate may significantly affect ET, trends. Accurate
estimation of ET,, and its causes are imperative for bet-
ter management of limited water resources and necessary
for the development of irrigation schedules for agricul-
ture, desertification control, and environmental assessment
in arid and semi-arid regions (Wang et al., 2014). The
objectives of this study were to (1) analyse the spatial dis-
tribution of annual and seasonal ET|, using meteorologi-
cal data from 173 stations, (2) identify trends in ET, and
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meteorological factors and determine spatial distribution
and temporal change, (3) quantify the contributions of key
meteorological variables to ET|, trends, (4) identify trends
in the aridity index over the DPR region of China. All these
should provide favourable information that may facilitate
understanding of the intensity and variations in ET,, and
meteorological factors in the DPR.

2. Materials and methods
2.1.

The study area is located in northern and western China,
ranging from 73.5° to 126.8°E and from 28.1° to 50.8°N.
The area mainly includes Xinjiang, Ningxia, most part of
Inner Mongolia, Qinghai, Gansu, Tibet, and smaller por-
tions of western Shanxi and Shanxi, northwestern Liaon-
ing, and Jinlin, as well as southwestern Heilongjiang. It
covers an area of 4.5x 10°km? (Wu et al., 2007), which
is about 47.1% of China. Sub-humid, semi-arid, arid, and
extremely arid areas accounted for 12.6, 28.8, 34.4, and
24.2% of the region, respectively (Figure 1). Most of this
region has a typical continental climate characterized by
an arid climate and desertification. In the southwestern
part, the Tibetan plateau has a typical plateau continen-
tal monsoon climate. The annual mean temperature is
about 7.0-9.0 °C. Annual precipitation ranges from 16 and
267 mm, 80% of which occurs between June and Septem-
ber. Strong sunshine and high winds provide abundant
solar and wind energy. The area has a complex and var-
ied topography. This includes plateaus, plains, mountains,
basins, and nearly all of China’s deserts and sandy ter-
rain, including Taklamakan Desert, Kumtag Desert, Badan
Jaran Desert and so forth. It is the main source of sand-
storms in China. The study area is divided into internal
flow area and drain area; many lakes are mainly fed by

Study area
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runoff from mountain ranges. The main vegetation cover is
sandy grassland and desert, covering more than 40% of the
total area. There is also farmland along rivers, interspersed
with sandy grassland and oases. Moreover, there are many
large-scale ecological engineering programs focused on
combating the desertification and controlling dust storms
in the DPR. These include the Three-North Forest Shelter-
belt Program, Converting Farmland into Forest and Grass-
land Project, and others.

2.2.  Meteorological data

Daily meteorological data collected from 1960 to 2013
at 173 weather stations were obtained from the National
Climatic Centre of China Meteorological Administration
(CMA) (http://www.nmic.gov.cn). Six daily meteorolog-
ical variables were recorded: (1) maximum air tempera-
ture (MAT, °C), (2) minimum air temperature (MIT, °C),
(3) mean relative humidity (RH, %), (4) wind speed (WS,
ms~), (5) hours of sunshine (SH, h), and (6) precipitation
(P, mm). The geographical location of the stations is shown
in Figure 1. The data set has been checked for quality
by National Meteorological Information Center (NMIC).
Missing data were mainly located in Tibet and accounted
for only 0.45%. These were estimated using a multiple
regression relationship from neighbouring and highly cor-
related stations. The season was divided into spring (March
to May), summer (June to August), autumn (September to
November), winter (December to February), and the grow-
ing season (April to September).

2.3. Food and Agriculture Organization
Penman—Monteith method

The daily ET, was calculated using the standard
Penman—Monteith equation as recommended by the
United Nations Food and Agriculture Organization
(FAO) (Allen et al., 1998). It has been applied success-
fully in many arid and semi-arid regions (Shadmani
etal.,, 2012; Liuzzo etal., 2014). The equation is as
follows:

ET,
_ 0.408A (R, = G) +7 [900/ (T +273)] U, (e, — ¢)
B A+y (1+0340,)

Here, ET, 1is the potential evapotranspiration
(mmday~"); R, is the net radiation at the surface (MJ m~2
day™!); G is the soil heat flux (MJm~2 day~!); T is the
mean daily air temperature (°C); U, is the daily average
wind speed at 2m height (ms™'); e, and e, are the satu-
ration and actual vapour pressures (kPa), respectively; A
is the slope of the saturated vapour pressure (kPa°C~!);
and y is the psychrometric constant (kPa °C~'). The
amount of radiation was calculated using the FAO56
recommendation, in which the Angstrom coefficients of
a=0.25, b=0.5. G is usually smaller than R,, and it was
assumed to be zero over the daily period (Allen et al.,
1998). Wind speed was recalculated to 2 m height based
on the logarithmic wind speed profile equation (Allen
etal., 1998).
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2.4. Trend analysis

The Mann—-Kendall test (M-K test) is a rank-based
non-parametric test for trend detection (Mann, 1945;
Kendall, 1975). Theil-Sen’s method is used to estimate
the true slope and magnitude of the linear trend (Theil,
1950; Sen, 1968). The two methods offer many advan-
tages because missing values are allowed and the data
are not required to conform to any particular distribution.
Single data errors and outliers do not significantly affect
Sen’s method (Salmi et al., 2002). For this reason, they
have been widely used to analyse different climatic and
hydrological data series (Jhajharia et al., 2012; Kousari
and Ahani, 2012).

The non-parametric tests require time series to be seri-
ally independent. However, the observed meteorological
data may not be independent. They displayed statisti-
cally significant serial correlations, which increased the
probability of significant trends (Von Storch, 1995). The
correlation component should be removed from the time
series. The trend-free pre-whitening method was used to
remove the correlation component from time series and
eliminate the effect of serial correlation on the M—K test
and Theil—Sen’s slope estimator (Yue and Wang, 2004).

2.5. Identification of dominant factors

To evaluate the contributions of the meteorological vari-
ables to the ET,,, stepwise multiple regression was per-
formed in this study (Chattopadhyay and Hulme, 1997;
Han et al., 2012). ET,, was the dependent variable, MAT,
MIT, RH, WS, SH, and P were the predictors. After stan-
dardization, a predictor was added to the model at the 0.05
significance level and could be regarded as the dominant
factor affecting ET, variation.

3. Results
3.1.

Figure 2 shows the spatial distributions of annual and
seasonal ET,, from 1960 to 2013 in the DPR. The distri-
bution of annual ET,, showed regional differences, with
higher values in the mid-northern and northwestern parts
of the study area, and lower values in the mid-southern
and northeastern parts of the study area. The mean annual
ET, was 1083.9mm and it ranged from 689.3 mm at
Erguna to 1899.72mm at Shisanjianfang. Most of the
annual ET values were distributed between 1000.0 mm
and 1300.0mm, with the number of stations in this
range accounting for 57.80%. Only three stations of the
annual ET,, values were greater than 1600 mm. In sea-
sonal timescale, the spatial distribution of ET, during the
growing season was generally consistent with that of the
annual ET,,, accounting for 77% of the annual total. The
spatial distributions of ET,, in spring and summer were
similar to annual distribution, varying from 206.03 to
548.87 mm and from 252.64 to 908.78 mm, respectively.
In winter, the stations with higher values were primarily in
southwestern and northeastern parts of the study area. The

Spatial distribution of ET,,
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Figure 2. Spatial distributions of annual and seasonal ET, in the study area.

ET, peak among the stations was at Kailu, with a value of
229.53 mm.

3.2. Temporal variations of ET,, and meteorological
factors

The annual ET,, showed a strong decreasing trend in the
DPR from 1960 to 2013 (Figure 3). An increasing trend
was observed from the 1960s to early 1970s, after which
the average ET, decreased until 1992. This pattern was
similar to that of WS and SH, especially WS, which was
closely correlated with ET, until the 1990s (R=0.80),
but ET,, showed an increase in the 1990s, followed by a
decrease in the late 2000s, which corresponded to signifi-
cant variations of MAT and MIT. Before the 1990s, MAT,
MIT, and ET,, showed opposite trends. Trends in RH and
P were not consistent with trends in ET,, trend from 1960
to 2013.

3.3.
3.3.1

Spatial trends of ET,, and meteorological factors

Spatial distribution of ET, trend

After eliminating the serial correlation effect, the annual
and seasonal ET, trends were tested using M-K

© 2015 Royal Meteorological Society

(Figure 4). The annual ET,, showed a mix of decreas-
ing and increasing trends. However, the decreasing trends
were observed in 68.21% of the stations, which were
larger than the increasing trends. The magnitudes of
decreasing and increasing trends in annual ET, var-
ied from —34.70 to —0.17 mmdecade™! and from 0.22
to 13.68 mmdecade™!, respectively, with an average
decrease of —3.52 mmdecade™! across all stations. Here,
24.86% of all stations, mainly located in the eastern
and northwest parts of the study area, showed signif-
icant decreasing trends at 95% confidence level and
only 2.89% of all stations showed significant increasing
trends at the same confidence level. Trends in the ET,
of the growing season were similar to the annual trends
for most of stations, varying from —29.94 mm decade™!
at Alashankou to 11.28 mmdecade™! at Mazongshan.
There were more stations with significant increasing
and decreasing trends for the growing season than with
significant annual trends, 30.06 and 4.05%, respectively.
Seasonal ET trend analysis showed that the number
of stations with significant levels varied by season. The
strongest decreasing trends occurred during summer,
mainly in the central and northwestern parts of the study

Int. J. Climatol. (2015)
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Figure 3. Annual variations of ET|, and meteorological factors in study area from 1960 to 2013.

area, accounting for 68.78% of all stations. A total of 25.43
and 2.31% of all stations showed significant decreasing
and increasing trends at 95% confidence level in summer.
The number of stations with decreasing trends in spring,
distributed in the northwest and northeast, was similar to
the number displaying such trends in autumn, although
these were located in the central and northwestern parts
of the study area. In winter, the percentage of stations
with significant increasing trends was the largest com-
pared with other seasons, reaching 7.51%. These stations
were mainly located in the central part of the study
area.

3.3.2.  Spatial distributions of meteorological variables
trends

The spatial distributions of trends in annual meteorologi-
cal variables from 1960 to 2013 indicated that MAT and
MIT both had increasing trends at almost all stations

© 2015 Royal Meteorological Society

(Figure 5). The magnitude of increasing annual MAT var-
ied from 0.03 °C decade™! at Keping to 0.42 °C decade™!
at Balikun, with an average increase of 0.16 °C decade™!.
The trends of MAT at 116 stations, located in the cen-
tral, northwestern and southwestern parts of the study area,
showed significant increasing trends, and 57 stations, con-
centrated in the northeast part of the study area, showed
insignificant increasing trends. The magnitudes of increas-
ing trends of annual MIT varied from 0.03 °C decade™"
at Alaer to 0.32°Cdecade™! at Habahe, with an average
increase of 0.14 °C decade™!. The trends of MIT at 123
stations, located more or less throughout the study area,
showed significant increasing trends, while only 1 sta-
tion, Kuche showed a significant decreasing trend. The
annual RH, WS, and SH series were all characterized
by mostly decreasing trends over much of the region.
The average annual decrease in RH was —0.26% per
decade. Annual RH at 129 stations, located in the central
and northeast parts of the study area, showed decreasing

Int. J. Climatol. (2015)
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Figure 4. Spatial distributions of annual and seasonal ET, trends from 1960 to 2013.

trends, 49 stations of which were significant (p < 0.05) and
accounted for 28.32% of all stations. Another 44 stations,
found in the western part of the study area, showed
increasing trends, 3 of which were significant (p < 0.05).
Annual WS at 157 stations, located in the northwestern
and northeastern parts of the study area, showed decreas-
ing trends, 67 of which were significant and accounted for
38.73% of all stations. The average value of annual WS
was —0.14ms~! decade™! and the greatest value was at
Anduo, where the trend slope was —0.57 ms~! decade™.
Annual SH at 131 stations, located in the eastern portion
of the region, showed decreasing trends, 70 stations of
which were significant decreasing trends accounting for
40.46% of all stations. Another 42 stations, located in the
western part of the study area, had increasing trends, 2 of
which were significant. The spatial distribution of annual
P trend showed an increasing trend in most of the study
area, with an average value of 2.07 mm decade™'. Annual
P at 115 stations, located in the western part of the study
area, showed increasing trends. These trends were sig-
nificant at 36 stations (20.81% of total). The increasing
trend ranged from 0.03 mmdecade™! at Ejin Banner to
23.66 mm decade™! at Urmugi.

© 2015 Royal Meteorological Society

3.4.
3.4.1.

Influence of meteorological variables on ET, trend

Dominant factors affecting trends in ET,

Dominant factors differed considerably in different
timescales (Figure 6). WS was clearly the most dominant
factor in the DPR throughout the study period. The annual
ET, trend (—3.52 mmdecade™!) was dominated by wind
speed (—0.14ms™ ! decade™!) at 132 stations, and the
average contribution rate was 39.48%. MAT increased
by 0.16 °Cdecade™! and was the dominant factor at six
stations, contributing 21.17%. During the growing season,
the spatial distribution of dominant factors was similar to
that of the annual scale. There were 132 stations where
ET, was dominated by WS, and its average contribution
rate was 37.33%. RH made the greatest contributions to the
variation in ET at 18 stations and SH at 17. In spring, ET,,
trends were dominated by WS at 99 stations and by MAT
at 41 stations. The decrease in WS (—0.18 m s~! decade™")
and the increase in temperature (0.19 °C decade™!) caused
a decrease in ET,; (—1.08 mm decade™!), with contribu-
tions of 33.13 and 27.17%, respectively. In summer, the
number of stations dominated by SH increased, contribut-
ing 23.28%. These stations were mainly located in the
eastern and central parts of the study area. WS dominated

Int. J. Climatol. (2015)
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Figure 5. Spatial distributions of annual trends for MAT, MIT, RH, WS, SH, and P from 1960 to 2013.

ET, variation at 103 stations, contributing 34.16%. MAT
(0.15°Cdecade™!) and RH (—0.24% per decade) also
influenced ET,. In autumn, WS was the most dominant
factor at 131 stations and RH at 26. The contribution of
WS was greatest in winter, when it accounted for 40.75%.
RH was more likely to dominate changes in ET in the
eastern part of the study area, where it contributed 23.81%.
In winter, the variation in ET,, was dominated by WS and
MAT, as in spring. WS contributed 35.34% and decreased
by —0.13ms~! decade™!. MAT contributed 29.59% and
stations where MAT dominated were mainly located in
the eastern and northwestern parts of the study area.

3.4.2.  Evaluation of the effect of wind speed on ET,

Figure 6 illustrated that annual and seasonal ET,, trends
were dominated by decreasing wind speed at most sta-
tions. This may be due to the weak water vapour exchange
caused by the lower WS. To further understand the influ-
ence of WS and other meteorological factors on changes in
ET,, the stations were grouped into seven categories based
on the mean WS. Annual magnitudes of ET, and meteo-
rological factors in different wind levels were illustrated
in Table 1. Results demonstrated that the magnitudes of
annual ET,, trends generally increased as WS increased.

© 2015 Royal Meteorological Society

Larger magnitudes occurred when WS was between 3.0
and 4.0 m s~!, which confirmed that stronger winds caused
ET, to increase. In addition, more pronounced decreasing
trend of SH also reduced the decrease of variations in ET,,
at wind speeds of 3.0-4.0 m s~'. However, when WS was
above 4.0ms~! with the slope of —0.07 ms~! decade™’,
the magnitude of the ET, trend decreased considerably,
which may be attributable to the decreasing SH, decreas-
ing RH, and increasing P. All these could have slowed the
decrease in ET,,.

3.5. Effect of altitude on ET, trend

Due to the wide geographic scope of this study, the sta-
tions were grouped into three categories based on the alti-
tude: 50 stations were at low altitude (altitude < 1000 m),
96 stations at medium altitude (1000 m < altitude < 3000),
and 27 stations at high altitude (altitude > 3000 m). Annual
variations in ET, and meteorological factors at differ-
ent altitudes from 1960 to 2013 were analysed. Annual
ET, showed a decreasing trend at low and medium alti-
tudes, with the largest and smallest magnitudes of trend,
respectively (Table 2). However, it showed an increasing
trend of 4.28 mm decade™! at high altitudes. At low alti-
tudes, the largest variations in WS and SH caused a more
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Figure 6. Spatial distributions of dominant factors of ET,, change at different timescales.

Table 1. Magnitudes of trends in ET,, and meteorological factors for different wind speeds (ms~!) from 1960 to 2013.

Wind speed Number of ET, WS MAT MIT RH SH P

level stations  (mmdecade™') (ms~!decade™!) (°Cdecade™) (°Cdecade™) (% per decade) (ha~'decade™) (mmdecade™)
WS<1.5 9 -2.251 -0.11 0.191 0.102 -0.189 -2.259 0.968
1.5<WS<2.0 28 —2.608 —0.11 0.189 0.107 -0.271 —13.501 3.274
2.0<WS<25 40 -2.381 -0.10 0.172 0.139 -0.315 —13.726 4.171
25<WS<3.0 31 —-4.926 -0.16 0.155 0.143 —-0.290 —12.869 1.306
3.0<WS<35 28 —7.432 -0.19 0.106 0.156 —0.183 —22.430 0.310
3.5<WS<4.0 22 —6.606 -0.25 0.147 0.180 —0.342 —18.960 0.964

WS >4.0 15 -2.995 -0.07 0.169 0.150 -0.077 —-11.250 1.351

pronounced decrease in ET,,. At medium altitudes, the
smaller variations in WS and SH trends caused ET,, to
decrease. At high altitudes, the ET, showed an increasing
trend, which might due to the combined effect of lower
WS, higher SH and P.

4. Discussion

In the DPR, trends in ET, were mixed. Spatially,
most stations had decreasing trends, consistent with
reports from other semi-arid and arid regions (Tabari
etal., 2012; Cruz-Blanco et al., 2014; Jhajharia et al.,
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2014). The average magnitude of decreasing trends in
the DPR was —3.52 mmdecade™!, larger than Heihe
(—=0.71 mm decade™!) (Xing et al., 2014), and arid inland
regions in northwestern China (—3.41 mmdecade™")
(Huo et al., 2013) but smaller than the Tibetan Plateau
(—17.4 mm decade™!) (Zhang et al., 2007), Qilian moun-
tains and Hexi corridor (—16.70 mm decade™!) (Jia et al.,
2009), western Inner Mongolia (12.20 mm decade™") (He
et al., 2013), southwestern China (—5.00 mm decade™!)
(Li et al., 2014a, 2014b), and Beijing-Tianjin sand source
control project zone (—3.80 mmdecade™') (Shan et al.,
2015). ET, trends in this study were smaller than most
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Table 2. Magnitudes of trends in ET and meteorological factors at different altitudes in the DPR from 1960 to 2013.

Altitude (m) ET, MAT MIT
(mmdecade™") (°Cdecade™’) (°Cdecade™)
Low altitude —7.287 0.149 0.149
Medium altitude -3.751 0.164 0.137
High altitude 4.281 0.200 0.117

RH WS SH P
(% per decade)  (ms~!decade™) (ha~! decade™!) (mmdecade™!)
-0.223 -0.17 —-20.609 0.124
-0.324 -0.15 —14.525 1.677
0.200 -0.10 4.029 9.677

reports in other parts of China (McVicar et al., 2012).
However, an increase in ET,, was also detected in other
semi-arid and arid regions. Dinpashoh eral. (2011)
reported that most increasing trends in ET,, were in the
dry farming regions of northwest and northeast of Iran.
There was still no conclusion on trends in ET,, in different
semi-arid and arid regions of the world.

ET, trends were dominated by different factors in dif-
ferent regions. Obviously, decreasing ET, at most stations
was mainly due to the decrease in WS on annual and sea-
sonal time scales, similar to other studies in the northwest-
ern China (Huo et al., 2013), Tibetan Plateau (Zhang et al.,
2007), and other semi-arid and arid regions (Chattopad-
hyay and Hulme, 1997; Dinpashoh et al., 2011; Hoffman,
etal., 2011; Tabari et al., 2012). In some humid regions,
wind speed was the most influencing factor on evapoura-
tion (Jhajharia et al., 2006, 2009).

Surface wind is an essential driving force behind
continent—ocean dynamics and fluxes and it is strongly
influenced by atmospheric circulations. Global warming
can render differences in temperature between the poles
and the equator, and thereby slow down global air circula-
tion (Liuzzo et al., 2014). A weakened Siberian High and
East Asian Monsoon ultimately led to a decrease in wind
speed (Yu et al., 2004; Tubi and Dayan, 2013). Many
studies have reported decreases in near-surface terrestrial
wind speeds over the past several decades (McVicar
etal., 2008; Wan et al., 2010; Hewston and Dorling,
2011). However, in specific areas, local wind speeds may
increase due to increasing temperature (Hazlett, 2011;
Rahim et al., 2012).

Air temperature and solar radiation also contributed to
changes in ET,. Increasing trends in air temperature and
decreasing trends in solar radiation may influence the
upward and downward trends in ET,,, respectively. Global
warming brought increases in temperature and increasing
cloud cover led to global dimming (Stanhill and Cohen,
2001). Besides, the concentration of anthropogenic green-
house gases, emission of aerosols and pollution, and urban-
ization, which all due to human activities, are also other
primary factors affecting temperature warming and radi-
ation dimming (Streets et al., 2008; Ji and Zhou, 2011;
Najafi et al., 2015). A cooling effect attributable to irriga-
tion has been detected in the arid/semi-arid region of China
and contributes to decrease in ET,, (Han et al., 2014).

In this area, dust storms are a common phenomenon in
spring. They are mainly controlled by soil moisture, wind
speed, and vegetation conditions (Tan et al., 2012). With
the decreasing trend of ET, and increasing trend of P in
the DPR, the increase in the amount of available water
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Figure 7. Trends of aridity index (ET, P~!) from 1960 to 2013.

may provide favourable conditions for plant growth and
community establishment. Increasing trends in vegetation
cover and soil moisture could help stabilize shifting dunes
and reduce the number of surface particles in the air
(Jiang et al., 2006; Reynolds et al.,2007). Under a lowered
wind speed in this study, wind-blown sand was rare, and
wind erosion did not happen. This reduced dust emissions
and sandstorms frequency, which may have reduced the
occurrence of sand desertification. The number of days
with sandstorms had a decreasing trend from 1958 to 2007
in northern China. This suggests that the decreases in ET,,,
WS, and increase in P contribute to a reduction of dust
storms (Mao et al., 2011).

Desertification is a process of land degradation induced
by the excessive human activities and climate change in
arid, semi-arid, and dry sub-humid areas (United Nations
Convention to Combat Desertification (UNCCD), 2004),
which results in an overall loss of ecosystem services
and poses serious threats to sustainable living (D’Odorica
etal, 2013). To combat desertification, the govern-
ment of China has launched a series of key ecological
projects, such as the Three-North Shelterbelt Project,
Beijing-Tianjin Sandstorm Source Control Project, and
Returning Farmlands to Forest Project (Stokes et al.,
2010; Wang et al., 2013). In the western part of the study
area, decreasing ET, and increasing P trends usually
led to increases in soil moisture and vegetation cover,
preventing sand encroachment from an adjacent area and
desertification expansion (Ffolliott efal., 1995; Jiang
et al., 2006). In addition, a decrease in the aridity index
(ratio between annual ET, and P) (Figure 7, Table 3)
suggests that the climate is getting wetter (Huo et al.,
2013). This is especially evident in autumn and winter
when the trends of aridity index decreased faster than that
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Table 3. Trends in aridity index of different seasons in the DPR during 1960-2013.

Season Spring Summer

Autumn

Winter Growing season Annual

Aridity index -0.36 -0.04

-058

-0.54 -0.05 -0.07

in the other seasons. The environmental conditions are
favourable for implementation of ecological projects and
restoration of regional vegetation, which may improve
the condition of degraded land and reduce the degree
of desertification (Wang, 2014). In summer, the greater
decrease in ET, and lesser increase in P contributed to
a decrease in the aridity index at the lowest magnitude.
However, in the eastern part of the study area, an increas-
ing trend was detected in the aridity index, resulting from
decreasing trends in precipitation that were larger than
that in ET,,. A drier climate tended to decrease the soil
moisture and limit plant growth. This led to decreases
in runoff and vegetation coverage, facilitating active
desertification processes and accelerating environmen-
tal degradation (Martinez-Beltran and Manzur, 2005;
Fisher et al., 2011). All these limited the performance of
ecological projects and vegetable restoration, and posed a
disadvantage for ecological reconstruction and control of
desertification.

Artificial irrigation is intensive in the DPR and expand-
ing rapidly (Siebert et al., 2005; Han et al., 2014). Most
important agricultural regions rely heavily on irrigation.
ET, is the primary factor controlling irrigation water
demand (Han et al., 2014). Increasing P and decreasing
ET, may increase soil moisture and decrease crop water
demand, which suggests that less irrigation is needed to
maintain crop growth (Ozdogan et al., 2006). In return,
a higher water requirement for crop may increase in ET|,
(Dinpashoh et al., 2011). For this reason, it is necessary
to understand the mechanism of relationship between
ET, and irrigation in water-limited areas. The devel-
opment of reasonable management strategies for water
resource utilization requires considering hydrological
components, such as ET, precipitation, and runoff. This
might also help managers mitigate the desertification
process, maintain ecological security and realize sus-
tainable economic development in the context of climate
change.

5. Conclusions

Temporal and spatial patterns in ET, and driving factors
were evaluated for the period of 1960—2013 in the DPR.
Results showed that the more ET|, series had decreas-
ing than increasing trends, particularly in the northeast-
ern and northwestern parts of the region. The average ET|,
series in the DPR experienced a significant decrease before
1990s and increased slightly thereafter. Spatial variations
of meteorological factors were evident in this study. Sig-
nificant increasing trends were detected in MAT, MIT, and
P. Significant decreasing trends were detected in relative
humidity, wind speed, and hours of sunshine. Declines
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in ET, rates appeared to be related to decreasing annual,
growing season, and autumnal wind speed. MAT con-
tributed to the variation in ET,, in spring and winter, and
hours of sunshine also made a significant contribution to
ET, in summer. The magnitude of the decreasing ET|, trend
increased till wind speed reached at a certain point, after it
decreased. ET, had a decreasing trend at low altitudes but
an increasing trend at high altitudes. Due to the increasing
trend of precipitation, a wetter climate was observed in the
western part of the study area. However, the decrease in
precipitation led to a drier climate in the eastern part of the
study area.

The results of this study may facilitate improved water
and agricultural management plans, especially with
respect to potential desertification. Better understand-
ing of changes in ET, may be beneficial to agricultural
productions and ecological restoration. However, more
attention should be paid to evaluation of relationships
between variations in ET,, and meteorological variables.
This could provide a scientific indicator for appropriate
water management and adaptation strategies under the
effects of global climate change.
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