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The  spatiotemporal  change  and  trend  of  annual  potential  evapotranspiration  (PET) over  the Loess  Plateau
of China  from  2011  to 2100  are  assessed  in this  work.  PET  is calculated  using  the  Hargreaves  model
with  monthly  mean,  maximum,  and minimum  temperatures  and  a  1 km  spatial  resolution,  which  are
generated  using  the Delta  downscaling  method  and  general  circulation  models  (GCMs)  with  four  rep-
resentative  concentration  pathway  (RCP)  scenarios.  The  PET  trend  is detected  via  Mann–Kendall  and
Sen’s  slope  estimator  tests.  The following  results  are  drawn:  (1)  the  Delta  downscaling  method  shows
a  favorable  performance  in detecting  GCM  monthly  temperatures  based  on  the mean  absolute  error
and  regression  analysis  between  downscaled  data  and  independent  surface  observations.  Among  the  28
GCMs, the  NorESM1-M  and  GISS-E2-R  models  show  the  best performance  in  reproducing  the  monthly
mean/maximum  and  minimum  temperatures  over  the  Loess  Plateau,  respectively;  (2)  the average
annual  PET  over  this  region  will  increase  by  12.7%–23.9%  from  1961  to  1990  to  the  end  of  this  century
(2071–2100).  However,  these  increments  show  strong  spatial  variations;  (3) the  annual  PET during  the
2011–2100  period  at each  grid  of  the  region  demonstrates  a significantly  increasing  trend  under  each  RCP
scenario,  while  RCP2.6,  RCP4.5,  RCP6.0,  and  RCP8.5  have  average  magnitudes  of trend  of  10.4  mm/10yr,
17.7  mm/10yr,  21  mm/10yr,  and  29.7  mm/10yr,  respectively;  (4)  the annual  PET  with  significant  trends
during  the  other  three  periods  (2011–2040,  2041–2070,  and  2071–2100)  present  various  spatial  distribu-
tions  in  their  magnitudes  of  trend  under  the  aforementioned  RCP  scenarios.  RCP2.6  showed  a  significant

decrease  during  2041–2070  and 2071–2100,  although  such  trends  are  only  observed  at  0.3%  and  1.2%  of
the  Loess  Plateau,  respectively;  and (5) the  spatial  results  provide  some  information,  such  as locations  and
area ratios,  which  are valuable  in assessing  future PET changes  and  trends.  These  spatiotemporal  results
represent  the  PET  changes  and  trends  in  detail  and  provide  insights  for  developing  flexible  adaptation
and  mitigation  strategies  to combat  the  effects  of global  warming  in  this  region.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The Loess Plateau (LP) of China is known for its severe
oil erosion (Sun et al., 2015). Given that most areas in this
egion have semiarid and sub-humid climates with an annual

ean precipitation (1961–2009) of 143.6 mm–811.8 mm along the

outheast–northwest direction, the LP is also threatened by severe
ater shortage (Li et al., 2012a). Over the past 50 years, the

∗ Corresponding author at: No. 26, Xinong Road, Institute of Soil and Water Con-
ervation, Yangling, Shaanxi 712100, China.

E-mail address: ymchen@ms.iswc.ac.cn (Y. Chen).
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168-1923/© 2016 Elsevier B.V. All rights reserved.
annual precipitation and air temperature over the LP decreased and
increased, respectively (Bi et al., 2009; Miao et al., 2011; Sun et al.,
2015; Wang et al., 2012), thereby exacerbating the water shortage
and threatening the development of this region (Li et al., 2012a).
Under the effects of global warming, the temperature over the LP
will continuously increase throughout the century (Li et al., 2012b)
and subsequently accelerate the water loss in this region (Aouissi
et al., 2016). Potential evapotranspiration (PET) is a key hydrologi-
cal variable for quantifying water loss in a region; this variable can

be used to calculate actual evapotranspiration, schedule irrigation
projects, and prepare input data for hydrological models (Aouissi
et al., 2016; Li et al., 2012a). Therefore, the future PET in the LP

dx.doi.org/10.1016/j.agrformet.2016.11.129
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2016.11.129&domain=pdf
mailto:ymchen@ms.iswc.ac.cn
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ust be investigated to develop suitable adaptation and mitigation
trategies for combating the effects of global warming.

Studies on PET have a long history and have proposed sev-
ral calculation methods, including the Penman–Monteith (Allen
t al., 1998), Hargreaves (Hargreaves and Samani, 1985), and
riestly–Taylor methods (Priestley and Taylor, 1972), which can
ndirectly calculate PET using meteorological data (Aouissi et al.,
016). The Penman–Monteith method has been considered as a
niversal standard for estimating PET (Allen et al., 1998; Aouissi
t al., 2016). However, this method requires five daily weather
arameters that influence evaporation, namely, solar radiation,
inimum and maximum air temperature, relative humidity, and
ind speed. The other methods also provide acceptable results

Arnold et al., 1998). Considered the best method for estimating PET
n the LP (Zhao et al., 2004), the Hargreaves method only depends
n three monthly climate parameters, namely, mean, maximum,
nd minimum temperatures (Hargreaves and Samani, 1985).

General circulation models (GCMs) provide valuable infor-
ation on long-term temperature projections at a global or

ub-continental scale (IPCC, 2013). The Coupled Model Intercom-
arison Project Phase5 (CMIP5) of the World Climate Research
rogram provides the state-of-the-art multi-model dataset used
y the Intergovernmental Panel on Climate Change for its fifth
ssessment report. Most of the extant GCMs have horizontal reso-
utions of a few hundred kilometers (Meehl et al., 2007), and several
esearchers have attempted to downscale CMIP5 model datasets to

 0.5◦ (approximately 55 km)  (Brekke et al., 2013). However, spatial
esolution limits the ability of GCM datasets to represent complex
opography, land surface characteristics, and other processes in the
limate system (Xu et al., 2016). Therefore, GCM datasets cannot
raw realistic and reliable temperature change data at fine scales,
hich are required when developing suitable adaptation and mit-

gation strategies at the regional-to-local scale (Giorgi et al., 2009).
ynamic or statistical downscaling models for GCM data are neces-

ary for downscaling a temperature dataset because these models
dd values to the data (Mosier et al., 2014; Xu et al., 2016). Dynamic
ownscaling requires numerous inputs and computational require-
ents (Brekke et al., 2013; Xu et al., 2016) and sometimes cannot

epresent reliable temperature change data at fine scales compared
ith statistical downscaling (Ahmed et al., 2013; Dosio et al., 2015;
u et al., 2016). Therefore, statistical downscaling can generate a
igh spatial resolution temperature dataset for drawing PET infor-
ation of the LP at a fine scale.
The statistical downscaling framework often involves regres-

ion and Delta downscaling methods. The former constructs
ultiple linear regression relationships between raw GCM data

nd station observations in the historical period, and then applies
hese relationships to future GCM grid outputs (Li et al., 2012b;
imm et al., 2015). This framework generates substantial climate
lement data at target stations in future periods, but cannot con-
truct a high spatial resolution future climate dataset that prevents
rawing detailed spatial variations at fine scales. The latter uses a

ow-resolution monthly time series and high-resolution reference
limatology as inputs; the high-resolution climatology input must
resent a physically representative, fine-scale distribution of the
eteorological variable over the landscape (Brekke et al., 2013;
osier et al., 2014). Unlike the direct interpolation of low spatial

esolution sources to a higher spatial resolution, the Delta down-
caling process incorporates high-resolution orographic effects
hat are not represented in low-resolution input grids (Mosier et al.,
014).

Previous studies have assessed the future PET change and trend

ver the LP (Li et al., 2012a). However, these studies were conducted
t the station scale, used the regression downscaling framework to
btain future climate data, and adopted a geo-statistical interpola-
ion method to describe the spatial variations of PET. The limited
eteorology 233 (2017) 183–194

amount of information on the detailed spatial variations of PET
change and trend over the LP during future periods hinders the
development of flexible adaptation and mitigation strategies to
combat the effects of global warming in this region.

This study aims (1) to generate future monthly mean, maxi-
mum,  and minimum temperature data with high spatial resolution
using the Delta downscaling method and GCMs data, and (2) to
calculate and assess future annual PET changes, trends, and their
spatial variations based on the downscaled temperature data dur-
ing 2011–2100.

2. Data and methods

2.1. Study area

The LP region is situated in North China (33.7◦–41.3◦N,
100.8◦–114.6◦E) and traversed by the upper–middle reaches of the
Yellow River (Fig. 1). The region starts from the Taihang Mountains
in the east, reaches the Riyue Mountains in the west, and borders on
the Qinling and Yin Mountains in the south and north, respectively
(Liu et al., 2016). The LP has a warm or temperate continental mon-
soon climate with extensive monsoonal influence. Approximately
60%–70% annual precipitation occurs in this region from June to
September in the form of high-intensity storms (Wang et al., 2012).
The annual mean temperature ranges from 3.6 ◦C in the north-
west to 14.3 ◦C in the southeast. The region demonstrates a large
diurnal temperature range throughout the year and faces dry and
cold winters, hot and humid summers, rapid temperature reduc-
tion during autumn, and rapid temperature increase during spring.
The annual potential evaporation in this area (865 mm–1274 mm)
is estimated to exceed the precipitation level (Li et al., 2012a). The
region spans arid, semiarid, and semi-humid zones and is consid-
ered as a semiarid-to-semihumid transitional zone that is sensitive
to climate change (Liu and Sang, 2013).

2.2. Data collection

GCM monthly mean, maximum, and minimum tempera-
ture data were obtained from the downscaled CMIP5 dataset
with a 0.5◦ resolution (http://gdo-dcp.ucllnl.org/downscaled cmip
projections/). This dataset was  processed from raw 28 GCM data
using the bias-correction spatial disaggregation (BCSD) method
described in Brekke et al. (2013). Table 1 lists the basic information
of the 28 GCM models and the associated institutions. This dataset
covers the period from January 1950 to December 2100; the data
from 1950 to 2005 are historical data under the historical emis-
sions scenario, while those from 2006 to 2100 are future data under
future representative concentration pathway (RCP) scenarios (i.e.,
RCP2.6, RCP4.5, RCP6.0, and RCP8.5).

The high-resolution reference climatologies were presented as
grid data with a 1 km (approximately 30′ ′) resolution as suggested
by the Chinese Ecosystem Research Network (CERN, www.cnern.
org.cn). These climatologies were processed using spatial interpola-
tion and geographic information systems that covered 740 national
weather stations in China and a 1 km digital elevation model. These
instruments covered each month from 1961 to 2000.

The surface observation data for the monthly mean, maximum,
and minimum temperatures were obtained from 113 national
weather stations in and around the LP (Fig. 1) (http://data.cma.
cn/); these data were used to evaluate the downscaled monthly
temperature grids from January 1991 to December 2005 (period of

the available temperature data). The surface observation data for
monthly pan evaporation were obtained from 26 evaporation pans
belonging to the national weather stations in and around the LP
(Fig. 1); these data were used to evaluate the calculated monthly

http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://gdo-dcp.ucllnl.org/downscaled_cmip_projections/
http://www.cnern.org.cn
http://www.cnern.org.cn
http://www.cnern.org.cn
http://www.cnern.org.cn
http://data.cma.cn/
http://data.cma.cn/
http://data.cma.cn/
http://data.cma.cn/
http://data.cma.cn/
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Table  1
Summary of 28 general circulation models from CMIP5.

Model acronym Institution References

1 ACCESS1.0 Commonwealth Scientific and Industrial Research Organization and
Bureau of Meteorology, Australia

Marsland et al. (2013)

2
3

BCC-CSM1.1
BCC-CSM1.1(m)

Beijing Climate Center, China Meteorological Administration, China Xin et al. (2013)
Ren et al. (2016)

4 BNU-ESM Beijing Normal University, China Ji et al. (2014)
5 CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada Chylek et al. (2011)
6
7

CESM1-BGC
CESM1-CAM5

NSF/DOE NCAR, USA Long et al. (2013)
Neale et al. (2013)

8 CMCC-CM Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy Scoccimarro et al. (2011)
9 CNRM-CM5 Centre National de Recherches Meteorologiques, Meteo-France, France Voldoire et al. (2013)
10 CSIRO-MK-3.6.0 Australian Commonwealth Scientific and Industrial Research

Organization, Australia
Rotstayn et al. (2010)

11 EC-EARTH EC-EARTH consortium, Europe Hazeleger et al. (2012)
12 FGOALS-g2 Institute of Atmospheric Physics, Chinese Academy of Sciences, China Zhou et al. (2013)
13 FIO-ESM The First Institution of Oceanography, SOA, China Qiao et al. (2013)
14
15
16

GFDL-CM3
GFDL-ESM2G
GFDL-ESM2M

NOAA Geophysical Fluid Dynamics Laboratory, USA Donner et al. (2011)
Dunne et al. (2012)
Dunne et al. (2012)

17
18
19

GISS-E2-H-CC
GISS-E2-R
GISS-E2-R-CC

NASA Goddard Institute for Space Studies, USA Wang et al. (2015)
Schmidt et al. (2006)
Wang et al. (2015)

20 HadCM3 Met  Office Hadley Centre, UK Collins et al. (2001)
21 INMCM4.0 Institute for Numerical Mathematics, Russia Volodin et al. (2010)
22 IPSL-CM5A-LR Institut Pierre-Simon Laplace, France Dufresne et al. (2013)
23
24
25
26

MIROC4 h
MIROC5
MIROC-ESM
MIROC-ESM-CHEM

Japan Agency for Marine-Earth Science and Technology, University of
Tokyo, and National Institute for Environmental Studies (Japan)

Zhang et al. (2015)
Watanabe et al. (2010)
Watanabe et al. (2011)
Watanabe et al. (2011)

27 MRI-CGCM3 Meteorological Research Institute, Japan Yukimoto et al. (2012)
28 NorESM1-M Norwegian Climate Centre, Norway Bentsen et al. (2013)

Fig. 1. Location and digital elevation model of Loess Plateau region in China, 131 national weather stations and 26 evaporation pans distributed in and around the region.
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Fig. 2. Schematic illustration of spatial downscaling process. The downsca

ET grids from January 1985 to December 2005 (period of the avail-
ble pan evaporation data).

.3. Delta downscaling procedure

The Delta downscaling method was applied on the afore men-
ioned data to produce monthly mean, maximum, and minimum
emperature grids with a 1 km resolution from January 1950 to
ecember 2100. A part of the BCSD method, the Delta downscal-

ng process has been described in many studies (Maurer et al.,
002; Ning et al., 2015; Wood et al., 2002). Fig. 2 shows a rect-
ngular region (red zone in Fig. 1) that covers the LP region and
llustrates the components and steps of the Delta downscaling pro-
ess for determining mean temperature using the GCM 0.5◦ time
eries and CERN 30′ ′ climatology datasets. The first step (Fig. 2(a))
onstructs a 0.5◦ climatology for each month from the 0.5◦ time-
eries dataset. The low-resolution climatology is produced using
he 1961–2000 period, which is also used by CERN to construct its
limatology data. A 0.5◦ anomaly (Fig. 2(b)) is then calculated. The
nomaly for temperature is computed as the difference between
he time series element and climatology. The anomaly is then inter-
olated to the 30′ ′ CERN grid using the spatial interpolation method
Fig. 2(c)). The final step (Fig. 2(d)) transforms the high-resolution
nomaly back to an absolute surface by scaling this anomaly using
he CERN climatology for the corresponding month. This transfor-
ation undoes the creation of the anomaly; therefore, addition is
sed for temperature.

The anomaly grid from the original to high-resolution coordi-
ates, as illustrated in Fig. 2(c), can be interpolated using several
ean temperature (MeanT) field is constructed from GCM data in July 2005.

interpolation methods, including nearest-neighbor, bilinear, cubic
spline, and bicubic interpolations. The nearest-neighbor interpo-
lation uses the values of nearby grids to estimate the value of
the original grid. Bilinear interpolation fits a linear function over
each interval on the original grid in one dimension and in another.
Cubic spline interpolation fits a “natural” spline (i.e., without a
tension parameter) to each interval. Bicubic interpolation is an
extension of cubic interpolation that interpolates the value on a
two-dimensional regular grid. The interpolated surface is smoother
than the corresponding surfaces obtained via bilinear or nearest-
neighbor interpolation. These four interpolation methods were
conducted using the interp2 function of MATLAB.

2.4. Evaluation of the Delta downscaling method

The spatial downscaling process for temperature was  conducted
over the red zone in Fig. 1. Surface observation records from 113
national weather stations across the red zone were used to verify
the accuracy of each downscaled grid. The observation records from
January 1991 to December 2005 were used to verify the downscaled
results.

The average model-performance error was quantified using
mean absolute error (MAE), which is a more natural measure of
average error compared with the root-mean-square error (Wang
and Chen, 2014; Willmott and Matsuura, 2005). This accuracy esti-

mator can be mathematically expressed as follows:

MAE  = 1
n

×
∑n

i=1
× |Pi − Oi|, (1)
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ig. 3. Comparisons of the observed (x) and downscaled (y) values of monthly mean
MinT, ◦C) at the four seasons (spring: from March to May; summer: from June to A
he  MeanT/MaxT and MinT values during 1/1991–12/2005 are downscaled from the

here Pi and Oi are the downscaled and observed values, respec-
ively, and n is the number of records of all validated stations.

.5. Calculation of PET

Monthly PET (mm/month) is calculated via the Hargreaves
ethod and by using monthly mean, maximum, and minimum

emperatures. Several improvements were applied to the original
quation (Hargreaves and Samani, 1982, 1985). The form used in
his study was published in 1985 (Hargreaves and Samani, 1985)
nd expressed as follows:

ET = 0.0023 × S0 × (MaxT − MinT)0.5 × (MeanT + 17.8) , (2)

here MaxT is the maximum air temperature for a specific month
◦C), MinT is the minimum air temperature for a specific month (◦C),

eanT is the mean air temperature for a specific month (◦C), and S0
s the extra-terrestrial solar radiation (mm/month) at the top of the
arth’s atmosphere on a horizontal surface (Allen et al., 1998). S0
an be calculated according to the solar constant, number of days
n a year, latitude, and solar decimation. The detailed calculation
rocedure has been described in Allen et al. (1998) and Zhao et al.
2004).

.6. Trend analysis methods
The significant trends in climatologic time series can be
ested using parametric and non-parametric methods. Paramet-
ic trend tests require the data to be independent and normally
istributed, while non-parametric trend tests only require inde-
erature (MeanT, ◦C), maximum temperature (MaxT, ◦C), and minimum temperature
 autumn: from September to November; and winter: from December to February).
M1-M and GISS-E2-R models, respectively, using the bilinear interpolation method.

pendent data (Gocic and Trajkovic, 2013). Two  non-parametric
methods (Mann–Kendall and Sen’s slope estimator tests) were used
to detect the PET trends over the LP in each grid from 2011 to
2100. The Mann–Kendall test provides a measure (ZS) that indi-
cates whether the long-term change of a variable is significant or
not (Atta-ur-Rahman and Dawood, 2016). A comparison analysis
was conducted at the 95% confidence level. The time series trend
was significant at the 95% confidence level when |ZS| > 1.96. ZS > 1.96
indicates a significant increase, while ZS < −1.96 indicates a signif-
icant decrease. The magnitude of the PET trend was calculated via
Sen’s slope estimator test (Atta-ur-Rahman and Dawood, 2016).

3. Results

3.1. Evaluation of downscaled temperature and calculated PET

Table 2 shows the MAE  between the downscaled and observed
monthly MeanT, MaxT, and MinT under the four interpolation
methods. The MAE  under bilinear interpolation is the smallest
for each GCM although such error slightly differs across the four
interpolation methods. Similarly, the MAE  under the bilinear inter-
polation ranges from 1.342 ◦C to 1.599 ◦C for monthly MeanT, from
1.715 ◦C to 1.978 ◦C for monthly MaxT, and from 1.336 ◦C to 5.527 ◦C
for monthly MinT. The NorESM1-M model demonstrates the best
performance in reproducing the monthly MeanT and MaxT over the

LP, while the GISS-E2-R model demonstrates the best performance
in reproducing the monthly MinT in the LP. The regression analy-
sis reveals that the monthly temperature values downscaled by the
most suitable GCMs data are close to the observed values at the four
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Table 2
MAE  between the observed and downscaled monthly MeanT, MaxT, and MinT from 113 national weather stations during 1/1991–12/2005.

Monthly MeanT (◦C) Monthly MaxT (◦C) Monthly MinT (◦C)

Bicubic Bilinear Nearest Spline Bicubic Bilinear Nearest Spline Bicubic Bilinear Nearest Spline

ACCESS1.0 1.460 1.458 1.462 1.460 1.824 1.822 1.824 1.824 1.442 1.439 1.444 1.442
BCC-CSM1.1 1.419 1.418 1.419 1.419 1.780 1.779 1.781 1.780 1.415 1.414 1.416 1.415
BCC-CSM1.1(m) 1.449 1.447 1.450 1.449 1.819 1.818 1.820 1.819 1.458 1.457 1.460 1.458
BNU-ESM 1.429 1.429 1.430 1.429 1.822 1.821 1.822 1.822 1.392 1.391 1.394 1.392
CanESM2 1.363 1.361 1.364 1.363 1.795 1.794 1.796 1.795 1.339 1.337 1.341 1.339
CESM1-BGC 1.434 1.432 1.435 1.434 1.753 1.751 1.754 1.753 1.482 1.480 1.483 1.482
CESM1-CAM5 1.392 1.390 1.392 1.392 1.718 1.716 1.718 1.718 1.415 1.412 1.416 1.415
CMCC-CM 1.484 1.482 1.484 1.484 1.891 1.889 1.891 1.891 1.455 1.453 1.456 1.455
CNRM-CM5 1.451 1.449 1.451 1.451 1.852 1.850 1.852 1.852 1.395 1.393 1.395 1.395
CSIRO-MK-3.6.0 1.424 1.422 1.425 1.424 1.803 1.801 1.803 1.803 1.372 1.370 1.373 1.372
EC-EARTH 1.444 1.442 1.444 1.444 1.865 1.864 1.866 1.866 1.411 1.409 1.412 1.411
FGOALS-g2 1.470 1.469 1.470 1.470 1.833 1.832 1.833 1.833 1.446 1.444 1.447 1.446
FIO-ESM 1.534 1.533 1.535 1.534 1.909 1.908 1.910 1.909 1.512 1.511 1.513 1.512
GFDL-CM3 1.383 1.382 1.384 1.384 1.772 1.770 1.772 1.772 1.389 1.387 1.389 1.389
GFDL-ESM2G 1.415 1.413 1.416 1.415 1.727 1.725 1.729 1.728 1.476 1.474 1.478 1.476
GFDL-ESM2M 1.425 1.423 1.426 1.425 1.809 1.807 1.809 1.809 1.405 1.403 1.406 1.405
GISS-E2-H-CC 1.499 1.498 1.500 1.499 1.921 1.919 1.922 1.921 1.423 1.421 1.424 1.423
GISS-E2-R 1.347 1.346 1.347 1.347 1.729 1.727 1.730 1.729 1.338 1.336 1.338 1.338
GISS-E2-R-CC 1.407 1.406 1.407 1.407 1.802 1.800 1.802 1.802 1.409 1.407 1.410 1.409
HadCM3 1.505 1.503 1.507 1.505 1.860 1.858 1.862 1.860 1.499 1.497 1.501 1.499
INMCM4.0 1.564 1.562 1.565 1.564 1.940 1.939 1.942 1.941 1.536 1.532 1.538 1.536
IPSL-CM5A-LR 1.549 1.548 1.550 1.549 1.725 1.723 1.725 1.725 1.557 1.555 1.559 1.557
MIROC4h 1.471 1.469 1.472 1.471 1.828 1.825 1.830 1.828 1.461 1.459 1.462 1.461
MIROC5 1.446 1.445 1.447 1.446 1.847 1.845 1.848 1.847 5.528 5.527 5.527 5.528
MIROC-ESM 1.379 1.377 1.380 1.379 1.788 1.786 1.788 1.788 1.388 1.386 1.391 1.388
MIROC-ESM-CHEM 1.600 1.599 1.600 1.600 1.980 1.978 1.980 1.980 1.598 1.597 1.599 1.598
MRI-CGCM3 1.571 1.570 1.571 1.571 1.949 1.947 1.950 1.949 1.553 1.551 1.553 1.553
NorESM1-M 1.343 1.342 1.344 1.343 1.717 1

Bicubic, Bilinear, Nearest, and Spline represent the bicubic, bilinear, nearest-neighbor, an
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ig. 4. Comparisons of the observed (x) and calculated (y) values of potential evap-
transpiration (PET, mm)  during 1/1985–12/2005.

easons (Fig. 3). Although the monthly PET values calculated by the
ost accurate MeanT, MaxT, and MinT values are slightly smaller

han the observed values, the statistical indicators between these
alues present a high evaluation for calculating the monthly PET
Fig. 4).

.2. Spatiotemporal changes in PET

As mentioned in Section 3.1, the monthly PET during the

950–2100 period was calculated by the MeanT, MaxT, and MinT,
nd the temperature values were downscaled by the most suit-
ble GCM data using the bilinear interpolation method. A reference
eriod (1961–1990) was set, and the future period (2011–2100)
.715 1.718 1.717 1.341 1.339 1.341 1.341

d cubic spline interpolations, respectively.

was divided into three periods (2011–2040, 2041–2070, and
2071–2100) to assess the spatiotemporal change and trend of
annual PET in the future period.

Fig. 5 shows the spatial patterns of mean annual PET changes in
the future period (2011–2100) under the four RCP scenarios relative
to the reference period (1961–1990). Under each RCP, the zones
that showed the largest changes were located in high-elevation
regions, such as Wutai Mountain in the northeast, Hua Mountain
in the south, and Qilian Mountains in the west. Table 3 shows the
corresponding Min, Max, Mean, and coefficient of variation (CV)
for each spatial distribution in Fig. 5. The CV indicates that RCP8.5
shows the largest spatial variation (10.9%), while RCP2.6 shows the
smallest spatial variation (9.2%). The difference between Max  and
Min  indicates that RCP8.5 shows the most extreme spatial variation
(20.6%; ranging from 11.9% to 32.6%), while RCP2.6 shows the most
moderate spatial variation (10.9%; ranging from 7.6% to 18.5%). The
Mean indicates that the PET over the LP changes by 9.5% for RCP2.6,
10.8% for RCP4.5, 10.1% for RCP6.0, and 14.1% for RCP8.5.

Fig. 6 shows the spatial patterns of the mean annual PET changes
in 2011–2040, 2041–2070, and 2071–2100 under the four RCP sce-
narios relative to the reference period (1961–1990). During each
period, the zones with the largest PET change were located in
some high-elevation regions under all RCP scenarios as shown
in the 2011–2100 period. Table 3 shows the corresponding Min,
Max, Mean, and CV for each spatial distribution in Fig. 6. The
CV indicates that RCP4.5 shows the largest spatial variation in
2011–2040 (21.8%), while RCP6.0 shows the smallest spatial vari-
ation in 2071–2100 (8.3%). The difference between Max  and Min
indicates that RCP8.5 shows the most extreme spatial variation
in 2071–2100 (31.9%; ranging from 20.6% to 52.5%), while RCP6.0
shows the most moderate spatial variation in 2011–2040 (9.7%;
ranging from 1.8% to 11.5%). The Mean indicates that the averaged

PET change over the LP increases with time under each RCP scenario
in the future periods.
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Fig. 5. Geographic distributions of the changes in the mean annual PET (%) from the reference period (1961–1990) to the future period (2011–2100) under four emission
scenarios.

Table 3
Spatial distribution characteristics of mean annual PET change (%) in the future periods relative to the reference period (1961–1990).

2011–2040 2041–2070 2071–2100 2011–2100

RCP2.6 RCP4.5 RCP6.0 RCP8.5 RCP2.6 RCP4.5 RCP6.0 RCP8.5 RCP2.6 RCP4.5 RCP6.0 RCP8.5 RCP2.6 RCP4.5 RCP6.0 RCP8.5

Min  3.9 2.3 1.8 3.5 7.8 9.3 5.7 10.3 9.8 12.7 13.3 20.6 7.6 8.7 7.3 11.9
Max  14.8 14.1 11.5 14.2 19.2 25.3 19.5 31.2 23.2 32.6 33.2 52.5 18.5 24.0 21.4 32.6
Mean 6.2 5.0 4.3 5.4 9.7 11.7 9.0 12.9 12.7 15.8 17.0 23.9 9.5 10.8 10.1 14.1

2.9% 
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CV  15.3% 21.8% 19.7% 17.5% 9.1% 9.9% 12.7% 1

in, Max, Mean, and CV are the minimum, maximum, mean, and coefficient of vari

.3. Trend analysis in PET

Mann–Kendall and Sen’s slope estimator tests were conducted
t each grid over the LP. Fig. 7 maps the spatial patterns of
nnual PET trend during 2011–2100 (i.e., 90-year span) under
he four RCP scenarios, while Table 4 lists the corresponding sta-
istical indexes (Min, Max, Mean, and CV) and area ratios (AR)
f the significant trend zones over the entire LP region. The
ann–Kendall test reveals that the annual PET during 2011–2100

t each grid over the LP demonstrates a significantly increas-
ng trend under each RCP scenario, that is, the AR under each
CP scenario is equal to 100% at the 95% confidence level.
he CV indicates that RCP2.6 shows the largest spatial varia-
ion (17.6%), while RCP8.5 shows the smallest spatial variation
7.1%). The difference between Max  and Min  indicates that RCP8.5
hows the most extreme spatial variation (14.2 mm/10yr; rang-
ng from 22.9 mm/10yr to 37.1 mm/10yr), while RCP2.6 shows
he most moderate spatial variation (12.9 mm/10yr; ranging from
.1 mm/10yr to 16 mm/10yr). The Mean indicates that the averaged
agnitude of PET trend over the LP increases along with emis-

ion intensity; the averaged magnitude is equal to 10.4 mm/10yr
or RCP2.6, 17.7 mm/10yr for RCP4.5, 21.0 mm/10yr for RCP6.0, and
9.7 mm/10yr for RCP8.5.
Fig. 8 maps the spatial patterns of annual PET trends in the
hree future periods (i.e., 30-year span) under the four RCP sce-
arios, while Table 4 lists the corresponding indexes (Min, Max,
ean, CV, and AR). The trend significantly increases under each
9.5% 9.2% 8.3% 9.2% 9.2% 10.5% 10.4% 10.9%

 respectively.

scenario during 2011–2040. Specifically, the significantly increas-
ing trend ranges from 10.9 mm/10yr to 41.9 mm/10yr with a mean
of 26.5 mm/10yr for RCP2.6, from 9.8 mm/10yr to 48.7 mm/10yr
with a mean of 29.1 mm/10yr for RCP4.5, from 7.7 mm/10yr to
29.3 mm/10yr with a mean of 18.5 mm/10yr for RCP6.0, and from
7.4 mm/10yr to 30.9 mm/10yr with a mean of 20.2 mm/10yr for
RCP8.5. This trend is observed in most of the LP region with
97.7% and 97.4% ARs under RCP2.6 and RCP4.5, respectively, in
the west and north of the LP region with 36.3% AR under RCP6.0,
and in the west and east of the LP region with 30% AR under
RCP8.5. The trend also increases significantly under the three sce-
narios during 2041–2070. Specifically, the significantly increasing
trend ranges from 12.7 mm/10yr to 49.3 mm/10yr with a mean of
29.9 mm/10yr for RCP4.5, from 10 mm/10yr to 42.5 mm/10yr with
a mean of 27.1 mm/10yr for RCP6.0, and from 12.9 mm/10yr to
46.2 mm/10yr with a mean of 28.5 mm/10yr for RCP8.5. This trend
is observed in most of the LP region with 99.9%, 76.9%, and 95.7%
ARs under RCP4.5, RCP6.0, and RCP8.5, respectively. During this
same period, the trend significantly decreases under the RCP2.6
scenario and it ranges from 8.6 mm/10yr to 19.8 mm/10yr with a
mean of 14.8 mm/10yr. This trend is observed in north of the LP
with a 0.3% AR. The trend significantly increases under the three
scenarios during 2071–2100; Specifically, the significantly increas-

ing trend ranges from 7.5 mm/10yr to 33 mm/10yr with a mean
of 18.7 mm/10yr for RCP4.5, from 12.8 mm/10yr to 50.5 mm/10yr
with a mean of 26.7 mm/10yr for RCP6.0, and from 20.5 mm/10yr to
55.8 mm/10yr with a mean of 37.2 mm/10yr for RCP8.5. This trend
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Fig. 6. Geographic distributions of the changes in the mean annual PET (%) from the reference period (1961–1990) to beginning-of-century (a1, b1, c1, and d1: 2011–2040),
mid-century (a2, b2, c2, and d2: 2041–2070), and end-of-century (a3, b3, c3, and d3: 2071–2100) under four emission scenarios (rows).

Fig. 7. Geographic distributions of the trend for the annual PET (mm/10yr) during 2011–2100 under four emission scenarios.
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Table  4
Spatial distribution characteristics of significant trend (mm/10yr) in annual PET in the future periods.

2011–2040 2041–2070 2071–2100 2011–2100

RCP2.6 RCP4.5 RCP6.0 RCP8.5 RCP2.6 RCP4.5 RCP6.0 RCP8.5 RCP2.6 RCP4.5 RCP6.0 RCP8.5 RCP2.6 RCP4.5 RCP6.0 RCP8.5

Min  10.9 9.8 7.7 7.4 8.6 12.7 10.0 12.9 10.2 7.5 12.8 20.5 3.1 10.9 14.0 22.9
Max  41.9 48.7 29.3 30.9 19.8 49.3 42.5 46.2 29.4 33.0 50.5 55.8 16.0 23.1 27.8 37.1
Mean 26.5 29.1 18.5 20.2 14.8 29.9 27.1 28.5 18.7 18.7 26.7 37.2 10.4 17.7 21.0 29.7
CV  18.2% 23.2% 15.8% 16.7% 10.4% 20.9% 14.9% 17.5% 11.6% 14% 16.2% 14.1% 17.6% 13.0% 10.3% 7.1%
AR  97.7% 97.4% 36.3% 30.0% 0.3% 99.9% 76.9% 95.7% 1.2% 10.3% 97.5% 100% 100% 100% 100% 100%

AR is the area ratio of the significant trend zones to the entire LP region. The boldface numbers indicate significant decreases at the 95% confidence level.
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ig. 8. Geographic distributions of the trend for the annual PET (mm/10yr) during t
here  the trend significantly increases at the 95% confidence level, and the black 

nterpretation of the references to colour in this figure legend, the reader is referred

s observed in the southeast and northwest of the LP with 10.3%
nd 97.5% ARs for RCP4.5 and RCP6.0, respectively. This trend is
bserved across the entire LP region under the RCP8.5 scenario.
uring this same period, the trend significantly decreases under

he RCP2.6 scenario; it ranges from 10.2 mm/10yr to 29.4 mm/10yr
ith a mean of 18.7 mm/10yr and is located in northeast of the LP

egion with 1.2% AR. According to the CV analysis, RCP4.5 shows the
argest spatial variation in 2011–2040 (23.2%), while RCP2.6 shows
he smallest spatial variation in 2041–2070 (10.4%).

. Summary and discussion
Although the significant changes in the PET trend over the LP
ave been studied in the literature (Li et al., 2012a), previous stud-

es were performed at the station scale and did not provide the
re periods (columns) under four emission scenarios (rows). The red zone indicates
ndicates where the trend significantly decreases at the 95% confidence level. (For
e web version of this article.)

magnitude of PET trend. This study assesses the PET changes and
trends over the LP in future periods (i.e., 2011–2040, 2041–2070,
2071–2100, and 2011–2100) based on the high spatiotemporal
resolution future temperature data generated through the Delta
downscaling method and GCMs data of CMIP5. These spatiotem-
poral results represent the PET changes and trends over the LP in
detail and provide insights for developing flexible adaptation and
mitigation strategies to combat the effects of global warming in this
region.

The PET changes in each future period demonstrate a very strong
spatial variability (Figs. 5 and 6, Table 3). Therefore, high spatial

resolution temperature data are crucial in capturing PET varia-
tion at the fine scale. Large PET changes are also observed in some
high-elevation regions (Figs. 5 and 6). Based on the PET equation
(i.e., Eq. (2)), these changes can be attributed to the fact that the
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ig. 9. Geographic distributions of the changes in the differences between MaxT a
nder  four emission scenarios.

igh-elevation regions show a higher increment in the difference
etween MaxT and MinT than the low-elevation regions, especially
or the Qilian Mountains located west of the LP region (Fig. 9).

oreover, the average annual PET over the LP region will increase
y 12.7%–23.9% from 1961 to 1990 to the end of this century
2071–2100) (Table 3), while Wang and Chen (2014) predicted that
he average annual precipitation over the LP region would increase
y 10% in the same period. These results imply an increasing trend
f water shortage over the LP region at the end of the century. Such
ccelerating water shortage may  further decrease the crop yields
nd threaten the functioning of the native vegetation ecosystem.
herefore, the necessary adaptation and mitigation strategies must
e adopted in the future to address these issues.

The magnitude of PET trend in each future period also demon-
trates a very strong spatial variability (Figs. 7 and 8, Table 4). The
ignificant trends in PET are mapped over the LP, and their distribu-
ions present diverse characteristics, especially in terms of location
nd AR (Figs. 7 and 8). The Delta downscaling method reveals that
he above detailed spatial results differ from those presented in
ther climate change studies, which have mapped the climate vari-
bles (e.g., temperature, precipitation, and PET) based on multiple
eather stations data and by using geo-statistical interpolation
ethods, such as inverse distance weighted interpolation (Li et al.,

012a) and ordinary kriging interpolation (Atta-ur-Rahman and
awood, 2016). Overall, unlike those from other studies, the spa-

ial results in this study can draw the detailed orographic effects
n MeanT, MaxT, MinT, and PET, as well as provide highly accu-
ate information, such as location, AR, and other statistical indexes.
hese differences can be attributed to two reasons. First, other
tudies directly interpolated their station data to reveal the spa-
ial patterns of climate variables, while this study employed the
elta downscaling framework to detect such patterns. Second, this

tudy adopted a high-resolution climatology that represented an
rographic effect with a 1 km spatial resolution in the Delta down-

caling framework.

The significant PET trends in each future period (2011–2040,
041–2070, and 2071–2100) under the four RCP scenarios show
inT (◦C) from the reference period (1961–1990) to the future period (2011–2100)

diverse spatial patterns and statistical results (Fig. 8 and Table 4).
By comparing the three major uncertainties in climate predictions
that result from future natural fluctuations, model responses, and
emission scenarios (Hawkins and Sutton, 2009, 2011), the above
diverseness can be attributed to inter-GCM (i.e., the spread of
changes among GCMs under the same RCP scenario) and scenar-
ios uncertainties (Ning and Bradley, 2015, 2016). Given that this
study adopted the data from two GCMs (i.e., NorESM1-M and GISS-
E2-R models) to calculate the high-resolution future PET under the
four RCP scenarios, the inter-GCM and scenarios uncertainties have
a conjunction effect on the PET trends. Moreover, the PET trends
under the RCP2.6 and RCP4.5 scenarios in 2011–2040 are larger
than those under the RCP6.0 and RCP8.5 scenarios (Table 4), which
implies that the uncertainties resulting from the NorESM1-M and
GISS-E2-R models are greater than those resulting from the differ-
ent scenarios in this period. By contrast, in 2071–2100, the total
uncertainties increase along with the emission scenarios, and the
largest trend is observed under the RCP8.5 scenario.

This study employed the Delta downscaling framework to gen-
erate the monthly mean, maximum, and minimum temperatures
with a 1 km spatial resolution from January 1950 to December
2100 based on the GCM dataset with a 0.5◦ spatial resolution and
high-resolution climatology representing an orographic effect. The
MAE and regression analysis between the downscaled data and
the independent surface station observations reflected the excel-
lent performance of the Delta downscaling method (Table 2 and
Fig. 3). Wang and Chen (2014) used the Delta method to downscale
raw 35 GCM data to a 0.5◦ spatial resolution; the MAE  of monthly
mean temperature ranged from 1.6 ◦C to 5.7 ◦C with a mean of
3.2 ◦C. Compared with those in Wang and Chen (2014), the MAE of
monthly mean temperature in this study was smaller and ranged
from 1.34 ◦C to 1.6 ◦C with a mean of 1.45 ◦C (Table 2). Wang and
Chen (2014) also identified EC-EARTH as the model with the small-
est MAE; this model generated a 0.5◦ spatial resolution temperature

in China. By contrast, this study identifies the NorESM1-M and
GISS-E2-R models as the best models for reproducing the monthly
mean/maximum and minimum temperatures over the LP, respec-



rest M

t
a
f
t
t
t
e
a
r
t

A

d
(
t
c
a
L
m
w
m
m
o
p
s
f
t
t

R

A

A

A

A

A

B

B

B

C

C

D

S. Peng et al. / Agricultural and Fo

ively. These differences may  be attributed to the fact that this study
dopted high-resolution climatology with a 1 km spatial resolution
or downscaling and used surface station observations to evaluate
he downscaled results. These differences emphasized the impor-
ance of high-resolution climatology and evaluation data in using
he Delta downscaling framework. Until now, WorldClim (Mosier
t al., 2014) and the employed climatology in this study are the best
vailable high-resolution climatologies in the world and in China,
espectively. Both climatologies have a 1 km spatial resolution in
he Delta downscaling framework.
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