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ABSTRACT

Based on the outputs of historical and future representative concentration pathway (RCP) experiments
produced by 28 models from phase 5 of the Coupled Model Intercomparison Project (CMIP5), future changes
in climatic mean, interannual standard deviation (ISD), and long-term trends of the annual precipitation over
central Asia (CA) have been estimated. Under different emission scenarios during the twenty-first century,
the climatic mean and ISD (long-term trends) of the annual precipitation over CA projected by the five best
models’ ensemble mean show very similar (quite different) spatial patterns to those in the twentieth century.
Relatively stronger increasing rates (over 3mm decade ! in RCP2.6 and over 6 mm decade ' in RCP4.5 and
RCP8.5) are located over northern CA and the northeastern Tibetan Plateau. Compared to the situations in
the twentieth century, the climatic mean, ISD, and long-term trends of the projected annual precipitation over
most of CA under different emission scenarios exhibit robust increasing changes during the twenty-first
century. The projected increasing changes in the climatic mean (ISD) of the CA annual mean range from 10%
to 35% (10%-90%) under different emission scenarios with relatively large increases over Xinjiang, China
(northern CA and Xinjiang). The increasing trends of the annual precipitation over most of CA are projected
to intensify with relatively large increases (over 3-9 mm decade ') located over northern CA, the Tian Shan
Mountains, and northern Tibet during the twenty-first century. In addition, the intensities of the increasing
changes in the climatic mean, ISD, and trends of CA annual precipitation are intensified with the emissions
increased correspondingly. Further analyses of the possible mechanisms related to the projected changes in
precipitation indicate that the increases of the annual precipitation over CA in the twenty-first century are
mainly attributed to the enhanced precipitable water that results from strengthened water vapor transport and
surface evaporation.

1. Introduction world where the atmosphere can hold more water vapor,
the hydrological cycle could become more active (Folland
et al. 2001a). Recent and potential future increases in
global temperatures are likely to affect the hydrologic
cycle, including changes of precipitation and increases in
extreme events (Sheffield and Wood 2008). Earlier
studies show that the responses of regional precipitation
changes to global warming differ regionally (Ma and

) Fu 2007) and the relationships between temperature
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Global warming characterized by the global mean
surface air temperature increase of 0.74° * 0.18°C in
the last 100 years (Solomon et al. 2007) has caused tre-
mendous impacts on global and regional climate
changes (Dai et al. 1998; Chen et al. 2010). In a warming

DOI: 10.1175/JCLI-D-14-00070.1

© 2014 American Meteorological Society
Unauthenticated | Downloaded 10/12/23 01:01 AM UTC


mailto:yczhang@nju.edu.cn

6628

precipitation are prone to rapid hydrological, biological,
and biogeochemical changes in response to global cli-
matic change (Lioubimtseva et al. 1998) and have often
been predicted to be among the most responsive eco-
systems to higher carbon dioxide concentrations and
global warming (Melillo et al. 1993; Smith et al. 2000).

As one of the largest arid and semiarid areas in the
world, central Asia (CA) stretches from the Caspian Sea
in the west to China in the east and from Afghanistan
and Iran in the south to Russia in the north, covering
the territory of five countries (Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, and Uzbekistan) and part
of northwest China (Fig. 1) with an area of over 4 X
10°km? and almost 60 million people. Located between
the northern temperate zone and the southern subtrop-
ical zone, the westerlies-dominated CA (Lioubimtseva
et al. 2005) is characterized by semiarid and arid climate
conditions with a deficit of freshwater. The inhomoge-
neous climates over CA with great spatial variability are
largely due to the heterogeneity associated with the
complex terrain including high mountain ranges and flat
low-level plains (Bohner 2006; Aizen et al. 1995; Narama
et al. 2009) and are characterized by pronounced in-
terannual precipitation variability (von Wehrden et al.
2010). Recent studies show that CA is one of the specific
regions that are likely to be strongly affected by global
warming (Solomon et al. 2007; Chen et al. 2010). During
the last 100 years, the surface air temperature over CA
exhibited a significant warming trend with an increasing
rate of around 0.18°C decade ', which is larger than the
global average and twice the warming rate of the surface
air temperature over the Northern Hemisphere (Chen
et al. 2009). A recent study shows that the annual pre-
cipitation in CA is generally enhancing during the past 80
years with an apparent increasing trend in winter (Chen
et al. 2011). This is quite different from the general
characteristics of precipitation changes (Huang et al.
2012) over the subtropical land regions.

CA is a unique region among the world’s ecosystems.
Water is particularly scarce in CA, where the ecosystems
largely depending on water provided by precipitation
during the growing season are highly vulnerable and
among the most responsive to global climatic change
(Huxman and Smith 2001; Whitford 2002). The changes
in climatic variables such as temperature and precip-
itation strongly affect the fragile ecosystems in CA
(Lobell and Asner 2003; Lobell and Field 2007;
Kucharik 2008; Deryng et al. 2011; Hsiang et al. 2011),
which are especially highly sensitive to changes in the
local hydrological cycle and characteristics of pre-
cipitation caused by global warming (Trenberth et al.
2003; Narisma et al. 2007). A recent study by Gessner
et al. (2013) indicates that the vegetation development
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FIG. 1. Topography and administrative map of central Asia.
Shadings show the topography height.

on nearly 80% of the CA land surface is sensitive to
precipitation anomalies, particularly with a strong sen-
sitivity of vegetation in areas with annual precipitation
ranging from 100 to 400 mm.

Large hydrological year-to-year variations and asso-
ciated implications for socioeconomics and ecology arise
necessary studies on assessing long-term climate varia-
tions in the ““climate change hot spot” of CA (Giorgi and
Francisco 2000; Giorgi 2006) in view of projected cli-
mate changes (Viviroli et al. 2011; van Vuuren et al.
2011). A recent study shows that projections of precip-
itation amounts over CA are not fully consistent: The
seasonal distribution of precipitation changes are pro-
jected with less precipitation in the central and southern
parts of CA particularly during summer and an increase
of winter precipitation in the northern and eastern parts
(Lioubimtseva and Henebry 2009). These changes in
climate have exacerbated water stress over CA (Siegfried
et al. 2012).

Existing studies show that one of the most important
social and political risks associated with climate change
pertains to water availability (Dinar and Dinar 2003;
Wolf et al. 2003). Understanding the variations of
precipitation and the related water resources in the
context of global warming is very important for the
regional agriculture and economy in CA, which is one
of the most vulnerable regions in the world to climate
change. Uncertainties in the multiscale spatiotemporal
variability of CA climate (Lioubimtseva et al. 2005)
complicate the necessary assessment of regional cli-
mate characteristics and their future development un-
der global warming.

Recently, phase 5 of the Coupled Model Inter-
comparison (CMIP5) of the Intergovernmental Panel
on Climate Change (IPCC) Fifth Assessment Report
(ARS) has provided the latest outputs from over 40
coupled general circulation models (CGCMs) devel-
oped by different institutes across the world (Taylor
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et al. 2012). Based on these output data, most stud-
ies have focused on the future regional precipitation
changes in response to global warming under different
future emission scenarios (Bao 2012; Fyfe et al. 2012;
Jiang and Tian 2013; Kharin et al. 2013; Knutti and
Sedlacek 2012; Wei and Bao 2012). However, much less
attention has been paid to the future changes and de-
tailed regional differences in the annual precipitation
over CA in response to the global warming scenarios.
To address these issues in detail, based on the latest
results of the historical and different future emission
scenario described as representative concentration
pathway (RCP) experiments (Taylor et al. 2012) pro-
vided by the multiple CGCMs of CMIP5, such ques-
tions are concentrated in current study as follows:
1) How is the ability of each CMIP5 climate model in
simulating the historical changes of the CA annual
precipitation? 2) Can the ensemble mean derived
from the outputs of models with good skills reproduce
the characteristics of the CA annual precipitation?
3) What are the basic features of the future changes in
the CA annual precipitation under different future
emission scenarios in the twenty-first century with re-
spect to the twentieth century based on the best
models’ ensemble mean? 4) What are the underlying
possible mechanisms related to the changes in the annual
precipitation over CA during the twenty-first century?
Answering these questions is necessary and valuable for
the policy makers to make policies and take actions for
the challenges of the potential effects of climate changes
over CA in the future.

The data and methodology are given in section 2. An
evaluation of each model’s performance in simulating
the CA annual precipitation during the twentieth cen-
tury is indicated in section 3. Spatial distributions of the
projected changes in the annual precipitation over CA
are shown in section 4. Possible underlying physical
mechanisms are discussed in section 5. A summary of
the results is provided in section 6.

2. Data and methodology
a. Data
The data used in this study are shown as follows:

1) The Climate Research Unit (CRU) time series ver-
sion 3.10 (TS3.10; which supersedes CRU TS3.00)
monthly dataset covering the global land with a hori-
zontal resolution of 0.5° in longitude by 0.5° in latitude
is provided by the University of East Anglia (Mitchell
and Jones 2005). The CRU TS3.10 dataset is derived
from the monthly observations at meteorological sta-
tions across the world’s land areas during 1901-2009
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(Harriset al. 2014). The dataset includes 10 variables
(precipitation, cloud cover, diurnal temperature
range, frost day frequency, potential evapotrans-
piration, daily mean temperature, daily minimum
temperature, daily maximum temperature, vapor
pressure, and wet day frequency). CRU TS3.10 data
are produced by the same methodology as for the
TS3.00 dataset. Slight differences which are not
significant may be noticed between the results for
a given time/location between the TS3.00 and TS3.10
versions because of additional data now being avail-
able. The new dataset compares with sparser obser-
vations very well. The different versions of CRU
dataset have been widely used in studies of climate
change (Houghton et al. 2001; Folland et al. 2001b;
Jone et al. 2001; Brohan et al. 2006; Peterson and
Manton 2008; Huang et al. 2012). In the current
study, we only used the precipitation data from CRU
TS3.10, which can be obtained online (at http://badc.
nerc.ac.uk/data/cru/) to conduct model evaluation.

2) Monthly precipitation; surface heat fluxes; and
atmospheric variables, including zonal (u#) and
meridional (v) components of wind speed, specific
humidity, evaporation, and so on, at different pres-
sure levels from the historical and RCP experiments
of 28 CMIP5 coupled climate models (Table 1):
The outputs from the historical (RCP2.6, RCP4.5,
and RCP8.5) experiments cover the period of 1850—
2005 (2006-2100). RCP2.6, RCP4.5, and RCP8.5
represent different future emission scenarios (van
Vuuren et al. 2011) from low to high, respectively.
For all models and experiments, the results of the
first ensemble member (rlilpl) are used in this
study. All model outputs are interpolated onto the
horizontal resolution of 0.5° X 0.5° using a bilinear
interpolation method. More detailed information
about the experimental designs of the historical
and RCP experiments (Peters et al. 2013) can be
found in Taylor et al. (2012).

b. Methodology

The analysis methods including the spatial correlation
coefficient (SCC) that reveals the spatial distribution
similarity between the model simulation and the ob-
servations; root-mean-square error (RMSE) that in-
dicates the bias of the intensity between the simulation
and observation; standard deviation (SD) that shows the
variation or dispersion from the average; model spread
(MS); and ratio of signal to noise (Rsn) are adopted in
this study. The detailed descriptions for MS and Rgy are
given in the following subsections:
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TABLE 1. Information on the 28 CMIP5 climate models used in the current study.

Model Horizontal resolution
No. Model name Model expansion Institute, country (lat X lon)
1 BCC_CSM1.1 Beijing Climate Center (BCC), BCC, China Meteorological ~2.8°%2.8°
Climate System Model, version 1.1 Administration, China
2 BCC_CSM1.1-m BCC, Climate System Model, ~1.1° X 1.1°
version 1.1m
3 BNU-ESM Beijing Normal University (BNU)—  BNU, China ~2.8° % 2.8°
Earth System Model
4 CanESM2 Second Generation Canadian Earth Canadian Centre for Climate ~2.8° X 2.8°
System Model Modelling and Analysis
(CCCma), Canada
5 CCSM4 Community Climate System Model, National Center for ~1.25° X 1°
version 4 Atmospheric Research
(NCAR), United States
6 CESM1-CAMS5 Community Earth System Model, National Science Foundation, ~1.25° x 1°
version 1 (Community U.S. Department of Energy,
Atmosphere Model, version 5) and NCAR, United States
7 CNRM-CM5 Centre National de Recherches CNRM/Centre Europeen de ~1.4° X 1.4°
Météorologiques (CNRM) Recherche et Formation
Coupled Global Climate Model, Avancees en Calcul
version 5 Scientifique, France
8 CSIRO Mk3.6.0 Commonwealth Scientific and CSIRO in collaboration with ~1.87° X 1.85°
Industrial Research Organisation the Queensland Climate
(CSIRO) Mark 3.6.0 Change Centre of
Excellence, Australia
9 EC-EARTH European Consortium (EC)-Earth EC-EARTH Consortium ~1.1° X 1.1°
Sytem Model
10 FGOALS-g2 Flexible Global Ocean— State Key Laboratory of ~2.8° X 2.8°
Atmosphere-Land System Model Numerical Modeling for
gridpoint, version 2.0 Atmospheric Sciences and
Geophysical Fluid Dynamics
(LASG), Institute of
Atmospheric Physics,
Chinese Academy of
Sciences; and Center for
Earth System Science
(CESS), Tsinghua
University, China
11 FIO-ESM First Institute of Oceanography FIO, State Oceanographic ~2.8° X 2.8°
(FIO) Earth System Model Institute (SOA), China
12 GFDL CM3 Geophysical Fluid Dynamics GFDL, United States 2.5° % 2°
Laboratory (GFDL) Climate
Model, version 3
13 GFDL-ESM2G GFDL Earth System Model with ~2.5°x2°
Generalized Ocean Layer
Dynamics (GOLD) component
14 GFDL-ESM2M GFDL Earth System Model with ~2.5° X 2°
Modular Ocean Model 4 (MOM4)
component
15 GISS-E2-H Goddard Institute for Space Studies National Aeronautics and 2.5°%x2°
(GISS) Model E2, coupled with Space Administration
the Hybrid Coordinate Ocean (NASA) GISS, United
Model (HYCOM) States
16 GISS-E2-R GISS Model E2, coupled with the 2.5° % 2°
Russell ocean model
17 HadGEM2-AO Hadley Centre Global Environment ~ Met Office Hadley Centre, 1.875° X 1.25°
Model, version 2—Atmosphere United Kingdom
and Ocean
18 HadGEM2-ES Hadley Centre Global Environment 1.875° X 1.25°

Model, version 2—Earth System
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TABLE 1. (Continued)

Model Horizontal resolution
No. Model name Model expansion Institute, country (lat X lon)
19 IPSL-CM5A-LR L’Institut Pierre-Simon Laplace IPSL, France ~3.75° X 1.9°
Coupled Model (IPSL), version
5A, low resolution
20 IPSL-CM5A-MR IPSL, version SA, mid resolution ~2.5° %X 1.3°
21 MIROC5 Model for Interdisciplinary Japan Agency for ~1.4°x 14°
Research on Climate (MIROC), Marine-Earth Science and
version 5 Technology, Atmosphere
22 MIROC-ESM MIROC, Earth System Model and Ocean Research ~2.8° X 2.8°
23 MIROC-ESM-CHEM  MIROC, Earth System Model, Institute (The University of ~2.8° X 2.8°
Chemistry Coupled Tokyo), and National
Institute for Environmental
Studies, Japan
24 MPI-ESM-LR Max Planck Institute Earth System Max Planck Institute for ~1.87° X 1.85°
Model, low resolution Meteorology (MPI-M),
25 MPI-ESM-MR Max Planck Institute Earth System Germany ~1.87° X 1.85°
Model, medium resolution
26 MRI-CGCM3 Meteorological Research Institute MRI, Japan ~1.1° X 1.1°
(MRI) Coupled Atmosphere—
Ocean General Circulation
Model, version 3
27 NorESM1-M Norwegian Earth System Model, Norwegian Climate Centre, ~2.5° % 1.9°
version 1 (intermediate Norway
resolution)
28 NorESM1-ME Norwegian Earth System Model, ~2.5° X 1.9°

version 1 (intermediate resolution

with carbon cycle)

1) MODEL SPREAD

According to Huang et al. (2009), the MS is given by

ws- 5 (%)

where n devotes the number of models; x; is the simu-
lation of the model number #; and X is the mean of the n
models’ results and can be calculated by x = 1/n2?=]x,~.
The MS is a good index to measure the consistency of
the results from multiple models. High (low) MS in-
dicates low (high) consistency among the simulations
from different models.

12
X 100%, 1)

2) RATIO OF SIGNAL TO NOISE

The ratio of signal to noise of an N-yr average is de-
fined according to Leith (1973) as

AX
SN (X))’ 2

where AX =X, — X is the difference (change) be-
tween two climatic states X; and X, responding to

different external forcings; X and X, are the climatic
means of X; and X, over N yr, respectively; o(X>) is the
standard deviation of X;; and Rgy = 1 indicates signifi-
cant contribution of the forced climate change to the
change in the finite-time mean climate.

In addition, in this study we adopt the standard least
squares regression with linear slope and a two-tailed ¢
test to examine all trends (Huang et al. 2012).

3. Model evaluation

The simulated precipitation of the historical experi-
ment for the 28 CMIP5 models is compared with the
CRU observed dataset to reveal each model’s perfor-
mance in simulating the annual precipitation over CA
during 1901-2005.

To first reveal the MS of the simulated annual pre-
cipitation over CA among the 28 models, Fig. 2 gives the
MS of the climatology, interannual SD (ISD), and long-
term trends of the annual precipitation over CA during
19012005 simulated by the 28 CGCMs. Low MS (below
20%) of the climatology and ISD for the annual pre-
cipitation is located over most of CA, except for the
Tarim basin of China (Figs. 2a,b), indicating that the
annual precipitation climatology and ISD produced by
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FI1G. 2. The model spread of the (a) climatology, (b) ISD, and (c) long-term trends of the annual precipitation over
CA simulated by the 28 models in the historical experiment during 1901-2005.

the 28 CGCMs show very high consistencies in most of
CA, except that relatively large spread (over 40%) can
be noted in the Tarim basin of China. However, the
long-term trends of the annual precipitation over CA
(Fig. 2¢) produced by the 28 models show very large MS
(over 100% in most of CA), suggesting that the 28
CMIP5 CGCMs have large inconsistencies in simulating
the long-term trends of the CA annual precipitation. To
objectively evaluate the performance of each model in
simulating the annual precipitation, we score each
model’s ability in simulating the climatology, ISD, and
long-term trends of the annual precipitation, which can
explain much of the basic features inherent in climate
variability.

Compared with the CRU data, we calculate the SCC,
RMSE, and spatial standardized deviation ratios (which
are derived from the spatial SD simulated by each model
normalized by the observed spatial SD and reveal the
similarity of the spatial heterogeneity between the sim-
ulation and observation; Seo and Ok 2013) for the cli-
matology, ISD, and long-term trends of the CA annual
precipitation in the historical experiment during 1901—
2005. We score each model’s performance in simulating
the climatic mean, ISD, and long-term trend fields of the
annual precipitation over CA with the following steps:
1) We rank the absolute differences between the spatial
standardized deviation ratio and 1 and RMSEs (SCCs)

for the 28 models from highest (lowest) to lowest
(highest) with the sequence numbers ranging from 1 to
28. 2) Then we obtain the sequence number for each
model in simulating a given aspect of the annual pre-
cipitation. 3) We score each model’s ability in simulating
the CA annual precipitation climatology, ISD, and long-
term trends based on the sequence number: for example,
for one model with the ith sequence number for SCC
of the simulated and observed annual precipitation

Score

[2-T S L~ . B - -]

[

BCC_CSM1-F

CCSM4+
CESM1-CAMb-
MIROC5+
MIROC-ESM+

FIO-ESM-
MIROC-ESM-CHEM-

CanESM2-
GFDL-CM3+
GFDL-ESM2G+

BCC_CSM1-1-M+
EC—-EARTH—

CNRM-CM5+
FGOALS-g24
GISS—-E2-HH
GISS-E2-R+

HadGEM2-A0+

MRI-CGCM3+

NorESM1-M—
NorESM1-M

BNU-ESM-
CSIRO-Mk3-6-0-

GFDL-ESM2M+
HadGEM2-ES—
IPSL-CM5A-LR-
IPSL-CM5A-MRH
MPI-ESM-LR-
MPI-ESM-MR+

F1G. 3. Skill of each model in simulating the climatic mean, ISD,
and long-term trends of the annual precipitation over CA during
1901-2005.

Unauthenticated | Downloaded 10/12/23 01:01 AM UTC



1 SEPTEMBER 2014

(a)Best Ensemble Climatology

HUANG ET AL.

6633

(d)CRU Climatology

il

35N
50E 55E 60E 65E 70E 75E 80E 85E 90E 95E 50E 55E 60E 65E 70E 75E 80E 85E 90E 95E

60 120

180
i (b)Best Ensemble ISD

240 300

10 15 20 25 30

360 420 480
(e)CRU ISD

540

600mmyear™

65E 70E 7S5E 80E 85E 90E 95E

35 40 50 70 mmyear™

(f)CRU Trend

(c)Best Ensemble Trend

0

35N —
50E 55E 60E 65E 70E

75E 80E 85E 90E 95E 50E 55E 60E 65E 70E 75E B80E 85E 90E 95E

FIG. 4. The (a),(d) climatology, (b),(e) ISD, and (c),(f) long-term trends of the (left) five best models’ ensemble
mean and (right) CRU observed annual precipitation over CA during 1901-2005. In (c),(f), the contours indicate
long-term trends (mm decade ') and areas over 95% significant confidence level of ¢ test are shaded.

climatology, we can then score this model’s perfor-
mance in simulating the spatial pattern of the climatic
mean field by (i — 1)/(28 — 1) (where 28 is the total
number of the models used in this study). It is obvious
that the model with high sequence number show rel-
ative better ability in simulating a specified aspect.
4) Finally, we calculate the total value of the scores for
each model in simulating the SCC, RMSE and spatial
standardized deviation ratios of the modeled climatic
mean, ISD, and long-term trends compared to the
observations. So the total values of scores theoreti-
cally range from 0 to 9 and high (low) values indicate
good (bad) performance. As shown in Fig. 3, the skills
of the 28 models in simulating the climatic mean, ISD,

and long-term trends of the annual precipitation over
CA during 1901-2005 display large differences. Based
on the skills shown in Fig. 3, we can pick out some
models with good ability to conduct multimodel en-
semble mean for the future projection of the annual
precipitation over CA.

According to the skills of the 28 models shown in
Fig. 3, five models (CanESM2, EC-EARTH, GFDL
CM3, MIROCS, and MRI-CGCM3) with relatively
better performance in simulating the annual precipitation
over CA among the 28 models are picked out to do
multimodel ensemble mean. The climatic mean, ISD, and
long-term trends of the multimodel ensemble mean CA
annual precipitation are calculated with the following
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FIG. 5. The (a),(b) first leading EOF mode and (c),(d) corresponding normalized principal component indicated
with green curves of the (left) five best models’ ensemble mean and (right) CRU observed annual precipitation
anomalies over CA during 1901-2005. In (c),(d) the blue lines show the long-term linear regression of the normalized
principal components, the r* in the standard least squares regression indicates the square of correlation coefficients
between two time series data, and the slope reveals the trend of PC1.

steps: 1) The yearly time series of the multimodel en-
semble mean annual precipitation over CA is derived
from the results of individual models over N yr. 2) Then
the climatic mean, ISD, and trends are calculated based
on the yearly time series dataset of N yr obtained in the
first step.

To further illustrate the reliability of the five best
models’ ensemble mean, Fig. 4 gives the climatology,
ISD, and long-term trends of the modeled and
observed annual precipitation over CA during 1901-
2005. As shown in Fig. 4d, the observed annual pre-
cipitation over large part of CA is less than 360 mm.
However, the annual precipitation with the intensity
less than 120 mm is located over most of Uzbekistan
and south of Xinjiang, China. Meanwhile, three cen-
ters with relatively large annual precipitation with the
intensity over 400 mm are located over the adjacent
areas of southeastern Kyrgyzstan, northeastern Af-
ghanistan, northern India, and northern Pakistan;
southern Russia close to the northwestern border of
the Kazakhstan; and southern Russia close to the ad-
jacent regions of eastern Kazakhstan, northwestern
China, and western Mongolia, respectively. It is obvi-
ous that the five best models’ ensemble mean (Fig. 4a)
well captured the intensity and spatial distributions

of the observed annual precipitation climatology.
Compared with the features in Fig. 4d, the ISD of the
observed CA annual precipitation (Fig. 4e) shows
a very similar distribution to the climatic mean fields.
The five best models’ ensemble mean also well pro-
duced the distribution of the observed ISD (Fig. 4b).
As shown in Figs. 4c and 4f, both the five best models’
ensemble mean and CRU annual precipitation exhibit
slightly weak increasing trends over most of CA with
significant increasing trends over 5mm decade ' lo-
cated in the neighboring regions of Kyrgyzstan, eastern
Afghanistan, northern India, and northern Pakistan
during 1901-2005.

To give more detailed spatiotemporal distributions of
the five best models’ ensemble mean modeled and CRU
observed annual precipitation anomalies during 1901-
2005, empirical orthogonal function (EOF) analysis
(North et al. 1982) is used in this study. Figures 5 and 6
give the two leading EOF modes (EOF1 and EOF2) of
the annual precipitation over CA and their corre-
sponding normalized principal component (PC) during
1901-2005.

As shown in Fig. 5b, the EOF1 mode of the observed
annual precipitation anomalies over CA, which can ex-
plain the 22.4% of total variance, exhibits consistent
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FIG. 6. As in Fig. 5, but for the EOF2 mode and corresponding normalized PC2.

changes over the entire region during 1901-2005 with
the strongest (weakest) changing center located over
northern Afghanistan and Tajikistan (Tarim basin of
China). The PC1 for the observations (Fig. 5d) shows
a significant increasing trend during 1901-2005. It is
clearly shown in Figs. 5b and 5d that the observed annual
precipitation over the whole CA is consistently domi-
nated by an increasing trend. The EOF1 mode of the
five best models’ ensemble mean annual precipitation
anomalies (Figs. 5a,c) shows comparable features to the
observations. The EOF1 mode of the simulated annual
precipitation anomalies can explain 22.7% of the total
variance, which is close to that in the observations
(22.4%).

However, the EOF2 mode and corresponding PC of
the observed annual precipitation show reversed
changes over northern and southern CA with no sig-
nificant changing trend (Figs. 6b,d). Three relatively
large changing centers are located over the adjacent
areas of Kyrgyzstan, northeastern Afghanistan, north-
ern India, and northern Pakistan; southern Russia close
to the northwestern border of the Kazakhstan; and
southern Russia close to the adjacent regions of eastern
Kazakhstan, northwestern China, and western Mongo-
lia, respectively. Compared with the observations, the
five best models’ ensemble mean also well reproduced
the dominant features of the EOF2 mode of the annual
precipitation anomalies over CA (Figs. 6a,). The

variance contribution rates of the EOF2 mode for sim-
ulation and observation are very comparable (15.4%
versus 15%).

Opverall, from the analyses mentioned above, the five
best models’ ensemble mean well reproduced the cli-
matology, ISD, and long-term trends of the annual
precipitation over CA and dominant spatiotemporal
distributions of leading EOF modes of the precipitation
anomalies. This enhances our confidence to some extent
in the reliability of the projected annual precipita-
tion over CA from the RCP experiments during the
twenty-first century based on the five best models’ en-
semble mean.

4. Results of future projections

The climatic mean and ISD of the ensemble mean
annual precipitation over CA projected by the five
best models under different emission scenarios (Figs.
7a—f) during 2011-2100 obviously show very similar
spatial patterns to those during 1901-2005 (Figs. 4a,
b). However, the projected long-term trends of the
annual precipitation shown in Figs. 7g—i display quite
different distributions compared to the historical ex-
periment simulation and the CRU data (Figs. 4c,f).
The projected annual precipitation over most of CA
consistently show increasing trends with stronger
changing rates located over northern CA and the

Unauthenticated | Downloaded 10/12/23 01:01 AM UTC



6636

(a)RCP2.6_Climatology

A

55N
50N
45N
40N

60E

75 150 225 300 375

JOURNAL OF CLIMATE

(b)RCP4.5_Climatology

450
(e)RCP4.5_ISD

VOLUME 27

(c)RCP8.5 Climatology

60E T7O0E 80E 90E

1

525 600 675 7Y50mmyear”

(f)RCP8.5_ISD

(d)RCP2.6_ISD

.

5N :
50E 60E 70E 80E 90E 50E

60E

70E

80E 90E 50E

60E

70E 80E 90E

10 15
(g)RCP2.6_Tren

20 25 30

1

35 40 50 60 70mm year”

(i)RCP8.5_Trend

(h)RCP4.5_Trend

55N S T
50N -
45N -
40N - e =
35N ——2 e o SRR A L= Lo [
50E 60E 70E B0E 90E 50E 60E 70E B80E 90E 50E 60E 70E B80E 9OE

Fi1G. 7. The (a)—(c) climatic mean, (d)-(f) ISD, and (g)—(i) long-term trends of the five best models’ ensemble mean annual precipitation
over CA under different emission scenarios during 2011-2100. In (g)—(i), the contours indicate long-term trends of the annual pre-
cipitation over CA (mm decade ') and areas over 95% significant confidence level of  test are shaded.

northeastern Tibetan Plateau during 2011-2100, and
the changing rates strengthen with the emissions in-
creased.

To give more detailed spatiotemporal distributions
of the CA annual precipitation, the EOF modes and
corresponding PCs of the CA annual precipitation
anomalies projected under different emission scenarios
during 2011-2100 are given in Figs. 8 and 9. The EOF1
modes of the annual precipitation anomalies over CA
under different emission scenarios (Figs. 8a—c) consis-
tently show the same signs over the entire CA, indicating
that the annual precipitation exhibits spatially consistent
changes with the same signs during 2011-2100. As
shown in Figs. 8d-f, the corresponding PC1 in the
RCP2.6 experiment shows nonsignificant long-term
trend; however, the results produced by RCP4.5 and
RCP8.5 experiments show significant increasing trends,
with slopes of 0.027 and 0.035 (+* of 0.483 and 0.840),
respectively.

The EOF2 modes of the projected annual pre-
cipitation anomalies over CA (Figs. 9a—c) show opposite
signs between northern and southern CA under differ-
ent emission scenarios, suggesting that the annual pre-
cipitation over northern and southern CA displays
inverse changes in the twenty-first century. Addition-
ally, the RCP2.6 experiment (RCP4.5 and RCPS8.5
experiments) produced a significant (nonsignificant)
increasing trend of the PC2 (Figs. 9d—f). As a whole, the
PC1 produced by the RCP4.5 and RCP8.5 experiments
shows a significant increasing trend; however, the PC2 in
the RCP2.6 experiment shows a significant increasing
trend. Possible reasons related to such differences can
be explained by the different experimental design of
RCP2.6, in which the emission radiative forcing reaches
a maximum near the middle of the twenty-first century
before decreasing to an eventual nominal level of
2.6 W m™2; however, in the RCP4.5 and RCP8.5 exper-
iments the radiative forcing increases throughout the
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best models’ ensemble mean annual precipitation anomalies over CA under different emission scenarios during
2011-2100. In (d)—(f) the blue lines show the long-term linear regression of the normalized PC1, the 7* in the standard
least squares regression indicates the square of correlation coefficients between two time series data, and the slope

reveals the trend of PCI.

twenty-first century (Taylor et al. 2012; van Vuuren et al.
2011). This explanation can be further confirmed by the
EOF analysis of the annual precipitation anomalies
during 2011-60, throughout which the emission radia-
tive forcing in the RCP2.6, RCP4.5, and RCP8.5 ex-
periments all increases (van Vuuren et al. 2011). The
three experiments produced very similar spatial patterns
for the leading two EOF modes of the annual pre-
cipitation anomalies during 2011-60 (not shown). The
EOF1 modes and corresponding PCls of the annual
precipitation anomalies all consistently show increasing
trends over the entire CA. However, the EOF2 modes
and corresponding PC2s indicate that the annual pre-
cipitation over northern (southern) CA will increase
(decrease) with nonsignificant trends. Comparisons of

the results shown in Figs. 7g—i and Figs. 8 and 9 suggest
that EOF1 (EOF2) mode of the projected annual pre-
cipitation anomalies over CA from RCP4.5 and RCP8.5
(RCP2.6) dominantly contribute to the changing trends
of the CA annual precipitation during 2011-2100.
Figure 10 gives the fractional percentage changes of
the climatic mean and ISD of the annual precipitation
over CA and the changes in long-term trends from dif-
ferent RCP experiments during 2011-2100 relative to
the results of the historical experiment during 1911-
2000. The fractional percentage changes in the climatic
mean fields under different emission scenarios during
2011-2100 (Figs. 10a—c) all exhibit significant increases
in the annual precipitation over almost the entire CA by
10%-35% with a maximal increasing center located
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FIG. 9. As in Fig. 8, but for the EOF2 mode and corresponding normalized PC2.

over the Tarim basin of China. Meanwhile, with the
emissions enhanced, the fractional percentage changes
of the CA annual precipitation increase correspond-
ingly. Changes in the ISD under different emission
scenarios during 2011-2100 (Figs. 10d—f) are also sig-
nificantly increased by 15%-90% with relative large
changes located over northern and eastern CA, in-
dicating that the variations of the CA annual pre-
cipitation will become more unstable in the twenty-first
century under a warming climate. Furthermore, the in-
creasing changes in the ISD will intensify with emissions
increased.

The changes in the long-term trends of the projected
annual precipitation under different emission scenarios
during 2011-2100 (Figs. 10g—i) are increased over most
of CA relative to 1911-2000 with the trends ranging
from 0 to 12mm decade ', signifying that the annual
precipitation over most of CA is projected to increase

at faster rates under different RCPs in the twenty-first
century. Relatively large increasing changes can be
found over northern CA, the Tian Shan Mountains,
and northern Tibet and the increasing intensity
strengthens under the emission scenarios from low to
high. The annual precipitation over north Afghanistan
and part of Tajikistan during 2011-2100 exhibit de-
creasing changes in the long-term trends compared to
those in the twentieth century and the decreasing
changes will weaken with the emissions increased. The
regions with decreasing changes in the long-term trends
of the annual precipitation contract from a relatively
larger extent in RCP2.6 to small extent in RCP8.5.
Opverall, under the emission scenarios from low to high,
the increasing trends of the annual precipitation over
most of CA are projected to intensify in the twenty-first
century. This is consistent with the results shown in
Figs. 7g-i.
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FIG. 10. Fractional percentage changes (%; contours) in the (a)—(c) climatic mean and (d)—(f) ISD of the CA annual precipitation
projected by the five best models’ ensemble mean under different emission scenarios during 2011-2100 with respect to 1911-2000. The
regions over 95% significant confidence level of ¢ test in (a)—(c) and f test in (d)—(f) are shaded. (g)—(i) Shadings show the changes in the
long-term trends of the five best models’ ensemble mean annual precipitation over CA under different emission scenarios during 2011

2100 relative to 1911-2000.

To further illustrate whether the five best models are
consistent in projecting the future precipitation changes
or not, we calculated the MS of the factional percentage
changes in the climatic mean, ISD of the CA annual
precipitation, and changes in the long-term trends pro-
duced by the five best individual models (not shown) in
2011-2100 under different RCPs with respect to the
historical simulations in 1911-2000. Small MS values
(below 20%) of the fractional percentage changes of
climatic mean fields are located over most of CA, except
southwestern CA and the central Tian Shan Mountains,
where the MS values are relatively larger (over 30%).
The changes in the long-term trends of the CA annual
precipitation produced by the five best individual
models show relatively small (large) MS over northern
and southeastern CA (southwestern CA), with the
values below 30% (over 60% ). The MS of the ISD shows
complex distributions compared with climatic mean and
trend fields: The values range from 5% to 120% with

relatively large values located over CA under RCP2.6
and RCP4.5. Overall, the MS decreases under the
emission scenarios from low to high, suggesting that the
uncertainties and inconsistency of the projected CA
annual precipitation changes among the five best in-
dividual models reduces with the emissions increased.
Under RCPS8.5, the five best models produce much
higher consistent changes in the CA annual precip-
itation. However, under RCP2.6, the projected changes
in the ISD and trends, especially the trends, show
a much larger inconsistency. Despite these uncertainties
in the changes projected by the five best individual
models under different RCPs, the uncertainties can be
reduced through the multimodel ensemble (Huang et al.
2013).

To see if the changes in the climatic mean, ISD, and
long-term trends of the CA annual precipitation during
2011-2100 shown in Fig. 10 are robust or not, Fig. 11
gives the changes in the annual precipitation over CA
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-3 0

under different future emission scenarios relative to the
situations of 1911-2000 based on the 28 models’ ensemble
mean. Compared with the features shown in Fig. 10, de-
spite some differences in the intensities of the changes in
the climatic mean, ISD, and long-term trends of the CA
annual precipitation between the 28 models’ ensemble
mean and the five best models’ ensemble, the spatial
patterns are very comparable. In addition, the projected
changes in the climatology, ISD, and long-term trends of
the annual precipitation produced by the 28 models’ en-
semble and the five best models’ ensemble over most of
CA all consistently show strengthened intensities with the
emissions enhanced. Further analysis shows that the
signal-to-noise ratios of the changes in the CA annual
precipitation based on the five best models’ ensemble
mean (not shown) over most of CA are greater than 1.0
under different RCPs, indicating that the changes in the
annual precipitation over most of CA are significantly
affected by the external forcing and further confirming
the robust significance of the results shown in Fig. 10.
Opverall, comparisons of Figs. 11 and 10 further con-
firm that the climatic mean, ISD, and long-term trends

3

1

6 9 12mm decade-

of the annual precipitation over most of CA projected in
different RCPs exhibit robust increasing changes during
the twenty-first century compared to the twentieth
century. Furthermore, the intensities of the increasing
changes are intensified with the emissions increased.

5. Possible mechanisms

The possible mechanisms related to the changes in the
annual precipitation over CA projected under differ-
ent emission scenarios will be revealed in this section.
Figure 12 first gives the projected changes in the annual
mean precipitation, vertically integrated water vapor
transport flux, and atmospheric column water vapor
content (precipitable water) over CA during 2011-2100
relative to 1911-2000. From Figs. 12a—c, the anomalous
southwest water vapor transport flux prevails over CA
under different emission scenarios, suggesting that the
future water vapor transport flux from low latitudes
under different RCPs will be strengthened. The pro-
jected precipitable water (Figs. 12d—f) under different
emission scenarios is increased by 16%—-40%, with the
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FIG. 12. (a)—(c) Changes in the annual mean precipitation (shaded) and vertically integrated (surface-300 hPa) water vapor transport
flux (vector) over CA projected by the five best models’ ensemble mean under different emission scenarios during 2011-2100 with respect
to 1911-2000. (d)—(f) Fractional percentage changes (%; contours) in the annual mean vertically integrated (surface-300 hPa) specific
humidity over CA during 2011-2100 relative to 1911-2000. The regions over the 95% significant confidence level of ¢ test in (d)—(f) are

shaded.

largest changing center located over southeastern CA.
In addition, with the emissions increased the anomalous
southwest water vapor flux, precipitation, and precip-
itable water are enhanced accordingly. These features of
the changes in the water vapor transport and the pre-
cipitable water during 2011-2100 correspond well with
the changes in precipitation shown in Figs. 10a—c. It is
obvious that the increased precipitation over CA re-
sulted from the strengthened water vapor transport and
the enhanced precipitable water.

To further indicate the import processes associated
with the changes in the annual precipitation over CA,
we estimate each component of the moisture budget
equation (Hsu et al. 2012) based on the formula

Py
E+{JJ V.(qV)dp]—P—Res=o, 3)
8 J300

where E is evaporation from the surface, P is pre-
cipitation, q is specific humidity, V is the horizontal wind
vector, g is the acceleration of gravity, and p is pressure.
The second term of Eq. (3) represents the moisture flux
convergence (MFC) vertically integrated from the sur-
face to 300 hPa. Because the calculation is based on the
monthly data, the residual (Res) is associated with the
moisture tendency, contributions from the submonthly
processes, computational errors, and so on. The MFC

term in Eq. (3) can be subdivided into two terms: con-
tributions from horizontal moisture advection (MD)
—V - Vq and moisture divergence associated with mass
convergence (MC) —¢gV - V.

Figure 13 gives the differences in the annual mean
surface evaporation, MFC, and precipitation between
the twenty-first century and the twentieth century.
As shown in Figs. 13a—c, compared to the period of
1911-2000, the projected surface evaporation during
2011-2100 under different emission scenarios displays
a prominent increase over the entire CA. Relatively
large increased evaporation produced by RCP4.5 and
RCP8.5 with the intensity over 0.15 mm day ' is located
over northern CA, the Caspian Sea, the Tian Shan
Mountains, and mountain areas of southeastern CA. In
addition, with the emissions increased the projected in-
creases in the evaporation intensify correspondingly.
From Figs. 13d-f, the projected MFC show both in-
creasing and decreasing changes over CA. Meanwhile,
different RCP experiments produced similar spatial
distributions of the changes in MFC. Relatively large
increased MFC can be found over northern CA and
the southwestern part of the Tarim basin of China, with
the intensity over 0.45mmday . Relatively large de-
creased MFC with the intensity over 0.3 mm day '
located over the adjacent areas of Turkmenistan, Uz-
bekistan, Afghanistan, and Tajikistan and the adjacent
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FIG. 13. Changes in the (a)-(c) annual mean surface evaporation, (d)—(f) vertically integrated (surface-300 hPa) moist flux convergence,
and (g)-(i) precipitation over CA projected by the five best models’ ensemble mean under different emission scenarios during 2011-2100

with respect to 1911-2000.

areas of Kazakhstan, Russia, Mongolia, and China.
Comparisons of Figs. 13a—c and 13g-i show that the
spatial patterns of the future changes in precipitation
and evaporation exhibit very similar features, suggesting
that the strengthening precipitation over CA leads to the
increasing evaporation over CA, which is dominated by
inland arid climate.

To reveal the relative contributions of the changes in
MC and MD to MFC, Fig. 14 further gives the changes of
MC and MD projected by different RCPs during 2011—
2100 relative to 1911-2000. Overall, the projected
changes of MD are largely weaker than those of MC.
Compared with the features of the changes in the MFC
shown in Figs. 13d-f, it is clear that the changes of MFC
mainly resulted from those of MC.

To clearly illustrate the contribution of each compo-
nent of the moisture budget in Eq. (3), Fig. 15 shows the
regionally averaged future changes in the annual mean
MC, MD, evaporation, precipitation, and Res over CA
projected by different RCP experiments during 2011—
2100 with respect to 1911-2000. The five components of

the moisture budget are projected to increase in the
twenty-first century. The future changes in the domain-
averaged MC and Res over CA under different emission
scenarios are the greatest among the five terms. The MC
shows larger increases than MD, suggesting that the
future increases in MFC mainly resulted from those of
MC; this is consistent with the features shown in Figs.
13d-f and 14. The projected future changes in the pre-
cipitation, evaporation, and MD will be intensified with
the emissions increased. However, the future changes in
the MC and Res will be reduced under the emission
scenarios from low to high. The precipitation and evap-
oration over CA show very comparable changes; further
confirming that the intensified precipitation, which resulted
from the enhanced precipitable water and strengthened
water vapor transport, leads to the increased evapora-
tion over CA, as shown in Figs. 12 and 13.

The differences between precipitation and evapora-
tion (DPE) can well represent the net freshwater gain by
the surface (Walsh et al. 1998). To further indicate the
future changes in the annual mean DPE over CA, Fig. 16
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FIG. 14. Changes in the annual mean vertically integrated (surface-300 hPa) (a)—(c) moist convergence and (d)—(f) moist advection over
CA projected by the five best models’ ensemble mean under different emission scenarios during 2011-2100 relative to 1911-2000.

exhibits the projected changes in the annual mean DPE
over CA under different emission scenarios during
2011-2100 compared to 1911-2000. It is clear that the
projected changes in the annual mean DPE under dif-
ferent emission scenarios display a very similar spatial
pattern. The annual mean DPE in 2011-2100 decreases
(increases) over western (eastern) CA, indicating re-
duced (intensified) net freshwater gain by the surface
over western (eastern) CA in the future. With the
emissions increased, the regions occupied by the de-
creased (increased) DPE will enlarge (shrink) in the
twenty-first century.

6. Concluding remarks

In this study, future changes in the annual pre-
cipitation over CA during 2011-2100 have been esti-
mated based on the outputs of the historical and RCP
experiments (RCP2.6, RCP4.5, and RCP8.5) with the
emission scenarios from low to high produced by the 28
CMIPS5 models of IPCC ARS. Comparing the historical
experiment simulations from the 28 CMIP5 models with
the observations, we first examined each model’s per-
formance in simulating the climatic mean, ISD, and
long-term trends of the annual precipitation over CA
during 1901-2005. Based on the skill of each model,
five models (CanESM2, EC-EARTH, GFDL CM3,
MIROCS, and MRI-CGCM3) with good ability are
picked out to conduct a multimodel ensemble mean.
Comparisons of the historical experiment simulation of

the five best models’ ensemble mean with the CRU
observation show that climatic mean, ISD, long-term
trends, and dominant spatiotemporal distributions of
the annual precipitation over CA during 1901-2005 are
well simulated. The climatic mean and ISD (long-term
trends) of the annual precipitation over CA projected by
the five best models’ ensemble mean under different
emission scenarios during 2011-2100 obviously show
very similar (quite different) spatial distribution pat-
terns to those in the twentieth century. The annual
precipitation over most of CA under different emission
scenarios consistently shows increasing trends during
2011-2100 with relatively large increasing rates (over
3mmdecade ' in RCP2.6 and over 6 mm decade ™' in
RCP4.5 and RCP8.5) located over northern CA and the
northeastern Tibetan Plateau. Additionally, with the
emissions increased the increasing rates of the annual
precipitation over CA intensify correspondingly. Com-
pared with the situations in the twentieth century, the
fractional percentage changes in the climatic mean and
ISD of the annual precipitation over CA under different
RCPs are projected to significantly increase in the
twenty-first century. Large increases in the climatic
mean (ISD) fields are located over the Xinjiang prov-
ince of China (northern CA and Xinjiang). The pro-
jected changes in long-term trends under different
emission scenarios show that the CA annual pre-
cipitation will increase at faster rates in the twenty-first
century with respect to the twentieth century. Overall,
the intensities of the increasing changes in the climatic
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FIG. 15. Changes in each component of the moisture budget
regionally averaged over CA (50°-95°E, 35°-55°N) projected by
the five best models’ ensemble mean under different emission
scenarios during 2011-2100 relative to 1911-2000 (mm day ).

mean, ISD, and long-term trends of the CA annual
precipitation are enhanced with the emissions increased.
In addition, the spatial distributions of the long-term
trends of the projected annual precipitation over CA
from RCP2.6 (RCP4.5 and RCP8.5) are dominated by
the EOF2 (EOF1) modes. Further comparisons of the
28 models’ ensemble mean and the five best models’
ensemble mean and analysis of the signal-to-noise ratios
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confirm that the climatic mean, ISD, and long-term
trends of the projected annual precipitation over most
of CA under different emission scenarios exhibit robust
significant increasing changes during twenty-first cen-
tury relative to the twentieth century. Possible mecha-
nisms suggest that the projected increases of the annual
precipitation over CA in the twenty-first century are
mainly attributed to the increased precipitable water
resulted from the strengthened water vapor transport
and surface evaporation. Compared to the twentieth
century, the changes in the annual mean DPE during
2011-2100 indicate reduced (intensified) net freshwater
gain by the surface over western (eastern) CA in the
future. Furthermore, the regions occupied by the de-
creased (increased) DPE will enlarge (shrink) with the
emissions increased during 2011-2100.

In this study, we concentrated on the characteristics of
the projected changes in the annual precipitation over
CA and related possible underlying mechanisms during
the twenty-first century. Primary analysis of the changes
in climatic mean and long-term trends of the domain-
averaged CA precipitation during 2011-2100 relative to
1911-2000 (not shown) suggests that relatively large
(small) changes in the climatic mean and long-term
trends of the CA precipitation occur in winter and spring
(summer and autumn); this is consistent with the find-
ings of Lioubimtseva and Henebry (2009). The pro-
jected changes of the CA precipitation under the three
emission scenarios in spring are the greatest compared
to the other seasons. However, the smallest changes
among the four seasons are projected to occur in autumn
(summer) under RCP2.6 and RCP4.5 (RCP8.5). Over-
all, the changes in both climatic mean and long-term
trends of the annual precipitation over CA are largely
resulted from those in winter and spring. Considering
the limitation in the length of the current manuscript,
more comprehensive analyses of the changes in the CA
precipitation at different seasons cannot be completely
included. To reveal the in-depth changes in the pre-
cipitation for different seasons, especially the crop
growth season, and their contributions to annual
changes is necessary and valuable for future work.
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