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ABSTRACT

A decadal change in summer rainfall in the Asian inland plateau (AIP) region is identified around 1999. This decadal
change is characterized by an abrupt decrease in summer rainfall of about 15.7% of the climatological average amount,
leading to prolonged drought in the Asian inland plateau region. Both the surface air temperature and potential evapotranspi-
ration in the AIP show a significant increase, while the soil moisture exhibits a decrease, after the late 1990s. Furthermore,
the normalized difference vegetation index shows an apparent decreasing trend during 1999-2007. Three different drought
indices—the standardized precipitation index, the standardized precipitation evapotranspiration index, and the self-calibrating
Palmer drought severity index—present pronounced climate anomalies during 1999-2007, indicating dramatic drought ex-
acerbation in the region after the late 1990s. This decadal change in the summer rainfall may be attributable to a wave-like
teleconnection pattern from Western Europe to Asia. A set of model sensitivity experiments suggests that the summer warm-
ing sea surface temperature in the North Atlantic could induce this teleconnection pattern over Eurasia, resulting in recent
drought in the AIP region.
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1. Introduction

The Asian inland plateau (AIP) region is located in the
East Asian monsoon marginal areas between the middle and
the high latitudes and mainly includes Mongolia and part of
northern China. This region mainly covers arid regions and
semi-arid regions, relevantly including diverse ecosystems
such as forests, grasslands, farmlands and deserts. The cli-
mate variability in this region is complex, and can have pro-
found impacts on economic and social activities (Yamanaka
et al., 2007; Bai et al., 2008; Chen et al., 2009; Mu et al.,
2013; Peng et al., 2013; Tao et al., 2015). The transition
regions between the climate zones are particularly vulnera-
ble to irretrievable climate changes. Using multi-temporal
Landsat images, Tao et al. (2015) pointed out that precipita-
tion is the main contributor to the lake water-level changes in
Mongolia. Peng et al. (2013) suggested that the effects of the
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anomalies in precipitation seasonality and frequency are im-
portant over semi-arid grasslands in Inner Mongolia. On the
interannual time scale, the vegetation coverage in Inner Mon-
golia is also influenced by precipitation changes (Mu et al.,
2013). Hence, it is important to conduct more investigations
into the long-term precipitation variation as a manifestation
of climate change in this region.

Droughts are characterized by relatively long-term large-
scale deficits of precipitation, often along with high temper-
atures, causing damage to agriculture and ecosystems and
leading to problems for agricultural production and eco-
nomics. Using the surface wetness index, the Palmer drought
severity index (PDSI) and the retrieval of soil moisture, Ma
and Fu (2006) revealed a significant drying trend in the east-
ern part of Northwest China and the central part of North
China since the 1980s. Wei and Wang (2013) indicated that
the spatial extent of aridity and drought have increased in
northwestern China since the late 1990s due to an increase
in evaporation resulting from rising temperature. By bias-
correcting CMIPS5 projections, Huang et al. (2015) showed
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that half of the global land surface will be classified as dry-
land by the end of this century, exacerbating the risk of land
degradation and desertification. The spectrum analyses of
Bao et al. (2015) highlighted the importance of large-scale
climate forcing for drought development. According to their
study, the El Nifio—Southern Oscillation, Pacific Decadal Os-
cillation and North Atlantic Oscillation might be associated
with the drought events of the late 1870s to early 1880s, the
1920s, and since the late 1990s, over the eastern Mongolian
Plateau.

As an essential factor in forming droughts, the anoma-
lies of precipitation over the AIP have received considerable
attention (Zhang et al., 2004; Endo et al., 2006; Sato et al.,
2007; Zhu and Meng, 2010; Huang et al., 2015). Zhu and
Meng (2010) focused on the spatial and temporal variation
of precipitation over the middle part of Inner Mongolia dur-
ing 1961-2003. According to their work, a significant in-
terannual variation of rainfall exists, with a slightly increas-
ing trend. Huang et al. (2015) investigated the spatiotem-
poral change in the precipitation characteristics over Inner
Mongolia during 1960-2012. They suggested that declin-
ing precipitation dominates this region, with fewer extreme
precipitation events. Using a regional climate model, Sato
et al. (2007) studied the rainfall change over Mongolia due to
global warming and inferred that more severe droughts would
occur against the background of global warming.

Despite all the work mentioned above, there have been
few studies focusing on climate variability over the whole
AIP, particularly on decadal time scales. For decadal vari-
ability, because of its longer time and larger spatial scales,
persistent and frequent droughts may lead to protracted disas-
ters. In this paper, we inspect the interdecadal and long-term
changes of precipitation and droughts over the whole AIP and
discuss the possible driving factors in recent decades. The
paper is organized as follows: the data and methods used are
introduced in section 2; the primary results are presented in
section 3; conclusions and a discussion are given in section
4.

2. Datasets and model

The observational data employed in this study include:
(1) Monthly mean horizontal and vertical winds, geopotential
height and air temperature, provided by the National Cen-
ters for Environmental Prediction—National Center for At-
mospheric Research (NCEP-NCAR), spanning the period
from 1948 to the present (Kalnay et al., 1996), with a hor-
izontal resolution of 2.5° X 2.5°. Since there are studies
indicating defects in the NCEP-NCAR dataset (e.g., Zuo
et al., 2013b; Xue et al., 2015), we compared our results
with those derived from the ERA-Interim dataset, but with
a shorter period. Both showed quite similar results (fig-
ures not shown), indicating the robustness of our results.
(2) Monthly mean sea surface temperature (SST) datasets
from the Met Office Hadley Center (Rayner et al., 2003),
with a resolution of 1° x 1°, from 1870 to the present.
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(3) The NOAA'’s precipitation reconstruction data over land
(PREC/L), with a horizontal resolution of 2.5° x 2.5°, from
1948 to the present (Chen et al., 2002). (4) When calcu-
lating the standardized precipitation index (SPI), we also
use the GPCC precipitation data, with a horizontal resolu-
tion of 0.5° x0.5°, extending from 1901 to 2013, provided
by NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from
their website http://www.esrl.noaa.gov/psd/. (5) The topo-
graphic data are formatted as 16-bit binary integers contain-
ing 2160 x 4320 data values, one for each five minutes of lat-
itude and longitude, from the website http://www.ngdc.noaa.
gov/mgg/fliers/93mgg01.html. (6) The global maps of
monthly self-calibrating PDSI (sc-PDSI) are based on the
Climatic Research Unit Time Series (CRU TS) 3.10.01 data
(1901-2009), with a horizontal resolution of 0.5° X 0.5° (Van
der Schirier et al., 2013). (7) The potential evapotranspiration
(PET) is from CRU 3.23, which has a horizontal resolution
of 0.5°%x0.5°, from 1901-2014. (8) CPC soil moisture data,
with a horizontal resolution of 0.5° % 0.5°, extending from
January 1948 to June 2016, provided by NOAA/OAR/ESRL
PSD, Colorado, USA, from the website http://www.esrl.noaa.
gov/psd/. (9) The normalized difference vegetation index
(NDV]) is the third generation of the Global Inventory Moni-
toring and Modeling System (GIMMS) NDVI from NOAA’s
AVHRR sensors, spanning from July 1981 to November
2013, from the website http://ecocast.arc.nasa.gov/data/pub/
gimms/3g.v0/. After termed into a netCDF file, it has a
horizontal resolution of 0.083333° x 0.083333°. (10) The
standardized precipitation evapotranspiration index (SPEI) is
based on the CRU TS 3.23 dataset, with a spatial resolution
of 0.5°x0.5°, from 1901 to 2013, and is available from the
website http://hdl.handle.net/10261/128892.

NDVI is a satellite-derived vegetation index, closely re-
lated to aboveground net primary productivity. It is calculated
as

NDVI = (NIR -RED)/(NIR +RED) , (1)
where NIR and RED represent the amounts of near-infrared
and red light reflected by the vegetation, respectively (Run-
ning, 1990; Myneni et al., 1995). NDVI varies from —1 to +1,
with smaller values corresponding to less vegetation. Much
work has been done to study the effects of climate change on
ecosystems in terms of NDVI (Nemani et al., 2003; Roerink
et al., 2003; Zhou et al., 2003; Pettorelli et al., 2005). In
turn, the vegetation change can also exert influence on the
climate change. Zuo et al. (2011) indicated that the vegeta-
tion around the southern Tibetan Plateau positively correlates
with summer rainfall over southern China and North China,
but negatively correlates with summer rainfall over the Yel-
low River valley and western China. Sc-PDSI, SPEI and SPI
are indices most commonly used in recent years for quantify-
ing drought severity (Zhai et al., 2010; Wang and Chen, 2014;
Wang et al., 2014; Huang et al., 2016). Of all the drought in-
dices, PDSI is of crucial importance for the development of
measuring drought (Palmer, 1965). It is derived from a sim-
ple water balance model, based on precipitation and temper-
ature, and its value ranges from —4 to 4. Sc-PDSI adjusts the
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way PDSI is calculated, addressing the problem that PDSI is
incapable of accounting for precipitation variability between
locations (Wells et al., 2004). SPI is an index that can be
easily calculated based on the precipitation record, ignoring
the effects of temperature on droughts (McKee et al., 1993).
Based upon precipitation and PET, SPEI takes advantage of
both sc-PDSI and SPI (Vicente-Serrano et al., 2010). Both
SPEI and SPI range from —1 to 1. In this paper, all of the
drought indices introduced above are calculated at the time
scale of 12 months.

To study the propagation features of the stationary Rossby
waves (Rya), the wave activity flux (Takaya and Nakamura,
2001) is calculated as

U =g/ V) + V=V +y'ut))
P UV +y'ul)+V(w'? + Y,

Rwa = 57+ s
2|U| fORa 7, e ald e ald rr
NTHC (U T~/ T+ V(=T ~y/'T})]
(2)

where U = (U,V), (',v'), ¢’ and T’ denote the basic
wind velocity, perturbed geostrophic wind velocity, perturbed
geostrophic stream function and perturbed air temperature,
respectively. Ry, Hop, fo, N and p stand for gas constant of
dry air, scale height, the Coriolis parameter at 45°N, Brunt-
Viisild frequency and pressure normalized by 1000 hPa, re-
spectively. The climatological monthly mean is based on the
period 1971-2000.

We also carry out a number of sensitivity experiments
to investigate the effects of the SST warming in the North
Atlantic on the development of drought over the AIP region
with the GFDL atmospheric model version 2.1 (AM2.1). The
model employs a finite-volume dynamical core (Lin, 2004),
gridded at 2° latitude by 2.5° longitude resolution. In the ver-
tical direction, it adopts a hybrid coordinate and has 24 levels
ranging from about 30 m above the surface up to 3 hPa (ap-
proximately 40 km). The land model (LM2.1), based on the
land dynamics described by Milly and Shmakin (2002), is
coupled with AM2.1. A detailed description and evaluation
of the model with prescribed SSTs can be found in Anderson
et al. (2004) and Delworth et al. (2006).

We adopt the Student’s ¢-test, moving t-test, Lepage test
(Lepage, 1971; Liu et al., 2011), and correlation analysis
as statistical tools. The interdecadal component is obtained
from the 9-yr running mean. We mainly use the Lepage test
to identify the significance of interdecadal change. This is
a nonparametric two-sample test for significant differences
between two samples, which is calculated by reference to the
method mentioned in Yonetani and McCabe (1994) and Liu et
al. (2011). Using the standardized statistics of Wilcoxon and
Ansari-Bradley, the Lepage test statistic [HK, the abbrevia-
tion defined by Yonetani and McCabe (1994)] is calculated
as:

_W-EWP  [A-EQAP
V(W) V(A)
If HK is greater than 5.99, 4.21 or 9.21, the difference

is significant at the confidence level of 95%, 90% and
99%, respectively. We assume sample X = (x1,x2,...,Xm)

HK
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and sample Y = (y1,y2,...,yn), which are independent sam-
ples of number m and n, respectively. @ consists of the
ranked values of the combination of X and Y, which is

(x19x27'"7xmsy1,y27"'7yn):

0, € X
ﬂi:{ 0

1, Q;eY @

We can calculate each item in Eq. (3) according to the equa-
tions below:

m+n

W= )
i=1
E(W) = m("“'T”"’l) : 6)
V(W) = w ; (7)
A=+ Y (mtn—i+ ;. (8)
i=1 i=m+1

When m +n is even, we calculate E(A) and V(A) as follows:

By = "D ©)

If the sum is odd:
E(A) = —m(r(;’:)l)z : (1)
v(a) = Tt Z; (25':; ) +3] (12)

In this paper, sample X is regarded as the rainfall data for
nine years previous to year Y, (ranging from 1957 to 2006,
moved at an interval of one year), with sample ¥ regarded as
that for year Y, and eight years following year Y.. Both m and
n mentioned above are equal to 9. The details of this method
can be found in the paper by Liu et al. (2011).

3. Results
3.1. Interdecadal variation of summer precipitation over
the AIP

Figure 1 shows the topographic map of Eurasia and the
annual total rainfall. Over the Mongolian Plateau there is a
region with annual rainfall less than 400 mm. Hence, the re-
gion (41°-49°N, 94°—124°E) is defined as the AIP as in Fig.
la (rectangular region). It should be noted that the results in
this paper are not sensitive to the choice of this plateau area.
That is, with a slightly smaller or larger area (even the whole
Mongolian plateau), nearly the same results can be achieved
(not shown). The AIP lies in the plateau region, northeast
of the Tibetan Plateau. It covers Mongolia, part of Northeast
China and the northern part of Inner Mongolia of China (Fig.
la). In regional mean terms, the total annual mean rainfall
is about 227 mm. Multiple climate zones exist over the AIP
domain, among which the arid and semi-arid zones dominate
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Fig. 1. (a) Topographic map of Eurasia (units: m). (b) Annual
rainfall distribution (units: mm). The area within the black box
shown in (a) and (b) is the defined AIP region, which is the same
as those in Figs. 4-6 and Figs. 8, 10 and 12.

most parts (Fig. 1b). As for the monthly evolution of rain-
fall (Fig. 2), July and August have much more rainfall than
all other months. Indeed, the rainfall amount in these two
months accounts for nearly 51% of the total annual amount,
whereas the rainfall in January, February, November and De-
cember is relatively small. As precipitation over the AIP dur-
ing July and August contributes most to the total annual rain-
fall, the average of July and August is regarded as the summer
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mean in this study.

Figure 3a exhibits the time series of the regional mean an-
nual rainfall over the AIP, accompanied by their decadal com-
ponents, which are obtained by removing the period shorter
than nine years. The annual rainfall is characterized by both
interannual and interdecadal variations. For the interdecadal
part, there is a rainfall increase between the late 1940s and
the mid-1960s. From the late 1960s to the late 1970s, the in-
terdecadal variation is small. Then, during the mid-1980s to
the mid-1990s, there is another increase in rainfall. However,
since the late 1990s, the rainfall undergoes a pronounced de-
crease. The Lepage test (Fig. 3c) indicates that the decrease
in 1999 is statistically significant above the 0.1 level. The an-
nual rainfall over the AIP averaged between 1971 and 2000
is about 230 mm, but during 1999-2007 the value is only
194 mm. The rainfall decreases about 15% around 1999.
Broadening or narrowing the region of defined as the AIP,
the results are similar (figures not shown), indicating the ro-
bustness of the rainfall change over the AIP region. In the
case of summer (July and August) precipitation, the situa-
tion is quite similar. The summer rainfall presents positive
anomalies during the 1990s and negative anomalies since the
late 1990s (Fig. 3b). According to the Lepage test (Fig. 3d),
the value in 1999 is also statistically significant above the 0.1
level. The climatological mean of summer rainfall is about
119 mm. However, during 1999-2007, the amount is about
88 mm, which accounts for only 74% of the climatological
mean. It is therefore inferred that, around 1998/99, a decadal
change in the precipitation over the AIP appears, with anoma-
lies shifting from positive to negative values.

The intensity of AIP’s summer precipitation is estimated
with an index defined as the regional mean summer precipita-
tion over the domain of the AIP. To better depict the discrep-
ancies among the different time periods, we regard 1990-98
as T1, 1999-2007 as T2, and the climatology period 1971-
2000 as TClim. Figure 4 illustrates the summer precipitation
differences between T2 and TClim. Negative anomalies are
mainly located over the AIP and the northern part of India,
with positive anomalies over the southeastern parts of Kaza-
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Fig. 2. Monthly precipitation over the AIP region averaged between 1948 and

2013, based on the PREC/L dataset.
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Fig. 3. (a) Time series of regional mean annual rainfall over the AIP (solid line), and the corresponding interdecadal
component (dashed line) calculated by removing the period shorter than nine years (units: mm). (b) As in (a), but for
the precipitation averaged between July and August. (c, d) Lepage test results calculated using the time series of (a,
b), respectively. Values larger than 4.21 (upper dashed line) or smaller than —4.21 (lower dashed line) denote that the
difference over nine years prior to and from the corresponding year is significant beyond the 90% confidence level.

khstan and the Yangtze River valley. The anomalies within
the AIP are significant at the 10% level, based on the Stu-
dent’s r-test (Fig. 4). There have been many investigations
on the interannual and decadal summer precipitation change
over China. For example, using the Lepage test, Liu et al.
(2011) analyzed the interdecadal changes of summer rainfall
over East China and found four interdecadal abrupt changes
around 1979, 1983, 1993 and 1999. They found an abrupt
shift around 1999, with a significant rainfall decrease in sum-
mer over North China and Northeast China. Our study con-
firms their results. Furthermore, we indicate that this abrupt
shift happens in a larger area, covering the AIP. Zhu and
Meng (2010) focused on the decadal changes of the sum-
mer rainfall over East China and suggested an increase in
the Huanghe River—Huaihe River region during 2000-08 in
comparison to 1979-99. Xu et al. (2015) mentioned different
decadal variation features of the summer precipitation from
north to south over China after the late 1990s, with decreas-
ing precipitation over Northeast and North China, the lower—
middle reaches of the Yangtze River, and South and south-
western China after 1999, but increasing precipitation over
southern parts of the Hetao region and Huaihe River valley
after 2003. These changes can also be seen in Fig. 4. How-
ever, they are only robust over the AIP.

Since precipitation plays a crucial role in the drought
condition, the decrease in rainfall after the late 1990s signifi-
cantly influences the regional drought situation over the AIP.
However, the aridity/humidity change in a specific location
is determined by evaporation, which is related to temperature
and wind, as well as precipitation. Wang et al. (2003) stud-
ied the drought condition over northern China from 1950 to
2000 and revealed that the drought area tended to increase
and a drought condition rapidly developed. They also men-
tioned that if the drought problem is associated with global

mm d-!
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: — :
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Fig. 4. Summer mean precipitation difference between 1999—
2007 (T2) and 1971-2000 (TClim). The contour internal is 0.3
mm d~!. The solid and dashed lines represent positive and neg-
ative values, respectively. The shaded areas are where the dif-

ference is significant above the 90% confidence level, based on
the Student’s #-test.

warming, the trend will exist in the future. Zou et al. (2005)
indicated that the dry area in Northeast, North and eastern
Northwest China has increased since the late 1990s, threat-
ening ecosystems and agriculture. Chen and Sun (2015) also
demonstrated that the frequency and severity of droughts
have both been exacerbated since the late 1990s, especially
in the northern part of China. Enlightened by their study, we
adopt surface air temperature, PET, soil moisture and NDVI
to investigate the variation of aridity. Compared with TClim,
the anomalies of surface air temperature and PET appear to
be positive over the AIP during T2 (Figs. 5a and b), and soil
moisture is decreasing (Fig. 5¢). Apart from these parame-
ters, NDVI presents weak negative anomalies, indicating re-
duced vegetation coverage (Fig. 5d). These results reflect that
the drought condition over the AIP is getting worse and im-
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Fig. 5. Difference in (a) surface air temperature (units: °C), (b) PET (units: mm d=1), and (c) soil moisture
(units: mm), between 1999-2007 (T2) and 1971-2000 (TClim), and (d) NDVI between 1999-2007 (T2) and
1990-1998 (T1). The dotted regions indicate the 90% confidence level, based on the Student’s #-test.

pacts ecosystems. Among these four parameters, the negative
anomalies of NDVI might result from the drought develop-
ment, but might also be a factor leading to the deterioration of
the drought condition. The relationship between the change
in NDVI values and the drought condition is not clear, ne-
cessitating further investigations. To lend additional support
to this result, three drought indices (sc-PDSI, SPI and SPEI)
are adopted to represent the evolution of drought. Sc-PDSI
exhibits pronounced negative anomalies over the AIP, north
of India, the western part of Pakistan and Afghanistan, cou-
pled with positive anomalies over Central Asia, Siberia and
the eastern part of Russia (Fig. 6a). The results for SPEI and
SPI are similar to those of sc-PDSI (Figs. 6b and c), except
that the anomalies of SPEI and SPI are a little weaker, which
is due to the different standards of choosing values. As men-
tioned before, sc-PDSI ranges from —4 to 4, while SPEI and
SPI both range from —1 to 1. Figure 6d further depicts the
differences between SPEI and SPI. Over the AIP, the anoma-
lies are significantly negative, which means that the drought
condition is aggravated not only by the decrease in precipita-
tion but also the increase in temperature. The time series of
regional mean indices for the AIP agree well with the above
analysis (Fig. 7). The evolution of the three indices is quite in
phase. Around 1999, all of the three indices shift from posi-
tive to negative, among which the sc-PDSI shows the biggest
change. The absolute values of SPEI after 1999 are larger
than those of SPI, indicating the important role of the tem-
perature increase in the development of the drought condition
over the AIP.

3.2. Atmospheric circulation anomalies

Figure 8 shows the differences of horizontal wind at 850
hPa between T2 and TClim. Anticyclonic anomalies exist
over Eastern Europe and the AIP. Cyclonic anomalies exist
over Western Europe and Central Asia around Uzbekistan.
Over the AIP region, the wind speed decreases during T2
compared to that of TClim (figures not shown). Consider-
ing the PET increase during T2 (Fig. 5b), it is inferred that
the positive anomalies of the temperature during T2 (Fig.
5a) contribute most to the strengthening of the PET over the
AIP. In terms of geopotential height at 200 hPa, 500 hPa
and 850 hPa, Fig. 9 presents a wave-like pattern across Eura-
sia throughout the whole troposphere, with a stronger signal
in the upper troposphere. The pattern shown in Fig. 9a ex-
hibits a quasi-zonal wave-like pattern, with positive geopo-
tential anomalies located over Eastern Europe and the AIP,
and negative anomalies over Western Europe and Central
Asia. The geopotential anomaly distributions at different lev-
els are similar, indicating an equivalent barotropic structure
of this wave-like pattern.

It is generally recognized that the teleconnection pat-
tern may induce climate change in different regions (Chen
et al., 2003; Zhu et al., 2011; Chen and Huang, 2012; Liu
et al., 2014; Xu et al., 2015). Using regression analysis,
Chen and Huang (2012) suggested that the Silk Road pattern
and Europe—China pattern could contribute to the variations
of the leading modes of July precipitation over Northwest
China. For the decadal variation of precipitation over east-
ern China during the late 1990s, Huang et al. (2013) found
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Fig. 7. Time series of area-mean sc-PDSI (black line), SPEI (green line) and SPI

(red line).

that the Silk Road pattern, the East Asia—Pacific pattern and
Eurasian pattern may all contribute. It is also inferred that
the Eurasian pattern-like teleconnection may impose an im-
pact on the decadal rainfall variation around 2003 by chang-
ing the atmospheric circulation over Eurasia (Xu et al., 2015).
Figure 10a shows the anomalies of the wave activity flux at
200 hPa, derived by the mean of T1 minus TClim. Weak sig-
nals are noticed during this period, while during 1999-2007
wave propagation is clearly found over Eurasia (Fig. 10b).
The wave propagates quasi-zonally from Western Europe to
the AIP. Therefore, this teleconnection pattern, together with
the anticyclone over the AIP, is suggested to be responsible
for the decrease in summer AIP precipitation.

In the above analysis, we mainly focus on the influ-
ences of the teleconnection pattern over Eurasia on the in-
terdecadal variation of summer rainfall over the AIP. On the
other hand, according to Fig. 8, the southwesterly winds ap-
pear to be weakened during T2 compared with TClim, which
is a sign of the weakening of the East Asian summer monsoon
(EASM). The weakened summer monsoon could lead to re-
duced water vapor transport into inland regions, causing the
rainfall deficit. There have been many studies pointing out
the decadal decrease in the EASM in the late 1990s (Huang
et al., 2013; Zuo et al., 2013b; Zhu et al., 2011, 2016; Xu
et al., 2015). Here, we employ three EASM indices reflect-
ing the anomalies of the EASM: (1) EASMwg, defined as
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Fig. 8. Differences in horizontal wind at 850 hPa between 1999-2007 (T2) and 1971-2000
(TClim). Gray shading represents the region statistically significant above the 90% confidence
level, based on the Student’s ¢-test.
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Fig. 9. (a) Differences in geopotential height at 200 hPa between 1999-2007 (T2) and 1971—
2000 (TClim) (units: gpm). Gray shading indicates that the differences are significant above
the 90% confidence, based on the Student’s z-test. (b) As in (a), but for 500 hPa. (c) As in (a),
but for 850 hPa. The red solid and blue dashed lines represent positive and negative values,
respectively. Contour intervals are 5 gpm in (a, b) and 2 gpm in (c).
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Fig. 10. (a) Difference in geopotential height (contours; units: gpm) and wave
activity flux (vectors; units: m? s~2) at 200 hPa between T1 and the climatolog-
ical mean state (TClim). Gray shading indicates that the difference in geopoten-
tial height is significant above the 90% confidence level, based on the Student’s
t-test. Vectors less than 0.01 are omitted. (b) As in (a), but between T2 and

TClim. Contour intervals are 5 gpm.

the differences in zonal winds at 850 hPa between (22.5°—
32.5°N, 110°-140°E) and (5°-15°N, 90°-130°E) (Wang and
Fan, 1999); (2) EASMzyuw, defined as the zonal wind differ-
ences at 850 hPa and 200 hPa within (0°-~10°N, 100°-130°E)
(Zhu et al., 2000); and (3) EASMpyy, defined as follows:

0.25(z —2)sin45° .
sin¢y

0.50(z—7)sin45° 0.25(z—7)sin45°
sin¢y N sing3

EASMHY = Nor | —

. (13)

where z, Z and Nor denotes the summer mean geopotential
height, the climatological mean geopotential height at 500
hPa and the normalization, respectively. ¢, ¢ and ¢3 are the
corresponding latitudes of point (20°N, 125°E), point (40°N,
125°E) and point (60°N, 125°E), respectively. After apply-
ing a 9-yr running mean, the correlation coefficients between
the intensity of the AIP’s summer precipitation and the three
monsoon indices, EASMwg, EASMzyw, and EASMyy, are
0.419, 0.028 and 0.151, respectively, which are far from the
0.1 significance level. Thus, the weakening EASM may not
be the driving factor of the interdecadal variation of rainfall
over the AIP.

As for the excitation mechanism of the wave-like telecon-
nection pattern in the midlatitudes, many studies have docu-
mented the important role of SST anomalies (Li, 2004; Gu
et al., 2009; Wu et al., 2010, 2011; Zhu et al., 2011; Zuo
et al., 2013a). Figure 11 presents the difference in summer
SST between T2 and TClim. Major positive anomalies are
situated over the North Atlantic, the western Pacific and the

eastern Indian Ocean, while SST anomalies are negative over
the tropical eastern Pacific. The anomalies over the North At-
lantic and North Pacific are more significant than those over
other regions. According to the study of Li (2004), the north-
western Atlantic SST anomalies may be a major contributor
to a positive geopotential height anomaly over the Urals dur-
ing early winter, by forcing a wave train—like anomaly chain.
The tripole pattern of North Atlantic SST anomalies may in-
fluence the EASM via a barotropic wave-train pattern (Zuo et
al., 2013a). In our study, the wave-like pattern propagates
originating from Western Europe, which indicates that the
wave source might be located in the North Atlantic. Hence,
we mainly focus on the anomalies over the North Atlantic in
the following analysis. Of course, the SST anomalies over
the Pacific Ocean may also contribute to the change in sum-
mer precipitation over East China around the late 1990s, as
indicated by Zhu et al. (2011) and Ueda et al. (2015).

To prove this assumption, we carry out two sensitiv-
ity experiments with AM2.1, as follows: (1) a control run
with the climatological monthly mean SST derived from
30-yr monthly SSTs (1971-2000) as the boundary forcing
(EXP_Ctrl); (2) a prescribed SST experiment the same as in
the control run except that the boundary forcing is replaced
with the climatological monthly mean plus observed SST dif-
ferences in June, July and August between 1999-2007 and
1971-2000 in the North Atlantic within the domain (41°—
49°N, 94°—~124°E) (EXO_Pos); and (3) an experiment similar
to EXO_Pos, except that the negative values of monthly mean
SST differences in June, July and August between 1999-2007
and 1971-2000 in the North Atlantic are added to the clima-
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Fig. 11. Difference in SST (units: °C) between 1999-2007 and the climatological mean state.
Contour intervals are 0.2°C and zero contour lines are omitted. The dotted areas indicate sta-
tistical significance at the 90% confidence level, based on the Student’s 7-test. The area within
the black box here represents the North Atlantic region, the SST differences of which is added
to the climatological mean SST as the boundary forcing of the sensitivity experiments.
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Fig. 12. (a) Difference in geopotential height at 200 hPa in the sensitivity exper-
iment between EXP_Pos and EXP_Neg. (b) As in (a), but for the difference in
precipitation in July and August. The dotted areas represent the 90% confidence
level for the Student’s #-test.
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tological mean SST (EXP_Neg). The experiments are sep-
arately integrated for 20 years. Atmospheric forcings, such
as greenhouse gases, aerosols and ozone, are fixed at 2000
levels. We mainly analyze the results in the last 10 years.
Figure 12 presents the differences in geopotential height
at 200 hPa and summer precipitation between EXP_Pos and
Exp_Neg. Clearly, Fig. 12a shows a quasi-zonal wave pat-

tern with positive centers over Eastern Europe and the AIP
region, and negative centers over Central Asia. The pattern
shown here is very similar to that shown in Fig. 9a. As for
the precipitation field (Fig. 12b), the precipitation over East-
ern Europe and the AIP region presents negative anomalies,
while rainfall over the North Atlantic and Urals region shows
positive anomalies, consistent with the teleconnection pat-
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tern. Therefore, based on the observation data analyses and
the GCM experiment results, it is suggested that the sum-
mer SST warming over the North Atlantic could excite the
teleconnection pattern over Eurasia, resulting in the rainfall
decrease over the AIP and worsening the drought condition
there.

4. Summary and discussion

In the AIP region, both the summer precipitation and an-
nual precipitation are found to present an interdecadal shift
around 1999. According to the differences in precipitation
between 1971-2000 and 1999-2007, the whole AIP displays
arobust decrease in precipitation during the latter period. Ac-
companying the rainfall decrease, sc-PDSI, SPEI and SPI all
exhibit negative anomalies during 1999-2007, indicating an
aggravated drought condition over the AIP. By analyzing the
differences between SPEI and SPI, we find that the precipita-
tion decrease and the rising temperature due to global warm-
ing are the main contributors to the development of drought.

A wave-like pattern over Eurasia in the atmospheric cir-
culation anomalies is suggested as a possible reason for the
interdecadal change in summer AIP rainfall. This wave-like
teleconnection pattern shows wave propagation from Western
Europe to the AIP, with a barotropic structure, which is much
stronger during 1999-2007 than 1990-98. This teleconnec-
tion pattern is favorable for the formation of the anticyclone
over the AIP in the latter period, resulting in the rainfall de-
crease and drought condition there. Further analysis also in-
dicates that the weakening EASM seems not to be the driving
factor of the interdecadal variation of rainfall over the AIP.

Further model simulations show that this teleconnection
pattern in atmospheric circulation can be forced by the warm-
ing of summer SST over the North Atlantic. Observational
results indicate that the strongest SST anomalies appear over
the North Atlantic after the late 1990s. With the help of GCM
sensitivity experiments, it is proven that the warming summer
SST anomalies over the North Atlantic can force a wave-like
teleconnection pattern over Eurasia, which is very similar to
the observation. Also, the sensitivity experiments present a
decrease in summer rainfall over the AIP for Atlantic warm-
ing. Regarding the cause of SST warming over the North
Atlantic, many investigations have been performed that con-
nect the warming anomalies with a hiatus in global surface
warming during the first decade of the 21st century (Chen and
Tung, 2014; Drijfhout et al., 2014; Trenberth et al., 2014).
Given the multiple driving factors behind the North Atlantic
warming, the mechanism remains a matter for further re-
search.
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