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ABSTRACT

The Inner Tibetan Plateau (ITP; also called the Qiangtang Plateau) appears to have experienced an overall

wetting in summer (June, July, and August) since the mid-1990s, which has caused the rapid expansion of

thousands of lakes. In this study, changes in atmospheric circulations associated with the wetting process are

analyzed for 1979–2018. These analyses show that the wetting is associated with simultaneously weakened

westerlies over the Tibetan Plateau (TP). The latter is further significantly correlated with the Atlantic

multidecadal oscillation (AMO) on interdecadal time scales. The AMO has been in a positive phase (warm

anomaly of theNorthAtlanticOcean sea surface) since themid-1990s, which has led to both a northward shift

and weakening of the subtropical westerly jet stream at 200 hPa near the TP through a wave train of cyclonic

and anticyclonic anomalies over Eurasia. These anomalies are characterized by an anomalous anticyclone to

the east of the ITP and an anomalous cyclone to the west of the ITP. The former weakens the westerly winds,

trapping water vapor over the ITP while the latter facilitates water vapor intruding from theArabian Sea into

the ITP. Accordingly, summer precipitation over the ITP has increased since the mid-1990s.
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1. Introduction

The Tibetan Plateau (TP) is known as the ‘‘Roof of

the World’’ or the ‘‘Third Pole’’ of Earth, with an

average altitude of more than 4000m above mean sea

level (Qiu 2008). Because of its prominent and complex

topography, the TP is very sensitive to global climate

changes. In addition, the plateau is also known as the

‘‘AsianWater Tower’’ because it is the source region for

most of Asia’s major rivers, providing water for billions

of people (Xu et al. 2008; Immerzeel et al. 2010; Yao

et al. 2012; Curio and Scherer 2016). Therefore, the

water cycle in the TP, especially changes in precipita-

tion, has been a topic of wide concern.

Meteorological stations are relatively densely distrib-

uted in the central and eastern TP, whereas there are very

few stations in the western TP due to its harsh natural

conditions; this seriously hinders the understanding of
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precipitation variability in the western TP (Shen and

Xiong 2016). At the same time, there is an urgent need

to understand climate changes in this region because of

drastic lake expansion in the Inner TP (ITP; also called

the Qiangtang Plateau) since the mid-1990s (Lei et al.

2013, 2014; Yang et al. 2018; Qiao et al. 2019; Zhang

et al. 2019a). The ITP consists of the main part of the

western TP and a part of the central TP and holds about

820 lakes larger than 1km2 (Zhang et al. 2019b). This

lake expansion has been related to the increase in pre-

cipitation during the past two decades according to

station data (Yang et al. 2011, 2014; Lei et al. 2014),

gridded data (Yao et al. 2012; Qiao et al. 2019), and

observations of an increase in terrestrial water storage

(Zhang et al. 2017a,b). Nevertheless, it is not clear how

these local climate changes are related to changes in

atmospheric circulations.

Previous studies have shown that the eastern and

western TP exhibit different climatic characteristics

(Ueda et al. 2003). Meanwhile, climate projections

suggest that the western TP will become wetter under

future global warming. Kitoh and Arakawa (2016) pro-

jected climate changes in the TP under the RCP8.5

scenario and suggested that the present east–west con-

trast in water budget across the TP climatologically

could decrease in the future warming climate of 2075–

99: specifically, precipitation, soil moisture, and runoff in

the western TP may all increase at rates greater than

those in the eastern TP. Several CMIP5 GCMs have

produced projections of increased precipitation for the

years 2015–35, possibly resulting in the continuous ex-

pansion of lakes in the ITP (Yang et al. 2018), yet at-

mospheric circulations relevant to the wetting process

have not been investigated.

Recently, Zhou et al. (2019) studied the TP as a whole

to explain the wetting, but the precipitation changes

show large spatial variability (more wetting in the

western and central TP and less wetting in the eastern

TP), as concluded from many studies (Yang et al. 2011;

Bibi et al. 2018). For instance, Yang et al. (2014) pointed

out that annual precipitation had decreased in the

southern and eastern TP, but increased in the central TP

since the 1980s. Also, a time series of precipitation

constructed by Liu et al. (2018) using a new interpolation

method showed that annual precipitation over the south-

eastern TP decreased significantly after 1998, whereas that

over the northeastern part had increased slightly since

2002.Given the great spatial heterogeneity of precipitation

changes in the TP, this study specifically focuses on the

wetting in the ITP, where the wetting is most pronounced

and thousands of lakes have been expanding since themid-

1990s. Our intention was to provide a comprehensive un-

derstanding of the ITP precipitation variability under the

influence of global climate changes. We investigated in-

terdecadal variations of summer [June–August (JJA)]

precipitation over the ITP and its associated atmospheric

circulations and water vapor transport for the years 1979–

2018. The rest of this paper is arranged as follows. Section 2

describes the study domain, data, and methods. Section 3

examines interdecadal variations of the summer pre-

cipitation over the ITP and associated atmospheric

anomalies, and then further investigates the effect of the

Atlantic multidecadal oscillation (AMO) on precipita-

tion. Section 4 discusses the processes of those linkages,

and section 5 presents the summary of this study.

2. Study domain, data, and method

The ITP is the study domain of this study, which is

shown in Fig. 1a. According to station data, approxi-

mately 70% of the total annual precipitation over the

ITP falls in summer (Figs. 1b–k). Although precipitation

in September is comparable to that in June, we found

that the interdecadal change of precipitation in September

was opposite to that in summer. Therefore, we did not take

September into consideration and selected summer (JJA)

for analysis.

a. Data

1) IN SITU DATA

Monthly precipitation observations at stations were

obtained from the China Meteorological Administration

(CMA) for the years 1979–2018. There are 14 available

meteorological stations located in or near the ITP, but five

of these are located at the southwestern edge of the TP,

where lakes have been shrinking since 1976 (Lei et al.

2014), indicating that its climate changes are different from

those in the ITP, so these five stations were not used in this

study. The locations of the remaining nine stations are

shown in Fig. 1a. All the stations have elevations higher

than 4000m above mean sea level and are located in rel-

atively flat areas, except for Bange station, which is at the

foot of a mountain.

2) GRIDDED DATA

Given that sparse in situ data cannot be used to de-

termine spatial patterns of precipitation change in the

ITP, we adopted the following gridded datasets. The

European Centre for Medium-Range Weather Forecasts

(ECMWF) interim reanalysis (ERA-Interim) data for

1979–2018 were used, including monthly precipitation,

wind, specific humidity, water vapor flux, and geopotential

height. In this study, we used 0.758 3 0.758 gridded pre-

cipitation data and 0.1258 3 0.1258 gridded data for other

variables (Berrisford et al. 2011; Dee et al. 2011). As well
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as precipitation changes, the ERA-Interim data were used

to analyze the meridional position and strength of the

subtropical westerly jet stream, and the distributions of

water vapor flux and other factors. To test the robustness

of results for a longer period, we also used the monthly

NCEP–NCAR (1948–2018; Kalnay et al. 1996) and JRA-

55 (1958–2013; Kobayashi et al. 2015) reanalysis data with

spatial resolutions of 2.58 and 1.258, respectively. For the

monthly sea surface temperature (SST), we used the

Hadley Centre Sea Ice and Sea Surface Temperature

dataset (HadISST), which has a spatial resolution of 18

(Rayner et al. 2003).

To further confirm the results derived from the ob-

served and ERA-Interim precipitation data, two other

precipitation products were used. One is the monthly

precipitation data from the China Meteorological Forced

Dataset (CMFD), which has a spatial resolution of 0.18 and

covers 1979–2018. This dataset is a fusion product that is

based on satellite precipitation data and in situ data from

740CMAstations (He andYang 2011;He et al. 2020). The

other is the standard monthly precipitation data from the

CPC Merged Analysis of Precipitation (CMAP), which

has a spatial resolution of 2.58 and covers 1979–2018. It was

produced using five kinds of satellite estimates and gauge

data (Xie and Arkin 1997).

3) AMO INDEX

The AMO is a kind of natural variability consisting of

multidecadal changes in SST in the North Atlantic

Ocean at a basin scale (Kerr 2000). The monthly AMO

index is obtained by computing the area-weighted av-

erage over the North Atlantic Ocean (basically 08–

708N), using the Kaplan SST dataset (Enfield et al.

2001). We used the unsmoothed data without detrend-

ing for the years 1979–2018. Interdecadal variations

were extracted from these data for our analysis. We also

used the unsmoothed but detrended AMO index to re-

peat all the analyses and found that the results (not

shown) were broadly similar.

b. Method

We used the following statistical methods to detect

the relationships between precipitation and climate

factors. First, cumulative anomalies were calculated to

identify the interdecadal transition. The formula is as

follows:

FIG. 1. (a) The terrain (shaded) of the TP and the location of the ITP (the blue polygon). Red stars denote locations of meteorological

stations in or near the ITP. The left white star denotes the location of Lagkor Co, and the right white star is Siling Co. (b)–(j) Monthly

precipitation amount averaged over the years 1979–2018 at each station. The data of the ITP basin are from the dataset of the river basins

map over the TP (2016) (Zhang et al. 2013; Zhang 2019).
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The major turning points of cumulative anomalies can

clearly capture interdecadal changes.

Second, 9-yr running means were used to analyze

interdecadal variations of all the time series. All the

standardized time series were obtained by zero-mean

normalization. Third, composite analysis was employed

to highlight circulation and water vapor anomalies as-

sociated with precipitation. In addition, we calculated

correlation coefficients to quantitatively investigate the

relationships among precipitation and climatic factors,

such as the subtropical westerly jet stream and AMO.

Significance testing was performed using Student’s t
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where n is the sample size, r(t) is the autocorrelation

between the variable at time t and time t1 t, and r1 is the

lag-1 correlation coefficient.

As for theMonte Carlomethod for tests of correlation

coefficients on interdecadal time scales, one of the two

original time series was randomly rearranged to be a

new time series. Then we calculated the correlation

coefficient between the new time series and the other

original time series. This process was repeated 5000

times, and a distribution of correlation values was finally

obtained. The 5000 correlation coefficients were sorted

from smallest to largest. When the value being tested is

outside the 99% or 95% range of the sorted correlation

coefficients, it is respectively considered to be significant

at the 0.01 or 0.05 level.

3. Results

a. Regionalization of interdecadal change in

precipitation

Many studies (Qiao et al. 2019; Zhang et al. 2019a)

have shown that lake areas in the ITP have expanded

greatly since the mid-1990s, and this expansion is mainly

attributed to changes in precipitation (Lei et al. 2014;

Yang et al. 2018). As shown in Fig. 2a, cumulative

anomalies of summer precipitation at the nine stations

(except for Bange station) in or near the ITP show a

decreasing trend before around 1997 but an increasing

trend afterward. This indicates that there are opposite

precipitation anomalies between the two periods; that is,

there is an obvious interdecadal transition of summer

precipitation around 1997. The transitional year at

Bange station is around 2003, relatively later than that at

other stations (around 1997). The locations of Shenza

and Bange stations are close, but there are differences in

the amplitude and transitional year between them,

which proves that local factors (such as that Bange sta-

tion is located at the foot of a mountain) may have in-

fluence on the interdecadal transition of precipitation.

Lei et al. (2014) found that the lake area expansion rate

generally had a good relationship with the increase of

precipitation observed by meteorological stations.

Figure 2b shows the lake area changes of Lagkor Co

(near Gaize station) and Siling Co (near Bange and

Shenza stations). Lake Lagkor Co expanded slowly,

which was consistent with a slow increase in cumulative

precipitation anomaly at Gaize station, whereas Lake

Siling Co expanded rapidly, corresponding to a rapid in-

crease in cumulative anomaly at Shenza station. From the

above aspects, it is reasonable to deduce that summer

precipitation over the ITP has an interdecadal transition

around 1997. Figures 2c–e show the patterns of the relative

changes in summer precipitation after and before 1997,

using the ERA-Interim, CMFD, and CMAP datasets. The

relative change is defined as the difference between 1998–

2018 and 1979–97 divided by themean of thewhole period.

Results from all the three datasets indicate that summer

precipitation over the ITP has significantly increased since

1997. We also calculated the relative changes of measured

summer precipitation, whichwere always positive (ranging

from 9.1% to 35.8%with an average of 18.1%) at the nine

stations. The values of relative changes at Gaize, Shenza,

and Bange stations are 35.8%, 23.9%, and 9.9%, respec-

tively. These positive changes explicitly agree with the

ERA-Interim, CMFD, and CMAP results.

In addition, Lin et al. (2013) showed that wind speeds

over the TP had interdecadal changes, and a weaker

wind speed after 1990s could be observed. Here, we

examined the relationship between summer wind speed

and precipitation over the TP. Figure 3a shows the

correlation coefficients between the ERA-Interim pre-

cipitation and zonal wind data on interdecadal time

scales. We found that the TP (258–408N, 698–1058E)

area-averaged zonal wind speed at 500hPawas significantly

and negatively correlated with precipitation over the ITP in

summer on interdecadal time scales. Considering both the

lake expansion and climate characteristics, we selected

the ITP region with the most significant correlation
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coefficients (enclosed by the red solid line in Fig. 3a) for

further analysis. This region is roughly west of 928E and

east of 808E, but it does not cover the Himalaya (where

lakes have shrunk). Figure 3b shows that the correlation

coefficient between summer ITP-averaged precipitation

andTP-averaged 500-hPa zonal wind speed exceeds20.90

(significant at the 0.01 level). From the cumulative

anomaly curves of the ITPprecipitation andTP zonalwind

speed during 1979–2018, we can clearly see that inter-

decadal transitions in both time series occurred around

1997 (Fig. 3c). Therefore, summer precipitation over the

ITP is strongly and negatively correlated with the TP-

averaged zonal wind speed on interdecadal time scales.

b. Dependence of precipitation variability on

atmospheric circulations

To understand the negative correlation between sum-

mer ITP precipitation and TP-averaged zonal wind speed

on interdecadal time scales, atmospheric circulation

anomalies associated with variations of the ITP-averaged

precipitation were analyzed. The ITP has become wetter

since about 1997 (Fig. 3c), consistent with the observed

expansion of lakes (Yang et al. 2018). The filteringmethod

may have weakly influenced the transition year shown in

Fig. 3b, but without substantially changing our results.

Therefore, considering the observed lake expansion and

results in Figs. 3b and 3c, we defined the dry period of the

ITP as 1979–97 and the wet period as 1998–2018.

Based on the above analysis of the interdecadal ITP-

averaged precipitation, the corresponding circulation

characteristics were analyzed to reveal the underlying

mechanism responsible for the observed changes. Figure 4

shows differences in atmospheric circulations andmoisture

between the wet (1998–2018) and dry (1979–97) periods

(the former minus the latter). In the positive phase (i.e.,

wet period), east wind anomalies at 500hPa appear over

FIG. 2. (a) Cumulative anomalies of summer precipitation at the nine stations during 1979–2018. (b) Relative lake area changes of Lagkor Co

(nearGaize station) andSilingCo (near Shenza andBange stations). The lakedata are providedbyDr.Y. Lei.Also shownare relative changes of

summer precipitation after and before 1997 using the (c) ERA-Interim, (d) CMFD, and (e)CMAPdatasets. The relative change is defined as the

difference of 1998–2018minus 1979–97 divided by themean of the whole period. The dotted areas indicate relative changes that are significant at

the 0.05 level. The magenta polygon denotes the location of the ITP. The black line denotes the 3000-m contour line of the TP.
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the TP; that is, the westerlies weaken there, accompanied

by increased specific humidity (Fig. 4a). More specifically,

the east wind anomalies are particularly significant to the

east of the ITP, as addressed in Zhou et al. (2019). But to

the west of the ITP, there are small wind anomalies. This

significant contrast between wind anomalies to the east

and west of the ITP is beneficial to air convergence over

the ITP. In this situation, water vapor carried by the

westerlies is restrained over the ITP due to the anom-

alous easterlies, resulting in enhanced convergence of

water vapor flux (Fig. 4b) over the ITP. This water

vapor flux anomaly is essentially consistent with the

results of Zhou et al. (2019), which showed that water

vapor flux at the eastern boundary of the TP was re-

duced after 1994.

In addition to the westerlies, water vapor supply to the

TP in summer can also be conveyed by the southwest

monsoon flow (Z. Q. Wang et al. 2017). Figure 4b shows

that water vapor transported from the Arabian Sea

significantly increases at the southern boundary of the

ITP, which is due to the enhanced southwest winds in

the lower troposphere (not shown) and consistent with

the enhanced southwest winds over theArabian Sea and

Indian subcontinent at 500 hPa (Fig. 4a); meanwhile, the

water vapor transported by the westerlies at the western

boundary of the ITP shows no significant change. At the

same time, as shown in Fig. 4c, the vertical velocity

v presents significant overall negative anomalies cen-

tered at 228 and 288N over the Indian subcontinent, in-

dicating enhanced ascending motion and convection.

The enhanced convection over the Indian subcontinent

is attributed to the trough anomaly to the west of the

ITP. These vertical velocity anomalies can extend to

500 hPa or even higher. In other words, water vapor

from the Arabian Sea can be lifted to the midtropo-

sphere by enhanced convection over the Indian sub-

continent. The midtropospheric water vapor is then

advected into the ITP boundary layer by enhanced

southwest winds, which favors more precipitation over

the ITP. This ‘‘up-and-over’’ transport process was

proposed by Dong et al. (2016).

The subtropical westerly jet stream over the Northern

Hemisphere is a planetary-scale atmospheric circulation

system in the upper troposphere, and its anomalies have

important influence on the middle and lower atmo-

spheric circulations (Yang et al. 2002; Lin and Lu 2005).

Many studies have shown that the jet stream has sig-

nificant influence on the climate of Asia, especially on

FIG. 3. (a) Correlation between the ERA-Interim gridded precipitation and TP-averaged 500-hPa zonal wind speed in summer on

interdecadal time scales during 1979–2018. The dotted areas indicate correlation coefficients that are significant at the 0.01 level. The area

enclosed by the red solid line is used in this study. The black line denotes the 3000-m contour line of the TP. (b) Time series of the

standardized ITP-averaged precipitation and TP-averaged 500-hPa zonal wind speed in summer. The dashed lines indicate the corre-

sponding interdecadal variations, obtained by a 9-yr running mean; r is the correlation coefficient between the two interdecadal series.

(c) Cumulative anomalies of the ITP precipitation and TP zonal wind in summer during 1979–2018.
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precipitation (Liang and Wang 1998; Yang and Zhang

2008; Sampe and Xie 2010; Zhao et al. 2014; Xie et al.

2015). Zhao et al. (2018) found that 15 CMIP5 models

could capture the influence of the subtropical westerly

jet on summer precipitation over central Asia, which

was observed in the NCEP–NCAR reanalysis data and

CRU version 3.10 monthly precipitation data for the

period 1961–2004. Ten of the models projected the

persistence of this relationship into the future under the

RCP8.5 scenario (2051–2100), indicating the robustness

of the jet’s influence on precipitation over central Asia.

However, it remains unclear how the subtropical jet

stream affects summer precipitation over the ITP. Here,

we investigate the relationship between the jet stream

and the ITP precipitation on interdecadal time scales.

Figure 4d shows differences in zonal wind at 200hPa

during summer between the wet and dry periods. It can

be seen that over the ITP and regions to its east, there

are significant negative anomalies to the south of about

408N and positive anomalies to its north, indicating that

the subtropical jet stream near the TP is displaced to the

north. By contrast, to the west of the ITP, the signs of

these anomalies are exactly the opposite, corresponding

to the southward shift of the jet stream over there. Thus,

the jet stream has become more meandered, trans-

porting more water vapor from the Arabian Sea to the

plateau. The similar patterns of wind anomalies at 200

and 500hPa suggest that these anomalies exhibit a bar-

otropic structure, indicating that these anomalies in the

upper troposphere are part of an anomalous barotropic

wave train. More discussion is given in section 4b.

To quantitatively analyze the relationship between the jet

stream and precipitation, we defined two jet stream indices.

Similar to the methods used by Kuang and Zhang (2006),

the position index of the jet stream is defined as the average

latitude of the maximum westerly wind at 200hPa at each

longitude over the domain of 308–508N and 808–1208E,

where the jet streamshows the strongest anomalies (Fig. 4d).

In the same way, the strength index of the jet stream is de-

fined as the mean of the maximum westerly wind speed at

200hPa at each longitude over the same domain.

Figures 5a and 5b show the relationship between the

summer jet stream indices and ITP-averaged precipita-

tion on interdecadal time scales. The summer jet stream

position is positively correlated with the ITP-averaged

precipitation (r 5 0.69; Fig. 5a); that is, the summer

precipitation increases when the jet stream moves north-

ward. Meanwhile, the summer jet stream strength is sig-

nificantly and negatively correlated with the precipitation

with a correlation coefficient of 20.92, indicating that in-

terdecadal variations of summer jet stream strength and

ITP-averaged precipitation are almost antiphase (Fig. 5b).

FIG. 4. (a) Differences in specific humidity (shaded) and wind (vectors), (b) vertical integral of water vapor flux (vectors) and its

divergence (shaded), (c) vertical velocity v, and (d) zonal wind at 200 hPa in summer between the wet (1998–2018) and dry (1979–97)

periods (the former minus the latter). Vertical velocity differences of the latitude–vertical section are shown in (c), averaged over the

region enclosed by the red solid line in (b). The dotted areas and thick arrows indicate differences that are significant at the 0.01 level. The

magenta polygon denotes the location of the ITP. The black line denotes the 3000-m contour line of the TP.
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The wetting process in the ITP can be explained by

both the position and strength of the jet stream. As

shown in Figs. 5a and 5b, a southward shift and enhanced

strength of the jet stream jointly caused the dry period of

1979–97 in the ITP. The wet period of 1998–2018 com-

prises three subperiods. The years 1998–2005 (wet pe-

riod I) saw a heavy wetting of the ITP; during this period

the jet stream was near its normal position, but its

strength was very weak, which was conducive to the in-

crease in summer precipitation over the ITP. Therefore,

wet period I wasmainly caused by theweakening of the jet

stream. The years 2006–13 (wet period II) were normal in

terms of the precipitation, corresponding to the normal

strength and position of the jet stream during this period.

The years 2014–18 (wet period III) represented another

wetting period, except for the year 2015 which was dry

(Fig. 3b) due to a very strong El Niño (Lei et al. 2019).

During this period, the jet stream was shifting northward

with normal strength, but it seems to have beenweakening

since 2017. Under the combined influence of these two

factors, the ITP reentered a period of rapid wetting. These

three distinct periods since 1997 correspond roughly to

three stages of lake expansion: rapid before 2006, then

slowing down, and then rapid again after 2013 (Zhang et al.

2019b). These results demonstrate that both the position

and strength of the jet streamnear theTPmayhave played

important roles in summer precipitation changes over the

ITP during the past four decades.

We also note that the correlation coefficient of the TP-

averaged 500-hPa zonal wind speed with the jet stream

position is as strong as 20.80 (Fig. 5c), while that with

the jet stream strength reaches 0.85 (Fig. 5d). Clearly,

the TP zonal wind speed is also affected jointly by the

position and strength of the jet stream.

In summary, the increased summer precipitation over

the ITP on interdecadal time scales can be attributed to

both the northward shift and decreased strength of the

jet stream near the TP, which have jointly led to weak-

ened westerly winds and enhanced air convergence over

the TP. This meander of the jet stream is also conducive

to water vapor transport from the Arabian Sea. These

changes allow more water vapor to converge over the ITP,

consequently increasing precipitation. Conversely, when

the jet stream near the TP is anomalously southward or

strong, the westerlies over the TP are strengthened, and

water vapor convergence over the ITP becomes weaker,

resulting in less precipitation.

c. Teleconnection between the AMO and ITP

summer precipitation

Previous studies have demonstrated that the AMO

influences Asian summer precipitation (Wang et al. 2009;

FIG. 5. (a),(b) Interdecadal variations of summer ITP-averaged precipitation and position [in (a)] and strength [in (b)] indices of the

subtropical westerly jet stream. The thick magenta vertical line divides the years 1979–2018 into dry and wet periods. The two thin black

vertical lines subdivide the wet period into three subperiods (wet periods I, II, and III). (c),(d) Interdecadal variations of summer TP-

averaged zonal wind speed at 500 hPa and jet stream position [in (c)] and strength [in (d)] indices. In all panels, r is the correlation

coefficient between the two series. All of the time series are standardized before extracting their interdecadal variations.

8514 JOURNAL OF CL IMATE VOLUME 33

Unauthenticated | Downloaded 08/28/22 02:51 AM UTC



Si and Ding 2016). Thus, the teleconnection relationship

between the AMO and ITP summer precipitation de-

serves to be analyzed. The pattern of the correlation

between gridded precipitation from the ERA-Interim

dataset andAMO index in summer on interdecadal time

scales shows that there are significantly positive corre-

lations over the ITP (Fig. 6a). As shown in Fig. 6b, the

correlation coefficient between the summer AMO index

and ITP-averaged precipitation on interdecadal time

scales was as high as 0.86. This result indicates that there

is more summer precipitation over the ITP during the

warm phase of the AMO.

To further explore physical processes of how the

AMO affects summer precipitation over the ITP, we

first analyzed the relationship between the AMO and

the subtropical westerly jet stream. As shown in

Figs. 6c and 6d, the AMO is correlated with both

summer jet stream position (r 5 0.71) and strength

(r 5 20.67). Therefore, it is reasonable to infer that

the AMO can affect both the position and strength of

the jet stream, resulting in summer precipitation changes

over the ITP.

Above all, on interdecadal time scales, the AMO is a

key factor affecting summer precipitation changes over

the ITP. A positive AMO index, featuring positive sea

surface temperature anomalies in the North Atlantic,

leads to both the northward shift and weakened

strength of the jet stream near the TP. In contrast,

during the negative phase of the AMO, these anomalies

reverse.

4. Discussion

a. Sensitivity of results to selected precipitation data

To examine the robustness of these results and show

that they are not affected by different precipitation data

sources, the CMFD and CMAP precipitation data were

used to replace the ERA-Interim precipitation data in

the analysis.

As shown in Figs. 7a and 7b, a similar relationship

between TP-averaged zonal wind and gridded precipi-

tation over the ITP also can be seen with the CMFD and

CMAP datasets. In addition, the interdecadal transition

around 1997 is also identified in both cases (Fig. 7c).

These results confirm the reliability of the ERA-Interim

data in reflecting interdecadal variations of precipitation

and the relationship of the precipitation and TP zonal

wind in summer over the ITP. Figures 8a and 8b show

the spatial patterns of correlation coefficients between

the summer AMO and precipitation, using the CMFD

and CMAP datasets. Again, the results using different

precipitation datasets yield similar patterns in the ITP,

which reconfirms that the ITP precipitation is strongly

correlated with the AMO on interdecadal time scales

FIG. 6. (a) Correlation between summer gridded precipitation (ERA-Interim) andAMO index on interdecadal time scales during 1979–

2018. The dotted areas indicate correlation coefficients that are significant at the 0.05 level. The black line denotes the 3000-m contour line

of the TP. Also shown are interdecadal variations of summer AMO index, (b) ITP-averaged precipitation, and (c) position and

(d) strength indices of the subtropical westerly jet stream during 1979–2018; r is the correlation coefficient between the two series. All of

the time series are standardized before extracting their interdecadal variations.
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and that the regionalization of summer precipitation

changes in the ITP is reasonable. Furthermore, Figs. 8c

and 8d show that interdecadal correlation coefficients

between the summer ITP-averaged precipitation and

AMO index are 0.89 and 0.82 for the CMFD and CMAP

data, respectively; these are comparable to that for the

ERA-Interim data shown in Fig. 6b, indicating that our

conclusion is not sensitive to the selection of precipita-

tion data sources on the regional scale.

b. Physical picture of the AMO–westerly jet

stream–ITP precipitation cascade

We have demonstrated that the AMO is correlated

with the jet stream, and the latter’s variability causes

FIG. 7. Correlation between summer TP-averaged 500-hPa zonal wind speed and gridded

precipitation from the (a) CMFD and (b) CMAP datasets on interdecadal time scales during

1979–2018. The dotted areas indicate correlation coefficients that are significant at the 0.05

level. The area enclosed by the red solid line is used in this study. The black line denotes the

3000-m contour line of the TP. (c) Cumulative anomalies of the ITP-averaged precipitation

from the CMFD and CMAP datasets in summer during 1979–2018.
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a dry or wet condition in the ITP. The following provides a

preliminaryphysical picture onhow theAMOaffects the jet

stream and ITP precipitation variability.

The AMO may play an important role in regulating

the ‘‘SilkRoad Pattern’’ (SRP) on the decadal time scale

(Hong et al. 2017). The SRP is a strong summer tele-

connection pattern of cyclonic and anticyclonic anom-

alies in the upper troposphere along the subtropical

westerly jet stream over Eurasia. Previous studies (Hong

and Lu 2016; Hong et al. 2018) have found that the

meridional displacement of the jet stream is strongly

related to the SRP. Thus, the AMO–SRP–westerly jet

stream relationship is worthy of further analysis. Figure 9a

shows significant SST warming over the mid- to high-

latitude North Atlantic (especially around Greenland) in

the positive phase of the AMO. A number of previous

studies have focused on tropical Atlantic atmosphere–

ocean interactions, but it is less understood how the at-

mosphere responds to mid- to high-latitude Atlantic SST

anomalies (Kushnir et al. 2002; Kwon et al. 2010; Czaja

et al. 2019). As can be seen in Fig. 9b, the AMO warm

phase induces a series of high pressure (anticyclone) and

low pressure (cyclone) systems over Eurasia at 200hPa,

similar to the SRP shown in L. Wang et al. (2017) (their

Fig. 1a). This result is also consistent with Hong et al.

(2017), who indicated the AMO can modulate the SRP.

The anticyclonic anomalies over theGreenland andBaffin

Island correspond well to positive SST anomalies around

Greenland, suggesting atmospheric response to diabatic

heating generated by local SST anomalies (Kwon et al.

2010; Czaja et al. 2019). These weak cyclonic anomalies to

the west of about 808E and strong anticyclonic anomalies

to its east lead to the meander of the westerly jet stream.

Figure 9c displays the pattern in 500-hPa geopotential

height anomalies between thewarm and cold phases of the

AMO. The similar patterns between Figs. 9b and 9c indicate

these anomalies feature a barotropicwave train, which could

be forced by North Atlantic SST anomalies (Zhou et al.

2019; Kushnir et al. 2002). These anomalies in SST and ge-

opotential height are also similar to those of Zhou et al.

(2019), which demonstrated the impact of summer SST in

the northwestern Atlantic on the atmospheric teleconnec-

tion pattern from both observation and climate model.

Zhou et al. (2019) found that 678–398W, 408–558N is

the key region over which the northern Atlantic SST can

influence the TP water vapor, but in this study, Fig. 9a

shows that the key region of Atlantic SST that influences

the ITP precipitation is larger than the region they se-

lected. The region enclosed by blue solid lines in Fig. 9a

was selected to calculate the key region area-averaged

SST. Figure 9d displays correlation between the SST

averaged over the key region and 200-hPa geopotential

height in summer on interdecadal time scales. The cor-

relation coefficient over Greenland and Baffin Island as

FIG. 8. Correlation of the summer AMO index and gridded precipitation from the (a) CMFD and (b) CMAP datasets on interdecadal

time scales. The black line denotes the 3000-m contour line of the TP. The dotted areas indicate correlation coefficients that are significant

at the 0.05 level. Also shown are interdecadal variations of the summer AMO index and ITP-averaged precipitation from the (c) CMFD

and (d) CMAP datasets; r is the correlation coefficient between the two series. All of the time series are standardized before extracting

their interdecadal variations.
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FIG. 9. Differences in summer (a) SST and geopotential height at (b) 200 and (c) 500 hPa between

the warm (1998–2018) and cold (1979–97) phases of the AMO (the former minus the latter).

(d) Correlation between the SST averaged over the region enclosed by the blue solid line in (a) and

200-hPa geopotential height in summer on interdecadal time scales during 1979–2018.The dotted

areas indicate differences or correlation coefficients that are significant at the 0.01 level.
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well as regions to the east of the ITP is more than 0.90,

corresponding to the anticyclonic anomalies over those

regions when the AMO is in the positive phase. These

results suggest that SST anomalies over themid- to high-

latitude North Atlantic can affect atmospheric circula-

tions over East Asia through a wave train of barotropic

anomalies, but the physicalmechanismof the atmosphere–

ocean interactions still needs further study.

Since a cycle of the AMO is about 65–80 years, we

used NCEP–NCAR (1948–2018) and JRA-55 (1958–

2013) reanalysis datasets to test the relationships be-

tween the AMO and subtropical jet stream as well as

geopotential height. The correlation between the AMO

and zonal wind at 200 hPa using the two longer re-

analysis datasets on interdecadal time scales shows that

the positive phase of the AMO is related to the north-

ward shift of the jet stream near the TP and the south-

ward shift of the jet stream located to the west of the ITP

(Figs. 10a,b), which is consistent with what we found

using the ERA-Interim reanalysis data. The positive

anomalies in zonal wind to the north of the TP in

Figs. 10a and 10b are not as obvious as the results de-

rived from the ERA-Interim data, which is mainly due

to uncertainties of the two longer reanalysis datasets

before 1979. As shown in Figs. 10c–f, the patterns of

differences in summer geopotential height using the two

longer datasets between the positive and negative pha-

ses of the AMO are also similar to those shown in

Figs. 9b and 9c, indicating the effect of the AMO on

geopotential height is robust. Therefore, these results

demonstrate that the relationship between the AMO

and subtropical jet remains robust for a longer period.

All these processes are summarized in Fig. 11. First,

the AMO warm phase induces a wave train of cyclonic

and anticyclonic anomalies in summer over Eurasia,

causing the westerly jet stream near the TP to weaken

and/or shift northward. Then, the westerlies over the TP

become weakened, but the westerlies to the east of the

ITP are weakened much more than those to its west,

causing enhanced air convergence over the ITP. At the

same time, due to the enhanced southwest winds to the

south of the ITP and convection over the Indian sub-

continent, both of which are attributed to the cyclonic

anomalies to the west of the ITP, more water vapor in-

trudes from the Arabian Sea into the ITP. The above-

mentioned two favorable conditions enhance water

vapor convergence over the ITP, causing more pre-

cipitation in summer.

FIG. 10. Correlation between summer AMO index and gridded 200-hPa zonal wind using (a) NCEP–NCAR and (b) JRA-55 data on

interdecadal time scales. The dotted areas indicate correlation coefficients that are significant at the 0.1 level. Also shown for (left) NCEP–

NCAR and (right) JRA-55 are differences in summer geopotential height at (c),(d) 200 and (e),(f) 500 hPa between the positive [1948–57

and 1995–2018 for (c) and (d); 1995–2013 for (e) and (f)] and negative [1958–94 for (c)–(f)] phases of the AMO (the former minus the

latter). The dotted areas indicate differences that are significant at the 0.01 level.
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5. Summary

The influences of interdecadal variations of atmo-

spheric circulations on summer precipitation over the

ITP were analyzed for the years 1979–2018. During the

second half of this period, the ITP experienced an in-

crease in precipitation, which caused rapid lake expan-

sion in this region and is of wide concern to both local

residents and the research community.

Using the ERA-Interim reanalysis data, we found that

the effect of TP-averaged zonal winds on summer pre-

cipitationwas spatially consistent in the ITP; therefore, this

region can be considered as a whole from the perspective

of climate changes and lake expansion. The interdecadal

change in ITP precipitation (dry before 1997 and wet

since 1997) is strongly negatively correlated with the TP-

averaged zonal wind at 500hPa. The latter is further de-

termined by both the north–south shift of the subtropical

westerly jet stream near the TP and its strength. The me-

ridional position of the jet stream is positively correlated

with the ITP precipitation on interdecadal time scales (r5

0.69), and the jet stream strength is negatively correlated

with the ITP precipitation (r 5 20.92). Either the north-

ward shift or the weakening of the jet stream could lead to

an increase in summer precipitation over the ITP, where

most of the lakes have rapidly expanded since the mid-

1990s. Therefore, the interdecadal variations in summer

precipitation over the ITP are the result of the joint in-

fluence of jet stream position and strength.

We further found that the AMO was a key factor

influencing summer precipitation over the ITP on inter-

decadal time scales. Combined with the anomalous at-

mospheric circulations linked to interdecadal variations

in precipitation, a possible mechanism affecting the

precipitation has been proposed. Since the mid-1990s,

the AMO has been in its warm phase and has induced a

wave train of cyclonic and anticyclonic anomalies in

summer, enhancing the meandering of the westerly jet.

These anticyclonic anomalies to the east of the ITP

cause a northward shift and/or weakening of the jet stream

near the TP. The northward shift or weakening of the jet

stream causes weakened westerly winds over the TP

downward, which weakens water vapor transport beyond

eastern TP boundary and facilitates the convergence of

water vapor over the ITP. At the same time, the anoma-

lous cyclone to the west of the ITP enhances southeast

winds and convection over the India subcontinent, thus

promoting water vapor transport from the Arabian Sea.

The favorable wind field and moisture conditions eventu-

ally result in increased summer precipitation over the ITP.

Therefore, the AMO could be used as one of the

predictive factors for summer precipitation over the ITP

on interdecadal time scales, which may support local

hydrological and ecological policy decision-making.
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