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The present study documents the changes in the relationship between the Tibetan

Plateau summer surface temperature (TPST) and the South China Sea summer monsoon

precipitation (SCSSMP). A stepwise regression model is used to exclude the signals of

global warming, El Niño–Southern Oscillation (ENSO), western North Pacific Subtropical

High (WNPSH), Atlantic Multidecadal Oscillation (AMO) and Pacific Decadal Oscillation

(PDO). The results indicate that the relationship between TPST–SCSSMP changes with

time, going from a negative correlation during the period of 1980–1994 to an obvious

positive correlation during 1998–2016 in the South China Sea. Meanwhile, the negative

correlation between TPST and the East Asia subtropical front (Meiyu) is enhanced

during 1998–2016. This change in the TPST–SCSSMP relationship is associated with

the change of the atmospheric circulation, which is mainly due to TPST interdecadal

variation. A wave–like structure at the low latitude moves eastward along the low–level

monsoon flow, and a strong cyclonic circulation is apparent in the southwestern part of

the Plateau, including the Indochina Peninsula, South China Sea, and the ocean to the

east of the Philippines, which is consistent with the negative correlation between TPST

and Outgoing Longwave Radiation (OLR). The increase in water–vapor convergence and

more favorable convection conditions lead to more precipitation in the region after the late

1990s. The present results suggest that, in a changing climate, we should be cautious

when using predictor with interdecadal variations.

Keywords: interdecadal variations, South China Sea summer monsoon, Tibetan Plateau, changing relationship,

warming amplification

INTRODUCTION

Warming rate is found amplification with elevation in high–altitude region in recent years,
especially the Tibetan Plateau (Beniston et al., 1997; Liu and Chen, 2000; Beniston, 2003; Seidel
and Free, 2003; Pepin and Lundquist, 2008; Liu et al., 2009, 2012; Wang et al., 2014; Pepin et al.,
2015; Wu et al., 2017; Zhu and Fan, 2018; Gao et al., 2019). Large evidences show that variations
in Tibetan Plateau summer surface temperature (TPST) could greatly affect the interannual and
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interdecadal variations in the South China Sea summer monsoon
by the records (Ye et al., 1957; Ye and Gao, 1979, 1992; Ding,
1992; Yanai et al., 1992; Ye and Wu, 1998; Xu et al., 2002, 2010,
2015, 2018; Zhao et al., 2003; Duan andWu, 2005, 2008; Lu et al.,
2005; Zhou et al., 2009; Duan et al., 2011, 2012, 2013; Liu et al.,
2012; Wu et al., 2012a,b, 2014; Boos and Kuang, 2013).

However, in a changing climate, the Tibetan Plateau and
South China Sea summer monsoon precipitation (SCSSMP)
relationships would change and the understanding of them still
need to research. Zhang et al. (2004) and Ding et al. (2009)
described that decadal variations existed in the relationship
between winter–spring snow over the Tibetan Plateau and
SCSSMP in 1960s−1990s. Si and Ding (2013) suggested that
the relationship between the Tibetan Plateau winter snow
and the SCSSMP changed in 1999. The correlation between
them changed from the positive to a strong positive. On the
whole, the robustness of this relationship in a changing climate
remains unclear.

There are many factors affect the SCSSMP, but these factors
are not independent. For example, El Niño–Southern Oscillation
(ENSO) together with the Atlantic Multidecadal Oscillation
(AMO) leaded to an anomalous cyclone (anticyclone) over the
western North Pacific Subtropical High (WNPSH) that persisted
from the ENSO mature winter to the ENSO decaying summer,
strengthening (weakening) the SCSSMP (Wu et al., 2003; Fan
et al., 2018). In addition, ENSO was strongly modulated by
the Pacific Decadal Oscillation (PDO), which furtherly affected
on the SCSSMP (Lee et al., 2013; Feng et al., 2014; Song and
Zhou, 2015; Bollasina Massimo and Gabriele, 2018). In addition,
Annamalai et al. (2013) showed that global warming shifted
the monsoon circulation and dried South Asia. Overall, global
warming and interdecadal variability in climate systems, such as
the WNPSH, ENSO, AMO, and PDO influence the change of
summer rainfall in this area. It is therefore necessary to exclude
these factors so as to isolate the contributions of Tibetan Plateau
warming to the TPST–monsoon relationship as well as explore
the robustness of the relationship in a changing climate. The
present study aims to explore the evolving relationship of TPST–
SCSSMP by employing a stepwise regression model to exclude
the influence of these other factors.

Datasets and methods are described in section 2. In section
3, the constructed stepwise regression model and the changing
relationship of TPST–SCSSMP are documented. Section 4
examines the influence of the interdecadal variation of the
TPST on atmospheric circulation. In section 5, conclusions and
discussions are provided.

DATASETS AND METHODS

Datasets
In this study, observational dataset and three reanalysis datasets
are used to avoid the inadequate observation of Tibetan Plateau
temperature at the high altitudes (Beniston et al., 1997; Ohmura,
2012; Rangwala and Miller, 2012; Wu et al., 2017). Observations
used are mainly from the China Meteorological Science Data
Network. The Japanese 55–year Reanalysis (JRA−55) is also
used, which is a high–quality homogeneous climate dataset

from 1980 to recent (Kobayashi and Iwasaki, 2016). ERA5
(the fifth generation of European Centre for Medium–Range
Weather Forecasts atmospheric reanalyses of the global climate)
is also used, which is a high-resolution dataset from 1950 to
present (Malardel et al., 2015). An earlier version, ERA–Interim
(Berrisford et al., 2011), is also used for comparisons. The Tibetan
Plateau surface temperatures are therefore determined from the
observation data and the 2–m surface temperature in these
reanalysis datasets.

The observational dataset, with 693 national–level basic
stations in China, is also used for precipitation, during the 38–
year period of 1980–2016. The Global Precipitation Climatology
Project (GPCP) can capture the SCSSMP precipitation well
(Adler et al., 2003), therefor it is used to analysis the
changes of the SCSSMP from 1980 to 2016. The Outgoing
Longwave Radiation (OLR) dataset is also used. Global surface
temperatures are extracted from the 2–m surface temperatures
in the JRA55 reanalysis data. The ENSO index used here
is the Oceanic Nino Index, obtained from https://www.
cpc.ncep.noaa.gov/products/. The WNPSH index is loaded
from China Meteorological Standardization Network. The
AMO index is acquired from the Earth System Research
Laboratory (ESRL) of National Oceanic and Atmospheric
Administration (NOAA). The PDO index is downloaded from
the National Centers for Environmental Information (NCEI)
by using the NOAA’s Extended Reconstruction of Sea Surface
Temperature (ERSST Version 4).

For the download websites and resolutions of all above
datasets, please see Table 1 for detail. To reduce the error, all
reanalysis datasets are interpolated to the resolution of 1.25◦

latitude × 1.25◦ longitude. Summer here is defined as June, July,
and August.

Methods
The Vertically–integrated moisture flux (VIMF) is calculated
using the monthly variables of specific humidity, sea–level
pressure, meridional wind (v), zonal wind (u), and air
temperatures data, which is integrated from low–level (1000 hPa)
to mid–level (500 hPa). The amount of water vapor is mainly
concentrated from surface to 500 hPa (Strong et al., 2002). The
VIMF calculating equation is as follow.

VIMF =
1

g
·

∫ ps

pt
V · qdp

Where ps is surface pressure, pt 500 hPa, V the wind vector, q
specific humidity and g an acceleration of gravity.

It was hardly explored the region that higher than 5,000m
above sea level (Lawrimore et al., 2011), and to obtain suitable
sample sizes for Tibetan Plateau. In this study, it is quite
reasonable that sites with an elevation higher than 2,000m are
selected, and we think an altitude of 2,000m is still higher than
the surrounding area and also representative. Previous studies
also selected sites higher than 2,000m. For example, Su et al.
(2017) chose the grids above 2,000m from the reanalysis datasets
to quantitatively analyze the warming amplification over the
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TABLE 1 | The various datasets and indexes used in this study and the

corresponding Websites.

Data or index Horizontal resolution

(latitude × longitude)

Website

The daily climate

dataset (version 3.0)

824 stations in China CMA (http://data.cma.cn)

JRA-55

ERA5

ERA-Interim

1.25◦ × 1.25◦

0.25◦ × 0.25◦

0.25◦ × 0.25◦

JMA (https://jra.kishou.go.

jp/JRA-55/index_en.html#

jra-55) ECMWF (https://rda.

ucar.edu/datasets/) ECMWF

(https://rda.ucar.edu/

datasets/)

GPCP 2.5◦ × 2.5◦ NOAA (https://www.esrl.

noaa.gov/psd/data/

gridded/)

OLR 2.5◦ × 2.5◦ NOAA (https://www.esrl.

noaa.gov/psd/data/

gridded/data.interp_OLR.

html)

ENSO index NOAA (https://www.cpc.

ncep.noaa.gov/products)

WNPSH index

AMO index

CMA (http://www.cmastd.

cn/)

NOAA ESRL, (https://www.

esrl.noaa.gov/psd/data/

timeseries/AMO/)

PDO index ERSST Version 4 (https://

www.ncdc.noaa.gov/

teleconnections/pdo/)

Tibetan Plateau. Finally, 61 stations in the eastern part of the
Tibetan Plateau are selected to study in our study.

TheMann–Kendall (M–K) trend test and Theil–Sen estimator
are both used to check the reliability of trend. The M–K test
is a non–parametric test for detecting the presence of linear or
non–linear trends in time series data. The stepwise regression is a
widely–used method for fitting regression models. In this study,
we use it to select predictive variables to construct a multiple
regression model. Firstly, we employ it to select the significant
predictive variables from global warming, ENSO,WNPSH, PDO,
and AMO. Secondly, we construct a multiple regressionmodel by
using the significant predictive variables. Then we only analyze
the standardized partial regression coefficients between the TPST
and precipitation, as well as evaluating the relative contributions
to precipitation. The significance of the results obtained by the
regression method and climate mean analysis are all determined
by using the standard two–tailed Student’s t–test method. F test
is used to test the significance of the regression equation.

TPST–SCSSMP RELATIONSHIP

Temperature Change Over the Tibetan
Plateau
Since most of the stations are located in the eastern Tibetan
Plateau (25◦−40◦N, 90◦−105◦E) except for six stations located
outside the region, those concentrated in the east areas are
selected to represent the Tibetan Plateau to avoid the effect
of interpolation. A coherent warming pattern is found in the

eastern Tibetan Plateau during 1980 to 2016 (Figure 1), where
92% of stations trends pass the 95% statistically significant (solid
red dots in Figure 1). The trends exceeded 0.5◦C/decade are
all distributed over the southwest and northeast sides of the
Tibetan Plateau.

To test the reliability of the reanalysis data in reflecting the
TPST change, we compare it with the station data at the same
region (eastern Tibetan Plateau; purple box in Figure 1). The
interannual variation of TPST exhibits a consistent significantly
increasing trend in all the datasets, although the variability is
higher after 2005 (Figure 2). All of the datasets well reflect the
annual variability of the TPST. The Mann–Kendall and Theil–
Sen estimator are both used to check whether the trend is robust.
The values of the trends differ slightly among the data sets, but
both methods detected consistent increasing trends (P < 0.01).
The trend is therefore reliable and robust, despite the annual
variability after 2005. The 2–m global surface temperature from
JRA55 is also analyzed to compare this trend with that of global
warming. It is found that the global–average surface temperature
increases at a relative lower rate (0.15◦C/decade, P< 0.05) during
1980–2016. Those previous studies (Liu and Chen, 2000; Wang
et al., 2008, 2014; Liu et al., 2009) were also pointed out that
warming was amplified in the TPST compared with the globe and
other plain regions.

The Mann–Kendall method is also employed to investigate
whether a shift occurred in the temperature on the eastern
Tibetan Plateau. The results show that a dramatic shift is found
during 1980–2016 (P< 0.05) in all datasets (Figure 3A). The year
of abrupt change in TPST may occur either in 1995 (Figure 3D),
1996 (Figure 3B), or 1997 (Figures 3C,E), depending on the
dataset, being 1996 in the observation station, 1995 in the
ERA5, but 1997 in the JRA55 and ERA–Interim. Combining all
datasets, the time series is separated into two periods, 1980–
1994 and 1998–2016. The temperature anomalies are ∼-0.37◦C
to −0.46◦C during 1980–1994, but increase up to 0.29◦C to
0.37◦C during 1998–2016 (P < 0.05). The results verify the
conclusion that the TPST warming is greater than that of the
globe and a dramatic shift occurs around 1996. The snow–albedo
feedback mechanism is generally used to explain Tibetan Plateau
warming (Giorgi et al., 1997; Pepin and Lundquist, 2008; Liu
et al., 2009; Ceppi et al., 2010). In addition, the cloud–radiation
effects on water vapor and radiative fluxes (Rangwala, 2013),
are also responsible too. In the present study, we are interested
in the evolving relationship between the TPST and SCSSMP.
It would seem reasonable to hypothesize that this interdecadal
variation of the TPST may change the atmospheric circulation
and water vapor conditions, which further impact the SCSSMP
in the downstream area of the Plateau. The question is whether
the interdecadal variation on the Tibetan Plateau warming affects
TPST–SCSSMP relationship and how robust such a relationship
is in a changing climate.

The Changing Relationship of
TPST–SCSSMP
The reliability of the GPCP precipitation dataset is examined
by comparing it with the observed precipitation dataset
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FIGURE 1 | Temperature changes at stations higher than 2,000m above mean sea level in the eastern Tibetan Plateau during the summers of 1980–2016 (units:
◦C/decade; solid black lines represent the 2,000m and 3,000m height above mean sea level; the solid points indicate significant differences above the 95%

confidence level). The purple area (27–40◦N, 90–105◦E) is selected as the research region for JRA55, ERA5 and ERA-Interim reanalysis temperature data at 2m.

FIGURE 2 | Interannual changes in summer temperature averaged by the Tibetan Plateau and globe (black) for in situ stations (red), JRA55 (gray), ERA5 (blue),

ERA–Interim (brown), and globe (black, JRA55) (units: ◦C). Significances of the trends are assessed using the Mann–Kendall test and Theil–Sen estimator. P < 0.01

indicates a significant difference above the 99% confidence level.

(Figures 4A,B). Similar spatial distribution patterns of
precipitation change are found in these two describes
and these spatial distribution patterns are consistent with
those results from previous studies (Burke and Stott, 2017;
Stanley, 2017; Xu et al., 2018). Precipitation is generally
higher in the south of the Yangtze River, such as the South

China, and lower in the north of the Yellow River and
Southwest China. The lower precipitation in southwestern
China is more obvious over the North China Plain. The
similarity precipitation distribution patterns between
these two datasets confirm that the GPCP precipitation
data well reflects the precipitation in China and even

Frontiers in Environmental Science | www.frontiersin.org 4 November 2020 | Volume 8 | Article 583466

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Liang et al. Tibetan Plateau and Monsoon Precipitation

FIGURE 3 | (A) Temperature change in summer over the eastern part of the Tibetan Plateau region for 1980–1994 and 1998–2016. The solid lines are time series of

Tibetan Plateau summer temperature during 1980–2016 for different datasets. The dashed lines represent the mean TPST for 1980–1994 and 1998–2016,

respectively. Mann–Kendall regime shift test of the temperature over the eastern part of the Tibetan Plateau for (B) station, (C) JRA55, (D) ERA5, and (E) ERA–Interim.

Red line represents the forward line; Green line represents the back line. All of them are statistically significant at the 95% confidence level.
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FIGURE 4 | Spatial distribution of precipitation trends in (A) China (based on observations) and (B) East Asia (based on GPCP data; brown contour delineates an

altitude of 2,000m) in the summers of 1980–2016 (units: mm/decade; cross symbols indicate statistical significance above the 95% confidence level).

in East Asia. In the subsequent analyses, we therefore
use GPCP precipitation data to examine the changeable
TPST–SCSSMP relationship.

In addition to TPST, global warming, interannual, and
interdecadal variability, such as WNPSH, ENSO, PDO, and
AMO, can also influence the summer rainfall in this area. But
these factors are not independent. ENSO together with the
AMO caused the WNPSH anomalous cyclone (anticyclone),
strengthening (weakening) the SCSSMP (Wu et al., 2003; Fan
et al., 2018). In addition, ENSO was significantly modulated
by the PDO, which furtherly affected on the SCSSMP (Lee
et al., 2013; Feng et al., 2014; Song and Zhou, 2015; Bollasina
Massimo and Gabriele, 2018). Furthermore, Annamalai et al.
(2013) showed that the warming of globe shifted the monsoon
circulation and dried South Asia. This introduces a question of
which factors are more important and which are less important
under the interaction of these factors. How should we select
the predictive variables and construct a complete and realistic
regression model? In this study, a stepwise regression model is
conducted to explore this question. In each step, the variable
with the smallest p values which <0.1 is added to the model. The
process finally terminates when no additional available variable
can be removed or added to this model (Efroymson, 1960; Draper
and Smith, 1981).

The variable selection procedure is shown in Table 2. The
SCSSMP at four datasets is the variable being predicted and
Tibetan Plateau, and global warming, PDO, AMO, ENSO, and
WNPSH are the predictors. Firstly, we assume all the variables
are predictive variables and we construct a multiple regression

model. The regression equation is significance (F > F0.1).
Obviously, the predictive variables of TPST and WNPSH are
both significant (P < 0.1), but the regression coefficients between
WNPSH and SCSSMP are larger than that of TPST at four
datasets. We therefore choose the WNPSH as the first predictor.
According to this method, we then select the factors of TPST
and global warming as the second and third predictors. After
selecting three variables, it should begin to consider remove the
insignificant predictor among them. Note that the last variable
adds into the model, it cannot be deleted immediately. We can
see that the factors of TPST, WNPSH, and are still significant.
We add the variables of PDO, ENSO, and AMO by one after
another. But none of the added variables and regression equation
is significantly when each of variable is added, which means that
PDO, ENSO, and AMO are not important predictors. Overall,
TPST, global warming andWNPSH, are the threemost important
factors that affect the change of summer rainfall in this area. As
a result, we stop adding variables. Finally, we establish a multiple
regression model with the SCSSMP, TPST, global warming, and
WNPSH (Table 3). In the following discussion, the standardized
partial regression coefficient between the TPST and SCSSMP is
considered as the isolated statistical relationship between them.

To examine the TPST–SCSSMP relationship after the regime
shift in TPST, we calculate the standardized partial regression
coefficients for period 1980–1994, 1998–2016, 1980–2016,
respectively (Figure 5). For the entire study period (1980–
2016, Figures 5C1–C4), we find a strong correlation between
the TPST and east Asian summer monsoon rainfall (June to
August), where the regression pattern resembles a “sandwich.”
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TABLE 2 | Picking out the main factors affected SCSSM precipitation by using stepwise regression method.

Being predicted Predictors

Y (SCSSMP) b0 b1(X1, TP) b2(X2, GW) b3(X3, PDO) b4(X4, AMO) b5(X5, ENSO) b6(X6, WNPSH)

Station

JRA55

ERA5

ERA-I

0

0

0

0

0.581*

0.551*

0.471*

0.449*

−0.434

−0.393

−0.356

−0.384

−0.309

−0.323

−0.316

−0.315

0.030

0.029

0.053

0.054

0.230

0.198

0.186

0.196

−0.558*

−0.552*

−0.532*

−0.522*

(1) Y (SCSSMP) = b0 + b1(X6, WNPSH) (F>F0.1)

Y (SCSSMP) b0 b1(X1, TP) b2(X2, GW) b3(X3, PDO) b4(X4, AMO) b5(X5, ENSO)

Station

JRA55

ERA5

ERA-I

0

0

0

0

0.505*

0.522*

0.636*

0.474*

−0.369

−0.401

−0.338

−0.369

−0.316

−0.305

−0.310

−0.308

−202

−0.202

−0.173

−0.172

−0.152

−0.127

−0.150

−0.135

(2) Y (SCSSMP) =b0 + b1(X6, WNPSH) + b2(X1, TP) (F>F0.1)

Y (SCSSMP) b0 b2(X2, GW) b3(X3, PDO) b4(X4, AMO) b5(X5, ENSO)

Station 0 0.522* −0.429* −0.409* −0.238

JRA55 0 0.551* −0.459* −0.379* −0.234

ERA5 0 0.458* −0.399 −0.401* −0.209

ERA-I 0 0.499* −0.427 −0.388* −0.204

(3) Y (SCSSMP) = b0 + b1(X6,WNPSH) + b2(X1, TP) + b3(X2, GW) (F>F0.1)

Y (SCSSMP) b0 b1(X6, WNPSH) b2(X1, TP) b3(X2, GW)

Station 0 -0.496* 0.593* -0.275*

JRA55 0 -0.470* 0.619* -0.289*

ERA5 0 -0.472* 0.532* -0.263*

ERA-I 0 -0.453* 0.555* -0.278*

(4) Y (SCSSMP) = b0 + b1(X6, WNPSH) + b2(X1, TP) + b3(X2, GW) (F>F0.1)

GW means the global warming. (*indicate statistical significance above the 95% confidence level; The red italics indicate the important factors for the selection of this step; F > F0.1

indicate the function are statistical significance above the 90% confidence level).

TABLE 3 | The final constructed multiple regression equations between the

SCSSM precipitation and Tibetan Plateau summer surface temperature (TPST),

WNPSH, global warming (GW) at four datasets.

Datasets Equations

Station Y(SCSSMP) = −0.496X1 (WNPSH) + 0.593X2 (TP)−0.275X3 (GW)

JRA55 Y(SCSSMP) = −0.470X1 (WNPSH) + 0.619X2 (TP)−0.289X3 (GW)

ERA5 Y(SCSSMP) = −0.472X1 (WNPSH) + 0.532X2 (TP)−0.263X3 (GW)

ERA-I Y(SCSSMP) = −0.453X1 (WNPSH) + 0.555X2 (TP)−0.278X3 (GW)

A positive relationship is found in South China, Indochina
Peninsula, SCS, and the western north Pacific Ocean (WNP),
as well as the North China and Northeast China. At the
same time, the negative relationship between them is also
obvious, extending from the southern of Tibetan Plateau across
the mid–lower reaches of the Yangtze River to the Korean
Peninsula and Japan along the south–northeast trend, which is
generally dominated by the Meiyu front. This spatial pattern
is fairly consistent with those results of Hsu and Liu (2003)
and Wang et al. (2008). However, comparisons with the period

of 1980–1994 and 1998–2016 (Figures 5A1–A4, B1–B4) show
that the TPST–SCSSMP relationship changes, when the shift
start around 1996. It is obviously found that the TPST–SCSSMP
relationship is negative during 1980–1994 but positive for 1998–
2016 in the South China Sea and the negative correlation
along the Meiyu front is enhanced during 1998–2016. The
observation dataset and three reanalysis datasets show the
same phenomenon, which demonstrates that the recent changes
relationship of TPST–SCSSMP responded to TPST shift over the
last 20 years is a real phenomenon but not an artifact.

We also determine to identify whether the change relationship
exist in other season (spring (MAM), summer (JJA), fall (SON),
winter (DJF) by calculating the standard partial regression
coefficients of TPST–SCSSMP during 1980–1994 and 1998–2016.
A comparison of the results for these four seasons (not showed)
shows that such a changing relationship of TPST–SCSSMP only
is found in the summer season. In addition, the maximum value
of the partial regression coefficient during the summer can reach
0.5 and−0.6, which is larger than that in the other seasons.
We therefore consider that Tibetan Plateau temperature changes
in the summer season are mainly responsible for those in the
circulation and rainfall patterns in downstream regions.

Frontiers in Environmental Science | www.frontiersin.org 7 November 2020 | Volume 8 | Article 583466

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Liang et al. Tibetan Plateau and Monsoon Precipitation

FIGURE 5 | Standardized partial regression coefficients between Tibetan Plateau temperature and summer precipitation (GPCP) during: (A) 1980–1994, (B)

1998–2016, and (C) 1980–2016. 1: station data, 2: JRA55, 3: ERA5, and 4: ERA–Interim data. The purple box areas represent the South China Sea. Black spots

indicate significant differences above the 90% confidence level based on the Student’s t–test.

To illustrate the changes of the TPST–SCSCM relationship,

Figure 6 displays the 13–year moving average of the partial

regression coefficients between TPST and SCSCMP in the South

China Sea during 1980–2016. During 1985–1994, the partial

regression coefficients between TPST and SCSCMP are almost

negative, but they stepwise increase in the late 1990s and, finally,

they are all greater than 0 and they can reach 0.8 at the early

2010s. The variations in the correlation coefficients are relatively
consistent in the station data and the three reanalysis data sets,
with only small differences in the values, which also verify that the
TPST–SCSCM relationship is changes in the late 1990s. It should

be noted that similar results are also captured in other moving
average window lengths (11 years and 15 years) and small change
the region (100-135◦E, 0-20◦N; 100-135◦E, 0-22◦N;100-140◦E,
5-20◦N; 100-145◦E, 0-22◦N; not showed).

EFFECTS OF THE TPST INTERDECADAL
VARIATION ON ATMOSPHERIC
CIRCULATION

Since the normalized partial regression coefficient between
TPST and SCSSMP is considered to be an isolated statistical
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FIGURE 6 | The 13–year moving standardized partial regression coefficients between Tibetan Plateau temperature and precipitation in the South China Sea (Purple

box in Figure 5) during JJA in 1986–2010 using different data sets (red line: station data; black line: JRA55; purple line: ERA5; yellow line: ERA–Interim). The x–axis

indicates the middle year in the 13–year moving window (e.g., 1986 indicates the correlation coefficient for 1980–1992 and 1987 indicates the correlation coefficient

for 1981–1993). Hollow rhombuses indicate significant differences above the 90% confidence level based on the Student’s t–test.

relationship between them, TPST and other meteorological
elements (VIMF, OLR et al.) can also show the influences of
the decadal variation of TPST on other elements. Hence, we
use the same reanalysis datasets (JRA55, EAR5, ERA–Interim)
to conduct regression analyses of TPST and wind field to show
the influence of decadal variation of TPST on atmospheric
circulation over the South China Sea (Figures 7, 8). During 1980–
1994, an anticyclone appears at 700 hPa over the South China
Sea (Figures 7A–E), which indicating that there is a negative
correlation between the TPST and its wind field. In other words,
the changes of TPST are more favorable for anticyclone enhance
or for cyclone weaken at low–level over the South China Sea.
At the same time, a strong anticyclone is also found over the
Northern China and it also means the negative correlation
between them. At 200 hPa, the South China Sea is dominated
by the northerly wind, and the TPST is also negative correlated
with the wind field (Figures 8A–E). The spatial pattern of this
regression (TPST–wind field) is very similar to the regression
pattern of TPST–SCSSMP from 1980 to 1994, which further
confirms that changes in TPST deeply affect SCSSMP.

However, during 1998–2016, at 700 hPa, a wave–like structure
in the low–latitude region moves easterly along the low–
level monsoon flow (the red dotted line in Figures 7B–F). A
strong cyclone exists in the southwestern part of the Tibetan
Plateau and South China Sea. At 200 hPa, another wave
train propagated downstream along the upper–level westerly
jet stream and strong anticyclones appear over the South
China Sea (Figures 8B–F). Combining the divergence at 200
hPa and convergence at 700 hPa over the South China Sea,
strong convection is more likely to occurs and lead to water

vapor converge, which means the likelihood of rain increase
in the later period. By contrast, the region along the North
China Plain across to the Korean Peninsula and to southern
Japan is characterized by a northeasterly wind in the earlier
period and anticyclonic circulation in the later period, thereby
there is a negative correlation between the TPST and water
vapor flux along the Meiyu front. It means less water vapor
convergence here and the convection is suspended, leading
to less rainfall in this area after the late 1990s. According to
our results, during 1998–2016, the wave–like structure in the
tropics moves westerly along the low–level monsoon and another
wave train may propagate downstream along the upper–level
westerly jet. Wang et al. (2008) has already conducted numerical
experiments using the Max Planck Institute for Meteorology
ECHAM4 to confirm that eastern Tibetan Plateau warming
can excite or intensify these two Rossby wave trains. In this
study, we confirm they results again by using the different
reanalysis datasets.

To some extent, the partial regression coefficient pattern
between TPST and SCSSMP is consistent with the SCSSM rainfall
linear trend pattern (Figure 4B), which shows that the TPST
is closely associated with the summer monsoon precipitation
over the South China Sea, as also suggested in previous studies
(Hsu and Liu, 2003; Wang et al., 2008). Consistent with
the above mentioned (Figure 6), the relationship between the
TPST and SCSSMP change when TPST underwent a shift that
started around 1996. The TPST interdecadal variation may
not only significantly affect the atmospheric circulation but
also the water vapor transport and convective motion, and
furtherly the SCSSMP. It is clearly that TPST is also negative
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FIGURE 7 | Standardized partial regression coefficients between Tibetan Plateau temperature and wind field at 700 hPa in East Asia: (A,C,E) for the period from 1980

to 1994 and (B,D,F) for the period from 1998 to 2016. (A,B) Based on JRA55; (C,D) based on ERA5; and (E,F) based on ERA–Interim. Red solid line represents the

Tibetan Plateau. The purple boxed areas represent the South China Sea. Red dashed lines represent wave–like structures. Hence, the area where the averaged

altitude above 3,000 m is already masked. Vectors are ignored for values <0.20. Shading indicates significant differences above the 90% confidence level based on

the Student’s t–test.

correlated with VIMF over the South China Sea during 1980–
1994 (Figures 9A–E), which meaning that it is much more
dry air from the north Pacific gather here. Combining the
regressions of wind field and water vapor flux, we are clearly
understanding that the TPST change is not conducive to the
SCSSMP. After the dramatic shift in TPST during 1998–2016,
TPST is positive correlated with VIMF over the South China
Sea (Figures 9B–F), which means that it is more favorable for
water vapor convergence here. In other words, during 1998–
2016, the area is more prone to precipitation when the convection
conditions are suitable.

To further explore the changes in the convection motion after
the interdecadal variation of the TPST, we study the changes in

the TPST–OLR relationship to find the changes of the convection
conditions. The regression coefficient between TPST at the
observation sites and the OLR shows a positive correlation over
the South China Sea during 1980–1994 (Figure 10a), while it
is negative during 1998–2016 (Figure 10b). It is means that
significant convection is likely to occur in the region during the
latter period (Figure 10b), which also means that it is favorable
for moisture convergence here. This change relationship is
consistent with the results showed in Figures 7, 8. In addition,
the relationship is characterized by a positive correlation along
the Yunnan–Guizhou Plateau passing through the middle and
lower reaches of the Yangtze River to Japan, which suggests that
convection weakens in this region during 1998–2016.
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FIGURE 8 | Standardized partial regression coefficients between Tibetan Plateau temperature and wind field at 200 hPa in East Asia: (A,C,E) for the period from 1980

to 1994 and (B,D,F) for the period from 1998 to 2016. (A,B) Based on JRA55; (C,D) based on ERA5; and (E,F) based on ERA-Interim. Red solid line represents the

Tibetan Plateau. The purple boxed areas represent the South China Sea. Red dashed lines represent wave-like structures. Vectors are ignored for values <0.20.

Shading indicates significant differences above the 90% confidence level based on the Student’s t–test.

During 1980–1994, the TPST is not conducive to convection
in the South China Sea and water vapor could not gather there
(Figures 9A–E), so the precipitation is lower in the early period.
In the later period, TPST warming is conducive to convection
in the South China Sea, and therefore the low–level moisture
and precipitation increase (Figures 4, 9B–F), and thus there is
a positive relationship between the TPST and precipitation in
the late 1990s. Our results suggest that in a changing climate,
we should be cautious when using predictions with interdecadal
variations (Piao et al., 2014; Zhang et al., 2019).

CONCLUSIONS AND DISCUSSIONS

Meteorological observation sites, JRA55, ERA5, and ERA–
Interim datasets totally show that, between 1980 and 2016, the

Tibetan Plateau summer surface temperature (TPST) increased
rate (0.32◦C/decade−0.42◦C/decade) is far greater than the rate
of global warming (0.15◦C/decade). All datasets show that a
regime shift in the TPST occurs around 1996 (P < 0.05), which
means that a significant interdecadal variation exists in the TPST.

A stepwise regression model is conducted to explore global

warming and natural internal variabilities, such as PDO, AMO,

ENSO, and WNPSH, that can affect the changes in the

relationship between the TPST and South China Sea summer
monsoon precipitation (SCSSMP). We exclude the signals of

ENSO, PDO, and AMO and finally set up a multiple regression

equation between SCSSMP and TPST, WNPSH, global warming.

The standardized partial regression coefficients between the
TPST and SCSSMP is considered as the isolated statistical

relationship the between them, which exclude the influences of
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FIGURE 9 | Standardized partial regression coefficients between Tibetan Plateau temperature and vertically integrated moisture flux (VIMF) between 1000–500 hPa in

East Asia: (A,C,E) for the period from 1980 to 1994 and (B,D,F) for the period from 1998 to 2016. (A,B) Based on JRA55; (C,D) based on ERA5; and (E,F) based on

ERA-Interim. Vectors are ignored for values <0.15. Shading indicates significant differences above the 90% confidence level based on the Student’s t–test.

other factors. These results showed that the correlation between
the TPST and SCSSMP changes between 1980 and 2016. The
TPST–SCSSMP relationship changes from a negative correlation
to a positive correlation in the late 1990s.

The interdecadal variation of the TPST significantly affect
the hemispheric atmospheric circulation, furtherly leading
to the change of the SCSSMP. During 1980–1994, the
anticyclone exists over the South China Sea is not conducive
to convection (Figure 10a) and water vapor cannot gather there
(Figures 9A–E), and therefore less precipitation occurs over the
South China Sea. Hence, there is a negative relationship between
the TPST and precipitation in the early period. In the later

period, a wave–like structure in the low–latitude moves easterly
along the low–level monsoon and a strong cyclonic circulation
exists in the South China Sea, which is consistent with the
negative correlation between the TPST–OLR. Hence, the TPST
warming is conducive to convection over the South China Sea to
increase the low–level moisture and precipitation, and thus there
is a positive relationship between the TPST and precipitation
in the late 1990s. Those results suggest that we should be
cautious when using predictor with interdecadal variations in a
changing climate.

Some issues still do not involve. Why there is a negative
relationship between TPST and Meiyu front, extending from the
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FIGURE 10 | Standardized partial regression coefficients between Tibetan Plateau temperature at station and OLR in East Asia: (a) for the period from 1980 to 1994

and (b) for the period from 1998 to 2016. The purple boxed areas represent the South China Sea. Black spots indicate significant differences above the 90%

confidence level based on the Student’s t–test.

southern of TP across the mid–lower reaches of the Yangtze River
to the Korean Peninsula and Japan along the south–northeast
trend. Hahn and Manabe (1975) suggested that the interannual
variation of the TP heating likely modulated a Meiyu rain belt.
Hsu and Liu (2003) further examined that he TP heating might
impact the zonally elongated rainfall (Meiyu front) but not be
the only dominant forcing. Recently, He et al. (2019) using the
output of 30 models from CMIP5 provided further evidences
that the enhanced latent heating maybe substantially increased
precipitation over the southeastern TP. In other words, enhanced
latent heat release (corresponding to the cooler temperature)
might be responsible for the positive precipitation anomaly over
the southeastern Tibetan Plateau. However, to what extent can
TP heating or latent heat release explain the change of Meiyu.
Further discussions are still needed.

According to Figure 8, it is likely that the summer diabatic
heating over TP after 1998 is enhanced because there is
a significant anticyclonic anomaly at 200 hPa. Does the
increasing TPST denote an intensity surface heating source?
Hoskins (1991) interpreted the atmospheric response to a
given thermal forcing as the formation of lower layer cyclonic
circulation and upper layer anticyclonic circulation. Wu and

Liu (2000) furtherly developed the thermal adaptation theory (a
prescribed deep/shallow convective-type heating). Wang et al.
(2008) conducted the numerical experiments with atmospheric
general circulation models by changing the albedo and showed
that atmospheric heating would be enhanced after the TP
temperatures rising. The reduction of albedo over the TP results
in a local surface air temperature increase by more than 2◦C.
According to the thermal adaptation, the TP heating will result in
a shallow cyclonic circulation at low-level and a deep anticyclonic

circulation at high-level, which is consistent with the significant
anticyclonic anomaly at 200 hPa (Figure 8). These results suggest
that the summer diabatic heating over TP is likely enhance
after 1998.

It should also be noted that, in this study, a simplified
complex sea–land–gas interaction system is adopted, and these
results are based on the assumption of a linear relationship
between TPST and SCSSMP. In addition, many other factors
could have affected the precipitation of South China Sea, such
as the polar snow cover and snow depth. We only considered
five other factors comprising global warming, ENSO, WNPSH,
PDO, and AMO. Finally, uncertainties remain because our
understanding of the linkage between the TPST and SCSSMP is

Frontiers in Environmental Science | www.frontiersin.org 13 November 2020 | Volume 8 | Article 583466

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Liang et al. Tibetan Plateau and Monsoon Precipitation

based on statistical analyses. In the following study, we will use
the ECHAM 6 numerical model to further verify our findings
and understand the mechanism of the change relationship
between TPST–SCSSMP.
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