
R E S E A R CH AR T I C L E

Interdecadal summer warming of the Tibetan Plateau
potentially regulated by a sea surface temperature anomaly
in the Labrador Sea

Kailun Gao1,2 | Anmin Duan1,2,3 | Deliang Chen4

1State Key Laboratory of Numerical
Modeling for Atmospheric Sciences and
Geophysical Fluid Dynamics, Institute of
Atmospheric Physics, Chinese Academy
of Sciences, Beijing, China
2College of Earth and Planetary Sciences,
University of Chinese Academy of
Sciences, Beijing, China
3Key Laboratory of Meteorological
Disaster and Collaborative Innovation
Center on Forecast and Evaluation of
Meteorological Disasters, Nanjing
University of Information Science &
Technology, Nanjing, China
4Regional Climate Group, Department of
Earth Sciences, University of Gothenburg,
Gothenburg, Sweden

Correspondence
Anmin Duan, State Key Laboratory of
Numerical Modeling for Atmospheric
Sciences and Geophysical Fluid
Dynamics, Institute of Atmospheric
Physics, Chinese Academy of Sciences,
Beijing 100029, China.
Email: amduan@lasg.iap.ac.cn

Funding information
Strategic Priority Research Program of the
Chinese Academy of Sciences XDA19070404
XDA20060401; National Natural Science
Foundation of China, Grant/Award
Numbers: 41725018, 91637312

Abstract

Downward clear-sky longwave radiation, which is related to atmospheric

water vapour content, has been suggested as an important factor causing an

interdecadal increase in boreal summer surface temperature over the Tibetan

Plateau (TP). We reveal the relationship between the 2 m air temperature

(t2m) and water vapour over the TP in boreal summer, as well as the mecha-

nism modulating the change in atmospheric water vapour. In recent decades,

spatiotemporal variations between water vapour and t2m in boreal summer

over the TP have shown synchronicity at the decadal scale. Moreover, Rossby

wave trains which originate over the Northwest Atlantic and trigger an anoma-

lous anticyclone between the northeastern TP and Baikal Lake are suggested

to play a crucial role in decadal warming over the TP. First, the anomalous

anticyclone, with an equivalent barotropic structure, can directly heat near-

surface air across the northeastern TP. Second, it promotes net water vapour

input into the northeastern TP, leading to an increase of the total water vapour

content over the entire TP, ultimately contributing to warming. Finally, a lin-

ear baroclinic model experiment further indicates that the Rossby wave trains

are mainly associated with interdecadal increases in sea surface temperature

(SST) in the Labrador Sea, with the SST in Baffin Bay playing a secondary role.
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1 | INTRODUCTION

The Tibetan Plateau (TP), called the Earth's ‘Third Pole’
because of its unique topography (Qiu, 2008), has a

critical influence on regional and global climate via ther-
mal and dynamic forcing (Zhou et al., 2009; Duan
et al., 2012; Wu et al., 2012). The warming trend over the
TP in the last half century has been stronger than that in
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other regions at the same latitude during the same period
(Liu and Chen, 2000). Therefore, as both an important
and sensitive region, climate change and its impacts on
the TP have attracted increasing attention.

Wang et al. (2008) found a warming trend in annual
mean surface temperature over the TP of 0.36�C per
decade during 1961–2007, which is double the previous
estimate based on 1955–1996 data (Liu and Chen, 2000).
Furthermore, in contrast to the recent global warming
hiatus, an accelerated warming trend has been observed
over the TP since the end of the 1990s (Duan and
Xiao, 2015; You et al., 2016).

An increase in 2 m air temperature in summer has
played a primary role in the rapid increase in annual
mean air temperature since the mid-1980s across the
northern TP (Guo and Wang, 2011). Application of the
dynamic adjustment method by Ma et al. (2017) showed
that radiatively forced temperature over the TP played a
dominant role in accelerated warming, but other reasons
have also been proposed; these include changes in the
surface albedo feedback (Ghatak et al., 2014; Pepin
et al., 2015; You et al., 2016), the enhanced greenhouse
effect (Liu and Chen, 2000; Chen et al., 2003), changes in
water vapour and cloud amounts (Duan and Wu, 2006;
Rangwala et al., 2013) and changes in near-surface radia-
tion fluxes (Yan et al., 2016). Multidecadal or millennial
variability of surface temperature over the TP seems to be
closely related to the Atlantic multidecadal oscillation or
Atlantic multidecadal variability, according to proxy
records (Wang et al., 2013a; 2013b; Shi et al., 2017; 2019).
However, the mechanism driving this decadal tempera-
ture pattern over the TP is still an open question.

The TP is known as the ‘Asian water tower’ because
of its important role in the hydrological cycle
(Xu et al., 2008; Immerzeel et al., 2010). Since atmo-
spheric water vapour capacity increases with temperature
(according to the Clausius–Clapeyron equation:
Trenberth, 2011), changes in water vapour and precipita-
tion over the TP associated with accelerated warming are
critical for the downstream regions. Previous studies have
shown that precipitation and water vapour over the TP
are greatest in summer (You et al., 2012; Zhang
et al., 2013; You et al., 2015), accounting for �60–70% of
annual precipitation (Liu and Yin, 2001; Sui et al., 2013).
The precipitable water in the atmosphere of the TP has
increased significantly since the 1990s (Zhang
et al., 2013), but the spatial pattern of changes in precipi-
tation is complicated and heterogeneous (Kuang and
Jiao, 2016). Possible causes of such complex patterns
have been discussed in previous studies. For example,
Gao et al. (2014) found that the TP has become wetter,
albeit with large spatial variations, by decomposing the
changes in precipitation minus evaporation into three

major components—dynamic, thermodynamic and tran-
sient eddy components—with the results showing that
the dynamic component had contributed positively to
the changing patterns of precipitation and evaporation
during the wet season. The Asian summer monsoon,
which is influenced by the TP thermal state and glacier
extent (Wu et al., 2012; Yao et al., 2012), is also a key car-
rier for the transport of water vapour over the TP in sum-
mer (Fu et al., 2006; Xu et al., 2014). Most recent studies
(Gao et al., 2019; Wu et al., 2020) have found that down-
ward clear-sky longwave radiation, which is related to
atmospheric water vapour content, can be the dominant
factor causing warming over the TP; this effect is stron-
ger during the boreal summer than other seasons. In this
paper, we will further explore the drivers of the water
vapour changes responsible for summer warming over
the TP.

2 | DATA, MODEL AND METHODS

We used the monthly Japanese 55-year reanalysis (JRA-55)
dataset for the period 1980–2017 along with model data
(TL319L60) developed by the Japan Meteorological Agency
(Ebita et al., 2011; Kobayashi et al., 2015). The reanalysis
dataset includes surface temperature (Ts), 2 m air tempera-
ture (t2m), u and v components of wind, geopotential
height, specific humidity and precipitable water. Zhao and
Zhou (2019) have demonstrated that JRA-55 performs best
at capturing interannual water vapour variability com-
pared with satellite and other reanalysis datasets. To quan-
tify changes in sea surface temperature (SST), we used the
fifth version of the NOAA Extended Reconstructed Sea
Surface Temperature (ERSST) (Huang et al., 2017), with a
horizontal resolution of 2� × 2�. The region of the TP
focused on in this work is displayed in Figure 1, which
outlines the area of interest with an altitude higher than
2000 m.

The linear baroclinic model (LBM), developed by the
Center for Climate System Research, University of Tokyo,
is a linearized atmospheric model with a simplified
dynamic framework (Watanabe et al., 1999; Watanabe
and Kimoto, 2000). The LBM can help us understand the
complicated atmospheric feedbacks by removing certain
nonlinear processes. Thus, the results were the directly
linear response to the forcings. Here, the LBM was
used to simulate the atmospheric response to a positive
Northwest Atlantic SST anomaly. When using the model,
we set only the SST forcing in location and intensity; the
others were kept to default settings. The reference state is
the T42L20 model from the boreal summer (June–July–
August) climatology for 1979–2014 in the NCEP/NCAR
reanalysis data.
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To examine changes in water vapour over TP, the ver-
tically integrated water vapour flux Q and divergence of
water vapour flux Qdiv were calculated as follows:

Q= 1
g

Ð p1
p0
qV
!
dp, Qdiv= 1

g

Ð p1
p0
r qV

!� �
dp:

Here, we chose p0=600 hPa and p1=300 hPa, because the
surface pressure is around 600 hPa over the TP and the
water vapour content is negligible above 300 hPa (Zhang
et al., 2013).

To obtain the decadal signals of selected variables, a
9-year Lanczos low-pass filter (Duchon, 1979) was used.
In addition, the 3D wave activity flux derived by Takaya
and Nakamura (2001) (hereafter the T–N wave activity
flux) was used to diagnose the propagation of Rossby
eddies. Standard empirical orthogonal function (EOF)
analysis (Weare and Newell, 1977; Weare and
Nasstrom, 1982) was used to identify the main spatiotem-
poral patterns of t2m and atmospheric water vapour over
the TP in the study, and the Student's t test (two-tailed)
was used to assess statistical significance.

3 | RESULTS

3.1 | Coincident spatiotemporal
variability in summer precipitable water
and t2m over the TP

The Lanczos 9-point filter is used to assess the temporal
variability in precipitable water and t2m by capturing the
decadal signals. Analysis of the JRA-55 dataset reveals
that interdecadal changes in t2m and precipitable water

during boreal summer show the same characteristic: spe-
cifically, the shift from a negative anomaly to a positive
anomaly between 1997 and 1998 significant at the 95%
confidence level (Figure 2a,b). The time series are thus
divided into two periods: 1980–1997 and 1998–2017. The
correlation between t2m and precipitable water reached
0.96, which exceeds the 99% confidence level. The differ-
ence in spatial distribution of t2m over the TP between
1980–1997 and 1998–2017 (hereafter this means
1998–2017 minus 1980–1997) indicates overall warming,
except in the Himalayas where there is cooling of less
than -1 K, and areas with warming exceeding 1.5 K are
located in the northern TP and Qaidam Basin
(Figure 2c). Wang et al. (2014) also found that the
warming rate in the Qaidam Basin, in the northeastern
TP, was much higher than that in other regions over the
TP. The spatial distribution of precipitable water showed
a uniform increase between 1980–1997 and 1998–2017;
those regions with the greatest increase also coincided
with the regions showing the greatest increase in t2m
(Figure 2d). In some regions, precipitable water increased
by more than 2 kg�m–2 between the two periods.

Furthermore, EOF analysis was used to assess
whether the above temporal and spatial variations repre-
sent the dominant patterns. EOF analysis for t2m
(Figure 3a,b) indicated that the first leading model
(EOF1) accounted for 48.8% of the total variance. As
EOF1 has the largest variance, its corresponding pattern
was the most widespread, hence the areas with the most
significant changes appeared in the northern and north-
eastern TP (Figure 3a), and the associated interdecadal
signal from negative to positive, extracted with the
Lanczos 9-point filter, can also be seen in the first

Lake Baikal

Qaidam  
   Basin

FIGURE 1 The black curve

outlines the area of the Tibetan

Plateau (TP, 70–105�E, 25–40�N)
studied in this paper with an

averaged altitude higher than 2000 m
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principal component (PC1) time series (the black solid
curve in Figure 3b). Meanwhile, water vapour showed a
uniform pattern within its respective EOF1, whose
explained variance was up to 58.8% (Figure 3c) with the
largest variation region found in the Qaidam Basin. The
same interdecadal variation in PC1 time series as t2m is
also displayed (Figure 3d). A comparison of these two
EOF1 patterns shows that the regions with the greatest
magnitudes or time series with interdecadal increase in
1997/98 were consistent between both t2m and water
vapour. The EOF1s of t2m and water vapour over the TP
reveal that the interdecadal spatiotemporal variability in
boreal summer was their common and dominant feature
in recent decades.

The vertically integrated water vapour flux (Q) is
often used to analyse moisture transport pathways, repre-
sented as net water vapour inputs to the TP from the
eastern and southern boundaries and outputs from the
northern boundary (Figure 4a). Moreover, water vapour
flux divergence (Qdiv) is a useful index with which to
examine the strength of a water vapour source/sink
(Howarth, 1986). Strong moisture convergence is
observed over the TP along its southeastern edge, north-
western edge and over Qinghai Lake where it exceeds
−2 kg�m–2 � s–1. In comparison, strong divergence along
its southwestern edge (along the Himalayas) reaches
maximum values of 2 kg�m–2 � s–1 (Figure 4a). These
regions closely match those with conspicuous warming

(a) (b)

(c) (d)

FIGURE 3 (a)–(b) The
empirical orthogonal function (EOF)

analysis for summer t2m over the TP:

(a) shows the first model (EOF1) and

(b) is the first principal component

time series (PC1) showing

interdecadal variations (black solid

curve; unit: K). (c) and (d) are the

same as (a) and (b), respectively, but

for PW (unit: kg � m−2)

(a) (b)

(c) (d)

kg.m–2

kg.m–2

FIGURE 2 Summer (June–
July–August) interdecadal variations
in (a) 2 m air temperature (t2m) and

(b) precipitable water (PW) over the

TP, processed with a Lanczos 9-point

filter. (c) The spatial distribution of

the difference in summer t2m

between 1998 and 2017 and

1980–1997. (d) As in (c), but for

summer PW
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or cooling across the TP (Figure 2c), further confirming
that warming over the TP is dominated by the increase of
water vapour in boreal summer, which has also been
diagnosed by the surface energy budget equilibrium
equation (Gao et al., 2019). Therefore, we now explore
what processes have influenced the increase in water
vapour in recent decades.

3.2 | The origin of the anomalous
anticyclone between the northeastern TP
and Lake Baikal

Atmospheric circulation is one of the main controls over
water vapour transport. The change in the 500 hPa wind
field between 1980–1997 and 1998–2017 (Figure 4b)
reveals the development of an anomalous anticyclone
between the northeastern TP and Lake Baikal, where it
has played a key role in strengthening net moisture input
from the eastern boundary (Figure 4a); this will lead to
an increase in total water vapour content across the TP.

To reveal the origin of the anomalous anticyclone,
differences in the 200 hPa geopotential height eddy
(which refers to the departure of geopotential height from
the zonal mean) and T–N wave activity fluxes between
1980–1997 and 1998–2017 were examined (Figure 5a).
Rossby wave trains propagate from the Labrador Sea to
the northeastern TP, and the T–N wave activity flux
showed that wave energy propagates along this same
pathway. Positive 200 hPa height anomalies were located
in the Northwest Atlantic, Central Europe and southwest
Lake Baikal, while negative anomalies were located in

the Central Eastern Atlantic and Western Asia; peak
magnitudes of these anomalies exceeded 30 gpm and
were significant at the 95% confidence level. A similar
pattern of anomalies, also significant at the 95% confi-
dence level, was found at 500 hPa (Figure 5b) in regions
generally consistent with those at 200 hPa, reflecting the
equivalent barotropic structure of the geopotential

(a) (b)

FIGURE 4 (a) Difference (1998–2017 minus 1980–1997) in vertically integrated water vapour flux (Q) (shaded; unit: 10−5 kg�m−2�s−1)
and water vapour flux divergence (Qdiv) from 600 to 300 hPa in summer (vectors; unit: kg � m−1 � s−1). (b) Difference in 500 hPa u–v
composite between 1998–2017 and 1980–1997

(a)

(b)

FIGURE 5 (a) Difference (1998–2017 minus 1980–1997) in
zonal perturbation at 200 hPa (shaded; unit: gpm) and T–N wave

activity flux (vectors; unit: m2 � s−2). (b) Difference in zonal

perturbation at 500 hPa geopotential height (shaded; unit: gpm).

The dotted area in both panels indicates significance at the 95%

confidence level
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height. This indicates that the anomalous anticyclone
originated from the Labrador Sea or Baffin Bay.

The difference in North Atlantic summer SST
between 1980–1997 and 1998–2017 (Figure 6a,b) shows
that the areas with the strongest increase in SST (exceed-
ing 2K) are mainly in the Northwest Atlantic (as marked
by the black box in Figure 6), including the Labrador Sea,

Davis Strait and southeast Baffin Bay. Temporal changes
in the SST anomaly in the area of the black box
(Figure 6c) indicate that a similar interdecadal warming
also occurred in the Northwest Atlantic; the turning
point from a negative anomaly to a positive anomaly was
also between 1997 and 1998, coincident with the inter-
decadal shift in t2m over the TP in summer. Regressing

(a) (b)

(c)

(d)

FIGURE 6 Difference in

summer sea surface temperature

(SST) between 1998–2017 and
1980–1997 in (a) the ERSST

dataset and (b) the JRA-55

dataset, with dotted areas

indicating significance at the 95%

confidence level. The study

region is shown by the black box.

(c) Temporal variations in SST

anomaly in the regions shown by

the black box; solid curves show

interdecadal changes.

(d) Interdecadal variations of SST

in the ERSST dataset regressed

against the 200 hPa geopotential

height (unit: gpm), with dotted

areas indicating significance at

the 95% confidence level
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the interdecadal SST anomaly in the black box against
200 hPa geopotential height yields a remarkably similar
pattern to that in Figure 5a at the 95% confidence level
(Figure 6d), which indicates that the origin of the anoma-
lous anticyclone over the northeastern TP was inter-
decadal warming of the Northwest Atlantic SST.
However, which sea sector in the Northwest Atlantic
plays a key role still remains to be verified.

3.3 | LBM experiments

The LBM, which is often used to present the main atmo-
spheric dynamic process, was applied to further verify

the process driving the influence of interdecadal change
in the Northwest Atlantic SST on summer t2m over the
TP. According to the reanalysis data, the maximum
increase areas in SST were located mainly in the
Labrador Sea and southeast Baffin Bay. Therefore, two
experiments were designed, based on the two centres'
value and location of SST in the black box (Figure 6a,b).
Both experiments added an elliptical area of additional
heating, firstly in the Labrador Sea, centred at 65�N,
58�W (Figure 7b), and secondly in southeast Baffin Bay,
centred at 71�N, 60�W (Figure 8b). The integral of the
vertical heating rate was 2K per day in the first forcing
(Figure 7a), with a similar forcing in the second experi-
ment (Figure 8a). The responses had not equilibrated

(a)

(c)

(d)

(b)

uv and hgt (200 hPa)

uv and hgt (500 hPa)

K.day K.day

FIGURE 7 Forcing of the linear

baroclinic model (LBM) experiment

in the Labrador Sea: (a) the diabatic

heating profile of the forcing centre

(unit: K�day–1), and (b) the SST

forcing pattern (unit: K�day–1). (c) the
response at 200 hPa, including the

geopotential height (shaded; unit:

Gpm) and u–v velocity composite

(vectors; unit: m s−1). (d) As in (c),

but at 500 hPa
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(a)

(c)

(d)

(b)

uv and hgt (200 hPa)

uv and hgt (500 hPa)

K.day K.day FIGURE 8 As for Figure 7, but

for the forcing in Baffin Bay

ba
ro
tro

pi
c

Anticyclone

Cyclone W Warming

Updraft Barotropic structure

Rossby wave path

Water vapour path

FIGURE 9 Schematic diagram

showing how the interdecadal

positive SST anomaly in the Labrador

Sea modulates interdecadal summer

warming over the TP
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until day 20 in the simulations because the forcings were
located at high latitudes (Jin and Hoskins, 1995). There-
fore, we used a 30-day integration and analysed the mean
response from days 20 to 30.

The results reveal similar Rossby wave trains at
200 hPa when the heat source was located in the Labrador
Sea (Figure 7c), with an anomalous anticyclone over
the northeastern TP. Meanwhile, a relatively weak anom-
alous anticyclone over the northeastern TP at 500 hPa
(Figure 7d) demonstrated the existence of an equivalent
barotropic structure. In contrast, when the heat source
was located in southeast Baffin Bay, the signal was similar
but much weaker at 200 hPa (Figure 8c), and the anoma-
lous anticyclone was even not visible over the northeast-
ern TP at 500 hPa (Figure 8d). Therefore, the Rossby
wave trains are stimulated by a positive SST anomaly in
the Labrador Sea, with other regions in the Northwest
Atlantic playing a supporting role.

4 | CONCLUSION AND
DISCUSSION

Variations in t2m across the TP were found to be signifi-
cantly correlated with water vapour at the decadal scale,
and differences between 1980–1997 and 1998–2017 in
both t2m and water vapour share similar spatial charac-
teristics. Moreover, EOF analysis indicated that this con-
sistency reflects their similar EOF1s, not only in terms of
interdecadal changes, but also their spatial patterns.

Further analysis indicated a Rossby wave train propa-
gating from the Northwest Atlantic to the northeastern
TP. T–N wave activity flux diagnosis confirmed that the
waves originate from the Labrador Sea or Baffin Bay and
trigger an anomalous anticyclone over the northeastern
TP and Baikal Lake. This anomalous anticyclone, with
an equivalent barotropic structure, not only directly heats
the near-surface air across the northeastern TP but also
promotes net water vapour transport to the TP, causing
atmospheric warming through the increase of the total
water vapour content, which further explained the mech-
anism that led to increased downward clear-sky
longwave radiation in boreal summer over the entire TP
(Gao et al., 2019). The LBM experiment further con-
firmed that the interdecadal increase in Labrador SST
played the dominant role in stimulating the Rossby wave
trains, rather than Baffin Bay SST. A schematic diagram
of this complete process is provided in Figure 9.

Numerous studies have found that Atlantic mul-
tidecadal variability (AMV) related to the Atlantic merid-
ional overturning circulation (AMOC) has played an
important role in some important climate impacts
(Zhang et al., 2019). Kim et al. (2020) used coupled

ensemble experiments designed to isolate the climate
response to buoyancy forcing associated with the North
Atlantic Oscillation in the Labrador Sea, proving that
ocean dynamical changes are the essential drivers of
AMV but that atmospheric teleconnections influence the
full AMV pattern by transmitting the Labrador SST signal
into the rest of the basin. However, whether the Labrador
Sea Water formation is really related to the AMOC is still
under debate (Pickart and Spall, 2007; Zhang, 2010;
Kwon and Frankignoul, 2014; Li et al., 2019). Future
work should further explore this possible relationship, as
this may help us to understand how the AMOC influ-
ences climate change in remote regions by regulating SST
variations in the Labrador Sea.

Certainly, a number of other possible factors affecting
the TP warming in boreal summer have also been dis-
cussed in past studies, such as surface albedo feedback,
changes in cloud amount and land surface greening in
the TP. Not only has snowfall decreased with TP warming
in summer (Deng et al., 2017), but the snow cover has ret-
reated, which has further enhanced the warming by sur-
face albedo positive feedback (You et al., 2016). The cloud
amount, with different changes in daytime and at night-
time, also contributed to warming over the TP (Duan and
Wu, 2006). The declining cloud cover may have been cau-
sed by the weakening of both the South Asian summer
monsoon and local-scale atmospheric upward motion in
boreal summer (Ji et al., 2020). Other studies (Chapin
et al., 2005; Pearson et al., 2013) found that increased veg-
etation productivity by reducing albedo could cause a pos-
itive feedback on surface warming, although Shen
et al. (2015) suggested that increased vegetation activity
may have attenuated daytime warming by enhancing
evapotranspiration over the TP. Therefore, exploring the
mechanisms and relative importance of these factors
needs to be continued in the future.
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