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A B S T R A C T   

This study aimed to investigate the relationship between the boreal summer Silk Road Pattern (SRP) and the 
atmospheric heat (<Q1>) over the Tibetan Plateau (TP) region, using 5 reanalysis datasets over the period 
1979–2019. Our results indicate an interdecadal change of boreal summer SRP over the Eurasian region, with a 
regime shift in the spatial structure at around 1997. Meanwhile, the summer <Q1> anomaly also shows a clear 
interdecadal increasing trend over the TP region, which is highly correlated with the interdecadal variation of 
the SRP. The impact of the SRP on the summer <Q1> was also investigated. The regime shift of the SRP would 
have generated circulation anomalies over the Lake Baikal region in 500 hPa, which would have inhibited 
moisture transport across the eastern boundary of the TP. Meanwhile, Indian Summer Monsoon (ISM) would also 
transport water vapor through the southern boundary of the TP and increased the contents of water vapor in the 
TP. Associated with this increase in moisture, the change of vertical motion would result in large plenty of 
precipitation, which released latent heat and enhanced <Q1> in summer. Thus, the regime shift in summer SRP 
was an important factor contributing to changes in summer <Q1> over the TP in recent decades.   

1. Introduction 

The Tibetan Plateau (TP) is the world's largest plateau, and is 
regarded as the “Third Pole”. The TP is characterized by complex 
topography and surface conditions (Qiu, 2008), and as a significant heat 
source, the TP not only has a great impact on the Asian Summer 
Monsoon (ASM) (Yanai et al., 1992; Yanai and Li, 1994; Li and Yanai, 

1996) but also plays an important role in the weather systems of China 
(Tao and Ding, 1981; Hsu and Liu, 2003; Chen et al., 2015) and climate 
patterns of East Asia (Li and Yanai, 1996). Meanwhile, due to the TP's 
unique geographical location and high elevation, climate change has 
had a greater impact on the TP than on the surrounding regions (Liu and 
Chen, 2000; Zhu et al., 2001; Niu et al., 2004; Qin et al., 2009). In this 
climate context, a much better understanding of the characteristics of 
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variations in the region's atmospheric heat sources (<Q1>) is needed. 
Many studies have investigated the characteristics of <Q1> over the TP 
(e.g. Luo and Yanai, 1984; Wu et al., 2015; Duan and Wu, 2005; Zhu 
et al., 2012; Shi and Liang, 2014; Chen et al., 2015); for example, <Q1>
over the TP has been recognized as one of the most important factors 
modulating the onset and intensity of the Asian Summer Monsoon 
(ASM) (e.g. Zhao and Chen, 2001; Wu et al., 2007, 2015). The inter-
decadal variations in <Q1> have also been analyzed (Jiang et al., 2016; 
Xie and Wang, 2019; Han et al., 2019), along with the mechanisms 
responsible for variations in <Q1> over the TP. For example, Qian et al. 
(2003) found that snow cover could alter <Q1> over the TP, Zhu et al. 
(2007) indicated that the long-term interaction between moist soil and 
the atmosphere can influence <Q1> over the TP, and Cui et al. (2015) 
analyzed the relationship between spring <Q1> and North Atlantic sea 
surface temperature anomalies (SSTAs). Zhao et al. (2018) illustrated 
that Indian ocean forcing would also affect the variation of <Q1> over 
the TP, and Ren et al. (2019) argued that quasi-biweekly variability of 
the South Asian high would affect <Q1> during summer. Furthermore, 
snow depth has also been shown to influence <Q1> of the TP (Xiao 
et al., 2019). In 2019, Lu et al. (2019) found that variations in Atlantic 
SST could affect <Q1> of the TP, but the mechanism still needs to be 
further investigated. 

The Silk Road Pattern (SRP) is an obvious zonally-oriented tele-
connection pattern in the boreal summer over Eurasia. Analyses of the 
SRP by Lu et al. (2002) and Enomoto et al. (2003) confirmed that this 
pattern represents a stationary Rossby wave trapped in the jet stream, 
with several geographically fixed centers. These centers are distributed 
from northwestern Africa to East Asia (Lu et al., 2002; Enomoto et al., 
2003). With a broad extent from Europe to East Asia, the SRP exerts a 
strong influence on the climate of these regions; for example, the pre-
cipitation and surface air temperature (e.g. Lu et al., 2002; Enomoto 
et al., 2003; Enomoto, 2004; Ding and Wang, 2005; Huang et al., 2011; 
Su and Lu, 2014; Hong and Lu, 2016; Hong et al., 2017). The corre-
sponding wave index is defined as the first-mode principal component of 
the empirical orthogonal function (EOF) decomposition for the meridi-
onal wind anomaly (including spatial and temporal patterns) at 200 hPa 
(V200) over the Eurasian region of 20◦ to 60◦N, 0◦ to 150◦E (Yasui and 
Watanabe, 2010). At present, there are still some controversies about the 
formation mechanism of the SRP. Some scholars have suggested that the 
SRP is an internal atmospheric mode because the spatial structure of the 
SRP can be well reproduced in a dry atmosphere model driven by time- 
varying or long-term mean diabatic heat (Yasui and Watanabe, 2010). 
Some scholars thought that external atmospheric forcing also plays an 
important role in the formation of the SRP (Yasui and Watanabe, 2010; 
Ding and Wang, 2005; Chen and Huang, 2012; Ding et al., 2011). For 
instance, the diabatic heating over the Indian summer monsoon region 
or the Indian Ocean could excite and modulate the phases of the SRP 
(Ding et al., 2011; Chen and Huang, 2012). The El Niño–Southern 
Oscillation (ENSO) has also been demonstrated to have an impact on the 
SRP (Ding et al., 2011). However, the relationship between the SRP and 
these external atmospheric factors could be unstable (Kosaka et al., 
2012; Wang et al., 2012). For instance, since the influences of ENSO on 
the Asian monsoon is time-varying and depends on the decadal oceanic 
variability such as the Pacific Decadal Oscillation (Kumar et al., 1999; 
Chen et al., 2013; Feng et al., 2014). This time-varying feature may 
influence the relationship between ENSO and the SRP. 

It should be emphasized that former studies focus on the interannual 
timescale, the interdecadal characteristics of the SRP have also received 
much attention. For example, many studies have considered inter-
decadal changes of the SRP and of climatic phenomena associated with 
changes in the SRP (Hong and Lu, 2016; Kosaka et al., 2009; Sato and 
Takahashi, 2006; Song et al., 2013; Piao et al., 2017; Chen and Huang, 
2012; Wu et al., 2016). Wang et al. (2017) analyzed the interdecadal 
features of the SRP and found that the SRP index experiences two regime 
shifts, in 1972 and 1997. Also, they illustrated that the Atlantic Multi-
decadal Oscillation is a plausible driver of the SRP. Chowdary et al. 

(2019) illustrated that the SRP which embedded in the Asian jet in as-
sociation with western North Pacific circulation and the Pacific-Japan 
pattern would alter the strength and phase of the monsoon. Hong 
et al. (2018) compared the interdecadal and interannual characteristics 
of the SRP, finding that the decadal SRP is similar to the interannual SRP 
from Europe to Central Asia, but has a weak meridional wind anomaly 
over East Asia. Hong et al. (2017) found that the structure of the SRP in 
Europe, West Asia and Northeast Asia has undergone obvious changes 
with the intensification of summer warming. Piao et al. (2017) illus-
trated that the change of the SRP after the late 1990s would have led to a 
decrease in summer precipitation over the Asian inland plateau region. 

There are many studies on the long-term changes in the SRP and <
Q1> over the TP in boreal summer, and the impact of these changes on 
the climate over the northern hemisphere. Previous studies tend to 
separate the SRP and <Q1>, and rarely analyzed the relationships be-
tween them. Besides, both are important factors influencing the atmo-
spheric circulation system in the northern hemisphere in summer, but it 
is unclear whether there is a correlation between the variations in the 
SRP and <Q1>. To better understand the relationship between the SRP 
and <Q1>, three questions need to be answered. Firstly, is there a 
relationship between the SRP (a large-scale atmospheric system span-
ning Eurasia) and <Q1> of the TP? Secondly, does the long-term vari-
ation in the SRP affect the variation of summer <Q1> over the TP? 
Thirdly, if there is an impact, what is the mechanism? To answer those 
questions, the present study examines the relationship between the long- 
term variation in the summer SRP and <Q1> over the TP, and assesses 
the associated physical processes. 

The remainder of this paper is organized as follows. In section 2, we 
provide a brief overview of the datasets, methods and calculations we 
used in this study. In section 3, we verify the accuracy of the ERA- 
Interim high-level reanalysis data (ERA-Interim data) by radiosonde 
data. In section 4, we investigate the relationship between the SRP and 
<Q1> over the TP. An associated physical explanation will follow in 
section 5, and we offer conclusions in section 6. 

2. Data and method 

We used the daily European Centre for Medium-Range Weather 
Forecasts Interim reanalysis (ERA-Interim; Dee et al., 2011) and ERA-5 
data (Hersbach et al., 2019) with a horizontal resolution of 1.5◦ (latitude 
and longitude) over the period 1979–2019. Besides, the reanalysis data 
from National Centers for Environmental Predictions(NCEP)/Depart-
ment of Energy (DOE) (NCEP-DOE; Kanamitsu et al., 2002), The 
modern-era retrospective analysis for research and applications version 
2 (MERRA-2; Gelaro et al., 2017) and the Japanese 55-year Reanalysis 
data (JRA-55) (Kobayashi et al., 2015) are also used to calculate the 
summer <Q1> in the TP. The temperature, zonal wind, meridional 
wind, and vertical velocity extracted from those 5 reanalysis data from 
1000 hPa to 100 hPa are used to calculate <Q1> over the TP. Also, the 
geopotential height is used to depict the Rossby wave train (RWT) 
pattern of the SRP over the mid-latitude and subtropical regions. 

The radiosonde observational data were collected at the Ngari Sta-
tion for Desert Environment Observation and Research (NADORS), the 
Naqu Station of Plateau Climate and Environment (NPEC), the 

Table 1 
Locations and characteristics of the study sites in the TP.  

Site Latitude Longitude Altitude Periods of radiosonde data 

QOMS 28.21 86.56 4276 14th to 18th of May 2019; 27th 
July to the 2nd of August 2019 

SETORS 29.46 94.44 3326 14th to 18th of May 2019; 27th 
July to the 2nd of August 2019 

NPCE 31.37 91.90 4509 14th to 18th of May 2019; 27th 
July to the 2nd of August 2019 

NADORS 33.39 79.70 4270 14th to 18th of May 2019; 27th 
July to the 2nd of August 2019  
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Qomolangma Atmospheric and Environmental Observation and 
Research Station (QOMS), and the South-East Tibetan Plateau Station 
for Integrated Observation and Research of Alpine Environments 
(SETORS). We used these data to verify the high-level data collected 

from 5 reanalysis data. The characteristics of those four sites can be 
found in Table 1 and Fig. 1. The radiosonde observations are made at 
0000 UTC (0800 Chinese standard time (CST)), 0600 UTC (1400 CST), 
1200 UTC (2000 CST) and 1800 UTC (0200 CST). These observations 

Fig. 1. The terrain of the Tibetan Plateau (TP). Altitude is shown in the color bar (m ASL). 
(1) Ngari Station for Desert Environment Observation and Research (NADORS). 
(2) Naqu Station of Plateau Climate and Environment (NPEC). 
(3) Qomolangma Atmospheric and Environmental Observation and Research Station (QOMS). 
(4) South-East Tibetan Plateau Station for integrated Observation and Research of Alpine Environments (SETORS). 

Fig. 2. Scatter plot for different reanalysis data and radiosonde data of (a) air temperature, (b) wind speed. The red scatters represent the data from 14th to 18th of 
May 2019. The blue scatters represent the data from 27th July to the 2nd of August 2019. 
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are carried out only in fine weather to ensure the accuracy of the data. 
We selected and compared two types of data for the same periods and 
heights to enable comparison of the reanalysis data and radiosonde data. 

<Q1> is calculated according to Luo and Yanai (1984): 

Q1 = CP

[
∂T
∂t

+V∙∇T +

(
p
p0

)K

ω ∂θ
∂p

]

(1)  

< Q1 >=
1
g

∫ PS

Pt

Q1dp ≈ LP+QS + < QR > (2) 

Q1 is the atmospheric heat source, T is atmospheric temperature, V is 
wind velocity for the zonal and meridional components, respectively (U- 
wind and V-wind), θ is the potential temperature, p is pressure, and ω is 
vertical velocity. K = R/Cp; Cp is the specific heat at a constant pressure 
of dry air and R is the gas constant. Ps refers to surface pressure and Pt =

100 hPa. L is latent heat due to condensation, P is the precipitation rate, 
Qs is surface sensible heat flux and <QR> is the radiative heating 
(cooling) rate. Vertical integration is represented by <>. In the present 
study, we calculated <Q1> from every 6 hourly sets of measurements, 
then averaged across different seasons to ensure the accuracy of the 
conclusion. Besides, the water vapor flux (Q2) at 500 hPa is utilized to 
analyze variations of water vapor over the TP: 

Q2 = −
1
g
(q*V) (3) 

Q2 is the water vapor flux, q is specific humidity. 
We also carried out regression analyses to look for a relationship 

between two variables, and we assessed these analyses using the Student 
t-test. We used the Mann-Kendell test (MK-Test) to analyze trends and to 
detect abrupt change points. 

3. Verification of 5 different reanalysis data 

There are few meteorological observation sites on the TP due to the 
high altitude and harsh natural environment. Most of these sites are 
concentrated in the central-eastern TP and located below 5000 m above 
sea level (ASL) (Duan et al., 2014). Thus, it is difficult to use observa-
tional data to analyze the climatic features of the TP, and most studies in 
this area have required reanalysis data. Furthermore, as there are no 
routine quantitative observations of the atmosphere, reanalysis data is 
the only way to calculate <Q1>. For these reasons, we have verified 5 

reanalysis datasets in the present study. 
According to Luo and Yanai (1984), <Q1> can be calculated using 

temperature, wind velocity and vertical velocity in the atmosphere (i.e. 
by Eq. 1). Here we compare the temperature and wind speed from 
radiosonde data collected at QOMS, SETORS, NPCE and NADORS with 
ERA-Interim data, ERA-5 data, NCEP-DOE data, MERRA2 data and JRA- 
55 data between 550 hPa and 200 hPa to verify their accuracy. 

We compare the temperature and wind speed of the 5 reanalysis 
datasets and radiosonde data at these 4 sites during May and July 2019 
(Fig. 2). The root means square errors (RMSEs) and correlation co-
efficients between the reanalysis data and radiosonde data are shown in 
Tables 2 and 3. The conclusion illustrates that there is a good correlation 
between air temperature of the reanalysis datasets and radiosonde data; 
almost all correlation coefficients exceed 0.99 and pass the 99% sig-
nificance test, indicating good consistency between the observation data 
and reanalysis data. The temperature RMSEs for those 5 reanalysis 
datasets are around 2 ◦C, indicating small errors of those reanalysis 
datasets. The correlation coefficients for the wind speed of the 5 rean-
alysis datasets are lower than those for air temperature. Meanwhile, the 
RMSEs for wind speed are larger than that for air temperature. However, 
all correlation coefficients for wind speed exceed 0.84 and pass the 99% 
significance test, indicating those reanalysis datasets have good corre-
lations and consistency. The RMSEs of the wind speed ranging from 
3.1 ◦C to 5.0 ◦C, which indicates better performance of ERA-5 and ERA- 
Interim data. Another point worth noting is that the 5 reanalysis datasets 
have obvious differences at different sites. The temperature RMSEs of 
the 5 reanalysis data in NPCE is larger than other sites, while the RMSE 
of wind speed does not have obvious site differences. 

In general, ERA-5 data showed the best performance at the 4 sites, 
with the smallest bias and the highest correlation coefficients compared 
with the observation data, followed by the ERA-Interim data and JRA-55 
data. The MERRA2 and NCEP-DOE data, however, shows larger bias and 
lower correlation coefficients, especially for the wind speed. Our veri-
fication indicated that ERA-5 data have a smaller bias, better applica-
bility, and higher accuracy in the TP. Therefore, the ERA-5 data are the 
most suitable data for studying the atmospheric characteristics of the TP. 

Table 2 
The RMSEs and Correlation coefficients for air temperature between radiosonde 
data and different reanalysis datasets in 4 sites.   

ERA- 
Interim 

ERA-5 NCEP- 
DOE 

MERRA2 JRA-55 

RMSEs (QOMS) 1.66 1.56 1.85 1.82 1.79 
RMSEs (SETORS) 0.79 0.74 1.26 1.1 0.84 
RMSEs (NPCE) 3.14 3.01 3.95 3.47 2.96 
RMSEs (NADORS) 1.17 1.15 1.66 1.54 1.98 
RMSEs (average) 1.69 1.61 2.18 1.98 1.89 
Correlation 

coefficients 
(QOMS) 

0.996** 0.997** 0.994** 0.994** 0.996** 

Correlation 
coefficients 
(SETORS) 

0.999** 0.999** 0.997** 0.998** 0.999** 

Correlation 
coefficients 
(NPCE) 

0.990** 0.991** 0.967** 0.988** 0.990** 

Correlation 
coefficients 
(NADORS) 

0.998** 0.998** 0.998** 0.997** 0.997** 

Correlation 
coefficients 
(average) 

0.995** 0.996** 0.989** 0.994** 0.995** 

*: 95%significance test. **:99% significance test. 

Table 3 
The RMSEs and correlation coefficients for wind speed between radiosonde data 
and different reanalysis datasets in 4 sites.   

ERA- 
Interim 

ERA-5 NCEP- 
DOE 

MERRA2 JRA-55 

RMSEs (OMS) 3.26 2.96 5.28 5.77 3.65 
RMSEs (SETORS) 3.20 2.80 4.31 3.65 3.16 
RMSEs (NPCE) 3.58 3.75 5.61 3.60 3.88 
RMSEs (NADORS) 3.32 2.97 4.91 4.72 4.01 
RMSEs (average) 3.34 3.12 5.02 4.43 3.67 
Correlation 

coefficients 
(QOMS) 

0.958** 0.966** 0.857** 0.828** 0.947** 

Correlation 
coefficients 
(SETORS) 

0.965** 0.973** 0.943** 0.944** 0.964** 

Correlation 
coefficients 
(NPCE) 

0.959** 0.953** 0.896** 0.942** 0.958** 

Correlation 
coefficients 
(NADORS) 

0.850** 0.881** 0.676** 0.652** 0.766** 

Correlation 
coefficients 
(average) 

0.933** 0.943** 0.843** 0.841** 0.908** 

*: 95%significance test. **:99% significance test. 
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4. Relationship between interdecadal variability of the SRP and 
<Q1> in the TP region during the boreal summer 

4.1. Variations of the SRP in the boreal summer 

Previous studies have shown that the SRP is a stationary Rossby wave 
train (RWT) trapped in the subtropical Asian westerly jet stream (Lu 
et al., 2002; Enomoto et al., 2003). Other previous studies analyzed the 
long-term variation characteristics of the SRP (Wang et al., 2017; Hong 
et al., 2018). However, most of those studies select the National Centers 

for Environmental Prediction (NCEP)-National Center for Atmospheric 
Research (NCAR) reanalysis dataset and JRA-55 data for analysis due to 
their longer time series. In this study, we selected the ERA-5 data to 
further analyze the characteristics of the summer <Q1> over the TP 
because we have verified the accuracy of these data for the TP region. To 
eliminate the errors associated with using multiple different datasets, 
and to ensure the accuracy of the results, we used the ERA-5 data to 
analyze the SRP even though this dataset is not available for as long a 
duration as other datasets. 

According to the definition of SRP wave index (Yasui and Watanabe, 

Fig. 3. EOF of V-wind at 200 hPa (a, b) and the MK-Test of the temporal pattern (c). 
(a) The spatial pattern of V-wind at 200 hPa over Eurasia. The colored areas indicate the high (low) value areas of V-wind in 200 hPa. The black line indicates the TP 
region. 
(b) Temporal pattern of V-wind at 200 hPa over Eurasia. The colored bars show the time series of V-wind at 200 hPa. 
(c) MK-Test of the temporal pattern of V-wind at 200 hPa over Eurasia. 
MK-Test of time series of V-wind at 200 hPa. The black curve is the UF line and the gray dotted line is the UB line; the ordinate is the 0.05 significance level and the 
critical value of this level. The intersection of the UF and UB lines is the abrupt change point. 
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Fig. 4. Regression between SRP index, U–V wind speed, and geopotential height at 200 hPa. U and V are the zonal and meridional wind at 200 hPa, and Z is the 
geopotential height at 200 hPa. The dotted areas indicate statistically significant results at the 95% confidence level based on the Student's t-test. The black line 
indicates the TP region. 
(a) Regression between the SRP index and zonal wind at 200 hPa. 
(b) Regression between the SRP index and meridional wind at 200 hPa. 
(c) Regression between the SRP index and geopotential height at 200 hPa. 
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2010), we performed an empirical orthogonal function (EOF) analysis 
for meridional wind (V-wind) at 200 hPa over the Eurasian region 
during June–July-August (JJA) (Fig. 3). The leading EOF (EOF1) in the 
ERA-5 data shows a wave-like pattern from Western Europe to Eastern 
Asia (Fig. 3a) and accounts for 25.5% of the total variance. It is worth 
noting that there is a positive phase of the wave train over the western 
TP and a negative phase over the eastern TP that might affect the at-
mospheric circulation over the TP region. The principal component of 
this leading mode (SRP index) (Fig. 3b) shows a regime shift for the SRP 
around 1997, indicating a structural change of the SRP in this year. To 
confirm whether this shift point is an obvious turning point, we used the 
Mann-Kendell test (MK-test) of the SRP index, shown in Fig. 3c, to 
analyze the abrupt change point. It can be found that the statistics index 

UF and the UB line intersect around 1997, indicating a regime shift of 
this mode around 1997. This conclusion is consistent with the conclu-
sion drawn using NCEP/NCAR and JRA-55 data (Wang et al., 2017; 
Hong et al., 2018), indicating that ERA-5 data can accurately describe 
the long-term change characteristics of the SRP in boreal summer. Since 
the nature of the SRP is a stationary Rossby wave trapped in the jet 
stream (Lu et al., 2002; Enomoto et al., 2003), the SRP index is used to 
regress the wind field and geopotential height field at 200 hPa. These 
regressions indicated an obvious SRP over the Eurasia, which is signif-
icant at the 95% confidence level (Fig. 4a-c). This conclusion illustrates 
that ERA-5 data can capture the spatial structure of the summer SRP 
over Eurasia. 

In summary, an obvious stationary RWT exists over Eurasia and this 

Fig. 5. Long-term variation of summer <Q1> anomaly calculated by (a) ERA-Interim (b) ERA-5 (c) NCEP-DOE (d) JRA-55 (e) MERRA2 from 1979 to 2019. Unit: 
W⋅m− 2. The red line represents the trend line, the blue line represents the 7-year running mean <Q1>, the cyan line represents the 9-year running mean <Q1>. 
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is the pattern known as the SRP. Part of that pattern is located above the 
TP region, showing opposite phases over the eastern and western TP. 
Besides, the SRP exists an obvious interdecadal characteristic in the 
summer Eurasia. The SRP index shows an obvious increasing trend, with 
a regime shift around 1997, which might be influenced by SSAT in the 
North Atlantic, Atlantic Multidecadal Oscillation and the northeastern 
ISM anomaly (Wang et al., 2017; Piao et al., 2017; Zhou et al., 2019; Liu 
et al., 2020). 

4.2. Interdecadal variation characteristics of summer <Q1> over the TP 
region 

Previous studies mainly focused on the relationship between summer 
<Q1> on the TP and the ASM systems (Wu et al., 2015). The relation-
ship between the SRP and the summer <Q1> in the TP region is rarely 
studied, even though the SRP is a large-scale teleconnection pattern in 

the northern hemisphere during summer. To further investigate the 
relationship between the SRP and the summer <Q1> on the TP, we 
calculate the summer <Q1> with ERA-5 reanalysis data to analyze the 
long-term variation characteristics of <Q1> over the TP region. Besides, 
other 4 reanalysis datasets are also used to verify the long-term change 
trend of the summer <Q1> in the TP. 

Fig. 5 shows the long-term characteristics of the summer <Q1>
anomaly from 1979 to 2019. The interannual variation of summer 
<Q1> of all reanalysis data shows obvious increasing trends during this 
period except JRA-55. We also analyzed the 7-year and 9-year running 
means of the <Q1> anomaly to filter out the interannual component and 
focus on the characteristics of interdecadal variability. The interdecadal 
<Q1> of ERA-5, ERA-Interim and NCEP-DOE are similar to the SRP 
index, while others didn't show such characteristics. 

Luo and Yanai (1984) illustrated that there are two methods to 
calculate <Q1>. The first method is to calculate <Q1> from the 

Fig. 6. The spatial distributions of the decadal change rate of (a) <Q1> (b) SSHF (c) ALHF (d) NRF and (e) their sum for increasing rate in JJA from 1979 to 2019 by 
ERA-5 data. Unit: W⋅m− 2⋅(10a). The dotted areas indicate statistically significant results at the 95% confidence level based on the Student's t-test. The black line 
indicates the TP region. 
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perspective of energy balance through the thermodynamic equation. 
The other is to sum the surface sensible heat flux (SSHF), atmospheric 
latent heat flux (ALHF), and net radiation flux (NRF) in the air column to 
calculate <Q1>. To analyze the long-term variations of <Q1> more 
comprehensively, we have made a comparative analysis of <Q1>
calculated by the two methods with ERA-5 data (Fig. 6). We found that 
the distribution characteristics of the change rate of the summer <Q1>
calculated by the two methods are relatively consistent in the TP region 
(Fig. 6a and e). That is, both show a clear upward trend in the main 
plateau area. Since the <Q1> is mainly determined by SSHF, ALHF and 
NRF, the distribution characteristics of the interdecadal change rate of 
those components are also investigated in the TP region (Fig. 6b-d). We 
applied a linear fit to the time series of each component, with the slope 
indicating the rate of interdecadal change. 

The Summer <Q1> over the whole TP region shows an increasing 
trend, especially over the central TP and southern slope of the Himalayas 
(Fig. 6a, e), which is similar to the trend of ALHF over the TP region 
(Fig. 6c). This illustrates that summer <Q1> is mainly affected by the 
latent heat release from the condensation of summer precipitation. 
Meanwhile, the NRF would also increase the <Q1>, but the impact of 
the NRF is weaker than that of the ALHF (Fig. 6d). Compared with ALHF 
and NRF, SSHF has almost no influence on <Q1> in summer (Fig. 6b). 
The sum of these three parts (SSHF, ALHF and NRF) (Fig. 6e) shows 
similar distribution characteristics to <Q1> (Fig. 6a), indicating that the 
distribution characteristics of the <Q1> are reliable over the TP. 

4.3. Relationship between the interdecadal variation of the SRP and 
summer <Q1> over the TP region 

Since the SRP index and the summer <Q1> have relatively similar 
variation characteristics, to further investigate their relationship, the 
correlation coefficients between them are investigated and shown in 
Table 4. On the interannual scale, there have no correlations between 
the SRP index and summer <Q1>, the coefficient was only 0.241. 
However, the coefficients of 7-year and 9-year running mean reach 
0.814 and 0.871, and both are significant at the 99% confidence level, 
which means the SRP is highly correlated with the summer <Q1> on the 
interdecadal scale. 

Our former results indicated that summer <Q1> was highly related 
to the atmospheric latent heat released by the precipitation condensa-
tion. Thus, regression analysis between SRP index, precipitation, and 
<Q1> are performed to investigate their relationship in the TP region 
(Fig. 7). Over the whole TP region, the SRP, precipitation, and summer 
<Q1> are highly correlated, especially in the central TP (Fig. 7). The 
similar distribution patterns illustrated in these two figures indicate that 
the latent heat released by the precipitation condensation is the main 
component of the summer <Q1> in the TP region. Meanwhile, two 
highly correlated regions of those components appear in the western and 
central TP and these locations are consistent with the distribution area of 
the SRP. This indicates that the SRP might affect local <Q1> through 
precipitation over the TP region. 

4.4. Impact of the SRP on the interdecadal change in summer <Q1> over 
the TP region 

Although there are many studies on the factors influencing the 
variation in summer <Q1> (e.g. Zhao and Chen, 2001; Wu et al., 2007), 
few studies have focused on the relationship between the boreal summer 
SRP and <Q1> over the TP region. In this study, we found that the SRP 
would also influence the summer <Q1> in the TP region. However, 
possible mechanisms still require further investigation. 

Our interdecadal analysis of the SRP index reveals a remarkable 
difference between 1979-1996 and 1997–2019. This difference is 
similar to the conclusion of Wang et al. (2017) and Liu et al. (2020). Liu 
et al. (2020) illustrated that this regime shift of the SRP is attributed to 
an enhanced impact of precipitation anomalies over the northeastern 
Indian summer monsoon (ISM) around the late 1990s. Also, the SSTA in 
the northwestern Atlantic is one of the influencing factors that cause 
changes to the SRP (Zhou et al., 2019). 

The interdecadal variation of the SRP reveals that the SRP fluctuates 
from the negative phase to the positive phase, with strong negative 
anomalies appearing before 1996 and strong positive anomalies after 
this date. Based on the interdecadal variation of the SRP, we select 
1979–1996 as the negative phase of the SRP (NPS), and the period 
1997–2019 as the positive phase of the SRP (PPS), with which to 
conduct a comparative analysis. 

To better understand the impact of the variation of the SRP on 
summer <Q1>, we calculated the differences in the wind field and 
<Q1> in the NPS and the PPS (PPS minus NPS) at 500 hPa (Fig. 8). A 
series of wind field cyclonic (anticyclonic) anomalies are observed along 
Eurasia at 200 hPa, which are consistent with the spatial structure of the 
SRP (Figure is not shown). This implies that the shift of the SRP will 
trigger an abnormal cyclone (anticyclone) in the wind field along Eur-
asia. The shift of the SRP generated an anomalous anticyclonic wind 
field near Lake Baikal at 500 hPa (Fig. 8a), resulting in an anomalous 
wind field from east to west on the TP, meanwhile, the water vapor 
showed similar pattern at 500 hPa. This indicated that the moisture 
would transport through the eastern boundary of the TP during the NPS 
and this phenomenon was inhibited during the PPS, which would in-
crease the content of water vapor over the TP region (Zhou et al., 2019). 
Besides, the southerly wind and water vapor increased across the 
southern boundary of the TP, which brought abundant moisture into the 
TP, increased the atmospheric moisture content in the TP. 

Accompanying the interdecadal shift of the SRP, the vertical velocity 
differences (dp/dt) also experience a corresponding change (Fig. 9). The 
dp/dt differences are positive at 70–80◦E and 92–96◦E, which corre-
spond to the downward vertical motion in the troposphere. The dp/dt is 
negative at 65–70◦E, 83–92◦E, and 96–105◦E. In this way, the corre-
sponding vertical motion is upward. In the condition of abundant water 
vapor, the change of vertical motion will create a large-scale favorable 
environment for an increase in precipitation, and eventually release a 
large amount of ALHF and affect the increase of <Q1> in the TP region. 

In summary, the possible mechanism of how the SRP affects the 
summer <Q1> over the TP can be summarized as follows: in summer, 
there exist an SRP over Eurasia, which transferred from a negative phase 
to a positive phase around 1997 on the interdecadal scale. This regime 
shift might be caused by Atlantic Multidecadal Oscillation, SSTA in the 
northwestern Atlantic and precipitation anomalies over the north-
eastern Indian summer monsoon (ISM) (Wang et al., 2017; Zhou et al., 
2019; Liu et al., 2020). The regime shift of the SRP would have produced 
a significant anomalous anticyclonic wind field over Lake Baikal at 500 
hPa, which would have inhibited water vapor transport through the 
eastern boundary of the TP. Meanwhile, Indian Summer Monsoon (ISM) 
would also transport the moisture through the southern boundary of the 
TP and increased the contents of water vapor over the TP. As the 
moisture content increased, the change of vertical motion over the TP 
would have produced plenty of precipitation, eventually affecting the 
change of summer <Q1> in the TP region (Fig. 10). 

Table 4 
The Correlation coefficients between <Q1> and SRP index on the different time 
scale in ERA-5 data.  

correlation 
coefficients 

Annual (SRP 
index) 

7-year running 
mean (SRP index) 

9 year running mean 
(SRP index) 

Annual (Q1) 0.241 0.43** 0.411** 
7-year running 

mean (Q1) 
0.289 0.814** 0.875** 

9-year running 
mean (Q1) 

0.356* 0.804** 0.871** 

*: 95%significance test. **:99% significance test. 
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5. Discussion 

Since the <Q1> have great influences on the climate pattern of 
China, East Asia and northern hemisphere, it's long-term characteristics 
attracted much attention (Jiang et al., 2016; Xie and Wang, 2019; Han 
et al., 2019). Besides, the possible mechanisms for variations in <Q1>
over the TP are also investigated (Zhao et al., 2018; Ren et al., 2019; 
Xiao et al., 2019; Lu et al., 2019). Using 5 reanalysis datasets, this study 
analyzed the possible relationship between the summer SRP and <Q1>
in the TP region over the past four decades. 

Using our radiosonde data collected in May and July 2019, 5 

reanalysis data (ERA-Interim, ERA-5, NCEP-DOE, MERRA2 and JRA-55) 
was verified over the 4 sites in the TP region. Former studies have 
verified several reanalysis data in the TP (Bao and Zhang, 2013; Gao 
et al., 2014; Hu and Yuan, 2021), however, few of them verified those 
reanalysis datasets together to compare their accuracy in different parts 
of the TP. Our verification illustrated that there exist some differences 
between those 5 datasets over the TP region due to the differences in the 
horizontal and vertical resolution among them. Our result indicated that 
ERA-5 have the smallest bias and highest correlation coefficients in the 4 
sites, Thus, it was used to analyze the long-term characteristic of the 
summer SRP and the <Q1>, as well as their correlations, even though it 

Fig. 7. Regression relationships between SRP index and (a) summer <Q1>, (b) summer precipitation from 1979 to 2019. The dotted area indicates statistically 
significant at the 95% confidence level based on the Student's t-test. The black line indicates the TP region. 
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has shorter time series than other datasets. 
As a wave train system on the planetary scale over the northern 

hemisphere in summer, the SRP has an important influence on the 
regional climate of the northern hemisphere (Huang et al., 2011; Su and 
Lu, 2014; Hong and Lu, 2016; Hong et al., 2017). Since it's importance in 
the climate system, the long-term characteristics of the SRP are also 
investigated (Wang et al., 2017; Hong et al., 2018). Their studies illus-
trated that the SRP index experiences two regime shifts on the inter-
decadal time scale, in 1972 and 1997. our study shows that the SRP 
fluctuates from the negative phase to the positive phase and the shift 
point is around 1997, which is consistent with their conclusion. How-
ever, due to the shorter time scale of ERA-5 data, we only captured the 
regime shift in 1997, thus, we mainly focus on this regime shift of the 
SRP and it's influence on the summer <Q1> of the TP. 

The reasons for the regime shift of the SRP in the middle 1990s have 
caused a lot of controversies. For example, Wang et al. (2017) illustrated 

that the Atlantic Multidecadal Oscillation is a plausible driver of the 
SRP. Piao et al., (2017) analyzed the SRP shift in the late 1990s, showing 
that the summer SSTA in the North Atlantic would induce the observed 
SRP variation over Eurasia. Zhou et al. (2019) also found this anomalous 
wave energy propagates from the extratropical North Atlantic towards 
East Asia. They found that this anomalous wave train is related to the 
variation of SST in the northwestern Atlantic. However, Liu et al. (2020) 
found that the reshaping of the SRP around the late 1990s is attributed to 
an enhanced impact of precipitation anomalies over the northeastern 
Indian summer monsoon (ISM). Their result implies that the summer 
SSTA in the North Atlantic and the northeastern ISM anomaly are the 
main reasons for the regime shift of the SRP in 1997. Those results 
indicated that the interdecadal variation of the SRP might be influenced 
by the interaction of multiple systems. However, our study mainly fo-
cuses on the relationship between the SRP and summer <Q1> in the TP, 
the possible influence factor for the SRP variation will be discussed in 

Fig. 8. The differences over 1979–1996 (NPS) and 1997–2019 (PPS) (PPS minus NPS) for the distribution of the <Q1> (shading, unit: Wm− 2) and (a) wind field 
(arrows, unit: ms− 1) (b) water vapor flux (arrows, unit: g (s*hPa*cm)− 1) at 500 hPa. The black line indicates the TP region. 
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the future study. 
As a collection of energy in the atmospheric air column, the variation 

of the <Q1> in the TP would have a great impact on the atmospheric 
circulation system in the TP, China and East Asia (Li and Yanai, 1996; 
Hsu and Liu, 2003; Qin et al., 2009; Chen et al., 2015). Previous studies 
have shown that summer <Q1> have shown an increasing trend during 

the past few decades in the TP region (Yang et al., 2011; Xie and Wang, 
2019). However, their method of calculating the <Q1> is to calculate 
sensible heat (SH), latent heat (LH) and net radiation (RAD) separately 
and sum them to get the energy in the entire atmospheric column. 
Different from their method, we used to equations of Luo and Yanai 
(1984), the advantages of this method is that it can not only calculate the 

Fig. 9. The longitude-height cross section of the difference between 19791996 (NPS) and 1997-2019 (PPS) for the vertical velocity (dp/dt) (10− 2 hPa s− 1) averaged 
for 30–40◦N in summer. The shading indicates statistically significant results at the 95% confidence level based on the Student's t-test. The black area indicates the 
TP region. 

Fig. 10. Schematic diagram showing the possible mechanisms for the interdecadal variations of the summer SRP affecting <Q1> over the TP.  
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<Q1> in the entire atmospheric column but also calculate it on different 
levels. In our study, we mainly focused on the summer <Q1> of the 
entire atmospheric column, Thus the vertical structure of the summer 
<Q1> was not discussed in this study. Our study indicated that summer 
<Q1> calculated by 5 reanalysis datasets all showed upward trends 
from 1979 to 2019, which was similar to the conclusion of Xie and Wang 
(2019). This also confirms that the two methods are consistent with the 
heat source calculations in the TP area (Fig. 7). In this study, we mainly 
studied the interdecadal characteristics of the summer <Q1> in the 
entire atmospheric column, the <Q1> in different levels would be dis-
cussed in our future work. 

Most of the previous studies studied the SRP and summer <Q1>
separately, and few of them analyzed the correlations between them. 
Our study focuses on the correlation between them and found that the 
SRP is highly correlated with the summer <Q1> on the interdecadal 
scale. The correlation coefficients exceeded 0.8 and passed the 99% 
significance test (Table 4), which illustrated that the increasing of 
summer <Q1> was highly correlated to the regime shift of the SRP in 
1997. Besides, the interdecadal variation of NCEP-DOE <Q1> and ERA- 
Interim <Q1> also show highly correlated with the SRP index of ERA-5 
data, which illustrate that this correlation can be captured by multi- 
datasets (Table 5). 

However, our work does have some limitations: even though we used 
radiosonde data in 4 sites in the TP to verifying the accuracy of 5 
reanalysis datasets, the radiosonde data is still insufficient. Besides, our 
radiosonde data are all collected in 2019, and we lack data from 
different years for comparison and verification. Despite this, we still 
thought the verification is important in this study. Further, changes in 
summer <Q1> in the TP would be affected by many factors such as the 
soil moisture (Zhu et al., 2007), snow cover (Qian et al., 2003), South 
Asian high (Ren et al., 2019) etc. This study only focuses on the impact 
of the SRP on the summer <Q1> in the TP. Overall, this study provides 
an overall description of the relationship between SRP and summer 
<Q1> and it is of great significance to understand the variations char-
acteristic of <Q1> in the TP region. 

6. Conclusions 

In this study, we investigated the interdecadal variation of the 
summer SRP and its relationship with the summer <Q1> over the TP 
region using 5 reanalysis data for a recent 41-year period. The results 
suggest that the SRP transitioned from a negative phase to a positive 
phase around 1997. This regime shift in the SRP might be caused by the 
Atlantic Multidecadal Oscillation, the SSTA in the northwestern Atlantic 
and abnormal precipitation over the northeastern ISM (Zhou et al., 
2019; Liu et al., 2020). Meanwhile, the interdecadal variation of the SRP 
has a clear positive correlation with summer <Q1> in the TP region. 

On the interdecadal scale, the summer <Q1> calculated by a variety 
of reanalysis data shows an upward.trend. This variation is closely 
associated with the change of precipitation. The interdecadal change of 
summer <Q1> is highly correlated with that of the SRP index. Further 
analysis shows that the shift in the summer SRP would have generated 

circulation anomalies in the Lake Baikal region at 500 hPa. These cir-
culation anomalies will have limited water vapor transport through the 
eastern boundary of the TP during NPS, and have increased the water 
vapor transported by the Indian Summer Monsoon (ISM) through the 
southern boundary of the TP during PPS; this is one reason for the TP's 
transition from a dry stage to a wet stage (Zhou et al., 2019). Meanwhile, 
vertical air movement over the TP will lead to abundant precipitation 
due to the increased moisture, releasing a large amount of latent heat 
through the condensation of precipitation, eventually leading to the 
enhancement of <Q1> over the TP. 

It is worth noting that the interdecadal variation of summer <Q1>
over the TP is not only affected by the SRP, but also by many other 
factors, such as the ASM and ocean forcings (for example, ENSO and 
tropical SST). In the present paper, we only focused on the interdecadal 
change of summer <Q1> due to the RWT during summer over the TP in 
the past few decades. Future work should consider other forcings of the 
SRP and summer <Q1>. 
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