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Abstract
The great potentials of unique spatiotemporal characteristics of springtime precipitation and surface air temperature over 
the Tibetan Plateau (TP) act as a new source of predictability to improve the climate prediction in the TP and neighboring 
areas, and less attention has been paid in the variations of them on monthly timescale. In this study, the structure, mainte-
nance mechanism of the March Leading Eurasian Wave Train (LEWT), and its impact on the TP during 1980–2018 were 
investigated using reanalysis and meteorological observation data and a General Circulation Model (GCM). The positive 
interaction between synoptic-scale eddies and the mean flow in its upstream portion and the trapped effect of the climatologi-
cal subtropical jet waveguide both play important roles in propagating and maintaining LEWT. During the positive phase 
of the LEWT, the barotropic energy conversion process over the southeastern TP can efficiently extract kinetic energy from 
climatological mean flow and further maintain the lower tropospheric southwesterly winds and northeasterly winds. As a 
result, the intensified (weakened) moisture transport, anomalous ascending (descending) motion and resultant above-normal 
(below-normal) precipitation appear on the western (southeastern) TP. Moreover, the anomalous warm high located over the 
southeastern TP causes pronounced surface air temperature warming through hydrostatic balance. GCM simulations further 
verify that the wave propagation from the North Atlantic and Western Europe to the southeastern TP can significantly influ-
ence the TP climate. The results would provide theoretical references for accurate climate prediction and aid the prevention 
of natural disasters over the TP.

1  Introduction

The Tibetan Plateau (TP) is characterized by complex ter-
rain and a heterogeneous underlying surface (Qiu 2008; Han 
et al. 2021). Its huge elevated thermal forcing from spring 
to summer and dynamical blocking effectively regulate 
atmospheric circulation and associated moisture transport 
over the Eurasian continent, thereby controlling the summer 
monsoon onset and pattern of precipitation (Wu et al. 2007, 
2012; Wang et al. 2008, 2014). In turn, the climate variabil-
ity on the TP is influenced by mid-latitude and subtropical 
westerlies and the Asian monsoon system (Yu et al. 2011a; 
Zhou et al. 2019; Liu et al. 2020; Han et al. 2021; Gao et al. 
2021). The TP is also known as the Asian water tower owing 
to many Asian rivers being located there (Xu et al. 2008). 
Precipitation is one of the most important factors in recharg-
ing the Asian water tower and generating latent heat, which 
can further modulate circulation and affect climate variabil-
ity in the Asian Summer Monsoon region (Yu et al. 2011b; 
Hu and Duan 2015; He et al. 2019).
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From a climatological perspective, boreal spring is the 
transitional season from winter to summer, with a decrease 
in the temperature meridional gradient, meridional migration 
of the jet stream, maintenance of wave activities, snow melt-
ing, and the appearance of persistent precipitation (Kuang 
and Zhang 2005; Wan and Wu 2007; Kuang et al. 2007; 
Zhang et al. 2017; Chen et al. 2020). Focusing on the TP, 
sensible heating becomes dominant in the TP heat source 
starting in March, and a significantly enhanced area is found 
over the inner and southeastern TP, where sensible heating 
exceeds 60.0 W/m2 (Zhao et al. 2018). It is well known that 
sensible heating in these areas can trigger cyclonic circula-
tion and even the onset of the South Asian Summer Mon-
soon, bringing abundant water vapor and precipitation to 
the TP and southeastern China through southwesterlies of 
both mechanically and thermally forced cyclonic circulation 
(Wan and Wu, 2007; Wu et al. 2012). In addition, water 
vapor flux transported by southwesterlies from the Bay of 
Bengal causes pre-monsoon precipitation from high alti-
tudes of the Central Himalaya to the southeastern TP, which 
occurs beginning in March and can contribute 20–40% of 
the annual total precipitation (Ouyang et al. 2020). Moreo-
ver, heavy snowfall over the TP also predominantly occurs 
in spring (Zou and Cao, 1989; Liu et al. 2021), and it can 
cause snow-related disasters over the eastern and central TP, 
such as losses in animal husbandry (Gao and Qiu, 2011; Wei 
et al. 2017). Furthermore, spring snow depth anomalies on 
the TP can be associated with summer monsoonal precipita-
tion in East Asia (Xiao and Duan 2016; Duan et al. 2018). 
Springtime surface air temperature in the TP may be a new 
precursor for sub-seasonal to seasonal climate prediction 
and is significantly linked to atmospheric circulation and 
associated snow anomalies that occur in February (Xue et al. 
2018; Zhang et al. 2019). Therefore, clarifying the mecha-
nism of climate variability over the TP in early spring can 
not only improve climate prediction on the TP and its neigh-
boring areas to prevent natural disasters, but also advance 
our knowledge of the processes involved on the changing 
Asian water tower.

Atmospheric wave trains over the Eurasian continent 
play crucial roles in regional climate variability through 
anomalous horizontal thermal, moisture, and even verti-
cal motions and aerosol transport along with the propaga-
tion of wave trains (Bueh and Nakamarua, 2007; Zhang 
et al. 2017; Chen et al. 2020; Li et al. 2020). Many efforts 
have also been devoted to the climate impact of Eurasian 
wave trains on the TP during different seasons on decadal 
and interannual scales. In boreal winter, wave trains from 
the Arctic and mid-high latitudes can propagate to the 
TP along the trapped subtropical jet waveguide, bringing 
dynamic and moist conditions favoring anomalous snow-
fall over the TP (Zhang et al. 2019; Liu et al. 2020). In 
spring, the unique decadal cooling shift during March and 

April in the southeastern TP can be attributed to eastward 
propagation from North Africa and the resulting positive 
cloud-temperature feedback during the positive phase of 
the North Atlantic oscillation (NAO) (Yu and Zhou 2004; 
Li et al. 2005, 2008). At the interannual scale, the quasi-
steady Rossby wave trains triggered by the spring North 
Atlantic Sea surface temperature anomaly can maintain 
persistent snow cover starting in autumn and enhance 
westerly flow, resulting in sensible heating over the TP 
(Cui et al. 2015; Wang et al. 2019; Yu et al. 2021). The 
springtime quasi-steady Rossby wave train triggered by 
persistent diminished snowpack over Ural facilitates an 
enhanced subtropical westerly jet at the southern edge of 
the TP and ascending motion that combines with mes-
oscale updrafts to waft aerosols up and over the Himalayas 
onto the TP (Li et al. 2020). As the jet stream migrates to 
mid-latitude regions via seasonal thermal forcing over the 
TP, the summertime silk road pattern and wave trains trig-
gered by North Atlantic Sea surface temperature anomalies 
extend to the TP along the mid-latitude jet, causing dec-
adal wetting and warming shifts in the inner and northern 
TP through intensified moisture transport and anomalous 
warm highs (Zhou et al. 2019; Gao et al. 2021; Sun et al. 
2020; Han et al. 2021). At the interannual scale, the posi-
tive phase of the NAO leads the anomalous anticyclone 
over the southern TP through eastward wave propagation, 
with weakening climatological moisture convergence 
and associated precipitation over that region (Wang et al. 
2017).

The springtime climatological mean state changes rap-
idly, and pre-monsoon precipitation over the southeastern 
TP starts in March. Therefore, in this study, we defined 
March as early spring and focused on Eurasian atmos-
pheric circulation and TP climate anomalies to explore 
the following questions. Does the favorable atmospheric 
wave train of the early spring climate anomaly occur over 
the TP on the interannual scale? What is the propagation 
and maintenance mechanism of the wave train? What is 
the linkage between wave train and climate anomalies over 
the TP? How can we reproduce this linkage in a General 
Circulation Model (GCM)? This study aims to understand 
the mechanisms of precipitation and surface air tempera-
ture anomalies in March over the TP by investigating the 
anomalous circulation and associated moisture transport 
processes during 1980–2018. The rest of this study is 
arranged as follows. Sect 2 describes the data, model, and 
methodology used in this study, including the simplified 
dry GCM. Sect 3 examines the March climatology mean 
circulation and explains the propagation and maintenance 
of the Eurasia wave train. Further, we explore the linkage 
between wave trains and climate anomalies over the TP 
and reproduce it in a GCM. Sect 4 presents a summary 
of this study.



Impact of the leading atmospheric wave train over Eurasia on the climate variability over the…

1 3

2 � Data, general circulation model 
and methods

2.1 � Data

The Japanese 55 year reanalysis (JRA-55) dataset (Kob-
ayashi et al. 2015) and ERA5 reanalysis data (Hersbach et al. 
2020) are used in the present study. The data can be archived 
at the Earth’s surface, pressure levels, and hybrid level. Sur-
face variables contain surface air temperature and precipita-
tion. Horizontal winds (U and V component), vertical veloc-
ity, geopotential height, temperature, and specific humidity 
in the isobaric surface are classified into pressure level 
variables. Vertical diffusion heating, convective heating, 
large-scale condensation heating, and temperature at hybrid 
level are also used in numerical tests. The horizontal reso-
lutions for surface and pressure level data are 1.25° ×1.25° 
and 0.25° × 0.25° in JRA-55 and ERA5, respectively. For 
hybrid level data, the chosen resolution is 0.5625° ×0.5625°. 
To verify the reanalysis data results, station meteorological 
observation data contain daily mean surface air tempera-
ture and precipitation provided by the China Meteorological 
Administration (CMA) and high resolution monthly mean 
land precipitation (0.25° ×0.25°) derived from the Global 
Precipitation Climatology Centre dataset (Schneider et al. 
2014) are included in this study.

2.2 � General circulation model

The dry spectral dynamical core of the NCAR Community 
Atmosphere Model (CAM) version 5.4, with the idealized 
physical configuration based on Held and Suarez (1994), 
can act as an alternative to full physics parameterizations. 
The chosen horizontal resolution is spectral T85 truncation.

The radiative forcing parameterized as Newtonian relaxa-
tion of the temperature field to the zonal symmetric radia-
tive equilibrium temperature Tr and external diabatic heating 
Q are imposed as follows in the temperature T prognostic 
equation:

where � , � , � , p , t and kt are the longitude, latitude, hybrid 
vertical coordinate, pressure, time, and radiative equilibrium 
temperature damping strength, respectively. The surface 
radiative equilibrium temperature (Schneider and Bordoni, 
2008; Siu and Bowman, 2019) is described as follows:

The optical thickness of the atmosphere d0 (Schneider, 2004) 
is expressed as follows:

Then, the radiative equilibrium temperature Tr (Siu and 
Bowman, 2019) that depends on latitude and pressure is 
expressed as follows:

In (2)–(4), Tr
equator

 , Δh , �0 , p0 , and � are the equatorial tem-
perature, temperature difference between pole and equator, 
latitude of maximum surface radiative equilibrium, refer-
ence surface pressure and scale-height ratio, respectively. 
The selected values are shown in Table 1, while the Rayleigh 
damping of momentum ��⃗V  is imposed to represent planetary 
boundary layer (extent is 0.85 in hybrid vertical coordinate) 
friction. It can be expressed as follows:

2.3 � Methods

The horizontal wave-activity flux (W) can be used to 
describe the propagation of the atmospheric wave train 
because it is parallel to the local group velocity of the 

(1)
�T

�t
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Table 1   Selected parameters of 
the idealized physics package

Description Symbol Value

Equatorial temperature Tr
equator

315 K
Pole-to-equator temperature difference Δh 65 K
Latitude of maximum surface radiative equilibrium temperature �0 0°N
Minimum radiative equilibrium temperature Tr

min
200 K

Extent of the planetary boundary layer �PBL 0.85
Radiative equilibrium temperature damping strength in the free atmosphere ka 1/40 day−1

Radiative equilibrium temperature damping strength near the surface ks 1/4 day−1

Scale-height ratio α 3.5
Reference surface pressure p0 1000 hPa
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stationary Rossby wave. It is calculated following Takaya 
and Nakamura (2001):

where ��⃗V=(u,v) and � denote horizontal winds and the geos-
trophic stream function, respectively. The overbar and prime 
indicate climatological means for the 1980–2018 period and 
anomalies. Subscripts x and y represent the zonal and merid-
ional derivations.

The synoptic-scale eddy-generated geopotential height 
tendency can be written as follows (Lau and Holopainen, 
1984; Lau and Nath, 2014; Xu et al. 2019):

Here, z, g, and f are the geopotential height, acceleration 
of gravity, and Coriolis parameter, respectively. �′ and ���⃗V

′  
denote the synoptic-scale vorticity and horizontal winds that 
subject daily fields to a 2–8 days bandpass filter (Chen et al. 
2020).

The atmospheric baroclinicity in this study is represented 
by the Eady growth rate, which is calculated according to 
the following relationship (Eady, 1949; Hoskins and Valdes, 
1990):

and N is the Brunt‐Vaisala frequency.
Following previous studies (Kosaka and Nakamura 2006; 

Kosaka et al. 2009), the conversion of kinetic energy from 
the mean flow, denoted CK, can be written as follows:

To extract the Leading Eurasian Wave Train (LEWT) 
in early spring and increase the reliability of the results, 
the Rotational EOF (REOF) analysis (Horel, 1981; Han-
nachi et al. 2007) was performed for the 250 hPa anoma-
lous meridional wind in March based on JRA-55 and ERA5 
after weighting by the cosine of latitude (North et al. 1982) 
over the 0°–150°E, 30°–90°N region. The above region is 
selected because it corresponds to the large standard devia-
tion of meridional winds during spring, implying significant 
wave activities (Chen et al. 2020). The two datasets show a 
similar anomalous pattern of the first REOF mode, which 
accounts for 17.4% and 18.5% of the total variance in JRA-
55 and ERA5, respectively. The above spatial pattern is char-
acterized by a wave-like structure over Eurasian mid-high 
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latitudes, with centers of anomalous southerlies over the 
Europe Plain and Eastern Siberia, and the center of the 
anomalous northerly are over Western Siberia (Fig. 1a, b). 
Therefore, we defined this mode as the LEWT. The principal 
component of REOF1 (RPC1) exhibits significant interan-
nual and interdecadal variations. To quantify the LEWT’s 
interannual variability and its climate impact, an index 
(named as LEWTI) was defined as the sum of area-averaged 
anomalous southerly wind with the domains (45°–75°N, 
5°–35°E; 45°–75°N, 105°–135°E) minus anomalous north-
erly wind with the domain (40°–75°N, 55°–90°E). Further-
more, the RPC1 and LEWTI are subjected to a 2.5–4 years 
bandpass filter and normalized to account for the significant 
signal on interannual variation that is mainly focused on this 
interval. The correlation coefficient between them reaches 
as high as 0.92 (Fig. 1c), indicating that the LEWTI can 
provide a feasible representation of the spatiotemporal vari-
ations in the LEWT during 1980–2018.

3 � Results

3.1 � Climatological mean state

The observed climatological mean circulation, moisture 
transport, and precipitation in March are shown in Fig. 2. In 
the upper troposphere (250 hPa), the typical feature of the 
winter monsoon still remains over the Eurasian continent. 
Specifically, the broad trough extends from northeastern 
Asia to Japan, the weak trough is located over the Euro-
pean plain, and the high-pressure ridge controls the North 
Atlantic. For westerlies, the strong jet stream (Fig. 2b, con-
tours) has a maximum south of Japan, North Africa and the 
Arabian Peninsula. The position of the jet core is consistent 
with the largest meridional temperature gradient at 700 hPa 
for thermal wind balance (Fig. 2a, shaded). In addition, the 
jet stream strongly affects the weather and climate locally as 
well as in the downstream regions by means of modulating 
the activity of transient eddies along itself and acting as a 
waveguide to facilitate zonal propagation of Rossby waves 
(Yang et al. 2002; Ren et al. 2008). The maximum value of 
the stationary wavenumber (Fig. 2b, shaded) is well matched 
with the distribution of the subtropical jet, further indicat-
ing the trapped effect along the subtropical jet (Hoskins and 
Karoly, 1981). The water vapor transported into the TP by 
the subtropical jets in terms of climatology mainly occurs 
through the southeastern and western edges (Fig. 2c, d), and 
its convergence can be observed in the abovementioned two 
regions and south of China. The precipitation over land areas 
of the Eurasian continent mainly occurs on the southeastern 
and western edges of the TP, South China, with the amount 
exceeding 60 mm (Fig. 2e). Additionally, the large values 
of precipitation variance also located at abovementioned 
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regions (Fig. 2f), implying the strong variability over these 
regions. Some biases among different datasets are also 
noticed. When compared to the patterns of moisture trans-
port derived from JRA-55 and ERA5, moisture convergence 
occurs south of the Indio-China peninsula from JRA-55; 
however, divergence occurs from ERA5.

3.2 � Structure and dynamics of the March LEWT

Based on the JRA-55 and ERA5 datasets, the anomalous 
circulation over the Eurasian continent associated with 
the LEWT index is shown in Fig. 3. The spatial pattern of 
250 hPa regressed zonal wind indicates that westerlies over 
the North Atlantic at approximately 60°N, Eastern Europe, 
Western Siberia, the Bay of Bengal, and the Indio-China 
peninsula have weakened. Accelerated westerlies appear 
over the Atlantic at approximately 40°N, North Africa, the 
TP and North China (Figs. 3a, b). Patterns of LEWT are 
demonstrated in Fig. 3c, d, which present the anomalous 
250 hPa eddy geopotential height (difference of geopotential 
height from its zonal mean) and wave fluxes. Over the North 
Atlantic and Europe plain, a significant anomalous cyclonic 
pattern appears in situ during March. Moreover, the wave 
train is markedly reinforced over this region, splitting into 
two branches. One branch propagates to higher latitudes, 
and the other branch propagates southeastward to the south-
eastern TP. Overall, the LEWT of cyclonic and anticyclonic 

anomalies located over the European plain and West Siberia 
causes weakened westerlies over mid-higher latitudes, and 
cyclonic and anticyclonic anomalies appear on Baikal Lake 
and southeastern TP, thereby accelerating the jet over the TP 
and North China. The spatial patterns derived from JRA-55 
resemble those from ERA5. The mechanism of the above 
patterns will be explained in the next section.

Previous studies indicate that the atmosphere over mid-
high latitudes has strong internal variability and baroclinic-
ity, in which synoptic-scale transient eddies transport heat 
and momentum flux to redistribute the heat and momentum 
space, accompanied by jet streams (Fang and Yang, 2016; 
Jiang et al. 2017; Xu et al. 2019; Liu et al. 2020). Therefore, 
the feedback forcing from transient eddies plays a crucial 
role in the maintenance of low-frequency flow anomalies. 
Figure 4a, b show regression maps of the anomalous Eady 
growth rate at 700 hPa and geopotential height tendency 
induced by the transient eddies at 250 hPa onto the LEWTI. 
The increased (decreased) lower tropospheric baroclinicity 
simultaneously appears on north of the TP (North Atlantic 
to West Siberia), which coincides with the anomalous west-
erlies pattern (Fig. 3a) for the increased baroclinicity favors 
more transient eddies and accelerates the eddy-driven jet 
via eddy feedback forcing to low-frequency flow, and vice 
versa (Fang and Yang, 2016; Jiang et al. 2017). Figure 4b 
illustrates that the anomalous cyclonic and anticyclonic 
transient eddy forcing emerge to the south and north of the 

Fig. 1   The correlation coefficients between March mean meridi-
onal winds at 250 hPa with its REOF 1 over the region (30°–90°N, 
0°–150°E) derived from a JRA-55 and (b) ERA5 with their vari-
ance contributions at the top right of each panel. The dots denote 
values exceeding the 95% confidence level. c Filtered and normal-
ized time series of the first principal component (RPC1; blue line) of 

meridional wind derived from JRA-55. The yellow line in c shows 
the LEWTI defined as the filtered and normalized sum of meridi-
onal winds among the rectangles with positive values (45°–75°N, 
5°–35°E) and (45°–75°N, 105°–135°E) and negative values (40°–
75°N, 55° –90°E) multiplied by − 1 shown in a. The R in c is the cor-
relation coefficient between the two indices
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westerly deceleration over mid-high latitudes. Moreover, an 
anticyclonic transient eddy forcing appears on the TP, coin-
cide with increased lower tropospheric baroclinicity north of 
the TP (Fig. 4a). The patterns of transient eddy forcing are 
identical in phase with the centers of the LEWT, especially 
on anomalous low centers over the European plain, Baikal 
Lake, and anomalous high centers over West Siberia and the 
southeastern TP. The above results suggest that the transient 
eddy feedback forcing can maintain the wave pattern in the 
upper troposphere.

As mentioned above, the LEWT can become reinforced 
and split into two branches over the European plain. Fur-
ther explanation can be given through determination of the 
regressed Eady growth rate, transient eddy forcing, zonal 
wind, and eddy geopotential height latitude-altitude sec-
tion averaged between 30°W-10°E. Figure 4c shows that 
lower-level atmospheric baroclinicity decreased north of 
50°N and increased south of 50°N. Westerly anomalies 
show the equivalent barotropic deceleration (acceleration) 
north (south) of 50°N (Fig. 4e) for the feedback forcing from 
transient eddies to mean flow. Furthermore, the equivalent 

barotropic transient eddy cyclonic forcing and eddy geo-
potential height anomalies appear south of the deceleration 
of atmospheric baroclinicity and zonal wind. Therefore, 
they are in phase with each other in the latitudinal direction, 
which can maintain and reinforce the LEWT. Additionally, 
climatological subtropical jet during March acts as a wave 
guide, which can trap the south branch wave train within it.

3.3 � The impact of the March LEWT on the Tibetan 
Plateau

In this section, the climate impact of the March LEWT 
on Eurasia continent, especially on the TP, will be exam-
ined through the analysis of patterns of anomalous three-
dimensional circulation and temperature at 500  hPa, 
water vapor transport, and precipitation associated with 
the March LEWT. Figure 5a displays the anomalous eddy 
geopotential heights and horizontal flows at 500 hPa. 
While, the amplitude of the eddy geopotential heights at 
500 hPa is obviously less than that at 250 hPa. By combin-
ing the pattern of temperature anomalies (Fig. 5c), there 

Fig. 2   The mean March 250-hPa geopotential heights (contours; unit: 
gpm) and 700-hPa temperature meridional gradient (shaded; unit: 
10–6 K/m) a, 250-hPa zonal wind (contour; unit: m/s) and stationary 
wavenumber (shaded) b, vertically integrated water vapor transport 

(vector; unit: kg/m/s) and its convergence (shaded; unit:10−5 kg/m2/s) 
derived from JRA-55 c and ERA5 d. e The mean March accumulated 
precipitation (unit: mm) and its variance derived from GPCC (unit: 
mm2). The purple line indicates the 2000 m elevation contour
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exists an anomalous warm high over the southeastern TP. 
Meanwhile, Southerly (northerly) wind anomalies appear 
on the western (southeastern) TP. According to the simpli-
fied vertical velocity equation and Sverdrup balance (Wu 
and Liu, 2000; Wu et al., 2015; Yu et al. 2021), anomalous 
southerly winds can lead to horizontal convergence and 
ascending motion, and conversely, anomalous ascending 
and descending motions appear on the western and south-
eastern TP (Fig. 5b).

The maintenance of the above patterns is important to the 
precipitation and surface temperature anomalies over the TP. 
The mechanism can be explained by estimating the local 
barotropic energy conversion (CK) at 500 hPa associated 
with LEWT, and the evaluation is based on the conversion 
of kinetic energy from the climatological mean flow. In the 
mid-low troposphere, the negative meridional shear of cli-
matological zonal wind ( 𝜕u

𝜕y
< 0 ) can be seen along the south 

flank of the TP. Positive CK is concentrated over the south-
western TP, where the exit of the subtropical westerly jet 
( 𝜕u

𝜕x
< 0 ) is located and the southwestern wind anomalies 

( −u
�

v
�

< 0, v
�2
> u

�2 ) are observed between the cyclonic and 
anticyclonic anomalies. However, a negative CK is shown 
over the southeastern TP, where the entrance of the East 
Asian westerly jet ( 𝜕u

𝜕x
> 0 ) is located and the northwestern 

wind anomalies ( −u
�

v
�

> 0, v
�2
> u

�2 ) are shown (Fig. 5d).
To examine the vertical distribution of temperature and 

vertical velocity anomalies associated with the LEWT, the 

latitude-altitude section of temperature averaged between 
90°E and 100°E and the longitude-altitude section of ver-
tical velocity averaged from 27°N to 32°N are shown in 
Fig. 5e and Fig. 5f, respectively. The results show that 
the anomalous warm center over the southern TP (with 
the warmest anomaly near 500 hPa) and anomalous cold 
over the mid-latitude strengthen the meridional tempera-
ture gradient. The vertical velocity anomalies can extend 
to 200 hPa and show a dipole pattern over the TP, with 
anomalous ascending (descending) motions over the west-
ern (southeastern) TP.

To further diagnose the spatial pattern of precipitation 
over the TP associated with the LEWT during March, the 
patterns of vertically integrated water vapor transport and 
its divergence anomalies derived from the JRA-55 and 
ERA5 datasets are examined in Fig.  6a, b. The results 
show that water vapor convergence over the southeastern 
(western) TP decreased (strengthened), compared to the 
climatological mean pattern (Fig. 2c, d). It results from 
the strengthened moisture imports from the Arabian Sea 
and weakened moisture imports from north of the Bay of 
Bengal. The pattern of anomalous water vapor transport 
is similar to that of anomalous atmospheric circulations at 
500 hPa, with anomalous anticyclonic circulations located 
over the southeastern TP. Moreover, strengthened moisture 
transport is also observed from southern China to Japan. 
Overall, the favorable conditions of anomalous circulations 
modulate water vapor transport, causing the dipole pattern 

Fig. 3   The March mean 250-hPa zonal wind (contour; unit: m/s; 
CI = 1 m/s) regressed onto LEWTI derived from JRA-55 a and ERA5 
b. The March mean 250-hPa eddy geopotential height (contour; unit: 
gpm; CI =  ± 5, 10, 20, 30 gpm) anomalies and associated horizon-

tal component of the wave-activity flux (green vector; unit: m2/s2) 
regressed onto the LEWTI derived from JRA-55 (c) and ERA5 (d). 
The light shading indicates the 95% confidence level. The purple line 
indicates the 2000 m elevation contour
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of precipitation in the TP and enhancing precipitation in 
South China during March (Fig. 7). Notably, although the 
patterns of anomalous precipitation are similar among the 
JRA-55, ERA5, and GPCC datasets, the difference still 
exists, with the enhanced precipitation derived from ERA5 
and GPCC appearing downstream of the Brahmaputra 
River (Fig. 7b, c), which may originate from the difference 
in the horizontal resolution of the three datasets because 
JRA-55 has a resolution of 1.25° ×1.25°, while the others 
have a resolution of 0.25° ×0.25°. The above bias among the 
three datasets suggests that the variability of precipitation 
and its mechanism under complex terrain and heterogene-
ous land space is still a challenging question. To further 
evaluate the LEWT impact on TP precipitation during early 
spring, we select two regions where large variance of pre-
cipitation (Fig. 2f) and significant regressed values (Fig. 7c) 
occur based on GPCC. Specifically, one region locates in 

southern and inner TP, confining in 82.125°E-95.125°E, 
22.125°N-35.125°N and within negative regressed precipi-
tation onto LEWTI, while, another locates in western TP, 
confining in 70.125°E-80.125°E, 30.125°N-40.125°N and 
within positive regressed precipitation. Explained variance 
of time series constructed by area mean precipitation over 
the western TP minus that over the southern and inner TP 
regressed onto LEWT is 14.5%, passing the 95% signifi-
cant level. Above result further reveal that LEWT can have 
a significant impact on dipole pattern of TP early spring 
precipitation.

The composite analysis results are used to compare the 
positive phase of the LEWT with the negative phase of the 
LEWT, examine the regressed results (Fig. 8) and explore 
the surface air temperature anomalies over the TP (Fig. 9). 
The criterion of sample year selection is listed as follows: 
LEWTI values exceeding 0.5 are positive phase years, while 

Fig. 4   a The March mean 700-Pa Eady growth rate (unit:1/day) and 
b 250-hPa geopotential height tendency induced by transient eddies 
(unit: gpm/day) anomalies regressed onto LEWTI derived from JRA-
55. c The latitude-height cross section of Eady growth rate (unit: 1/
day), d geopotential height tendency induced by transient eddies 
(unit: gpm/day), e zonal wind (unit: m/s) and f eddy geopotential 

height (unit: gpm) anomalies averaged from 30°W to 10°E onto the 
LEWTI derived from JRA-55. The dots denote values exceeding the 
95% confidence level. The purple line indicates the 2000 m elevation 
contour. The rectangles (30°–90°N,  30°W–10°E) in (a) and (b) are 
domains for average and analysis in (c)–(f)
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LWETI values below − 0.5 are negative phase years. The 
selected anomalous years are shown in Table 2.

There are significant positive geopotential height anom-
alies over the southeastern TP, with negative geopotential 
height anomalies over mid-latitudes of the Eurasian conti-
nent (Fig. 8a). The patterns are consistent with those in the 
regressed results (Fig. 3c, d). Due to descending motion at 
500 hPa over the southeastern TP (Fig. 8b), precipitation 
over the TP is weakened (Fig. 8c–d). However, ascending 
motion at 500 hPa appears on the western TP and south-
eastern China (Fig. 8b), thereby leading to above-normal 
precipitation, which can be observed from GPCC and sta-
tion observational data (Fig. 8c–d). Meanwhile, surface air 
temperature over the southeastern TP (Fig. 8e) is warmed 
by the anomalous warm high center via the hydrostatic 

balance (Li et al. 2022), and it also can be displayed in the 
site observational data (Fig. 8f).

3.4 � Numerical simulations

3.4.1 � Climatological means

In this study, the GCM runs with prescribed topography 
(Fig. 9, blue contour) and imposed diabatic heating after 
deviating from its zonal mean, interpolating into a model 
grid, then, it is spatially smoothed following Sardeshmukh 
and Hoskins’s method (Fig. 9, shaded) (Sardeshmukh and 
Hoskins, 1984). Additionally, during March, the climatolog-
ical mean vertical diffusion heating due to surface sensible 
heating is mainly concentrated in the TP, Indian Peninsula, 

Fig. 5   a The March mean eddy geopotential height (shaded; 
unit: gpm) and winds (vector; unit: m/s), b vertical velocity (unit: 
0.01 Pa/s), c temperature(unit: K) at 500 hPa regressed on LEWTI. 
d The climatological mean 500-hPa zonal wind (green contour. unit: 
m/s; CI = 5  m/s) and kinetic energy conversion between anomalous 
circulations and climatology mean flows (unit: 10–6 m2s−3). e The 

latitude-height cross section of temperature anomalies (unit: K) aver-
aged from 90°E to 100°E, and f the longitude-height cross section of 
vertical velocity anomalies (unit: 0.01pa/s) averaged from 27°N to 
32°N regressed onto the LEWTI. The above results are derived from 
JRA-55. The dots and vectors denote values exceeding the 95% con-
fidence level. The purple line indicates the 2000 m elevation contour
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and Eastern Africa, while convective and condensation heat-
ing is located in the southern Hemisphere between 0°S and 
30°S. Thus, vertical diffusion heating is imposed on the con-
tinent, and convective and condensation heating is imposed 
on the tropical region. We performed a set of control experi-
ments with the GCM to derive different initial fields. The 
model is perpetually running in March for 5 years, and the 
2 year results are spun off; next, 50 initial conditions that 
deviated from the last 3 years’ mean temperature are used 
for the ensemble simulation. Then, the climatology and sen-
sitivity experiments, each with 50 members, are integrated 
throughout March.

The GCM can reproduce the main feature of the climato-
logical mean tropospheric circulation in the Northern Hemi-
sphere during March (Fig. 10). In mid-high latitudes, the 
upper tropospheric broad trough over northeastern Asia, a 
weak trough over the European plain, and a ridge over the 
North Atlantic can be reproduced (Fig. 10a). The patterns 
of the subtropical jet stream and East Asian jet stream are 
also consistent with the reanalysis results (Fig. 10a, Fig. 2a). 
However, some biases should be noted when compared to 
the observational results (Fig. 2). GCM underestimates the 
Northern Hemisphere geopotential height to some extent 
(Fig. 10a). The strength of the subtropical jet and East Asian 
jet is also weakened in the GCM (Fig. 10a), which can be 
attributed to the negative bias of the meridional temperature 

gradient at a lower level (Fig. 10b, Fig. 2a) under thermal 
wind balance. The climatological mean temperature and ver-
tical velocity in the lower level are also displayed through 
their spatial pattern at 26th hybrid-level (30th hybrid-level 
is labeled as the lowest level) (Fig. 10c, d), which is approxi-
mately equivalent to pressure levels of 500 ~ 450 hPa over 
the TP. The temperature also remains the wintertime fea-
ture, in which cold air mainly controls the continent and 
warm air is located in the tropics and ocean (Fig. 10c). The 
ascending motion over the southeastern and western TP and 
South China favors persistent rainfall in these regions. The 
descending motion generally controls the tropical region. In 
mid-high latitudes, the ascending and descending motions 
appear alternately, while, their magnitudes are obviously 
weaker than those in subtropical and tropical regions 
(Fig. 10 d).

3.4.2 � Simulations for the March LEWT

In the sensitivity experiment, to quality mimic the LEWT, 
three-dimensional March mean temperature anomalies 

Fig. 7   The March accumulated precipitation (unit: mm) anomalies 
regressed onto the LEWTI. The results are derived from a JRA-55, 
b ERA5, and c GPCC. The dots denote values exceeding the 95% 
confidence level. The purple line indicates the 2000  m elevation 
contour. The rectangles with positive values (30.125°–40.125°N, 
70.125°–80.125°E) and positive values (22.125°–35.125°N, 82.125°–
95.125°E) are shown in (c)

Fig. 6   a The March mean vertically integrated moisture transport 
(vector; unit: kg/m/s) and its divergence (shaded; unit: 10−5 kg/m2/s) 
anomalies regressed onto the LEWTI derived from JRA-55. b As in 
(a), but derived from ERA5. Purple dots and vectors  denote values 
exceeding the 95% confidence level. The purple line indicates the 
2000 m elevation contour
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Fig. 8   a The composite maps of LEWT differences between posi-
tive and negative phases in 500-hPa eddy geopotential height (unit: 
gpm), b vertical velocity (unit:0.01  Pa/s), c precipitation derived 
from GPCC (unit: mm) and (d) CMA station observational data (unit: 

mm), e surface air temperature anomalies derived from JRA-55 (unit: 
K) and (f) CMA station observational data (unit: K). The dots denote 
values exceeding the 90% confidence level. The purple line indicates 
the 2000 m elevation contour

Fig. 9   The topography (blue 
contour, unit: km) and diabatic 
heating (shaded, unit: W/m2) in 
the General Circulation Model

Table 2   Years with positive and negative phases of the March LEWT

Years of positive phase Years of negative phase

1988, 1989, 1992, 1995, 1996, 1998, 1999, 2001, 2004, 2007 1987, 1990, 1993, 1994, 1997, 2000, 2003, 2005, 2006, 2008, 2009
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(positive cases minus negative cases) from the North Atlan-
tic to Western Europe (Fig. 11) are considered the anom-
alous heat sink and are imposed on the external diabatic 
heating term for Eq. (1) during the entire integration period.

The simulated LEWT and its associated anomalies in 
temperature and vertical velocity can be obtained through 
the ensemble difference between the sensitivity and cli-
matology tests. Fifty member ensembles are conducted 
to reduce the uncertainties from the initial conditions and 
internal variations in the GCM. The 250-hPa and 500-hPa 
dynamical responses of the anomalous cold center over the 
North Atlantic and Western Europe (Fig. 12 a, b) resem-
ble the spatial pattern of the LEWT that has a barotropic 
structure and contains the anomalous anticyclone over the 
southeastern TP (Fig. 2c, d, and Fig. 5a). According to the 

hydrostatic balance, warm (cold) responses at 26th hybrid-
level coincide with the anticyclonic (cyclonic) centers in 
the simulated LEWT, except for anomalous anticyclone 
over Caspian Sea (Fig. 12c). Moreover, the anomalous 
descending (ascending) motions over the southeastern 
(western) TP that favor anomalous precipitation over the 
TP are also reproduced at 26th hybrid-level. To further 
explore how long the anomalous anticyclone can appear 
over the southeastern TP, we calculated the 5 day running 
averaged area mean vorticity at 8th hybrid-level within 
the domain (24.5°− 31.5°N, 87.2°− 92.8°E) in the clima-
tology and sensitivity tests. After 10 days of integration, 
the obviously negative bias between the two experiments 
appears and tends to be steady, except for little difference 
between day-20 to day-22 (Fig. 13). This finding further 

Fig. 10   a The GCM simula-
tions of climatological March 
mean 250-hPa geopotential 
height (blue contour; unit: gpm; 
CI = 100 gpm), zonal wind 
(shaded; unit: m/s), horizontal 
winds (vector; unit: m/s) and b 
700-hPa temperature meridi-
onal gradient (unit:10–6 K/m). 
c The simulated climatologi-
cal March mean temperature 
(unit: K) and d vertical velocity 
(unit:0.01 Pa/s) at 26th hybrid-
level (30th hybrid-level is 
labeled as the lowest level). The 
purple line indicates the 2000 m 
elevation contour

Fig. 11   a The 17th hybrid-level (30th hybrid-level is labeled as the lowest level) temperature anomalies (unit: K), and (b) area mean within the 
domain (39.9°-62.3°N,15.5°W-15.5°E) temperature anomalies profile along hybrid-level
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indicates that the perturbed North Atlantic and Europe 
plain thermal conditions can propagate to the TP within 
one month in March. 

4 � Conclusions and discussion

The relationship between the March Leading Eurasian 
Wave Train (LEWT) and climate anomalies over the TP 
and associated mechanisms were investigated through 

thermodynamic and dynamic determination of reanalysis 
and observational data and numerical sensitivity tests in 
the GCM. The results indicate that the leading REOF mode 
of meridional wind on the interannual scale can be charac-
terized as a wave train that splits into two branches. Thus, 
the propagation and maintenance mechanisms of this wave 
train are explored for wave-activity flux, subtropical jet 
waveguide, and feedback forcing between transient eddies 
and mean flow. The anomalous cold low center over the 
North Atlantic and Western Europe act as a Rossby wave 

Fig. 12   a The GCM simulations of eddy geopotential height (shaded; 
unit: gpm) and wind anomalies at 250 hPa (vector; unit: m/s). b As in 
a, but at 500 hPa. c The GCM simulations of temperature (unit: K) 
and vertical velocity (unit: 0.01 Pa/s) anomalies at 26th hybrid level 

(30th hybrid-level is labeled as the lowest level). The dots and black 
vectors denote values exceeding the 90% confidence level. The purple 
line indicates the 2000 m elevation contour

Fig. 13   The time series of the 
area mean relative vorticity 
(unit:10−5 s−1) at 8th hybrid-
level (30th hybrid-level is 
labeled as the lowest level) over 
the southern TP. Shading areas 
indicate one standard deviation 
for 50 members in climatology 
and sensitivity tests
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source for positive feedback forcing from anomalous syn-
optic eddy activities. The downstream portion of the wave 
train extending over the Eurasian continent can propagate 
to Baikal Lake and the southern TP under modest feedback 
forcing from transient eddies and the trapped effect of the 
waveguide along the subtropical jet.

The remote influence on the TP via propagation of 
the south branch wave train and kinetic energy along the 
subtropical jet is apparent. The pattern of precipitation 
anomalies, with the positive center located over the west-
ern TP and a negative center located over the southeastern 
TP, can be explained by anomalous winds over the south-
eastern TP. The anomalous southwesterly (northeasterly) 
winds can be maintained through effective kinetic energy 
conversion over the western (southeastern) TP, where the 
exit of the subtropical jet and entrance of the East Asian 
jet are located. The resultant increased moisture transport 
and enhanced ascending motion appear on the western TP, 
whereas the opposite signal appears on the southeastern 
TP. For surface air temperature, reanalysis data and site 
observational data both show significant anomalous warm 
patterns in the southeastern TP, which is caused by the 
anomalous warm high located over the southeastern TP 
through hydrostatic balance.

The model results demonstrate that the GCM can repro-
duce the March LEWT. Corresponding to the imposed 
anomalous cooling temperature from the North Atlantic 
to Western Europe in the GCM, the anomalous warm high 
and anticyclonic circulation over the southeastern TP 
and anomalous ascending (descending) motion over the 
western (southeastern) TP are primarily simulated. These 
simulated dynamic and thermodynamic processes favor 
the dipole pattern of TP precipitation, in which above-
normal (below-normal) precipitation appears on the west-
ern (southeastern) TP.

The connection between LEWT and TP climate during 
early spring has been examined using both observations 
and numerical model simulations in the present study. 
However, other oceanic forcing factors, such as ENSO and 
sea surface temperature anomalies in Indian Ocean and 
North Atlantic (Cui et al. 2015; Jin et al. 2016; Zhao et al. 
2018; Yu et al. 2021) also can act as important drivers 
on the variations of TP climate during springtime. There-
fore, further study on the synergistic impacts of anomalous 
mid-high latitudes forcing in sub-seasonal timescale and 
tropical oceanic forcing in interannual and even decadal 
timescale on TP climate variation in different timescale 
is necessary.

On the other hand, the simulated anomalous lower trop-
ospheric temperature over the TP and ascending motion 
over southern China (Fig. 12 c, d) are weaker comparing 
to the composite results (Fig. 8 b, e, f). During spring-
time, changes of land surface thermal conditions caused 

by snow decrement and freeze–thaw of seasonally frozen 
ground (Zhang et al. 2017; Luo et al. 2020) will influence 
atmospheric circulation over Eurasia. In future study, sen-
sitivity experiments using climate model with full physics 
will reduce the bias and better reproduce the interaction 
between the changes of TP thermal condition and atmos-
pheric circulation.
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