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Abstract

Subseasonal to seasonal (S2S) prediction of droughts and floods is one of the major challenges of weather and climate
prediction. Recent studies suggest that the springtime land surface temperature/subsurface temperature (LST/SUBT) over
the Tibetan Plateau (TP) can be a new source of S2S predictability. The project “Impact of Initialized Land Surface Tem-
perature and Snowpack on Subseasonal to Seasonal Prediction (LS4P)” was initiated to study the impact of springtime
LST/SUBT anomalies over high mountain areas on summertime precipitation predictions. The present work explores the
simulated global scale response of the atmospheric circulation to the springtime TP land surface cooling by 16 current state-
of-the-art Earth System Models (ESMs) participating in the LS4P Phase I (LS4P-I) experiment. The LS4P-I results show,
for the first time, that springtime TP surface anomalies can modulate a persistent quasi-barotropic Tibetan Plateau-Rocky
Mountain Circumglobal (TRC) wave train from the TP via the northeast Asia and Bering Strait to the western part of the
North America, along with the springtime westerly jet from TP across the whole North Pacific basin. The TRC wave train
modulated by the TP thermal anomaly play a critical role on the early summer surface air temperature and precipitation
anomalies in the regions along the wave train, especially over the northwest North America and the southern Great Plains.
The participant models that fail in capturing the TRC wave train greatly under-predict climate anomalies in reference to
observations and the successful models. These results suggest that the TP LST/SUBT anomaly via the TRC wave train is
the first order source of the S2S variability in the regions mentioned. Furthermore, the TP surface temperature anomaly can
influence the Southern Hemispheric circulation by generating cross-equator wave trains. However, the simulated propagation
pathways from the TP into the Southern Hemisphere show large inter-model differences. More dynamical understanding
of the TRC wave train as well as its cross-equator propagation into the Southern Hemisphere will be explored in the newly
launched LS4P phase II experiment.

1 Introduction

The successful prediction of droughts and floods at sub-
seasonal-to-seasonal (S2S) time scales is one of the major
challenges of weather and climate prediction, with failures
that can result in major adverse impacts on societies and
economies (Vitart 2017; Robertson et al. 2018; Merryfield
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et al. 2020). Improving the prediction skill at S2S timescale
requires a further understanding of the mechanisms at work
for climate variabilities at this timescale as well as the iden-
tification of predictability sources. Sea surface temperature
(SST) variations such as those associated with the Madden-
Julian Oscillations (e.g., Vitart 2017; Woolnough 2019) are
known to provide a predictability source. Recent studies
suggest that springtime land surface/subsurface tempera-
ture (LST/SUBT) provides a new source of predictability at
S2S time scales (Xue et al. 2016, 2018). The Global Energy

@ Springer


http://orcid.org/0000-0003-4102-2671
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-024-07210-5&domain=pdf

Y. Zhang et al.

and Water Exchanges (GEWEX) program has initiated the
project “Impact of Initialized Land Surface Temperature and
Snowpack on Subseasonal to Seasonal Prediction (LS4P)”
to investigate the impact of springtime LST/SUBT anoma-
lies over high mountain areas on summertime precipitation
predictions (Xue et al. 2021).

The first phase of the LS4P project (LS4P-I), in which
more than 40 institutions worldwide have participated, has
focused on the effect of spring LST/SUBT in the Tibetan
Plateau (TP) on the S2S precipitation predictions for the
following summer. Using an innovative initialization method
for land surface/subsurface temperatures over TP (Xue et al.
2021), simulations by Earth System Models (ESMs) partici-
pating in LS4P-I have shown that TP springtime LST/SUBT
anomalies can affect summer precipitation not only in the
East Asia but also over many regions in the world through
teleconnections. Analysis of observations and simulation
results identified 8 hot spot regions in the world where June
precipitation anomalies are significantly correlated with the
anomalies in TP May 2 m surface air temperature (T2m).
Most of the hot spot regions are heavily populated and host
major economic activity. For these regions, the TP LST/
SUBT anomaly is the first order source of the S2S vari-
ability, comparable with the influence of SST. Among these
connections, a strong linkage between the spring TP LST/
SUBT and the summer precipitation over the west of North
America was found, and a Tibetan Plateau-Rocky Mountain
Circumglobal (TRC) wave train from the TP through north-
east Asia and Bering Strait to the west of North America had
been identified for the first time based on the reanalysis data
and suggested to be responsible for the formation of most of
the hotspots (Xue et al. 2022, 2023). Although the telecon-
nections caused by the heating due to oceanic temperature
anomalies, such as those between ENSO and the Asian mon-
soons, have been extensively investigated (e.g., Wang et al.
2000; Li et al. 2007; Li et al. 2017), the remote effects of
mountain heating on global atmospheric circulations have
not been fully studied. The LS4P-I experiment provides a
chance to explore the detailed features of the TRC wave train
as well as the global response of atmospheric circulations to
the TP surface anomaly.

The present study is a follow-up of Xue et al. (2023),
which analyzed the results of LS4P-I and explored mecha-
nisms through which TP LST/SUBT affects the East Asian
summer monsoon. Our aim is to place the TP LST/SUBT’s
influence on the global atmospheric circulations with a
focus on the dynamical feature of the TRC wave train and
its importance for improving S2S prediction. The analysis
to be presented shows that, on the background of springtime
westerly jet across the North Pacific basin, the persistent
TP surface cold anomaly can generate a quasi-barotropic,
slowly evolving wave train extending from the TP to the
northwest of North America in May and June, through which
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TP surface anomaly can act as a first order source of the S2S
variability for these regions. Furthermore, the wave train
can also extend southward along the west coast of America
reaching the northern Southern Hemisphere and result in
the global atmospheric circulation response to the cold TP
surface.

The manuscript is organized as follows. Section 2 intro-
duces the design of the LS4P Phase I experiment and com-
pares the model ensemble with observations. Section 3
analyzes the model ensemble of the global response of the
atmospheric circulation to the cold TP LST/SUBT anomaly,
with the focus on the feature of TRC wave train. Section 4
explores the relationship between the TRC wave train and
the T2m, precipitation anomalies. Section 5 discusses the
Southern Hemispheric extension of the wave train. Summary
and discussions are provided in Section 6.

2 LSA4P first phase experiments

The detailed experiment designs and basic results of the
LS4P first phase experiments have been documented in
Xue et al. (2021) and Xue et al. (2022, 2023), respectively.
In this section, we briefly introduce the basic information.
In the first phase of the LS4P project (LS4P-I), the year
2003 is the focal case, in which extreme summer drought/
flood occurred in East Asia after a very cold spring in the
TP. Two sets of numerical experiments were conducted in
LS4P-I to investigate the global influence of the TP spring
surface temperature anomaly (all seasons refer to the North-
ern Hemisphere in the following, and hereafter the exact
range of TP refers to the region where the elevation is over
4000 m). Details of the 16 state-of-the-art earth system mod-
els (ESMs) participating in LS4P-I are listed in Table S1 in
the Supplementary Information. A first set of runs, referred
to as EXP_CTRL, is designed to evaluate the performance
of the 16 ESMs in simulating the TP T2m and precipita-
tion anomalies during May and June 2003. In EXP_CTRL
runs, the ESMs start simulations from late April or May 1st,
and use the standard S2S prediction setting of atmospheric
and land initial conditions. In most runs, the observed sea
surface temperature (SST) and sea ice conditions are pre-
scribed in the boundary conditions. However, the runs by
the CNRM-CM6-I-CMIP and ECMWF-IFS are performed
in a fully coupled atmosphere-land-ocean configuration, in
which only the ocean initial condition is prescribed. Each
ESMs conducted ensembles of at least six members for each
run, with most groups providing ensembles of more than
ten members as shown in Table S1. For each model, we
select the output for the May 1st-June 30th period, interpo-
late it onto a regular 0.5° X 0.5° global grid using the bilinear
interpolation method, and calculate the ensemble-mean of
the model output to reduce the influence of the atmospheric
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internal variability on the experiment result. More details
of the model configurations and experiment designs of the
EXP_CTRL run are documented in Xue et al. (2021).

As shown in Xue et al. (2023), in EXP_CTRL run most
LS4P-1 ESMs produce reasonable global scale climate fea-
tures, such as the large-scale monsoon circulations, strong
June precipitations in the Intertropical Convergence Zone
(ITCZ) and a second precipitation peak in midlatitudes.
However, model biases are evident at the regional scale.
The observed T2m anomaly in the TP is shown in Fig. 1a,
for which we use the data from the National Oceanic and
Atmospheric Administration (NOAA) Climate Anomaly
Monitoring System (CAMS, Fan and van den Dool 2008).
Compared with the observation, none of the LS4P-I ESMs
well captures the observed T2m cold anomaly in May 2003.
The ensemble mean of the 16 LS4P-1 ESMs exhibits a
warm bias of 1.02 °C over the TP (see Table S2 and the
supplementary information in Xue et al. 2023 for details),
which is stronger than the standard deviation of the observed
inter-annual variation of TP T2m (about 0.7 °C). The spa-
tial distribution of the model bias for the ensemble mean is
shown in Fig. 1b, which shows a clear warm bias in May
2003 T2m over the eastern part of the TP. Note that the
bias here is defined for the case of 2003, which is the dif-
ference between the multi-model ensemble mean and the

(a) Observed May 2003 T2m anomaly (°C)
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Fig. 1 a Observed May 2003 T2m anomaly (‘C); b simulated ensem-
ble mean May 2003 T2m bias (°C) in EXP_CTRL run; ¢ simulated
ensemble mean T2m differences and d simulated ensemble mean

corresponding observation. To have a comprehensive assess-
ment for models’ bias, more cases are necessary. Along with
this model bias in the May T2m over TP, evident biases in
June precipitation are also found not only in East Asia but
also in many other regions such as the central U.S. and South
America (shown in Xue et al. 2023).

Another set of numerical experiments was carried out
by the ESMs to test whether the regional bias in June pre-
cipitation mentioned in the previous paragraph is related to
the bias in May surface temperature over TP. In this set of
experiments, which are collectively referred to as EXP_LST/
SUBT run, the models’ bias in May TP T2m is reduced
by initializing the TP LST and SUBT conditions. A com-
parison between results in CTRL and LST/SUBT runs thus
allows for an assessment of the extent to which the improved
simulation of the May TP T2m anomaly impacts the June
precipitation. Therefore, all initial and boundary condi-
tions in EXP_LST/SUBT run are identical to those in the
EXP_CTRL run, except that the LST and SUBT in each
grid over TP region are initialized as in Xue et al. (2021).
Since the LS4P-I models have both warm and cold biases
over TP, for the ESMs with warm/cold bias, the initialization
in the EXP_LST/SUBT run would make the initial LST and
SUBT cooler/warmer than in the EXP_CTRL run, respec-
tively. To investigate the remote effect of the cold May TP

(b) LS4P-I ensemble mean May 2003 T2m Bias (°C)
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surface sensible heat flux differences on May 1st due to the TP LST/
SUBT effect. The black contour outlines the region above 3000 m in
this and following figures unless otherwise stated
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surface anomaly, for each model’s ensemble mean of the
EXP_CTRL and EXP_LST/SUBT runs, we compose the
simulation with cooler/warmer initial condition over the TP
into the Cold case/Warm case, respectively, as in Xue et al.
(2022). We refer to the simulated difference of the ensem-
ble mean between Cold and Warm cases as to the TP LST/
SUBT effect. The multi-model ensemble mean of the differ-
ence between Cold and Warm cases can further reduce the
inter-model variation and indicates the influence of the cold
TP LST/SUBT simulated by the 16 state-of-the-art models.

Figure 1c, d show the simulated ensemble mean of T2m
and surface sensible heat flux differences due to the TP LST/
SUBT effect on May 1st, which is around the beginning of
the simulation. These differences approximately represent
the impact of LST/SUBT initialization and associated sur-
face thermal forcing exerted on the atmosphere. As shown
in Fig. lc, the LST/SUBT initialization results in TP cold
surface anomalies that are more like the observed May T2m
cold anomaly in 2003 (Fig. 1a) though with weaker magni-
tudes. Above the colder TP surface, the surface sensible heat
flux is reduced. Such a surface cooling can last for more than
a month, affecting the atmospheric circulations in regional
and even global scales.

To investigate the extent to which the TP surface cooling
can explain the observed anomalies in atmospheric circula-
tions, surface air temperature and precipitation in the year
2003, the ensemble mean of the LS4P-I experiment is also
compared with the observation. We use the fifth generation
ECMWEF atmospheric reanalysis (ERAS5, Hersbach et al.
2020), which is referred to as observations, with a regular
horizontal resolution of 1.0° X 1.0° to investigate the atmos-
pheric circulation in year 2003 and for climatology, with
the latter defined as the average from year 1981 to 2015.
All data are provided at 0.5° % 0.5° spatial resolution. The
global precipitation data are from the Climate Research Unit
(CRU), in which version 4.02 is used when implementing
the analysis (Harris et al. 2014; 2020).

Figure 2a shows the ensemble mean differences in May
and June averaged 2 m air temperature due to the TP LST/
SUBT effect alongside with the observed May-June T2m
anomalies in year 2003 (Fig. 2b). The model results show
that the LST/SUBT initialization over the TP produces per-
sistent cold T2m anomalies in the region in May and June.
Though the magnitude of the cold T2m anomaly decays
from -1.0 °C since May 1st, the simulated two-month aver-
age exhibits a 73% of the observed TP averaged cooling
(-0.80 °C) as in Fig. 2b. With the persistent surface cold
anomaly over TP, Fig. 2a also exhibits evident and statisti-
cally significant T2m differences in many parts of the world.
A comparison with the observed T2m anomalies (Fig. 2b)
reveals that the model ensemble produces consistent temper-
ature anomalies over northeast Asia, Bering Strait, Alaska,
west coast of North America of the U.S. and even parts of
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South America. These features are generally in agreement
with the path of TRC wave train, suggesting that the cold
TP surface through the TRC wave train is one of the rea-
sons for the observed spring temperature anomalies in the
above regions. Particularly, a significant out of phase change
of T2m with the TP is found around the Rocky Mountain,
consistent with the finding from the observed inter-annual
variation of T2m in the two regions in Xue et al. (2022). For
other areas, such as West Europe and northern Siberia, the
simulated differences are not consistent with observations.
The reasons for the T2m anomalies in those regions and
whether they are caused by external forcings other than the
TP surface anomaly need to be further investigated.

The key features of the simulated ensemble mean of
June precipitation in response to the TP LST/SUBT effect
were discussed in Xue et al. (2022). A selection of these
features in Fig. 3a shows that the TP LST/SUBT effect can
lead to global scale precipitation anomalies. In particular,
Fig. 3a highlights the eight hot spots identified in Xue et al.
(2022), in which the TP LST/SUBT effect produces signifi-
cant precipitation differences which have counterparts in the
observed June precipitation anomaly (Fig. 3b). More pre-
cise geographical locations of the eight hot spots are given
in Table S3 in the Supplementary Information. Among the
eight hot spots, there are at least six downstream of the TP:
(1) southern Yangtze River Basin, (2) northeast Asia, (3)
northwest North America, (4) Southern Great Plains, (5)
Central America, and (6) northern South America. These
six hot spots greatly overlap with the regions in Fig. 2 where
the imposed TP LST/SUBT initial condition produce T2m
anomalies in May and June with the same sign as in the
observations. These regions are all along the TRC wave
train, suggesting its key role in establishing TP’s global
influence on S2S time scales. (The simulated ensemble mean
of May precipitation in response to the TP LST/SUBT effect
is also documented in Figure S1.)

3 Atmospheric response to Tibetan surface
cooling and the TRC wave train

LS4P-I has identified the TRC wave train and conjectures
that this is a key process affecting the S2S predictability
using the TP LST/ SUBT anomaly (Xue et al. 2022, 2023).
This paper presents a comprehensive discussion on the
dynamical features of the TRC wave train at the global scale.
The upper-level westerly jet provides a wave guide for plane-
tary scale wave trains. We examine the atmospheric response
to a cold TP surface from the ensemble mean simulation of
the May upper level (200 hPa) zonal wind differences by the
16 ESMs (Fig. 4a). For comparison, the observed 200 hPa
zonal wind anomalies for 2003 (i.e., differences between
such year and the climatology) are plotted in Fig. 4b. In
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Fig.2 May and June averaged
2 m air temperature (°C) dif-
ferences a due to the TP LST/
SUBT effect, and b between

(a) Ensemble mean May to June T2m differences due to TP
LST/SUBT effect

L

year 2003 and climatology
(1981-2015 average) from
CAMS reanalysis data. Note
the different color bars used in
panels (a) and (b). Black boxes
outline the main region of TP
(29N-37N, 86-98E) and Rocky
Mountain (32-45N, 110-125W)
as defined in Xue et al. (2022),
beside which the values of the
box-averaged T2m anomaly in
observations are listed in panel
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(b) and the simulated percent-
ages of the box-averaged T2m
anomaly compared with obser-
vations are listed in panel (a). In
panel (a), values above the 90%
confidence level by Student’s
t-test are denoted by black dots
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spring, the TP is just on the pathway of the upper-level
westerly at mid-latitudes and the upstream of the East Asian
Jet Core, which extends from east Asia through the North
Pacific basin to the west coast of the North America and fea-
tures the strongest wind speeds in the Northern Hemisphere.

The ensembles of ESM simulation capture this feature.
The most evident response of the zonal wind occurs around
the TP. The zonal wind becomes stronger to the south and
weaker around the north edge of the TP. Such change is con-
sistent with the thermal wind relationship, as the cold tem-
perature over TP enhances the meridional temperature gradi-
ent to the south of the TP but weakens the one to the north.
Furthermore, as demonstrated in previous studies (Nie et al.
2016; Jiang et al. 2017; Chan et al. 2020), the changes in
background temperature gradient at midlatitudes also affect
the activity of baroclinic eddies (Xue et al., 2023), which
can further reinforce the zonal wind changes and further
influence the zonal wind downstream as the eddies move

downstream and interact with the zonal flow. The response
of the zonal wind in the downstream of TP is consistent
with these studies, exhibiting a significant deceleration of
the zonal wind along the jet core over the North Pacific.
Meanwhile, a significant acceleration of the zonal wind is
found to the north of the jet core, indicating a slight north-
ward shift of the jet stream. Such changes in the zonal wind
have their counterparts in the observations (see Fig. 4b).
The ensemble mean of simulated 200 hPa geopotential
height difference is also illustrated in Fig. 5a together with
the observations for May 2003 (Fig. 5b), to further explore
the atmospheric circulation responses to the TP LST/SUBT
effect. One salient feature in Fig. 5a is the strong negative
geopotential height anomaly over the TP at 200 hPa, accom-
panied with a cyclonic anomalous circulation. Such a circu-
lation response corresponds to the cold anomaly over the TP,
where the atmosphere sinks and induces negative potential
height anomalies at upper levels. To the north of the TP’s
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Fig. 3 June precipitation (mm/
day) differences a due to the
TP LST/SUBT effect, and b

(a) Ensemble mean June precipitation differences due to TP
LST/SUBT effect

between year 2003 and clima-
tology (1981-2015 average)
from CRU data. Black boxes
indicate regions where models
produce consistent precipitation
anomalies with the observation
as in Xue et al. (2022), beside
which the values of the box-
averaged precipitation anomaly
in observations are listed in
panel (b) and the simulated
percentages of the box-averaged
precipitation anomaly compared

30°S

120°W

with observations are listed in 3 60°W

panel (a). Note the different

colorbars used in panels (a) and ], ! £ ] ] _
-0.60 -0.40 -0.20 -0.12 -0.06 -0.04 0.04 0.06 0.12 0.20 0.40 0.60

(b). In panel (a), values above
the 90% confidence level by
Student’s t-test are denoted by
magenta dots

(b) Observed June precipitation anomaly

120°W

cold and cyclonic circulation center, clear positive geopoten-
tial height anomalies centered at 55°N with anti-cyclonic
flow are found, forming a meridional dipole pair with the
negative geopotential height center over TP, consistent with
the observation in Fig. 5b.

Furthermore, evident wave like patterns downstream from
the TP to the North Pacific are shown in the geopotential
height difference in Fig. 5a. The negative center of geopoten-
tial height anomaly over the TP extends eastward to Japan,
while a strong positive geopotential height center with anti-
cyclonic circulation flow emerges to the east over the Bering
Strait with a center around 170°E, 50°N. Downstream of
this center, the figure shows a weaker negative geopotential
height anomaly over the east North Pacific and a positive
geopotential height anomaly around the Rocky Mountain in
the west coast of North America. The wave like geopoten-
tial height differences further extend from the Rocky Moun-
tain across the North American continent, North Atlantic
Ocean and back to the Eurasian continent. The geopotential
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height differences in these action centers are all statically
significant by Student’s t-test. Most of the LS4P-1 models (at
least 12 out of the 16 models) show consistent sign of geo-
potential height differences in these action centers as well
(results not shown). As the geopotential height differences
between the two groups of experiments are merely caused
by the colder TP land surface in spring by initializing the
TP LST and SUBT conditions, the above results show that
the springtime cold TP surface can generate circumglobal
changes in atmospheric circulation.

The above simulated response in atmospheric circula-
tions is in general consistent with the observed geopotential
height anomalies in May 2003 (Fig. 5b). The wave like pat-
tern in geopotential height anomalies are also observed from
TP through Bering Strait to the Rocky Mountain as well as
the east coast of North America, though with slight differ-
ences in locations of each action centers. However, over the
regions from the North Atlantic to the Ural Mountains, the
observed geopotential height anomalies show opposite signs
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Fig.4 Ensemble mean of the
200 hPa zonal wind differences
(unit: m/s) in May a due to the

(a) Ensemble mean May 200 hPa zonal wind anomaly due to TP
LST/SUBT effect

TP LST/SUBT effect, and b
between year 2003 and the cli-
matology (1981-2015 average)
from ERAS reanalysis data.
Black contours denote the zonal
wind speed in EXP_CTRL run 30°N 4
in panel (a) and the climatology
in panel (b), respectively. In
panel (a), gray dots denote val- 0° 4
ues above the 90% confidence
level by Student’s t-test
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to the multi-model average, suggesting that in those regions
the TP surface cooling may not be the major cause for the
observed circulation anomalies.

In addition, responses in the geopotential height to the
cold TP surface are also noticed in the Southern Hemi-
sphere, especially in the midlatitudes (Fig. 5a, b). The wave
train like patterns with negative-positive-negative zonal
structures extend along the whole Southern Ocean. How-
ever, there are phase differences between the simulated wave
train and the observations. Similar and statistically signifi-
cant patterns of the geopotential height anomaly are found
around the Australia, South Pacific and South America.

The anomaly amplitudes weaken in the tropics as the geos-
trophic approximation breaks down and connections become
blurred. Therefore, we also inspect the anomalous stream
function from the simulated wind.

To gain further insight into the dynamics of the TRC
wave train, we also investigate the eddy stream function
similar to Li et al. (2019) and the wave activity flux (WAF)
following Takaya and Nakamura (2001). As shown in Li
et al. (2019), the eddy stream function can better illustrate
the wave train in both equatorial and extratropical regions.
The WAF is parallel to the group velocity of Rossby waves
and can approximately indicate the wave energy propagation
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Fig.5 Ensemble mean of

200 hPa geopotential height
(shading, unit: m) and hori-
zontal wind (vector, unit: m/s)

differences in May (a) due to m
the TP LST/SUBT effect, and 60°N L\

the observed May 200 hPa

geopotential height differences i

between year 2003 and the 30°N

climatology (average from 1981
to 2015) from ERAS reanalysis
data. In panel (a), the purple 0°
line with arrows suggests a
possible pathway of wave train,
and green dots indicate regions 30°s
where values above the 90%
confidence level by Student’s

t-test 6075
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(a) Ensemble mean May GHT and Wind differences due to
TP LST/SUBT effect
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(Takaya and Nakamura 2001; Gillett et al. 2022). Figure 6a
shows the multi-model ensemble mean of the May WAF
computed from the 200 hPa anomalous eddy stream function
corresponding to the wind differences at 200 hPa due to the
TP LST/SUBT effect. The most salient feature in Fig. 6a is
the wave energy propagating through all the action centers
from the TP, through northeast Asia, Bering Strait, Alaska
to the Rocky Mountain region. After reaching the Rocky
Mountain, the WAF further extends downstream across the
North America, North Atlantic and back to the Eurasian con-
tinent, forming a “circumglobal” wave train. Furthermore,
after the WAF reaching the Rocky Mountain from TP, there
is another relatively small branch of wave train propagating
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southward along the west coast of America, even reaching
the southern hemispheric midlatitudes, consistent with the
responses in geopotential height, surface air temperature and
June precipitation in South America. In addition, there are
also weak signals emerging in the southern hemispheric low
latitudes such as near the Indonesia and central Pacific with
WAF propagating to the mid-latitudes in Southern Hemi-
sphere, though there are no direct connections between TP
and these signals in WAF.

Similar wave trains are found in observations. In Fig. 6b,
a typical 200 hPa anomalous WAF in a cold TP year is illus-
trated to obtain a clearer picture of the observed wave train
structures with the cold TP surface. Here the regression is
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Fig.6 a Ensemble mean of
200 hPa eddy stream function
(color shading, unit: m?/s) and

(a) Ensemble mean May 200-hPa eddy stream function and WAF
anomaly due to TP LST/SUBT effect

corresponding wave activity
flux (unit: m?*/s?) responses

in May to the TP LST/SUBT
effect. b Regressed patterns

of May 200 hPa eddy stream
function and wave activity flux
based on May TPI using ERAS5
reanalysis data. Arrows in pan-
els (a) and (b) denote the TRC
wave train in LS4P-I model and
in observations, respectively
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(b) Regressed patterns of May 200 hPa eddy stream function and
WAF upon TPI using ERAS reanalysis
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applied to exhibit the typical wave train pattern with the TP
surface forcing instead of showing the anomaly for a single
year, as the patterns of eddy stream function and wave activ-
ity flux are relatively easier to be interfered by noises com-
pared with other fields. The regressed patterns of the eddy
stream function and WAF are calculated based on Tibetan
Plateau Index (TPI), defined as the TP averaged 2 m surface
air temperature (Xue et al. 2022). The observations show
that with the cold TP surface, a similar wave train originat-
ing from the TP propagates eastward through the Bering
Strait over the North Pacific Ocean to the west coast of the

North America. From the west coast, the wave train also
propagates southward and to the South America through
the equator. However, in the midlatitudes of the Southern
Hemisphere, the observed wave train pattern exhibits evident
differences compared with the ensemble mean response of
model simulations, suggesting the complexity of the cross
hemispheric influence of the TP surface cooling.

In addition to the monthly mean (May) response of the
wave train in terms of geopotential height in the upper level,
the evolution of the wave train from May to June is also
explored. Figure 7 shows the ensemble mean of the 20-day
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Fig.7 Ensemble mean of the

(a) Ensemble mean GHT differences due to TP LST/SUBT effect in day 1-20

a day 1-20 and b day 21-40
averaged evolution of geopoten-
tial height differences (m) due
to the TP LST/SUBT effect
along the pathway of wave train

500
850

100
AR

%

~ah

62.0°E 81.1°E

from Tibetan Plateau to Rocky 2TSh SEscR

Mountain (purple line in Fig. 5)
100

200

133.8°E
38.2°N

(b) Ensemble mean GHT differences due to TP LST/SUBT effect in day 21-40
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averaged vertical-longitude cross section of the geopoten-
tial height responses. The cross section is selected along
the pathway of the TRC wave train, which is marked by
the purple line in Fig. 5. Comparing Figs. 5 and 7a, strong
negative geopotential height anomalies are found above the
whole TP. In its downstream regions, a positive geopotential
height anomaly center in the central North Pacific and a neg-
ative anomaly center in the east North Pacific are also found.
The vertical profiles of the above anomalies all exhibit a
quasi-barotropic vertical structure. The above response pat-
terns are consistent with the observed May geopotential
height anomalies in 2003, though with a weaker magnitude
(Fig. 8a) due to inter-model differences. Note that the cross
section in Fig. 8a is not along the purple line in Fig. 5a, as in
Fig. 7, but averaged over 30—42° N, which is mainly because
the simulated pathway of the TRC wave train has shift in
location compared with the observation.

In the next twenty days, the ensemble mean of the geo-
potential height anomaly still exhibits a horizonal structure
like the TRC wave train but with some evolutions. One evo-
lution is the phase change of the wave train around the Rocky
Mountain with a positive geopotential height anomaly along

Fig.8 Observed 30-day aver-
100

the west coast and a negative anomaly in the downstream.
Along with this, the strength of each action centers of the
TRC wave train also exhibits variations. Around day 1-20,
the action center above the TP is strongest, while during
day 21-40, action centers over mid-east North Pacific and
the western coast of North America are strong, implying a
downstream development. Such wave train pattern is very
similar to the observed geopotential height anomaly in June
(Fig. 8b) as well, which explains why the model ensemble
mean can simulate the observed June precipitation anomaly
along the TRC wave train. The main difference is that the
simulated atmospheric response in model ensemble evolve
faster than the observation. The 20-day averaged TRC
wave train evolution in the model mostly corresponds to
the 30-day averaged evolution in the observation. In Figure
S2, the ensemble mean of 30-day averaged TRC wave train
evolution is also provided for comparison.

Such temporal scale discrepancy of atmospheric plane-
tary waves between simulation and observation on S2S time
scales is not rare as their periods are sensitive to the model
success in reproducing mean state and external forcing (Bru-
net and Vautard 1996). In fact, in the last twenty days of the

(a) Observed May 2003 GHT anomaly

aged geopotential height differ-
ences in 30-42°N from May 1st
to June 29th between year 2003
and the climatology from ERAS
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reanalysis data. The climatol-
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from the geopotential height
200 A 4 . v
500
850 —bh
60°E 96°E 132°E 168°E 204°E 240°E 276°E 312°E
——  ———
=72 -60 -36 -24 -18 =12 -6 6 12 18 24 36 60 72

@ Springer



Near-global summer circulation response to the spring surface temperature anomaly in Tibetan...

simulation, the wave train pattern from the central North
Pacific to the North America is practically unchanged and
closer to the observed pattern in June (results not shown),
but with some phase differences upstream of the TP, which
may explain at least in part the weak signal in the June pre-
cipitation anomaly in northeast Asia. From the evolution of
the cross-section of the geopotential height along the wave
train, we find that in both simulations and observations,
TRC wave train is a vertically barotropic, slowly varying
planetary scale wave train, usually with the phase changing
period longer than one month.

4 Relationship between the TRC wave train
and the T2m, precipitation anomalies

To further explore the TP’s role and the influence of TRC
wave train in S2S predictions, we check the response simu-
lated by each model in May. In doing so, we find the simu-
lated 200 hPa geopotential height differences due to the TP
LST/SUBT effect in five of the LS4P-I models include a
TRC wave train between the TP and North America with
the phase and spatial structure consistent with the observa-
tions. Thus, all these five models produce the same sign of

Fig.9 Ensemble mean of

the response for most parts of the wave train. Similarly, we
also find the five models for which the 200 hPa geopoten-
tial height differences either do not exhibit a wave train like
structure or the wave train is not in the right phase from TP
to the North America with the wave train over the TP and the
Rocky Mountains showing the same phase. Figure 9 illus-
trates these inter-model contrasts by displaying the ensemble
means of the 200 hPa geopotential height differences due to
the TP LST/SUBT effect between the two groups of mod-
els. As shown in Fig. 9a, for the models that can reasonably
simulate a TRC wave train, their ensemble mean shows a
clear zonal wave-train structure consistent with the observa-
tion from TP to the North America (see Figs. 5Sb and 6b).
For the models with a relatively poor wave train simula-
tion (Fig. 9b) compared with the observation of 2003, their
ensemble mean does not show a zonal wave train structure
for most regions from TP to the eastern North Pacific. In the
west of North America, a meridional triple structure emerges
with the sign of geopotential height anomalies almost oppo-
site to the observation.

Similarly, in Figs. 10 and 11 we compare the ensemble
mean of May—June averaged T2m and June precipitation
simulated by the two groups of models, respectively. It is
evident that models with a better simulation of the TRC

(a) May GHT differences of models with simulated TRC wave train closest to 2003 observation

May geopotential height (m)
differences due to the TP LST/
SUBT effect a for the 5 models
with simulated TRC wave train
closest to 2003 observation
and b for the 5 models with
relatively poor TRC wave train
simulation compared with 2003 0°
observation. In panel (a), black
dots denote the areas where all
the five models exhibit the same
sign of response
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Fig. 10 Ensemble mean of

May and June averaged 2 m air
temperature (‘C) differences due
to the TP LST/SUBT effect a
for the 5 models with simu-
lated TRC wave train closest to
2003 observation and b for the
5 models with relatively poor
TRC wave train compared with 0°
2003 observation. Same as in
Fig. 2, black boxes in panels (a)

60°N

30°N

180°

90°W 0°

es of models with poorTRC wave train compared with 2003 observation

;‘:L:_—

and (b) outline the main region 30°8
of TP (29N-37N, 86-98E) and .
Rocky Mountain (32-45N, 110- 60°S
125W) as defined in Xue et al. - 90|°E
(2022), beside which values of .
the box averaged T2m anomaly (b) May~June T2m dn‘fernc
are listed
60°N —
30°N —
0° —
30°S —
60°S T
0° 90°E

90°W 0°

-0.60 -0.50 -0.40 -0.30 -0.20 -0.10 -0.05 0.05 0.10 0.20 0.30 0.40 0.50 0.60

wave train produce a May and June T2m anomaly closer
to the observation, especially in northwest North America
and southern Great Plains in the U.S., while those a poorer
simulation of the wave train do not. This suggests that the
TP surface cooling and the TRC wave train play a critical
role in the T2m simulation in these regions for the case of
2003. However, there are still discrepancies and even T2m
anomalies with opposite sign to the observed in the Indian
peninsula compared with observations. A paper in this spe-
cial issue (Saha et al. 2023) conjectures that the LST/SUBT
effect in the western TP and Iranian Plateau play a domi-
nant role for the Indian monsoon. Figure 11 also shows that
June precipitations in the southern Yangtze River Basin,
northwest North America, Great Plains in the U.S, central
America and northern South America are closer to observa-
tions for models that can better simulate the wave train. In
contrast, models with a relatively poor TRC wave train sim-
ulation compared with observations, greatly under-predict
the precipitation anomalies in the above regions (Fig. 11b),
especially in northwest North America. These results taking
together suggest that the TRC wave train plays a key role in
the influence of TP’s surface and subsurface temperatures
on the hot spot regions, especially for the regions in North
America, though the detailed mechanisms through which the
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TRC wave train affects the precipitation in these different
regions still need further investigations.

5 Wave trains from the TP into the Southern
Hemisphere

In Section 3, we showed that the response to TP’s surface
cooling can extend to the atmospheric circulation in the
Southern Hemisphere. In this section, we further explore this
feature by examining each model’s performance. We first
select the NASA GEOSS as an example and concentrate in
the first two weeks’ response to explore how the TP-induced
wave train propagates into the Southern Hemisphere. The
NASA GEOSS not only simulates a TRC wave train close to
the observation but also exhibits multiple pathways through
which wave trains propagate across hemispheres. The model
response is calculated as the daily difference between the
EXP-CTL and EXP-LST/SUBT simulations, and averaged
every two days to illustrate the pattern evolution.

As shown in Fig. 12, the initial response in the geopoten-
tial height to the cold TP surface in the selected model is
cyclonic anomalous circulation over the TP, followed by a
positive geopotential height anomaly downstream region in
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Fig. 11 Same as Fig. 10 but for

June precipitation differences.

Black boxes indicate the eight 60°N
hot spot regions defined in Xue

et al. (2022), with the box aver-
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the first couple of days (Fig. 12a). In the subsequent two
days, a wave-like structure with positive and negative anom-
alous centers extends from the TP through the northeast Asia
to the Bering Strait (Fig. 12b). In day 5 and 6, geopotential
height anomalies emerge over the west coast of North Amer-
ica. Anomalies are also noted at tropical latitudes and across
the equator into the Southern Hemisphere. At least two path-
ways of wave like response in the atmospheric circulation
emerge: one extending from the TP through Indonesia to
Australia, while the other extending from the TP through
central North Pacific to South Pacific (Fig. 12¢). In day 7 and
8 (Fig. 12d), geopotential height responses acquire a more
global character. The zonal wave-train-like response from
TP to North America further develops equatorward along
the west coast of this continent completing a TRC pattern.
After day 7-8 (Fig. 12e—f), geopotential height responses
are noted in the Southern Hemisphere, especially in the mid-
high latitudes. Besides the two pathways along which the
signal extends from the TP via either Indonesia or central
Pacific to the Southern Hemisphere, the wave trains also
extend along the west coast from North America to South
America.

Therefore, from the initial responses of the 200 hPa geo-
potential height in NASA GEOSS5 simulations, we can find

0.3 -02 -01 0.1 0.2 0.3 0.4 0.5 0.6

that the atmospheric responses to the TP surface cooling
can emerge almost immediately at the beginning 1-2 days
over TP and the neighboring region, and form a TRC wave
train response in a week; furthermore, the influence of TP’s
surface cooling can cross the equator and reach the South-
ern Hemisphere midlatitude in less than two weeks along
multiple pathways with one from TP through Indonesia to
Australia, one from TP through central North Pacific to cen-
tral South Pacific, and one along the west coast from North
America to South America.

Similar to Fig. 12, we have checked each model’s initial
response and find that the initial day-to-day response of the
simulated geopotential height to the TP LST/SUBT effect in
the models exhibits more pattern diversity in the Southern
Hemisphere. Based on the region where a wave-train-struc-
ture response occurs, we can at least define three main wave
train paths into the Southern Hemisphere from the model
response: (1) Tibetan-Indian Ocean/Indonesia-South Ameri-
can wave train; (2) Tibetan-central Pacific-South American
wave train and (3) Tibetan-North American-South Ameri-
can wave train, in which the TRC wave train can further
extend southward along the west coast of America to the
Southern Hemisphere. In Table 1, we list different situa-
tions of each model’s initial two weeks’ response in terms
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Fig. 12 Day-to-day response of the geopotential height to the Tibetan
surface cooling to the TP LST/SUBT effect in NASA-GEOSS5 model.
Blue shadings denote the regions with geopotential height anomalies
less than -0.1 gpm, and yellow shadings denote the regions with geo-
potential height anomalies over 0.1 gpm. Red capital letter A repre-
sents anticlockwise anomalous circulation and blue capital letter C

of the above three wave trains except for the JMA CPS2
model, which does not provide daily data. Large diversi-
ties exist among models for the three pathways from TP
to the Southern Hemisphere. Most models can only detect
one or two types of pathways to the Southern Hemisphere.
For some model, no pathways of wave train to the Southern
Hemisphere can be detected, though there are also response
in the geopotential height there as well. Given the difficulties
in identifying wave propagation across the equator (Li et al.
2019), the detection of the wave train also exists uncertain-
ties. In Table 1, we also roughly list the confidence/uncer-
tainty in identifying the different wave trains, based on the
evidence of each action center (cyclonic and anticyclonic
centers) along the pathway to judge whether there exists
uncertainty. It is evident that there are strong inter-model
discrepancies in simulating the cross-hemispheric propaga-
tion of wave trains. The associated diversities in the model
response in the Southern Hemispheric circulations could be
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represents negative clockwise anomalous circulation (Note that, to
avoid any confusion from the different sign of the Coriolis parameter,
we use clockwise/anticlockwise instead of the conventional cyclonic/
anticyclonic to denote the direction of atmospheric circulations).
Green lines with arrows indicate possible pathways of the wave train

one of the main reasons that the simulated response exhibit
great inconsistency with the observation, though the model
ensembles show strong Southern Hemispheric responses
especially in the mid-high latitudes.

6 Conclusions

This study has investigated the mechanisms of the global
atmospheric response to the TP spring LST/SUBT anoma-
lies in simulations by LS4P-I ESMs. The model ensemble
shows that the simulations with the TP LST/SUBT initializa-
tion procedure described by Xue et al. (2021) can produce
persistent TP cold surface anomaly in May and June, as it
was observed in 2003. The cold TP results in negative geo-
potential height anomalies and cyclonic anomalous circula-
tions in the upper troposphere over the TP. The ensemble
model simulations show that, with the strong westerly jet
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Table 1 Transient wave train response (first two weeks’ response) to
TP LST/SUBT effects in each model

Model Tibetan-Indian Tibetan-Central — Tibetan-North
Ocean-South Pacific Ocean- America-South
America South America
wave train America Wave train

wave train

ACCESS-S2 - - -

AFES-HU - Vv -

CAS-ESM v vV -

FGOALS-f2 vv vV vv

CFS/SSiB2 vv vV v

CMCC-SPS3 - v v

CNRMAMIP Vv Vv -

CNRMCMIP VvV v -

ECMWF v v -

E3SM v v -

GRAPES v - -

IITMCFS vv vV v

JMA CPS2 - - -

KIM HR vv 4% vv

KIM LR v 4% vv

NASAGEOS5 vV v v

V'V : likely to generate a wave train response
v : possible to have wave train response but with large uncertainty

- : no evidence of wave train response observed

across the extratropical Asian-Pacific region, the TP surface
cooling generates a barotropic, persistent (evolving in time
scales longer than a month) TRC wave train from TP through
northeast Asia and Bering Strait to the west part of the North
America, whose features closely resemble the observed geo-
potential height anomaly from May to June in 2003. These
results indicate that the TP spring surface cooling is a first
order factor for the observed spring to early summer circula-
tion anomaly from the TP to the Rocky Mountain in year 2003.

The LS4P-I simulations further show that the TP sur-
face thermal state not only has circumglobal influence in
the Northern Hemisphere, but it also affects the extratropical
atmospheric circulation in the Southern Hemisphere, though
with a large uncertainty due to inter-model variability. The
model ensemble shows that the TP generated TRC wave
train, after reaching the west part of the North America,
extends further across the equator to the west part of South
America. The initial response of LS4P-I model to the TP
LST/SUBT effect also suggests that, in addition to the path
along the western America, the TP surface cooling may also
affect the Southern Hemisphere via other pathways (i.e.,
from TP via Indonesia to Australia, and from TP via cen-
tral North Pacific to South Pacific). Although cross-equator
interactions are observed in the tropics for daily synoptic
flow (e.g., Hoskins et al. 2020; Hoskins and Yang 2021)

and interhemispheric influence of the northern summer
monsoon has been conjectured on the southern subtropical
anticyclones (Lee et al. 2013), the TP’s influence on the
southern mid- and high-latitudes on S2S time scale has not
been clearly pointed out before. Further investigations are
required to narrow down further on the mechanisms at work
for such interhemispheric teleconnections.

It is well known and extensively studied that the TP sur-
face thermal state can significantly influence the weather
and climate in East Asia (e.g. Liu et al. 2020). The LS4P-1
experiment, however, shows that the TP surface anomaly can
result in persistent and global scale anomalies in atmospheric
circulations, and has a near-global influence on the summer
T2m and precipitation on S2S time scale. Furthermore, the
LS4P-I experiment confirms and highlights the important
even critical role of the TRC wave train in the global influ-
ence of the TP surface anomaly. The analysis of 16 state-of-
the-art ESMs shows for the first time that the springtime TP
surface anomaly can modulate a persistent quasi-barotropic
TRC wave train. Most of the hot spots (six of the eight)
of TP’s influence identified in Xue et al. (2022, 2023) are
located along the wave train. The LS4P-I models that produce
a better simulation of the TRC wave produce T2m and June
precipitation anomalies closer to the observation in June. The
models that produce a poorer TRC wave train greatly under-
predict the T2m and precipitation anomalies, especially in the
northwest of North America and the southern Great Plains. In
another study, Qin et al. (2024) using two ESMs participating
in the LS4P-I shows that the S2S prediction skill of the sum-
mer precipitation can be significantly improved if a nudging
technique is applied to the wind fields to better initialize the
TRC wave train. Combined with our study, the importance
of TRC wave train in the S2S prediction using TP surface
anomaly is systematically explored and identified in the first
phase experiment of the LS4P project.

Earlier studies have shown that, in summertime, there
exists a circumglobal teleconnection pattern (CTP) in the
extra-tropics of the Northern Hemisphere along the west-
erly jet. The latent heat with the strong convective monsoon
precipitation is suggested a major driver for the CTP (e.g.
Lau and Peng 1991; Lau and Weng 2002; Lau et al. 2004;
Ding and Wang 2005; Ding et al. 2011). In springtime,
however, there is no strong convective monsoon precipi-
tation in the extra-tropics. Therefore, the TRC wave train
identified in LS4P-I, which is prominent mainly in May and
June, must be driven by different factors thus with differ-
ent dynamical characteristics. The LS4P-I experiment has
shown that the TP surface forcing can generate the TRC
wave train, and the wave train seems further enhanced and
propagate downstream and southward to the Southern Hemi-
sphere when reaching the Rocky Mountain. Even though, it
remains unclear whether the surface forcing from the high
mountains (i.e. TP and Rocky Mountain) is the key driver
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of the TRC wave train behavior and to what extent the high
mountain forcing can affect the formation, evolution, phase
and extension of the wave train. These questions will be fur-
ther explored in the Second Phase experiment of the LS4P
project, in which the separate and the joint influences of
the TP and Rocky Mountain surface forcing on the global
atmospheric circulations will be systematically investigated.

In our study, we show that the TP land surface anomaly,
via the land-atmosphere interaction, can affect the large-
scale atmospheric circulations thus has a global impact on
the air temperature and precipitation on S2S time scales.
We’ve noticed that some recent study also reports that anom-
alous TP sensible heating in summer could trigger hemi-
spherical climate responses as well via longer time air-sea
interactions (Xie et al. 2023). Therefore, the global influence
of the TP thermal state may cover various time scales by
complicated air-land-ocean interactions, the detailed pro-
cesses of which need to be further delineated.

In addition, though our study shows the importance of
the springtime TP surface anomaly for the S2S variability in
some regions over the globe, it is still an open question as to
the cause of the TP surface anomaly. As suggested in Zhang
et al. (2019), the TP surface anomaly in spring is closely
related to the variation in extratropical atmospheric circula-
tions and the snow fall in preceding months. However, it
remains unclear whether such variation in atmospheric cir-
culations is caused by external forcings or mainly the behav-
ior of atmospheric internal variabilities. This question will
be explored in future studies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-024-07210-5.
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