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ABSTRACT: The Tibetan Plateau ’s (TP) topography has long been recognized for its impact on climate. However, recog-
nition of the in � uence of the TP on global weather variability remains insuf� cient. Therefore, this study used numerical
simulations to demonstrate the in� uences of the TP and its mechanical and thermal forcing on global high-frequency tem-
perature variability and eddy kinetic energy (EKE). Despite local in � uences, the TP in� uenced the high-frequency temper-
ature variability in far- � ung regions like North America. In summer, the TP ’s in� uence on high-frequency temperature
variability showed dipole patterns in Eurasia and tripole patterns in North America, which were mainly induced by TP
thermal forcing. In winter, the TP ’s in� uence on high-frequency temperature variability was dominated by mechanical forc-
ing and was less signi� cant for remote regions than in summer. Mechanical forcing dominated EKE in both summer and
winter. Furthermore, the horizontal temperature advection dominated the TP ’s in� uence on high-frequency temperature
variability for both its thermal effect in summer and its mechanical effect in winter, wherein EKE, as the dynamical factor,
determined the horizontal temperature advection rather than the thermodynamical factor, the temperature gradient. Our
� ndings suggest that the TP, via its mechanical and thermal forcing, may have an impact on temperature-related weather
extremes around the world.

SIGNIFICANCE STATEMENT: The Tibetan Plateau (TP), being one of the world ’s largest topographies, has been
demonstrated to in� uence both paleoclimatic evolution and contemporary climate variability. However, the effect of
TP on global weather variability has not been thoroughly studied. Therefore, this study looked into the effect of the TP
on global high-frequency temperature variability. The TP’s overall, mechanical, and thermal effects on high-frequency
temperature variability and EKE were speci � cally demonstrated. To get insights into dynamics, the physical processes
underpinning the TP’s in� uence on high-frequency temperature variability were further clari � ed. This study contributes
to a better understanding of the effects of large-scale topography on global high-frequency temperature variations, as
well as relevant weather extremes.
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1. Introduction

Located in the subtropics of the Eurasian continent, the
Tibetan Plateau (TP) in� uences both local and remote climates
(Queney 1948; Yeh 1950; Manabe and Broccoli 1990; Molnar
et al. 2010; Liu et al. 2020; Huang et al. 2023). The TP can
in� uence the climate through atmospheric circulation, includ-
ing disturbances in westerlies, Rossby waves, and zonal- or
meridional-vertical overturning circulation cells ( Bolin 1950;
Held and Ting 1990; Lin and Wu 2011; Liu et al. 2017; Zhao
et al. 2019; Xie et al. 2023a). These atmospheric circulations
can further interact with the oceans, thus provoking addi-
tional in � uences on the climate through air–sea interactions.
For example, the geologic uplift of the TP topography has
been suggested to facilitate the establishment of the Atlantic

meridional overturning circulation ( Fallah et al. 2016; Su et al.
2018; Yang and Wen 2020). The TP can also in� uence the
air–sea interactions over the Indian, Paci� c, and Atlantic
Oceans (Baldwin et al. 2019; Sun et al. 2019; He et al. 2019;
Z. Wang et al. 2019; Xie et al. 2023b). These air–sea inter-
actions are provoked by TP-induced global-scale heat and
moisture transport and anomalous atmospheric circulations,
as well as local wind–evaporation–sea surface temperature
(SST) and cloud–shortwave radiation–SST feedback (Xie et al.
2023b). The remote in� uence of the TP can even reach the
Arctic and Antarctic ( Wang et al. 2023; Xie et al. 2023c).

Besides climate, studies have demonstrated that the TP can
in� uence extreme weather events. For example, TP snow cover
can in� uence interannual variations in Eurasian heatwaves
through atmospheric teleconnections and local feedback among
high-pressure anomalies, cloud cover, and boundary layers (Wu
et al. 2016). Moreover, high-potential vorticity systems formed
over the TP and traveling downstream can favor extreme pre-
cipitation in China ( Xiang et al. 2013; Li et al. 2020; Li and
Zhang 2023). Through the generation and eastward advection
of potential vorticity, the TP in � uenced the severe precipitation
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event that occurred in January 2008 in southern China (Wu et al.
2020) and contributed to severe � ooding along the Yangtze
River during the summer of 2020 (Ma et al. 2022).

High-frequency temperature variability is intimately associ-
ated with extreme heat or cold occurrences since it is a direct
statistical variable demonstrating the deviation of extreme
temperatures from the climatological mean (Scḧar et al. 2004;
Rahmstorf and Coumou 2011; Schneider et al. 2015). We use
the high-frequency variance of near-surface temperature in
this study to statistically characterize temperature variability.
Recently, Lutsko et al. (2019) investigated the in� uence of
large-scale topography on wintertime high-frequency temper-
ature variability in the Northern Hemisphere. They suggested
that the large-scale topography of the TP reduced the up-
stream temperature gradients, thereby thermodynamically re-
ducing the upstream high-frequency temperature variability.
Meanwhile, the TP topography enhanced the downstream
temperature gradients and, thereby, the downstream high-
frequency temperature variability. Regarding the dynamical
in� uence on high-frequency temperature variability, TP to-
pography can weaken downstream transient eddies by dis-
turbing the recycling of energy from upstream eddies.
Nonetheless,Lutsko et al. (2019) investigated only the winter-
time situation and did not separately analyze the mechanical
and thermal effects of the TP. Therefore, these untouched as-
pects are the focus of this study.

To comprehend the mechanisms behind the climate im-
pacts of the TP, it is necessary to distinguish the TP’s mechan-
ical and thermal effects from its overall effect (Wu 1984; Held
and Ting 1990; Boos and Kuang 2010; Son et al. 2019; Chiang
et al. 2020). The mechanical effect represents the in� uence of
the TP topography on the climate when diabatic heating over
the TP is constant. The thermal effect refers to the isolated in-
� uence of diabatic heating over the TP on the climate. The
mechanical effects mainly involve TP-topography-de� ected
� ows, orographic-forcing-induced Rossby waves, and gravity
wave drag (Bolin 1950; Held and Ting 1990; Lutsko and Held
2016; Son et al. 2019; Xie et al. 2023a). Thermal effects occur
because the TP is a diabatic heating source in summer and
sinks in winter in the subtropics of the Northern Hemisphere
(Yanai et al. 1992; Ping and Longxun 2001; Wu et al. 2007;
Liu et al. 2007).

Case studies have been conducted to explore the impact
of the TP on downstream or surrounding extreme weather
events (Wu et al. 2020; Ma et al. 2022). However, research
examining the TP’s impact on global variability remains insuf-
� cient. This study used climate model simulations to investi-
gate the overall, mechanical, and thermal in� uences of the TP
on global temperature and circulation on a high-frequency
temporal scale. The remainder of this paper is in the following
organization. Section 2 introduces the data and methods, as
well as validates the performance of the Community Earth
System Model (CESM), version 2.1.3 (Danabasoglu et al.
2020), used in this study by comparing the CESM simulations
to observations and through intermodel comparison. Section 3
presents the results as follows:section 3aelaborates on the over-
all, mechanical, and thermal in� uences of the TP on the high-
frequency temperature and circulation variability in boreal

summer and winter. Section 3bspeci� cally explains how adia-
batic horizontal and vertical temperature modi � cation and
diabatic processes contributed to the TP’s in� uence on tem-
perature variability. Section 4 presents the conclusions and
discussion.

2. Data and methods

a. Reanalysis data

The � fth major global reanalysis produced by European
Centre for Medium-Range Weather Forecasts (ECMWF)
(ERA5; Hersbach et al. 2020), Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-2;
Gelaro et al. 2017), and National Centers for Environmental
Prediction (NCEP) and Department of Energy (DOE) AMIP-II
reanalysis (NCEP-2;Kanamitsu et al. 2002) were used in this
study to validate the performance of CESM in simulating
the observed characteristics of the high-frequency tempera-
ture and circulation variability. The variables examined are
the high-frequency variance of near-surface air temperature
(T� 2, T � 5 T 2 T ) and eddy kinetic energy (EKE) at 500 hPa,
where T� denotes the temperature anomaly at each time point
relative to the monthly mean value T (section 2c).

The ERA5, MERRA-2, and NCEP-2 data are 3-hourly,
hourly, and 6-hourly, respectively. The variables employed
were 2-m air temperature and 500-hPa zonal and meridional
wind speeds. The horizontal resolutions of the ERA5 2-m
single-level and pressure-level data are 183 18and 283 28,
respectively. The horizontal resolution of the MERRA-2
data is 0.583 0.6258. The NCEP-2 data are in 2.583 2.58and
T62 Gaussian (1923 94) grids for pressure-level and 2-m
single-level data, respectively. Note that the original resolu-
tions of ERA5 data are hourly in time and 0.25 83 0.258in
horizontal. We chose the 2-m single-level data in a 183 18grid
that were available from the of� cial for better consistency with
the CESM outputs in a 0.9 3 1.25 grid. The 28 3 28 gridded
and 3-hourly, instead of hourly, ERA5 pressure-level data
were used to save storage space. In addition, the models used
to produce the ERA5, MERRA-2, and NCEP-2 data have
137, 72, and 28 vertical levels, respectively.

b. Numerical simulations and models

To separate the overall, mechanical, and thermal effects of
the TP on the high-frequency temperature and circulation
variability, three sets of numerical experiments were designed:
historical simulation as the control (CTRL) run, no TP (noTP)
topography, and with TP topography but no diffusive sensible
heating over the TP (TPnosh) as the two sensitivity runs. In this
way, CTRL 2 noTP, TPnosh 2 noTP, and CTRL 2 TPnosh
differences represent the overall, mechanical, and thermal
effects of the TP, respectively. We conducted the experiments
using CESM, version 2.1.3 (Danabasoglu et al. 2020), which is
provided by the National Center for Atmospheric Research
(NCAR) and the University Corporation for Atmospheric
Research (UCAR). The CESM model has a 0.9 3 1.25� nite
volume grid (192 3 288) and 32 vertical levels for the atmo-
sphere component (Table 1).
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The three experiments with prescribed SSTs and sea ice for
the period of 1979–2014 are detailed as follows: The CTRL
experiment is consistent with the AMIP-historical experiment
of the phase 6 of Coupled Model Intercomparison Project
(CMIP6; Eyring et al. 2016), in which the model forcings are
based on the observed greenhouse gas emissions, land-use
conditions, solar forcing, and other variables from 1979 to
2014. In accordance with the Global Monsoon Model Inter-
comparison Project (GMMIP; Zhou et al. 2016), the noTP
experiment is based on the historical experiment but sets sur-
face elevations to 500 m for the regions of Asian topographies
above 500 m. The TPnosh experiment maintains the same to-
pography as the historical experiment but adjusts diffusive
sensible heat to zero at all the model levels in each time step
of model integration over the same domain as the noTP ex-
periment with modi � ed topographies. Diffusive sensible heat
is modi� ed because it is a major component of total heating
over the topographies (Yanai et al. 1992; Wu et al. 2007).

It should be noted that the ocean was not actively coupled
in the experiments because large topography changes in fully
coupled models will cause radical changes in global oceanic
overturning circulation, which complicates the dynamics we
aimed to investigate by introducing the effects of oceanic
circulation and air–sea interactions. Moreover, topography-
induced changes in the oceanic overturning circulation take at
least several centuries of integration time to reach an equi-
librium state ( Su et al. 2018; Yang et al. 2020, 2024), which

signi� cantly raises the cost of experiments. As a result of
considering both study emphasis and experiment expense,
atmosphere-only (land–atmosphere coupling is active) experi-
ments were used. Nonetheless, more research into oceanic
circulation and air–sea interactions is warranted. Further-
more, because land–atmosphere interactions are active and
the diffusive sensible heat was changed in each model time
step of the TPnosh experiment, all atmosphere and land feed-
backs that regulate total diabatic heating of the atmosphere
were fully active (Laguë et al. 2019; Xie et al. 2023b). The co-
des used to run the CESM experiments are available to the
public via the link provided in the data availability statement.

In all three experiments, monthly mean outputs were ar-
chived throughout the 1979–2014 period, while 3-hourly out-
puts were only retained for the 15 years from 2000 to 2014.
The 3-hourly outputs were used to calculate high-frequency
temperature variability and EKE. Only 15-yr and 3-hourly, in-
stead of hourly, outputs were used to minimize storage capac-
ity. The monthly outputs were used to obtain the mean
temperature gradient and other basic climate variables. The
GMMIP also provides the monthly outputs of the three ex-
periments we performed, but only outputs from two models,
FGOALS-f3-L ( He et al. 2020) and FIO-ESM-2-0 ( Bao et al.
2020), are available (Table 1).

When the climatology of high-frequency temperature variance
and EKE in the CESM control run was compared to that of
the ERA5, MERRA-2, and NCEP-2 data ( Figs. A1 and A2),

TABLE 1. Information on models and experimental designs.

Models

Name Resolution Institute

CESM (2.1.3) Of� cial tag: f09_f09_mg17 NCAR and UCAR/
United StatesAtmos: CAM6, 0.9 3 1.25 � nite volume grid; 192 3 288 lat/lon; 32 vertical levels

FGOALS-f3-L Atmos: FAMIL2.2, c96 � nite volume grid; 180 3 360 lat/lon; 32 vertical levels IAP-LASG/China
FIO-ESM-2-0 Atmos: CAM4, 0.9 3 1.25 � nite volume grid; 192 3 288 lat/lon; 26 vertical levels FIO/China

CESM experiments

Name Experimental design Integration time Model

CTRL The historical run commences from 1 Jan 1850, with
the external forcing de� ned by the observed values.

1979–2014 (3-hourly
outputs for 2000–14)

CESM (2.1.3)

noTP The topography is modi� ed by setting surface
elevations to 500 m for the Asian topographies
above 500 m.

TPnosh Modi� ed from CTRL by directly setting diffusive
sensible heat at all the model levels over the
regions with modi� ed topographies in the noTP
experiment to zero.

GMMIP experiments

Name Experimental design Integration time Model

CTRL Same as CESM experiments except for integration time. 1870–2014 FGOALS-f3-L
noTP Same as CESM experiments. 1979–2014 FIO-ESM-2-0
TPnosh Same as CESM experiments but different in coding

with FGOALS-f3-L, which sets the vertical
temperature diffusion term to zero in the
atmospheric thermodynamic equation at the
bottom boundary layer.
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it was discovered that CESM performed well in mimicking the
observed characteristics of variability. The spatial patterns of
high-frequency temperature variance in the CESM control
run match those found in the reanalysis data (Fig. A1). Fur-
thermore, the simulated EKE from CESM and those ob-
served exhibit a consistent spatial pattern (Fig. A2), with the
NCEP-2 showing a weaker magnitude of EKE along storm
tracks than the ERA5 and MERRA-2 data, as well as the
CESM control run. Detailed comparisons of CESM simula-
tions and observations can be found inappendix A. Although
the spatial resolutions of pressure-level data are closer be-
tween ERA5 and NCEP-2, the spatial features of EKE are
closer between ERA5 and MERRA-2 rather than NCEP-2.
ERA5 and MERRA-2 also have different temporal resolu-
tions but still show great consistency. Therefore, the results
are not sensitive to spatial and temporal resolutions (not
susceptible to employing outputs of 3 hourly or hourly, in a
183 18grid or � ner grids). The consistency among the results
from the two GMMIP models and CESM was further exam-
ined to verify the performance of CESM in simulating the
overall, mechanical, and thermal effects of the TP on basic cli-
mate variables. The CESM and GMMIP simulations agreed
well on the three effects of the TP on temperature and geopo-
tential height ( Fig. A3). In conclusion, the great skill of CESM
in reproducing both observed high-frequency temperature
and circulation variability and the three effects of the TP on
basic climate variables demonstrates the dependability of the
CESM simulations for further investigation.

c. High-frequency temperature and circulation variability

The high-frequency variance of the near-surface air tem-
perature (T) and EKE at 500 hPa was used to quantify the
high-frequency temperature and circulation variability. The
high-frequency variance was calculated from 3-hourly data as
follows: The monthly variance of near-surface air temperature
[i.e., T � 2, Eq. (1)] was calculated from 3-hourly data; the monthly
variance was averaged over boreal summer [June–August (JJA)]
and winter [December–February (DJF)] in each year; the
climatological average was calculated over the 15-yr period
from 2000 to 2014. Similarly, the EKE was obtained by calcu-
lating the high-frequency variance of the wind velocity in the
zonal and meridional directions, i.e., u and y [Eq. (2)] and
then taking their seasonal and climatological average.

T� 2 5
1
n

�
n

i5 1
(Ti 2 T )2, (1)

EKE �
1
2

1
n

�
n

i� 1
(ui 2 u)2 +

1
n

�
n

i� 1
(yi 2 y)2

� �

(2)

where T , u, and y indicate the monthly means. The numbern
indicates the number of samples in each month (8 times per
day multiplied by the days of the month).

d. Physical processes underlying high-frequency
temperature variability

The terrain-following model-level tendency equation of high-
frequency temperature variability, i.e., Eq. (4), was derived to

T

FIG . 1. Differences in the high-frequency variance of near-surface air temperature [T � 2; Eq. (1)] in JJA based
on CESM (version 2.1.3) for 2000–14, determined using simulations (a) CTRL 2 noTP, (b) TPnosh 2 noTP, and
(c) CTRL 2 TPnosh, which represent the overall, mechanical, and thermal effects of the TP, respectively. The dots
indicate statistical signi� cance at the 95% con� dence level. The black contour indicates 1.5 km of elevation.
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