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ABSTRACT

To advance our knowledge of the response of midlatitude westerlies to various external forcings, we
investigate the meridional shift of midlatitude westerlies over arid central Asia (ACA) during the past 21 000
years, which experienced more varied forcings than the present day based on a set of transient simulations.
Our results suggest that the evolution of midlatitude westerlies over ACA and driving factors vary with time
and across seasons. In spring, the location of midlatitude westerlies over ACA oscillates largely during the last
deglaciation, driven by meltwater fluxes and continental ice sheets, and then shows a long-term equatorward
shift during the Holocene controlled by orbital insolation. In summer, orbital insolation dominates the me-
ridional shift of midlatitude westerlies, with poleward and equatorward migration during the last deglaciation
and the Holocene, respectively. From a thermodynamic perspective, variations in zonal winds are linked with
the meridional temperature gradient based on the thermal wind relationship. From a dynamic perspective,
variations in midlatitude westerlies are mainly induced by anomalous sea surface temperatures over the
Indian Ocean through the Matsuno-Gill response and over the North Atlantic Ocean by the propagation of
Rossby waves, or both, but their relative importance varies across forcings. Additionally, the modeled me-
ridional shift of midlatitude westerlies is broadly consistent with geological evidence, although model-data
discrepancies still exist. Overall, our study provides a possible scenario for a meridional shift of midlatitude
westerlies over ACA in response to various external forcings during the past 21 000 years and highlights
important roles of both the Indian Ocean and the North Atlantic Ocean in regulating Asian westerlies, which
may shed light on the behavior of westerlies in the future.
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1. Introduction

Arid central Asia (ACA) (25°-55°N, 50°-80°E) is one
of the largest arid regions in the world. Water resources,
biodiversity, and the livelihoods of people in such arid
regions are highly influenced by precipitation variations
(Huang et al. 2017, 2015; Wei et al. 2019). The spatio-
temporal variation in precipitation over ACA is largely
regulated by the midlatitude westerlies (Chen et al.
2019; Huang et al. 2013), which influence the water va-
por transported into ACA from upstream (e.g., the
North Atlantic Ocean) and the Indian Ocean (Chen
etal. 2018; Mason and Goddard 2001). Previous studies
suggested that a poleward shift of the midlatitude
westerlies over ACA leads to reduced precipitation over
the majority of ACA by inducing anomalous descending
motion and vice versa for the equatorward shift (Zhao
et al. 2018). Under the background of global warming,
the midlatitude westerlies over ACA have moved
equatorward since the 1970s and are projected to shift
more equatorward in the twenty-first century, which
generally leads to enhanced precipitation (Zhao et al.
2018). However, future projections from the present day
only take the increased greenhouse gases and aerosol
changes into consideration, neglecting several other
potential forcings. At a longer time scale, warming in-
duced by increased greenhouse gases will cause the
melting of ice sheets, increasing the meltwater fluxes and
altering the Atlantic overturning circulation, thereby
indicating the nonnegligible role of ice sheets and
meltwater fluxes in regulating the global climate
(Golledge et al. 2019). Moreover, the increased (de-
creased) summer insolation corresponding to the warm-
ing (cooling) of the Northern Hemisphere indicates that
orbital insolation is also an important factor in driving
global climate change on the millennial time scale. To
advance our knowledge on the response of the midlati-
tude westerlies over ACA to various external forcings
and to improve our understanding of their future evolu-
tion, we should look back into Earth’s history to explore
the behavior of the midlatitude westerlies over ACA in
the past.

The climate evolution during the past 21 000 years (21
ka) was primarily forced by varying orbital insolation,
greenhouse gases, meltwater fluxes, and continental ice
sheets. This period provides an opportunity to examine
how the midlatitude westerlies may respond to more
varied external forcings than those of the present day
and to place the westerlies’ current behavior in a long-
term paleoclimate context (He 2011; He et al. 2013). The
midlatitude westerlies over ACA have exhibited re-
markable changes during the past 21 ka. An et al. (2012)
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indicated that the westerlies strengthened during the
Heinrich Stadial 1 (HS1; ~17 ka) and the Younger
Dryas (YD; ~12 ka) and weakened during the Bglling-
Allergd interstadial period (BA; ~14.5 ka) based on
sediments from Qinghai Lake. This finding is confirmed
by the loess sequence from Tacheng and Yumin (Li et al.
2019), although the timings of their peaks differ. Moreover,
Jia et al. (2018) deduced that the westerlies were the
weakest during the last deglaciation and the early Holocene
(16-6 ka), strongest during the mid-Holocene (6-3.1 ka),
and moderate during the late Holocene (3.1-0 ka) ac-
cording to moisture proxies. Geological evidence helps us
better understand the past change in the midlatitude
westerlies, but the possible mechanisms behind the recon-
structions remain elusive.

Numerical simulation is suggested to be an efficient
tool in revealing the response of climate to various external
forcings and associated dynamic mechanisms. Based on
phase 3 of the Paleoclimate Modeling Intercomparison
Project, Wang et al. (2018) indicated that the annual
westerly jet over the Northern Hemisphere at 200 hPa
experienced a poleward shift during the Last Glacial
Maximum (LGM; ~21 ka) due to the equatorward relative
decreased meridional temperature gradient. Bromwich
et al. (2004) suggested that the winter westerlies at 500 hPa
over North America were split into northern and southern
branches by the large ice sheets (e.g., the Laurentide ice
sheets) during the LGM. Toggweiler et al. (2006) pointed
out that during the past 12 ka, the westerlies shifted pole-
ward (equatorward) due to tropospheric warming (cooling)
with higher (lower) CO,. In addition, Kong et al. (2017)
concluded that the increased insolation in summer over the
Northern Hemisphere could cause the poleward relative
increased meridional temperature gradient and transient
eddies and hence poleward-shifted westerlies.

Although these modeling studies proposed potential
mechanisms for the meridional shift of the westerlies in
past climates and highlighted important roles of the ice
sheets, greenhouse gases, and orbital insolation in reg-
ulating the midlatitude westerlies, several issues are still
worthy of further investigation. Notably, precipitation
over ACA is concentrated in spring in its southwest part
and in summer in its northeast part (Chen et al. 2011).
However, previous studies have mainly focused on the
Northern Hemisphere westerlies in summer. Variations
in the midlatitude westerlies over ACA and their sea-
sonal differences during the past 21 ka remain unknown.
Furthermore, the respective impacts of various external
forcings (i.e., orbital insolation, greenhouse gases, melt-
water fluxes, and continental ice sheets) on the meridio-
nal shift of the midlatitude westerlies have not been
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systematically evaluated in existing modeling studies.
Additionally, from the dynamic perspective, the midlat-
itude westerlies over ACA in the modern climate are
generally considered to be regulated by anomalous sea
surface temperatures (SSTs) in the North Atlantic (Chen
et al. 2008; Mason and Goddard 2001), but several studies
have highlighted the important role of the Indian Ocean
(Chen et al. 2018; Zhao et al. 2018). Thus, it is meaningful
to explore the relative importance of the North Atlantic
Ocean and the Indian Ocean in altering the behavior of
the midlatitude westerlies over ACA during the past 21 ka.
Here, using a simulation of Transient Climate Evolution
over the past 21000 years (TraCE-21ka), we attempt to
address the following three questions: 1) How did the
midlatitude westerlies over ACA vary during the past 21
ka in different seasons? 2) What are the dominant driving
factors for the meridional shift of the midlatitude west-
erlies? 3) What is the relative importance of the North
Atlantic and Indian Oceans in forming the anomalous at-
mospheric circulation over ACA and thereby the variation
in the midlatitude westerlies? Answering these questions
may advance our knowledge of the response of the mid-
latitude westerlies over ACA to different external factors
and shed light on their behavior in the present and future.

The remainder of this paper is organized as follows. In
section 2, we present the data and methods utilized in
this study and evaluate the performance of TraCE-21ka
in reproducing the observed zonal winds over ACA in
spring and summer. The meridional shift of the midlat-
itude westerlies over ACA in spring and summer during
the past 21 ka and the associated mechanisms are shown
in sections 3 and 4, respectively. We provide some dis-
cussion in section 5 and summarize the main conclusions
in section 6.

2. Data and methods
a. The TraCE-21ka simulations

TraCE-21ka are coupled atmosphere—ocean general
circulation model simulations performed by the Community
Climate System Model version 3 (CCSM3), which are
forced by realistic external forcings, including orbital inso-
lation (ORB), greenhouse gases (CO,), meltwater fluxes
(MWF), and continental ice sheets (ICE) (Fig. 1). In addi-
tion to all forcing experiments (TraCE-All), there are four
sensitivity experiments driven only by the variation in the
ORB (TraCE-ORB), CO, (TraCE-CO,), MWF (TraCE-
MWF), and ICE (TraCE-ICE) (Liu et al. 2009). All the
simulations are conducted with T31_gx3v5 resolution, cor-
responding to a horizontal resolution of the atmosphere of
3.75° X 3.75° (Yeager et al. 2006). In the ocean model, the
longitudinal resolution is 3.6°, and the latitudinal resolution
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FI1G. 1. Evolution of external forcings used in TraCE simulations
during the past 22 ka. (a) Orbital insolation at 45°N in spring (red
line) and summer (purple line) (units: Wm™2). (b) Atmospheric
greenhouse gas concentration (units: ppm). (c) Meltwater fluxes in
the Northern Hemisphere (units: meters of global sea level rise per
1000 years). (d) Ice volume of North America (brown line) and
Europe (light purple line) (units: X107 km?>).

is variable, with finer resolution near the equator (~0.9°).
More details about the model and experimental design can
be found in He (2011). The TraCE-21ka simulations cap-
tured the main features of the reconstructed global climate
during the past 21 ka, such as the Atlantic meridional
overturning circulation (Zhu et al. 2014a,b), the East Asian
summer and winter monsoons (Wen et al. 2016), and EIl
Nifio (Liu et al. 2014).

b. Methods

In this study, we define the meridional shift of the
midlatitude westerlies over ACA as the difference in the
mean zonal speed between the domains 40°-55°N, 50°-
80°E and 25°-40°N, 50°-80°E, which is widely used in
previous studies (e.g., Lu 2004; Zhao et al. 2018). The
northern branch is defined as zonal winds within the
domain 40°-55°N, 50°-80°E, and the southern branch is
within the domain 25°-40°N, 50°-80°E. Although the
simulated dipole pattern shows some biases (e.g., locates
more southward in summer) compared with observa-
tions (discussed in section 2c), the definition of the do-
mains used here has limited influence on our results (see
Fig. S1 in the online supplemental material).

We use a simple composite technique to reveal the
response of the meridional shift of the midlatitude
westerlies over ACA to several external forcings. This is
achieved by computing the differences in a certain var-
iable between high and low external periods or before
and after a sharp change in external forcings. The
composite analysis provides information about both the
spatial distribution and the amplitude of the anomaly,
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which is widely used in previous studies (e.g., Ding and
Wang 2005; Li et al. 2015; Shi and Yan 2019). In addi-
tion, we use Student’s ¢ test to assess the statistical sig-
nificance of the composite results (Wilks 1995).

Over ACA, the meridional shift of the midlatitude
westerlies is controlled by the anomalous anticyclone/
cyclone (Zhao et al. 2018). The formation of the
anomalous local anticyclone/cyclone can be understood
by the investigation of the horizontal propagation of
extratropical Rossby waves and the Matsuno-Gill-type
response to tropical diabatic heating. An anticyclone/
cyclone with a barotropic structure tends to be in-
duced by the horizontal propagation of extratropical
Rossby waves (Ambrizzi et al. 1995). The wave ac-
tivity flux (W), indicating the horizontal propagation
direction of Rossby waves (Takaya and Nakamura
2001), is defined as

1| T =) + o, — )

W = )
2001 a(y, — w'iy,) + o7 — ')

1)

where u and v are the zonal and meridional wind ve-
locities, respectively, and ¢ is the streamfunction. The
overbars and primes denote the climatological states
and perturbations, respectively. In this study, we use the
long-term mean of the past 21 ka as the climatological
state and the anomalies relative to the climatological
state during specific periods as the perturbations.

In addition, an anticyclone/cyclone with a baroclinic
structure is generally a result of a Matsuno-Gill-type
response: forced by tropical diabatic warming (cooling),
atmospheric circulation anomalies show an anomalous
cyclone (anticyclone) at the lower level and an anoma-
lous anticyclone (cyclone) at the upper level on the
northwestern flank of the heating. In the tropics, the
anomalous condensational heating induced by anoma-
lous precipitation contributes largely to anomalous di-
abatic heating. Increased precipitation is accompanied
by anomalous convergence in the lower level and di-
vergence in the upper level (Gill 1980; Matsuno 1966).
The divergent wind components are calculated as

V=V, +V, ©)
vV =-Vx. 3)

where V is the velocity vector, V,, is the rotational wind,
V, is the divergent wind, and y is the velocity potential.

Additionally, we use stepwise multiple linear regres-
sion (SMLR) to estimate the contribution of different
forcings to the meridional shift of the midlatitude
westerlies during the last deglaciation (22-11.7 ka) and
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the Holocene (11.7 ka-1950 AD). The SMLR, which is
widely used in previous studies (e.g., Benestad 2005;
Christie et al. 2005), is a statistical method of regressing
multiple variables, simultaneously removing the weak-
est correlated variables to obtain the linear relationship
that explains the distribution best.

c¢. Evaluation of the CCSM3 in simulating the current
midlatitude westerlies

The TraCE-All simulation performs well in repro-
ducing the climatological zonal wind at 200 hPa and its
leading mode from 1961 to 1990 over ACA (25°-55°N,
50°-80°E) (Fig. 2). Specifically, the spatial correlation of
200-hPa zonal winds between the TraCE-All and the
reanalysis from the National Centers for Environmental
Prediction and National Center for Atmospheric Research
(NCEP-NCAR) from 1960 to 1990 is 0.99 both in spring
and summer, respectively, although the wind speed is
overestimated. Moreover, based on the empirical orthog-
onal function (EOF) analysis from the NCEP-NCAR re-
analysis, the meridional shift (i.e., dipole pattern) is the
dominant mode of the zonal wind variations at 200 hPa in
spring and summer (Hong et al. 2018; Lu et al. 2011; Yang
et al. 2002), which is well captured in the TraCE-All.

3. Meridional shift of the midlatitude westerlies in
spring

The location of the midlatitude westerlies over ACA
in spring exhibits large oscillations during the last de-
glaciation, whereas it shows a long-term equatorward
trend during the Holocene (Fig. 3a). The midlatitude
westerlies move equatorward during the Heinrich Stadial
1 (HS1; ~17 ka) after the LGM (~21 ka). This is followed
by a sudden poleward shift during the Bglling-Allergd
(BA; ~14.5 ka) before roughly dropping to the HS1 state
during the Younger Dryas (YD; 12.9-11.7 ka). Based on
the regression results, such variations are largely attrib-
uted to changes in the meltwater fluxes and the conti-
nental ice sheets (Figs. 3d—f). Notably, the effect of orbital
insolation during the last deglaciation broadly offsets the
roles of meltwater fluxes and continental ice sheets
(Figs. 3b,d-f). During the early Holocene, the midlatitude
westerlies fluctuate near the state of the end of the YD
and gradually migrate equatorward during the mid- and
late Holocene. This can be attributed to the dominant
role of orbital insolation, with limited contributions from
the other external forcings (Figs. 3b,f).

Next, we investigate the thermodynamic and dynamic
mechanisms responsible for the meridional shift of the
midlatitude westerlies in response to individual forcings.

In the MWF experiment, when the meltwater dis-
charge into the North Atlantic weakens during the
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NCEP-NCAR resolution at 2.5° X 2.5° by bilinear interpolation. The black dots in (a)-(d) denote the jet axis of the midlatitude westerlies

over ACA (i.e., the location of the longitudinal maximum wind speed).

transition from HS1 to BA (Fig. 1), the westerly winds
reduce over the entire ACA, with a more profound re-
duction in the south (Figs. 4a,b). This results in a pole-
ward shift of the midlatitude westerlies. Based on the
thermal wind relationship, such variations in zonal
winds are linked with the decreased meridional tem-
perature gradient (MTG) at 200-500 hPa in the south
(Rojas et al. 2009; Wilcox et al. 2012) (Fig. 4b). Moreover,
from the dynamic perspective, variations in zonal wind
are attributed to changes in the local atmospheric circu-
lation over ACA. Specifically, the anomalous anticyclone
over the Arabian Peninsula and the anomalous cyclone
over India are associated with the enhanced and reduced
geopotential heights, respectively (Fig. 4c), leading to a
remarkable reduction in the westerlies over southern
ACA and thereby the poleward migration of the west-
erlies. Moreover, the formation of the anomalous anti-
cyclone and cyclone over ACA is linked with the
horizontal propagation of Rossby waves and tropical dia-
batic heating anomalies. According to the wave-activity
flux, Rossby waves partly originating from western Europe
propagate toward the Arabian Peninsula and farther
eastward to India (Fig. 4c). However, the anomalous an-
ticyclone over the Arabian Peninsula and the anomalous

cyclone over India seem not to be equivalent barotropic, as
there are an anomalous cyclone and anticyclone at the
lower level over the Arabian Peninsula and India, re-
spectively (Fig. S2c). This indicates an additional role of
tropical diabatic heating in the formation of the two
anomalous centers. The anomalous cyclone over India is
connected to the reduced precipitation over the Bay of
Bengal accompanied by anomalous upper-level conver-
gence, which may result from the decrease in local SST
(Figs. 4d,e). The reduction in precipitation leads to de-
creased diabatic heating and hence an anomalous cyclone
in its northwest direction at the upper level (i.e., Matsuno—
Gill-type response). In contrast, there is an equatorward
shift of the midlatitude westerlies over ACA during the
transition from the BA to the YD, when the meltwater
fluxes increase and the Atlantic meridional overturning
circulation (AMOC) weakens (Fig. S3).

In the ICE experiment, the anomaly of westerly winds
exhibits a dipole pattern during the transition from
larger ice sheets to smaller ice sheets (Fig. 1), with re-
duced zonal wind over south of 40°N and intensi-
fied wind over the north (Figs. 5a,b). This indicates a
poleward migration of the westerlies over ACA in re-
sponse to the lowering of the midlatitude ice sheets. This
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matches well with the increased and decreased MTG at
200-850 hPa over northern and southern ACA, respec-
tively (Fig. 5b). From the dynamic perspective, varia-
tions in zonal wind are tied to an anomalous anticyclone
(high geopotential height center) over northeastern
ACA and the Arabian Peninsula (Fig. 5¢). The wave-
activity flux indicates that Rossby waves mainly origi-
nating from western Europe propagate eastward and
branch around the Mediterranean Sea. One branch

moves southward to the Arabian Peninsula, favoring the
formation of the anomalous anticyclone there. The
other branch goes eastward to Siberia. This contributes
largely to the establishment of the anomalous anticy-
clone over northeastern ACA. The circulation anomalies
show a baroclinic structure over the Arabian Peninsula
with an anomalous cyclone in the lower level (Fig. S2d)
and an anomalous anticyclone in the upper level (Fig. 5¢).
Therefore, the anomalous anticyclone is also related to
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the diabatic heating induced by the increased precipita-
tion over the Indian Ocean resulting from the increased
SST, accompanied by the anomalous upper-level diver-
gence (Figs. 5d,e). In contrast, in response to further
lowering of ice sheets (high-latitude components of the
Laurentide ice sheets), the midlatitude westerlies over
ACA migrate equatorward, which is attributed to the fine
tuning of the location of anomalous cyclones/anticyclones
over ACA (Fig. S4). At a larger scale, the midlatitude
westerlies over the Northern Hemisphere still move
poleward in response to the lowering of the continental
ice sheets.

For the CO, experiments, the regulation of green-
house gases on the midlatitude westerlies is relatively
weak compared with the meltwater fluxes and conti-
nental ice sheets. Therefore, we depict the mechanism
briefly. There is an equatorward shift of midlatitude
westerlies over ACA arising from the rising CO,, which
is attributed to the increased MTG at 200-500 hPa in the
south (Fig. 6b). In addition, variations in the westerly
winds are associated with the anomalous anticyclone
over the Arabian Peninsula and the anomalous cyclone
over Xinjiang, which are formed partly by the horizontal
propagation of Rossby waves from the dynamic per-
spective (Fig. 6¢). Moreover, the anomalous baroclinic
anticyclone over the Arabian Peninsula is also influ-
enced by the Matsuno-Gill-type response to the tropical
diabatic heating anomalies, which is induced by in-
creased precipitation over the Arabian Sea accompa-
nied by anomalous upper-level divergence (Fig. 6d). The
increased precipitation is caused by the warming of the
local SST (Fig. 6e).

For the ORB experiment, the anomaly of westerly
winds exhibits a dipole pattern in response to lower in-
solation from the deglaciation to the mid-Holocene
(Fig. 1), with zonal winds intensified south of 35°N and
slightly weakened over the north, causing an equator-
ward movement of the midlatitude westerlies over ACA
(Figs. 7a,b). The intensified and weakened zonal wind
over southern and northern ACA, respectively, is gen-
erally tied to the increased MTG in the south at 200-
500hPa (Fig. 7b). This wind pattern is connected with
anomalous cyclones (low geopotential height center)
over Siberia and the Tibetan Plateau (Figs. 7a,b). The
wave-activity flux shown in Fig. 7c suggests that Rossby
waves propagate eastward from the North Atlantic to
the Mediterranean Sea and then go northeastward to
Siberia, indicating the role of the propagation of Rossby
waves in maintaining the anomalous cyclone with baro-
tropic structure over Siberia (Fig. 7c, Fig. S2a). Moreover,
as deduced from the baroclinic structure of the circulation
anomalies over the Tibetan Plateau (Fig. 7c, Fig. S2a),
the diabatic cooling induced by reduced precipitation
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corresponding to the slight SST cooling over the Bay of
Bengal and Southeast Asia contributed to the formation
of the anomalous cyclone over the Tibetan Plateau
(Figs. 7d,e).

In summary, the poleward (equatorward) shift of the
midlatitude westerlies in spring over ACA during the
BA (YD) is dominated by the reduced (increased)
meltwater fluxes and changes in ice sheet topography by
modulating the propagation of Rossby waves. The rising
CO, contributes negatively to the poleward (equator-
ward) shift during the BA (YD), whereas the variation
in orbitally induced insolation shows limited influence
on the large amplitude shift. In contrast, the decreasing
insolation dominates the equatorward migration of the
midlatitude westerlies during the Holocene.

4. Meridional shift of the midlatitude westerlies in
summer

The midlatitude westerlies over ACA are located more
equatorward during the LGM, followed by a poleward
shift during the last deglaciation, and then migration
equatorward during the Holocene (Fig. 8a). In contrast to
spring, orbital insolation dominates the overall trend dur-
ing the past 21 ka in summer (Figs. 8a,b). Based on the
regression results, in addition to the orbital insolation
forcing, the continental ice sheets also contribute to the
poleward shift of the westerlies during the last deglacia-
tion, and the meltwater fluxes and greenhouse gases have a
small offsetting and cooperative impact on the equator-
ward shift during the Holocene, respectively (Figs. 8c—f). In
the following paragraphs, we analyze the thermodynamic
and dynamic mechanisms of such variations.

In the ORB experiment, when the orbital insolation
increases significantly during the early Holocene rela-
tive to the LGM (Fig. 1), the anomaly of westerly winds
exhibits a dipole pattern, with reduced zonal winds
south of the 50°N band and intensified winds in the re-
maining region of ACA (Figs. 9a,b). This indicates a
poleward shift of the midlatitude westerlies, which is
tied to the decrease in the MTG at 200-500 hPa based on
the thermal wind relationship from the thermodynamic
perspective (Fig. 9b). Moreover, variations in zonal
winds are also associated with the anomalous anticy-
clone (high geopotential height center) over West Asia
from the dynamic perspective. The wave-activity flux
shows that Rossby waves originating from western
Europe propagate southeastward to ACA (Fig. 9c). This
contributes largely to the formation of the anomalous
anticyclone over West Asia. However, the circulation
anomalies show baroclinic structure over West Asia
(Fig. 9c, Fig. S2¢). This suggests that the diabatic heating
induced by the significantly increased precipitation over
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the Sahel and the southern Arabian Peninsula, which is
accompanied by anomalous upper-level divergence, also
contributes to the anomalous anticyclone over West
Asia (Figs. 9¢,d). In addition, anomalous diabatic heat-
ing over the Tibetan Plateau with an anomalous anti-
cyclone and cyclone in the upper and lower levels
suggests that diabatic heating over the Tibetan Plateau
may also contribute to changes in midlatitude westerlies
over ACA (Fig. S6) (Duan et al. 2008; Hsu and Liu
2003). In contrast, the midlatitude westerlies over ACA
move equatorward when orbital insolation decreases
during the transition from the late Holocene to the early
Holocene (Fig. S7).

For the ICE experiment, the anomaly of westerly
winds shows a dipole pattern arising from changes in the
larger ice sheets to smaller ice sheets (Fig. 1) with in-
tensified westerly winds appearing north of the 40°N
band and weakened winds over the remaining part of
ACA (Figs. 10a,b). This results in a poleward shift of the
midlatitude westerlies over ACA in response to the
lowering of the ice sheets. From the thermodynamic
perspective, variations in zonal winds are associated
with the increased and decreased MTG at 200-850 hPa
over northern and southern ACA, respectively (Fig. 10b).
Additionally, this wind pattern is connected with the
anomalous cyclone (low geopotential height center) over
eastern Europe and the anomalous anticyclone (high
geopotential height center) over southern ACA from
the dynamic perspective (Fig. 10c). As shown by the
wave-activity flux, Rossby waves originating from the
Mediterranean Sea and Finland converge over eastern
Europe and then branch. One branch propagates east-
ward to Siberia. The other branch moves southeastward
to ACA. Therefore, the anomalous cyclone with equiv-
alent barotropic structure over eastern Europe is main-
tained by the activity of Rossby waves (Fig. 10c, Fig. S2h).
Considering that the circulation anomalies over ACA
show a baroclinic structure (Fig. 10c, Fig. S2h) in addition
to the activity of Rossby waves, the anomalous anticy-
clone over ACA is also caused by the diabatic heating of
the increased precipitation over India corresponding to
the anomalous upper-level divergence (Fig. 10d), which is
partly attributed to the warming of the SST in the Indian
Ocean (Fig. 10e).

Compared with orbital insolation and continental ice
sheets, the impacts of greenhouse gases and meltwater
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fluxes on the midlatitude westerlies are relatively weaker.
The brief dynamic mechanism is described as follows. In
the CO, experiment, the rising CO, leads to a poleward
shift of the midlatitude westerlies over ACA (Figs. 11a,b).
Such wind variations share similarity with the MTG at
200-500 hPa over ACA based on the thermal wind
relationship (Fig. 11b). Moreover, the wind patterns are
also regulated by the anomalous cyclone over northeastern
ACA and the anomalous anticyclone over southwestern
ACA extending from the Arabian Peninsula, which are
the results of Rossby wave propagation (Fig. 11c). In ad-
dition, the circulation anomalies show a baroclinic struc-
ture over the Arabian Peninsula to southwestern ACA
(Fig. 11c, Fig. S2f). Therefore, diabatic heating induced by
increased precipitation due to the SST warming over the
Indian Ocean is also involved in maintaining this anoma-
lous center (Figs. 11d,e). Besides, diabatic heating over the
Tibetan Plateau may also contribute to variations in the
midlatitude westerlies over ACA, for anomalous diabatic
heating over the Tibetan Plateau is accompanied with
anomalous baroclinic structure (Fig. S6) (Duan et al. 2008;
Hsu and Liu 2003).

In response to a weaker meltwater discharge during
BA relative to HS1 (Fig. 1), the midlatitude westerlies
over ACA move poleward (Figs. 12a,b). Zonal wind
variations can be attributed to changes in the MTG at
200-850hPa over ACA based on the thermal wind re-
lationship from the thermodynamic perspective (Fig. 12b).
In addition, these variations are dominated by the anom-
alous cyclone over West China and the anomalous anti-
cyclone over the Arabian Peninsula from the dynamic
perspective, linked with the horizontal propagation of
Rossby waves (Fig. 12¢). Moreover, the circulation
anomalies exhibit a baroclinic structure over the Arabian
Peninsula and West China (Fig. 12c, Fig. S2g). Therefore,
the diabatic heating induced by increased precipitation
owing to the SST warming in the Indian Ocean contrib-
utes substantially to the anomalous anticyclone over the
Arabian Peninsula (Figs. 12d,e). In contrast, there is an
equatorward shift of the midlatitude westerlies over
ACA during the transition from the BA to the YD, when
the meltwater fluxes increase again and thereby the
AMOC weakens. (Fig. S8).

In summer, the poleward migration of the midlatitude
westerlies over ACA during the last deglaciation (19—
11.7 ka) is controlled by increased insolation and decreased

«—

(vectors; units: m?s~2) at 200 hPa. (d) Precipitation (contours; units: mm month ') and divergent
winds (vectors; units: ms~ ') at 200 hPa. (e) Sea surface temperature (SST) (units: °C). The green box
in (a), (c), and (d) indicates the ACA region. The positive (negative) sign in the circle in (b) denotes
the anomalous anticyclone (cyclone) regulating the wind patterns over ACA. Areas not passing the
95% significance test are masked for contours and dotted for vectors.
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FIG. 8. As in Fig. 3, but for the evolution of midlatitude westerlies over ACA in summer.

continental ice sheet topography through changing tropical
diabatic heating and triggering Rossby wave propagation.
The rising CO, contributes positively to the poleward
migration, whereas the meltwater fluxes play a contrary
role. During the Holocene, the equatorward movement is
generally controlled by reduced insolation, with limited
contributions from other forcings (note that change in
CO, influences the meridional shift on centennial scale,
but its impact is very small at longer time scale).

5. Discussion

a. Comparisons between spring and summer

In this subsection, we discuss the similarities and dif-
ferences in the meridional shift of the midlatitude

westerlies over ACA between spring and summer.
Although the external forcings used have no seasonal
variations except for orbital insolation, the magnitude of
the temperature response to external forcings varies by
season, as seen in the present day. The combined effect
of individual forcings on the westerlies is hence depen-
dent on the seasons we analyzed, as the meridional
temperature gradient shapes the zonal winds substan-
tially (Rojas et al. 2009; Wilcox et al. 2012). During the
LGM, the midlatitude westerlies over ACA exhibit a
poleward migration in spring, whereas they are located
more equatorward in summer. The external forcings
exhibit no significant variation during the LGM except
for orbital insolation. However, the poleward shifts in-
duced by the increased insolation are similar in spring
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diagram.

and summer. Therefore, the differences between the
meridional shift in spring and summer may be attributed
to diverse responses of temperature across seasons and
the nonlinear interactions among various forcings.
Moreover, in spring, the midlatitude westerlies migrate
equatorward, poleward, and equatorward during HS1,
BA, and YD, respectively, and show consistent pole-
ward migration in summer. According to the multiple
linear regression results, the meltwater fluxes and con-
tinental ice sheets are dominant contributors in regu-
lating the spring midlatitude westerlies during these
periods, and orbital insolation contributes greatly in
summer. This is because the orbital insolation in sum-
mer varies more intensely than in spring and thereby
induces more remarkable variations in the midlatitude
westerlies, which exceeds the influences of the other
factors. In addition, both the spring and summer mid-
latitude westerlies over ACA have an equatorward
trend during the Holocene, with orbital insolation being
the dominant contributor. Overall, these results indicate

that the dominant driving factors vary with season and
time over ACA.

Notably, the variation in the midlatitude westerlies
does not closely match the evolution of seasonal mean
insolation. For example, spring insolation increases
significantly during the last 2 ka, but there is only a slight
poleward shift of the spring midlatitude westerlies in the
ORB experiment. In summer, the stable fluctuation near
the state of 2 ka seems inconsistent with decreasing in-
solation. Compared with the monthly insolation (Fig. S9),
spring insolation is most similar to that in April, while the
meridional shift of the westerlies over the last 2 ka is
largely similar to the insolation in May. Similarly, the
insolation in July is the major contributor to the summer
insolation, while for the meridional shift of the midlatitude
westerlies during the past 2 ka, the insolation in June plays a
more important role. Our results are similar to the findings
of Shi and Yan (2019) that highlighted a lagged response of
Asian monsoons to orbital insolation. Given the lack of
monthly outputs from the ORB sensitivity experiment, the



1 SEPTEMBER 2020

Model-data comparison
I 1 I

JIANG ET AL.

7473

= -14.0 =
E . -15.0 lzl ——Meridional shift (MAM) = Poleward
32 -160
s -17.0
2< 180 5 Equatorward
& -19.0 =
= bl ——South branch (MAM) E
= E
E g ggg E Strong
2% 360 -
£Z 350 3 Weak
27 a0 -
g3 100 c] - F
-3 80 ——Westerly index (Qinghal Lake[~ Strong
e % -
TE 40 E ,
é Eﬁ 20 E Weak
=8 3
2 @ ——Sr/Ca (Ton cave) e Poleward Dry
) -
=z 1.0 =
c 8 E
E : 08 5_ Equatorward Wet
@&E 06 3 dry wet iy wet wetter E
s 0.4 w =
= |£| & Poleward Dry
as oodland £ vy
5 2 : 2 |2 ‘Woodland
] = .
E ,:5; = Desertand steppes forest | 2 and Forest No records Equatorward Wet
= ?:: 2, ‘é forest
£ = 8 B ) = 15
Z ——Meridional shift (JJA) 12 Poleward
- F 9
g3 £ 6
:?:_ = -~ 3 Equatorward
S ]
= ‘m ——North branch (JA) - 27
= = 27. =
; = 260 Strong
£z — 25.0
=32 = 24.0
8% = = 230 Weak
3 Lo — 22,0
z  Hb -
= E E -6 Strong Wet
o™ E -4
z 0 = —"C (Kesang cave) E -2
E _E E 0 Weak Dry
= - ——Moisuture Index (Xinjlang) &
p i — 30
E ? . E 5(5) Equatorward Wet
g = < = 1.5
2 B — 1.0 )
% - = 0.5 Poleward Dry
= T T T T T 0.0
22000 18000 14000 10000 6000 2000
Age (yr BP)

FIG. 14. (a) Evolution of the midlatitude westerlies over ACA in spring during the last 22 ka.
(b) Intensity of the southern branch of the midlatitude westerlies over ACA. (c) Reconstructed
westerly index based on particle sizes in Qinghai Lake (An et al. 2012). (d) Moisture evolution
derived from the Sr/Caseries from Ton Cave (Cheng et al. 2016). (e) Vegetation evolution near
the Caspian Sea (Leroy et al. 2014; Zhang et al. 2018). (f) As in (a), but for the summer evo-
lution. (g) As in (b), but for the northern branch in summer. (h) Moisture evolution derived
from 6'°C in Kesang Cave (Cheng et al. 2016). (i) Moisture evolution in Xinjiang (Wang et al.
2008; Chen et al. 2016). The northern branch is defined as zonal winds within the domain 40°—
55°N, 50°-80°E, and the southern branch is within the domain 25°-40°N, 50°-80°E.

underlying mechanisms should be further examined with
additional numerical simulations in the future.

b. Roles of the North Atlantic and north
Indian Ocean

Our results indicate that the shift of the midlatitude
westerlies is attributed to the asymmetric change in
zonal winds over ACA induced by the local anomalous
cyclone/anticyclone. Generally, anomalous atmospheric
circulations are maintained by the propagation of Rossby
waves originating from the North Atlantic and/or diabatic

heating induced by anomalous precipitation due to anom-
alous SST over the Indian Ocean (Fig. 13). Changes in SSTs
over the North Atlantic can trigger Rossby wave trains,
which alter the atmospheric circulations over ACA (Zhang
et al. 2018). For the Indian Ocean, variations in SSTs change
the land-sea thermal contrast, impacting the intensity of
monsoons and thereby precipitation, which is generally tied
to the Matsuno-Gill response (Zhao et al. 2018).

The increased greenhouse gases result in global
warming by absorbing longwave radiation (Harries et al.
2001). Based on the TraCE-21ka simulations, the Indian
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Ocean seems to play a more important role in regulating
the meridional shift of the midlatitude westerlies over
ACA in response to variations in greenhouse gases.
Such an essential role of the Indian Ocean in regulating
the atmospheric circulation over ACA is also confirmed
by Staubwasser and Weiss (2017), Yang et al. (2009),
and Zhao et al. (2018), focusing on the Holocene,
modern, and future climates under the RCP8.5 scenario,
respectively. Forced by meltwater fluxes and continental
ice sheets, signals from the North Atlantic broadly
dominate changes in the midlatitude westerlies over
ACA in both spring and summer. This is because when
the meltwater fluxes increase (decrease), the AMOC
weakens (intensifies) significantly, subsequently inducing
HS1 and YD cooling events (BA warming) (Thornalley
et al. 2010). Moreover, the AMOC damps significantly in
response to the lowering of the Northern Hemisphere ice
sheets (especially the Laurentide ice sheet) thereby cool-
ing North Atlantic SSTs (Yan and Zhang 2017). Changes
in SSTs and thereby atmospheric circulation through air—
sea interactions indicate an important role of the North
Atlantic in altering the downstream westerlies. Moreover,
increased insolation in summer gives rise to the warming
of SSTs over the North Atlantic and Indian Oceans (Kog
and Jansen 2002; Liu et al. 2006), and the North Atlantic
and the Indian Oceans seem to contribute comparably in
regulating the midlatitude westerlies over ACA in re-
sponse to orbital insolation. However, the exact roles of
the North Atlantic (e.g., the SST variations or the baro-
tropic instability) in triggering the anomalous cyclone/
anticyclone are not deduced due to the complicated co-
operating processes. In addition, the relative contributions
of different oceans are hard to quantify in our study given
the complex and nonlinear interactions between the at-
mosphere and ocean and among individual external
forcings.

Notably, the amplitude of SST change is generally
larger over the “‘high-latitude” North Atlantic than over
the “low-latitude” Indian Ocean in the majority of the
simulations used here. However, the larger SST anom-
aly over the North Atlantic does not always indicate a
more important role in regulating the westerlies over
ACA or suggest a potential causal relationship between
the two oceans. The relative importance of the two
oceans and their relationship may largely depend on the
external forcings. For example, in response to elevated
CO; concentrations, our results suggest an essential role
of the Indian Ocean in regulating the atmospheric cir-
culations over ACA (Figs. 6 and 12), although the SST is
much warmer over the North Atlantic. This is confirmed
by the results of Yang et al. (2009) and Zhao et al. (2018),
focusing on the westerlies’ variations in the modern and
future climates, respectively. In contrast, regarding the
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cases involving the influences of meltwater fluxes and ice
sheet topography, the signal mainly comes from the
North Atlantic, and the SST change over the Indian
Ocean may be caused by the variation in the AMOC.

Moreover, in addition to the Matsuno—Gill response
induced by the Indian Ocean, variations in heating over
the Tibetan Plateau, especially in summer, may affect
the geopotential height and hence the midlatitude
westerlies over ACA by generating anomalous circula-
tions with baroclinic structures (Duan et al. 2008; Wu
et al. 2007) (Fig. S6). However, changes in surface
heating over the TP (i.e., latent and sensible heating)
are partially linked with the Indian Ocean and North
Atlantic, which may regulate precipitation and tem-
perature by altering the summer Indian monsoon and
other relevant atmospheric circulations (Li et al. 2005;
Wau et al. 2007). Thus, it is difficult to fully separate the
influences of the Indian Ocean and the TP.

¢. Model-data comparisons

Previous studies suggested that the poleward (equa-
torward) shift of the midlatitude westerlies can result in
reduced (increased) precipitation over ACA in spring
and over northern Xinjiang in summer (Zhao et al.
2018). The reconstructed moisture patterns in ACA and
northern Xinjiang hence provide clues to the meridional
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shift of the midlatitude westerlies in spring and summer,
respectively. Additionally, several proxies (e.g., particle
size) provide information on the change in the intensity
of the northern or southern branches of the westerlies,
which depends on where the sites are distributed. Thus,
we focus on the meridional shift of the westerlies in the
following comparisons together with the intensity of the
southern and northern branches (Fig. 14).

Based on the loess particle sizes in Qinghai Lake
(36°32'-37°15'N, 99°36'-100°47'E), the westerlies are
stronger and weaker during HS1 and BA, respectively,
in spring (as the sediments are considered to be trans-
ported by the spring westerlies whose jet axis is located
near the southern branch) (An et al. 2012). This is well
reproduced by the TraCE-21ka simulation (i.e., the in-
tensity of the southern branch), but the model shows
little skill in depicting the stronger westerlies during
the LGM. Note that the signal of the westerlies during
the Holocene is very limited in this reconstruction,
which may be attributed to the fact that the dominant
atmospheric circulation system is not the westerlies at
that time. The Sr/Ca records in the Ton Cave (38°24'N,
67°14'E) suggest that ACA is relatively drier during the
YD and then gets wetter during the Holocene (Cheng
et al. 2016). Given that spring is the peak precipitation
season over ACA, this indicates a relative poleward and
equatorward shift of the midlatitude westerlies during
the YD and the Holocene in spring, respectively, broadly
confirmed by the model results. Additionally, the re-
constructed vegetation types near the Caspian Sea indi-
cate that conditions are drier during the LGM and BA,
suggesting a poleward shift of the midlatitude westerlies
in spring, while wetter conditions are identified during the
HS1, YD, and the Holocene, pointing to an equatorward
migration (Leroy et al. 2014; Zhang et al. 2018). These
variations in the midlatitude westerlies are generally ob-
served in the TraCE-21ka simulation.

Regarding the summer evolution, we use the 8°C
records from Kesang Cave (42°52'N, 81°45'E) doc-
umenting the local precipitation minus evaporation
conditions and synthesize records of moisture changes in
northern Xinjiang as proxies for the evolution of the
westerlies over ACA (Chen et al. 2016; Cheng et al.
2016). It is noted that the more intense the westerlies
are, the more vapor is transported (Jia et al. 2018).
Hence, the intensity of the northern branch of the
westerlies is taken into consideration for comparison
with the 6'°C recorded in Kesang. The 6"°C records in-
dicate that it has become wetter during the past 21 ka,
supported by simulations in which the northern branch
of the westerlies shows an intensified trend and hence
more precipitation, as stronger westerlies are generally
associated with enhanced water vapor transport.
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Moreover, the simulated meridional shift of the west-
erlies is consistent with the evolution of the moisture
conditions in northern Xinjiang during the Holocene
(Chen et al. 2016; Wang et al. 2008). The reconstructed
wetter conditions correspond to an equatorward shift of
the westerlies during the early and middle Holocene,
and drier conditions during the past 2 ka are in agree-
ment with the poleward migration. Overall, the TraCE-
21 ka simulations broadly capture the evolution of the
meridional shift of the midlatitude westerlies in spring
and summer during the past 21 ka, although model-data
discrepancies still exist, which may be attributed to the
uncertainties in both simulations (e.g., coarse model reso-
lution) and reconstructions (e.g., the lack of direct proxies).

d. Comparisons between ACA and the Northern
Hemisphere

Previous studies suggested the important roles of
several activity centers of the midlatitude westerlies
in the climate of the Northern Hemisphere (NH) by
altering the teleconnections in summer (Ding and Wang
2005). We find that the midlatitude westerlies over the
NH are located more equatorward during the LGM,
followed by a poleward shift during the last deglaciation,
and then migrate equatorward during the Holocene
(Fig. 15), which is also observed over ACA (Fig. 8). The
meridional shift over the NH is also dominated by
changes in orbital insolation, with positive contributions
from increased greenhouse gases and reduced ice sheet
topography during the last deglaciation and limited
during the Holocene, and the meltwater fluxes lead to
obvious oscillations near the mean state (Figs. 15b-e).
The meridional shift of the midlatitude westerlies over
ACA shares some similarity with the westerlies over
the NH but also exhibits differences. For example, the
multidecadal variability is more intense over ACA than
over the NH, and the poleward shift induced by de-
creased ice sheet topography is more obvious over ACA
than over the NH. This may be attributed to the fact that
the ACA is one of the activity centers of the summer
westerlies over the NH (Ding and Wang 2005), and the
behavior of the westerlies over ACA is significantly af-
fected by the local temperature gradient. It is noted that
the meridional shift of the midlatitude westerlies over
ACA differs from that over the Northern Hemisphere in
spring during the past 21 ka.

In addition, previous studies indicate that the summer
westerly jet over West Asia (35°-50°N, 55°-85°E) shifts
equatorward in response to increased greenhouse gases
(Zhao et al. 2018), as do the westerlies over the Northern
Hemisphere, although the significance level varies (Grise
and Polvani 2016; Son et al. 2018). In our study, the
midlatitude westerlies over ACA and the NH both move
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poleward in summer in response to higher CO,. Such
discrepancy in the migration of the westerlies may be
attributed to the difference in time scales we consider.
During the past 21 ka, we focus on the evolution of the
westerlies on the millennial time scale (e.g., CO, in-
creases from 184 to 264 ppmv during 22-11 ka), whereas
we focus on multidecadal to centennial time scales in
future projections. This discrepancy is also seen in the
variations of other climate systems. For example, Zhu
et al. (2014a) noted that the AMOC generally intensifies
during the past 21 ka in response to the doubling of
greenhouse gas concentrations, whereas Schmittner et al.
(2005) and Weaver et al. (2007) suggested that the
AMOC weakens over the next ~100 years in response to
future global warming.

6. Summary

Based on the TraCE-21ka simulations, we provide a
possible scenario for the evolution of the midlatitude
westerlies over ACA during the past 21 ka and the as-
sociated thermodynamic and dynamic mechanisms. We
find that the location of the midlatitude westerlies over
ACA oscillates largely in spring during the last deglacia-
tion, whereas it gradually moves poleward in summer.
During the Holocene, the midlatitude westerlies exhibit a
long-term equatorward trend in both seasons. The esti-
mated meridional shift of the midlatitude westerlies over
ACA is generally consistent with geological evidence.

Moreover, the dominant driving factors vary with
time and across seasons. In spring, the variation in the
midlatitude westerlies over ACA is primarily regulated
by meltwater fluxes and continental ice sheets during the
last deglaciation. The westerlies shift poleward (equa-
torward) arising from the reduced (enhanced) meltwa-
ter fluxes. In response to the lowering of the continental
ice sheets, the midlatitude westerlies over ACA broadly
move poleward. Additionally, orbital insolation drives
the equatorward shift of the midlatitude westerlies over
ACA during the Holocene. In summer, the long-term
trend of the meridional shift of the midlatitude west-
erlies over ACA is controlled by orbital insolation
during the past 21 ka.

Although uncertainties in both simulations (e.g.,
coarse model resolution) and reconstructions (e.g., the
lack of direct proxies) exist, our study places the mid-
latitude westerlies over ACA in a long-term paleo-
climate context and provides a testable response of the
westerlies to the various external forcings. This may be a
reference for the climate projection for a future warmer
world induced by increased greenhouse gases with the
potential melting of the Greenland ice sheet. In addi-
tion, we highlight the important roles of both the Indian

JOURNAL OF CLIMATE

VOLUME 33

Ocean and the North Atlantic Ocean in regulating the
westerlies. These results may shed light on the behavior
of the westerlies in the long-term future and hence
have important implications for predicting precipitation
over ACA.
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