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The westerly circulation and the monsoon circulation are the two major atmospheric circulation systems affecting
the middle latitudes of the Northern Hemisphere (NH), which have significant impacts on climate and
environmental changes in the middle latitudes. However, until now, people’s understanding of the long-term
paleoenvironmental changes in the westerly- and monsoon-controlled areas in China’s middle latitudes is not
uniform, and the phase relationship between the two at different time scales is also controversial, especially the

exception to the “dry gets drier, wet gets wetter” paradigm in global warming between the two.

westerlies Asian summer monsoon circulation system interaction different time scale

mid-latitude region

1. Changes of the Westerlies and ASM at Different Time
Scales and Their Relationships

1.1. Initial Period

The Westerly circulation is a kind of planetary wind system formed by the uneven heating and rotation deflection of
the Earth. It has been formed for a long time and its origin is not a controversial issue. Based on the sedimentary
records of deep-sea cores in the North Pacific Ocean, Rea et al. [l speculated that the aeolian material transported
by the Westerly circulation in northwest China had already reached a considerable scale at least before 20 Ma B.P.
They found a significant increase in the ocean deposition rate around 8 Ma B.P. based on the characteristics of
deep-sea sediments in the North Pacific at different periods, indicating a sudden increase in the dust transport
strength of the Westerlies.

Regarding the origin of the EASM, Liu et al. & inferred the approximate paleoenvironmental conditions of different
periods in China since the Cenozoic based on the distribution ranges and temporal changes of geological
indicators such as Chinese flora and fauna, salt deposits (potassium, halite, and gypsum), and coal seams in
China. They pointed out that, before the Oligocene, the climate in China was mainly controlled by the planetary
wind system (i.e., the westerlies) and the climate pattern was basically zonal. They also suggested that the
embryonic EAM may have appeared during the Oligocene period (38-24 Ma B.P.) based on the reduction of salt
deposits such as gypsum and halite in the southeastern region of China during this period. Further research by Wu

F et al. B found that, before and after 26 Ma B.P., sediments such as mudstone, shale, and other sediments
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indicating a humid environment in the Linxia Basin in western China gradually replaced gypsum, halite, and other
evaporites indicating a dry environment. It suggests that the precipitation increased in southeastern China (no
longer being a desert environment controlled by the subtropical high climate), and the EAM may have already
appeared and reached the temperate zone regions at that time driven by the strongly periodic uplift of the Qinghai—

Tibet Plateau, forming an environmental distribution pattern similar to that of today.

Regarding the origin of the SASM, it may appear later than the EASM. Shi and Tang ¥ proposed that the SASM
may have originated around 22 Ma B.P., based on the characteristics of humification shown by spore pollen

records in the Linxia Basin.

According to the large-scale occurrence and distribution of red clay deposits on the Loess Plateau in the late
Cenozoic, Cao et al. Bl proposed that the East Asian winter monsoon (EAWM) started from 6-8 Ma, and then
existed and evolved to this day. However, according to the existence of continuous dust accumulation in northern
China since the early Miocene, Guo 8 pointed out that different circulations carrying large amounts of wind dust
and water vapor, respectively, formed an arid inland Asian environment and an Asian-monsoon-dominated
environment, and their formation time was at least 22 Ma B.P. ago and has since developed to this day. Therefore,
the Siberian high pressure system should have formed earlier than 22 Ma B.P. Subsequently, the EAM system
characterized by the combination of winter and summer monsoons was initially established . At the same time,
the alternations of the dominant periods of winter and summer monsoons also suggest that the Qinghai—Tibet
Plateau had reached a certain height when the EAM system was established, which lead to the aridification in

northwest China and Central Asia, as well as the northward shift and strengthening of the Siberian high B2,

1.2. From the Middle Pleistocene to the Last Interglacial Period (1200-130 ka B.P.)

The 1.2 Ma B.P. period is considered to be the beginning of the global mid-Pleistocene climate transition (MPT) in
the Quaternary. Since then, the fluctuation cycle of global climate and environmental changes has gradually
changed from 41 ka to 100 ka. This period is mainly characterized by changes in global climate such as an
increase in the amplitude of climate fluctuations (29, a significant increase in global ice volume, a decrease in
ocean temperature, and an intensification of land drought 1. The impact of the MPT on the atmospheric
circulation and climate environment in the middle latitudes of China is of great significance and deserves to be

emphatically studied.

Through the study of the stable isotopes of carbonates in the sediment cores from the hinterland of the Badanijilin
Desert, one of the typical areas of interaction of the westerlies and ASM in the desert zone of northern China,
Wang F et al. 12 found that, during the period of 1200-600 ka B.P, the 380 and &3C values showed a common
trend of collaborative increase (Figure 1C). This is consistent with the research results of carbonate carbon
isotopes in the Cretaceous red layers dominated by the planetary wind system before the Late Oligocene,
reflecting intense evaporation under the control of a dry climate. Therefore, it is argued that, during the period of
1200-600 ka B.P., the area was controlled by the Westerly circulation 2. In addition, the carbonate isotopes of

5180 and &'3C from sediment cores in the western Qaidam Basin in the northern Qinghai-Tibet Plateau, which is
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dominated by the Westerlies, also showed a synergistic increase trend during the period of 1200-600 ka B.P.
(Figure 1B), indicating strong evaporation, intensified drought, and the relatively stronger influence of the
Westerlies in this region during this period 131, In addition, the sediment characteristics of loess—paleosol profiles in
the Kunlun Mountains and Tianshan Mountains in northwestern China (Figure 1A) also reflect the relatively strong

Westerly climate during this period 1423],
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Figure 1. Paleo-sedimentary records from the areas controlled by the Westerly and monsoon circulations since
1200 ka B.P. (A) The percentage of grain size > 63 um in the loess sediment profile on the northern slope of the
Tianshan Mountains 12, (B) Variation of 3180 content in carbonates in the core of the Qaidam Basin 131, (C)

Variation of 5180 content in carbonates in the cores from the hinterland of the Badanijilin Desert 12, (D) Particle
size variation of loess sediments in the Lingtai Section of the Loess Plateau (2. (E) Variation of 5180 content in

carbonates of loess sediments in the Lantian Section of the Loess Plateau [16,

However, in the Loess Plateau of China, the ASM climate reflected by paleo-aeolian sedimentary sequences
showed the opposite changing characteristics during this period. Variations of grain size and carbonate &3C
values of the Lingtai and Lantian sections of the Loess Plateau (Figure 1D,E) indicate that the sediment particle
size is relatively fine and the carbon isotope enrichment degree is weak during this period. The results indicated
that the C4 plant biomass in the Loess Plateau was lower, the precipitation in the warm season was less, and the

ASM is relatively weak during this period 181271,
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All of the above evidence suggests that, during the period of 1200-600 ka B.P. since the Middle Pleistocene, the
Westerly circulation in the middle latitudes of China was relatively strong, while the monsoon circulation was
relatively weak. This may be due to the continuous cooling in the high latitudes of the NH during the global MPT
and the significant increase in global ice volume, which led to the enhancement of the meridional temperature
gradient, the stronger Westerly circulation, the decrease in ocean temperature, and the relative weakening of
monsoons 2],

The extensive uplift of the Pamir Plateau and the Qinghai—Tibet Plateau (Kunhuang Movement) that occurred
about 600 ka B.P. ago had a profound impact on the changes of the ASM and Westerlies 18], resulting in significant

changes in the atmospheric circulations and climatic environment after 600 ka B.P.

In northwest China, where the Westerly climate is dominant, the grain sizes of loess sediments on the northern
slopes of the Kunlun Mountains 24 and the Tianshan Mountains 13 were coarsened at around 500 ka B.P.,
reflecting a significant climatic aridity. This indicates that the substantial uplift of the terrains around the Tarim and
Guerbantonggute Basins leads to a decrease of water vapor content brought by atmospheric circulations and a
weakening of the Westerly circulation 1415 At the same time, the climate in the western Qaidam Basin, which is
dominated by the Westerlies, also exhibits similar aridification, because the 3'3C and &80 values of the core
carbonates from the basin have shown a phased increase since 600 ka B.P. 13l indicating a relative decrease in
water vapor content and an intensification of drought compared to the 1200-600 ka B.P. period, that is, a relative

weakening of the westerly circulation since 600 ka B.P.

From 450 ka B.P. to 130 ka B.P. in the Last Interglacial period, the climatic environment of the ASM region
exhibited relatively large alternating fluctuations corresponding to the glacial-interglacial cycle, and the ASM was
exceptionally strong during the interglacial period 2. During this fluctuation process, the ASM extended northward
and westward in the mid-latitude region during the interglacial period, resulting in a relatively strong interaction
between the ASM and the Westerly circulation. During the glacial period, the intensity of the ASM is relatively
weakened and its impact range is relatively small, so the interaction with the Westerly circulation is also relatively

weak.

1.3. Last Interglacial Period (130-70 ka B.P.)

During the Last Interglacial period, the global climate and environmental conditions were similar to the current

Holocene, which is reflected in many paleoclimate records.

In the aeolian sediment records of the Loess Plateau in China, climate reconstruction for the Holocene and the
early Last Interglacial (Eemian interglacial) periods shows that there was a period of arid climate in the middle of
both periods, with the duration of the Holocene drought being 6-5 ka B.P. 29, The evidence shows that, during the
Holocene, the SO paleosol in the sedimentary profile of the Loess Plateau was interrupted by loess deposition [21],
lakes in northern China shrank [22, the amount of terrigenous dust in the seafloor sediments of the North Pacific

and the ice cores of Greenland increased 23, and drought events occurred during the Eemian interglacial period
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similar to the Holocene [24]. In addition, different climatic records also show that there were relatively humid periods
during the Holocene and Eemian interglacial ages, which were in the 5-3 ka B.P. and 124.2-121.3 ka B.P. periods,
respectively 24, The similarity in the patterns of climate change between the Eemian interglacial and Holocene
periods revealed by the above cases suggests that research on climate change during the Last Interglacial period
may provide some support for predicting the future climate change on Earth [23],

During the Last Interglacial period, records of aeolian sedimentation showed that the atmospheric circulations in
the EAM region and the northwest region (westerly region) of China at the middle latitudes were relatively strong
(Figure 2), with a relatively high precipitation and strong pedogenesis of loess. However, during this period, the

intensity of atmospheric circulation and precipitation in different regions may out of phase at the suborbital scale.
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Figure 2. Comparison of the magnetic susceptibility records between the Westerly- and ASM-dominated regions
during the Last Interglacial period. (A) Changes in magnetic susceptibility recorded in the JZT (Jiuzhoutai) loess
sediment profiles on the Loess Plateau of China during the Last Interglacial Period (xYARM to SIRM ratio, 28, (B)
Changes in frequency magnetic susceptibility in the KS (Kesang) loess sediment profiles in the Yili Basin,
northwest China, during the Last Interglacial period 28],

Many paleoclimate records show a lack of co-ordination between the dominant regions of the Westerlies and the
ASMs in China in terms of environmental changes during the Last Interglacial period, such as the long-term “out-of-
phase” relationship between the moisture evolution patterns of the two regions on the suborbital time scale 24, For
example, in the Loess Plateau dominated by the ASM, the sediment records of loess—paleosol sequences reflect
that the moisture content in this area peaked at 78.8, 99.5, 101.5, 103.5, 121.6, and 126.3 ka B.P., indicating that
the ASM was relatively strong during these periods and brought a large amount of precipitation to the region [28],
However, in the Yili River Valley of Xinjiang, where the Westerly climate is dominant, the peak values of local

moisture reflected by paleoclimatic records such as loess deposits occurred during the periods of 76, 95, 97, 98,
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107, and 120.8 ka B.P., respectively 28 This shows a significant delay of 3-5 ka in the moisture peak values in the
Loess Plateau region dominated by the ASM (Figure 2), indicating that the moisture evolution patterns of the two

during the Last Interglacial period have an out-of-phase relationship on the suborbital time scale.

1.4. Last Glacial Period (70-12 ka B.P.)

In the 1980s, paleoenvironmental records from the Greenland ice cores showed that the predominant characteristic
of environmental changes on Earth during the Last Glacial Period (LGP, 70-12 ka B.P.) was the repeated

occurrence of abrupt climate changes on millennium time scales [28129],

During the LGP, 25 D-O cycle events occurred in the North Atlantic region 28 and six significant Heinrich events
were recorded by the North Atlantic marine sediments during the coldest interval of the D-O cycles (Figure 3a),

which contained a large amount of coarse-grained sediments from the land 22,

In the early stage of the LGP (Deep Sea Oxygen Isotope Stage 4, MIS4, 73-61 ka B.P.), more fine-grained
sediments (>40 um) and quartz particles appeared in the loess—paleosol profiles in the Yili region in Central Asia
(Figure 3b,c). The increase in these materials indicates an enhanced Westerly circulation, leading to coarser dust
transport and strong dust storms B9, While over the Loess Plateau in the ASM region during this period, more
coarse particles in the loess profiles (Figure 3d) indicated stronger winter monsoon and weaker summer monsoon
81 However, the low oxygen isotope values of stalagmites from this monsoon region (Figure 3e) revealed a

strong summer monsoon precipitation 2233]: that is, a strong summer monsoon occurred.

The changing trends of the Westerlies and monsoons seems to be different during different periods of the LGP.
During the MIS4 period, the two regions exhibited a relatively strong Westerly circulation and weak summer
monsoon circulation (Figure 3). Before MIS3b, the Westerly circulation showed a tendency of decreasing
fluctuations, while the summer monsoon circulation showed a trend of increasing fluctuations (Figure 3). During
the MIS3b-MIS3a period, the fluctuations of the Westerly circulation increased while the fluctuations of the summer

monsoon circulation weakened (Figure 3).

From these trends, it can be seen that, during the LGP, there may be an inverse correlation between the Westerly
and monsoon circulations on the suborbital time scale of the glacial period, but it is not obvious on the whole.
Compared with the interglacial period, the ASM during the glacial period was significantly lower B4l and its
influence in China was relatively smaller than that during the interglacial period. Thus, its interaction with the
Westerly circulation may also be relatively weak. At present, it is still unclear whether there is a complete inverse
correlation between the two systems during the glacial period, and more detailed data are needed in the future to

explore the interaction between the Westerly and ASM circulations during the glacial period.
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Figure 3. Comparison of records between the Westerly and monsoon regions during the LGP. (a) NGRIP Ice Core
5180 records 2, (b) Changes of quartz content in the Zhaosu section in Yili area dominated by the Westerly
climate 9. (c) The percentage variation of sediment grain size < 10 um in the Zhaosu section B9, (d) The
percentage variation of sediment grain size > 40 um in the Yuanbao section in the monsoon region of South China
81 (e) 5180 variation of stalagmites in the monsoon region of East China 22, The arrows indicate the pronounced

increase (or decrease) with approximately monotonic trend of the proxies in the corresponding time period.

1.5. The Holocene (12 ka B.P.-1 ka B.P.)

Before the Holocene, the global climate mainly shown a pattern of warm and cold alternation with large

fluctuations, while, during the Holocene, it was generally warm with small fluctuations.

For the Westerly-dominated arid region of mid-latitude in China, the climate in this area during the early Holocene
(around 11-8 ka B.P.) was drier than it is today (Figure 4). During this period, most of the lakes in the region were
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in a dry state or had extremely low water levels 8137 indicating A less precipitation, stronger evaporation, and A

weaker Westerly intensity in the region B8I37],

During the middle Holocene (8—4 ka), climate conditions in the arid areas dominated by the Westerlies were
relatively humid (Figure 4). The ancient records show that the regional precipitation is directly proportional to the
intensity of the Westerlies, with an increase in precipitation, and many lakes in the region have the highest water
levels in history B8 This indicates that the strength of the Westerlies has reached its strongest state since the

Holocene.

In the late Holocene since 4 ka B.P., the humidity of the climate in the Westerly region decreased (Figure 4). The
lake water levels in the region were relatively lower, but still higher than in the early Holocene 4. This indicates
that the intensity of the Westerlies in this period had relatively weakened, but the degree of the weakening was

small.

Compared with the Westerly region, the climatic conditions in the ASM region during the early Holocene were
relatively humid (Figure 4). Paleoenvironmental records such as lake sediments in the monsoon region all reflect a
higher amount of precipitation B249, The humidification of the monsoon region was mainly related to the relatively

strong ASM 1 so the intensity of the ASM in the early Holocene was relatively strong.

From the early Holocene to the middle Holocene, the precipitation in the monsoon region increased relatively, and
the degree of humidity and monsoon intensity also gradually increased, reaching the maximum intensity of the
Holocene in the middle Holocene [B2l42, This pattern of climate change, which gradually became humid from the
early to middle Holocene and reached its strongest level, exhibits different and even opposite characteristics from

the pattern of transition from drought to humidity in the Westerly regions during the same period (Figure 4).

From the middle to late Holocene, the climate in the monsoon region gradually became arid (Figure 4). Compared
with the middle Holocene, the precipitation in the monsoon region during this period decreased significantly, and

the monsoon intensity showed a continuous weakening trend on the whole 431,

As mentioned above, the Holocene and the Last Interglacial periods were relatively similar in terms of global
climate. In fact, in addition to the overall similarity in climatic environment, the intensity variations of the Westerly
and ASM circulations in the middle latitudes of Asia during the Holocene, as well as the moisture-changing patterns
in their respective influencing areas, were also similar to those in the Last Interglacial period, also showing out-of-

phase relationships on the suborbital time scale, as shown in Figure 4.
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Figure 4. Comparison of paleoenvironmental records between the ASM region and the arid Central Asian region
(ACA, the Westerly region) since the Holocene (cited from [28). (a) Dongge Cave D4, China (after 44); (b) Dongge
Cave DA, China (after 43)); (c) Shanbao Cave SB10-26, China (after £€l): (d) Qunf Cave, Oman (after 2): (e)
Hongyuan Peat, and (f) Hani Peat, China (after [2Zl48)): (g) Siling Lake, China (after “2)); (h) Qinghai Lake (after
[B9)): and (i) Arabian Sea (after B, All curves in panels (a—i) show the same direction of moisture change with
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increasing moisture upward. The long-term trend for each proxy curve is showed by smooth dashed line. Summer
insolation at 30°N ((j) after 22) and synthesized Holocene effective-moisture evolution line (k) after 28! are also

shown. The out-of-phase relationship of Holocene moisture evolution between monsoon Asia and ACA is illustrated

in (1).
1.6. Over the Past Thousand Years (1 ka B.P.-Present)

A comparative study of regional paleoenvironmental records from the Westerly region of Central Asia and the
monsoon region of East Asia over the past thousand years (1 ka B.P.) has shown that the precipitation in the two

regions presents a completely opposite trend during this period (281,

Lake core records from the Westerly-dominated Bosten Lake in Xinjiang show that, during the past 1-0.5 ka B.P.
period, the carbonate content of core sediments was relatively high, the coarse particle content was low, and the
average particle size was small B3l This indicates that the humidity of the climate during this period was relatively
low, the water vapor content of the atmospheric circulation was less, and the strength of the Westerly circulation
was relatively weak. During the period of 0.5-0.1 ka B.P., the regional climate was within the range of the Little Ice
Age (LIA), during which the carbonate content in the sediments reached the lowest value, with a higher content of
coarse particles and a relatively coarse mean particle size 23, This indicates that the Westerlies move southward
in the NH, the Westerly circulation intensifies and brings more water vapor to the arid areas of Central Asia,
resulting in a relatively humid climate. After 0.1 ka B.P., the mean particle size and coarse particle content of lake
sediments decreased, while the carbonate content increased again, indicating that the strength of the Westerly
circulation weakened again 2!, Therefore, these paleoenvironmental records suggest that the Westerly circulation

has exhibited a “weak-strong-weak” changing pattern and trend over the past 1 ka.

| 2. Regional Impacts of the Westerly and ASM

The middle latitudes of China have a vast area with significant diversity in geological, geographical, topographical,
and ecological conditions. Therefore, the climatic environment in different subregions also exhibits significant

spatial differences under the influence of the Westerly and ASM circulations.

In the past, scholars often divided China’s climate regionalization into several sub-regions according to the
interaction of topographical and meteorological conditions in different regions, which is conducive to identifying and
analyzing the influence of different atmospheric circulations on each sub-region 241551, Based on previous studies,
the mid-latitude region of northern China into three sub-regions is divided. They are the arid region of northwest
China located in Central Asia (Westerly region), the humid region of eastern and southern China in East Asia
(monsoon region), and the Qinghai—Tibet Plateau region in southwest China (transition/composite/mixed region).
Based on the collected paleoclimatic records/indicators (as shown in Table 1 and Figure 1) and modern
meteorological data, the degree of influence of different atmospheric circulations in the three regions is dicussed,

with a view to more comprehensively understanding the climate and environmental changes that occur in different
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mid-latitude regions under the joint effects of the Westerly, ASM, and other atmospheric systems such as the South
Asian high (SAH).

2.1. Qinghai-Tibet Plateau Region (QTP, Mixed Zone)

As the highest geographical unit on Earth, the Qinghai—Tibet Plateau (QTP) is highly sensitive to environmental
changes in response to global climate change, including permafrost melting, runoff changes, ecological
environment changes, and the intensification of natural disasters 261,

The atmospheric circulation system that dominates water vapor transport over the QTP mainly includes two parts,
the SASM circulation and the Westerly circulation. According to the different sources of water vapor in the plateau,
the academic circle often divides it into two regions, the southern and the northern regions, with a boundary of
32°N B, The southern region of the plateau is mainly controlled by the SASM, and the water vapor comes from
the slender conveyor belt from the western equatorial Indian Ocean to the Arabian Sea and the Bay of Bengal,
which provide about 51.4% of the water vapor for the precipitation on the plateau 8!, The northern region of the
plateau is mainly controlled by the low-level Westerlies, and the water vapor comes from Eurasia and the North
Atlantic Ocean on the northwest side of the plateau, which provide about 38.9% of the water vapor for the
precipitation on the plateau 8!,

The QTP has the largest mountain glacier in the world, and its ice core deposits are the best archives to record
paleoclimate changes such as precipitation in the past period of the QTP. Research on the paleoenvironmental
reconstruction from different ice cores in the northern part of the plateau, such as the Guliya ice core, Dunde ice
core, and Puruogangri ice core, has found that the variation trend of precipitation in the northern QTP from west to
east had been relatively consistent since the 15th century. That is, the entire northern part of the plateau has
experienced a fluctuational increase in precipitation before 1740, a fluctuational decrease in precipitation during
1740-1850, and a fluctuational increase in precipitation after 1850 (Figure 5). The consistency of changes in
precipitation in this large area indicates that the northern region of the QTP is controlled by an atmospheric
circulation system as a whole B2, Studies of 5180 in local precipitation have identified that the source of water

vapor in the northern plateau is closely related to water vapor transported by the Westerlies 69,
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Figure 5. Changes in precipitation over the QTP in recent period as reflected by ice core records (cited from B2)),

(a) Guiya Ice core. (b) Dunde Ice core. (c¢) Puruogangri Ice core. (d) Dasuopu Ice core.

However, compared with the precipitation records in the northern part of the QTP, the precipitation records
reflected by the Dasopu ice core in the southern part of the QTP show the opposite characteristics 9. The
precipitation in the southern plateau was fluctuationally decreased before 1740, fluctuationally increased during
1740-1850, and then fluctuationally decreased after 1850 69, The 5180 records of regional precipitation show that
the source of water vapor in the southern plateau is closely related to water vapor transported by the Indian
summer monsoon (ISM) 69,

The QTP is a typical region where the Westerly and monsoon circulations interact, and the coupling state of the

two is mainly affected by the variation of monsoon intensity. When the intensity of monsoon is relatively strong, the
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position of the Westerlies is northward and the intensity of the Westerlies is relatively weak B, On the contrary,
when the monsoon intensity is weak, the position of the Westerlies is southward and the intensity of the westerlies

is relatively strong (6],

2.2. Northwest China (Westerly Zone)

Compared with the humid environment under the control of monsoon circulation, the climate in northwest China
under the control of Westerly circulation is relatively arid due to its long distance from the source areas of water
vapor such as the Atlantic Ocean. The main area of the vast mid-latitude desert zone in the NH is mainly
distributed in these regions. Therefore, in terms of environmental change, the climate humidification in northwest

China is the focus of attention.

Currently, multiple studies have shown that the climate in northwest China has an overall trend of warming and
wetting since the mid-20th century. During this period, the lake area in northwest China generally expanded 2],
and some dry lake beds that had desertified became lakes again €3], The soil moisture in the region continued to
increase 84, and the annual average precipitation and seasonal average precipitation in the region showed an
increasing trend (62, These environmental events all reflect the evidence of increasing precipitation in northwest
China.

Although the Westerly circulation from the ocean (Atlantic) and land seas (Mediterranean, Black Sea, Caspian Sea,
etc.) is the main source of water vapor in northwest China, the mechanism that cause increased precipitation in the
region is relatively complex. It may not only be a partial response to global warming, but maybe also be related to
the Siberian high and the Arctic Oscillation (AO), as well as the latitudinal oscillation of the Westerly jet and the
northward movement of the subtropical high belt 83, However, the essence of the above reasons is that they can
promote the enhancement of the Westerly circulation and cause warming and humidification in the northwest
China.

However, in addition to the strengthening of the Westerly circulation, the humidification of northwest China may

also be affected by the weakening of the EASM.

Some studies have found that the increase of precipitation in the northwest China in recent years is partly related
to the weakening of the EASM 82, According to the reanalysis data of precipitation days, studies have revealed
that, in addition to the North Atlantic water vapor transported by the Westerlies, the water vapor of northwest China
may also be transported from the tropical Indian Ocean (SASM) and the South China Sea monsoon (EASM) under

extreme climatic conditions [621[66]

When the EASM weakens, it is conducive to the westward movement of the western Pacific subtropical high
(WPSH) and the increase of Mongolian anticyclone activity 87, The westward extension of the WPSH promotes
the westward transport of water vapor from the eastern Pacific and northern Indian Oceans in summer. The
increase of Mongolian anticyclones leads to continuous easterly winds in northern China, which can travel along

the northern QTP to the western Tarim Basin in Xinjiang 7. The two jointly promote the water vapor transport of
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the monsoon system from the tropical Indian Ocean and the South China Sea along the eastern and northern QTP
into the lower troposphere water vapor in northwest China, as well as from the tropical Indian Ocean into the

middle and upper troposphere water vapor in northwest China 7.

In fact, on 30 July 2018, the Wensu rainstorm that caused serious loss of life and property in Aksu, Xinjiang, and
the Hami rainstorm on the next day (31 July) were formed under this circulation system (2. |t can be seen that
some extreme rainfall phenomena in northwest China are closely related to the extreme westward extension of the
subtropical high pressure caused by the weakening of the EASM.

The eastern and western parts of northwest China have different responses to the Westerly and ASM circulations.
Although both the strengthening of the Westerly circulation and the weakening of the ASM lead to humidification in
northwest China, the latter’'s impact only occurs under extreme precipitation conditions, rather than conventional
effects. However, the extensive area of northwest China, especially its eastern part, is subject to both the
conventional influences of the Westerly and ASM as it crosses the northern boundary line of the ASM [¢8l. Based on
the average northern boundary line of the ASM, some studies divided the area of northwest China into two parts:
the eastern and western parts (Figure 6a). The area east of the boundary line is controlled by the ASM and the
area west of the boundary line is controlled by the Westerlies (621,
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Figure 6. Precipitation seesaw phenomenon in the eastern (ENWC) and western (WNWC) parts of Northwest
China (NWC) (modified after [9). (a) Regional division of ENWC and WNWC and the precipitation tendency
distribution of stations in the same period. (b) The tendency distribution of variation of precipitation anomaly
percentage in ENWC and WNWC during flood season from 1961 to 2016. The difference distribution of
precipitation (¢) and rainy days (d) in ENWC and WNWC under the WA-EH and WH-EA styles (the WA-EH style
means precipitation increases in ENWC and decreases in WNWC, while the WH-EA style is the opposite). The
comparison of EASM index and precipitation variation in ENWC (e) and the comparison of WI and precipitation
variation in WNWC (f).

Through the analysis of the differences in precipitation variation between the eastern and western parts of
northwest China and their interrelationships with the Westerly and ASM, Zhang Q et al. 2 found that the
precipitation variations between the eastern and western parts of northwest China exhibit a significant “seesaw”
phenomenon in the interannual, decadal, and overall times scales (Figure 6a—d). This phenomenon is related to
the anti-phase variation between the ASM index and the Westerly circulation index; that is, the precipitation in the
eastern part of northwest China is positively correlated with the summer monsoon index, and the precipitation in
the western part is positively correlated with the Westerly index (Figure 6e,f). This indicates that the strengthening
of the ASM will lead to an increase in precipitation in the eastern part of northwest China, while the strengthening of

the Westerly circulation will lead to an increase in precipitation in the western part.

It can also be seen that there is an anti-phase variation relationship between the EASM index and the Westerly
index (Figure 6e,f). It is not only related to the interaction between the EASM and Westerly circulation through the
subtropical high, but also to the common but almost opposite effect of the South Asian high on the EASM and

Westerly circulations under the influence of the QTP [62],

2.3. Eastern China (Monsoon Zone)

The impact of the ASM on the climate of East Asia is usually that, when the intensity of the ASM from the ocean
changes, its water-vapor-carrying capacity also changes, resulting in an increase or decrease of the total

precipitation in East Asia 9,

For the world’s largest monsoon system, namely, the ASM, its large-scale precipitation requires not only sufficient
water vapor, but also needs to have another condition, that is, the dynamic conditions for water vapor to rise. In this
regard, the WPSH (western Pacific subtropical high) and the SAH (South Asian high, also called the Qinghai—Tibet
Plateau high, QTPH) play important roles in it L. This process is influenced by both local and middle- and high-
latitude circulation factors, which result in a complexity in the relationship between the ASM and precipitation in

East Asia.

Studies have shown that many factors can affect the intensity variation of the EASM and its corresponding
precipitation configuration, such as the changes of sea surface temperature (SST) in different years /2, the WPSH

[73l the SAH 4 the blocking high pressure situation in middle to high latitudes and related water vapor transport
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73] etc. In other words, the anomalies of the EASM are usually accompanied by the anomalies of the WPSH and
the SAH. The precipitation in the EASM region is influenced by the northward movement of the WPSH, the
eastward shift of the SAH center, and the blocking situation in the Ural region. Moreover, these impacts are not

static, but the combination of different factors brings different effects.

In order to better understand the response of precipitation in East Asia to the intensity of the ASM, studies have
divided the relationship between monsoon intensity and precipitation into four types [Z9 namely, the strong
monsoon and strong precipitation type, strong monsoon and weak precipitation type, weak monsoon and strong
precipitation type, and weak monsoon and weak precipitation type. The strong monsoon and heavy precipitation
type often corresponds to the background conditions of a high SST in the North Pacific Ocean, northward
movement of the position of the WPSH, and westward movement of the center of the SAH. The strong monsoon
and weak precipitation type corresponds to the background conditions of a significantly lower SST in the North
Pacific, southward position of the WPSH, and eastward position of the center of the SAH. The weak monsoon and
strong precipitation type corresponds to the background conditions of a high SST in the North Pacific, northward
position of the WPSH, and westward position of the center of the SAH. The weak monsoon and weak precipitation
type corresponds to the background conditions of a low SST in the North Pacific, southward position of the WPSH,
and eastward position of the center of the SAH. Therefore, the precipitation in the ASM region will form different

types of precipitation under the influence of the ASM and multiple atmospheric systems.

In terms of the interaction between the monsoon and westerly circulations, not only will the changes of the ASM
affect the precipitation variation in the northwest of China dominated by the westerly system, but the changes of
the Westerly intensity will also affect the precipitation in the ASM region. The impact of the Westerlies on the
precipitation in the monsoon region is mainly achieved by affecting the position variation of the subtropical high

pressure.

Normally, the strengthening of the Westerlies will “attract” the northward uplift and westward extension of the
subtropical high. The area covered by the subtropical high is usually characterized by a prevailing downdraft,
sunny weather, and prolonged drought, and its edge area is the convergent and rising area of warm and moist air
in the lower layer, which is prone to the formation of thunderstorms and precipitation belts. Therefore, where the
subtropical high is located, the central control area of the subtropical high is dry and hot, while the marginal area
forms a large amount of monsoon precipitation. In this context, changes in the position of subtropical high pressure

will lead to different water-and-heat-combination characteristics in the south and north of the ASM region.

3. Dynamic Mechanism and Influencing Factors of Changes
in Monsoon and Westerly Circulations

3.1. Orbital Time Scale

On the orbital time scale of the glacial/interglacial cycles, the climate and environmental change patterns in

northwest China dominated by the westerlies is consistent with that of eastern China dominated by the monsoons
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781 showing glacial-to-interglacial-to-glacial cyclical changes. A comparative study on the paleoenvironments
between the Chashmanigar loess in Tajikistan bordering northwest China (Westerly region) and the Lingtai loess in
the central Loess Plateau of China (monsoon region) has found that not only do they exhibit obvious alternation of
loess layers and paleosol layers, but the loess and paleosol layers in both places also have a good consistency in

age 77 which accords with the Earth’s orbital changes in the cycles of glacial and interglacial periods.

In terms of genesis, it is well known that the environmental conditions for the formation of loess and paleosols are
different. The loess layer is mainly formed during the cold and dry glacial period, while the paleosol layer is often
formed during the warm and humid interglacial period 873, Although the sedimentary rhythms of the Lingtai loess
profile in China and the Chashmanigar loess profile in Tajikistan are consistent and the climatic conditions for the
formation of loess and paleosol are similar, the atmospheric circulations (wind systems) of the two are

fundamentally different.

In the Tajikistan area dominated by the Westerlies, the climate of the loess layer formation was dry, windy, and cold
with a high dust content in the atmosphere. The transport and deposition of loess dust were influenced by the
Westerlies throughout the year and the Siberian north wind in winter. The climate of the paleosol layer formation in
this region was relatively wet, warm, and windy. It was not only affected by the warm temperature during the
interglacial period, but also had a richer water vapor content compared to the loess formation period, and the main
source of water vapor was the Westerly circulation. It carries a large amount of water vapor from the North Atlantic

region and promotes the formation of ancient soil layers in Tajikistan L7,

In the Loess Plateau of China under the control of the ASM, the loess layers were formed during the cold and dry
glacial period and were mainly influenced by the Siberian northwest wind (winter monsoon). The climate for the
formation of the paleosol layers was relatively warm and humid, which is not only related to the global warm
climate in the interglacial period, but also related to the large amount of water vapor brought by the strong ASM
from the ocean, and the combined effect of the two promoted the formation of the local paleosol EAZZIIEI79],

Tajikistan and China, two regions controlled by different atmospheric circulation systems, have formed relatively
consistent profiles of loess and paleosol cycles, indicating that, on the orbital time scale of glacial-interglacial
cycles, the Westerly circulation that promotes the formation of paleosols in Central Asia and the ASM circulation
that promotes the formation of paleosols in the Loess Plateau exhibit consistent intensity changes on this time

scale, which proves that the two have an in-phase relationship.

Therefore, the Westerly circulation and the ASM circulation both respond to the changes in solar radiation in the
NH on the glacial-interglacial scale and the precession time scale of 20,000 years, and they have an in-phase

relationship on the Earth’s orbital time scale.

3.2. Suborbital Time Scale

On the suborbital time scale, comprehensive comparisons of various paleoenvironmental records have shown that

the changes of solar radiation and SST at high latitudes in the NH may be important factors influencing the
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paleoenvironmental changes in the arid Central Asia (ACA) since the Holocene (Figure 7). Moreover, these factors
may also have significant impacts on the variation of the monsoon circulation intensity in the mid-latitudes (81,
Under the influence of multiple factors, the climate and environmental changes in the Westerly and monsoon
regions may be asynchronous on the suborbital time scale (that is, exhibiting an out-of-phase relationship). This

was observed during the relatively warm Last Interglacial and Holocene periods.
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Figure 7. A comprehensive comparison of the Westerlies with multiple global environmental records at the
Holocene suborbital scale (cited from [28). (a) Synthesized Holocene mean moisture index in arid Central Asia
(ACA); (b) correlation with Northern Hemisphere summer insolation B2; (c) sea surface temperature (SST) of the
North Atlantic region BY: (d) SST of the Norwegian Sea 81l (e) air temperature from GRIP ice-core [2; and (f)

relative sea-level change from Barbados B3I,

The loess profiles from the Yili Basin in the Westerly region and the Loess Plateau in the monsoon region both
show that, during the Last Interglacial period, the variation of humidity in northwest China lagged behind that in the

monsoon region by about 3-5 ka 28, This reveals that the atmospheric circulation systems that caused the
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humidity changes in the two regions were not synchronized during this period. During the Holocene period, as
discussed above, the climate and environmental changes in the arid Central Asia and the ASM regions were also
asynchronous (Figure 4). Environmental changes in the arid region of northwest China are characterized by the
early Holocene drought, the middle Holocene humidity, and the late Holocene moderate humidity, while the ASM
region exhibits the early Holocene humidity, the middle Holocene relative humidity, and the late Holocene relative
drought 28, This indicates that the Westerly circulation and the ASM circulation exhibit an out-of-phase relationship

on the suborbital time scale within the interglacial period.

The reasons for the asynchronous (out-of-phase) evolution of the Westerlies and monsoons at the suborbital scale

can be explored by taking the changes of solar radiation and SST during the Holocene as examples.

In the early Holocene, the rise in global temperature and the increase in solar radiation (Figure 4) led to an
increase of the sea—land temperature gradient and evaporation in East Asia, and the intensity of the ASM was
enhanced and a large amount of water vapor was carried from the ocean to East Asia [44]. Therefore, the climatic
environment of the ASM region was relatively humid in the early Holocene. However, for the northwest region of
China at the middle latitudes, the strong solar radiation in summer in the early Holocene would lead to intense local
evaporation. At the same time, due to the significant melting of the ice sheet in Greenland, the sea water
temperature in the North Atlantic Ocean was lower and the sea surface evaporation was reduced, so the water
vapor content brought by the Westerly circulation decreased, leading to a dry climate in northwest China (Figure
8). In winter, the increase of solar radiation also leads to an increase of SST in the north Atlantic Ocean, a
decrease of meridional temperature gradient, a decrease of the Westerly intensity, a decrease of evaporation due
to the lower winter temperature, and a decrease of water vapor content brought by the Westerlies, leading to

further drought in northwest China [,
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Figure 8. Changes in solar radiation in the early Holocene in the NH led to climatic drought in the Westerly region
(28],

After the middle Holocene, the solar radiation in the NH was slightly weaker than in the earlier period but still
relatively strong (Figure 7). Due to the relative decrease in solar radiation, the ASM also showed a weakening
trend in the middle Holocene 4], but the climate in the monsoon region was still relatively humid at this time, with
only a decrease in the degree of humidity compared to the early Holocene (Figure 4). For the Westerly region
during this period, because the ice sheet in the NH gradually decreases but the SST in the North Atlantic began to
rise, the water vapor content of the Westerly circulation increased and the activity of low-level cyclones increased,
resulting in a large increase in the wetness of northwest China. Therefore, under the influence of a high SST in the
North Atlantic and high temperature in the middle latitudes, the enhanced water vapor transport of the Westerly
circulation and increased cyclone activity in the region led to a higher degree of humidity in northwest China during
this period 8],

In summary, the ASM was mainly controlled by the amount of summer solar radiation since the Holocene [(4I;
coupled with the changes of SST and regional surface processes, these factors collectively contributed to the key
driven mechanism that caused the environmental changes in the Westerly and ASM regions to show they were

out-of-phase at the suborbital scale during the Holocene 2],
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3.3. Millennial to Centennial Time Scale

Multiple paleoenvironmental records and modeling studies have shown that the weakening of the North Atlantic
overturning circulation (AMOC) and the expansion of ice volume in the NH since the penultimate and last glacial
periods can lead to rapid climate change in the North Atlantic region on a millennium to centennial time scale
(Figure 9). At the same time, it affects the intensity and location changes of the Westerly circulation, and then

transmits to eastern Asia through the Westerly circulation, causing rapid climate and environmental changes in the
SAM region [44][B4][85][86][E7]

Abrupt climate change events on the millennium time scale that occurred during the LGP (such as the Heinrich and
DO events) were largely associated with the weakening of the AMOC [B8I8d, The link between rapid cold events in
the North Atlantic Ocean and weak ASM on a centennial to millennium time scale since the LGP has also been
confirmed by various climatic records (Figure 9). For example, during the Younger Dryas (YD) event and 9.5-8.5
ka B.P., the EASM precipitation on the millennium time scale showed a significant weakening, which corresponded
to the weakening of the AMOC [291[81],
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Figure 9. A comparison between the records of the Asian summer monsoon and North Atlantic abrupt events (cited
from [B1)). (a—d) Centennial components of (b) Zr/Rb and (c) Rb/Sr with (a) the North Atlantic HSG 22 and (d)
atmosphere 14C record 23], The purple and blue bars indicate abrupt monsoon events. The numbers 1-8 in figure
(a) indicate the selected event cycles which are used for the spectral analyses of periodicity in figure (e—I). Plots

(e—1) show the spectra of the proxy records during the (e—h) Early and (i-1) Late Holocene 21, Spectral peaks that
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are above the 80% confidence levels (black lines) are marked. The grey vertical bands indicate the most significant
cycle 1],
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