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Abstract:

The evolution of central Asian drylands during the Cenozoic is a hot topic in paleoclimate research, but the
underlying mechanism remains unclear. Here, we investigate this topic with climate modeling based on six key
geological periods. Our results indicate that central Asian drylands have existed since the early Eocene, after which
they move northward and become narrower. Although changed land—sea distribution and decreased atmospheric
CO; concentration promote the aridification of drylands, they only slightly affect the latitudinal distribution of
drylands. By comparison, the growth of Asian high-topography areas, especially the Tibetan Plateau (TP), makes
central Asian drylands move northward, concentrate in narrow latitudinal bands, and increase in intensity. Good
model-data qualitative agreement is obtained for stepwise aridification in midlatitude inland Asia north of ~40°N,

and the uplifted main and northern TP by the early Miocene likely forced drylands to change in this region.
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Plain Language Summary

Drylands in central Asia (approximately 40-50°N, 70-105°E) have a very long and complex evolutionary
history during the Cenozoic. Previous modeling studies have mainly considered specific geological period and
factors; however, few attempts have been made to quantify the role of different factors on the characteristics of
central Asian drylands through geologic time and to comprehensively investigate the changes in these
characteristics under different evolved scenarios of the Tibetan Plateau (TP). The mechanism behind the changes in
position, range and intensity of central Asian drylands during the Cenozoic remains unclear. In this study, we ran 44
individual experiments to investigate the respective roles of Asian topography, land—sea distribution, atmospheric
CO; concentration and Antarctic ice sheet on central Asian drylands. Our model results indicate that central Asian
drylands have existed since the early Eocene. The Paratethys Sea retreat and the atmospheric CO, concentration
reduction promote the aridification of drylands, but they only slightly affect the latitudinal position of drylands.
With the growth of Asian high-topography areas, especially the TP, central Asian drylands move northward,

concentrate in narrow latitudinal bands, and increase in intensity.
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Key Points

1 Changed land—sea distribution and atmospheric CO; promote aridification of drylands but only slightly affect

their latitudinal distribution.

2 The growth of the TP makes central Asian drylands move northward, concentrate in narrow latitudinal bands, and

increase in intensity.

3 The uplift of the main and northern TP by the early Miocene likely forced the drylands in central Asia north of

~40°N.
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1. Introduction

Today, most global drylands are located between ~20° and 40°N, whereas Asian inland drylands, one of the
most climate sensitive and vulnerable regions in the world (Lioubimtseva and Henebry, 2009), span from
northwestern China to middle Asia at higher latitudes. In particular, central Asia (approximately 40—-50°N, 70—
105°E) hosts steppe—desert biomes and is characterized by summer-dominated low precipitation (Barbolini et al.,
2020). Drylands in central Asia have a very long and complex evolutionary history during the Cenozoic (Caves and
Chamberlain, 2018; Lu et al., 2019), accompanied by ancient biomes characterized by a predominance of shrubs,
forest, and ferns rather than herbs (Sun and Wang, 2005; Barbolini et al., 2020). They can be traced back to the
early Eocene (Licht et al., 2016; Li et al., 2018a) and become more pronounced throughout the Eocene—Oligocene
transition (Dupont-Nivet et al., 2007), late Oligocene (Zheng et al., 2015) and early Miocene (Sun and Wang, 2005;
Zhang et al., 2015). More humid conditions prevail during the Middle Miocene Climatic Optimum (MMCO) (Miao
et al., 2012), while these drylands have undergone stepwise intensified aridification since the late Miocene (Fang et

al., 2015).

Previous studies have demonstrated that changes in land—sea distributions, Asian topography, and global
cooling can affect central Asian drylands. The retreat of the Paratethys Sea strengthens Asian inland aridity
(Ramstein et al., 1997; Meijer et al., 2019) by reducing the water vapor supply to the Asian interior. The uplift of
Asian high mountains, particularly the Tibetan Plateau (TP), intensifies Asian inland aridity through the
intensification of descending air related to orographic rain shadows (Zhang et al., 2012; Zoura et al., 2019).
Cenozoic global cooling enhances Asian inland aridity by weakening regional hydrological cycles (Li et al., 2018b;
Lu et al., 2019). Previous paleoclimate modeling studies have mainly investigated central Asian drylands in
response to those factors for specific time periods (Botsyun et al., 2019; Farnsworth et al., 2019; Liu et al., 2019;
Zoura et al., 2019; Tardif et al., 2020). However, few attempts have been made to quantify the role of different
factors on central Asian drylands through geologic time and to comprehensively check the changes in central Asian
drylands under different evolved scenarios of the TP (Wang et al., 2014; Deng et al., 2019; Su et al., 2019; Spicer et
al., 2020) because of the debated uplift history of the TP. Thus, the mechanism behind the changes in position,
range and intensity of central Asian drylands during the Cenozoic remains unclear, and a systemic comparison

among climate effects from various factors with several evolved scenarios of the TP is required.

Here, we carry out a set of systematic modeling experiments to investigate the evolution of central Asian

drylands during the Cenozoic. We use the low-resolution Norwegian Earth System Model (NorESM-L) (Zhang et
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al., 2014) and Community Atmosphere Model version 4 (CAM4) (Neale et al., 2013) based on six key geological
periods (early Eocene, late Eocene, early Oligocene, early Miocene, late Miocene and late Pliocene). We carry out
14 experiments with NorESM-L, together with 30 experiments with CAM4, to distinguish the effects arising from
the TP uplift, the Paratethys Sea retreat, the atmospheric CO; concentration reduction and the Antarctic ice sheet
expansion on the position, range and intensity of central Asian drylands during the Cenozoic. In addition, we also
consider several scenarios of the TP height according to asynchronous uplift across different regions of the TP
(Tapponnier et al., 2001; Wang et al., 2014) in our sensitivity experiments. We use the aridity index (Al),
recommended by the Food and Agriculture Organization (FAO) and widely used (Fu and Feng, 2014), to show the

simulated Asian drylands.

2. Methods

2.1 Models and boundary conditions

NorESM-L and CAM4 are used here. NorESM-L was developed at the Bjerknes Center for Climate Research.
CAM4, the atmospheric component, has a horizontal resolution of ~3.75° x 3.75° (Spectral T31) with 26 vertical
levels. The land component (Community Land Model version 4) adopts the same horizontal resolution as CAM4.
The ocean component (Miami Isopycnic Coordinate Ocean Model) has a nominal 3° horizontal resolution and 32
vertical levels. The sea ice component is the Los Alamos Sea Ice Model version 4. NorESM-L has been
demonstrated to be able to capture the present-day climate and paleoclimates (Bentsen et al., 2013; Zhang et al.,
2014). Moreover, CAM4, with a horizontal resolution of ~1° (configured by ~0.9° in latitude and 1.25° in longitude)
and 26 vertical layers, has also been used for atmospheric-only experiments. At this resolution, CAM4 uses a
finite-volume dynamical core and reasonably reproduces the large-scale pattern of the current Asian climate (Neale
et al., 2013). These CAM4 experiments run with fixed vegetation distribution and phenology and no carbon and

nitrogen cycle is considered.

The paleogeographic configurations for the early Eocene (~50 Ma), late Eocene (~40 Ma), early Oligocene
(~30 Ma), early Miocene (~20 Ma), and late Miocene (~10 Ma) are based on reconstructed paleogeographic maps
(Scotese, 2001) and further digitized by Zhang et al. (2014). For the late Pliocene (~3 Ma), we use the
reconstructed topography from PRISM3D (Dowsett et al., 2010) with a modern land—sea mask. For the greenhouse
gases, we set the atmospheric CO, concentration to 1120 ppmv, 1050 ppmv, 700 ppmv, 420 ppmv, 350 ppmv and

405 ppmv for these six periods in one group and keep these values at 560 ppmv for first five periods in another
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group, in accordance with a previous synthesis (Beerling and Royer, 2011). Other greenhouse gases (e.g., CHs and
N20) are fixed at the preindustrial levels (year 1850). Given the scarcity of proxies for vegetation during the
Cenozoic, we adopt the same idealized land cover for first five periods and the PRISM3D reconstructions for the
late Pliocene. In addition, no ice sheets are included, except for those set for the late Pliocene and Antarctic ice

sheet sensitivity experiments.
2.2 Experimental design and Al

Due to the long simulation time required by using a high-resolution fully coupled model, we use simulated
climatologically-averaged 12 months sea surface temperatures (SSTs) from NorESM-L experiments to force CAM4
experiments (Tables S1 and S2). To keep consistent of the boundary conditions between experiments with two
models, we use the paleogeographic conditions from NorESM-L experiments in CAM4 experiments. The elevation
conditions in CAM4 experiments are the same as that in NorESM-L experiments except that in Asia. Due to the
debated evolution history of Asian topography and to emphasize the climate effects of the growth of the TP, we
keep and modify the topography in and around the TP and remove other Asian topography in CAM4 experiments.
These NorESM-L experiments are generally run for more than 2,000 model years (Table S1). Each CAM4
experiment is run for 25 model years. These CAM4 experiments reach a quasi-equilibrium state in their first five

model years; therefore, the computed climatological means of the last 20 model years are analyzed below.

We first simulate the climate of the early Eocene, late Eocene, early Oligocene, early Miocene and late
Miocene with and without changing the atmospheric CO, concentration (Table S2). Through comparison, we can
measure the climate effect of atmospheric CO; concentrations. Moreover, to investigate the climate effect of an
Antarctic ice sheet on central Asian aridity, we conduct two sensitivity experiments under early Miocene and late
Miocene paleogeography (Table S2). The Antarctic ice sheet and accompanying topography used in these
experiments are derived from late Pliocene conditions (Haywood et al., 2011), which compared well with the

corresponding reconstruction (Paxman et al., 2019) and previous modeling studies (Goldner et al., 2015).

In the above simulations, the TP gradually uplifted and moved northward. To further constrain the effect of
changes in Asian topography, we consider asynchronous uplift across different regions of the TP (Tapponnier et al.,
2001; Wang et al., 2014). Moreover, we further investigate the effects of the uplifting main TP from the early
Oligocene to the early Miocene by considering several scenarios of the main TP height (Wang et al., 2014; Deng et

al., 2019; Su et al., 2019; Spicer et al., 2020). In particular, the main TP may reach approximately 2000 m (Deng et
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al., 2019) or more than 4000 m with the low northern part (Wang et al., 2014) and further the deep central valley
(Su et al., 2019; Fang et al., 2020; Spicer et al., 2020) in the early Oligocene. Meanwhile, the latitudinal position of
the main TP is possibly ~3° further south in the early Oligocene, while the position is near the present state by the

early Miocene (Lippert et al., 2014).

To isolate the effects of Asian topography, we use a flat Asian topography (maximum elevation of 300 m) in
the regions of 0—70°N and 50—140°E (Table S2). Moreover, according to the Asian topography evolution scenarios
mentioned above, we conduct additional sensitivity experiments under early Miocene boundary conditions (Table
S2). In these experiments, the topography is changed but other boundary conditions are unchanged, such as

vegetation, soil color and constitution.

Al is defined as the ratio of the annual precipitation to the annual potential evapotranspiration (PET). We apply
the Penman-Monteith algorithm to estimate PET (Allen et al., 1998; Fu and Feng, 2014), in which the effects of
surface air temperature, available energy, wind speed, and relative humidity are taken into account. Here, dry
regions are defined as those for which the Al is less than 0.65 and are further classified into dry-subhumid (0.5 < Al
< 0.65), semiarid (0.2 < Al < 0.5), arid (0.05 < Al < 0.2) and hyperarid (Al < 0.05) regions, and wet regions are

defined as those for which the Al is greater than 0.65. The algorithm for PET is detailed as follows:

900
0.408A(R, — G) + VWUZ(QS —ey)

PET =
A+y(1+ 0.34U,)

where PET is the potential evapotranspiration (mm day '), R, is the net radiation at the land surface (MJ m2 day '),
G is the soil heat flux density (MJ m2 day!), A is the slope vapor pressure curve (kPa °C™!), y is the psychrometric
constant (kPa °C™!), T is the mean daily air temperature at 2 m height (°C), U is the wind speed at 2 m height (m s~

1, e, is the saturation vapor pressure (kPa), and e, is the actual vapor pressure (kPa).

The model could reasonably simulate the extent and aridity of the Asian dryland based on the evaluation with
long-term mean observations and reanalysis data for the period 1981-2010 (Kanamitsu et al., 2002; Schneider et al.,
2011). In the observations (Fig. S1), drylands are widely distributed in central and southwestern Asia. The observed
distribution matches with varying types of surface vegetation, that is, barren, open shrublands, savannas, and
grasslands (Fu and Feng, 2014). Our preindustrial experiment reasonably simulates the observed locations of Asian

drylands, although it underestimates the dryland extent over Northwest China.
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3. Results

3.1 Modeled central Asian drylands during the Cenozoic

In our simulations, central Asian drylands have existed since the early Eocene and are mainly located between
~20°N and ~40°N during the early Cenozoic (Fig. 1). These drylands are caused by both less annual precipitation
and more annual PET in the central and western parts of the continent (Figs. S2 and S3). Due to strengthened
regional hydrological cycles from a warmer climate and a shorter distance from the proto-Paratethys Sea to inland
Asia, water vapor transport by the westerlies from the proto-Paratethys Sea into inland Asia was strong in the early
Cenozoic. However, the descending air masses associated with the Hadley high-pressure cell limit precipitation

(Zhang et al., 2012), thus resulting in Asian inland drylands between ~20°N and ~40°N (Figs. 2, 3 and S4).

Central Asian drylands start moving northward since the Miocene. From the Eocene to Oligocene, simulated
central Asian drylands are mainly located between ~20°N and ~40°N (Fig. 1b-c). Since the Miocene, central Asian
drylands move northward gradually into north of ~40°N and become narrower (Fig. 1d-f). The intensified aridity in
the higher latitudes in central Asia is essentially caused by the decreased annual precipitation, since the PET does
not increase in the region (Figs. S2 and S3). In central Asia, most of the changed annual precipitation between
experiments is caused by that in summer (May to September) (Fig. S5 and Table S3) due to changes in water vapor

transport (Figs. 2 and S5) and vertical motion (Figs. 3 and S6).
3.2 Impact of different factors on central Asian drylands

As demonstrated in our sensitivity experiments, simulated Asian drylands are always located between ~20°N
and ~40°N, when the Asian topography is flat. Few drylands are located in central Asia north of ~40°N, regardless
of the land—sea distribution conditions (Fig. S7). Simulated drylands between ~20°N and ~40°N are caused by low
annual precipitation and high PET (Figs. S8 and S9). Moreover, when the Asian topography is flat, the shrinkage of
the Paratethys Sea and the drop in atmospheric CO> concentration enlarge drylands but do not squeeze drylands

into higher latitudes (Fig. S7).

The retreat of the Paratethys Sea increases the distance of eastward water vapor transport to central Asia, thus
reducing the water vapor supply into central Asia (Fig. S5). Therefore, the shrinkage significantly decreases inland
precipitation (in particular in winter) and enhances Sseasonality in precipitation and regional aridity in central Asia.
In particularly, the distinct retreat of the Paratethys Sea from the Tarim Basin occurs through the early Eocene to

late Eocene/early Oligocene and further shrinks from the Pamir to the Caspian basin during the early to late
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Miocene in our simulations. However, it does not play a dominant role in the northward shift of central Asian

drylands when compared to the impact of Asian topography.

The decrease in atmospheric CO, concentration can reduce annual precipitation in central Asia. The decreased
annual precipitation (Fig. S10 and Table S3) derives mainly from summer due to the weakened water vapor supply
from the cooled atmosphere (Fig. 2) and intensified regional descending motion (Fig. 3). Although the decreased
atmospheric CO, concentration can enhance aridity in central Asia, it only slightly changes the latitudinal
distribution of drylands (Figs. 1 vs S11). For example, when the atmospheric CO; concentration is reduced from
1120 ppmv to 560 ppmv in the Eocene experiments, simulated drylands remain between ~20°N and ~40°N but with
higher aridity (Figs. 1 vs S11). In addition to the atmospheric CO, concentration, we analyze the effects of the
expanded Antarctic ice sheet on central Asian drylands under the early and late Miocene boundary conditions, and

their effects on the distribution of central Asian drylands are weak (Fig. S12).

Therefore, our simulations demonstrate that the Asian topography plays a dominant role in squeezing central
Asian drylands into the higher midlatitudes between ~40°N and ~50°N. The uplift of Asian topography also
modulates the responses of central Asian drylands to changes in land-sea distribution and atmospheric CO>
concentration. This is because the existing Asian topography largely affects climatological water vapor transport
and vertical motion through the strengthened land—sea thermal contrast and pressure gradient, which further affect

the responses of central Asian drylands to other factors (Figs. 2 and 3).

We conduct more sensitivity experiments to investigate the impact of asynchronous uplift across different
regions of Asian topography (Fig. S13). These experiments demonstrate that the northward growth of the TP plays
a more essential role in constraining Asian inland drylands at higher latitudes than Mongolian Plateau and Tian
shan, and the uplift of the northern TP (at its current latitude position) is more important than that of other parts of
the TP in constraining central Asian drylands by restricting the distribution of descending air on the north side of
the TP (Figs. 4 and S13). The uplift of Mongolian Plateau and Tian shan affects only the spatiotemporal distribution
of precipitation in inland Asia and slightly modifies the latitudinal distribution of drylands in central Asia (Sha et al.,
2018; Wang et al., 2020). Our sensitivity experiments show that the relatively low height (approximately 2000 m)
of the main TP with a southern position can maintain a wet environment in central Asia north of ~40°N (Fig. S13).
Along with the uplift of the main TP (from ~2000 m to ~4000 m) and its northward motion, the growth of the TP
can expand drylands in central Asia north of ~40°N (Fig. S13). In addition, with the uplift of only the main TP,

simulated central Asian drylands are still less abundant than those in the late Pliocene, indicating the further
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expansion of these drylands forced by the uplift of the northern TP.

4. Discussion

4.1 Uncertainties in simulations

It is not surprising that our current simulations do not illustrate the zonal arid belt in China in the Paleogene
simulations (Sun and Wang, 2005; Guo et al., 2008). During the Paleogene, both the simulations and geological
data demonstrate that the climate was wetter in the eastern part than in the western part of China (Quan et al., 2014;
Farnsworth et al., 2019; Tardif et al., 2020). For example, in the Eocene pollen assemblage, although Ephedripites
(arid plant) exists at all sites from the western to eastern parts of China, the percentage of Ephedripites remains
lower in the eastern than in the western parts of China (Sun and Wang, 2005). However, the wetter climate in the
eastern part of China does not indicate the existence of a monsoon climate during the Paleogene, as demonstrated in
earlier simulations (Zhang et al., 2018; Tardif et al., 2020). The simulated zonal-like arid climate pattern likely

depends on the topography boundary conditions (Farnsworth et al., 2019).

Despite the potential modeling uncertainties, the results of the 30 CAM4 experiments show that the uplift of
Asian high-topography areas, especially the TP, is the key forcing that is driving central Asian drylands into higher
latitudes. Although changes in land—-sea distributions and drops in atmospheric CO, concentrations can enhance
Asian inland aridity, they are not the key forcings that are driving central Asian drylands to latitudes higher than
~40°N. However, the uplift history of the TP remains hotly debated; recent studies suggest that the different regions
in the TP rise asynchronously. Despite the large uncertainties in constraining the elevation and extent of the TP
during the Cenozoic, our sensitivity experiments demonstrate that the uplift of the northern TP is more important
than that of other parts of the TP in constraining Asian drylands to the higher latitudes (Fig. S13). The main TP,
including the Lhasa and Qiangtang areas, likely uplifted before the Neogene (Royden et al., 2008; Wang et al.,
2014), while the marginal TP and surrounding regions, including the Himalaya and Qilian Mountain, uplifted later
(Tapponnier et al., 2001; Li et al., 2014; Ding et al., 2017). The uplift of the main TP from the early Oligocene to
the early Miocene possibly expanded drylands in central Asia north of ~40°N. Moreover, geological evidence
supports temporally persistent tectonic uplift of the northern TP during the early Miocene (George et al., 2001;
Zhang et al., 2015) and the significant uplift of the northern TP since the late Miocene (Li et al., 2014). Since the
uplift of the northern TP, Asian drylands in the higher latitudes have formed at least since the early Miocene and

further intensified after the late Miocene. The above results indicate that the uplift of the main and northern TP by
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the early Miocene likely forced drylands in central Asia north of ~40°N.

Our sensitivity experiments are designed to test mainly the first-order effect of the different factors on central
Asian drylands. For example, we do not test our results by considering vegetation and ocean feedbacks (Zhang et
al., 2019), the potential vegetation feedbacks may notably affect the regional hydroclimate. Moreover, we focus on
the changes in large-scale aridity rather than those in local regions not resolved by the model resolution. This is
because the climate model used is capable of depicting the large-scale climatic signal, and the climate in local
regions received increased impacts from local paleogeography, which is not accurately captured by models because

of the limited horizontal resolution.
4.2 Comparisons with geological records and implications

Environmental changes in central Asia south of ~40°N can be detected from geological records located in the
northeastern TP. Pollen records from the northeastern TP indicate that steppe—desert vegetation has existed in the
Eocene and across the Eocene—Oligocene transition (Hoorn et al., 2012; Bosboom et al., 2014; Barbolini et al.,
2020). From the Eocene on, existing geological records indicate a stepwise aridification shown by quantitative
precipitation reconstruction through composited pollen records in the Qaidam Basin (Jia et al., 2021) and by
palynological and rock magnetic records from 50.2 to 28.2 Ma in the Xining Basin (Fang et al., 2015). Significantly,
aridity became more pronounced by the early Miocene caused by the uplift of the northern and northeastern TP
(Zhang et al., 2015). The above evidence indicates that central Asian drylands in lower latitudes existed at least
from the early Cenozoic and underwent stepwise aridification afterwards, which is generally consistent with our

simulation (Fig. 1, e.g., Xining basin) and previous simulations (Zhang et al., 2012; Tardif et al., 2020).

The environment in central Asia north of ~40°N was wet during the early Cenozoic and formed drylands
around the early Miocene, as shown in both the records and simulations. Previous paleovegetation studies from the
northern Junggar Basin, northern Tian Shan and Zaisan (48°N, 85°E) show wet conditions with forest or forest—
steppe vegetation during the Eocene—Oligocene (Tang et al., 2011; Akhmetiev and Zaporozhets, 2014; Sun et al.,
2014; Tardif et al., 2020). From the Eocene on, existing pollen records and aeolian deposits from the northern Tian
Shan and the Junggar Basin indicate stepwise aridification, and the transition from wet to dry conditions likely
occurs around the early Miocene (Sun et al., 2010; Tang et al., 2011). Particularly, using a palynological record
from the fluviolucustrine Jingou River section from the northern Tian Shan, Tang et al. (2011) demonstrated that

xerophilous herbs with Chenopodiaceae-Arte-misia pollen dominance gradually replaced the forest—steppe during
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23.8-23.3 Ma and continuously developed until ~17.3 Ma, indicating that late Oligocene wet conditions existed
and shifted to dry conditions afterwards. The percentages of herbaceous genera also increased markedly between
the late Oligocene and the early Miocene in western China (divided by the modern 500-mm isoline of annual
precipitation) (Lu et al., 2018). The aeolian deposition initiated in Dingshanyanchi and Tieersihabahe in the
northern Junggar Basin at 24 Ma (Sun et al., 2010) and along the southwestern margin of the Taklimakan Desert
between ~26.7 Ma and 22.6 Ma (Zheng et al., 2015) and in the middle reaches of the Yellow River, such as Qinan,
since the early Miocene (Guo et al., 2008) likely reflected the formation of deserts at higher latitudes providing
stable dust sources since the early Miocene. On the whole, this evidence likely supports that drylands move to
central Asia north of ~40°N since the early Miocene. In terms of simulation, the dry condition over central Asia
south of ~40°N and wet condition north of ~40°N during the Eocene—Oligocene are clearly captured by our
simulation and other late Eocene and early Oligocene simulations (Barbolini et al., 2020; Tardif et al., 2020).
Although the comparison of the various proxy records with the modeled central Asian stepwise aridification is
affected by local variations and transient climate events, there is broad agreement between them. For example,
within central Asia (40-50°N, 70—-105°E), the model results show a gradual increase in the area and intensity of
drylands, indicating an aridification trend, and the uplifted main and northern TP force drylands in central Asia

north of ~40°N by the early Miocene (Figs. 1 and S13).

Our simulations suggest a high spatial complexity in hydroclimate evolution in inland Asia during the
Cenozoic. In middle Asia west of the Tian shan, aridity gradually intensified, accompanied by the retreat of the
Paratethys Sea from the Tarim Basin to the Caspian basin. In central Asia north of ~40°N, hydroclimate shifts from
wet to dry conditions, accompanied by the northward uplift of the TP. In central Asia south of ~40°N, hydroclimate

changes from dry conditions to the climate over high elevation.
5. Summary

We performed 44 individual experiments to comprehensively address the evolved processes and underlying
mechanisms of central Asian drylands through the Cenozoic. It is found that the retreated Paratethys Sea and the
decreased atmospheric CO; concentration promote aridification in central Asia, but they only slightly change the
latitudinal position of the Asian drylands. By comparison, the uplift of the TP makes central Asian drylands move

northward, concentrate in narrow latitudinal bands and increase in intensity.
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Figure 3. Differences in simulated summer (May to September) meridionally averaged (70-90°E) vertical velocity
(shaded, units: hPa day ') and wind circulation due to the uplifted Asian topography (d-f) and decreased
atmospheric CO, concentration (g-i) under late Eocene, early Miocene and late Miocene boundary conditions.
Upward motion is negative and downward motion is positive. Vectors are vertical velocity (units: hPa day™!) versus

meridional wind (units: m s™!). The black shaded regions denote the topography.
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Figure 4. Cartoon illustrating the impacts from global cooling, Paratethys Sea retreat and Tibetan Plateau (TP) uplift on
Asian drylands. The decreased atmospheric CO, concentration and the retreated Paratethys Sea weaken the water vapor
transport and promote aridification in inland Asia, but they only slightly change the latitudinal position of dryland. The
uplift of the TP makes Asian drylands move northward, concentrate in narrow latitudinal bands and increase in intensity
mainly through intensification of descending air in the north of the TP. Note that the water vapor transport from the

Indian and Pacific Oceans is not shown.
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