
1. Introduction
The present-day spatial and temporal variability of precipitation over the Tibetan Plateau (TP) and Central 
Asia (CA) are complex and involve different physical mechanisms (Bohner,  2006; Bothe et  al.,  2012; Mölg 
et al., 2014). General circulation models (GCMs) and high-resolution reanalysis datasets provide the necessary 
tools to explain past and present-day observed precipitation patterns (Botsyun et al., 2019; Knorr et al., 2011; 
Li, Ehlers, Werner, et al., 2016; Licht et al., 2014; Maussion et al., 2014; Mölg et al., 2014; Mutz et al., 2018; 
Saeed et  al., 2011; Wang, Tolksdorf, et  al., 2021). Temporal changes in hydroclimate across the TP and CA 
regions during the Late Cenozoic are driven by both thermodynamic and dynamic processes (Caves et al., 2014; 
Han et al., 2021; Li & Morrill, 2010, 2013; Sun, Wu, Ramstein, et  al., 2021). An important thermodynamic 
effect arises from two factors: first, a change in the specific humidity gradient caused by reduced/increased 
evaporation over the ocean during colder/warmer periods (e.g., Jin et al., 2012); second, an enhanced land-sea 
thermal contrast (Joshi et al., 2008). Regional changes in atmospheric dynamics and associated changes in mois-
ture advection are related to the shift in pressure gradients and the latitudinal tilt of the westerly winds (Li & 
Morrill, 2013; Lü et al., 2010) or different influences of Indian summer monsoon (ISM), South Asian summer 
monsoon (SASM), and East Asian summer monsoon (EASM) (Wang et al., 2003).

Previous studies have shown that the present-day moisture supply to the Tian Shan region, the Tarim Basin, adja-
cent regions of Kyrgyzstan and Kazakhstan, Northwestern China and the northern TP is primarily controlled by 
mid-latitude westerlies, and also from contributions from higher latitudes (Bothe et al., 2012). The ISM, SASM, 
and EASM also have an influence on the regional hydroclimate through advection of moisture from the Indian 
and Pacific Oceans. Their contributions range from 20% to 45% (depending of region and season) of the total 
moisture reaching the TP and CA (Botsyun et al., 2016; Jiang et al., 2020; Pan et al., 2019; Yao et al., 2013). 
Moreover, the monsoon circulation has a strong dynamic link with precipitation in this region through the 
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so-called “monsoon-desert” coupling mechanism. The monsoon-desert mechanism results from diabatic heating 
in the monsoon region that induces Rossby waves which interact with subtropical westerly flows and causes 
a descending motion north of the TP (Hoskins, 1996). This dry air subsidence north of the TP and associated 
dryness of CA increases with a strengthened summer monsoon (Broccoli & Manabe, 1992).

For the present-day climate, precipitation conditions over the central TP in May-June are largely determined by 
both the onset of the ISM and mid-latitude dynamics (Mölg et al., 2014). Moreover, strong coupling between 
the westerly jet (WJ) stream and lower-level circulation (Wu, Liu, et al., 2012) and between atmospheric mois-
ture transport and local precipitation (Ma et  al.,  2018) have been hypothesized for the Asian region. Mölg 
et al.  (2014) showed that (a) WJ suppresses deep convection through vertical wind shear in the upper tropo-
sphere and thus reduces regional precipitation, and (b) WJ induces atmospheric moisture fluxes in the lower to 
mid-troposphere. Furthermore, large-scale westerly waves remotely control the tropospheric flow strength over 
the TP (Mölg et al., 2014). In turn, the latitudinal position and occurrence of the WJ have been hypothesized to be 
controlled by barotropic anticyclonic anomalies occurring over the mid-latitudes of the Eurasian continent (Ding 
& Wang, 2005). Two of these anomalies are located to the west of the TP and over northeast Asia (Krishnan 
et al., 2009; Wang et al., 2001).

For the late Cenozoic, changes in hydroclimate over continental Asia are usually interpreted as changes in the 
Asian monsoons (e.g., Chen et al., 2013; He et al., 2021; Li, Ehlers, Werner, et al., 2016; Wang et al., 2019, 2020), 
the WJ (Fang et al., 2020; Han et al., 2014; Zhang et al., 2018), or both (Ao et al., 2021; Cheng et al., 2012; 
Chiang et al., 2020). For interglacial/interstadial, for example, mid-Pliocene or mid-Piacenzian, significant shifts 
in large-scale atmospheric dynamics in both the tropics and mid-latitudes have been detected using climate 
models and proxy data (Sun et al., 2013), ultimately leading to increases in the global mean precipitation rates 
as well as the monsoon index (Tan et al., 2020). In contrast, both paleoclimate simulations and proxy data for 
the glacial/stadial, for example, the Last Glacial Maximum (LGM), show a generally dry climate over the Asian 
continent with locally increased precipitation (Braconnot et al., 2007; Sun, Wu, Kageyama, et al., 2021). This is 
explained by low atmospheric moisture content as the main thermodynamic control on the lower LGM regional 
precipitation rates, with enhancement of horizontal moisture transport responsible for the local precipitation 
increase (Sun, Wu, Kageyama, et al., 2021). However, the nature, magnitude, and large-scale drivers of seasonal 
changes in paleoprecipitation across the TP and CA during the glacial/interglacial remain controversial.

In this study, we investigate the changes in the regional and global atmospheric dynamics, such as the seasonal 
migration of the WJ and monsoonal circulation. We then evaluate their connection to the regional hydroclimate 
over the TP and CA for selected time periods during the last ∼3 Ma. Through this, we provide insights into the 
influence of large-scale climatic processes on moisture transport to the TP and CA during interglacial/intersta-
dial and glacial/stadial periods. We test a hypothesis that the change in WJ position, and the intensity, strength 
and duration of the EASM, SASM, and the ISM impact precipitation seasonality and thus surface hydroclimate 
over TP and CA regions for glacial/interglacial periods. For this purpose, we perform high-resolution (∼0.75° 
per grid cell) GCM ECHAM5 (Roeckner et al., 2003) experiments with mid-Pliocene (∼3 Ma), LGM (∼21 ka), 
mid-Holocene (∼6 ka), and pre-industrial (PI; year 1850) boundary conditions and analyze variations in the 
global atmospheric circulation that potentially affected the hydroclimate in selected regions.

2. Methods
2.1. Paleoclimate Simulation Setup

We use the atmospheric GCM ECHAM5 to perform paleoclimate experiments at a high spectral resolution of 
T159 (corresponding to a horizontal grid spacing of ∼0.75° or ∼80 km at the equator), 31 vertical levels (up 
to 10 hPa) and 6 hr output interval. A detailed description of the ECHAM5 model is provided by Roeckner 
et al. (2003). The pre-industrial (year 1850) control simulations (ECHAM5_PI) was performed using (Dietrich 
et al., 2013; Etheridge et al., 1996, 1998; Lorenz & Lohmann, 2004; Sowers et al., 2003) sea surface temperatures 
(SSTs) and sea ice concentrations (SICs) derived from transient coupled ocean-atmosphere simulation (Dietrich 
et al., 2013; Lorenz & Lohmann, 2004) (Table 1; Figure S1 in Supporting Information S1). Following Dietrich 
et al. (2013), the greenhouse gas (GHG) concentrations are taken from ice-core-based reconstructions: CO2 – 
280 ppm (Etheridge et al., 1996); CH4 – 760 ppb (Etheridge et al., 1998); N2O – 270 ppb (Sowers et al., 2003). 
Land surface parameters, including vegetation are based on (Hagemann, 2002). When we use the term "climate 
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change" in this manuscript, we refer to climatic departures from our ECHAM5_PI control experiment. Similarly, 
comparative terms ("higher", "lower", etc.) refer to deviations from ECHAM5_PI values unless explicitly stated 
otherwise.

We apply ECHAM5 to simulate paleoclimates representing the mid-Pliocene (ECHAM5_PLIO experiment), the 
LGM (ECHAM5_LGM experiment), and the mid-Holocene (ECHAM5_MH experiment). For all palaeoclimate 
experiments and the ECHAM5_PI control experiment, we follow the setup of boundary conditions used in Mutz 
et al. (2018) and the output configuration of Botsyun et al. (2020).

The ECHAM5_PLIO experiment (∼3 Ma) provides a possible Asian hydroclimate under higher GHG concen-
trations, warmer oceans and reduced ice sheets (Table 1). Boundary conditions for the ECHAM5_PLIO simu-
lation, including GHG concentrations (CO2 405 ppm; CH4 760 ppb, N2O 270 ppb), orbital parameters and 
surface conditions (SSTs, SICs, sea land mask, topography, and ice cover) were taken from the PRISM (Plio-
cene Research, Interpretation and Synoptic Mapping) project (Dowsett et  al.,  2010; Haywood et  al.,  2010; 

Experiment name Reference time Greenhouse gas concentrations Orbital parameters Surface conditions

ECHAM5_PI Pre-industrial (year 1850) CO2 280 ppm, CH4 760 ppb, 
N2O 270 ppb.

eccentricity = 0.016804, 
obliquity = 23.4725, 

longitude of 
perihelion = 278.734

SSTs and SICs from a transient 
low-resolution coupled ocean-
atmosphere simulation of pre-industrial 
(Dietrich et al., 2013; Lorenz & 
Lohmann, 2004). Land surface 
parameters, including vegetation are 
based on (Hagemann, 2002).

ECHAM5_MH mid-Holocene (∼6 ka) CO2 280 ppm, CH4 650 ppb, 
N2O 270 ppb.

eccentricity = 0.018682, 
obliquity = 24.1048, 

longitude of 
perihelion = 180.918

SSTs and SICs from a transient, 
low-resolution coupled ocean-
atmosphere simulation of mid-Holocene 
(Lohmann et al., 2013; Wei & 
Lohmann, 2012). Vegetation 
reconstructions from the BIOME 
6000 (Bigelow et al., 2003; Harrison 
et al., 2001; Pickett et al., 2004; Prentice 
et al., 2000) serve as a basis for the plant 
functional types used in the simulation.

ECHAM5_LGM Last Glacial Maximum (∼21 
ka)

CO2 185 ppm, CH4 350 ppb, 
N2O 200 ppb.

eccentricity = 0.018994, 
obliquity = 22.949, 

longitude of 
perihelion = 294.42

SSTs and SICs are based on GLAMAP 
(Sarnthein et al., 2003) and CLIMAP 
(CLIMAP Project, 1981) reconstructions 
for the Atlantic Ocean and Pacific and 
Indian oceans, respectively. Land– sea 
distribution and ice sheet extent and 
thickness were set based on the PMIP 
III (Abe-Ouchi et al., 2015). Vegetation 
was reconstructed based on maps of 
plant functional types from the BIOME 
6000 Palaeovegetation Mapping 
Project (Bigelow et al., 2003; Harrison 
et al., 2001; Pickett et al., 2004; Prentice 
et al., 2000) and model predictions by 
Arnold et al. (2009).

ECHAM5_PLIO Pliocene (∼3 Ma) CO2 405 ppm, CH4 760 ppb, 
N2O 270 ppb.

eccentricity = 0.016804, 
obliquity = 23.4725, 

longitude of 
perihelion = 278.734

SSTs, SICs, sea land mask, topography, and 
ice cover are from PRISM3D (Dowsett 
et al., 2010; Haywood et al., 2010; 
Sohl et al., 2009). Vegetation boundary 
condition was created by converting 
the PRISM vegetation reconstruction 
to the JSBACH plant functional 
types as described by Stepanek and 
Lohmann (2012).

Table 1 
ECHAM5 Experiments Summary
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Sohl et al., 2009), specifically PRISM3D. The ECHAM5_PLIO vegetation boundary condition was created by 
converting the PRISM vegetation reconstruction to the JSBACH plant functional types as described by Stepanek 
and Lohmann (2012).

In contrast, the ECHAM5_LGM simulation (∼21 ka) allows us to explore the climate response to “cold” boundary 
conditions comprising large ice sheets, cold oceans, and lower GHG concentrations. ECHAM5_LGM land–sea 
distribution and ice sheet extent and thickness were set based on the PMIP III (Palaeoclimate Modeling Intercom-
parison Project, Phase 3, https://pmip3.lsce.ipsl.fr/) guidelines (Abe-Ouchi et al., 2015). Following Schäfer-Neth 
and Paul (2003), SSTs and SICs for the ECHAM5_LGM are based on GLAMAP (Sarnthein et al., 2003) and 
CLIMAP (CLIMAP Project, 1981) reconstructions for the Atlantic Ocean and Pacific and Indian oceans, respec-
tively. The differences in SSTs for paleotime slices compared to PI are presented on Figure S1 in Supporting 
Information S1. LGM vegetation was reconstructed based on maps of plant functional types from the BIOME 
6000 Palaeovegetation Mapping Project (Bigelow et al., 2003; Harrison et al., 2001; Pickett et al., 2004; Prentice 
et al., 2000) and model predictions by Arnold et al. (2009). GHG concentrations for the LGM (CO2 185 ppm, CH4 
350 ppb, N2O 200 ppb) were determined according to Otto-Bliesner et al. (2006). Orbital parameters for LGM 
were set according to Otto-Bliesner et al. (2006).

Sea surface boundary conditions for the ECHAM5_MH (∼6 ka) were taken from a transient, low-resolution 
coupled ocean-atmosphere simulation of the mid-Holocene (Lohmann et  al.,  2013; Wei & Lohmann,  2012). 
GHG concentrations (CO2 – 280 ppm, CH4 – 650 ppb, N2O – 270 ppb) were taken from ice core reconstructions 
of Etheridge et  al.  (1998, 1996) and Sowers et  al.  (2003). Orbital parameters were set according to Dietrich 
et  al.  (2013). ECHAM5_PLIO, ECHAM5_LGM, and ECHAM5_MH thus represent two end-members and 
a more intermediate climate, respectively. Each experiment was conducted for 18 model years, including the 
3 years required for model spin-up. Our analyses are based on daily and seasonal values of precipitation, evap-
oration, specific humidity, pressure, and 3D winds. These are constructed through the calculation of arithmetic 
means of the 6-hourly GCM output.

2.2. Paleoclimate Simulation Analysis

2.2.1. Vertically Integrated Moisture Flux

Vertically integrated moisture flux (VIMF) into and out of a region, together with precipitation, evapora-
tion, and precipitable water, describes important aspects of the hydrological cycle over a region (e.g., Fasullo 
& Webster, 2003). Following Fasullo and Webster (2003) we calculate zonal (east-west) (𝐴𝐴 𝐴𝐴𝜆𝜆 ) and meridional 
(north-south) (𝐴𝐴 𝐴𝐴𝜙𝜙 ) components of VIMF for zonal (u) and meridional (v) components of the wind vector V = (u, 
v). These are calculated as:

𝑄𝑄𝜆𝜆 =
1

𝑔𝑔
∫

𝑝𝑝1

𝑝𝑝2
𝑞𝑞𝑞𝑞 𝑞𝑞𝑝𝑝

𝑄𝑄𝜙𝜙 =
1

𝑔𝑔
∫

𝑝𝑝1

𝑝𝑝2
𝑞𝑞𝑞𝑞 𝑞𝑞𝑝𝑝𝑞

 

where q is the specific humidity, g is the gravitational acceleration, p is the atmospheric pressure, p1 is the surface 
pressure, and p2 is pressure at 300 hPa. We choose this pressure level because specific humidity above the 300 hPa 
level is small in all our simulations (not shown) and has no effect on the VIMF (Fasullo & Webster, 2003).

2.2.2. Monsoon Indices

We calculate the East Asian monsoon index (EAMI) as defined by Wang  (2002) to describe the intensity of 
EASM. The EAMI is calculated based on the regional (20°–40°N, 110°–176°E) mean meridional wind velocity 
anomalies to the climatology at 850 hPa. Analogously, we calculate the South Asian monsoon index (SAMI), 
which is a unified monsoon index (Li & Zeng, 2002) calculated as the regional (5°–20°N, 70°–110°E) mean 
meridional wind velocity anomalies to the climatology at 850 hPa. This index has successfully been applied by 
Li and Zeng (2002) to characterize the seasonal cycle and interannual variability of the monsoon over the South 
Asian region. We thus consider this index to be suitable for this study.

To determine the intensity and duration of the ISM during the selected time slices, we calculate the horizontal 
wind shear index (HWSI) as defined by Prasad and Hayashi  (2007). The HWSI is calculated by subtracting 
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the area-averaged 850 hPa zonal wind speeds in a northern region (20°–30°N, 70°–90°E) from area-averaged 
850 hPa zonal wind speeds in a more southern region (5°–15°N, 40°–80°E). The HWSI can be used to iden-
tify active and inactive ISM days, and thus the onset, withdrawal and duration of the ISM. We follow Mölg 
et al. (2012), who identified active ISM days when the HWSI value exceeds one standard deviation of the mean. 
Correspondingly,  inactive (break) days are defined as days when the HWSI value is below one standard devia-
tion. We identify the date of the first and last active day as the date of the ISM onset and withdrawal, respectively. 
The duration is defined as the number of days between the first and last active day. In this study, we calculate all 
monsoon indices in the same way for all paleoclimate simulations to maintain consistency.

2.2.3. WJ Stream Counts

To assess the changes in position and strength of the high-level (200–300 hPa) WJ over the region in the Late 
Cenozoic, we construct the occurrence-based jet climatology (jet counts) from ECHAM5 wind fields for each of 
the performed experiments. We follow the method described in Schiemann et al. (2009). For each time interval 
(t) a jet event occurs at the current longitude (x) if the value of the zonal wind speed component (u) from the 
horizontal wind velocity vector V(t, x, y, p) = [u(t, x, y, p), v(t, x, y, p)] satisfies three conditions: (a) the wind 
vector has a westerly direction (u > 0 m s −1), (b) the wind magnitude is a local maximum among all latitudes 
(y) and pressure levels (p) (|u|t,x(y,p) is a location maximum), and (c) the wind magnitude exceeds 30 m s −1 (i.e., 
|u| > 30 m s −1). Identification of the jet axis locations is performed in a spatial domain covering 10°–60°N and 
60°–120°E (500–100 hPa). The 15-year climatologies of daily wind speeds from the different paleoclimate simu-
lations provide the basis for this identification. Finally, we follow Schiemann et al. (2009) to conduct a composite 
analysis for investigating a possible systematic covariation between the position of the WJ in the TP region and 
the spatial distribution of precipitation in CA. For this analysis, we assign the days to the composite of the north-
ern jet location when the jet (between 80° and 90°E) is north of 38°N, and we assign it to the composite of the 
southern jet location when the jet is south of 34°N. The averaged precipitation for each of these two sets of days 
is referenced as “precipitation composite”.

2.2.4. Correlation Analysis

To measure the empirical relationship between regional precipitation (over the TP and CA) and monsoon indices 
(HWSI, EAMI, SAMI), and between regional precipitation (over TP and CA) and latitudinal position (aver-
aged over 75°–80°E) of the WJ, we calculate the Pearson correlation coefficient. These are calculated based 
on monthly-averaged values of corresponding variables for 15 model years. The significance of correlation is 
assessed using a t-test.

3. Results
3.1. Changes in Precipitation Amount and Seasonality During Selected Time Periods

The present-day interior of CA, including the Tarim Basin, the Taklimakan Desert and the Gobi desert, are char-
acterized by extremely arid (0.02–0.1 mm day −1) conditions. Our ECHAM5_PI control experiment simulates 
precipitation rates of ≤1.2 mm day −1 over CA (Figure 1a), which is in general agreement with the low observed 
present-day rainfall. In addition to the small precipitation amount, relatively high evaporation rates (∼0.45 mm 
day −1, not shown here) are also characteristic for this region. The central TP and adjacent regions in the interior of 
Asia, that is, Northern Tibet and Qinghai, are also characterized by low average rainfall of ≤2.5 mm day −1 in our 
simulation (Figure 1a). However, precipitation rates of ∼0.5 mm day −1 in DJF and ∼3.5 mm day −1 in JJA exceed 
those of CA (compare Figure 1e and Figure 1f).

In our paleoclimate simulations both precipitation amount and its spatial distribution deviate significantly from 
ECHAM5_PI values in certain seasons (Figure 2). While maximum precipitation occurs during the summer in 
all simulations, JJA precipitation over the TP is lower in the ECHAM5_LGM simulation (Figure 2h). In contrast, 
simulated JJA precipitation for ECHAM5_MH and ECHAM5_PLIO experiments is 0.5–1 mm day −1 higher than 
in the ECHAM5_PI experiment (Figures 2g and 2j). High precipitation seasonality is characteristic for both of 
the selected regions (Figures 1e and 1f) for all time slices. However, the onset, peak and duration vary between 
our simulations. The “rainy season” (season with precipitation rate >1 mm day −1 for the TP and >0.4 mm day −1 
for CA) in the ECHAM5_LGM simulation is shorter than that of the ECHAM5_PI simulation with maximum 
ECHAM5_LGM precipitation rates simulated from May until September. Furthermore, precipitation seasonality 
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is weakened in the ECHAM5_LGM simulation (Figures  1e and  1f). In contrast, the “rainy season” in the 
ECHAM5_PLIO simulation is prolonged and starts in March and ends in October. Precipitation seasonality in 
ECHAM5_PLIO experiment in the chosen domains is enhanced by higher (0.5–0.6 mm day −1 for TP and CA) 
precipitation especially during the months MJJAS (Figures 1e and 1f).

3.2. Vertically Integrated Moisture Flux (VIMF) Changes

The ECHAM5_PI control simulation is able to reproduce the pattern and magnitude of the ERA5 reanalysis-based 
VIMF (Figures 1c and 1d). We present the change in VIMF over time with particular emphasis on domains that 
are potential sources of advection of moisture into the TP and CA regions. These include the westerlies (area (i) 
on Figure 3a), the Indian monsoon (area (ii) on Figure 3a), East Asian monsoon (area (iii) on Figure 3a), and 

Figure 1. (a) ECHAM5 simulated annual averaged precipitation rates (mm day −1) and wind speed at 2 m level (vectors) (m s −1) for the ECHAM5_PI control 
simulation, (b) ERA5 reanalysis total precipitation rates and wind speed (vectors) averaged between 1979 and 2019 years; (c), (d) vertically integrated moisture 
transport (kg m −1 s −1), magnitude (shade), and directions (vectors) in (c) ECHAM5_PI, and (d) ERA5 reanalysis (years 1979–2019); (e), (f) seasonal cycle of simulated 
15-year averaged precipitation for ECHAM5_PI (black), ECHAM5_LGM (blue), ECHAM5_PLIO (red) experiments, and for ERA5 reanalysis (years 1979–2019, 
dashed black) for selected regions: (e) TP – central Tibetan Plateau and (f) CA – Central Asia region. Black solid lines on subplots (a–d) show coastlines and 
topography isolines; isolines are from 500 m, with a 500-m contour interval.
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South Asian monsoon (area (iv) on Figure 3a) domains. The last includes the Arabian Sea, Bay of Bengal, South 
India and South-East China. In these four domains, VIMF varies as follows:

1.  Westerlies domain: In the ECHAM5_LGM simulation, VIMF is  >  40  kg  m −1  s −1 lower for all seasons 
throughout the year (Figures 3b, 3e, 3h, and 3l). In contrast, the maximum VIMF of the ECHAM5_PLIO 
experiments increase between ∼20 kg m −1 s −1 (DJF and SON, Figures 3c and 3m) and 60 kg m −1 s −1 (JJA, 
Figure 3j). In ECHAM5_MH, the VIMF increases to ≤20 kg m −1 s −1 over the domain in JJA, while other 
seasons do not show notable changes in the VIMF.

2.  Indian monsoon domain: All time slice simulations predict the maximum magnitude of change in the 
VIMF to occur in JJA (Figures 3g, 3h, and 3j). The western part of the domain experiences an increase of 
≤200 kg m −1 s −1 in the ECHAM5_LGM experiment, due to amplified moisture transport from the Arabian 
Sea. For the remaining year, changes are small (≤40  kg  m −1  s −1 for MAM in the ECHAM5_LGM and 
≤20 kg m −1 s −1 for all other cases).

3.  East Asian monsoon domain: The VIMF changes for all geologic periods are smaller in DJF (Figures 3a, 3b, 
and 3c) than in all other seasons. During MAM, the VIMF increases up to 100 kg m −1 s −1 in the ECHAM5_PLIO 

Figure 2. ECHAM5 simulated difference in seasonal mean precipitation rates (mm day −1) between the ECHAM5_PI control experiment and ECHAM5_MH (a, d, 
g, k), ECHAM5_LGM (b, e, h, l), and ECHAM5_PLIO (c, f, j, m). Black solid lines show coastlines and topography isolines; isolines are from 500 m, with a 500-m 
contour interval.
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(Figure 3f). In JJA, the VIMF over the continental part of southeast China is higher in ECHAM5_PLIO and 
lower in ECHAM5_LGM with the magnitudes of the difference exceeding 100 kg m −1 s −1 (Figures 3e and 3f). 
The SON VIMF pattern of changes over the East Asian monsoon domain is similar to that of JJA, but the 
magnitude of change is smaller (Figures 3k, 3l, and 3m). The ECHAM5_LGM is an exception to this and 
documents increase in northeast-southwest flux over the East China Sea.

4.  South Asian monsoon domain: All time slice experiments predict a reduction (>300 kg m −1 s −1) of westerly 
moisture transport during JJA and SON (Figures 3g–3m). The MAM VIMF decreases over the eastern Bay 
of Bengal by 20–40 kg m −1 s −1 for the ECHAM5_MH and ECHAM5_PLIO and by ≤ 100 kg m −1 s −1 for the 
ECHAM5_LGM. The ECHAM5_LGM simulation of DJF VIMF predicts a ∼100 kg m −1 s −1 decrease in east-
erly water transport, whereas the ECHAM5_PLIO simulation predicts an increase in easterly water transport 
of >150 kg m −1 s −1 over the domain (Figures 3b and 3c).

3.3. EASM, SASM, and ISM Changes

Monsoon indexes for the East Asian, South Asian, and ISM are lowest in the ECHAM5_LGM simulation, where 
EAMI, SAMI, and HWSI values are reduced by 33%, 39%, and 72%, respectively (Figure 4). Low-level (850 hPa) 

Figure 3. Seasonal (a, b, c – DJF; d, e, f – MAM; g, h, j – JJA; k, l, m – SON) mean differences of vertically integrated moisture transport for ECHAM5_MH (a, d, g, 
k), ECHAM5_LGM (b, e, h, l) and ECHAM5_PLIO (c, f, j, m) experiments compared to ECHAM5_PI. The vectors show corresponding seasonal mean directions of 
the intensity of vertically integrated moisture transport for ECHAM5_MH (a, d, g, k), ECHAM5_LGM (b, e, h, l) and ECHAM5_PLIO (c, f, j, m) experiments. The 
rectangles on subplot (a) correspond to the (i) westerlies, (ii) Indian monsoon, (iii) East Asian monsoon, and (iv) South Asian monsoon domains. Black solid lines show 
coastlines and topography isolines; isolines are from 500 m, with a 500-m contour interval.
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wind speeds also decrease in the ECHAM5_LGM simulation. In contrast, ECHAM5_PLIO values for SAMI 
and EAMI increase by 18%, while ECHAM5_PLIO HWSI values decrease by 23% (Figure 4). Changes in the 
ECHAM5_MH monsoon SAMI and EAMI index values are minimal (6% and 2%), while ECHAM5_MH HWSI 
decreases by 30%.

The maximum, uninterrupted duration of the ISM, as derived from HWSI, is 114 (±8) days for the ECHAM5_
PI control experiment, while the minimum duration is 44 (±8) days in the ECHAM5_LGM. The onset of the 
ECHAM5_LGM monsoon is in early June, while the withdrawal is as early as in August. For the ECHAM5_MH 
and ECHAM5_PLIO experiments, the duration was estimated to be 100 (±6) and 107 (±11) days, respectively. 
In both simulations, the ISM starts in early June and ends in late September.

3.4. Mid-Latitude WJ Stream

The ECHAM5_PI simulation shows a shift of the core of the highest wind speed from its southern position in 
the spring (April to May) to a northern position in summer (June to September) and back to a southern position 
in autumn (October) (Figure 5). This shift also occurs in the ECHAM5_MH, ECHAM5_LGM, and ECHAM5_
PLIO experiments. However, in the ECHAM5_PLIO simulation, the WJ shifts to a northerly position earlier in 
the year (April) and remains in a northerly position until October (Figure 5). In contrast, in the ECHAM5_LGM, 
the WJ axis shifts to the north later in the year and returns at a similar time, thus shortening the duration of north-
erly position of the WJ. Moreover, the ECHAM5_LGM experiment shows a reduction of the mean zonal flow by 
2–10 m s −1 in the TP, CA and the Westerlies domain for all seasons.

Comparisons of computed seasonal occurrence-based jet climatologies (jet counts) highlight several differences 
between our paleoclimate simulations. In DJF, the ECHAM5_MH simulation yields a higher (>20 days) jet count 
south of TP over the Nepal region and a lower jet count over Southwest China (Figure 6a). In the ECHAM5_LGM 
experiment, the core of the jet has a more southerly position over Asia in DJF, resulting in a “bipolar” anomaly 
(Figure 6b). In the ECHAM5_PLIO experiment, the difference in jet counts produces a reversed ECHAM5_LGM 
pattern. The most notable result for MAM is an increase in jet occurrences of ≤10–15 days over the TP region 
in the ECHAM5_PLIO simulation (Figure 6f). During the JJA (Figures 6g, 6h, and 6j), the ECHAM5_LGM 
experiment produces a decrease in jet occurrences (≤15 days) north of the TP, while the ECHAM5_MH and 
ECHAM5_PLIO simulations predict an increase over the Tian Shan region.

Figure 4. Monsoon strength index values based on the simulated long-term annual means the ECHAM5_PI, ECHAM5_MH, 
ECHAM5_LGM, and ECHAM5_PLIO experiments. The East Asian monsoon index (EAMI), South Asian monsoon index 
(SAMI) and horizontal wind shear index (HWSI) are calculated following Wang (2002), Li and Zeng (2002), and Prasad and 
Hayashi (2007), respectively.
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The composite analysis (following Schiemann et al., 2009) (Figure 7) shows a systematic covariation between 
the position of the WJ in the TP region and the spatial distribution of precipitation in CA for all selected time 
slices. In April, a northerly (southerly) jet position over the TP is associated with higher (lower) precipitation 
rates to the north of the Plateau, and lower (higher) precipitation rates over the Plateau itself for ECHAM_PI, 
ECHAM5_MH, and ECHAM5_PLIO. For the ECHAM5_LGM simulation, a northerly position of the WJ is 
associated with higher precipitation rates to the north of Plateau and lower precipitation rates over the northern 
flanks of the Plateau. Following Schiemann et al.  (2009), we consider these composites over the TP and CA 
robust and independent from the influence of the seasonal cycle.

3.5. Correlation Between Regional Precipitation, HWSI, EAMI, SAMI, and the Latitudinal Position of 
the WJ Stream

Over both the TP and CA, precipitation is positively correlated with HWSI, EAMI and SAMI on an annual 
time scale for all paleoclimate time slices (Table 2). Over the TP, the highest Pearson correlation coefficient 
(r) between HWSI and regional precipitation is calculated for ECHAM5_PI and ECHAM5_LGM (r = 0.85). 
For ECHAM5_MH and ECHAM5_PLIO experiments, the correlation yields lower coefficients of r = 0.81 and 
r = 0.80, respectively. The Pearson correlation between EAMI and regional precipitation over TP is weakest for 
ECHAM5_LGM (r = 0.45), while for ECHAM5_PI, ECHAM5_MH, and ECHAM5_PLIO, the coefficients are 
r = 0.81, r = 0.87, and r = 0.85, respectively. The Pearson correlation coefficients between SAMI and regional 
precipitation are r = 0.80, r = 0.79, r = 0.62, and r = 0.86 for ECHAM5_PI, ECHAM5_MH, ECHAM5_LGM, 
and ECHAM5_PLIO, respectively.

Over CA, the correlation between HWSI and regional precipitation is highest for ECHAM5_LGM (r = 0.80), 
and lower for ECHAM5_PI, ECHAM5_MH (r = 0.67) and ECHAM5_PLIO (r = 0.61). The correlation between 
EAMI and regional precipitation over CA is weakest for ECHAM5_LGM (r = 0.42), while for ECHAM5_PI, 
ECHAM5_MH, and ECHAM5_PLIO, the coefficients are r = 0.71, r = 0.72, and r = 0.75, respectively. The 
Pearson correlation coefficients between SAMI and regional precipitation are r = 0.69, r = 0.60, r = 0.57, and 
r = 0.69 for ECHAM5_PI, ECHAM5_MH, ECHAM5_LGM, and ECHAM5_PLIO, respectively.

Precipitation over the TP and CA is also positively correlated with the WJ latitudinal position for all paleocli-
mate time slices. Over the TP, the Pearson correlation coefficients between precipitation and WJ latitudinal 
position are r = 0.68, r = 0.63, r = 0.70, and r = 0.64 for ECHAM5_PI, ECHAM5_MH, ECHAM5_LGM, and 
ECHAM5_PLIO, respectively. For CA, the corresponding correlation is weaker, yielding coefficients of r = 0.48 
(ECHAM5_MH), r = 0.58 (ECHAM5_LGM), r = 0.54 (ECHAM5_PI), and r = 0.56 (ECHAM5_PLIO).

Figure 5. Monthly meridional profiles (averaged over 75°–80°E) of zonal wind speed at 200 hPa monthly from April to September show the latitudinal shift of the WJ 
in the ECHAM5_PI (black), ECHAM5_MH (green), ECHAM5_LGM (blue), and ECHAM5_PLIO (red) simulations.
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Figure 6. Seasonally (a, b, c – DJF; d, e, f – MAM; g, h, j – JJA; k, l, m – SON) averaged differences in jet counts (days), following the method of Schiemann 
et al. (2009). Jet counts are calculated for the ECHAM5_MH (a, d, g, k), ECHAM5_LGM (b, e, h, l), and ECHAM5_PLIO (c, f, j, m) experiments. Differences are 
shown relative to ECHAM5_PI.
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4. Discussion
4.1. Shift of the WJ Stream and Its Link to Regional Hydroclimate

The relationship between the WJ position and Asian surface climate has been suggested by previous studies based 
on both observations and models (Bothe et al., 2012; Du et al., 2016; Gong & Ho, 2003; Hurrell, 1995, 1996; 
Mölg et al., 2017; Sampe & Xie, 2010; Schiemann et al., 2009; Zhao et al., 2014). Our modeling results support 
existing studies (Löfverström et al., 2016; Toggweiler & Russell, 2008; Williams & Bryan, 2006) showing a ∼10° 
latitudinal shift of the Northern Hemisphere high-level WJ axis toward the equator during glacial and stadial 
periods (Figure 5). The simulated shift over the entrance region in MAM, JJA, and SON is consistent with the 
moisture input to the region. For example, the LGM experienced fewer jets (Figures 6e, 6h, and 6l) and reduced 
moisture transport over the latitudes north of 35°N during the corresponding seasons (Figures 3e, 3h, and 3l). 
A likely cause of this shift is a decreased thermal contrast in the atmosphere in response to lower CO2 levels 
(Toggweiler & Russell, 2008; Williams & Bryan, 2006).

Figure 7. Ratio between precipitation composites for days in April, when the WJ is located north of the Tibetan Plateau (between 80° and 90°E) and for days when 
the WJ is located south of the Tibetan Plateau (between 80° and 90°E) for (a) ECHAM5_PI, (b) ECHAM5_MH, (c) ECHAM5_LGM, and (d) ECHAM5_PLIO 
experiments. Black solid lines topography isolines from 500 m, with a 500-m contour interval.
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The position of the WJ is closely tied to climatological seasonal cycles in moisture transport (Herzschuh 
et al., 2019; Kapp et al., 2011). More specifically, when the WJ is tilted toward the pole during the rainy season, 
northward moisture transport is strengthened in the East Asian monsoon region (Sampe & Xie, 2010). For the 
mid-Pliocene we simulate an enhanced westward moisture flux from the Philippine Sea in MAM, JJA, and SON 
that coincides with the prolonged northward position of the WJ. Moreover, for the mid-Pliocene during MAM 
and SON, more jets occur over the northern TP in comparison to pre-industrial times, which is also consistent 
with the increase in moisture transport. In contrast, the simulated reduction in moisture transport over continental 
China in the LGM for MAM and SON is consistent with the delayed WJ transition through the year. In addition, 
the simulated shift in the latitudinal position of the WJ over the entrance region to CA and the High Asia region 
(from 40° to 50°N and from 70° to 80°E) during MAM, JJA, and SON time is consistent with the moisture input 
to the region. During the LGM, our simulation yields fewer jets over the entrance region, which fits the reduced 
moisture transport over the latitudes north of 35°N during the corresponding seasons.

For the present-day, Bothe et al. (2011, 2012) suggested a strong link between the seasonal position of the upper 
troposphere WJ and the amount of precipitation over the TP and CA. They also note a regional precipitation 
peak that coincides with the northern position of the WJ. In our simulations higher precipitation rates temporally 
coincide with the northern position of the WJ (Figures 1 and 5). More specifically, we show that during warm 
periods (e.g., mid-Pliocene or interglacial), the WJ migrates northward earlier in the year (in late April) and 
reaches higher latitudes than in the pre-industrial. This coincides with increased local precipitation over the TP 
and CA. During cooler periods (the LGM), the WJ migrates northward later in the year (June) and remains over 
lower latitudes than during warmer periods, resulting in a drier CA. For all simulations, local precipitation over 
the TP and the CA shows a significant positive correlation with the latitudinal position of the WJ axis (Table 2). 
Our results suggest that the findings by Bothe et al. (2011, 2012), as well as the underlying mechanisms, extend 
to Late Cenozoic climates.

All experiments predict the highest precipitation rates between May and September. These are highest for the 
mid-Pliocene and lowest for the LGM over the TP and CA. These findings are consistent with paleohydrolog-
ical data, which indicate drier conditions during glacial and wetter conditions during interglacial periods (An 
et al., 2012; Chen et al., 2008; Zhao et al., 2017). In addition, our models predict a longer rainy season in the 
mid-Pliocene (from April till October) and shorter rainy season in the LGM (from June to August). This season-
ality change corresponds to an altering timing of the northward evolution of the WJ due to the already discussed 
link between precipitation and WJ.

4.2. Monsoons Changes and Their Link to Regional Hydroclimate

Present-day northern TP and CA are often considered to receive moisture predominantly via the mid-latitude 
westerlies, while southerly (likely monsoonal) moisture rarely reaches regions north of the central Tibet (Caves 
Rugenstein & Chamberlain,  2018). However, some studies suggest a dynamic link between the Indo-Asian 
monsoon circulation and local hydroclimate (Ding & Wang, 2005; Saeed et al., 2011). Moreover, past changes 
in regional hydroclimate over the northeastern TP are often interpreted as shifts in the Indo-Asian monsoons 
(e.g., Cheng et al., 2012). Wang, Schmidt, et  al.  (2021) concluded that the difference in the moisture budget 
in the Qaidam Basin between the mid-Pliocene and the present is due to a combined effect of changes in the 
mid-latitude westerlies and the EASM. In general, regions influenced by the EASM have been shown to expe-
rience increased precipitation rates in the Pliocene, even in regions dominated by the mid-latitude storm tracks 
(Haywood et al., 2013). We find a positive correlation between ISM, EASM, and SASM and local precipitation 
over both the TP and CA for all paleotime slices. Higher precipitation rates in the mid-Pliocene compared to PI 
coincide with increased moisture transport over the East Asian monsoon domain. In contrast, decreased moisture 
transport over the Bay of Bengal and Southeast China is associated with lower precipitation rates over the TP and 
CA for all seasons. The extended (shortened) “rainy season” for the mid-Pliocene (LGM) over TP and CA is also 
consistent with the extended (shortened) duration of ISM. Further analysis is required to complement our statis-
tical correlations to identify actual driving forces linking the regional hydroclimate and monsoonal circulation.
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4.3. Consequences for Proxy Interpretation

Variations in hydrology-sensitive terrestrial records from the Asian region are classically interpreted as the result 
of an interplay between the monsoon and westerlies (e.g., An et al., 2012; Chen et al., 2008). Proxy records avail-
able from the TP and CA region include sedimentological, biological, isotopic, elemental, magnetic and geomor-
hologic data (Dettman et al., 2001; Han et al., 2020; Miao et al., 2016; Stauch, 2015; Tang et al., 2000; Zhang 
et al., 2012). These proxy data are sensitive to changes in hydroclimate and provide a long-term perspective on 
environmental change in the region. Moreover, proxy records are sensitive to the seasonality of precipitation (e.g., 
Ronay et al., 2019). Given this, the implications of our results on proxy-records are several-fold. Here, we high-
light a few examples and argue that the simulated changes in the seasonal cycle of precipitation across the TP and 
CA during the selected time slices have potential implications for the interpretation of: ice cores, in situ carbonate 
δ 18O, pollen records, and geomorphological evidence for paleolake levels and other paleoclimate proxy data. 
Here we discuss the implications of our results for the previously mentioned proxy data types. More specifically:

1.  Ice cores and glacier regimes: Proxy records from ice cores may be biased toward a particular season due 
to a change in precipitation distribution (Gildor & Ghil, 2002). Over the TP, glacial regimes are sensitive 
to the seasonality of precipitation (Fujita, 2008; Mölg et al., 2012). Maussion et al. (2014) proposed a clas-
sification of glaciers on the TP based on their accumulation and mass balance. Using a spatial analysis of 
precipitation seasonality, they concluded that glaciers in different precipitation regimes respond differently to 
changes in climate and shifts in precipitation seasonality. Our results also stress the consideration of temporal 
changes in precipitation seasonality over the Late Cenozoic when glacier energy and mass balance changes 
are investigated through time. For example, a reduced wet season over the northern TP during the LGM 
would lead to a shift of the seasonal cluster centers proposed by Maussion et al. (2014) toward JJA, a reduced 
monsoon-related precipitation period in the central and eastern part of the southern TP, and a longer winter 
precipitation period in the Karakoram.

2.  In situ (soil) carbonate δ 18O: δ 18O-based paleoclimate reconstructions may be biased toward the wetter 
season (Ronay et al., 2019). For the TP and CA region, a change in precipitation seasonality likely affects 
δ 18O measured in carbonates due to shifts in (a) moisture sources, which may have a different δ 18O ratio; (b) 
pathways between the moisture source and the paleorecord site; (c) condensation and evaporation processes 
within the atmosphere; and (d) types of precipitation. We demonstrate a shift in the WJ and in precipitation 
seasonality in the mid-Pliocene that potentially leads to an increase in δ 18O values in April and May. Similarly, 
if the LGM WJ remained south of Tibet or moved northward later in summer, it will result in a difference in 
mean annual δ 18O values between LGM conditions and the present-day.

3.  Pollen records: The distribution of airborne pollen is generally influenced by prevailing wind directions, and 
thus pollen assemblages vary considerably with the season of deposition (Giner et al., 1999; Zhu et al., 2015). 
Airborne pollen over specific sites on the TP are controlled by wind direction and air mass trajectories (Zhu 
et al., 2015). If the mid-Pliocene westerly winds prevail over the TP and CA as early as in April, the WJ may 
transport more exotic pollen to the TP, such as pollen from the Iranian Plateau.

4.  Water balance and geomorphic evidence for lake levels: The Late Cenozoic geomorphic evolution of 
paleolake coastlines may reflect not only the bulk annual precipitation, but also the seasonality of precipi-
tation, which plays a role in the development of extreme lake levels (Lei et al., 2017). Seasonal changes in 
precipitation, runoff, and evaporation over the lake lead to the formation and persistence of extreme lake 
levels (Argyilan & Forman, 2003). Our estimates for past shifts in precipitation seasonality should there-
fore be considered in the interpretation and reconstruction of past lake levels. Another issue is the regional 
water balance that includes evaporation, precipitation, surface runoff, groundwater storage, and atmospheric 
humidity influx and loss. Scherer (2020) studied the local climatic driver of net water balance of the Qaidam 
Basin region in the CA, the mechanism of drying of the Qaidam mega-lake and its possible restoration under 
warmer and wetter climate. Wang, Schmidt,  et  al.  (2021) further investigated the large-scale controls of 
water balance in the Qaidam Basin and revealed the role of mid-latitude westerlies and EASM in maintain-
ing the Qaidam mega-lake under the mid-Pliocene climate. Our results are consistent with those of both 
Scherer (2020) and Wang, Schmidt, et al. (2021), who predict higher mean annual precipitation (or long-term 
mean) in a mid-Pliocene—like climate across the TP and CA, as well as the possible formation and mainte-
nance of mega-lake systems. However, we further argue that the change in precipitation seasonality should be 
considered for conclusions regarding the suitability of lakes in arid and hyperarid environments, since for this 
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case a positive water balance must be maintained throughout the year, rather than a short season of extreme 
precipitation rates.

4.4. Driving Mechanisms for Glacial-Interglacial Precipitation and Precipitation Seasonality Change in 
the TP and CA

Based on an analysis of the HAR dataset, Scherer (2020) suggested that the present-day variations in hydrocli-
mate (in both precipitation and precipitation minus evatranspiration) in the Qaidam Basin are mainly caused by 
changes in specific humidity. According to this work, air temperature is correlated with specific humidity, but 
is not the driver of precipitation. Therefore, Scherer (2020) concluded that mid-Pliocene climates in the Qaidam 
Basin would have been more humid and thus come with more precipitation. This finding has later been also 
demonstrated by Wang, Schmidt, et al. (2021) using dynamical downscaling techniques. They found that specific 
humidity, precipitation, and net precipitation were higher during the mid-Pliocene, although air temperature 
was lower in the mid-Pliocene over this region. The results of our GCM experiments confirm that the humidity 
increase in the mid-Pliocene contributes to higher precipitation rates in the TP and CA. Furthermore, we show 
that the LGM period was less humid and therefore precipitation was lower. This is further evidence that the rela-
tionship between specific humidity and precipitation is robust, at least during the last 3 Ma.

The Northern Hemisphere pressure system changes under increased/decreased GHG concentrations, warmer/
cooler oceans, and increased/decreased ice sheet volumes have implications for atmospheric circulation in both 
the tropics and mid-latitudes (Coumou et al., 2015; Li et al., 2012). The strengthening/weakening of both the 
ISM and the WJ may be related to changes in the pressure gradients over the North Atlantic (Dugam et al., 1997) 
and the Eurasian continent (Rajeevan, 2002). Chang et al. (2001); Wu, Li, et al. (2012); Yang et al. (2004) and 
others suggested a strong influence of the North Atlantic Oscillation (NAO) on the Asian monsoon. Moreover, 
a teleconnection between the NAO and the surface climate in Asia was found for the present-day climate (Li 
et al., 2008). In addition, a link between the NAO and the Asian surface climate has been proposed for the LGM 
(Pausata et al., 2009). However, additional modeling efforts are needed to understand the link between the NAO 
and surface climate in Asia during the Late Cenozoic. Han et al.  (2020) suggested that co-occurrence of low 
obliquity amplitudes and low eccentricity promoted ice sheet expansion in the Northern Hemisphere and in turn 
changed the seasonality shift of the WJ. Mölg et al. (2017) argue that investigations of climatic anomalies over 
Asia should consider the stationary wave structure of the jet. It has been hypothesized that the latitudinal position 
and occurrence of the WJ are controlled by the barotrophic anticyclonic anomalies over the mid-latitudes of the 
Eurasian continent (Ding & Wang, 2005). These include one located west of the TP and one over northeast Asia 
(Krishnan et al., 2009; Wang et al., 2001). This pattern is consistent with the pressure variability anomalies of 
the Eurasian Wave Train (EWT) (Ding & Wang, 2005; Saeed et al., 2011). For present-day climate, Ding and 
Wang (2005) suggested a strong connection between ISM precipitation and mid-latitude circulation via the EWT. 
However, on geological time scales, the EWT and the robustness of the coupling between the EWT, monsoonal 
circulations and regional precipitation have not been studied. Nevertheless, these are likely important factors 
to consider in the explanation of shifts in the WJ, precipitation rates and seasonality in the CA and TP region. 
However, an in-depth study of changes in Northern Hemisphere teleconnection is beyond the scope of this study.

4.5. Uncertainty and Methodological Limitations

This study includes several caveats. We assume that ECHAM5 is able to reproduce aspects of the regional hydro-
climate over the TP and CA and the main dynamical features in the atmosphere. While ECHAM5 is able to 
reproduce modern and paleoclimate, including monsoonal Asian climate (e.g., Knorr et al., 2011; Li, Ehlers, 
Mutz, et al., 2016; Wang, Schmidt, et al., 2021), mesoscale and fine scale processes that are relevant for regional 
hydroclimate over land, such as local convection and soil evapotranspiration, are poorly resolved in ECHAM5 
(e.g., Cheng et al., 2012).

The ability of ECHAM5 to predict orographic precipitation remains limited, but improves significantly at high 
model resolution (Meehl et  al.,  2007). In regions with complex mountain topography, GCMs' predictions of 
orographic precipitation may be dry biased due to the GCM smoothing of regional topography (Tselioudis 
et  al.,  2012). Dynamic downscaling techniques in conjunction with paleoclimate GCM simulations could 
help improve precipitation prediction (e.g., Wang, Schmidt, et  al.,  2021). Furthermore, ECHAM5 tends to 
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underestimate the moisture from the local recycling (Haese et al., 2013). Non-hydrostatic regional models should 
be used to overcome the uncertainty in the local hydroclimate representation (Kendon et al., 2017). Over the trop-
ical Indian Ocean and the Bay of Bengal, ECHAM5 tends to overestimate precipitation, likely due to incorrect 
simulation of the low-level moisture and convective processes (Abhik et al., 2014). This may cause precipita-
tion anomalies to persist over the Bay of Bengal for all paleotime slices and seasons. However, the relationship 
between these anomalies and the local hydroclimate over the TP and CA is unclear.

In our study, we do not aim to quantify the effects of individual boundary conditions on regional hydroclimate 
(e.g., Kamae et al., 2016; Zhang et al., 2019), but rather to quantify the overall effect and compare it between 
different paleotime slices. A detailed study of the sensitivity of the hydroclimate of TP and CA to individual 
boundary conditions also offers an interesting perspective. Furthermore, because the effects of individual bound-
ary conditions were not examined, some important effects could be misinterpreted. For example, we did not 
explicitly quantify the effects of topographic changes on local hydroclimate, even though the topography of the 
TP for mid-Pliocene, LGM, and preindustrial shows differences in experimental design. We acknowledge that, 
for example, the changing topography of the Northern TP and the Tian Shan in the mid-Pliocene compared to 
preindustrial, affected both the WJ and monsoon and further local hydroclimate (Baldwin & Vecchi, 2016; Zhang 
et al., 2017). The contribution of the effects of topography on the hydroclimate of the TP and CA relative to global 
climate drivers should be investigated in more detail in future studies.

Finally, we assume that our metrics to quantify the WJ and monsoon intensity are adequate throughout the 
Late Cenozoic. An additional source of uncertainties is associated with the choice of boundary conditions for 
paleosimulations. For example, the model sensitivity to the choice of the orbital and greenhouse forcing for the 
mid-Pliocene case have been shown in Haywood et al. (2016). For further discussion of potential modeling-related 
uncertainties, the reader is referred to Mutz et al. (2018) and Botsyun and Ehlers (2021).

In this study we use one model (ECHAM5), but for each study period there is a corresponding Paleoclimate 
Modelling Intercomparison Project (PMIP). However, it is not our goal to compare our results with the PMIP 
model experiments. Such a study would of course be of great interest, but is beyond the scope of this paper. 
We note that lower-resolution PMIP experiments should be used with caution, as lower-resolution models are 
unlikely to properly capture the behavior of humidity (Sherwood et al., 2010).

5. Summary
In this study, we applied the GCM ECHAM5 to explore how precipitation seasonality changed across the TP and 
CA during the mid-Holocene, LGM, and mid-Pliocene compared to pre-industrial conditions. Our initial hypoth-
esis that the change in WJ position, and the intensity, strength and duration of the EASM, the SASM, and the ISM 
would influence the precipitation seasonality and thus surface hydroclimate over the TP and CA regions during 
glacial/interglacial appears to be correct. The following points highlight the magnitude of change observed:

1.  There is a shift in the LGM and mid-Pliocene seasonal cycle of precipitation across the TP and CA. The “rainy 
season” is prolonged in the mid-Pliocene (from April to October) and shortened in the LGM (from June to 
August). Mid-Holocene mean seasonal precipitation is similar to that of the pre-industrial.

2.  Moisture transport is substantially increased in the westerlies domain for the mid-Pliocene, reduced for the 
LGM, and remains mostly unchanged in the mid-Holocene.

3.  All paleoclimate simulations produce a seasonal migration of the WJ. In warm periods (e.g., mid-Pliocene 
or interglacial) the WJ migrates farther north, which coincides with increased regional precipitation over TP 
and CA. During cooler periods (e.g., LGM or glacial), the WJ remains over relatively low latitudes, resulting 
in a drier CA. Moreover, the seasonal transition of the WJ occurs earlier (later) in the year in mid-Pliocene 
(LGM)-like climates.

4.  Precipitation over the TP and CA is positively correlated with the latitudinal position of the WJ, ISM, SASM, 
and EASM strength on an annual timescale.

5.  The findings above ought to be considered in the interpretation of ice cores, in situ carbonate δ 18O, pollen 
records, drying in CA, geomorphological evidence for lake levels and other paleoclimate proxy data.
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Data Availability Statement
The ECHAM model is available under the conditions of the "MPI-M Software Licence Agreement", which 
must be signed by each user. The "MPI-M Software Licence Agreement" and the information on the distribution 
of MPI-M models are given on: https://mpimet.mpg.de/fileadmin/projekte/ICON-ESM/mpi-m_sla_201202.pdf. 
The code of the isotopic version ECHAM5-wiso is available upon request on the GitLab repository of the Alfred 
Wegener Institute (Germany): https://gitlab.awi.de/mwerner/mpi-esm-wiso. The ECHAM5-wiso model output 
data (Botsyun et al., 2021) used in this study in netcdf format are available at https://zenodo.org/record/5445610.
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