
1.  Introduction
The Qaidam Basin (QB) is an intermontane endorheic drainage basin located in the northeastern Tibet-
an Plateau (TP) (Figure 1). The central and lower elevation part of the QB is hyperarid today, but pale-
ogeographic studies revealed that the QB contained a freshwater megalake system during the Pliocene 
(Chen & Bowler, 1986; Mischke et al., 2010; J. Wang et al., 2012) even though the basin and surrounding 
mountain areas experienced general aridification throughout the Pliocene (Y. F. Miao et al., 2013; Rieser 
et  al.,  2009). With the beginning of the Pleistocene, the megalake system began to shrink. This process 
continued throughout the Pleistocene until today when only a few playas and saline lakes remain (J. Wang 
et al., 2012). In the mid-Pliocene (3 Ma), the global climate was warmer and wetter (Ravelo et al., 2004), 
while paleogeographic features were similar to those of today (Dowsett et al., 2010). The principal objective 
of this study is to investigate to what extent climate plays a role in the maintenance of the Qaidam megalake 
system during the mid-Pliocene.

In an endorheic basin, the steady-state water balance (S) is zero (Broecker, 2010; Ibarra et al., 2018). S 
is defined as the total change in terrestrial water storage (TWS) within all the reservoirs inside the basin. 
However, changes in climate state can alter the TWS and lead to an imbalanced S (e.g., Jiao et al., 2015; Y. 
Li et al., 2019; J. Wang et al., 2018). A recent study by Scherer (2020) revealed that under the present climate 
conditions, the S in the QB is close to zero, and specific humidity is the main climate driver of the annual 
S. He found that the annual S positively correlates with the annual specific humidity. Based on these 
findings, we hypothesize that a wetter climate state like that of the mid-Pliocene would cause a positive 
imbalance of the S in the QB, which would lead to recharging of groundwater reservoirs and eventually to 
a rising lake level and an extension of the lake area in the QB. This readjustment of lake extent would con-
tinue until a new equilibrium state is reached, where loss due to evaporation over lake areas compensates 
for the input by runoff and precipitation.
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By imposing the mid-Pliocene climate state on the QB with its modern land surface settings (without a 
megalake system), an imbalance of S is induced. From that, we can estimate the lake extent needed to re-
move this imbalance (hereinafter referred to as the equilibrium lake extent). This can give us an insight into 
the influence of climate on the existence of the megalake system during the mid-Pliocene. To achieve this, 
we conducted two regional climate simulations to examine the sensitivity of S to changes in large-scale 
climate state. These two simulations were driven by present-day and mid-Pliocene global climate simula-
tions, respectively. The intention of this study is not to reconstruct the regional climate in the QB during the 
mid-Pliocene. Instead, we simulated the regional climate of the QB and its surrounding areas with modern 
surface conditions. In this way, we can analyze the large-scale controls of S in the QB independently from 
other land surface controls.

Scherer  (2020) revealed the regional-scale climate driver of the S. However, the large-scale controlling 
mechanisms of S in the QB are still not fully understood. On the climatological scale, S and net mois-
ture transport into and out of an endorheic basin through its lateral boundary are in balance (Brubaker 
et  al.,  1993). Consequently, the changes in S in the QB are linked to the changes in atmospheric wa-
ter transport (AWT). The mid-Pliocene climate is considered as an analog of near-future climates (Burke 
et al., 2018). Thus, investigating the response of S to the mid-Pliocene climate can help us understand the 
lake development in the future and contribute to water resource management in central Asia.

The goal of this study is to answer the following research questions:

1.	 �How large is the imbalance in S in the QB if the mid-Pliocene climate is imposed on the QB with its 
modern land surface settings? What equilibrium lake extent would be needed to remove this imbalance?

2.	 �How does the AWT differ from the mid-Pliocene climate to the present-day climate?
3.	 �Which large-scale systems regulate the changes in AWT?

The paper is organized as follows: we describe the methods used in this study in the following section. Sec-
tion 3 presents the dynamical downscaling results for differences in S, AWT, and large-scale circulation 
patterns between the mid-Pliocene and the present climate. Results are discussed and compared with other 
studies in Section 4. Conclusions are drawn in Section 5.

2.  Data and Methods
2.1.  Global Climate Simulations

For the global climate simulations, we used isotope tracking ECHAM5-wiso atmospheric General Circula-
tion Model (GCM), which is developed at Alfred Wegener Institute and based on the ECHAM5 model of 
the Max Planck Institute for Meteorology, Hamburg (Roeckner et al., 2003). The model is well established 
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Figure 1.  (a) Map of Weather Research and Forecasting (WRF) model domain and (b) overview of the Qaidam Basin. Black line: boundary of the Qaidam 
Basin (Lehner & Grill, 2013). Blue rectangle: Qaidam box for atmospheric moisture budget analysis.
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and included in the Coupled Model Intercomparison Projects (Meehl et al., 2007; Taylor et al., 2012). The 
ability of ECHAM5-wiso to reproduce modern and paleoclimates on both global and regional scales has 
been shown in multiple studies (Botsyun et al., 2020; Mutz et al., 2016, 2018).

We performed ECHAM5-wiso simulations at a T159 spectral resolution (equivalent to a grid spacing of 
 0.75 ) with a vertical resolution of L31 (31 levels up to 10 hPa). The control simulation (PD_GCM) used 
present-day boundary conditions including the AMIP2 sea-surface temperature and sea ice data from 1957 
to 2014 and observed greenhouse gas concentrations for the same period (Nakicenovic et al., 1990). The 
simulation was conducted for more than 40 model years. A climatological reference period of 15 years was 
established for the analysis presented here using the simulation years 2000–2014 to represent the most 
recent climate conditions. We also performed a paleoclimate experiment, representing the climate con-
ditions of the mid-Pliocene (PLIO_GCM, 3 Ma). The setups and boundary conditions of PLIO_GCM for 
ECHAM5 are identical to those of Mutz et al. (2018) and Botsyun et al. (2020). In PLIO_GCM, we account-
ed for changing pCO2, land surface conditions including vegetation change and land ice, albedo, orbital 
variation, and sea-surface temperatures, which potentially cause changes in the hydrological cycle. The 
PLIO_GCM experiment was conducted for 18 years, including 3 years necessary for model spin-up. Both 
PD_GCM and PLIO_GCM experiments were validated against observed and modeled climate patterns (Bot-
syun et al., 2020; Mutz et al., 2018).

2.2.  Dynamical Downscaling

We employed Weather Research and Forecasting (WRF) model version 4.1.2 (Skamarock et al., 2019) as the 
Regional Climate Model for the dynamical downscaling of GCM data. WRF is a fully compressible non-
hydrostatic model. Two sensitivity experiments were conducted using 15-year time slices from PD_GCM 
and PLIO_GCM simulated by ECHAM5 (Section 2.1) as initial and boundary conditions. These two WRF 
experiments are referred to as PD and PLIO in the following text. Except for the atmospheric forcing data, 
other parameters were kept the same in both experiments (Table 1).

We set the model domain's (Figure 1) grid spacing to 30 km. In the vertical direction, 28 terrain-following 
eta-levels were used. The model time steps are 120 s with a 6 hourly data output. The boundary conditions 
were updated every 6 h. We employed the daily reinitialization strategy from Maussion et al. (2011, 2014), 
where we initialize a model run for every 24 h period. Each simulation starts at 12:00 UTC and contains 
36 h, with the first 12 h as the spin-up time. This strategy kept the large-scale circulation patterns simulated 
by WRF closely constrained by the forcing data, while concurrently allowing WRF to develop the mesoscale 
atmospheric features. Physical parameterization schemes were consistent with the ones used for high-reso-
lution dynamical downscaling in High Mountain Asia in X. Wang et al. (2021).

To examine the ability of the model to reproduce the present-day climate patterns, PD predicted climate is 
compared with ERA5 reanalysis data of the European Centre for Medium-Range Weather Forecasts (Co-
pernicus Climate Change Service (C3S), 2017) with regard to precipitation (P) and AWT (Figure S1). PD 
generally reproduces the spatial patterns of P and AWT. But there exist some discrepancies in the amount 
of P and AWT.

2.3.  Data Analysis

2.3.1.  Water Balance

In this study, S is defined as the total change in TWS within the basin's reservoirs. For endorheic drainage 
basins like the QB, surface runoff across the basin's border is zero by definition and groundwater runoff 
can be neglected. The QB has been a closed system at least since the Oligocene (Herb et al., 2015; J. Wang 
et al., 2012). Thus, the S of the QB can be expressed as the spatial average of net precipitation (P − ET), that 
is, the difference between P and evapotranspiration (ET), over the total area of the QB:

  S P ET� (1)

Angle brackets indicate a spatial average over the whole area of the QB (black line in Figure 1b).
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2.3.2.  Equilibrium Lake Extent Analysis

Several previous studies applied a lake mass balance equation to estimate the equilibrium lake extent (Bro-
ecker, 2010; Ibarra et al., 2018). The basic concept is that (a) in the equilibrium state of an endorheic basin, 
water that feeds the basin's lake (precipitation and runoff from land areas) is in balance with lake evapora-
tion and (b) runoff is generated over land areas, where P − ET is positive and accumulates in the low-alti-
tude parts of the basin to form or feed lakes:

   ( )( )land land QB lake lake lake lake lakeP ET A A P A ET A� (2)

where A refers to area and subscripts land, lake, and QB denote corresponding quantities over land, lake, 
and the whole basin. Rearranging Equation 2 yields:




  
land land

lake QB
land land lake lake

P ETA A
P ET ET P� (3)

Since our PD and PLIO simulations do not contain a lake in the QB, the difference of S between PLIO 
and PD can be considered as the change in land landP ET . Thus, by adding the change signal of S to the 
present-day land landP ET  and assuming constant values of lakeE  and lakeP , the equilibrium lake extent that is 
needed to remove the imbalance in S can be estimated.

The present-day   12.4 mm aland landP ET  and  140 mm alakeP  are derived from the High Asia Refined 
(HAR) analysis 10 km products (Maussion et al., 2011, 2014). The HAR is an atmospheric data set generated 
by dynamical downscaling using WRF. It was comprehensively validated and analyzed (D. Li et al., 2020; 
Maussion et al., 2014; Pritchard et al., 2019). We calculated three projections with different lakeET : 600, 800, 
and 1,000 mm a−1. These three values represent lower, medium, and upper estimations of lake evaporation 
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Dynamics

Dynamical solver Advanced Research WRF (ARW), nonhydrostatic

Maps and grids

Map projection Lambert conformal conic

Horizontal grid spacing 30 km (281 × 217 grid points)

Vertical levels 28 Eta-level

Forcing strategy

Forcing data ECHAM5 time slices PD_GCM and PLIO_GCM

Lake surface temperature Substituted by daily mean surface air temperature

Initialization Daily

Runs starting time Daily at 12:00 UTC

Runs duration 36 h

Spin-up time 12 h

Physical parameterization schemes

Longwave radiation RRTM scheme (Mlawer et al., 1997)

Shortwave radiation Dudhia scheme (Dudhia, 1989)

Cumulus Kain-Fritsch cumulus potential scheme (Berg et al., 2013)

Microphysics Morrison 2-moment scheme (Morrison et al., 2009)

Planetary boundary layer Yonsei University scheme (Hong et al., 2006)

Land surface model Unified Noah land surface model (Tewari et al., 2004)

Surface layer Revised MM5 surface layer scheme (Jiménez et al., 2012)

Note. Additional model information can be found in namelists attached in supporting information.

Table 1 
Basic WRF Model Configurations
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rates over the TP based on previous studies (Haginoya et al., 2009; Lazhu et al., 2016; X. Li et al., 2016; J. Xu 
et al., 2009; S. Yu et al., 2011).

2.3.3.  Atmospheric Water Transport

Following Curio et al.  (2015), AWT is calculated as the vertical integration of water flux over the whole 
atmospheric column along the model eta-levels from surface ( sfcz ) to top ( topz ):




 
ztop

h
z zsfc

Q v q z� (4)

where hv  is the horizontal wind vector,   is the dry air density, q is the specific humidity for all water species, 
which is converted from the mixing ratio of water vapor, liquid water, and solid water, and z is the thick-
ness of each eta-level, which changes over time and increases with height.

The shape of the QB is very irregular (black line in Figure 1b). A simple rectangle covering the QB (hereaf-
ter referred to as Qaidam box) was defined to perform budget analysis on the AWT across the four borders 
(blue rectangle in Figure 1). This method is widely used to estimate the moisture input and output within a 
certain area (e.g., Feng & Zhou, 2012; Koffi et al., 2013; Z. Wang et al., 2017). The AWT at each border was 
calculated and converted to the theoretical precipitation amount. The atmospheric moisture budget of the 
Qaidam box was then calculated as the sum of the AWT at all borders.

2.3.4.  Statistical Method

We applied two-sided Welch's t-tests to assess the uncertainty in the change signal of 15-year means be-
tween PD and PLIO. We present p-values in the form of maps and tables to give a transparent and open 
assessment of the uncertainty in the change signal without dichotomous treatment of it, following Wasser-
stein and Lazar (2016). The interpretation of a large number of local hypothesis tests requires a conservative 
and critical interpretation of the uncertainty of each local test. Thus, the p-values presented in these maps 
are adjusted using the false discovery rate adjustment approach by Yekutieli and Benjamini (1999). This 
method allows a more realistic representation of uncertainty in a field of correlated tests.

3.  Results
3.1.  Comparison of S and its Components

In this section, we focus on the changes in S and its components in the High Mountain Asia region and the 
QB. Figure 2 shows the downscaling results for P, ET, and P − ET for PLIO and PD and the difference be-
tween the two. Maps of adjusted p-values from two-sided Welch's t-tests are presented in Figure S2 to show 
the uncertainty in the change signal of 15-year means between PD and PLIO. Table 2 presents seasonal and 
annual values of P, ET, S, air temperature at 2 m ( 2T ), and specific humidity at 2 m ( 2Q ) averaged over the 
QB (black line in Figure 1). The associated p-values are presented in Table S1.

Over the High Mountain Asia region, simulated P is enhanced in PLIO over the Himalayas, the northern TP, 
the Tarim Basin, and the Tien Shan. Lower P in PLIO can be found in the central TP and Pamir–Karakoram 
(Figure 2c). In the QB, P strongly correlates with the altitude for both simulations, due to orographically 
induced precipitation (Figures 2a and 2b). PLIO generally has higher values of P in the QB, and the largest 
difference can be found in the Qilian Mountains, the Altyn-Tagh Mountains, and the Qimen-Tagh ranges. 
However, the change signal shows large uncertainty on the effect in the Eastern Kunlun Mountains (Fig-
ure S2a), which are located in the transition area of positive and negative values of P difference between 
PLIO and PD (Figure 2c). Averaged over the whole QB, we see increased P in all seasons in PLIO with an 
annual difference between PLIO and PD of 63 mm a−1 (Table 2).

The spatial patterns of the differences in ET between PLIO and PD (Figure 2f) generally follow those of the 
differences in P (Figure 2c) in large parts of the domain. In these regions, it is not the availability of energy 
for latent heat, but water availability that limits ET. We find a different situation in the Pamir–Karakoram 
region, the northern slopes of the central Himalayas, and the south-eastern part of the QB. This opposite 
change of P and ET in the above-mentioned regions indicates that energy availability must be the limiting 
factor for ET. In the QB, ET mainly takes place in the mountain areas, where most of the precipitation 
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occurs (Figures 2d and 2e). Averaged over the whole QB, PLIO shows an increase in ET of 36 mm a−1 com-
pared to PD.

For P − ET, PLIO and PD yield similar spatial patterns over High Mountain Asia, with negative P − ET 
over the western TP, the Tarim Basin, and some parts of the QB (Figures 2g and 2h). In PLIO, P − ET is 
decreased over the central TP, the Tarim Basin, and Pamir–Karakoram. The annual S in the QB as a whole 
is 26 mm a−1 higher in PLIO (Table 2) with a p-value of 0.058 (Table S1), which is higher than the p-values 
of the other quantities. This suggests that the observed effect is real but more research on the topic should 
be conducted to lower the level of uncertainty. Spatially, a higher S in PLIO can be found in the eastern 
and central parts of the QB (Figure 2i). Seasonally, PLIO has a higher S in the QB in winter, spring, and 
autumn. In summer, the difference in S between PLIO and PD is negative (Table 2).

The global climate in the mid-Pliocene is believed to be warmer and wetter than the modern climate, which 
is also shown in our ECHAM5 global simulations. However, this is not true for the regional climate signal 
in the QB. While the local 2Q  signal averaged over the QB is consistent with the global signal, the local 2T  
in the QB is 2 K lower in PLIO (Table 2).
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Figure 2.  Fifteen-year average of annual precipitation P (a–c), evapotranspiration ET (d–f), and net precipitation P − ET (g–i) for PLIO, PD, and difference 
between PLIO and PD. The unit for all subplots is mm a−1. p-values from two-sided Welch's t-test for difference of means between PLIO and PD are presented in 
Figure S2.
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3.2.  Lake Extent Analysis

In Figure 3, we summarize lake extents (Alake), lake levels (zlake), and the rise in lake levels (z) of three 
equilibrium lake states under the increase in mean annual S of 26 mm a−1 and three different estimations 
of ET lake. Figure 3 also illustrates these three projected states, where lake extents are estimated using WRF 
model topography for accumulations of P − ET and subsequent runoff originating from land in grid points 
at or below equilibrium lake levels. An increase in mean annual S of 26 mm a−1 would be sufficient to 
sustain a lake in the QB with an extent ranging from 7,298 to 12,260 km2.

3.3.  Comparison of AWT

Since S is linked to the large-scale AWT, in this section, we compare AWT between PLIO and PD. Table 3 
presents the seasonal and annual AWT through each border of the Qaidam box (blue rectangle in Fig-
ure 1b), as well as the sum of AWT from all borders, that is, the atmospheric moisture budget. In both PLIO 
and PD, the western and eastern borders of the Qaidam box serve as the dominant moisture input and 
output channel, respectively. The higher annual moisture budget in PLIO derives from the increased mois-
ture influx across the western border and the decreased moisture export at the eastern border (Table 3). In 
PLIO, the increased moisture influx at the western border occurs in winter, spring, and autumn, while a 
strong reduction of moisture export at the eastern border occurs in summer. This indicates that moisture 
budget and S in the QB is related to the large-scale systems that influence the AWT at the western and 
eastern borders.
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PLIO PD PLIO − PD

P ET S 2T 2Q P ET S 2T 2Q P ET S 2T 2Q

DJF 51 22 29 −13.9 1.3 43 25 19 −12.2 1.3 8 −3 11 −1.7 0.0

MAM 131 87 43 −2.7 3.4 111 83 27 0.0 3.1 20 4 17 −2.7 0.3

JJA 163 152 12 8.7 7.4 151 122 29 9.9 6.0 13 30 −17 −1.2 1.4

SON 74 62 12 −3.3 3.3 52 56 −4 −1.0 3.0 22 6 16 −2.3 0.3

Annual 419 322 96 −2.8 3.9 356 286 70 −0.8 3.4 63 36 26 −2.0 0.5

Note. p-values from two-sided Welch's t-tests for difference of means between PLIO and PD can be found in Table S1.

Table 2 
Fifteen-Year Average of Seasonal and Annual Precipitation P (mm Season−1 or mm a−1), Evapotranspiration ET (mm Season−1 or mm a−1), Water Balance ΔS 
(mm Season−1 or mm a−1), air Temperature at 2 m T2 (°C), and Specific Humidity at 2 m Q2 (g kg−1) Averaged Over the Qaidam Basin for PLIO, PD, and the 
Difference Between PLIO and PD (PLIO − PD)

Figure 3.  Illustrations of simulated lake extents of equilibrium lake states using the present-day model topography from WRF for accumulation of net 
precipitation in the Qaidam Basin (QB) and subsequent runoff originating from land in areas at or below equilibrium lake levels (marked in blue). The 
equilibrium lake extent (Alake), lake level (zlake), and the rise in lake level (z) were estimated applying the method described in Section 2.3 using 26 mm a−1 as 
input change in mean annual S and (a) 600 mm a−1, (b) 800 mm a−1, and (c) 1,000 mm a−1 as input lake evaporation (E lake).
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Figure 4 illustrates the route and the magnitude of seasonal moisture propagation across the whole domain. 
In both PD and PLIO, the midlatitude westerlies control the AWT in the QB throughout the year. In win-
ter, spring, and autumn, there exists an eastward moisture transport in the difference plots (Figures 4c, 4f, 
and 4l), indicating a stronger moisture transport by the midlatitude westerlies in PLIO in these seasons. 
This is supported by higher moisture input at the western border and higher output at the eastern border in 
these seasons. In summer months, the influence of the midlatitude westerlies is weaker in PLIO, as shown 
by the anomalous westward moisture transport over the QB in Figure 4i. Accordingly, the moisture input at 
the western border and the output at the eastern border are lower in PLIO.

In the summer months, moisture transport is predominantly from the southwest due to the Indian Summer 
Monsoon (ISM). This northeastward transport over the TP into the QB through the southern border of the 
Qaidam box is stronger in PD than that in PLIO (Figures 4g–4i and Table 3). Additionally, the moisture 
transport over eastern Asia by the East Asian Summer Monsoon (EASM) is stronger in PLIO. However, 
from Figure 4, it is unclear whether the EASM also contributes to the water transport into the QB. Analysis 
of the daily zonal water transport on the eastern border of the Qaidam box shows moisture input from the 
eastern border into the QB in PLIO from the middle of July to the beginning of August (Figure 5), which 
indicates the influence of the EASM in PLIO. This pattern cannot be observed in PD. The additional mois-
ture input by the EASM in PLIO also contributes to the lower values for total moisture output at the eastern 
border in summer.

3.4.  Comparison of Large-Scale Circulation Patterns

The results in Section 3.3 show the higher S and moisture budget in PLIO are caused by differences in 
the AWT at the western and eastern borders of the Qaidam box. In this section, we examine the large-scale 
systems that control the AWT across these two borders.

The AWT at both the western and eastern borders is under the influence of the midlatitude westerlies 
throughout the year. The seasonal zonal wind speed along a latitude–pressure transect across the longitu-
dinal range of the QB (89°E–100°E) for PLIO and PD is presented in Figure 6. In both PLIO and PD, the 
midlatitude westerlies show seasonal migrations: a southward extension from summer to winter and a 
northward contraction from winter to summer. The maximum zonal wind speed occurs at around 200 hPa 
in all seasons. PLIO shows a poleward shifted and contracted westerly zone. Following the methods used 
by J. Sun et al. (2020), we defined a strength index as the average maximum zonal wind speed at 200 hPa 
at each longitude over the Qaidam box to quantify the strength of the westerlies over the QB. Under the 
mid-Pliocene conditions, the westerlies over the QB are stronger in all seasons except for summer (Fig-
ure 7), which explains the larger AWT through the western and eastern borders (Table 3).

Figures  8a–8c show the 500  hPa geopotential height and wind field in summer for PLIO and PD. The 
Northwest Pacific subtropical high (NPSH) intensifies and extends westwards in PLIO, indicated by higher 
geopotential and stronger anticyclonic circulation over eastern China (Figure 8a). The NPSH is a major 
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PLIO PD PLIO − PD

West East South North Sum West East South North Sum West East South North Sum

DJF 327 −298 −38 28 19 277 −248 −7 −2 19 50 −50 −31 30 0

MAM 433 −399 50 −49 36 390 −368 19 −14 28 43 −31 31 −35 8

JJA 344 −283 120 −174 8 407 −459 159 −95 12 −63 176 −39 −79 −4

SON 415 −414 71 −79 −7 368 −394 95 −80 −11 47 −20 −24 1 4

Annual 1,519 −1,393 204 −274 56 1,441 −1,469 267 −191 48 78 76 −63 −83 8

Note. Positive values indicate moisture input into the Qaidam Basin, while negative values represent moisture output. p-values from two-sided Welch's t-tests 
for difference of means between PLIO and PD can be found in Table S2.

Table 3 
Fifteen-Year Average of Seasonal and Annual Atmospheric Water Flux Converted to Theoretical Precipitation Amount (mm Season−1 or mm a−1) Through Each 
Border of the Qaidam Box (Blue Rectangle in Figure 1b)
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component of the subtropical EASM and regulates the northern edge of the EASM (Huang et al., 2019). The 
strengthening of the EASM in PLIO is coupled with a tilted jet stream axis over northeastern China. The 
influence of the EASM on the QB is not visible in the climatology of the summer wind field at the 500 hPa 
level. Therefore, we selected the period from July 17 to July 27, when the daily AWT averaged over all the 
grid points at the eastern border of the Qaidam box is negative (westward), to define the period, when the 
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Figure 4.  Fifteen-year mean seasonal atmospheric water transport (kg m−1 s−1) in DJF (a–c), MAM (d–f), JJA (g–i), and SON (j–l) for PLIO (a, d, g, and j), PD 
(b, e, h, and k), and the difference between PLIO and PD (c, f, i, and l). Colors represent the strength of water vapor flux; arrows indicate transport direction.
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Figure 5.  Fifteen-year average of daily zonal atmospheric water transport (kg m−1 s−1) of 16 grid poinrts at the eastern border of the Qaidam box (blue rectangle 
in Figure 1b) for (a) PLIO and (b) PD. Grid point 1 and grid point 16 represent the south-most and north-most grid point. Reddish colors indicate water 
transport away from the Qaidam Basin, while blueish colors indicate water transport toward the Qaidam Basin.

Figure 6.  Fifteen-year average of seasonal zonal wind speed (m s−1) along a latitude–pressure transect averaged from 89°E–100°E for PLIO (a–d) and PD (e–h) 
in DJF (a and e), MAM (b and f), JJA (c and g), and SON (d and h). Dashed lines show the latitudinal range of the Qaidam Basin.
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QB is under the direct influence of the EASM. The geopotential height 
and wind field at 500 hPa in this period are presented in Figures 8d–8f. 
During this period, the NPSH intensifies and extends further northwest-
ward in both PLIO and PD, as compared to the climatology in the sum-
mer. In PLIO, the southern part of the QB is clearly under the control of 
easterly winds in this period (Figure 8d).

4.  Discussion
4.1.  Implications of the Higher S in the QB in PLIO

The PLIO simulation presented here cannot be considered as a recon-
struction of the regional climate in the QB for the mid-Pliocene. A recon-
struction is neither the intention of this study nor is possible at this time 
at a grid spacing of 30 km. This would require Pliocene surface condi-
tions, such as topography and land cover, at an equivalent or even higher 
resolution, which are not available to date. The most commonly used sur-
face boundary conditions for mid-Pliocene simulations are from the US 
Geological Survey's Pliocene Research Interpretation and Synoptic Map-
ping (PRISM) project (Dowsett et al., 1994). The most recently released 

PRISM4 data set has a 11 grid spacing (Dowsett et al., 2016), which is too coarse for regional climate 
simulations at a grid spacing of 30 km. Moreover, the exact extent and location of the Qaidam megalake sys-
tem in the mid-Pliocene is unknown. We took only required meteorological fields from the ECHAM5 model 
to drive the WRF model and applied the same geographical static data from WRF Preprocessing System for 
both PLIO and PD simulations. This approach has the benefit of isolating the influence of atmospheric var-
iables on the hydroclimate of the QB from other factors, such as land cover and vegetation changes.
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Figure 7.  Fifteen-year average of seasonal strength index of jet stream 
(m s−1) over the Qaidam Basin for PLIO and PD, calculated as defined in J. 
Sun et al. (2020).

Figure 8.  Fifteen-year climatology of geopotential (shading, m2 s−2) and wind field (arrows, m s−1) at 500 hPa averaged in JJA (a–c) and from July 17 to July 27 
(d–f) for PLIO, PD, and PLIO − PD.
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Therefore, the PLIO simulation cannot be interpreted on its own but in conjunction with the PD simulation. 
Interpretation of the simulation results should focus on the differences between PLIO and PD simulations. 
The QB has a higher S in PLIO than in PD. This imbalance in S induced solely by the changes in large-
scale atmospheric circulations could result in a lake much larger than Lake Qinghai, the largest salt lake 
in China (4,317  km2), as shown in our lake extent analysis (Section  3.2). The maximum lake extent of 
59,000 km2 approximated from proxy data (Chen & Bowler, 1986) is still much larger than the estimations 
we present here. This indicates that factors besides large-scale atmospheric circulation also contributed to 
sustaining the megalake system during the Pliocene.

4.2.  Comparison With Pliocene Model Intercomparison Project Simulations

The changes in large-scale circulation patterns in PLIO are in good agreement with recent modeling studies 
(Huang et al., 2019; X. Li et al., 2015; Zhang et al., 2013). The results of these studies are based on simula-
tions in the Pliocene Model Intercomparison Project (PlioMIP) using PRISM3D as boundary conditions, 
which is the same as our forcing ECHAM5 simulation for the mid-Pliocene. X. Li et al.  (2015) found a 
global poleward shift of the midlatitude westerlies and an increase of zonal wind on the poleward flank of 
the westerly jet in the mid-Pliocene. The poleward shift of the midlatitude westerlies is accompanied by a 
poleward shift of Hadley and Ferrel cells. The intensification and northwestward extension of the EASM in 
the mid-Pliocene are also simulated by models in PlioMIP (Huang et al., 2019; Zhang et al., 2013). Huang 
et al. (2019) compared modeled results to paleontological data from 43 sites throughout China. The north-
ern margin of the EASM indicated by the wet–dry boundary located further northwest in the mid-Pliocene 
(Figure 4 in Huang et al. [2019]), which is roughly consistent with their modeled results.

In addition, we compared PD and PLIO simulations, and PD_GCM and PLIO_GCM simulations generated 
by ECHAM5 with COSMOS (Stepanek & Lohmann, 2012) and HadCM3 (Bragg et al., 2012) simulations, in 
terms of P. These two are the end-members of PlioMIP in simulated, regionally averaged annual precipita-
tion deviations from the preindustrial, as identified by Zhang et al. (2013). As shown in Figure 9, the coarse 
end-members COSMOS and HadCM3 are not able to produce orographic precipitation patterns correctly, 
such as those along the Himalayan orogen. Our high-resolution ECHAM5 simulations already show im-
provements. Nevertheless, the skill of GCMs in predicting orographic precipitation remains limited (e.g., 
Meehl et al., 2007). This is particularly true at the scale of interest in this study. At coarse grid resolutions, 
orography is systematically lower than at fine grid resolutions, such that blocking of air masses and oro-
graphically induced precipitation are generally underestimated. While the latter effect generally leads to an 
underestimation of total precipitation, less blocking could act in both directions. Less blocking could result 
in excessive AWT, which does not necessarily lead to more precipitation since for this atmospheric water to 
become precipitable, a trigger is needed (Lin et al., 2018). Consequently, the direction in which less blocking 
changes precipitation remains complicated. In addition, the WRF runs use a nonhydrostatic pressure solver 
while GCMs assume hydrostatic conditions, which further improves predictions of relatively small-scale 
phenomena that departures from the hydrostatic balance (Yang et al., 2017). In total, the WRF dynamical 
downscaling is able to physically resolve mesoscale atmospheric processes that are not included in GCM 
simulations. Given the aforementioned differences between WRF and GCMs, it is therefore not surprising 
that mean annual mid-Pliocene precipitation deviation simulated with WRF shows some discrepancies to 
GCM (Figure 10). Although the big picture of precipitation deviations from WRF is in line with ECHAM5, 
disagreement can be found over the complex terrains on the TP. WRF exhibits possible improvements, for 
example, in the eastern Himalayas and over the TP, where the spatial patterns of precipitation deviations 
are more coherent than in ECHAM5.

4.3.  Large-Scale Systems Controlling the S in the QB

There exists a debate on which large-scale system dominates the hydroclimate in the QB in previous studies 
based on proxy reconstructions. Caves et al. (2015) summarized published data of the spatial distribution of 
oxygen isotopes in precipitation over High Mountain Asia since the early Eocene (56 Ma BP). They found 
that sites at the QB show consistently higher O18 values in the paleo-precipitation than sites in the south-
ern TP, which indicates that westerlies have dominated the moisture supply over the QB since the early Eo-
cene. The authors concluded that the reduction in moisture supply by the westerlies since the early Eocene, 
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rather than uplift of the TP or changes in ISM strength, is the driver of the step-wise drying in central Asia. 
The modern EASM is believed to have a weak or no influence on the QB (e.g., Huang et al., 2019; L. Yu & 
Lai, 2012). This is also shown in our PD simulation. There is no westward moisture transport across the 
eastern border of the Qaidam box in the course of the year (Figure 5b). G. Xu et al. (2011) found correlation 
between the tree ring O18 series collected from the eastern margin of the QB and the strength of EASM 
from 1873 to 1975. Y. Miao et al. (2011) examined a pollen record from the KC-1 core, which was extracted 
in the western part of the QB and covers a period of 18–5 Ma. A transition from a warm–wet climate to a 
cold–dry climate was found in the QB during this period, and the authors concluded that this transition 
was driven by the evolution of the East Asian Monsoon system. Our moisture budget analysis shows that 
the midlatitude westerlies dominate the AWT over the QB in both PLIO and PD (Table 3). However, the 
difference in the moisture budget in the QB between PLIO and PD is a combined effect of changes in the 
midlatitude westerlies and the EASM.

4.4.  Implications for the Future

The mid-Pliocene warm period is a potential analog of future anthropogenic warming since both periods 
feature a higher CO2 concentration than the modern level (Burke et al., 2018). Previous studies reveal that 
both the mid-Pliocene and projected future climates show similar large-scale atmospheric circulations to 
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Figure 9.  Mean annual mid-Pliocene precipitation climatologies for Pliocene Model Intercomparison Project (PlioMIP) simulations conducted with (a) 
COSMOS and (b) HadCM3, and for this study's simulations conducted with (c) ECHAM5 and (d) WRF.
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some extent. For example, Y. Sun et al. (2013) applied three Atmosphere–Ocean GCM simulations for Rep-
resentative Concentration Pathway (RCP) 4.5 scenario, mid-Pliocene, and present day. Their results showed 
a poleward expansion and an intensification of the Hadley cell over the subtropics under both mid-Plio-
cene and future climates, but the response of the Walker cell depicts some discrepancies. A conclusion was 
drawn that the Hadley cell in the mid-Pliocene can be a good analog of the Hadley cell in the future due 
to the linear relationship between the south-north thermal contrast and the CO2 concentration. But this 
analog hypothesis has limitations since the response of the east-west thermal contrast to CO2 concentration 
is more complicated and not similar. The monsoon dynamics between the mid-Pliocene climate and the 
projected future climate under the Extended Concentration Pathway version 4.5, which is an extension 
of RCP4.5 beyond 2100, were also investigated in a prior study (Y. Sun et al., 2018), who found that both 
climates show large-scale similarities and an enhanced EASM, which is due to the increase in thermally 
controlled large-scale moisture transport.

Combined with our results and discussions, the high similarity of large-scale circulations between the 
mid-Pliocene climate and the projected future climate implies a possible transient state in the QB, during 
which S will increase, if the EASM extends into the QB and AWT by the westerlies increases. The in-
creased S would lead to the recharge of groundwater reservoirs and subsequent rise of lake levels in the 
QB until S is balanced again.

5.  Conclusions
In this study, we utilized the WRF model for dynamical downscaling of ECHAM5 global simulations for 
the present day and the mid-Pliocene. The downscaling results show that when imposing the mid-Pliocene 
climate to the QB with its modern land surface settings, the annual S would increase by 26 mm a−1. This 
positive imbalance of S induced only by the changes in the large-scale climate state would be sufficient to 
sustain a lake in the QB with an extent ranging from 7,298 to 12,260 km2, depending on the value of ET lake.

The annual moisture budget in the QB is higher in PLIO, corresponding with the higher S. Higher mois-
ture input from the western border and lower moisture output at the eastern border are the main reasons for 
the higher annual moisture budget and higher S in PLIO. These two borders are both under the influence 
of midlatitude westerlies. The eastern border is additionally regulated by the EASM in PLIO. In PLIO, the 
midlatitude westerlies contract poleward and intensify over the QB in winter, spring, and autumn, trans-
porting more moisture into the QB through its western border. In summer, the strengthening of the EASM 
accompanied by weakened westerlies in PLIO leads to the decrease of moisture output at the eastern border. 
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Figure 10.  Mean annual mid-Pliocene precipitation deviations for (a) ECHAM5 and (b) WRF from present-day precipitation.
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We conclude that the strengthening of the midlatitude westerlies in all seasons, except for summer, and the 
intensification of the EASM lead to higher moisture budget and higher S in the QB in PLIO.

The mid-Pliocene climate shares similarities in large-scale circulations with projected future climate sce-
narios. Thus, our results can contribute to a better understanding of the impacts of climate change and 
future lake development in central Asia. Our results also highlight the added values of applying high-reso-
lution GCM and dynamical downscaling by WRF. High resolution can resolve fundamental processes over 
complex terrains, such as orographic precipitation and AWT, more realistically.

Data Availability Statement
The WRF V4.1.2 model used in this study is freely available under the official website of WRF: http://
dx.doi.org/10.5065/D6MK6B4K. The setup files for the WRF model are included in the supporting infor-
mation. The WRF model output data used in this study are available at https://doi.org/10.26050/WDCC/
RRA_WRF_simulations.
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