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Abstract The fluctuation of a single lake level is a comprehensive reflection of water balance within the basin, while the
regional consistent fluctuations of lake level can indicate the change of regional effective moisture. Previous researches were
mainly focused on reconstructing effective moisture by multiproxy analyses of lake sediments. We carried out a series of
experiments, including a transient climate evolution model, a lake energy balance model and a lake water balance model to
simulate continuous Holocene effective moisture change represented by variability of virtual lake level in East and Central Asia.
The virtual lake level, area, water depth and salinity are not equivalent to actual values, but we estimated relative changes of the
regional effective moisture. We also explored the driving mechanisms of effective moisture change in different geographical
regions. Our results indicated that gradually falling effective moisture during the Holocene in northern China was due to the
combined effects of high lake evaporation caused by longwave and shortwave radiation, and low precipitation caused by
reductions of summer solar insolation. A decline in effective moisture through the Holocene in the Tibetan Plateau and southern
Central Asia resulted from decreased precipitation because of the weakening of the Asian summer monsoon. Increased pre-
cipitation induced by the strengthening of the westerly circulation contributed to the effective moisture rise during the Holocene
in northern Central Asia.
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1. Introduction

Lake level records are important indicators of regional and
global environmental change (Chen et al., 2003; Xiao et al.,
2004; Shen, 2013; Zhang et al., 2016; Zheng et al., 2018).
Studying the lake evolution and environmental change dur-
ing the Holocene is of great significance for predicting the
future global climate change (Innes, 1991; Davis et al.,
2000). In recent decades, researches on the climate change of

Hulun lake (Wen et al., 2010; Zhang et al., 2018), Qinghai
lake (Madsen et al., 2008; Li et al., 2018), Erhai lake (Shen et
al., 2005b), Issyk-Kul (Ricketts et al., 2001), Bosten lake
(Wünnemann et al., 2006; Yao et al., 2018), and Aral Sea
(Boomer et al., 2000; Sharma et al., 2018) have attracted
extensive attention from scientists. The preceding studies
suggested that lake level variations document changes in
regional effective moisture because they reflect the lake’s
hydrologic balance (Qin and Yu, 1998; Anderson et al., 2005,
2011; Luoto and Sarmaja-Korjonen, 2011). Lake water bal-
ance system has complicated processes with many restrictive
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climatic factors. Relevant researches were mostly focused on
reconstructions of lake level, regional effective moisture and
paleoenvironment using geomorphic, sedimentological, and
biostratigraphic methods. However, with the development of
paleoclimatology, only using lake sediments as indicators to
reconstruct lake evolution, water balance fluctuation and
paleoenvironment change cannot more specifically explain
the mechanism of paleoclimate change. Therefore, it is ne-
cessary to quantitatively reconstruct and simulate the lake’s
hydrologic balance from a new perspective.
Lake level fluctuations are primarily caused by changes in

on-lake precipitation, lake evaporation and runoff from the
drainage basin, and these fluxes are governed by many cli-
matic and hydrologic processes. The energy balance and
water balance models are widely used in many researches
which are devoted to reconstructing the water balance fluc-
tuations of a lake (Morrill, 2004; Li and Morrill, 2010, 2013;
Li and Liu, 2016). Qin and Yu (1998) successfully explained
the distribution pattern of lake level during the Last Glacial
Maximum in East and Central Asia by introducing physical
quantities (precipitation minus evaporation). Likewise, Li
and Morrill (2010) revealed that lake surface evaporation,
which was likely decreased during the Last Glacial Max-
imum, plays a significant role in the lake water balance. Xue
and Yu (2010) analyzed the overall pattern of effective pre-
cipitation and atmospheric circulation in three periods, in-
cluding 30, 18 and 6 kyr BP, and concluded that the change
of lake level in these three characteristic periods was mainly
controlled by the influence of atmospheric circulation.
Transient Climate Evolution Experiment (TraCE-21 kyr),

as a new attempt in paleoclimate simulation, is able to si-
mulate the paleoclimate process continuously since the Last
Glacial Maximum (He et al., 2013; Cheng et al., 2014). We
used a series of models, a TraCE-21 kyr model, a lake energy
balance model and a lake water balance model to perform a
continuous simulation of hypothetical lake level change for
tracking the variability of regional effective moisture during
the Holocene in East and Central Asia. Furthermore, we
combined simulated results with the paleoenvironmental
indicators such as stable isotope δ13C, δ18O, total organic
carbon (TOC), total nitrogen (TN), and carbon nitrogen ratio
(C/N) to verify the relationship between regional virtual lake
level change and climate variation. Lastly, trend analysis and
Empirical Orthogonal Function (EOF) are performed on
meteorological elements which can directly reflect climate
processes, for further exploring the possible mechanisms of
virtual lake level and effective moisture changes.
Lake water balance system is constantly responding to

changes of climatic conditions on different time scales. On
the millennial scale, the lake level variation and temperature
have a certain relationship with the regional atmospheric
circulation, while they have seasonal characteristics on the
interannual scale. A lake’s water level depends on its water

balance, and temperature is related to its energy balance.
Accordingly, whether on a global or regional scale, the hy-
drological and energy conditions of lakes represent their
responses to changes in energy and water of the climate
system. Our goal is not to simulate an actual lake level
change, but to assume that each land grid cell is a separate
lake. It should be noted that this study is not to simulate the
specific lake surface energy and water balance process in
East and Central Asia but to complete a sensitivity study of
regional effective moisture to climate change. Comparing
paleoclimate simulation results with paleoclimate records,
the authenticity and accuracy of the simulation results can be
verified. Meanwhile, the indication significance of paleo-
climatic records can be explored based on the simulation
results. We aim to use information about the cause of water
balance fluctuation to improve the climatic interpretation of
East and Central Asia. In the context of global warming, the
study of Holocene lake evolution and environmental change
is particularly important to predict future climate change.
Our findings provide a large amount of new evidence, which
reflects the past climate change and mechanisms of regional
effective moisture variability, as well as a new perspective to
comprehensively understand regional effective moisture
change since the Holocene.

2. Model descriptions

2.1 Transient climate evolution experiment

We used the National Center for Atmospheric Research’s
(NCAR) model—Transient Climate Evolution over the last
21000 years (TraCE-21 kyr) that is completed by the Com-
munity Climate System Model version 3 (CCSM 3), to si-
mulate continuous effective moisture since the Holocene by
building a virtual lake model. TraCE-21 kyr is a synchro-
nously coupled atmosphere-ocean circulation model simu-
lation and provides the four-dimensional model datasets.
This project investigates the mechanisms and feedbacks of
the coupled atmosphere-ocean-sea ice-land surface, which
can explain the evolution of the climate system over the last
21000 years (He, 2011).
TraCE-21 kyr studies the climate evolution during the Last

Glacial Maximum, and simulates several abrupt climate
events, such as the surface climate experienced cooling
during Heinrich Event 1 (19–14.7 kyr) in the North Atlantic
region, an abrupt warming occurred at the onset of the
Bølling-Allerød (14.7–12.9 kyr), and a short period of
Younger Dryas cold phase (12.9–11.7 kyr), based on paleo-
climatic proxy data (Yang et al., 2015). During the Last
Glacial Maximum, proxy reconstructions of Atlantic Mer-
idional Overturning Circulation (AMOC) from deep sedi-
ments provide evidence that the millennial-scale variability
of AMOC is consistent with the climate evolution including
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abrupt climate change events (Liu et al., 2009). Therefore,
AMOC which is quite sensitive to the surface meltwater
fluxes, is possible to carry out TraCE-21 kyr in CCSM 3 by
adjusting the strength of AMOC and earth’s orbital para-
meters (Stommel, 1961; Rahmstorf et al., 2005). On account
of the insufficient knowledge of meltwater discharges, He
(2011) conducted several experiments that have same ori-
ginal condition but different rates or locations of meltwater
discharges during several abrupt climate change events.
The CCSM 3 is affected by the instantaneous greenhouse

gas concentration and the orbital driven insolation changes in
the entire process of TraCE simulation. The concentration
records and radiative forcing from atmospheric carbon di-
oxide (CO2), methane (CH4), and nitrous oxide (N2O) are
from Joos and Spahni (2008). Astronomical values for pre-
cession, obliquity and eccentricity are set according to Ber-
ger (1978). The ICE-5G reconstruction is used to specify
continental ice sheets for continuous simulation, and ice
sheet area and height are set according to Peltier (2004). The
melt-water forcing is set according to Liu et al. (2009) and
He (2011), and the vegetation is prescribed to modern values.

2.2 Lake energy balance model

On the basis of the Hostetler and Bartlein’s model (Hostetler
and Bartlein, 1990), one-dimensional lake energy balance
model was applied to calculate virtual lake evaporation for
all model grid cells between 60°E–140°E and 10°N–60°N in
land. Morrill (2004) calculated interannual variations in
evaporation over the lake using lake energy balance model,
as well as verified the feasibility of the model in Asia si-
mulation. In this model, the energy balance of the lake sur-
face is not only controlled by the evaporation but also other
energies which include shortwave and longwave radiation
absorbed by the water surface, longwave radiation emitted
by the water surface and the sensible heat flux. When the
water temperature is at the freezing point, the surface energy
balance is negative, driving the ice forms. On the contrary,
lake ice melts when the surface energy balance is positive.
For this model, energy fluxes mixing between the surface

water and lower layers can be ignored because the simulated
lake at each model grid cell is a hypothetical 1-meter deep,
freshwater lake. Salinity has great influences on the satura-
tion vapor pressure, so that increasing salinity will decrease
evaporation according to empirical relationships in Dickson
et al. (1965). Given that, the evaporation model conducts an
experiment of increasing lake depth to 5 and 10 m and in-
creasing lake salinity to 10 ppt, which shows only small
changes occur in lake evaporation (1–2%). We emphasize
that it is not our intent to simulate actual lakes in East and
Central Asia, but to complete a sensitivity study of lake
evaporation to climate conditions, which is similar to the
approach of Hostetler and Small (1999), who discuss the use

of hypothetical lakes for impact assessment. And the sensi-
tivity tests of lake depth and salinity give us confidence that
our calculations of lake evaporation are not lake-specific, but
are applicable to many of the lakes that exist in this region.
The lake surface energy balance is calculated as (Li and
Morrill, 2010):

c z T
t Q Q= + ± ± , (1)w w s ld lu e h

where cw is the specific heat of water (J kg
–1 K–1), ρw is the

density of water (kg m–3), z is the lake depth (m), T is the lake
temperature (K), t is the time (s), φs is the shortwave radia-
tion absorbed by the water surface, φld is longwave radiation
absorbed by the water surface, φlu is longwave radiation
emitted by the water surface,Qe is the latent heat flux, andQh

is the sensible heat flux. Latent and sensible heat fluxes are
calculated using the standard bulk aerodynamic formulations
of Dickinson et al. (1993):

Q L C V q q= ( ), (2)e v a D a s a

Q C C V T T= ( ), (3)h p a D a s a

where the subscripts a and s refer to air and surface, re-
spectively, Lv is the latent heat of vaporization, ρa is the
density of air, Va is wind speed, q is specific humidity, Cp is
the specific heat of air, CD, the momentum drag coefficient,
is a function of the neutral drag coefficient which depends on
the roughness length, and the surface bulk Richardson
number which depends on the wind speed and the near-
surface temperature gradient, and T is temperature. Vertical
transfer of heat between layers in the lake (z=1 m) is ac-
complished through convective mixing and eddy and mole-
cular diffusion. Schematic illustration of the models is
described in Figure 1.
Input values from the TraCE-21 kyr database are: 2-m air

temperature, surface temperature, 2-m wind speed, and
shortwave and longwave radiation incident at the land sur-
face. The time-step of the lake model is 30 min, but climate
model output is continuous monthly data. By using function
“interp 3” of matlab, we linearly interpolate between
monthly-averaged TraCE-21 kyr outputs (m s–1) to obtain
input values for the lake energy-balance model at a 30-min
time step (m s–1). Linear interpolation is the technique of
building a simple, continuous analytical model for the un-
known physical quantity from the known data points, so that
the characteristics of the unknown physical quantity can be
inferred from the model. And the principle is that given the
coordinates (x0,y0) and (x1,y1) to get the value of x on the line
at some point in the interval [x0,x1], which can be described
as follows:

y y
x x

y y
x x= . (4)0

0
1 0
1 0

Since we know the x value, we can get the y value from the
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eq. (5):

y y x x y x x y
x x= + ( ) ( ) . (5)0

0 1 0 0
1 0

Previous study from Morrill et al. (2001) showed that the
amount of annual lake evaporation estimated from monthly
data interpolated to a 30-min time step is accurate to within
3%, using modern meteorological measurements at hourly,
daily or monthly resolutions. This is the case because the
thermal inertia of lake prevents the lake surface evaporation
from changing greatly with meteorological fluctuations on
short scales (Pollard and Schulz, 1994). In the end, the
TraCE-21 kyr output is integrated with the lake energy bal-
ance model to calculate the surface evaporation of the virtual
lake, then calculate the average value of 50 years, as well as
obtain the final results.

2.3 Lake water balance model

When calculating the hypothetical lake level, we assumed
that the lake is in hydrological equilibrium with stable state
during the process of climate change. This is a reasonable
assumption, since the study takes into account that the lake
has a shorter response process to climate change. The water
balance of steady-state lake can be expressed as Li and
Morrill (2013):

D A R A P E= + ( ), (6)B L L L

where D is discharge from the lake (m3 year–1), AB is area of
the drainage basin (m2), R is runoff from the drainage basin
(m year–1), AL is area of the lake (m2), PL is on-lake pre-
cipitation (m year–1) and EL is lake evaporation (m year–1).
On account of the requirement of AB and AL values, eq. (6) is
not a generalized solution for a hypothetical lake, and the
process of lake level change cannot be well calculated.

Therefore, this equation is simplified for grid cells where PL
−EL≥0 and grid cells where PL−EL<0. And we can obtain
conclusions about the direction of virtual lake level change
without providing lake-specific information, which is ex-
plained in the following two paragraphs.
Regardless of the values of AB and AL, lakes in grid cells

where PL−EL≥0 must contain open lakes (i.e., D>0), adjust
to water-balance changes by discharging more or less water.
Eq. (6) manifests that, if the change in R and the change in PL
−EL during the Holocene have different signs, the sign of the
change inDwill depend on AB and AL which are lake specific
variables. For the grid cells with PL−EL≥0, we concluded
that a change in the water balance, D, during the Holocene is
positive (negative) when both the changes in R and PL−EL
are positive (negative).
For lakes in grid cells where PL−EL<0, the net water loss

from the lake surface must be compensated by runoff into the
lake. These lakes adjust to water-balance changes through
changes in the ratio of AL to AB, as described by setting D=0
in eq. (6):
A
A

R
E P= ( ) , (7)L

B L L

where AL/AB represents virtual lake level. Eq. (7) shows that,
the ratio of AL/AB is not lake-specific for closed lakes (i.e.,
lakes with D=0) and is determined by climate (Benson and
Paillet, 1989). Thus, for grid cells with PL−EL<0, we cal-
culated AL/AB values and compared these values between
simulations to determine relative changes in virtual lake
level.
In order to determine the relative water balance change

during the Holocene, we combined the values of PL, EL and R
with eqs. (6) and (7). Then, we attributed the changes in the
relative direction of water balance to evaporation, pre-
cipitation or both, and looked for which variables have

Figure 1 Schematic illustration of the lake energy and water balance models.
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contributed effectively to changes in the net water balance.
Since runoff (precipitation minus evaportranspiration)
anomalies are highly correlated to precipitation anomalies,
any productive contributions from runoff are counted as a
contribution by precipitation. For our purpose, this study is
not to simulate the specific lake surface energy and water
balance process in East and Central Asia, instead, to use
virtual lakes as a carrier to infer changes in regional effective
moisture in the Holocene. Then based on the simulations of
average regional effective moisture and hydroclimatic con-
ditions, we discussed the driving mechanisms of regional
climate change.

2.4 Mathematical modelling and calculation

To examine spatially and temporally variability of lake level,
we chose to use the EOF method. It was introduced to me-
teorological and climatic research for the first time in 1950s,
which is now widely used in other disciplines. This method
has been detailed previously in many papers (Kundu and
Allen, 1976; Weare and Newell, 1977). EOF is a method of
analyzing the structural features in matrix data, and ex-
tracting the main data’s feature vector. In general, the feature
vector corresponds to a spatial sample, and the principal
component corresponds to a time variation. The first prin-
cipal component tends to characterize the average distribu-
tion of the original time series.

2.5 Selection of paleoclimate records

In this paper, paleoclimate records were summarized on the
basis of following criteria: (1) the records come from lake
deposits or lake geomorphological evidence; (2) records can
cover most part of the Holocene period without interruption,
and (3) the proxies derived from the records should indicate
changes in lake level, effective moisture or hydrological

climate.

3. Modeled virtual lake level and paleoclimate
records

3.1 Verification of simulation results

According to the climatic similarities and topographic dif-
ferentiation, we divided East and Central Asia into five re-
gions: northern China, southern China, northern Central
Asia, southern Central Asia, and Tibetan Plateau. Many lake
records have been collected to validate simulation results
(Figure 2a), and more details are prescribed in Table 1. Be-
fore considering model results, to review and summarize the
large-scale patterns in lake level during the Holocene which
we expect the models to simulate is important. These models
must be able to reproduce these patterns if they are useful in
testing hypotheses about the cause of lake level change. Both
the tendency chart (Figure 2b) and time series (Figure 3)
show that simulations indicate lake level fell through the
Holocene in northern China, southern China (with the ex-
ception of coastal regions, where the late Holocene high lake
level was maintained by high coastal precipitation, possibly
resulted from changes in local ocean feedbacks), Tibetan
Plateau and southern Central Asia, while lake level rose in
northern Central Asia.
Most of the lake levels in northern China reach their

highest level during the early Holocene, and then descend
around the mid-Holocene (Table 1). This changing pattern
has the similar trend with modeled virtual lake level (Figure
3a1), which indicates effective moisture in most northern
China decreased from mid-Holocene to late Holocene.
However, there are some differences, such as rising lake
level in Hulun lake during 8–0 cal kyr BP. Lakes in southern
China show the highest lake level around the early Holocene,
intermediate lake level at the mid-Holocene and the lowest

Figure 2 Lake sites selected in East and Central Asia, and dominant circulation systems of the westerlies, Indian monsoon, and East Asian monsoon (a) and
trend analysis in lake level during the Holocene (b). Striping indicates the significance test is over 95%.
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lake level at the late Holocene, whereas increasing lake level
is found in Yunnan-Guizhou plateau during the late Holo-
cene (Table 1). The high level of modeled lake in southern

China appeared not only in the early Holocene but also
around the late Holocene (Figure 3b1). For northern Central
Asia, a majority of lakes in eastern region are located in the

Table 1 Summary of lake level changes during the Holocene in East and Central Asia

Region No. Lake Longitude Latitude Lake level fluctuations during the Holocene References

Northern
China

1 Xingkai lake 132.2°E 45.2°N The lake level began to decline since the early Holocene Wu and Shen
(2010a, 2010b)

2 Hani lake 126.5°E 42.2°N The lake level began to decline since the early Holocene Cui et al. (2006);
Yu et al. (2008)

3
Erlongwan
Maar Lake 126.36°E 42.3°N The lake level began to rise since the early Holocene You and Liu (2012);

Wang et al. (2012)

4 Dabusu lake 123.65°E 45°N The lake level began to rise in the early Holocene and then declined Shen et al. (1998);
Jie et al. (2001)

5 Hulun lake 117.4°E 48.9°N The lake level began to decline in the early Holocene and then rose Wen et al. (2010);
Xiao et al. (2009)

6 Bayanchagan lake 115.21°E 41.65°N The lake level began to rise in the early Holocene and then declined Jiang et al. (2006)

7 Daihai lake 112.45°E 40.45°N The lake level began to rise in the early Holocene and then declined Sun et al. (2009);
Xiao et al. (2004)

Southern
China

8 Longquan lake 112.33°E 32.87°N The lake level began to rise in the early Holocene and then declined Li and Yao (1993)

9 Dajiu lake 110.5°E 31.5°N The lake level began to decline since the early Holocene Ma et al. (2008)

10 Huguangyan
Maar lake 110.28°E 21.15°N The lake level began to decline since the early Holocene Wu et al. (2012)

11 Xingyun lake 102.88°E 24.5°N The lake level began to decline since the early Holocene Hodell et al. (1999)

12 Qilu lake 102.75°E 24.17°N The lake level began to decline in the early Holocene and then rose Brenner et al. (1991)

13 Dianchi lake 102.7°E 24.85°N The lake level began to decline in the early Holocene and then rose Zhang et al. (2009)

14 Manxing lake 100.6°E 22°N The lake level began to decline since the early Holocene Tang (1992)

15 Erhai lake 99.98°E 25.84°N The lake level began to decline in the early Holocene and then rose Zhou et al. (2003)

Northern
Central
Asia

16 Qingtu lake 103.6°E 39.1°N The lake level began to rise in the early Holocene and then declined Zhao et al. (2005)

17 Huahai lake 98.4°E 40.5°N The lake level began to decline since the early Holocene Hu et al. (2003)

18 Balikun lake 92.8°E 43.7°N The lake level began to rise in the early Holocene and then declined Zhao et al. (2015)

19 Wulungu lake 87.5°E 47°N The lake level began to decline in the early Holocene and then rose Liu et al. (2008a)

20 Bosten lake 87.05°E 42.08°N The lake level began to decline in the early Holocene and then rose Wünnemann et al.
(2006)

21 Aibi lake 82.8°E 45°N The lake level began to decline since the early Holocene Wang et al. (2013)

22 Issyk-Kul 77.30°E 42.50°N The lake level began to decline in the early Holocene and then rose Ricketts et al. (2001);
Ferronskii et al. (2003)

23 Pashennoe 75.40°E 49.37°N The lake level began to decline in the early Holocene and then rose Tarasov and
Kremenetskii (1995)

24 Sonkel 75.15°E 41.82°N The lake level began to decline in the early Holocene and then rose Sevastyanov and
Smirnova (1986)

25 Karas’e 70.22°E 53.03°N The lake level began to decline in the early Holocene and then rose Tarasov and
Kremenetskii (1995)

26 Aral 60°E 45°N The lake level began to rise in the early Holocene and then declined Boomer et al. (2000)

Southern
Central
Asia

27 Rangkul-
Shorkul 74.20°E 38.52°N The lake level began to rise in the early Holocene and then declined Sevastyanov and

Dorofeyuk (1992)

Tibetan
Plateau

28 Qinghai lake 100.7°E 36.9°N The lake level began to rise in the early Holocene and then declined Madsen et al. (2008)

29 Chaka lake 99.1°E 36.8°N The lake level began to rise in the early Holocene and then declined Liu et al. (2008b)

30 Cuona lake 91.47°E 32.03°N The lake level began to rise in the early Holocene and then declined Wu et al. (2005)

31 Chen Co 90.52°E 28.85°N The lake level began to rise in the early Holocene and then declined Zhu et al. (2009)

32 Bankog Co 89.57°E 31.75°N The lake level began to decline since the early Holocene Zhao et al. (2011)

33 Siling Co 89°E 31.8°N The lake level began to rise in the early Holocene and then declined Li et al. (2009)

34 Paiku Co 85.58°E 28.78°N The lake level began to decline since the early Holocene Bian et al. (2013)

35 Bangong Co 79.42°E 33.77°N The lake level began to rise in the early Holocene and then declined Rossit et al. (1996)
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Figure 3 Comparison between simulated average lake level in different regions and paleoclimate records during the Holocene. (a1) Simulated average lake
level in northern China. (a2) Pollen-based moisture index synthesized from the East Asian summer monsoon rainfall belt over northern China (Wang and
Feng, 2013). (a3) Warm deciduous broad-leaved trees from Jingbo Lake in the northern China (Li et al., 2011). (b1) Simulated average lake level in southern
China. (b2) and (b3) Moisture indexes from regions of East Asian summer monsoon and Indian monsoon based on continental paleo-moisture records in the
Eastern Hemisphere (Wang et al., 2017). (c1) Simulated average lake level in northern Central Asia. (c2) Average moisture index calculated from lake records
in the arid Central Asia (An and Chen, 2009). (c3) Lake level fluctuation derived from grain-size and pollen data from Wulungu Lake (Liu et al., 2008a). (d1)
Simulated average lake level in the Tibetan Plateau. (d2) Simulated average lake level in southern Central Asia. (d3) Summer solar insolation at 30°N during
the Holocene (Berger and Loutre, 1991). (d4) Reconstructed Holocene precipitation on the Tibetan Plateau (Hou et al., 2012). The corresponding curve for all
descriptions is from top to bottom.
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monsoon marginal zone, which experience higher lake level
during the mid-Holocene. However, lake levels in western
region are influenced by the westerly, and experience the
higher lake level in the late Holocene (Table 1). The models
reveal a rising trend of moisture in most northern Central
Asia (Figure 3c1). In the Tibetan Plateau, higher lake level in
records and simulations occurs during the early and mid-
Holocene with declining trend throughout the Holocene, and
the changing pattern shows a similar trend with that in
southern Central Asia (Figure 3d1 and 3d2), indicating a
gradually drying climate. However, there are few quantita-
tive or qualitative studies on reconstruction of lake level in
southern Central Asia, which is an obstacle to our verifica-
tion of the simulations. Based on the simulated average lake
level, it is preliminarily speculated that lake level changes in
southern Central Asia are consistent with that in the Tibetan
Plateau during the Holocene.
Paleoclimate records were also collected to verify whether

virtual lake level varies with climate. The principle of se-
lected records is that records can represent the average cli-
mate change of the entire region as far as possible. In
northern China (Figure 3a2 and 3a3), the major trend of the
average lake level in middle and late Holocene is a gradual
decrease that is consistent with moisture index. Many sta-
lagmite and lake records in southern China have been used to
reveal the strength of the Asian monsoon and climatic
variability of temperature and humidity. Accordingly, Asian
monsoon plays an important role in influencing moisture
change in southern China. Thus, we selected moisture in-

dexes from regions of East Asian summer monsoon and
Indian monsoon based on continental paleo-moisture records
to compare them with the average simulated lake level, and
the results show that the wettest period corresponds to the
period when the lake level is highest (Figure 3b2 and 3b3).
However, the simulated lake level changes in southern China
(Figure 3b1) do not represent the east Asian monsoon
changes, and the relationship between them should be further
researched. In northern Central Asia (Figure 3c2 and 3c3),
the moisture index is closely comparable to lake level change
simulated by the models, showing an upward trend in the late
Holocene. The simulations and records in the Tibetan Plateau
match each other exactly, and they exhibit a similar changing
pattern (Figure 3d3 and 3d4).

3.2 Comparison between simulated virtual lake level
changes and paleoclimate records

Based on the above partition, we selected typical lakes in
different regions and compared the simulated virtual lake
level with climatic indicators to verify the feasibility and
accuracy of the models. In northern China (Figure 4), there
are many inland lakes formed in the early Holocene mainly
influenced by the Asian monsoon. We simulated the lake
level of Erlongwan Maar lake, Hulun lake, and Daihai lake
located from east to west in northern China, and each of them
has continuous paleoenvironment records. Simulations of
Hulun lake are in a steady uptrend with no larger fluctua-
tions. Decreased δ18O values and negative δ13C values be-

Figure 4 A comparison between typical simulated lake level and paleoclimate records in northern China during the Holocene. The corresponding curves
from left to right are: simulated lake level of Hulun lake; δ18O and δ13C of Hulun lake came from Zhai et al. (2011); simulated lake level of Erlongwan Maar
lake; TOC and δ13C of Erlongwan Maar lake derived from You and Liu (2012); simulated lake level of Daihai lake; TN and TOC of Daihai lake derived from
Sun et al. (2010).
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tween 10000 and 6000 cal yr BP reflect a high lake level. In
addition, the lake level has risen significantly during
3350–1190 cal yr BP. Simulations of Erlongwan Maar lake
perform well and correspond to paleoclimate records, and
both of them show a humid environment in the early Holo-
cene. The optimal climatic conditions are conducive to the
accumulation of TOC and TN, which can indirectly reflect
environmental information. Higher lake level in Daihai
during the early and mid-Holocene has good consistency
with fluctuations in TOC and TN.
For southern China, no large lakes existed in the middle

and low reaches of Yangtze River during the early Holocene,
and only a few small lakes such as Gucheng lake (Jiangsu
Province) were presented (Shen, 2013). Therefore, we chose
Xingyun, Erhai and Dianchi lake, which were formed earlier
and had continuous evolution process, to analyze the varia-
tion of lake level (Figure 5). As a result of Younger Dryas
event, the three simulations show a low lake level during
13100–12000 cal yr BP. After that, the climate warms up,
Dianchi and Erhai begin to expand with raised level during
the early Holocene, and then decrease slowly during the mid-
Holocene. And then, lake levels gradually rise during
4000 cal yr BP–present. Besides, the positive (negative) δ13C
values represent a relatively arid (humid) environment. Ac-
cording to the fluctuation of the indicators and lake level, the
records are consistent with simulations shown in Figure 5.
However, lake level of Xingyun does not fluctuate too much,
and it declines stably from the early Holocene to late Ho-
locene, which has a similar pattern with the variation of
environment indicated by δ18O values.
Taking into account the regional characteristics of the Ti-

betan Plateau, comparative analysis was carried out on three
lakes located from east to west plateau with continuous pa-
leoclimate records: Chen Co, Siling Co and Bangong Co
(Figure 6). The climate indicators are consistent with those
used in previous sections. Lake level changes of the three
lakes have a similar trend which has a clear rise tendency
between 12000 and 6000 cal yr BP. Then the lake level be-
gins to decline gradually during 6000–2000 cal yr BP and
has an upward trend in the modern times. The curves of
paleoclimate indicator and simulated lake level in Chen Co
have good consistency in fluctuation, indicating that a rela-
tively higher lake level between 4000 and 8000 cal yr BP is
correspond to wetter climatic conditions of the mid-Holo-
cene indicated by the TOC and TN. Low δ18O and negative
δ13C values in Bangong Co suggest the humid environment
with higher lake level during early and mid-Holocene. Al-
though the values of simulations do not fluctuate in a large
extent, the changing trends for two curves of Siling Co are
the same. Humid environment with negative δ18O values
corresponds to the increase lake level.
In northern Central Asia, we chose three typical lakes

which are Qinghai lake (monsoon marginal zone with higher
elevation), Qingtu lake (located in the east) and Bosten lake
(located in the midst), to explore the variations of lake level
and climatic characteristic (Figure 7). Several curves of lake
level and climate evidence from Qinghai lake point to a low
lake level between 13000 and 11000 cal yr BP, possibly
corresponding to the Younger Dryas event. And after that,
regional climate warms up. For 11000–8000 cal yr BP, ac-
companied with warming climate conditions, the highest
lake level appears. Warmer than present climate conditions

Figure 5 A comparison between typical simulated lake level and paleoclimate records in southern China during the Holocene. The corresponding curves
from left to right are: simulated lake level of Xingyun lake; δ18O of Xingyun lake came from Hodell et al. (1999); simulated lake level of Erhai lake; TOC and
TN of Erhai lake derived from Shen et al. (2005b); simulated lake level of Dianchi lake; δ13C and TOC of Dianchi lake derived from Wu et al. (1998).
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terminated about 4500 cal yr BP in Qinghai lake. The si-
mulations of Qingtu lake are also consistent with paleocli-
mate records. Lake level of Bosten lake has a similar trend
with that in Qingtu lake, showing an obvious and slow rising
trend in the mid-Holocene and then gradually decreases. The
virtual lake level of Bosten lake does not show a sharp in-
crease or decrease, but the fluctuations are consistent with
climate fluctuations.

4. Discussion

As mentioned above, the climate in East and Central Asia is
affected by circulation systems of the westerly winds, the
Indian monsoon and the East Asian monsoon (An and Chen,
2009; Mishra et al., 2015). And the meteorological elements
including precipitation, evaporation, runoff and others con-
trolled by the circulation system are varied in different

Figure 6 A comparison between typical simulated lake level and paleoclimate records in the Tibetan Plateau during the Holocene. The corresponding
curves from left to right are: simulated lake level of Chen Co; TOC and TN of Chen Co came from Zhu et al. (2009); simulated lake level of Bangong Co;
δ18O and δ13C of Bangong Co derived from Yang (2016); simulated lake level of Siling Co; δ18O of Siling Co derived from Jin et al. (2016).

Figure 7 A comparison between typical simulated lake level and paleoclimate records in northern Central Asia during the Holocene. The corresponding
curves from left to right are: simulated lake level of Qinghai lake; TOC and TN of Qinghai lake came from Shen et al. (2005a); simulated lake level of Qingtu
lake; TOC and TN of Qingtu lake came from Li and Liu (2017); simulated lake level of Bosten lake; δ18O of Bosten lake derived from Zhong and Xiong
(1998).
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geographical regions (Morrill, 2004). Using the approach
outlined in Section 2.4, we then considered which element
plays a decisive role in determining regional water balance
change, and discussed the driving mechanisms determining
effective moisture fluctuations in the whole study area. By
applying the spatial-temporal decomposition in simulations
of virtual lake level, the spatial distribution and time series of
the first mode were obtained, which has contribution rate of
42%. From Figure 8, the most prominent region is northern
China, Tibetan Plateau and southern Central Asia. Combing
the spatial distribution with time series, the most prominent
area is the same as the area where precipitation decreases
(Figures 9a, 10a, 10d, 10e). And the time series of the first
mode, precipitation in most areas and summer solar insola-
tion show regionally coherent patterns of changes during the
Holocene. The relationship between precipitation and sum-
mer solar radiation is worth considering. A long-term trend
of stalagmite δ18O records in Oman generally follows the
summer insolation, suggesting that after approximately
8000 cal yr BP, monsoon precipitation decreases gradually
in response to Northern Hemisphere summer solar insolation
(Fleitmann et al., 2003; Wang et al., 2005). Accordingly, it is
preliminarily speculated that precipitation generally follows
variations in summer solar insolation during the Holocene.
According to our simulated results, we confirmed that the

reasons for effective moisture changes varied with meteor-
ological factors that changed in different regions. In northern
China, especially in northeast China, reduced effective
moisture through the Holocene is generally due to the com-
bined effects of low precipitation caused by reductions in
summer solar insolation, and high lake evaporation caused by
increasing temperature, atmospheric radiation and shortwave
radiation (Figures 9 and 10). And in Figure 9c, it is shown that
enhancement of evaporation in northeast China is the most
intense, which can be inferred that evaporation has a great

impact on effective moisture than precipitation. In southern
China, precipitation and evaporation have a trend of gradually
increasing during the Holocene. Lakes which are located in
coastal regions are more likely maintained by high coastal
precipitation in the late Holocene (Figures 9 and 10). For
northern Central Asia, the rise in effective moisture during the
Holocene is due to an increase in precipitation, and a decrease
in evaporation. Although the temperature also shows an in-
creasing trend, precipitation is the main factor affecting the
moisture change in this area, which might be caused by the
enhancement of the westerly winds (Figures 9 and 10).
However, the Tibetan Plateau and southern Central Asia have
opposite trends with northern Central Asia, which is mainly
reflected in precipitation and evaporation changes (Figures 9
and 10). This phenomenon indicates that the driving me-
chanisms of regional moisture fluctuations might be mainly
controlled by the variation of Asian monsoon induced by
summer solar insolation, and are different from that in
northern Central Asia. These results are an important reminder
that the lake water balance is not only controlled by the
dominant circulation systems of the westerly winds, the Indian
monsoon, and the East Asian monsoon, and it is important to
consider regional characteristics of meteorological factors.
Based on the characteristics of the transient climate evo-

lution experiment, the virtual lake level we simulated is
completely water balance evolution process in the natural
state, without human activities involved. Most indicators of
paleoclimate change are affected by human activities in the
late Holocene (Zong et al., 2010). Therefore, the verification
of effective moisture change by paleoclimate records should
be dominated by the early and mid-Holocene. Li and Morrill
(2010) suggested that relatively high lake levels at 8.5 kyr
and 6.0 kyr in the monsoon region were caused by the
combined effects of low lake evaporation and high pre-
cipitation relative to the late Holocene, and increasing pre-

Figure 8 Spatial distribution and time series of the first mode. Red (blue, yellow) colors indicate that the influence factors of lakes in this region are
positively (negative, not) correlated with solar insolation.
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cipitation from the early to mid-Holocene maintained high
lake levels in most of arid Central Asia. However, one new
result of our study is that the combined effects of increasing
lake evaporation and decreasing precipitation influence the

decline virtual lake level in most monsoon regions with the
exception of coastal regions on the millennial scale, whereas
increasing precipitation determines the change of virtual lake
level on the millennial scale in northern Central Asia.

Figure 9 Trends of precipitation, runoff, evaporation, temperature, longwave radiation and shortwave radiation during the Holocene. Red (blue) colors
indicate the rise (descend) in meteorological elements during the Holocene. Yellow colors indicate that there is no significant change in this area. Striping
indicates the significance test is over 95%.

Figure 10 Time series of regional averaged temperature, precipitation and evaporation during the Holocene.
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Comparing with previous results, our conclusions also de-
monstrated that evaporation and precipitation, responsible
for regional effective moisture change, vary by region and
through time.
In addition, the temperature shows an upward trend in all

regions (northern China, southern China, northern Central
Asia, southern Central Asia and Tibetan Plateau) (Figure
10f). It shows cooling associated with the Younger Dryas,
followed by Holocene warming, but also a brief cooling
episode from 8500–8000 cal yr BP which was called “8.2
kyr”event caused by freshwater forcing and associated with a
weakening of the Atlantic Meridional Overturning Circula-
tion (Yan and Liu, 2019). We emphasized that the simulated
trend of global temperature rise during the Holocene does not
represent the actual trend of this period. Simultaneously, the
precipitation (evaporation) with an overall decline (rising)
trend decreases (increases) abruptly during the Younger
Dryas and “8.2 kyr” cooling episodes. This pattern is similar
to characteristics of northern hemisphere climate change
during the Holocene (Ning et al., 2019). Our findings not
only proved the sensitivity of effective moisture fluctuations
to climate variability and meteorological elements change,
but also proposed a new method to comprehensively un-
derstand the driving mechanisms of effective moisture
change on the millennial scale.

5. Conclusion

Based on a series of lake models, we performed a continuous
simulation of hypothetical lake level change to track the
variability of regional effective moisture during the Holo-
cene in East and Central Asia, and examined the driving
mechanisms for water balance change in different geo-
graphical regions. Lake energy and water balance models
forced by a coupled atmosphere-ocean general circulation
model indicate that effective moisture gradually reduced
during Holocene in northern China, southern China (with the
exception of coastal regions, where the late Holocene high
lake level was maintained by high coastal precipitation,
possibly resulted from changes in local ocean feedbacks),
Tibetan Plateau and southern Central Asia. However, varia-
bility of effective moisture during the Holocene in northern
Central Asia has two changing patterns: higher moisture
occurred during the early and mid-Holocene in monsoon
marginal zone and higher moisture appeared during the late
Holocene in the westerlies. For the most part, this agrees
with moisture proxy evidence. Besides, we also concluded
that decreased effective moisture in northern China was in-
fluenced by the combined effects of high lake evaporation
and low precipitation. A decline in effective moisture
through the Holocene in the Tibetan Plateau and southern
Central Asia was primarily a result of decreased precipitation

caused by the weaken of the Asian summer monsoon. In-
creased precipitation contributed to the effective moisture
rise in northern Central Asia, which was induced by the
strengthen of the westerly wind circulation.
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