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Abstract. Monsoon system and westerly circulation, to which climate change responds differently, are two important
components of global atmospheric circulation, interacting with each other in the mid-to-low latitudes and having synergy
effect to those regions. Relevant researches on global millennial-scale climate change in monsoon and westerlies regions are
mostly devoted to multi-proxy analyses of lakes, stalagmites, ice cores, marine and eolian sediments. Different responses
from these proxies to long-term environmental change make understanding climate change pattern in monsoonal and
westerlies regions difficult. Accordingly, we disaggregated global closed basins into arecas governed by monsoon and
westerly winds and unified palacoclimate indicators, as well as combined with the lake models and paleoclimate simulations
for tracking millennial-scale evolution characteristics and mechanisms of global monsoon and westerly winds since the Last
Glacial Maximum (LGM). Our results concluded that the effective moisture in most closed basins of the mid-latitudes
Northern Hemisphere is mainly a trend on the decrease since the LGM, and of the low-latitudes is mainly a trend on the rise.
Millennial-scale water balance change exhibits an obvious boundary between global westerlies and monsoon regions in
closed basins, particularly in the Northern Hemisphere. In the monsoon dominated closed basins of the Northern Hemisphere,
humid climate prevails in the early-mid Holocene and relative dry climate appears in the LGM and late Holocene. While in
the westerly winds dominated closed basins of the Northern Hemisphere, climate is characterized by relative humid LGM
and mid-Holocene (MH) compared with the dry early Holocene, which is likely to be connected with precipitation brought
by the westerly circulation. This study provides insights into long-term evolution and synergy of monsoon and westerly wind

systems and basis for projection of future hydrological balance in the low-to-mid latitudes.

1 Introduction

As important components of atmospheric circulation systems, the mid-latitude westerly winds and low-latitude monsoon
systems play key roles in global climate change. Whether on the decadal scale or the millennial scale, researches about this
aspect always attract widespread attention from scientists. Examination of global monsoon precipitation changes in land
suggested an overall weakening over the recent half-century (1950-2000) (Zhou et al., 2008). Individual monsoon indexes

reconstructed by Wang et al. (2017) indicated the moisture in the tropical Australian monsoon, the East African monsoon,
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and the Indian monsoon regions is a gradual decrease since the early Holocene. And it is widely accepted that the East Asian
summer monsoon usually follows the variation of low-latitude summer solar radiation (Yuan et al., 2004; Chen et al., 2006;
An et al., 2015). Charney (1969) and Wang (2009) also proposed that the seasonal migration of the intertropical convergence
zone (ITCZ) profoundly influences the global monsoons which have significant seasonality. However, the global westerly
winds and their associated storm tracks dominate the mid-latitude dynamics of the global atmosphere and influence the
extratropical large-scale temperature and precipitation patterns (Oster et al., 2015; Voigt et al., 2015). Lake records suggested
that since the LGM, climate in central and southern regions of north American continent gradually dried out as the ice sheet
melted and the westerlies moved north (Qin et al., 1997).

Millennial-scale evolution in global monsoons and westerly winds probably shows different patterns as a result of
complex driving mechanisms. Previous arguments about an asynchronous pattern of moisture variations between monsoon
and westerly winds evolution underscore the importance for studying their millennial-scale differentiation (Chen et al., 2006,
2008, 2019; An and Chen, 2009; Li et al., 2011; An et al., 2012). Covering one-fifth of the terrestrial surface, global closed
basins are mostly located in arid and semi-arid areas of global mid-low-latitudes. Furthermore, closed basins with relative
independent hydrological cycle system have a plenty of terminal lakes records that provide more evidences for retrospecting
climate change, and can be regarded as ideal regions for studying spatiotemporal differences between monsoons and
westerly winds (Li et al., 2017). On account of lake water balance system constantly responding to climatic conditions
changes, lake water balance model has become one of the common methods to track past climate change, and makes up the
deficiency in qualitative method of multi-proxy analysis (Qin and Yu, 1998; Xue and Yu, 2000; Morrill et al., 2001, 2004; Li
and Morrill, 2010, 2013; Lowry and Morrill, 2019).

Here we constructed virtual lakes systems and applied lake models and a transient climate evolution model to
continuously simulating water balance change since the LGM in global closed basins. Meanwhile, P-E simulations and 37
lake status records in the LGM, MH and  Pre-Industrial (PI) were supplemented. And based on the prominent spatial
characteristics of global monsoons and westerly winds revealed by simulations, we focused on the Northern Hemisphere
mid-latitude closed basins where are simultaneously influenced by mid-latitude westerly winds and low-latitude monsoons:
first, due to the limited time scale of the climate records, the reconstructed moisture index from 25 paleoclimate records and
water balance simulations were used to reveal and validate the climate change of the whole the Northern Hemisphere
mid-latitude closed basins; second, the Northern Hemisphere mid-latitude closed basins were disaggregated into the areas
dominated by monsoon and westerly winds respectively, and we emphatically explored the temporal evolution of the
Northern Hemisphere monsoons and westerly winds since the LGM. last, we comprehensively considered the determinant
that controls the direction of climate change in the Northern Hemisphere westerly winds and monsoons since the LGM,
according to records of Quaternary ice sheets, low-mid latitudes summer insolation and winter insolation, §'%0 of Greenland
ice core, etc. This study not only reveals millennial-scale climate change from the perspective of water balance, but also

provides a new method for studying the synergy of the westerly winds and monsoons.
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2 Material and Methods
2.1 Experimental design
2.1.1 Transient climate evolution experiment and CMIPS5/PMIP3 multi-model ensemble

Transient climate evolution experiment (TraCE-21 kyr) as a synchronously coupled atmosphere-ocean circulation model
simulation, is completed by the Community Climate System Model version 3 (CCSM 3) (He, 2011). We applied this model
to continuously simulating effective moisture change represented by virtual water balance variation since the LGM.
Likewise, CCSM 4, CNRM-CMS5, FGOALS-g2, GISS-E2-R, MIROC-ESM, MPI-ESM-P and MRI-CGCM3 models
participating in CMIPS5/PMIP3 were also used and simulated the relative change of P-E during three particular periods
(LGM, MH, PI). PMIP3 protocols define the boundary conditions of these models, with a few exceptions (Table 1).
Precession, obliquity and eccentricity values are specified according to Berger (1978). CO,, CHs, and N>O values are set
on the basis of reconstructions from ice cores (Monnin et al., 2004; Fliickiger et al., 1999, 2002). A remnant Laurentide ice
sheet in the LGM and a modern-day ice sheet configuration in the MH and PI simulations were specified by the ICE-5G
reconstruction (Peltier, 2004). And the vegetation is prescribed to modern values. Ice sheet configuration and vegetation
distribution are used by GISS model. LGM radiative forcing changes in MIROC model and MRI model are the exceptions of
the PMIP3 boundary conditions, details are shown in Licciardi et al. (1998) and Lowry and Morrill (2019).

Table 1. Boundary conditions in CMIP5/PMIP3 simulations at PI, MH and LGM

Pre-industrial Mid-Holocene Last Glacial Maximum
Eccentricity 0.016724 0.018682 0.018994
Obliquity (°) 23.446° 24.105° 22.949°
Longitude of perihelion (°) 102.04° 0.87° 114.42°
CO2 (ppm) 280 280 185
CHa4 (ppb) 760 650 350
N20 (ppb) 270 270 200
Ice sheet Peltier (2004) 0 ka  Peltier (2004) 0 ka  Peltier (2004) 21 ka
Vegetation Present-day Present-day Present-day

2.1.2 Lake energy balance model and lake water balance model

Before calculating, we linearly interpolated different resolutions grid cells of TraCE model and multi-model ensemble into a
uniform resolution of 0.5°x0.5°. For all grid cells in closed basins, we assumed that the virtual lake at each grid cell is a 1
meter deep lake with freshwater, and then the virtual lake evaporation is calculated by a lake energy balance model that is
modified according to Hostetler and Bartlein’s model (Hostetler and Bartlein, 1990). The evaporation of lake surface
depends on the heat capacity of water, water density, lake depth, lake surface temperature, shortwave radiation and longwave
radiation absorbed by the water surface, longwave radiation emitted by the water surface, latent heat flux, sensible heat flux,

etc. If the surface energy balance is negative (positive), the ice forms (melts). Besides, lake depth and lake salinity are
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important input parameters influencing lake surface evaporation (Dickinson et al., 1965), however, only small changes
appear in lake evaporation when adding lake depth to 5 and 10 m and increasing lake salinity to 10 ppt. More details of lake
energy balance model were described in Morrill, 2004 and Li and Morrill, 2010.
For better assessing the relative change of water balance since the LGM, the virtual lakes were supposed in hydrological
equilibrium with steady state. The lake water balance equation is shown as follows:
D=AgR+A, (P, —E), (2
where D is discharge from the lake (m?® year™), Apis area of the drainage basin (m?), R is runoff from the drainage basin
(m year™), A,is area of the lake (m?), P;is precipitation over the lake(m year') and Eis lake evaporation (m year™!). Given
the application of Eq. (2) requires specific values of the Ap and A, this equation is simplified for grid cells where P, —
E; = 0 and grid cells where P; — E; < 0. Grid cells where P, — E; > 0 represent open lakes, and maintain water balance
by discharging more or less water. While the runoff into the lake compensates the net water loss in grid cells where P; —

E; < 0, and these regions maintain water balance by changes in the ratio of A; to Apg, as described by setting D = 0 in Eq.

(2):
AL __ R
Ap  (EL-Pp)’ G)

where A;/Ap represents virtual lake level. Accordingly, for grid cells with P, — E; <0, the A;/Ap values were
calculated and compared to represent relative water balance change, and more details about lake water balance model were
described in Li and Morrill, 2010. We combined the values of P;, E; and R with Eq. (2) and (3) and simulated the

continuous water balance change since the LGM using TraCE 21 kyr model.

2.2 Records selection and moisture index inference

We collected 37 lake status information in or near global closed basins to compare relative changes among three
characteristic periods, and lake status information sorted by latitudes are shown in Table 2. Then, 25 climate records were
compiled in or near the mid-latitude closed basins of the Northern Hemisphere with reliable chronologies and successive
sedimentary sequences from published literatures, which can reflect the continuous dry and wet change (Table 3). We
interpolated climate data at intervals of 10 years and unified the time scale according to the chronology accuracy of the
extracted data. Lastly, the data were standardized to indicate a humid climate with a relative high value and a dry climate

with a relative low value, and the signals of moisture change were transformed into a range of 0 to 1 index.

Table 2 Summary of lake level change in or near global closed basins

Lake Location Lat(° )  Lon(°) Materials and dating LGM relative LGM relative MH relative References
methods to MH to PI to PI

Achit Nuur Mongolia 49.42 90.52 Sediments and AMS ' C High High High Sun et al., 2013

Ulungur Lake China 46.98 87 Sediments and AMS 4 C Low Low High Mischke et al., 2011

Manas Lake China 45.75 86 Sediments and AMS 4 C Low Low Low Rhodes et al., 1996



https://doi.org/10.5194/cp-2020-53
Preprint. Discussion started: 24 April 2020
(© Author(s) 2020. CC BY 4.0 License.

Climate
of the Past

Discussions
BY

Ebinur Lake China 44.9 82.7 Sediments and OSL dating High High High Wu et al., 1995; Jin et al.,
2013

Lower Red Rock Lake America 44.63 -111.84 Sediments and AMS 4 C High High High Mumma et al., 2012

Balikun Lake China 43.67 92.8 Sediments and U-Th dating High High High Ma et al., 2004; Lu et al.,
2015

Bosten Lake China 42 87 Sediments and AMS 4 C Low Low High Wiinnemann et al., 2006;
Huang et al., 2009

Surprise Lake America 41.5 -120.1 Sediments and U-Th dating High High Similar Ibarra et al., 2014

Bonneville Lake America 40.5 -113 Terraces and '*C High High Low Oviatt, 2015; Hart et
al.,2004

Yitang Lake China 40.3 94.97 Sediments and OSL dating Low Low High Zhao et al., 2015

Lop Nur Lake China 40.29 90.8 Sediments and U-Th dating High High High Yan et al., 2000

Yanhaizi Lake China 40.10 108.42 Sediments and AMS * C High High Similar Chen et al., 2003

Lahontan Lake America 40 -119.5 Terraces and '4C High High High Lyle etal., 2012

Qingtu Lake China 39.05 103.67 Terraces and AMS '* C High High Similar Zhang et al., 2004

Karakul Lake Tajikistan 39.02 73.53 Sediments and AMS 4 C Low High High Heinecke et al., 2017

Van Lake Turkey 38.5 43 Sediments and AMS 4 C High High High Cagatay et al., 2014

Hala Lake China 38.20 97.40 Sediments and AMS 4 C Low Low Low Yan and Wiinnemann,
2014

Owens Lake America 38 -119 Terraces and ' C High High / Bacon et al., 2006

Qinghai Lake China 36.53 99.60 Terraces and AMS 4 C Low Low Similar Madsen et al., 2008

Bangong Co China Sediments and AMS 4 C Similar High High Rossit et al., 1996; Li et

33.70 79 al.. 1991

Cochise Lake America 32.1 -109.8 Sediments and '“C High High High Waters, 1989

Cloverdale Lake America 31.5 -109 Terraces and '*C High High / Krider, 1998

Zhabuye Lake China 31.35 84.07 Sediments and AMS * C High High High Wang et al.,2002

Nam Co China 30.65 90.5 Sediments and AMS 4 C Low Low High Witt et al., 2016

Babicora Lake Mexico 29 -108 Sediments and U-Th dating ~ High High / Metcalfe et al., 2002

Chen Co China 28.93 90.6 Sediments and AMS 4 C High Similar High Zhu et al., 2009

La Piscina de Mexico 20.22 -100.13 Sediments and 4 C Low Low High Davies, 1995

Yuriria Lake

Chignahuapan Lake Mexico 19.16 -99.53 Sediments and '*C High High / Caballero et al., 2002

Patzcuaro Lake Mexico 19.5 -101.5 Sediments and AMS * C High High Low Bradbury, 2000

Malawi Lake Malawi -10.02 34.19 Sediments and OSL dating Low Low High Konecky et al., 2011

Titicaca Lake Peru/Bolivia -16 -69.4 Sediments and AMS 4 C High High Low Rowe et al., 2002

Makgadikgadi Lake Botswana -20 24.76 Terraces and '* C High High High Riedel et al., 2014

Uyuni Lake Bolivia -20.2 -67.5 Sediments and U-Th dating High High High Baker et al., 2001

Mega-Frome Lake Australia -31 140 Terraces and AMS 4 C High High High Cohen et al., 2011

Cari Laufquen Lake Argentina -41.4 -69.6 Sediments and '“C / High / Cartwright et al., 2011

Huelmo Lake Chile -41.5 =73 Sediments and AMS 4 C High High / Moreno and Ledn, 2003

Potrok Aike Lake Argentina -52 -70.4 Sediments and OSL dating High High / Kliem et al., 2013

Table 3. Paleoclimatic records indicating dry or wet status

Lake Location Lat (°) Lon (°) Elezlrz:;ons Dating method T("::l s:r];)]:l ) Proxies used References
Karakul Lake Tajikistan 39.02 73.53 3915 14C 28000-0 TOC, TOC/TN, §'8Ocr, TIC Heinecke et al., 2017
Achit Nuur Mongolia 49.42 90.52 1444 AMS 1C 22000-0 Pollen Sun etal., 2013
Ulungur Lake China 46.98 87 478.6 AMS “C 10000-0 grain-size, pollen data Liu et al., 2008
Lower Red America 4463 11184 2015 AMS 1C 22000-0 Magnetic susceptibility, Mumma et al., 2012
Rock Lake Carbonate, Organic
Ulaan Nuur Mongolia 44.51 103.65 1110 OSL 16000-0 TOC, TN, C/N, CaCO;, CIA Lee et al., 2013
Jenny Lake America 43.76 -110.73 2070 AMS 1C 14000-0 TOC, C/N Larsen et al., 2016
Balikun Lake China 43.67 92.8 1580 uc 10000-0 TOC, 8"¥0car Xue et al., 2011
Lake Woods America 43.48 -109.89 2816 14C 18000-0 Sand content Pribyl and Shuman, 2014
Blue Lake America 40.5 11404 1297 CAMS "C 14000-1000 Pollen égg‘gerba“k and Rhiode,
Yitang Lake China 40.3 94.97 / OSL 23000-0 TOC, C/N, §"*Corg Zhao et al., 2015
Tiao Lake China 40.26 99.31 1188 AMS *C 11000-1000 Rb/Sr, Fe/Mn Lietal., 2013
Yanhaizi Lake  China 4010 10842 1180 C 14000-0 TOC, magnetic susceptibility, o o 41 2003

maturity index
Yanchi Lake China 39.72 99.17 1200 AMS “C 18000-0 TOC, C/N, Carbonate Lietal., 2013
Qingtu Lake China 39.05 103.67 1309 AMS “C 11000-0 C/N, grain size Lietal., 2012
Van Lake Turkey 38.5 43 1649 AMS “C 25000-0 TOC, TIC, §"3C, 8'%0 Ogretmen.,2012
Hala Lake China 38.20 97.40 4078 14C 24000-0 OM, Carbonate Yan et al., 2014
Sanjiaocheng China 39.01 103.34 1325 AMS "C 15000-0 TOC, §"Corg Zhang et al., 2004
Hurleg Lake China 37.28 96.90 2817 AMS "*C 10000-0 Carbonate Zhao et al., 2010
Gaihai Lake China 37.13 97.55 2850 AMS “C 12000-0 813Ce, 8'%0., CaCOs3 Guo et al., 2012
Chaka Lake China 36.63 99.03 3200 AMS C 10000-0 TOC, TN Liu et al., 2008
Qinghai Lake China 36.53 99.60 3200 AMS “C 18000-0 TOC, TN, C/N, Carbonate Shen et al., 2005
Dalian Lake China 36.24 100.39 2852 14C 24000-0 Rb/Sr Wu, 2017

13

Zigetang Co  China 3 90.73 4560 1iC 10500-0 ;?CC’ TOC/TS, HL 8%Cores TC, i eq at,, 2007
Bangong Co China 33.70 79 4241 AMS 4C 10000-0 8180 Fontes et al., 1996
Zhabuye Lake China 31.35 84.07 4421 AMS “C 30000-0 TOC, TIC, S‘SOwb, 5'3Cﬁ,b Wang et al., 2002
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As Fig. 1 shown, we intercepted LGM (18000-22000 yr), MH (5000-7000 yr) and PI (1800-1900 AD) periods from the

TraCE 21 kyr dataset for better matching the multi-model ensemble. Differences between the time period we chosen

subjectively and the time period defined by the multi-model ensemble may affect the comparison results. However,

precipitation and evaporation difference of TraCE 21 kyr among three periods exhibits similar spatial pattern with P-E

difference of multi-model ensemble. Because runoff anomalies are highly correlated to precipitation anomalies, it is

therefore feasible to consider that the contribution of runoff on water balance is considered as the contribution of

precipitation on water balance. This comparison validates the feasibility of continuous simulation, giving our confidence to

track continuous water balance fluctuations on the millennial scale using TraCE 21 kyr simulations.
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Figure 1. Annual mean precipitation, evaporation and runoff from TraCE 21 kyr simulations, and precipitation minus

evaporation (P-E) from multi-model ensemble, all units mm/year; (first column) difference between LGM and MH

simulations; (second column) difference between LGM and PI simulations; (third row) difference between MH and PI

simulations.

3.2 Observed and modeled water balance change
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For better validating simulated results, reviewed and summarized the millennial-scale changing patterns in lake level of the
closed basins since the LGM are particularly important. If these models are useful in testing differentiation between global
monsoons and westerly winds, the simulations must be able to reproduce the differentiation. In the global mid-latitudes, most
lakes in closed basins experience relative high level in LGM, moderate high level in MH and low level in PI. However, there
are exceptions that lakes with relative high level appear during the MH or PI in Central Asia mid-latitudes. Qinghai Lake,
Hala Lake, Zhabuye Lake are typical lakes which are located in interactional transition zones between Asian monsoon and
westerly winds, probably not following a single climate changing pattern (Wu et al., 2000; Editorial Committee of China's
Physical Geography, 1984; An et al., 2012).

We partitioned continuous simulation trend map of water balance into positive and negative components to highlight
the spatial patterns of water balance change (Fig. 2). In the Northern Hemisphere westerlies, simulations indicate widespread
effective moisture declined since the LGM, except the northern Caspian Sea. Whereas, effective moisture increases since the
LGM over the global Tropics. Due to the small area of the closed basins in the Southern Hemisphere westerlies and few lake
records, it is difficult to measure and validate the direction of the water balance change. However, the trend map exactly
exhibits the differentiation of millennial-scale water balance change between the global low-latitude monsoon dominated
regions and the mid-latitude westerly winds dominated regions. Compared the simulations with the records, the most
simulations to a great extent coincide with the upward or downward trend from LGM to PI in lake status. It’s not our intent
to simulate relative lake status change among three periods, but to validate continuous water balance simulations and to

explore the continuous evolution of monsoon and westerly winds in the global closed basins since the LGM.
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Figure 2. Distribution of global closed basins and circulation system (a): Summer and winter are in accordance with the
Northern Hemisphere; the shadows present the six monsoon areas according to Wang (2009). Trend analysis of continuous

simulation in water balance change (b): The shadows indicate that the trends are statistically significant at 5% level.

3.3 Possible driving mechanisms of millennial-scale water balance change

In this section, the possible driving mechanism that affects the millennial-scale water balance change in the global closed
basins was explored. The spatial-temporal decomposition was applied to obtaining the PCA1 and PCA2 with contribution
rate of 51% and 14% respectively. Spatial distributions of the EOF1 and EOF2 clearly exhibit that a prominent boundary
exists the interactional zones between Asian monsoon and westerly winds in Eurasia (Fig. 3). Positive signs of the EOF1 are

most monsoon regions of mid-latitudes and low-latitudes, while negative signs of that are mainly located in the Northern and
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Southern Hemisphere westerlies, especially in the Northern Hemisphere westerlies. Spatial characteristics of the EOF2 have
an opposite trend with the EOF1, except for the Caspian Sea. The PCA1 fluctuation corresponds well with stalagmite records
of Dongge Cave which documents east summer Asian monsoon change. Thus, we further speculated that the water balance
change in monsoon regions of global closed basins is mainly driven by mid-latitude and low-latitude summer solar radiation.

The PCA2 corresponding with not obvious positive signs presents a gradual increase trend in most westerlies during the late

Holocene.
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Figure 3. Spatial and temporal distribution features of EOF1 and EOF2. Stalagmite records and summer insolation come

from Dykoski et al. (2005) and Wang et al. (2008).

3.4 Evolutionary differentiation of millennial-scale monsoons and westerly winds in the Northern Hemisphere
mid-latitude closed basins

According to the spatial characteristics of the EOF analysis, closed basins in the Northern Hemisphere that affected by both
low-latitude monsoon and  mid-latitude westerly winds are ideal regions for revealing
synergy of the westerly winds and monsoons. Between 30°N and 60°N, 25 paleoclimate records indicating dry or wet
climate were collected from the Northern Hemisphere mid-latitude closed basins. As described in Sect. 2.2, we reconstructed
moisture index from the early Holocene to late Holocene around that regions (Fig. 4). Simulated mean water balance curve
corresponds well with mean moisture index in the Northern Hemisphere mid-latitude closed basins, indicating a transition
from humid climate of the early-mid Holocene to arid climate of late Holocene. Therefore, continuous simulations, well

validated by the paleoclimate indicators, could be better used to track climate change during the LGM.
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Figure 4. Comparison between simulated water balance change and reconstructed moisture index during the Holocene.

Triangles indicate locations of paleoclimate records (Table 3).

185 Water balance simulations show a humid climate not only appears in early and mid-Holocene but also occurs during the
LGM. And the maintained high moisture in the LGM is possibly influenced by low evaporation and high precipitation (Fig.
5). Using the paleoclimate modelling, Yu et al. (2000) mentioned that the low temperature during the glacial period causes a
decrease in evaporation, resulting in the loss of lake water reduces and the high lake level sustains. Afterward, solar
radiation, atmosphere radiation, temperature, evaporation and precipitation simulations gradually increase during the Last
190 Glacial. When entering the warm Holocene, precipitation continues to increase and reaches the maximum in the
mid-Holocene, while solar radiation, atmosphere radiation and evaporation decrease during the early-mid Holocene and then
increase around the late Holocene. Low evaporation and high precipitation are responsible for the mid-Holocene relative

humid climate (Fig. 5).
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Figure 5. Time series of longwave radiation, shortwave radiation, temperature, precipitation, evaporation and 500hpa wind

speed between 30°N and 60°N closed basins since the LGM.

The regions dominated by monsoons and westerly winds were then selected respectively on the basis of spatial
characteristics of two mode extracted from the EOF, to explore millennial-scale evolution features of two climate systems
(Fig. 6). In the westerly winds dominated regions, the LGM and mid-Holocene were characterized by humid climate, and
relative dry climate prevailed in the early Holocene. Whereas, the water balance in the monsoon dominated regions was
generally affected by Asian summer monsoon which brings more water vapor over the early-mid Holocene, and relative dry
climate occurred in the LGM. Different climate changing patterns between arid central Asia and monsoonal Asia were
demonstrated by numerous paleoclimate records (Chen et al., 2006). Li (1990) first proposed the “monsoon” and “westerly”
modes on the millennial scale since the late Pleistocene in northwest China. Millennial-scale Asian summer monsoon change
is possibly driven by summer insolation change in low-latitudes (Yuan et al., 2004; Dykoski et al., 2005; Hu et al., 2008;
Fleitmann et al., 2003). However, Chen et al. (2008) manifested that the sea-surface temperatures (SSTs) of North Atlantic
and air temperatures of high-latitudes are responsible for the Holocene effective moisture evolution of arid Central Asia

which is dominated by the westerly winds.
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Figure 6. Simulated water balance change between westerly dominated regions and monsoon regions in the Asian closed
basin since the LGM (a), general climate changing patterns during the Holocene in monsoon Asia and westerly Central Asia

(b) come from Chen et al. (2006), and extracted westerly dominated regions and monsoon regions in the Asian closed basins

(c).

4 Discussion

The global low-latitudes and mid-latitudes are mainly controlled by the global monsoon and westerly winds systems. As a
result of different driving mechanisms, millennial-scale climate change in global low-latitudes and mid-latitudes probably
exhibits diverse variations. Qin (1997) made a large-scale spatial analysis and presented that lake levels in south-central
North America range from high to low since the LGM and reach the lowest in early-mid Holocene, while the wettest period
in the African and South Asian monsoon regions is the early and mid-Holocene. The LGM proxies indicated the
southwestern America experiences a climate that was wetter than present, and the Pacific Northwest through the Rockies
experiences a climate that was drier than present, as well as a transition from wetter to drier conditions happened along a
northwest-southeast trending band across the northern Great Basin (Oster et al., 2015). For the African and Asian tropics in
the Northern Hemisphere, the increase summer solar radiation from 12000 to 6000 yr induced the enhancement of thermal
contrast between land and sea, and further caused the strengthening of summer monsoons, so that more water vapor was
brought (COHMAP Members, 1988).

Collected records in the Northern Hemisphere indicate evolution of westerly winds and monsoons system (Fig. 7).

Speleothem records from central and southern China confirmed that the periods of weak East Asian summer monsoons are
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coincided with the cold periods of the North Atlantic (Yuan et al., 2004, Dykoski et al., 2005; Wang et al., 2008). Major trend
of moisture conditions revealed by the Australian monsoon, the east African monsoon and the Indian monsoon regions is a
gradual decrease since the early Holocene, and reaches the wettest status between 8 and 6 kyr in the East Asian monsoon
region (Wang et al., 2017). According to the longest and highest-resolution drill core from Lake Qinghai, An et al. (2012)
presented that the Lake Qinghai summer monsoon record generally resembles the changing trends of Asian summer
monsoon records derived from Dongge and Hulu speleothems over the last 20 kyr, and the mid-latitude Westerlies climate
dominates the Lake Qinghai area in glacial times. Low-latitude summer insolation is broadly recognized as a major control
on low-latitudes monsoon systems, as a result, the tropical monsoons are weak during the LGM and strong monsoons prevail

in the early-mid Holocene (Fig. 7).
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Figure 7. Comparison of records between the westerly and monsoon regions of the Northern Hemisphere. (a) NGRIP §'30
(Rasmussen et al., 2006); (b) Lake Qinghai Westerlies climate index (An et al., 2012); (c¢) Dongge and Hulu cave speleothem
8'80 records (Dykoski et al., 2005; Wang et al., 2008); (d) moisture indexes in East Asian Monsoon (red line), East African
Monsoon (green line), Indian Monsoon (blue line) and Australian Monsoon (orange line) regions (Wang et al., 2017); (e) The
average moisture index for arid central Asian region as a whole during the Holocene (An and Chen, 2009); (f) Lake Qinghai
Asian summer monsoon index (An et al., 2012); (g) and (h) are summer 50°N insolation and winter 50°N insolation,

respectively.

The Northern Hemisphere westerlies shifting northward or southward influences global atmosphere circulation

significantly. Quaternary ice sheets of the Northern Hemisphere in the LGM develop to its maximum extension and
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consequent existence of persisting strong glacial anticyclone leads to the southward displacement of the westerly winds (Yu
et al., 2000). Many researches suggested the Northern Hemisphere westerlies in the LGM moves south to the southwest of
the United States and the eastern Mediterranean region (Lachniet et al., 2014; Rambeau, 2010). Therefore, the narrowed
temperature difference between sea and land causes the East Asian summer monsoon weaken, and may further induces the
strong westerly winds throughout the year and the precipitation increases (Yu et al., 2000). The moisture transport in the arid
central Asia mainly comes from the Northern Hemisphere westerlies of which the moisture source derives from the Black
Sea, the Mediterranean Sea, the Arctic Ocean and the Atlantic Ocean. In these regions, winter precipitation in this region
accounts for a large proportion of annual precipitation (Li et al., 2008).

The above views emphasize the complexity of climate change in the interactional zones between mid-latitude westerlies
and Asian summer monsoon. Our results separated the climate systems of the monsoon and westerly dominated regions,
revealing humid climate characterized the LGM and mid-Holocene in the westerly winds dominated regions, and drier
climate prevailed during the LGM in the monsoon dominated regions. Besides, lots of evidences about Holocene different
moisture evolution features between Asian monsoon regions and westerlies dominated arid central Asia were provided by
scholars (Chen et al., 2006, 2008; An and Chen, 2009; Li et al., 2011; Chen et al., 2019). However, the intensity of monsoon
system and westerly winds varies in different periods so that the main control system in the interactional regions depends

largely on which system was much stronger during that period.

5 Conclusion

On the basis of 37 lake status records near global closed basins and 25 paleoclimatic records near mid-latitude closed basins
of the Northern Hemisphere, we applied a lake energy balance model, a lake water balance model and paleoclimate
simulations to exploring the millennial-scale differentiation between global monsoons and westerly winds. Water balance
simulation showed that the effective moisture in most closed basins of the mid-latitudes Northern Hemisphere gradually
decreases since the LGM, which matches well with reconstructed moisture index. Effective moisture change in most closed
basins of the low-latitudes (monsoon regions) presents an opposite changing trend with that in the mid-latitudes. In the
Northern Hemisphere mid-latitude closed basins, climate change in regions dominated by westerly winds exhibits a relative
humid climate in the LGM and MH, and a relative dry climate in early Holocene, whereas, Asian summer monsoon
generally influences the climate change in regions dominated by monsoons, which brings more water vapor over the

early-mid Holocene but less water vapor in the LGM and late Holocene.

Data Availability. The TraCE-21kyr dataset comes from Climate Data Gateway at National Center for Atmospheric Research
(NCAR) website https://www.earthsystemgrid.org/project/trace.html. PMIP3/CMIP5 simulations are available from the

Earth System Grid Federation (ESGF) Peer-to-Peer (P2P) enterprise system website

https://esgf-node.lInl.gov/projects/esgf-1Inl/. Global closed basins boundaries are derived from the Hydrological data and
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maps based on  SHuttle Elevation  Derivatives at  multiple Scales  (HydroSHEDS)  website

https://www.hydrosheds.org/page/hydrobasins.

Author contributions. Yu Li and Yuxin Zhang designed this study and carried it out.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This work was supported by the National Natural Science Foundation of China (Grant Nos. 41822708
and 41571178), the Strategic Priority Research Program of Chinese Academy of Sciences (Grant No. XDA20100102), the
Fundamental Research Funds for the Central Universities (Grant No. Izujbky-2018-k15), the Second Tibetan Plateau
Scientific Expedition (STEP) program (Grant No. XDA20060700).

References

An, C. B. and Chen, F. H.: The pattern of Holocene climate change in the arid central Asia: a case study based on lakes.
Journal of Lake Sciences, 21, 329-334, doi:10.18307/2009.0303, 2009.

An, Z. S., Colman, S. M., Zhou, W. J., Li, X. Q., Brown, E. T,, Jull, A. J. T,, Cai, Y. J., Huang, Y. S., Lu, X. F., Chang, H.,
Song, Y. G., Sun, Y. B., Xu, H., Liu, W. G., Jin, Z. D., Liu, X. D., Cheng, P,, Liu, Y., Ai, L., Li, X. Z., Liu, X. J., Yan, L.
B., Shi, Z. G., Wang, X. L., Wu, F., Qiang, X. K., Dong, J. B., Lu, F. Y., and Xu, X. W.: Interplay between the Westerlies
and Asian monsoon recorded in Lake Qinghai sediments since 32 ka. Scientific Reports, 2, 619, doi:10.1038/srep00619,
2012.

An, Z.S., Wu, G. X, Li, J. P, Sun, Y. B., Liu, Y. M., Zhou, W. J., Cai, Y. J., Duan, A. M., Li, L., Mao, J. Y., Cheng, H., Shi,
Z. G, Tan, L. C., Yan, H., Ao, H., Chang, H., and Feng, J.: Global Monsoon Dynamics and Climate Change. Annual
Review of Earth and Planetary Sciences, 43, 2.1-2.49, doi:10.1146/annurev-earth-060313-054623, 2015.

Bacon, S. N., Burke, R. M., Pezzopane, S. K., and Jayko, A. S.: Last glacial maximum and Holocene lake levels of Owens
Lake, eastern California, USA. Quaternary Science Reviews, 25, 1264-1282, doi:10.1016/j.quascirev.2005.10.014,
2006.

Baker, P. A., Rigsby, C. A., Seltzer, G. O., Fritz, S. C., Lowenstein, T. K., Bacher, N. P., and Veliz, C.: Tropical climate
changes at millennial and orbital timescales on the Bolivian Altiplano. Nature, 409, 698-701, doi:10.1038/35055524,
2001.

Berger, A. L.: Long-term variations of caloric insolation resulting from the Earth’s orbital elements. Quaternary Research, 9,
139-167, doi:10.1016/0033-5894(78)90064-9, 1978.

Bradbury, J. P.: Limnologic history of Lago de Patzcuaro, Michoacan, Mexico for the past 48, 000 years: impacts of climate
and man. Palacogeography Palacoclimatology Palacoecology, 163, 69-95, doi:10.1016/S0031-0182(00)00146-2, 2000.

15



315

320

325

330

335

340

345

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Caballero, M., Ortega, B., Valadez, F., Metcalfe, S., Macias, J. L., and Suguira, Y.: Sta. Cruz Atizapan: A 22-ka lake level
record and climatic implications for the late Holocene human occupation in the Upper Lerma Basin, Central =~ Mexico.
Palacogeography Palacoclimatology Palacoecology, 186, 217-235, doi:10.1016/S0031-0182(02)00502-3, 2002.

Cagatay, M. N., Ogretmen, N., Damcy, E., Stockhecke, M., Sancar, U., Eris, K. K., and Ozeren, S.: Lake level and climate
records of the last 90 ka from the Northern Basin of Lake Van, eastern Turkey. Quaternary Science Reviews, 104,
97-116, doi:10.1016/j.quascirev.2014.09.027, 2014.

Cartwright, A., Quade, J., Stine, S., Adams, K. D., Broecker, W., and Cheng, H.: Chronostratigraphy and lake-level changes
of Laguna Cari-Laufquén, Rio Negro. Argentina. Quaternary Research, 76, 430-440, doi:10.1016/j.yqres.2011.07.002,
2011.

Charney, J. G.: The intertropical convergence zone and the Hadley circulation of the atmosphere. In Proceedings of the
WMO/IUGG Symposium on Numerical Weather Prediction in Tokyo, Nov. 26-Dec. 4, 1968, pp. 73-79. Tokyo: Jpn.
Meteorol. Agency. 1969.

Chen, C. T. A, Lan, H. C., Lou, J. Y., and Chen, Y. C.: The Dry Holocene Megathermal in Inner Mongolia. Palacogeography
Palacoclimatology Palacoecology, 193, 181-200, doi:10.1016/s0031-0182(03)00225-6, 2003.

Chen, F. H., Huang, X. Z., Yang, M. L., Yang, X. L., Fan, Y. X., and Zhao, H.: Westerly dominated Holocene climate model
in arid central Asia—Case study on Bosten lake, Xinjiang, China. Quaternary Sciences, 26, 881-887,
doi:10.3321/}.issn:1001-7410.2006.06.001, 2006.

Chen, F. H., Yu, Z. C,, Yang, M. L, Ito, E., Wang, S. M., Madsen, D. B., Huang, X. Z., Zhao, Y., Sato, T., Birks, H. J. B.,
Boomer, 1., Chen, J. H., An, C. B., and Wiinnemann, B.: Holocene moisture evolution in arid central Asia and its
out-of-phase relationship with Asian monsoon history. Quaternary Science Reviews, 27, 351-364,
doi:10.1016/j.quascirev.2007.10.017, 2008.

Chen, F. H., Chen, J. H., Huang, W., Chen, S. Q., Huang, X. Z., Jin, L. Y,, Jia, J., Zhang, X. J., An, C. B., Zhang, J. W., Zhao,
Y., Yu, Z. C.,, Zhang, R. H,, Liu, J. B., Zhou, A. F., and Feng, S.: Westerlies Asia and monsoonal Asia: Spatiotemporal
differences in climate change and possible mechanisms on decadal to sub-orbital timescales. Earth-Science Reviews,
192, 337-354, doi:10.1016/j.earscirev.2019.03.005, 2019.

Cohen, T. J., Nanson, G. C., Jansen, J. D., Jones, B. G., Jacobs, Z., Treble, P., Price, D. M., May, J. H., Smith, A. M., Ayliffe,
L. K., and Hellstrom, J. C.: Continental aridification and the vanishing of Australia's megalakes. Geology, 39, 167-170,
2011.

COHMAP Members.: Climatic Changes of the Last 18,000 Years: Observations and Model Simulations. Science, 241:
1043-1052, doi:10.1126/science.241.4869.1043, 1988.

Davies, H.: Quaternary Palaeolimnology of a MexicanCrater Lake. Unpublished PhD Thesis, University of Kingston, 248 pp,
1995.

Dickinson, D. R., Yepsen, J. H., and Hales, J. V.: Saturated vapor pressures over Great Salt Lake brines. Journal of

Geophysical Research, 70, 500-503, doi:10.1029/jz070i1002p00500, 1965.

16



350

355

360

365

370

375

380

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Dykoski, C. A., Edwards, R. L., Cheng, H., Yuan, D. X., Cai, Y. J., Zhang, M. L., Lin, Y. S., Qing, J. M., An, Z. S., and
Revenaugh, J.: A high-resolution, absolute-dated Holocene and deglacial Asian monsoon record from Dongge Cave,
China. Earth and Planetary Science Letters, 233, 71-86, doi:10.1016/j.epsl.2005.01.036, 2005.

Editorial Committee of China's Physical Geography, Chinese Academy of Sciences. The Physical Geographical Climate in
China. Beijing: Science Press, 1984.

Fleitmann, D., Burns, S. J, Mudelsee, M., Neff, U., Kramers, J. D., Mangini, A., and Matter, A.: Holocene Forcing of the
Indian Monsoon Recorded in a Stalagmite from Southern Oman. Science, 300, 1737-1739,
doi:10.1126/science.1083130, 2003.

Fliickiger, J., Dallenbach, A., Blunier, T., Stauffer, B., Stocker, T. F., Raynaud, D., and Barnola, J.: Variations in atmospheric
N20 concentration during abrupt climate changes. Science, 285, 227-230, doi:10.1126/science.285.5425.227, 1999.
Fliickiger, J., Monnin, E., Stauffer, B., Schwander, J., Stocker, T. F., Chappellaz, J., Raynaud, D., and Barnola, J. M.:
High-resolution Holocene N2O ice core record and its relationship with CH4 and CO». Global Biogeochem Cycles 16,

1010, doi:10.29/2001GB001417, 2002.

Fontes, J. C., Gasse, F., and Gibert, E.: Holocene environmental changes in Lake Bangong basin (Western Tibet). Part 1:
Chronology and stable isotopes of carbonates of a Holocene lacustrine core. Palacogeography, Palacoclimatology,
Palaeoecology, 120, 25-47, doi: 10.1016/0031-0182(95)00032-1, 1996.

Guo, X. Y.: Holocene climate change documented by lake sediments from Lake Gahai in the monsoonal margin, northwest
north. Ph.D. Dissertation. Lanzhou University, 2012.

Hart, W. S., Quade, J., Madsen, D. B., Kaufman, D. S., and Oviatt, C. G.: The 87Sr/86Sr ratios of lacustrine carbonates and
lake-level history of the Bonneville paleolake system. Geological Society of America Bulletin, 116, 1107-1119,
doi:10.1130/b25330.1, 2004.

He, F.: Simulating Transient Climate Evolution of the Last Deglaciation with CCSM 3. Doctoral Dissertation. Madison:
University of Wisconsin, 2011.

Heinecke, L., Mischke, S., Adler, K., Barth, A., Biskaborn, B. K., Plessen, B., Nitze, 1., Kuhn, G., Rajabov, 1., and Herzschuh,
U.: Climatic and limnological changes at Lake Karakul (Tajikistan) during the last ~29 cal ka. Journal of
Paleolimnology, 58, 317-334, doi:10.1007/s10933-017-9980-0, 2017.

Hostetler, S. W. and Bartlein, P. J.: Simulation of lake evaporation with application to modeling lake level variations of
Harney-Malheur Lake, Oregon. Water Resources Research, 26, 2603-2612, doi:10.1029/WR026i1010p02603, 1990.

Hu, C. Y., Henderson, G.M., Huang, J.H., Xie, S.C., Sun, Y., and Johnson, K.R.: Quantification of Holocene Asian monsoon
rainfall from spatially separated cave records. Earth and Planetary Science Letters, 266, 221-232, doi:
10.1016/j.epsl.2007.10.015, 2008.

Huang, X. Z., Chen, F. H., Fan, Y. X., and Yang, M. L.: Dry late-glacial and early Holocene climate in arid central Asia
indicated by lithological and palynological evidence from Bosten Lake, China. Quaternary International, 194, 19-27,
doi:10.1016/j.quaint.2007.10.002, 2009.

17



385

390

395

400

405

410

415

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Ibarra, D. E., Egger, A., Weaver, K. L., Harris, C. R., and Mabher, K.: Rise and fall of late Pleistocene pluvial lakes in
response to reduced evaporation and precipitation: Evidence from Lake Surprise, California. Geological Society of
America Bulletin, 126, 1387-1415, doi:10.1130/b31014.1, 2014.

Jin, J. H., Cao, X. D, Li, Z. Z., Chen, X. L., Hu, F. G., Xia, J., and Wang, X. L.: Record for climate revolution in aeolian
deposit of Nabkhas around the Ebinur Lake. Journal of Desert Research, 33, 1314-1323, 2013.

Kliem, P., Buylaert, J. P., Hahn, A., Mayr, C., Murray, A. S., Ohlendorf, C., Veres, D., Wastegard, S., Zolitschka, B., and the
PASADO science team.: Magnitude, geomorphic response and climate links of lake level oscillations at Laguna Potrok
Aike, Patagonian steppe (Argentina). Quaternary Science Reviews, 71, 131-146, doi:10.1016/j.quascirev.2012.08.023,
2013.

Konecky, B. L., Russell, J. M., Johnson, T. C., Brown, E. T., Berke, M. A., Werne, J. P., and Huang, Y. S.: Atmospheric
circulation patterns during late Pleistocene climate changes at Lake Malawi, Africa. Earth and Planetary Science Letters,
312, 318-326, doi:10.1016/j.epsl.2011.10.020, 2011.

Krider, P. R.: Paleoclimatic significance of late Quaternary lacustrine and alluvial stratigraphy, Animas Valley, New Mexico.
Quaternary Research, 50, 283-289, doi:10.1006/qres.1998.1997, 1998.

Lachniet, M. S., Denniston, R. F., Asmerom, Y., and Polyak, V. J.: Orbital control of western north america atmospheric
circulation and climate over two glacial cycles. Nature Communications, 5, 3805, doi:10.1038/ncomms4805, 2014.
Larsen, D. J., Finkenbinder, M. S., Abbott, M. B., and Ofstun, A. R.: Deglaciation and postglacial environmental changes in
the Teton Mountain Range recorded at Jenny Lake, Grand Teton National Park, WY. Quaternary Science Reviews, 138,

62-75, doi:10.1016/j.quascirev.2016.02.024, 2016.

Lee, M. K., Lee, Y. 1., Lim, H. S., Lee, J. 1., and Yoon, H. I.: Late Pleistocene—Holocene records from Lake Ulaan, southern
Mongolia: implications for east Asian palacomonsoonal climate changes. Journal of Quaternary Science, 28, 370-378,
doi:10.1002/jgs.2626, 2013.

Li, J. J.: The pattern of environmental changes since late Pleistocene in northwestern China. Quaternary Sciences, 3, 197-204,
1990.

Li, X. Q., Liu, H. B., Zhao, K. L., Ji, M., and Zhou, X. Y.: Holocene climate and environmental changes reconstructed from
elemental geochemistry in the western Hexi Corridor. Acta Anthropologica. Sinica, 32, 110-120, 2013.

Li, Y. and Morrill, C.: Multiple factors causing Holocene lake-level change in monsoonal and arid central Asia as identified
by model experiments. Climate Dynamics, 35, 1115-1128, doi:10.1007/s00382-010-0861-8, 2010.

Li, Y. and Morrill, C.: Lake levels in Asia at the Last Glacial Maximum as indicators of hydrologic sensitivity to greenhouse
gas concentrations. Quaternary Science Reviews, 60, 1-12, doi:10.1016/j.quascirev.2012.10.045, 2013.

Li, Y., Wang, N. A., Li, Z. L., and Zhang, H. A.: Holocene palynological records and their responses to the controversies of
climate system in the Shiyang River drainage basin. Chinese Science Bulletin, 56, 535-546,
doi:10.1007/s11434-010-4277-y, 2011.

Li, Y., Wang, N. A., Li, Z. L., and Zhang, H. A.: Basin-wide Holocene environmental changes in the marginal area of the

18



420

425

430

435

440

445

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Asian monsoon, northwest China. Environmental Earth Sciences, 65, 203-212, doi:10.1007/s12665-011-1083-z, 2012.

Li, Y., Wang, N. A., Li, Z.L., Zhou, X. H., and Zhang, C. Q.: Climatic and environmental change in Yanchi Lake, Northwest
China since the Late Glacial: A comprehensive analysis of lake sediments. Journal of Geographical Sciences, 23,
932-946, doi:10.1007/s11442-013-1053-3, 2013.

Li, Y., Zhang, C. Q., Wang, N. A, Han, Q., Zhang, X. Z., Liu, Y., Xu, L. M., and Ye, W. T.: Substantial inorganic carbon sink
in closed drainage basins globally. Nature Geoscience, 10, 501-506, doi:10.1038/nge02972, 2017.

Li, W. L., Wang, K. L., Fu, S. M., and Jiang, H.: The interrelationship between regional westerly index and the water vapor
budget in Northwest China. Journal of Glaciology and Geocryology, 30, 28-34, doi: 10.3724/SP.J.1047.2008.00014,
2008.

Li, Y. F.,, Zhang, Q. S., and Li, B. Y.: Ostracoda from Pangong Tso and its palacogeographic significance since the
Pleistocene. Acta Micropalaeontologica Sinica, 8, 57-64, 1991.

Licciardi, J. M., Clark, P. U., Jenson, J. W., and Macayeal, D. R.: Deglaciation of a soft-bedded Laurentide ice sheet.
Quaternary Science Reviews, 17, 427-448, doi:10.1016/s0277-3791(97)00044-9, 1998.

Liu, X. Q., Dong, H. L., Rech, J. A., Matsumoto, R., Yang, B., and Wang, Y. B.: Evolution of Chaka Salt Lake in NW China
in response to climatic change during the Latest Pleistocene—Holocene. Quaternary Science Reviews, 27, 867-879,
doi:10.1016/j.quascirev.2007.12.006, 2008.

Liu, X. Q., Herzschuh, U., Shen, J., Jiang, Q. F., and Xiao, X. Y.: Holocene environmental and climatic changes inferred
from Wulungu Lake in northern Xinjiang, China. Quaternary Research, 70, 412-425, doi:10.1016/j.yqres.2008.06.005,
2008.

Louderback, L. A. and Rhode, D. E.: 15,000 Years of vegetation change in the Bonneville basin: the Blue Lake pollen record.
Quaternary Science Reviews, 28, 308-326, doi:10.1016/j.quascirev.2008.09.027, 2009.

Lowry, D. P. and Morrill, C.: Is the Last Glacial Maximum a reverse analog for future hydroclimate changes in the Americas?
Climate Dynamics, 52, 4407-4427, doi:10.1007/s00382-018-4385-y, 2019.

Lu, Y. B, An, C. B, Zhao, J. J.: An isotopic study on water system of Lake Barkol and its implication for Holocene climate
dynamics in arid central Asia. Environmental Earth Sciences, 73, 1377-1383, doi:10.1007/s12665-014-3492-2, 2015.
Lyle, M., Heusser, L., Ravelo, A. C., Yamamoto, M., Barron, J. A., Diffenbaugh, N. S., Herbert, T. D., and Andreasen, D.:
Out of the Tropics: The Pacific, Great Basin Lakes, and Late Pleistocene Water Cycle in the Western United States.

Science, 337, 1629-1633, doi:10.1126/science.1218390, 2012.

Ma, Z. B., Wang, Z. H., Liu, J. Q., Yuan, B. Y., Xiao, J. L., and Zhang, G. P.: U- series chronology of sediments associated
with Late Quaternary fluctuations, Balikun Lake, northwestern China. Quaternary International, 121, 89-98,
doi:10.1016/S1040-6182(04)00035-7, 2004.

Madsen, D. B., Ma, H. Z., Rhode, D., Brantingham, P. J., and Forman, S. L.: Age constraints on the late Quaternary
evolution of Qinghai Lake, Tibetan Plateau. Quaternary Research, 69, 316-325, doi:10.1016/j.yqres.2007.10.013, 2008.

Metcalfe, S., Say, A., Black, S., McCulloch, R. D., and O’Hara, S.: Wet conditions during the last glaciation in the

19



450

455

460

465

470

475

480

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Chihuahuan Desert, Alta Babicora Basin, Mexico. Quaternary Research, 57, 91-101, doi:10.1006/qres.2001.2292, 2002.

Mischke, S. and Zhang, C.: Ostracod distribution in Ulungur Lake (Xinjiang, China) and a reassessed Holocene record.
Ecological Research, 26, 133-145, doi:10.1007/s11284-010-0768-1, 2011.

Monnin, E., Steig, E. J., Siegenthaler, U., Kawamura, K., Schwander, J., Stauffer, B., Stocker, T. F., Morse, D. L., Barnola, J.
M., Bellier, B., Raynaud, D., and Fisher, H.: Evidence for substantial accumulation rate variability in Antarctica during
the Holocene, through synchronization of CO; in the Taylor Dome, Dome C and DML ice cores. Earth and Planetary
Science Letters, 224, 45-54, doi:10.1016/j.epsl.2004.05.007, 2004.

Morrill, C.: The influence of Asian summer monsoon variability on the water balance of a Tibetan lake. Journal of
Paleolimnology, 32, 273-286, doi:10.1023/b:jopl.0000042918.18798.cb, 2004.

Morrill, C., Small, E. E., and Sloan, L. C.: Modeling orbital forcing of lake level change: Lake Gosiute (Eocene), North
America. Global and Planetary Change, 29, 57-76, doi:10.1016/s0921-8181(00)00084-9, 2001.

Moreno, P. I. and Leén, A. L.: Abrupt vegetation changes during the last glacial to Holocene transition in mid-latitude South
America. Journal of Quaternary Science, 18, 787-800, doi:10.1002/jqs.801, 2003.

Mumma, S. A., Whitlock, C., and Pierce, K.: A 28,000 year history of vegetation and climate from Lower Red Rock Lake,
Centennial Valley, Southwestern Montana, USA. Palacogeography Palaeoclimatology Palacoecology, 326-328, 30-41,
doi:10.1016/j.palaco.2012.01.036, 2012.

Oster, J. L., Ibarra, D. E., Winnick, M. J., and Maher, K.: Steering of westerly storms over western North America at the Last
Glacial Maximum. Nature Geoscience, 8, 201-205, doi:10.1038/nge02365, 2015.

Ogretmen, N. and Cagatay, M. N.: Paleoenvironmental Changes In Lake Van During the Last Glacial-Holocene. EGU, 2012.

Oviatt, C. G.: Chronology of Lake Bonneville, 30,000 to 10,000 yr B.P. Quaternary Science Reviews, 110, 166-171,
doi:10.1016/j.quascirev.2014.12.016, 2015.

Peltier, W. R.: Global glacial isostasy and the surface of the ice-age Earth: The ICE-5G (VM2) model and GRACE. Annual
Review of Earth and Planetary Sciences, 32, 111-149, doi:10.1146/annurev.earth.32.082503.144359, 2004.

Pribyl, P. and Shuman, B. N.: A computational approach to Quaternary lake-level reconstruction applied in the central Rocky
Mountains, Wyoming, USA. Quaternary Research, 82, 249-259, doi:10.1016/j.yqres.2014.01.012, 2014.

Qin, B. Q., Harrison, P., Yu, G., Tarasov, P. E. T., and Damnati, B.: The geological evidence of the global moisture condition
changes since the last glacial maximum: the construction of global lake status database & the synthesis in the large
spatio-temporal scale. Journal of Lake Sciences, 9, 203-210, doi:10.1145/2441776.2441923, 1997.

Qin, B. Q. and Yu, G.: Implications of lake level fluctuations at 6 ka and 18 ka in mainland Asia. Global and Planetary
Change, 18, 59-72, doi:10.1016/S0921-8181(98)00036-8, 1998.

Rambeau, C. M. C.: Palaeoenvironmental reconstruction in the southern levant: synthesis, challenges, recent developments
and perspectives. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences,
368, 5225-5248, doi:10.1098/rsta.2010.0190, 2010.

Rasmussen, S. O., Andersen, K. K., Svensson, A. M., Steffensen, J. P., Vinther, B., Clausen, H. B., Siggaard-Andersen, M. L.,

20



485

490

495

500

505

510

515

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Johnsen, S. J., Larsen, L. B., Dahl-Jensen, D., Bigler, M., Réthlisberger, R., Fischer, H., Goto-Azuma, K., Hansson, M.
E., and Ruth, U.: A new Greenland ice core chronology for the last glacial termination. Journal of Geophysical Research
Atmospheres, 111, 1-15, doi:10.1029/2005JD006079, 2006.

Rhodes, T. E., Gasse, F., Lin, R. F., Fontes, J. C., Wei, K. W., Bertrand, P., Gibert, E., Mélié¢res, F., Tucholka, P., Wang, Z. X.,
and Cheng, Z. Y.: A Late Pleistocene-Holocene lacustrine record from Lake Manas, Zunggar (northern Xinjiang,
western China). Palacogeography Palacoclimatology Palacoecology, 120, 105-121, doi:10.1016/0031-0182(95)00037-2,
1996.

Riedel, F., Henderson, A. C. G., HeuBlner, K. U., Kaufmann, G., Kossler, A., Leipe, C., Shemang, E., and Taft, L.: Dynamics
of a Kalahari long-lived mega-lake system: hydromorphological and limnological changes in the Makgadikgadi Basin
(Botswana) during the terminal 50 ka. Hydrobiologia, 739, 25-53, doi:10.1007/s10750-013-1647-x, 2014.

Rossit, C., Laura, P. A. A., Bambill, D., Fontes, J. C., Gasse, F., and Gibert, E.: Holocene environmental changes in Lake
Bangong basin (Western Tibet). Part 1: Chronology and stable isotopes of carbonates of a Holocene lacustrine core.
Palacogeography Palacoclimatology Palacoecology, 120, 25-47, doi:10.1016/0031-0182(95)00032-1, 1996.

Rowe, H. D., Dunbar, R. B., Mucciarone, D. A., Seltzer, G. O., Baker, P. A., and Fritz, S: Insolation, moisture balance and
climatic change on the South American Altiplano since the last glacial maximum. Climatic Change, 52, 175-199,
doi:10.1023/a:1013090912424, 2002.

Shen, J., Liu, X. Q., Wang, S. M., and Matsumoto, R.: Palaeoclimatic changes in the Qinghai Lake area during the last
18,000 years. Quaternary International, 136, 131-140, doi:10.1016/j.quaint.2004.11.014, 2005.

Sun, A. Z., Feng, Z. D., Ran, M., and Zhang, C. J.: Pollen-recorded bioclimatic variations of the last ~22,600 years retrieved
from Achit Nuur core in the western Mongolian Plateau. Quaternary International, 311, 36-43,
doi:10.1016/j.quaint.2013.07.002, 2013.

Voigt, L., Chiessi, C. M., Prange, M., Mulitza, S., Groeneveld, J., Varma, V., and Henrich, R.: Holocene shifts of the Southern
Westerlies across the South Atlantic. Paleoceanography, 30, 39-51, doi:10.1002/2014pa002677, 2015.

Wang, P. X.: Global monsoon in a geological perspective. Chinese Science Bulletin, 54, 1113-1136,
doi:10.1007/s11434-009-0169-4, 2009.

Wang, R. L., Scarpitta, S. C., Zhang, S. C., Zheng, M. P.: Later Pleistocene/Holocene climate conditions of Qinghai-Xizhang
Plateau (Tibet) based on carbon and oxygen stable isotopes of Zabuye Lake sediments. Earth and Planetary Science
Letters, 203, 461-477, doi:10.1016/s0012-821x(02)00829-4, 2002.

Wang, Y. B., Benjamin, B., Dorthe, H., Liu, X. Q., Anne, D., and Ulrike, H.: Coherent tropical-subtropical Holocene see-saw
moisture patterns in the Eastern Hemisphere monsoon systems. Quaternary Science Reviews, 169, 231-242,
doi:10.1016/j.quascirev.2017.06.006, 2017.

Wang, Y. J., Cheng, H., Edwards, R. L., Kong, X. X. G., Shao, X. H., Chen, S. T., Wu, J. Y., Jiang, X. Y., Wang, X. F., and
An, Z. S.: Millennial- and orbital-scale changes in the East Asian monsoon over the past 224,000 years. Nature, 451,
1090-1093, doi:10.1038/nature06692, 2008.

21



520

525

530

535

540

545

550

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Waters, M. R.: Late Quaternary lacustrine history and paleoclimatic significance of pluvial Lake Cochise, southeastern
Arizona. Quaternary Research, 32, 1-11, doi:10.1016/0033-5894(89)90027-6, 1989.

Witt, R., Giinther, F., Lauterbach, S., Kasper, T., Miusbacher, R., Yao, T. D., Gleixner, G.: Biogeochemical evidence for
freshwater periods during the Last Glacial Maximum recorded in lake sediments from Nam Co, south- central Tibetan
Plateau. Journal of Paleolimnology, 55, 67-82, doi:10.1007/s10933-015-9863-1, 2016.

Wu, D.: Changes of regional hydrology and summer monsoon since the Last Glacial Maximum recorded by Dalianhai Lake,
Tibetan Plateau. Ph.D. Dissertation. Lanzhou University, 2017.

Wu, H. B. and Guo, Z. T.: Evolution and drought events in arid region of northern China since the Last Glacial Maximum.
Quaternary Sciences, 20, 548-558, 2000.

Wu, J. L., Wang, S. M. and Wu, Y. H.: The Holocene sedimental characteristic and paleoclimatic evolution of Ebinur lake,
Xinjiang. Chinese Geographical Science, 6, 78-88, doi:10.1007/s11769-996-0038-x, 1995.

Wu, Y. H., Liicke, A., Wiinnemann, B., Li, S. J., and Wang, S. M.: Holocene climate change in the Central Tibetan Plateau
inferred by lacustrine sediment geochemical records. Science in China Series D: Earth Sciences, 50, 1548-1555,
doi:10.1007/s11430-007-0113-x, 2007.

Wiinnemann, B., Mischke, S., and Chen, F.H.: A Holocene sedimentary record from Bosten Lake, China. Palacogeography
Palacoclimatology Palacoecology, 234, 223-238, doi:10.1016/j.palaco.2005.10.016, 2006.

Xue, B. and Yu, G.: Changes of Atmospheric Circulation since the Last Interstadial as Indicated by the Lake - status Record
in China. Acta Geologica Sinica (English Edition), 74, 836-845, doi:10.1111/j.1755-6724.2000.tb00499.x, 2000.

Xue, J. B. and Zhong, W.: Holocene climate variation denoted by Barkol Lake sediments in northeastern Xinjiang and its
possible linkage to the high and low latitude climates. Science China Earth Sciences, 54, 603-614,
doi:10.1007/s11430-010-4111-z, 2011.

Yan, D. and Wiinnemann, B.: Late Quaternary water depth changes in Hala Lake, northeastern Tibetan Plateau, derived from
ostracod assemblages and sediment properties in multiple sediment records. Quaternary Science Reviews, 95, 95-114,
doi:10.1016/j.quascirev.2014.04.030, 2014.

Yan, S. and Qin, X. Y.: Quaternary environmental evolution of the Lop Nur region, NW China. Acta Micropalacontologica
Sinica, 17, 165-169, 2000.

Yu, G., Xue, B., Wang, S. M., and Liu, J.: Chinese lakes records and the climate significance during Last Glacial Maximum.
Chinese Science Bulletin, 45, 250-255, 2000.

Yuan, D., Cheng, H. Y., Edwards, R. L., Dykoski, C. A., Kelly, M. J., and Zhang, M.: Timing, Duration, and Transitions of
the Last Interglacial Asian Monsoon. Science, 304, 575-578, doi:10.1126/science.1091220, 2004.

Zhang, C. J., Chen, F. H., Shang, H. M., and Cao, J.: The paleoenvironmental significance of organic carbon isotope in
lacustrine sediments in the arid China: An example from Sanjiaocheng palaeolake in Minqin. Quaternary Sciences, 24,
88-94, 2004.

Zhang, H. C., Peng, J. L., Ma, Y. Z., Chen, G. J,, Feng, Z. D., Li, B., Fan, H. F., Chang, F. Q., Lei, G. L., and Wiinnemann, B.:

22



555

560

565

https://doi.org/10.5194/cp-2020-53 Climate
Preprint. Discussion started: 24 April 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Late Quaternary palaeolake levels in Tengger Desert, NW China. Palaeogeography Palaeoclimatology Palaeoecology,
211, 45-58, doi:10.1016/j.palaco.2004.04.006, 2004.

Zhao, L. Y, Lu, H. Y., Zhang, E. L., Wang, X. Y., Yi, S. W,, Chen, Y. Y., Zhang, H. Y., and Wu, B.: Lake-level and
paleoenvironment variation in Yitang Lake (northwestern China) during the past 23ka revealed by stable carbon
isotopic composition of organic matter of lacustrine sediments. Quaternary Sciences, 35, 172-179, 2015.

Zhao, C., Yu, Z. C., Zhao, Y., Ito, E., Kodama, K. P., and Chen, F. H.: Holocene millennial-scale climate variations
documented by multiple lake-level proxies in sediment cores from Hurleg Lake, Northwest China. Journal of
Paleolimnology, 44, 995-1008, doi:10.1007/s10933-010-9469-6, 2010.

Zhou, T. J., Yu, R. C., Li, H. M., and Wang, B.: Ocean Forcing to Changes in Global Monsoon Precipitation over the Recent
Half-Century. Journal of Climate, 21, 3833-3852, doi:10.1175/2008;cli2067.1, 2008.

Zhu, L. P, Zhen, X. L., Wang, J. B., Lu, H. Y., Xie, M. P., Kitagawa, H., and Possnert, G.: A ~30, 000-year record of
environmental changes inferred from Lake Chen Co, southern Tibet. Journal of Paleolimnology, 42, 343-358,

do0i:10.1007/510933-008-9280-9, 20009.

23



