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Beach ridgesofDali Lake in InnerMongolia reveal precipitationvariation
during the Holocene
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ABSTRACT: Variability in East Asian summer monsoon precipitation during the Holocene remains of debate. In this study,
we use a closed lake with well‐dated lake beach ridges located on the margin of the East Asian summer monsoon, a region
highly sensitive to monsoon precipitation changes, to obtain a temporal sequence of water volume in North China. The
elevation of each beach ridge calibrated to the modern lake level was surveyed. Optically stimulated luminescence dating of
undisturbed sediments of beach ridges was performed. The lake area and water volume corresponding to each beach ridge
were calculated using a digital elevation model. This study reveals relatively reduced monsoon precipitation from ~12 to
7 ka interrupted by strengthening of the monsoon circulation to a maximum from ~7 to ~5 ka and followed by greatly
reduced monsoon intensity until the present day. These results demonstrate that changes in the East Asian summer monsoon
precipitation may not be directly driven by global temperature or atmospheric CO2 content. Rather, we suggest that variation
in the the monsoon margin precipitation is probably mainly driven by ice volume and subordinately by the summer solar
insolation difference between mid‐latitude land and low‐latitude ocean. Copyright © 2020 John Wiley & Sons, Ltd.
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Introduction
The evolution of the East Asian summer monsoon (EASM)
during the Holocene is vigorously debated. Despite extensive
analysis, variability in the Holocene EASM is inconsistent not
only between palaeoclimate records and climate models but
also among different paleoclimate records (Chen et al., 2016;
Goldsmith et al., 2017; Liu et al., 2017). Cave speleothem δ18Ο
records in regions affected by the EASM indicate the strongest
EASM during the early Holocene (Dykoski et al., 2005; Wang
et al., 2008; Dong et al., 2010). This interpretation is termed the
wet early Holocene herein and is supported by a reconstructed
monsoon precipitation record from lacustrine sediments in Dali
Lake, which is situated in the marginal monsoon area of North
China (Goldsmith et al., 2017). In comparison to the wet early
Holocene, the wet middle Holocene represents a different
scenario, with the strongest EASM during the middle Holocene
(Lu et al., 2005, 2013b; Xu et al., 2010; Chen et al., 2015; Wen
et al., 2017; Zhou et al., 2018). A geographically variable
monsoon (An et al., 2000) or westerly‐dominated climate (Chen
et al., 2006) cannot explain the monsoon discrepancy because
these records are recovered from closely adjacent sites located
in the same climate zone affected by the monsoon today.
The precipitation in monsoon marginal regions is very

sensitive to climate change (Lu et al., 2005) and is mainly
determined by migration of the EASM (Zhou et al., 2018).
Located in the monsoon marginal region in northern China,
Dali Lake is in the transition belt between an EASM‐dominated
climate and a continental climate, which is an ideal region for
reconstructing the changes in monsoon precipitation. How-
ever, the reconstructed lake level records remain controversial.

The lake level fluctuation was inferred from geochemical,
mineralogical, sedimentological and palaeontological data
from an accelerator mass spectrometry 14C‐dated sediment
core recovered from the depocentre of Dali Lake. Different
timings of the highstands have been determined: 11.5–7.6 ka
(Xiao et al., 2008), 9.8–7.1 ka (Xiao et al., 2009), 7.7–5.9 ka
(Fan et al., 2017, 2019) and 8.3–6.0 ka (Wen et al., 2017).
Another study on lake sediments, alluvial deposits and four
beach ridges yielded four periods of highstand, i.e. 11.5–11,
10.5–9.5, 8.3–7.8 and 6.1–5.9 ka (Goldsmith et al., 2017).
In contrast to many proxies, such as geochemical and

biological indicators, the variation in water volume in a closed
lake fed by rainfall can be directly interpreted as precipitation‐
driven, as discussed below (Smith and Street‐Perrott, 1983;
Reheis et al., 2014). Furthermore, among the evidence used to
reconstruct past lake levels, beach ridges are preferred because
they are direct indicators of the positions of the ancient
shoreline. A closed lake with multilevel beach ridges can be
regarded as a natural hyetometer, providing accurate proxy
data for relative changes in precipitation.
In this study, we investigated the geomorphological and

sedimentary characteristics of the beach ridges of Dali Lake. A
topographical survey and numerical dating were carried out to
reconstruct the palaeo‐hydrological parameters. Monsoon
precipitation change is interpreted based on the temporal
sequence of the lake water volume.

Study region
Geographical setting

Dali Lake (43°15′N, 116°30′E), a barrier lake dammed
by volcanic lava during the Pleistocene (Gao, 1988), is situated
in the northern Hunshandake sandy land in North China
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(Fig. 1a,b). The lake is 227 km2 in area, with a drainage area of
4515 km2, a modern lake level of ~1226m above sea level
(a.s.l.) (Xiao et al., 2008) and a water volume of 2.0 km3.
Maximum water depth is 11m (Xiao et al., 2008), with
shallower waters in the east and deeper waters in the west.
Lake cliffs are developed at the margin of a basalt platform
around Dali Lake, and these show that the highest lake level
reached an elevation of ~1295m as indicated by a wave‐cut
platform (Fig. 1c).
To the south, Dali Lake is surrounded by the Hunshandake

sandy land. The basalt platform delimitates the lake in the
north and west. The Gongger grassland neighbouring the Great
Hinggan Range is situated to the east of Dali Lake. The
Gongger River that originates from the Great Hinggan
Range feeds the lake and supplies 75% of the total water
inflow (Compilatory Commission of Annals of Hexigten
Banner, 1993). The modern natural vegetation of the Dali
Lake basin is categorized as a middle temperate steppe.
The catchment of Dali Lake is influenced by the margin of

the EASM precipitation and is dominated by a climate with a
long cold winter and a large temperature difference between
day and night. According to the records of meteorological
stations at Xilinhaote (55 km to the north‐west), from 1957 to
2001, annual temperature ranged from −0.2 to 4.4 °C with an
average of 3.2 °C, annual precipitation ranged from 121 to
561mm with an average of 280mm, and annual pan
evaporation varied from 1521 to 2270mm with an average
of 1828mm. Annual pan evaporation was more than
6.5 times the annual rainfall. The average frost‐free period was
100–110 days. Average July and January temperatures were
22 and −19 °C, respectively. Nearly 90% of the annual

precipitation and 83% of the annual pan evaporation occurred
in the summer half‐year (from April to September) (Fig. 2).

Characteristics of beach ridges

Lake cliffs, representing the highest lake level once reached,
developed on the basalt platform around the lake basin. The
now‐dry lake bed between the lake cliff and the modern
shoreline is up to ~12 km wide in the northern lake basin,
where multilevel beach ridges are preserved. We found
13 beach ridges of different elevations ranging from 1233.3
to 1282.3 m in this area (Fig. 1c,d), which indicate the
positions of past lake waterlines. Generally, the upper part of
the dry lake bed, where 12 beach ridges have developed, is
steeper than the lower part (Fig. 3). Clearly, the steep lake bed
may facilitate the development of beach ridges.
These beach ridges have distinct features that aid identifica-

tion, including a ridge‐like landform distributed along the
contour line, clastic sediments composed of gravels and sands,
and a coarsening‐upward sequence. The observed beach
ridges generally have a broad and gentle shape and a
symmetrical form ~15m wide and ~0.8m high. They can
extend up to several kilometres in length at the same elevation
(Supporting Information Fig. S1a,c).
The sedimentary facies are exposed by trenching on the

crest of each beach ridge. All beach ridges exhibit a similar
sedimentary sequence, including an upper and a lower
horizon (Fig. 3). The upper horizon of a ridge is composed
of poorly sorted gravelly mud or gravelly muddy sand ~20 cm
thick, which represents the final phase of lacustrine deposition
or post‐depositional reworking. The lower horizon of a ridge is

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 1. Location of Dali Lake and the terrain of the drainage basin. (a) Main climatic systems of East Asia including the East Asian summer
monsoon (EASM), Indian summer monsoon (ISM) and westerlies. The green dashed line shows the modern summer monsoon boundary. Relevant
sites include Dali Lake (red star), Daihai Lake (blue cross), Gonghai Lake (green cross) and Sanbao Cave (black triangle). (b) Drainage basin (dashed
cyan line) of Dali Lake on a DEM map (data from www.91weitu.com). The black star indicates the potential spillway. (c) DEM map generated using
ArcGIS 10.1 (www.esri.com/software/arcgis). (d) Satellite image (data from Google Earth) showing that beach ridges are well developed below the
lake cliff (marked by white arrows). [Color figure can be viewed at wileyonlinelibrary.com]
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composed of moderately sorted gravelly sand or sandy gravel,
sometimes containing fragments of mollusc shells. Parallel
bedding can be seen within beach ridges (Fig. S1b). The gravel
texture is similar to that of the modern beach, with clasts that
are rounded and smaller than ~ 5 cm. The beach ridges are
labelled R1–R13 from highest to lowest elevation.

Materials and methods
Topographic survey

The elevation of each beach ridge was surveyed using a DS3
level instrument calibrated to the modern lake level (43.37°N,
116.63°E), which is 1226m a.s.l. The topography of the lake
basin was derived through a 1: 25 000 digital elevation model
(DEM) (data from www.91weitu.com) and lake bottom
sounding (Xiao et al., 2008). The lake area and water volume
corresponding to each beach ridge were calculated using
ArcGIS10.1. Errors of the lake area and water volume are given
by accounting for the mean elevation error of ±2m.

OSL techniques

To avoid the influence of any post‐depositional processes on
numerical dating, samples were collected from the lower

horizon for optically stimulated luminescence (OSL) dating.
Stainless steel tubes 30 cm long were hammered into the
sediments exposed in a trench. The tube full of sediment was
sealed and brought to the OSL laboratory at Nanjing
University.
The formation age of each beach ridge was determined by

using the OSL dating method. An OSL age is calculated using
an estimate of the total absorbed dose since the last exposure
to sunlight, termed the equivalent dose (De), and the dose
rate of ionizing radiation (Aitken, 1998). Quartz grains with
diameters of 90–125 or 125–250 μm were extracted using
standard procedures, including treatment with 10% hydro-
chloric acid and 30% hydrogen peroxide to remove carbo-
nates and organic matter, respectively, followed by wet
sieving. After this treatment, 40 min of 40% hydrofluoric acid
etching and hydrochloric acid rinsing were conducted to
obtain pure quartz grains. The purity of the quartz was
determined using the OSL‐infrared (IR) depletion ratio method
(Jacobs et al., 2003).
Except for sample DLH‐R8, for which 46 aliquots were used,

16 aliquots were used to measure the De values of all other
samples using the single‐aliquot regenerative‐dose (SAR)
procedure (Murray and Wintle, 2000, 2003) performed on a
Risø TL/OSL‐DA‐20C/D reader fitted with blue–green diodes
(470± 30 nm; 40mWcm−2) and an IR laser diode (830 nm).

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 2. Annual (left) and monthly (right) temperature, precipitation and pan evaporation for the period 1957–2001 at a meteorological station at
Xilinhaote (data from data.cma.cn). [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. Schematic profile showing the landforms of the dry lake bed and the sites of the beach ridges to the north of Dali Lake. Stratigraphic
columns and sampling positions for each beach ridge are also given. Numbers next to the stratigraphic column are OSL ages. [Color figure can be
viewed at wileyonlinelibrary.com]
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The luminescence signal was detected through 7.5‐mm Hoya
U‐340 filters. Irradiation was carried out using a 90Sr/90Y beta
source built into the reader. The signal was integrated for the
first 0.32 s of stimulation time minus a background estimated
from 0.32–0.64 s of stimulation. All growth curves were fitted
using a single exponential function (Fig. 4a,b).
Preheat plateau tests and dose recovery tests were con-

ducted on samples DLH‐R4 and DLH‐R8. According to the
preheat plateau test, a 240 °C preheat and a 200 °C cutheat
were selected for the SARDe determination procedure (Fig. 4c).
The dose recovery test is now widely used to check the
reliability of a measurement procedure (Murray and
Wintle, 2003). The ratios of the recovered dose to the given
dose (which is close to the natural De) are 0.98 and 0.94,
respectively. The De values are given as the weighted
arithmetic means of each set of aliquots and are presented
along with the standard errors.
Figure 4(d) illustrates the De distributions of representative

sample DLH‐R8 from the Abanico Plot (Dietze et al., 2016).
Most aliquots are clustered around the± 2 SD band region,
which is centred at the mean, and the OD value is 25%.
Overdispersion has also been observed for well‐bleached
aeolian sediments (Lian and Roberts, 2006; Lee et al., 2009);
thus, the samples’ grains probably experienced sufficient
sunlight exposure before deposition.
Dose rates were calculated from uranium, thorium and

potassium contents measured using neutron activation analysis
(NAA). We calculated the dose rate via DRc, a free Java
application (Tsakalos et al., 2016). The OSL age is given by De

divided by the dose rate.

Results
Reconstructed lake parameters

The elevations of the measured beach ridges range from
1233.3 to 1282.3 m, giving a 49‐m elevation difference
between the highest (R1) and the lowest (R13) beach ridges
(Table 1). The elevation difference between neighbouring
beach ridges ranges from 0.7 to 7.2 m with an average of
4.1 m. Correspondingly, a 3.6‐fold change in lake area and a
10.9‐fold change in water volume were observed, ranging
from 1320.5± 55.6 to 366.4± 34.4 km2 and from 43.4± 3.3
to 4.0± 0.8 km3, respectively (Table 1). The error in the lake
area introduced from the uncertainty in the DEM varies from
3.2 to 10.6% with an average of 6.0%. The error in the water
volume introduced from the uncertainty in the DEM varies
from 7.3 to 25.8% with an average of 12.9%. The error is small
compared with the amplitude of the lake fluctuations, and the
reconstructed lake parameters indicate meaningful lake
fluctuation in the past.

OSL ages

OSL ages are dependent on the water content of the sample. In
addition to the water content measured for the natural samples
(i.e. the measured water content), we also measured the
saturated water content, the average value for 13 samples
being 20%. Generally, the elevations of beach ridges younger
than R1 (5.9± 0.3 ka) increase with OSL age, while those of
ridges older than R1 decrease with age (Table 2). This allows
us to estimate the influence of water content on the OSL age.

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 4. Coarse‐grain quartz luminescence characteristics. (a,b) Typical dose–response curves for aliquots of samples R4 and R8, respectively
(inset shows the natural decay curves). The red dashed line indicates the natural OSL signal and the resulting De values. (c) Preheat plateau tests of
samples R4 and R8. Three aliquots were measured at each temperature, and error bars represent two standard errors. The dashed line is drawn at the
average De over the 180–300 °C interval. (d) Abanico plot of De determination for sample R8. [Color figure can be viewed at wileyonlinelibrary.com]
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The old beach ridges (>5.9± 0.3 ka) were inundated and did
not emerge from the water until the lake level dropped below
their elevation after 5.9± 0.3 ka. We can assume that the
sediments were saturated with water before their emergence
and have maintained their water content around the measured
value since emerging. Thus, the OSL age of a once‐submerged
beach ridge is calculated by iteration of time‐weighting of dose
rates based on the measured and saturated water contents
(Table 2). The ages of the submerged beach ridges increase
when the saturated water content is considered, and we use
these age data for analysis (Table 2). This result also
demonstrates that the uncertainty in the water content due to
unknown lake level fluctuations has a slight influence on the
OSL age. The calibrated OSL ages show that the beach ridges
were deposited between 12.0± 1.0 and 0.7± 0.1 ka.

Lake water fluctuations

The resulting temporal sequence of lake water parameters
reconstructed from Dali Lake shows variability during the
Holocene, for example a medium lake volume between c. 12
and 7 ka, increasing to a maximum between 7 and 5 ka and
then decreasing abruptly before trending towards the current
lowstand (Fig. 5). The lake level reached 1268.6 m a.s.l. (lake
area of 1025.7 km2; water volume of 28.5 km3) c. 9.8 ka and
further rose to a maximum of 1282.3 m a.s.l. (lake area and
water volume increased to 1320.5 km2 and 43.4 km3, respec-
tively) c. 5.9 ka. Lake volume at c. 9.8 ka was approximately
14 times greater than at present and was nearly 21 times the
present volume at c. 5.9 ka. A dramatic decrease to 24.5 km3

took place at c. 5.7 ka. This change was followed by a slower
general decrease after 4.2 ka, where the water volume
decreased from 11.8 to 4.0 km3 by 0.7 ka and continuously
decreased to the present 2.0 km3. As such, the water volume of
Dali Lake was relatively high during the early Holocene
(12.0–7.7 ka), peaked during the middle Holocene (6.8–5.4 ka)
and then continuously decreased to a Holocene minimum
during the late Holocene (after 4.2 ka).

Discussion
Preservation of submerged beach ridges

Four beach ridges, namely R2, R4, R6 and R7, are older than
the highest (R1), which indicates that these four beach ridges
were once inundated when the lake level reached R1 and
emerged when the lake level dropped again. Survival of a
beach ridge in this scenario is due to the specific sedimentary

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Table 1. Elevations of beach ridges and corresponding lake areas
and water volumes.

Beach ridge Elevation (m) Water area (km2) Water volume (km3)

R1 1282.3 1320.5± 55.6 43.4± 3.3
R2 1277.8 1214.4± 46.3 38.4± 2.8
R3 1271.4 1059.7± 36.2 30.5± 2.4
R4 1268.6 1025.7± 32.5 28.5± 2.2
R5 1265.1 961.3± 34.9 24.5± 2.1
R6 1262.0 904.6± 38.6 21.7± 2.0
R7 1256.2 787.5± 43.3 16.7± 1.8
R8 1249.0 636.7± 37.3 11.8± 1.4
R9 1242.1 515.8± 41.4 7.8± 1.2
R10 1240.1 465.1± 40.2 6.9± 1.1
R11 1239.4 449.9± 29.6 6.4± 1.0
R12 1238.2 434.9± 28.1 6.0± 0.9
R13 1233.3 366.4± 34.4 4.0± 0.8
Modern Lake 1226.0 232.8± 24.7 2.0± 0.5
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process. Compared to other lakeshore sediments, beach ridges
are deposited on only high‐energy beaches (i.e. wave‐
dominated lakeshores). The wave propagates landward and
transforms gradually in shallow water. The shallower the
water, the coarser the sediments that the wave can transport
(Supporting Information, Fig. S2a). As a result, the sediments
become coarser towards the shoreline. Of course, the
winnowing of fine‐grained materials can also result in
the coarsening of sediments. The coarsest sediments, which
are usually coarse sands and gravel, are transported by the
swash and accumulate there. One beach ridge (BR2) appeared
when the coarsest sediments aggraded (Fig. S2a).
With lake level rise, the beach ridge (BR2) will be inundated.

Another beach ridge (BR1) will then develop at a higher
position (Fig. S2b). The submerged beach ridge (BR2) cannot
be altered to any great extent because the wave energy is lower
than the swash. Instead of erosion, aggradation of fine
sediments, usually sand and silt on the submerged beach
ridge (BR2), will take place (Fig. S2b). When the lake level
drops, the submerged beach ridge (BR2) will again be affected
by the stronger waves. Aggraded fine sediments may be easily
eroded. However, the coarse beach ridge sediments of BR2
will remain in situ unless the recurring wave is stronger than
the wave that occurred when BR2 formed (Fig. S2c). Of course,
the duration of the recurring wave acting on BR2 should be
long enough to completely destroy BR2. Therefore, whether a
submerged beach ridge will survive depends mainly on the
recurring wave energy and the duration that the water level
remains at the position of the submerged beach ridge. When
the lake drops further, a young beach ridge (BR3) may be
deposited at the lower position. The sediments beneath BR3
are relatively fine because they are deposited in deeper water
(weak wave energy) (Fig. S2d).
Previous studies have reported that beach ridges occur on

both lakeshores and seashores, such as at St Lucia lake in
South Africa (Botha et al., 2018), Tangra Yum Co in Tibet
(Rades et al., 2015) and the coastal zone in north‐eastern
Australia (Nott et al., 2009). Two studies on Dali Lake have
demonstrated the existence of surviving beach ridges (Liu
et al., 2016; Goldsmith et al., 2017). Our study reproduces this
phenomenon with more beach ridges.
Therefore, beach ridges can only record part of the

fluctuation in water level. Some water levels have left no
beach ridges, and some submerged beach ridges have been

destroyed. Thus, our reconstructed lake level can only reflect
the main fluctuations during the Holocene.

Precipitation dominated lake water fluctuations

Variations in lake volume respond to the balance between lake
inflow and output. Evaporation from the lake surface is the
only output for a closed lake in a semi‐arid area, such as Dali
Lake, because ground water loss out of the lake is very small
and can be neglected (Goldsmith et al., 2017). Thus, the
steady‐state water balance equation of a closed lake can be
expressed as P × A1+α × P ×A2= E × A1, where P is annual
precipitation, E is annual lake evaporation, α is the runoff
coefficient, A1 is the lake area and A2 is the drainage basin
area. If we assume that Holocene annual precipitation was
constant and equal to 400mm and that the modern annual
lake evaporation is 900mm, α is thus approximately 0.06 for a
232‐km2 lake area and 4515‐km2 drainage basin area.
Assuming the same α value, this would result in a lake
volume increase to ~4 km3 under a 687mm a–1 evaporation
regime and to ~16.7 km3 under a 521mm a–1 evaporation
regime. Therefore, unrealistically low evaporative regimes
would be required to achieve the lake level increases seen in
our record, given that the current pan evaporation is 1828mm.
Thus, changes in evapotranspiration cannot be the main cause
of the immense fluctuations in water volume in Dali Lake.
Other potential drivers of lake level can also be excluded.

Fluctuations in the water table can affect lake levels
(Almendinger, 1990). Indeed, a dramatic drop of 30m in the
water table in the Hunshandake sandy land due to headward
erosion of the Xilamulun River at 4.2 ka has previously been
suggested (Yang et al., 2015). However, the riverbed reached
its present elevation by 7.9 ka, and no evident river incision
has been found since then (Lv et al., 2018). The proposed drop
in the water table is still smaller than the 56m lowering of the
lake level seen from the beach ridges here. Although both Dali
Lake and the Xilamulun River are situated in the same sandy
land, they are separated by a distance of 35 km, and a
watershed with an elevation of 1320–1450m lies between
them. This topographic setting greatly reduces the influence of
the Xilamulun River on Dali Lake. In addition, a wave‐cut
platform is developed beneath the lake cliff at an elevation
of ~1295m (Fig. 1). This platform is approximately 10m
higher than the uppermost beach ridge, and this difference
excludes the possibility of any overspill when the lake level
reached only the position of the studied beach ridges.
Furthermore, the influence of tectonic movement on water
volume is considered to be negligible as no indications of
neotectonics have been found in the area. Finally, to the south
of Dali Lake, stable and semi‐stable dunes are developed in
the Hunshandake sandy land. The basal ages of most dunes
are concentrated from 15 to 13 ka, and the main body is dated
to the Holocene (Zhou et al., 2013), which implies that these
dunes have barely migrated during the Holocene. Immobile
dunes demonstrate that no obvious topographical changes
have occurred in the sandy land, which may alter the lake
shore and further result in a change in water volume.
Based on the exclusion of all other potential drivers of water

volume in Dali Lake, we propose that the main factor affecting
the lake water volume is precipitation. Precipitation during the
summer half‐year accounts for up to 90% of the annual
precipitation at present (Fig. 2), which indicates that water
volume is a non‐linear function of EASM precipitation. There is
no evidence that winter precipitation can induce a substantial
increase in annual precipitation in this region. If this climate
pattern reflects the conditions of the past, the aforementioned
relationship will exist for the Holocene. Thus, the greater the

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 5. Reconstructed variability of Dali Lake water during the
Holocene. [Color figure can be viewed at wileyonlinelibrary.com]
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lake volume, the higher the monsoon precipitation. Remote
sensing and meteorological data confirm this finding and show
that lake water volume increases with the strengthening of
monsoon precipitation with no time delay (Han et al., 2007;
Zhang et al., 2012). Therefore, the timing of the lake level
highstands from the beach ridges above show that moderate
monsoon precipitation occurred during the early Holocene
(12.0–7.7 ka), followed by the most intense monsoon period
during the middle Holocene (6.8–5.4 ka) and then a
continuous and slow reduction in monsoon intensity after
4.1 ka during the late Holocene (Fig. 5). Thus, the precipitation
record reconstructed from the beach ridges of Dali Lake
supports a wet middle Holocene with EAM monsoon variation
during the Holocene.

Comparison with other reconstructed lake
fluctuations

This study reveals the lake level fluctuations as well as lake
area and water volume fluctuations of Dali Lake during the
Holocene. Although lake level fluctuations have previously
been determined using direct sedimentary evidence or inferred
from proxy indicators, the latter two hydrological parameters
have not been reported until now. A detailed study of the lake
level fluctuations of Dali Lake was performed based on both
beach ridges and other sediments (Goldsmith et al., 2017). The
reconstructed record shows that a highstand occurred
between c. 13 and 5 ka and the early Holocene highstand
was interrupted by two lowstands at c. 12 and c. 11 ka.
Some similarities are observed between Goldsmith's record

and our own (Fig. 6). First, both records show that the highest
stand occurred at c. 6 ka if the elevation difference between
the lake level and the corresponding lake sediments is
negligible. Second, both records show that lake level during
the middle Holocene was higher than that during the early
Holocene as a whole. Goldsmith et al. (2017) claimed that the
lake reached highstands at 11–5.5 ka. In fact, the lake stood
slightly higher at 8–6 ka than at 12–10 ka (Fig. 6b).
However, certain differences between the two records are

noteworthy. For example, a declining tendency of the lake
level after 4.2 ka is clearly confirmed by our record, which
cannot be demonstrated by Goldsmith's record because there
are no data for this period. Goldsmith's record indicates two
highstands during the middle Holocene: one at 6.2 ka
(1290m) and another at 7.8 ka (1280m). However, there is
only one highstand at 5.9 ka (1282.3 m) in our record (Fig. 6c).
In addition, Goldsmith's record reveals that the lake level

ranged from 1230 to 1279m during the early Holocene and
was unstable, probably underwent rising, declining and rising
again (Fig. 6b). The data in our record display only a moderate
variation ranging from 1256 to 1268m. Our data for the early
Holocene almost fall on the trend line if a polynomial trend
line is added after removing alluvium samples, which are not
relevant to the lake level (Fig. 6d). Hence, both our data alone
or the combined dataset reveal a highstand during the middle
Holocene. Our record has two obvious advantages over
previous records. First, the lake fluctuation is well defined by
additional beach ridges. Goldsmith et al. (2017) and Liu et al.
(2016) studied only four and seven beach ridges, respectively.
Second, the lake fluctuation is well defined by more reliable
data. We only use OSL‐dated beach ridges because only
beach ridges can indicate the exact position of the lake level
and OSL ages can explicitly represent the formation age of
beach ridges. Radiocarbon‐dated lake sediments were mainly
used by Goldsmith et al. (2017) and Liu et al. (2016), which
may result in uncertainties originating from the radiocarbon
dating pertinent to the reservoir effect and re‐deposition.

Our record is generally similar to that given by a pollen
study of a core in Dali Lake (Fig. 6a). The proportion of tree
and shrub pollen acts as a reliable proxy for precipitation in
northern China because increased precipitation will promote
the expansion of forests. The percentages of tree and shrub
pollen in core DL04 indicate that moderate precipitation
occurred during the early Holocene, intensified precipitation
occurred from c. 8.3 to c. 6 ka, and that there has been a
gradually decreasing trend since then (Wen et al., 2017).
The general variations and some details are similar between
the pollen‐based record and our record. For example, the
lowstands at 5.7 and 7.7 ka can be correlated to two periods of
decreased precipitation, at 5.8 and 7.8 ka, respectively.
Nevertheless, the pollen‐based record indicates that low
precipitation occurred during the early Holocene at levels
comparable to that during the late Holocene.

Variations in the Holocene EAM

TraCE‐21ka is a state‐of‐art transient simulation of the
global climate covering the period of the last 21 000 years
using the fully coupled NCAR CCSM3 with a spatial resolution
of T31 for the atmospheric and land components
(3.75° × 3.75°, Collins et al., 2006). According to palaeocli-
mate records, this simulation reasonably reproduced the
climate transition from glacial to interglacial states (Shakun
et al., 2012; He et al., 2013). TraCE‐21ka yields both

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 6. Comparison with other records from Dali Lake. (a) Pollen
record (Wen et al., 2017) of Dali Lake. The proportion of tree and
shrub pollen is regarded as a reliable proxy for precipitation (Wen
et al., 2017). (b) Lake level record (Goldsmith et al., 2017). (c) Lake
level record (this study). (d) Combined data of this study (circles) and
Goldsmith's study (squares) after removing alluvium samples. The
dashed is the polynomial trend line for Goldsmith's data. The pink bar
indicates the period of the lake highstand during the middle Holocene,
and the grey bar indicates another period when the lake stood
relatively low during the early Holocene. [Color figure can be viewed
at wileyonlinelibrary.com]
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evapotranspiration (E) and precipitation (P) data for the grid
area of the lake (114.5–118.5°E, 41.25–45.25°N) (https://www.
earthsystemgrid.org/project/trace.html). The early Holocene is
characterized by relatively high precipitation and evapotran-
spiration (Fig. 7a,b), and precipitation minus evapotranspira-
tion (P − E) might represent a proxy indicator of the lake level;
that is, a larger P − E corresponds to a higher lake level
(Fig. 7c). If this assumption is true, then the TraCE‐21ka results
indicate a wet early and middle Holocene (from c. 11 to 6 ka).
The inconsistency between the simulation and our results may
be related to the difficulty in simulating regional monsoon
patterns, especially along the monsoon margins, with a
relatively coarse grid spacing.

In addition to Goldsmith's record (Fig. 7e), a wet early and
middle Holocene is also observed in the speleothem oxygen
isotope record in East Asia (Fig. 7d), which indicates that strong
monsoons occurred at the same time (Wang et al., 2008).
Recent studies suggest that the lower speleothem δ18O values
indicate a stronger EASM circulation, which is characterized
by enhanced monsoonal southerlies over East Asia (Liu
et al., 2014; Zhang et al., 2018). Because the speleothem
δ18O values may reflect circulation changes independent of
precipitation changes, the discrepancy between the δ18O
record and our precipitation record may be reconcilable.
The scenario of a wet early and middle Holocene is inconsistent

with our reconstruction and other geological records (Xu
et al., 2010; Lu et al., 2013b; Chen et al., 2015; Zhou et al., 2018).
The most intense monsoon period during the middle Holocene
can be inferred from other evidence. The effective humidity
deduced from the proxy indicators in the sandy loess on the bank
of Dali Lake shows that monsoon precipitation increased gradually
during the early Holocene and reached its maximum at c. 6 ka.
After 6 ka, precipitation decreased again (Zhou et al., 2018).
Aeolian pollen data from lake sediments in adjacent regions

are also approximately consistent with our findings that monsoon
precipitation reached a maximum during the middle Holocene,
although these records contain no clear sign of the remarkable
decrease in precipitation shown in our data at ~5 ka (Fig. 7f,g)
(Xu et al., 2010; Chen et al., 2015). Furthermore, some
luminescence‐dated sequences of loess on the Chinese Loess
Plateau show a middle Holocene peak in magnetic susceptibility,
which is a indicator of the summer monsoon (Lu et al., 2013b).
Thus, our precipitation record (Fig. 7h) is broadly consistent with
several independent studies on a range of archives from the
northern Chinese monsoon marginal areas.
Previous research suggests that global monsoon changes

reflect multiple forcing factors, including solar radiation, ice

Copyright © 2020 John Wiley & Sons, Ltd. J. Quaternary Sci., 1–10 (2020)

Figure 7. Water volume record of Dali Lake, a direct indicator of EASM
precipitation, compared with other geological records and climate
simulations. (a) CGCM‐simulated annual precipitation since 12 ka
(114.5–118.5°E, 41.25–45.25°N) (https://www.earthsystemgrid.org/
project/trace.html). (b) CGCMsimulated annual evapotranspiration since
12 ka (114.5–118.5°E, 41.25–45.25°N) (https://www.earthsystemgrid.org/
project/trace.html). (c) Simulated precipitation minus simulated
evapotranspiration (P–E). (d) Sanbao cave speleothem δ18O records
(Wang et al., 2008). (e) Lake level reconstructed for Dali Lake (Goldsmith
et al., 2017). (f) Pollen‐based annual precipitation (Pann) reconstructed
from Gonghai Lake (Chen et al., 2015). (g) Pollen‐based annual
precipitation (Pann) reconstructed from Daihai Lake (Xu et al., 2010).
(g) Water volume record of Dali Lake since 12.0 ka with OSL ages; the
lake volume errors are estimated by accounting for a mean elevation error
of ±2m (this study). The light blue bar indicates a wet early and middle
Holocene and the grey bar a wet middle Holocene. [Color figure can be
viewed at wileyonlinelibrary.com]

Figure 8. Comparison of the Dali Lake volume record with several
factors potentially forcing monsoon climate change. (a) Reconstructed
CO2 record (Monnin et al., 2004). (b) Relative sea level (RSL) record of
the past 12 ka (Lambeck et al., 2014) and 43°N summer (June to August)
insolation (Laskar et al., 2004). (c) Water volume record of Dali Lake
since 12.0 ka with OSL ages. Lake volume errors are estimated by
accounting for a mean elevation error of ±2m (this study). [Color figure
can be viewed at wileyonlinelibrary.com]
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volume, melt water, greenhouse gases (CO2, CH4) and
volcanic eruptions (An et al., 2015). CO2 has been suggested
as an important factor in modulating the EASM since the Last
Glacial Maximum (Lu et al., 2013a), with higher Holocene
CO2 driving stronger monsoons. However, Holocene CO2

changed inversely with monsoon precipitation in our record
(Fig. 8), suggesting that at least on 1000‐year timescales, CO2

was not a notable factor in forcing the Holocene monsoon.
The index of land–sea thermal difference has been used to

define the variation in the EASM circulation in summer (Sun
et al., 2002) (i.e. mid‐latitude land and low‐latitude sea in East
Asia). Interestingly, we can see a close relationship between EASM
intensity and summer solar insolation difference between 43°N
and 5°N; generally, the larger the insolation difference, the stronger
the EASM intensity (Fig. 8). The larger solar insolation difference
may force the EASM to shift to regions at higher latitudes and
enhance monsoon precipitation in monsoon marginal regions.
However, the insolation difference peak at ~7.8 ka pre‐dates

the ~6‐ka EASM maximum. This time lag suggests that other
factors also influence the EASM. Global ice volume has been
proposed as a factor forcing changes in the EASM (Ding
et al., 2005). An experiment conducted with the IPSL_CM4
ocean–atmosphere coupled model show that the EASM is
sensitive to the remnant ice sheet over North America and
Europe, and the EASM at 9.5 ka (with remnant ice sheets present)
was weaker than that at 6 ka (Marzin et al., 2013). Monsoon
precipitation increased approximately with decreasing ice
volume until the mid‐Holocene. The ice volume reached its
minimum at c. 6 ka, which almost coincides with the timing of
the EASMmaximum (Fig. 8), implying that the ice volume plays a
leading role in forcing the EAM changes. This primary forcing
factor remained almost unchanged after the mid‐Holocene, and
thus the effects of the secondary factors on the EASM might
become visible. This explains why we can see that the EASM
weakens with the reduced summer insolation difference since the
mid‐Holocene (Fig. 8). This relationship may imply that the
Holocene EASM is controlled by a combination of factors: first by
global ice volume and second by solar radiation.

Conclusions
Dali Lake in North China acts as a natural hyetometer because
of its well‐preserved abandoned beach ridges. The recon-
structed lake water volume may reveal a wet middle Holocene
in this region (i.e., the strongest EASM occurred during the
middle Holocene). We suggest that the monsoon precipitation
variation is probably driven mainly by ice volume and
subordinately by the summer insolation difference between
the mid‐ and low latitudes. This major discrepancy with
traditional monsoon models suggests that our understanding of
climate at the margin of the monsoon, or potentially the wider
monsoon area in general, is inaccurate. Resolving this issue is
crucial as the monsoon margin and its resident populations are
especially sensitive to environmental changes.
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