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Abstract Despite clearly documented in instrumental temperature records, the warming amplitude over the
current warm period (CWP) inferred from lacustrine archive is very limited. The potential role of meltwater
pulses in lake hydrology and their influence on lake water temperature under anthropogenic warming remain
poorly investigated. Here we present and summarize lake water temperature and hydrology records in northern
China to address potential meltwater effects over the last millennium. Our results show abrupt freshening and
muted warming of lake water over the CWP, which appears to have also occurred along with climatic warming
previously. Hence, substantial meltwater pulses to lakes, a transient response to climatic warming, could partly
account for the muted warming over the CWP as indicated by lake water temperature records.

Plain Language Summary Compared to the instrumental temperature data, synthesized North
Hemisphere temperature records and temperature records inferred from lacustrine archives show muted
warming amplitudes since ~1860 AD. The potential effects of meltwater pulses on lake conditions under
anthropogenic warming remain poorly investigated. Our lake water temperature and hydrology records in
northern China, together with previously reported records from this region, collectively show abrupt freshening
and muted warming of lake water over the current warm period. This indicates that meltwater pulses appear to
disrupt the warming signal in lake water temperature records, as occurred in previous climatic warming periods.
Our results suggest that meltwater pulses, associated with climatic warming, could mute the amplitude of
warming in the climatic transition period and has important implications for hydroclimatic reconstructions and
projections in northern China and perhaps over the globe.

1. Introduction

Proxy-based temperature reconstructions play a vital role in understanding the climatic background prior to
instrumental observations, comprehending climate system sensitivity, and enhancing the accuracy of climatic
projections. Reconstructed Northern Hemisphere temperature changes (Esper et al., 2024; Moberg et al., 2005;
PAGES 2k Consortium, 2013) over the last millennium reveal relatively warm conditions during the Medieval
Warm Period (MWP) and cold conditions during the Little Ice Age (LIA). However, syntheses of North
Hemisphere temperature records (Esper et al., 2024; Moberg et al., 2005; PAGES 2k Consortium, 2013;
Schneider et al., 2023) show muted warming amplitudes compared with instrumental air temperature (Brohan
et al., 2006; Schneider et al., 2023) changes since ~1860 AD, complicating the contextualization of recent global
warming within the context of past natural variability. Several lake water temperature records from northern
China and the Tibetan Plateau (He et al., 2013; X. Li et al., 2015; Z. Liu et al., 2017; Zhao et al., 2018) exhibit
muted or even no warming trends over the current warm period (CWP), while tree-ring-based temperature record
from northern China (Y. Liu et al., 2011) shows a continuously rising trend consistent with instrumental North
Hemisphere temperature changes (Brohan et al., 2006). Meanwhile, a recent simulation (L. Huang et al., 2023)
reveals decreased surface water temperatures in several Tibetan Plateau lakes over past four decades. Factors

JIANG ET AL.

1of 11


https://orcid.org/0000-0001-8549-609X
https://orcid.org/0000-0001-8349-8585
https://orcid.org/0000-0001-7979-0233
https://orcid.org/0000-0003-1703-5157
https://orcid.org/0000-0003-2149-3097
https://orcid.org/0000-0001-6324-4916
https://orcid.org/0000-0002-2168-8305
mailto:zhliu@hku.hk
mailto:zhouaf@lzu.edu.cn
https://doi.org/10.1029/2024GL112819
https://doi.org/10.1029/2024GL112819
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024GL112819&domain=pdf&date_stamp=2025-03-25

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112819

70°E 80°E 90° E 100° E 10°E 120° E 130°E

30° N+

l3g° N
40.8° N-

37.5°N
40.6° N+

40.4° N+

112.2° E 112.5°E 112.8°E 99° E 100° E 101° E

Figure 1. Site location maps. (a) Map showing the locations of Lake Daihai and Qinghai in this study (blue dots), and
localities of other records in northern China and the Tibetan Plateau (green triangles). 1: Lake Wudalianchi, 2: Lake Luming,
3: Lake Hala, 4: Lake Xiligou, 5: Lake Gahai, 6: Lake Sugan, 7: Lake Boston, 8: Qiangyong Co, and 9: Dagze Co. The black
dashed line indicates the 300 mm annual precipitation line in China, roughly the boundary between Asian monsoon and
westerlies circulation systems. Topographic maps of (b) Lake Daihai and (c) Qinghai region.

other than environmental temperature appear to have influenced lake water temperature changes in northern
China over this time interval, thus resulting in discrepancies between reconstructed and instrumental warming
trends.

Substantial meltwater contribution to lake water budget within the deglaciation and early Holocene, the unstable
climatic transition period, appears to be a large-scale phenomenon in mid-latitude Asia (Aichner et al., 2022; J.
Jiang et al., 2022; C. G. Lietal., 2021; G. Li et al., 2024; Y. Li et al., 2021; Zhou et al., 2016). A recent study also
suggests that abrupt meltwater pulses along with climatic warming appear to restrain lake water temperature
increase and thus delayed lake warming over the early Holocene (C. G. Li et al., 2023). Under contemporary
global warming, intensified glacier/snow melt and permafrost thawing continuously affect freshwater availability
and regional hydrological conditions in the arid and semi-arid regions of mid-latitude Asia (Immerzeel
etal., 2010; Kraaijenbrink et al., 2021; Walvoord & Kurylyk, 2016; F. Xu et al., 2024). The climatic conditions in
northern China over the last millennium have been characterized by contrasting hydrological changes and
opposite temperature-moisture associations, that is, warm and wet versus warm and dry conditions, in regions
dominated by monsoon and westerly circulations respectively (Chen et al., 2019). Previous studies indicate that
substantial meltwater input to lakes in both regions over the last millennium appears to affect lake-level changes
(C. G. Lietal, 2021; Y. Li et al., 2021; Y. Yao et al., 2021). Nevertheless, the potential effects of meltwater
pulses on lake hydrology and water temperature changes in northern China during climatic warming intervals
over the last millennium, particularly over the CWP and MWP, remain poorly investigated.

Here we present alkenone records from Lake Daihai, grain size and element compositions records from Lake
Qinghai and synthesize available lake temperature and hydrological records, to infer possible meltwater pulses
over the last millennium (Figure 1, Figures S1-S3, Tables S1 and S2 in Supporting Information S1). The two
lakes are located at the margin of monsoonal regions of northern China. Our results, together with other climatic
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records from northern China, allow us to reveal effects of meltwater pulses on lake hydrology and temperature
changes, which could provide new insights into climatic reconstructions and projections.

2. Materials and Methods

Lake sediment cores were retrieved from Lake Daihai and Qinghai. Lake Daihai (40°29'—40°37'N, 112°33'-112°
46'E, 1,221 m asl) is a hydrologically closed brackish lake located in southern Inner Mongolia, China, with an
area of 133 km? and an average water depth of ~7 m (Xiao et al., 2006; L. Xu et al., 2017; Zeng et al., 2013). The
lake basin is surrounded by the Manhan Mountains (~1,600-2,300 m asl) to the north and the Matou Mountains
(~1,400-2,000 m asl) to the south (Xiao et al., 2006; L. Xu et al., 2017; Zeng et al., 2013). The lake is fed by five
major rivers originating from the south and the east, and some short intermittent streams from the north of
catchment (L. Xu et al., 2017). Two ~100 cm-long parallel sediment cores, DH15-1 and DH15-2, were collected
from the northern sector of the lake using a gravity corer in 2015. The age model suggests a basal age of ~880 AD
for the cores from Lake Daihai (Figure Sla and Text S1 in Supporting Information S1). Lake Qinghai (36°32'—
37°15'N, 99°36'-100°47'E, 3,194 m asl) is a closed-basin, brackish to saline lake on the northeastern Tibetan
Plateau, Qinghai, China. The lake has developed within a basin surrounded by mountain ranges, with an area of
4,400 km? and an average water depth of ~21 m (X. Li & Liu, 2017; H. Wang et al., 2014). Active glaciers are
situated in the northwest portion of catchment (Zhou et al., 2016). Observations indicate that net precipitation,
surface runoff, and groundwater discharge are the primary sources of water supply to Lake Qinghai (Z. Jin
et al., 2010; X. Li & Liu, 2017). A 204 cm-long core (QHH12A) was retrieved from the northeast sector of the
lake at a water depth of ~5 m in 2012 (Z. Liu et al., 2017; Meng et al., 2020). The age model suggests a basal age
of ~500 AD for the core from Lake Qinghai (Text S1 in Supporting Information S1, Meng et al., 2020).

We have generated alkenone records from Lake Daihai and grain-size and element composition records from
Lake Qinghai. A detailed description of methodology is given in Texts S2 and S3 in Supporting Information S1.
We have collected published temperature and hydrological records inferred from lacustrine archives in northern
China and the Tibetan Plateau, and the detailed description of data collection is given in Text S4 and Table S2 in
Supporting Information S1.

3. Results and Discussion
3.1. Proxy Interpretation

Alkenone unsaturation index (U3K7’) and proportion of Cs., (%C5;.4) have been successfully applied to reconstruct
lake water temperature and salinity, respectively, in mid-latitude Asia (He et al., 2013; J. Jiang et al., 2024; Q.
Jiang et al., 2022; Z. Liu et al., 2017, Text S5 in Supporting Information S1). A recent phylogeny study suggests
that changes in species or subclades of alkenone-producing Isochrysidales may impact the relative abundance of
alkenone compounds, which could potentially complicate the interpretation of alkenone-derived indicators in
some lakes (Y. Yao et al., 2022). The alkenone C;, isomer has not been detected in investigated sediment cores
(Table S1 in Supporting Information S1), indicating that alkenones in Lake Daihai and Qinghai (Z. Liu
et al., 2017) are only produced by Group 2 Isochrysidales over the last millennium. Additionally, analysis of
surface sediment samples collected from Lake Daihai and Qinghai has revealed that alkenones in both lakes, with
the absence of Group 2w2, are exclusively produced by Group 2i and 2w1 Isochrysidales (Y. Yao et al., 2022).
Hence, the %C5,.,-based salinity records in investigated lakes are not affected by proposed high proportion of
C3,.4 produced by Group 2w2 species (Y. Yao et al., 2022). A recent study hypothesizes that Group 2i species,
characterized by the presence of Cso.4Me alkenone, might produce alkenones with high UY; values in cold
conditions and thus confound the U13(7' -based temperature records (Zhao et al., 2024). %C;q., values from Lake
Daihai are >25% since ~1925 AD (Figure S2c in Supporting Information S1), while our Ug(7 record shows lower
rather than higher values (Figure S2a in Supporting Information S1). Our alkenone result from Lake Daihai does
not support the hypothesized impacts of Group 2i species on U§7 -based temperature records (Zhao et al., 2024).
Meanwhile, the variations in U, and %C,;., records from Lake Daihai (Figures 4b and 4c) and Qinghai
(Figures 4e and 4f, Z. Liu et al., 2017) indicate relatively warm/wet conditions during the MWP and cold/dry
conditions during the LIA, consistent with climatic changes inferred from different proxies in monsoonal regions
(Figures S4a—S4c in Supporting Information S1, Chen et al., 2019; Lan et al., 2020). This again confirms the
effectiveness of ULy and %Cj,., indices as reliable climatic indicators over the last millennium in investigated
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lakes. Collectively, alkenone-based temperature and salinity records from Lake Daihai and Qinghai are unlikely
to be affected by potential phylogenetic effects over the last millennium. Alkenone records from investigated
lakes tend to reflect warm season climatic changes, thus largely capturing water temperature and salinity signals
in Chinese lakes during periods more susceptible to changes in atmospheric temperature and meltwater discharge
(Wan et al., 2018). Hence, we use alkenone U§7 and %Cs., as indicators of lake water temperature and salinity,
respectively.

A detailed description of %C;;., and C;,/Csq records from Lake Qinghai and element composition records
interpretation is given in Text S5 in Supporting Information S1.

3.2. Lake Water Temperature and Hydrological Changes

UX; record from Lake Daihai indicates increased temperature since ~1770 AD, while abrupt lake freshening and
muted warming appear after ~1925 AD (Figures 2b and 3a). Mean grain size and Rb/Sr records from Lake
Qinghai exhibit exceptionally high and low values, respectively, since ~1925 AD (Figure 3b, Figure S3 in
Supporting Information S1), indicating increased input of coarse-grained terrigenous material to lake basin.
Previously reported alkenone records from the same sediment core (Z. Liu et al., 2017) also exhibit concurrent
lake freshening and muted warming since ~1925 AD (Figures 2c and 3c). The muted lake warming in Daihai and
Qinghai over the CWP coincides with abrupt lake freshening and intensified physical weathering (Figures 2b, 2c,
and 3a—3c). Meanwhile, warm and high lake-level conditions during the MWP have been documented in alke-
none records from Lake Daihai (Figures 4b and 4c) and Qinghai (Figures 4c and 4d, Z. Liu et al., 2017), followed
by cool and low lake-level conditions during the LIA, consistent with regional and North Hemisphere temperature
records (Figure 4a, Y. Liu et al., 2011; Moberg et al., 2005) and hydrological changes in monsoonal regions
(Figures S4a—S4c in Supporting Information S1, Chen et al., 2019). The temperature-moisture association
observed in both lakes over the last millennium appears to have been disrupted since ~1925 AD (Figures 4b—4f).
Further, when placed together with other existing lake hydrological and water temperature records from northern
China that exhibit marked shifts over the CWP (Table S2 in Supporting Information S1), the abrupt lake
freshening and muted warming observed in investigated lakes remain clearly discernible (Figures 2 and 3).

Muted lake warming over the CWP in Lake Qinghai and Daihai is supported by several lake water temperature
records from northern China (Figure 2). UX; -based lake water temperature records from Gahai (Figure 2d, He
et al., 2013; Zhao et al., 2018) and Sugan (Figure 2e, He et al., 2013) on the northeastern Tibetan Plateau, and
Dagze Co on the central Tibetan Plateau (Figure 2f, X. Li et al., 2015), consistently display increased temperature
at the onset of CWP, but followed by muted lake warming within the last century and thus diverging from the
rising trend in instrumental air temperature records (Figure 2a).

Meanwhile, lake hydrological changes over the CWP, as observed in Lake Qinghai and Daihai, have been widely
documented in various records from monsoonal regions of northern China (Figures 3a-3g, Figure S5d in Sup-
porting Information S1). For example, bulk carbonate carbon and oxygen records from Lake Xiligou (Figure 3d,
Qin et al., 2023) and Hala (Figure 3e, Cao et al., 2007) on the northeastern Tibetan Plateau show particularly
depleted isotopic values during the time interval ~1900-1950 AD, indicating substantially more negative isotopic
values of lake water associated with abrupt meltwater pulses to lakes (J. Jiang et al., 2022; Qin et al., 2023). RIK,
records from Lake Luming (Figure 3f, Y. Yao et al., 2023) and Wudalianchi (Figure 3g, Y. Yao et al., 2021) in
northeastern China show exceptionally low lake salinity at ~1840-1920 AD and since ~1970 AD, respectively,
inconsistent with relatively inappreciable precipitation changes in northern China (Yang et al., 2014; Y. Yao
etal., 2021), and appear to indicate increased contribution of meltwater pulses to lake water budget. Anomalously
old pollen “C ages in a sediment core from Qiangyong Co on the southern Tibetan Plateau (Figure S5d in
Supporting Information S1, J. F. Zhang et al., 2017) are suggested to be associated with old terrestrial carbon
carried by meltwater during the warming and glacier retreat periods.

Similarly, lake freshening and muted warming trends may have also occurred at the time interval ~900-1000 AD,
the transition to the MWP, in this monsoonal region. At Lake Qinghai, relative low lake water temperature and
fresher conditions can be observed (Figures 4e and 4f, Z. Liu et al., 2017), which is again broadly concurrent with
remarkably fluctuations in mean grain size and Rb/Sr records (Figure 4g). For Lake Daihai, low alkenone
concentrations at this interval (Table S1 in Supporting Information S1) prevents estimating lake water temper-
atures, however, the extremely low concentration itself may indicate substantially fresher conditions than, for
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Figure 2. Temperature records since ~1700 AD. (a) Reconstructed (gray line, Moberg et al., 2005) and instrumental (red line,
Brohan et al., 2006) Northern Hemisphere temperatures, and tree-ring-based temperature changes in northern China (purple
line, Y. Liu et al., 2011). Alkenone U3K7' records from (b) Lake Daihai (this study), (c) Qinghai (Z. Liu et al., 2017), (d) Gahai
(He et al., 2013; Zhao et al., 2018), (e) Sugan (He et al., 2013) in northern China, and (f) U3K7’ -based temperature record from
Dagze Co on the central Tibetan Plateau (X. Li et al., 2015); Blue bars highlight the time intervals with muted lake warming.
instance, the MWP. Further, higher values of the alkenone C;,/Csg ratio (Figure 4d), associated with fresher
conditions (He et al., 2020), did occur at this interval, and after ~1925 AD within the CWP. We hence suggest that
substantial meltwater pulses at the onset of the MWP in this monsoonal region resembles that observed for the
CWP. Corroborative evidence from additional records is warranted to understand the meltwater effects in
northern China at the onset of the MWP, another climatic transition period over the last millennium.
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Figure 3. Hydrological records from northern China and the Tibetan Plateau since ~1700 AD. (a) Alkenone %Cs,., records
from Lake Daihai (this study), (b) Mean grain size and Rb/Sr record from Lake Qinghai (brown and green line, respectively,
this study), (c) %Cj;., records from Lake Qinghai (Z. Liu et al., 2017), (d) 618C0rg record from Lake Xiligou on the
northeastern Tibetan Plateau (Qin et al., 2023), (e) &' 8OCarb record from Lake Hala on the northeastern Tibetan Plateau (Cao
et al., 2007), (f) Alkenone RIK;, record from Lake Luming in northeastern China (Y. Yao et al., 2023), (g) RIK;,-inferred
salinity record from Lake Wudalianchi in northeastern China (Y. Yao et al., 2021), and (h) %Cj,., records from Lake Gahai
on the northeastern Tibetan Plateau (He et al., 2013; Zhao et al., 2018). Blue bars highlight the time intervals with substantial
meltwater pulses to lakes.
3.3. Meltwater-Induced Muted Lake Warming
Muted lake warming in northern China could be associated with abrupt meltwater pulses to lake water budget
under contemporary global warming. The mountainous regions surrounding lake basins experienced increased
snow and glacier accumulation during the cold LIA (T. Yao et al., 1996), which was likely accompanied by the
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Figure 4. Temperature and hydrological records over the last millennium. (a) Reconstructed (gray line, Moberg et al., 2005)
and instrumental (red line, Brohan et al., 2006) Northern Hemisphere temperatures, and tree-ring-based temperature changes
in northern China (purple line, Y. Liu et al., 2011). Alkenone (b) U§7 (temperature record), (c) %Cs,.4, (d) C5,/Cs4 records
(hydrological records) from Lake Daihai (this study), (e) UgK7 , (f) %C5;., records from Lake Qinghai (Z. Liu et al., 2017), and
(g) Mean grain size and Rb/Sr record from Lake Qinghai (brown and green line, respectively, this study); Yellow bars indicate
warm climatic background over the current warm period, blue bars highlight the time intervals with substantial meltwater pulses
and muted lake warming.
expansion and thickening of regional permafrost (H. Jin et al., 2020). Climatic warming over the CWP could have
triggered intensified melting of glaciers and snow, as well as permafrost thawing (Mernild et al., 2013; Walvoord
& Kurylyk, 2016; T. Yao et al., 2007). This process could have led to abrupt increases in cool and fresh meltwater
discharge once temperature thresholds were exceeded, potentially impacting the thermal and hydrological dy-
namics of the lake systems in the region. Enhanced surface runoff associated with increased meltwater discharge
could have facilitated the transport of coarser particles into the lake basins, and thus increased sediment grain size
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and decreased Rb/Sr values during abrupt lake freshening interval over the CWP (Figures 3b and 3c). Meanwhile,
the cooling effects of meltwater pulses could have restrained the increase in lake water temperature, to some
extent, and thus muted lake warming trends compared with terrestrial and instrumental temperature records
(Figure 2). While the alkenone records tend to reflect climatic conditions of specific seasons, the muted lake
warming under contemporary global warming, coupled with decreased water temperature in several Chinese
lakes over the past decades inferred from satellite data and model simulations (L. Huang et al., 2023; Wan
et al., 2018; G. Zhang et al., 2014), cannot be solely attributed to seasonal temperature changes. Due to limited
water temperature records for Chinese lakes over the past few centuries, the magnitude and spatial distribution of
meltwater effect on lake water temperature remain unclear. Meanwhile, lake conditions are influenced by various
environmental factors, necessitating the assessment of potential meltwater effects based on various indicators in
other Chinese lakes. More paired water temperature and hydrological records would enhance our understanding
of meltwater pulses.

Lake level increases in both monsoonal and westerlies-dominated northern China over the CWP (Figure 3),
together with muted or even no warming trends in lake water temperature records (Figure 2), indicate that the
effects of meltwater pulses on lake hydrology and water temperature during this climatic warming interval seem
to be a large-scale phenomenon in northern China. In westerlies regions, alkenone records from Lake Gahai (He
et al., 2013) show relatively low lake level during the MWP compared to the LIA (Figure S4d in Supporting
Information S1), consistent with other hydrological records from westerlies-dominated region (Figures S4e—S4g
in Supporting Information S1, He et al., 2013; X. Z. Huang et al., 2009; Song et al., 2015). However, %Cs;.,
records from Lake Gahai show abrupt lake freshening instead of increased salinity since ~1970 AD (Figure 3h,
He et al., 2013; Zhao et al., 2018), contrasting with the regional temperature-moisture association over the last
millennium, where dry (wet) conditions corresponded to warm (cold) intervals (Chen et al., 2019). Lake level
increases observed in westerlies-dominated region over the CWP (He et al., 2013; Zhao et al., 2018) appear to be
associated with abrupt temperature-driven meltwater pulses, thereby surpassing the impact of precipitation on
lake-level changes. In monsoonal regions, higher lake level generally corresponded to warmer rather than colder
conditions over the last millennium (Figure 4, Figures S5a—S5c in Supporting Information S1, Chen et al., 2019).
The regional temperature-moisture association appears to be disrupted over the CWP (Figure 4). We acknowl-
edge that monsoonal regions experience slight increases in precipitation during the CWP (Yang et al., 2014; Y.
Yao et al., 2021). However, muted lake warming under climatic warming conditions (Figure 2) strongly suggests
substantial meltwater pulses to lakes, which could abruptly alter lake hydrological dynamics, serving as a key
driver for the observed lake freshening over the CWP (Figure 3). Hence, abrupt lake freshening accompanied with
muted warming in monsoonal regions over the CWP could not be explained by temperature-induced precipitation
changes, again suggesting meltwater pulses to lakes.

Lake hydrological and water temperature records from northern China suggest substantial meltwater pulses and
thus abrupt lake freshening and muted lake warming over the CWP, the climatic transition period. However, the
timing, duration, and degree of its potential effect on lake hydrology and water temperature seem to vary among
lakes (Figures 2 and 3), which depends on local hydrological settings and other environmental factors, although
we acknowledge that chronological uncertainty may have also contributed to the difference in timing. Meanwhile,
the profound effects of meltwater pulses on lake hydrology and water temperature changes mostly occur at the
climatic transition over the Holocene (Aichner et al., 2022; J. Jiang et al., 2022; C. G. Li et al., 2021; G. Li
etal.,2024; Y. Lietal, 2021; Z. Wang et al., 2024), if the onset of the MWP can serve as an example (Figure 4).
Lake Qinghai reached a quasi-stable condition (Z. Liu et al., 2017) and followed regional hydrological (Chen
et al., 2019) and temperature (Y. Liu et al., 2011) changes since ~1000 AD (Figures 4e—4g), possibly associated
with decreased contribution of meltwater to lake water budget under relatively stable warm conditions.
Considering the stabilization of lake conditions following substantial meltwater pulses over the early Holocene (J.
Jiang et al., 2022; C. G. Li et al., 2021; G. Li et al., 2024; Y. Li et al., 2021) and the MWP, we suggest that
transient meltwater discharge does not appears to affect long-term lake evolution. Current lake water tempera-
tures documented in core top samples (Figures 2b—2f), which do not yet display high temperature signals, indicate
that lakes in northern China seem to be in a meltwater-influenced climatic transitional phase and have not reached
a quasi-stable condition.

Numerous studies have reported intensified melting of the terrestrial cryosphere and increased meltwater flux in
mid-latitude Asia in the context of global warming. For example, glacier fluctuation records from the Tibetan
Plateau (Yang et al., 2008) and the mid-to-high latitudes of the Northern Hemisphere (Figure SS5e in Supporting
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Information S1, Solomina et al., 2016) indicate marked intensifications in glacier melt since ~1900 AD. Sub-
stantial meltwater contribution to river runoff in northern China during the CWP has been widely recognized (Z.
Lietal.,2016). Hence, the effects of meltwater pulses should be considered when examining recent wetting trends
in arid and semi-arid regions of northern China and conducting hydrological projections (Chen et al., 2023).
Furthermore, the continuous expansion of high mountain lakes in arid and semi-arid regions of mid-latitude Asia
and the Tibetan Plateau in recent decades, driven by warming-induced meltwater discharge (X. Wang et al., 2016;
F. Xu et al., 2024; Zheng et al., 2019), presents a complex and uncertain future scenario due to the proposed long-
term reduction in meltwater influx in this region (Pritchard, 2019).

4. Conclusions

In summary, we have presented and synthesized temperature and hydrological records from northern China. Our
results indicate abrupt freshening and muted warming of lake water during the CWP, associated with substantial
meltwater pulses under anthropogenic warming. Divergent from instrumental air temperature records, the
meltwater effects could partly disrupt the warming signal in lake water temperature records. Findings in this study
highlight the transient meltwater effect on lake conditions in climatic warming periods, which would mute the
amplitude of warming in climatic transition period and has important implications for hydroclimatic re-
constructions and projections in northern China and perhaps over the globe.

Data Availability Statement

We declare that all new data in support of this study have been deposited in Figshare (Z. Liu, 2025).

References

Aichner, B., Wiinnemann, B., Callegaro, A., van der Meer, M. T., Yan, D., Zhang, Y., et al. (2022). Asynchronous responses of aquatic eco-
systems to hydroclimatic forcing on the Tibetan Plateau. Communications Earth & Environment, 3(1), 3. https://doi.org/10.1038/s43247-021-
00325-1

Brohan, P., Kennedy, J. J., Harris, L., Tett, S. F., & Jones, P. D. (2006). Uncertainty estimates in regional and global observed temperature changes:
A new data set from 1850. Journal of Geophysical Research, 111(D12), D122106. https://doi.org/10.1029/2005jd006548

Cao, J., Zhang, J., Zhang, C., & Chen, F. (2007). Environmental change during the past 800 years recorded in lakesediments from Hala Lake on the
northern Tibetan Plateau. Quaternary Sciences, 27(1), 100-107.

Chen, F., Chen, J., Huan, W., Chen, S., Huang, X., Jin, L., et al. (2019). 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. https://doi.org/10.1016/j.
earscirev.2019.03.005

Chen, F., Xie, T., Yang, Y., Chen, S., Chen, F., Huang, W., & Chen, J. (2023). Discussion of the “warming and wetting” trend and its future
variation in the drylands of Northwest China under global warming. Science China Earth Sciences, 66(6), 1241-1257. https://doi.org/10.1007/
$11430-022-1098-x

Esper, J., Torbenson, M., & Biintgen, U. (2024). 2023 Summer warmth unparalleled over the past 2,000 years. Nature, 631(8019), 94-97. https://
doi.org/10.1038/s41586-024-07512-y

He, Y., Wang, H., Meng, B., Liu, H., Zhou, A., Song, M., et al. (2020). Appraisal of alkenone-and archaeal ether-based salinity indicators in mid-
latitude Asian lakes. Earth and Planetary Science Letters, 538, 116236. https://doi.org/10.1016/j.epsl.2020.116236

He, Y., Zhao, C., Wang, Z., Wang, H., Song, M., Liu, W., & Liu, Z. (2013). Late Holocene coupled moisture and temperature changes on the
northern Tibetan Plateau. Quaternary Science Reviews, 80, 47-57. https://doi.org/10.1016/j.quascirev.2013.08.017

Huang, L., Wang, X., Yan, Y., Jin, L., Yang, K., Chen, A, et al. (2023). Attribution of lake surface water temperature change in large lakes across
China over past four decades. Journal of Geophysical Research: Atmospheres, 128(21), €2022JD038465. https://doi.org/10.1029/
2022jd038465

Huang, X. Z., Chen, F. H., Fan, Y. X., & Yang, M. L. (2009). Dry late-glacial and early Holocene climate in arid central Asia indicated by
lithological and palynological evidence from Bosten Lake, China. Quaternary International, 194(1-2), 19-27. https://doi.org/10.1016/j.quaint.
2007.10.002

Immerzeel, W. W., Van Beek, L. P., & Bierkens, M. F. (2010). Climate change will affect the Asian water towers. Science, 328(5984), 1382-1385.
https://doi.org/10.1126/science.1183188

Jiang, J., Liu, H., Jiang, Q., Chang, Y. P., Song, M., Meng, B., et al. (2022). Meltwater contribution to lake water budget in mid-latitude Asia
during the deglaciation and early Holocene. Geophysical Research Letters, 49(22), €2022GL100229. https://doi.org/10.1029/2022g1100229

Jiang, J., Meng, B., Wang, H., Liu, H., Song, M., He, Y., et al. (2024). Spatial patterns of Holocene temperature changes over mid-latitude Eurasia.
Nature Communications, 15(1), 1507. https://doi.org/10.1038/s41467-024-45883-y

Jiang, Q., Meng, B., Wang, Z., Qian, P., Zheng, J., Jiang, J., et al. (2022). Exceptional terrestrial warmth around 42002800 years ago in Northwest
China. Science Bulletin, 67(4), 427-436. https://doi.org/10.1016/j.scib.2021.11.001

Jin, H., Vandenberghe, J., Luo, D., Harris, S. A., He, R., Chen, X, et al. (2020). Quaternary permafrost in China: Framework and discussions.
Quaternary, 3(4), 32. https://doi.org/10.3390/quat3040032

Jin, Z., You, C. F., Wang, Y., & Shi, Y. (2010). Hydrological and solute budgets of Lake Qinghai, the largest lake on the Tibetan Plateau.
Quaternary International, 218(1-2), 151-156. https://doi.org/10.1016/j.quaint.2009.11.024

Kraaijenbrink, P. D., Stigter, E. E., Yao, T., & Immerzeel, W. W. (2021). Climate change decisive for Asia's snow meltwater supply. Nature
Climate Change, 11(7), 591-597. https://doi.org/10.1038/s41558-021-01074-x

JIANG ET AL.

9of 11

85U017 SUOLILLIOD 3AEa10 (el idde au3 Aq pausenob ke saole YO ‘88N JO Sa|nJ 1o} Afig1T3UIUO 48] 1M UO (SUOTPUOD-PU-SWLBY /W0 A8 | 1M AR1q | BU1 [UO//:SANY) SUORIPUOD PUe SWB | 84} 835 *[6202/20/80] Uo ARiqiT8uliuO A8 |IM ‘6T8ZTT 19¥202/620T 0T/I0p/Lod A 1M ARiqpul|uo'sgndnbe//sdny woiy papeojumod ‘9 ‘520z ‘L008tr6T


https://doi.org/10.1038/s43247-021-00325-1
https://doi.org/10.1038/s43247-021-00325-1
https://doi.org/10.1029/2005jd006548
https://doi.org/10.1016/j.earscirev.2019.03.005
https://doi.org/10.1016/j.earscirev.2019.03.005
https://doi.org/10.1007/s11430-022-1098-x
https://doi.org/10.1007/s11430-022-1098-x
https://doi.org/10.1038/s41586-024-07512-y
https://doi.org/10.1038/s41586-024-07512-y
https://doi.org/10.1016/j.epsl.2020.116236
https://doi.org/10.1016/j.quascirev.2013.08.017
https://doi.org/10.1029/2022jd038465
https://doi.org/10.1029/2022jd038465
https://doi.org/10.1016/j.quaint.2007.10.002
https://doi.org/10.1016/j.quaint.2007.10.002
https://doi.org/10.1126/science.1183188
https://doi.org/10.1029/2022gl100229
https://doi.org/10.1038/s41467-024-45883-y
https://doi.org/10.1016/j.scib.2021.11.001
https://doi.org/10.3390/quat3040032
https://doi.org/10.1016/j.quaint.2009.11.024
https://doi.org/10.1038/s41558-021-01074-x

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112819

Lan, J., Xu, H,, Lang, Y., Yu, K., Zhou, P., Kang, S., et al. (2020). Dramatic weakening of the East Asian summer monsoon in northern China
during the transition from the Medieval Warm Period to the Little ice age. Geology, 48(4), 307-312. https://doi.org/10.1130/g46811.1

Li, C. G., Wang, M., Liu, W., Lee, S. Y., Chen, F., & Hou, J. (2021). Quantitative estimates of Holocene glacier meltwater variations on the
Western Tibetan Plateau. Earth and Planetary Science Letters, 559, 116766. https://doi.org/10.1016/j.epsl.2021.116766

Li, C. G., Wang, M., Sun, Z., Cao, M., & Hou, J. (2023). Relationship between Holocene lake water temperature and glacier meltwater on the
northwestern Tibetan Plateau. Palaeogeography, Palaeoclimatology, Palaeoecology, 619, 111560. https://doi.org/10.1016/j.palaco.2023.
111560

Li, G., Wang, X,, Yang, H., Jin, M., Qin, C., Wang, Y, et al. (2024). Asynchronous Holocene lake evolution in arid mid-latitude Asia is driven by
glacial meltwater and variations in Westerlies and the East Asian summer monsoon. Geological Society of America Bulletin, 136(11-12),
4579-4594. https://doi.org/10.1130/b37288.1

Li, X., Liang, J., Hou, J., & Zhang, W. (2015). Centennial-scale climate variability during the past 2000 years on the central Tibetan Plateau. The
Holocene, 25(6), 892-899. https://doi.org/10.1177/0959683615572852

Li, X., & Liu, W. (2017). Lake evolution and hydroclimate variation at Lake Qinghai (China) over the past 32 ka inferred from ostracods and their
stable isotope composition. Journal of Paleolimnology, 58(3), 299-316. https://doi.org/10.1007/s10933-017-9979-6

Li, Y.,Hu, L., Zhao, Y., Wang, H., Huang, X., Chen, G., et al. (2021). Meltwater-driven water-level fluctuations of Bosten Lake in arid China over
the past 2,000 years. Geophysical Research Letters, 48(2), e2020GL090988. https://doi.org/10.1029/2020g1090988

Li, Z., Feng, Q., Wang, Q., Yong, S., Li, J., Li, Y., & Wang, Y. (2016). Quantitative evaluation on the influence from cryosphere meltwater on
runoff in an inland river basin of China. Global and Planetary Change, 143, 189-195. https://doi.org/10.1016/j.gloplacha.2016.06.005

Liu, Y., Cai, Q., Song, H., An, Z., & Linderholm, H. W. (2011). Amplitudes, rates, periodicities and causes of temperature variations in the past
2485 years and future trends over the central-eastern Tibetan Plateau. Chinese Science Bulletin, 56(28-29), 2986—2994. https://doi.org/10.
1007/s11434-011-4713-7

Liu, Z. (2025). Meltwater-induced muted lake warming [Dataset]. figshare. https://doi.org/10.6084/m9.figshare.27125355.v1

Liu, Z., Zhou, A., & Liu, W. (2017). Further reconstruction of temperature and salinity changes in Lake Qinghai over the past millennium.
Quaternary Sciences, 37(5), 974-981.

Meng, B., Zhou, A., Zhang, Y., Song, M., Liu, W., Xie, Z., et al. (2020). Downcore variations of carbon reservoir ages linked to lake level changes
in northwest China. Quaternary Geochronology, 60, 101105. https://doi.org/10.1016/j.quageo.2020.101105

Mernild, S. H., Lipscomb, W. H., Bahr, D. B., Radié, V., & Zemp, M. (2013). Global glacier changes: A revised assessment of committed mass
losses and sampling uncertainties. The Cryosphere, 7(5), 1565-1577. https://doi.org/10.5194/tc-7-1565-2013

Moberg, A., Sonechkin, D. M., Holmgren, K., Datsenko, N. M., & Karlén, W. (2005). Highly variable Northern Hemisphere temperatures
reconstructed from low-and high-resolution proxy data. Nature, 433(7026), 613-617. https://doi.org/10.1038/nature03265

PAGES 2k Consortium. (2013). Continental-scale temperature variability during the past two millennia. Nature Geoscience, 6(5), 339-346.
https://doi.org/10.1038/ngeo1797

Pritchard, H. D. (2019). Asia's shrinking glaciers protect large populations from drought stress. Nature, 569(7758), 649—-654. https://doi.org/10.
1038/541586-019-1240-1

Qin, L., Liu, G., Li, X., Chongyi, E., Li, J., Wu, C., et al. (2023). A 1000-year hydroclimate record from the Asian summer monsoon-westerlies
transition zone in the northeastern Qinghai-Tibetan Plateau. Climatic Change, 176(3), 20. https://doi.org/10.1007/s10584-023-03497-1

Schneider, L., Konter, O., Esper, J., & Anchukaitis, K. J. (2023). Constraining the nineteenth-century temperature baseline for global warming.
Journal of Climate, 36(18), 6261-6272. https://doi.org/10.1175/jcli-d-22-0806.1

Solomina, O. N., Bradley, R. S., Jomelli, V., Geirsdottir, A., Kaufman, D. S., Koch, J., et al. (2016). Glacier fluctuations during the past 2000
years. Quaternary Science Reviews, 149, 61-90. https://doi.org/10.1016/j.quascirev.2016.04.008

Song, M., Zhou, A., Zhang, X., Zhao, C., He, Y., Yang, W., et al. (2015). Solar imprints on Asian inland moisture fluctuations over the last
millennium. The Holocene, 25(12), 1935-1943. https://doi.org/10.1177/0959683615596839

Walvoord, M. A., & Kurylyk, B. L. (2016). Hydrologic impacts of thawing permafrost—A review. Vadose Zone Journal, 15(6), 1-20. https://doi.
0rg/10.2136/vzj2016.01.0010

Wan, W., Zhao, L., Xie, H., Liu, B., Li, H., Cui, Y., et al. (2018). Lake surface water temperature change over the Tibetan Plateau from 2001 to
2015: A sensitive indicator of the warming climate. Geophysical Research Letters, 45(20), 11-177. https://doi.org/10.1029/2018g1078601

Wang, H., Dong, H., Zhang, C. L., Jiang, H., Zhao, M., Liu, Z., et al. (2014). Water depth affecting thaumarchaeol production in Lake Qinghai,
northeastern Qinghai-Tibetan Plateau: Implications for paleo lake levels and paleoclimate. Chemical Geology, 368, 76—84. https://doi.org/10.
1016/j.chemgeo.2014.01.009

Wang, X., Liu, Q., Liu, S., Wei, J., & Jiang, Z. (2016). Heterogeneity of glacial lake expansion and its contrasting signals with climate change in
Tarim Basin, Central Asia. Environmental Earth Sciences, 75(8), 1-11. https://doi.org/10.1007/s12665-016-5498-4

Wang, Z., Zhang, F., Li, X., Xing, M., Cao, Y., Wang, H., et al. (2024). A substantial meltwater event on the northeastern Tibetan Plateau during
the middle to late Holocene transition. Quaternary Science Reviews, 344, 108996. https://doi.org/10.1016/j.quascirev.2024.108996

Xiao,J., Wu, J,, Si, B., Liang, W., Nakamura, T., Liu, B., & Inouchi, Y. (2006). Holocene climate changes in the monsoon/arid transition reflected
by carbon concentration in Daihai Lake of Inner Mongolia. The Holocene, 16(4), 551-560. https://doi.org/10.1191/0959683606h1950rp

Xu, F., Zhang, G., Woolway, R. I, Yang, K., Wada, Y., Wang, J., & Crétaux, J. (2024). Widespread societal and ecological impacts from projected
Tibetan Plateau lake expansion. Nature Geoscience, 17(6), 516-523. https://doi.org/10.1038/s41561-024-01446-w

Xu, L., Liu, Y., Sun, Q., Chen, J., Cheng, P., & Chen, Z. (2017). Climate change and human occupations in the lake Daihai basin, north-central
China over the last 4500 years: A geo-archeological perspective. Journal of Asian Earth Sciences, 138, 367-377. https://doi.org/10.1016/j.
jseaes.2017.02.019

Yang, B., Briuning, A., Dong, Z., Zhang, Z., & Keqing, J. (2008). Late Holocene monsoonal temperate glacier fluctuations on the Tibetan Plateau.
Global and Planetary Change, 60(1-2), 126—140. https://doi.org/10.1016/j.gloplacha.2006.07.035

Yang, B., Qin, C., Wang, J., He, M., Melvin, T. M., Osborn, T. J., & Briffa, K. R. (2014). A 3,500-year tree-ring record of annual precipitation on
the northeastern Tibetan Plateau. Proceedings of the National Academy of Sciences of the United States of America, 111(8),2903-2908. https://
doi.org/10.1073/pnas.1319238111

Yao, T.,Pu,J., Lu, A., Wang, Y., & Yu, W. (2007). Recent glacial retreat and its impact on hydrological processes on the Tibetan Plateau, China,
and surrounding regions. Arctic Antarctic and Alpine Research, 39(4), 642—650. https://doi.org/10.1657/1523-0430(07-510)[ya0]2.0.co;2

Yao, T., Qin, D., Tian, L., Jiao, K., Yang, Z., Xie, C., & Thompson, L. G. (1996). Variations in temperature and precipitation in the past 2000a on
the Xizang (Tibetan) Plateau-Guliya ice core record. Science China, 16(4), 348-353.

Yao, Y., Huang, Y., Zhao, J., Wang, L., Ran, Y., Liu, W., & Cheng, H. (2021). Permafrost thaw induced abrupt changes in hydrology and carbon
cycling in Lake Wudalianchi, northeastern China. Geology, 49(9), 1117-1121. https://doi.org/10.1130/g48891.1

JIANG ET AL.

10 of 11

85U017 SUOLILLIOD 3AEa10 (el idde au3 Aq pausenob ke saole YO ‘88N JO Sa|nJ 1o} Afig1T3UIUO 48] 1M UO (SUOTPUOD-PU-SWLBY /W0 A8 | 1M AR1q | BU1 [UO//:SANY) SUORIPUOD PUe SWB | 84} 835 *[6202/20/80] Uo ARiqiT8uliuO A8 |IM ‘6T8ZTT 19¥202/620T 0T/I0p/Lod A 1M ARiqpul|uo'sgndnbe//sdny woiy papeojumod ‘9 ‘520z ‘L008tr6T


https://doi.org/10.1130/g46811.1
https://doi.org/10.1016/j.epsl.2021.116766
https://doi.org/10.1016/j.palaeo.2023.111560
https://doi.org/10.1016/j.palaeo.2023.111560
https://doi.org/10.1130/b37288.1
https://doi.org/10.1177/0959683615572852
https://doi.org/10.1007/s10933-017-9979-6
https://doi.org/10.1029/2020gl090988
https://doi.org/10.1016/j.gloplacha.2016.06.005
https://doi.org/10.1007/s11434-011-4713-7
https://doi.org/10.1007/s11434-011-4713-7
https://doi.org/10.6084/m9.figshare.27125355.v1
https://doi.org/10.1016/j.quageo.2020.101105
https://doi.org/10.5194/tc-7-1565-2013
https://doi.org/10.1038/nature03265
https://doi.org/10.1038/ngeo1797
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1038/s41586-019-1240-1
https://doi.org/10.1007/s10584-023-03497-1
https://doi.org/10.1175/jcli-d-22-0806.1
https://doi.org/10.1016/j.quascirev.2016.04.008
https://doi.org/10.1177/0959683615596839
https://doi.org/10.2136/vzj2016.01.0010
https://doi.org/10.2136/vzj2016.01.0010
https://doi.org/10.1029/2018gl078601
https://doi.org/10.1016/j.chemgeo.2014.01.009
https://doi.org/10.1016/j.chemgeo.2014.01.009
https://doi.org/10.1007/s12665-016-5498-4
https://doi.org/10.1016/j.quascirev.2024.108996
https://doi.org/10.1191/0959683606hl950rp
https://doi.org/10.1038/s41561-024-01446-w
https://doi.org/10.1016/j.jseaes.2017.02.019
https://doi.org/10.1016/j.jseaes.2017.02.019
https://doi.org/10.1016/j.gloplacha.2006.07.035
https://doi.org/10.1073/pnas.1319238111
https://doi.org/10.1073/pnas.1319238111
https://doi.org/10.1657/1523-0430(07-510)%5Byao%5D2.0.co;2
https://doi.org/10.1130/g48891.1

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL112819

Yao, Y., Wang, L., Huang, Y., Liang, J., Vachula, R. S., Cai, Y., & Cheng, H. (2023). Pre-industrial (1750-1850 CE) cold season warmth in
northeastern China. Geophysical Research Letters, 50(10), €2023GL103591. https://doi.org/10.1029/2023g1103591

Yao, Y., Zhao, J., Vachula, R. S., Liao, S., Li, G., Pearson, E. J., & Huang, Y. (2022). Phylogeny, alkenone profiles and ecology of Isochrysidales
subclades in saline lakes: Implications for paleosalinity and paleotemperature reconstructions. Geochimica et Cosmochimica Acta, 317, 472—
487. https://doi.org/10.1016/j.gca.2021.11.001

Zeng, Y., Chen, J., Xiao, J., & Qi, L. (2013). Non-residual Sr of the sediments in Daihai Lake as a good indicator of chemical weathering.
Quaternary Research, 79(2), 284-291. https://doi.org/10.1016/j.yqres.2012.11.010

Zhang, G., Yao, T., Xie, H., Qin, J., Ye, Q., Dai, Y., & Guo, R. (2014). Estimating surface temperature changes of lakes in the Tibetan Plateau
using MODIS LST data. Journal of Geophysical Research: Atmospheres, 119(14), 8552-8567. https://doi.org/10.1002/2014jd021615

Zhang, J. F., Xu, B., Turner, F., Zhou, L., Gao, P., Lii, X., & Nesje, A. (2017). Long-term glacier melt fluctuations over the past 2500 yr in
monsoonal High Asia revealed by radiocarbon-dated lacustrine pollen concentrates. Geology, 45(4), 359-362. https://doi.org/10.1130/
238690.1

Zhao, J., Liu, J., Liu, J., Chen, S., Zhou, A., Chen, L., et al. (2024). Abrupt cooling of cold seasons at the middle-late Holocene transition revealed
by alkenone records from North China. Quaternary Science Reviews, 330, 108594. https://doi.org/10.1016/j.quascirev.2024.108594

Zhao, J., Thomas, E. K., Yao, Y., DeAraujo, J., & Huang, Y. (2018). Major increase in winter and spring precipitation during the Little Ice Age in
the westerly dominated northern Qinghai-Tibetan Plateau. Quaternary Science Reviews, 199, 30-40. https://doi.org/10.1016/j.quascirev.2018.
09.022

Zheng, G., Bao, A., Li, J., Zhang, G., Xie, H., Guo, H., et al. (2019). Sustained growth of high mountain lakes in the headwaters of the Syr Darya
river, Central Asia. Global and Planetary Change, 176, 84-99. https://doi.org/10.1016/j.gloplacha.2019.03.004

Zhou, W., Liu, T., Wang, H., An, Z., Cheng, P., Zhu, Y., & Burr, G. S. (2016). Geological record of meltwater events at Qinghai Lake, China from
the past 40 ka. Quaternary Science Reviews, 149, 279-287. https://doi.org/10.1016/j.quascirev.2016.08.005

References From the Supporting Information

Blaauw, M., & Christen, J. A. (2011). Flexible paleoclimate age-depth models using an autoregressive gamma process. Bayesian Analysis, 6(3),
457-474. https://doi.org/10.1214/ba/1339616472

Chu, G., Sun, Q., Li, S., Zheng, M., Jia, X., Lu, C,, et al. (2005). Long-chain alkenone distributions and temperature dependence in lacustrine
surface sediments from China. Geochimica et Cosmochimica Acta, 69(21), 4985-5003. https://doi.org/10.1016/j.gca.2005.04.008

D’Andrea, W.J., Huang, Y., Fritz, S. C., & Anderson, N. J. (2011). Abrupt Holocene climate change as an important factor for human migration in
West Greenland. Proceedings of the National Academy of Sciences of the United States of America, 108(24), 9765-9769. https://doi.org/10.
1073/pnas.1101708108

Kalugin, I., Daryin, A., Smolyaninova, L., Andreev, A., Diekmann, B., & Khlystov, O. (2007). 800-yr-long records of annual air temperature and
precipitation over southern Siberia inferred from Teletskoye Lake sediments. Quaternary Research, 67(3), 400-410. https://doi.org/10.1016/j.
yqres.2007.01.007

Liu, W., Liu, Z., Fu, M., & An, Z. (2008). Distribution of the C,, tetra-unsaturated alkenone in Lake Qinghai, China: A potential lake salinity
indicator. Geochimica et Cosmochimica Acta, 72(3), 988-997. https://doi.org/10.1016/j.gca.2007.11.016

Liu, Z., He, Y., Jiang, Y., Wang, H., Liu, W., Bohaty, S. M., & Wilson, P. A. (2018). Transient temperature asymmetry between hemispheres in
the palacogene Atlantic Ocean. Nature Geoscience, 11(9), 656—660. https://doi.org/10.1038/s41561-018-0182-9

Oldfield, F., Appleby, P. G., & Battarbee, R. W. (1978). Alternative 210py, dating: Results from the new Guinea highlands and lough Erne. Nature,
271(5643), 339-342. https://doi.org/10.1038/271339a0

Prahl, F. G., & Wakeham, S. G. (1987). Calibration of unsaturation patterns in long-chain ketone compositions for palacotemperature assessment.
Nature, 330(6146), 367-369. https://doi.org/10.1038/330367a0

Rosell-Melé, A. (1998). Interhemispheric appraisal of the value of alkenone indices as temperature and salinity proxies in high-latitude locations.
Paleoceanography, 13(6), 694-703. https://doi.org/10.1029/98pa02355

Song, M., Zhou, A., He, Y., Zhao, C., Wu, J., Zhao, Y., et al. (2016). Environmental controls on long-chain alkenone occurrence and compo-
sitional patterns in lacustrine sediments, northwestern China. Organic Geochemistry, 91, 43-53. https://doi.org/10.1016/j.orggeochem.2015.
10.009

Sun, Q., Chu, G,, Liu, G,, Li, S., & Wang, X. (2007). Calibration of alkenone unsaturation index with growth temperature for a lacustrine species,
Chrysotila lamellosa (Haptophyceae). Organic Geochemistry, 38(8), 1226-1234. https://doi.org/10.1016/j.orggeochem.2007.04.007

van der Bilt, W. G., D'Andrea, W. J., Werner, J. P., & Bakke, J. (2019). Early Holocene temperature oscillations exceed amplitude of observed and
projected warming in Svalbard lakes. Geophysical Research Letters, 46(24), 14732—14741. https://doi.org/10.1029/2019g1084384

Xu, H., Liu, B., & Wu, F. (2010). Spatial and temporal variations of Rb/Sr ratios of the bulk surface sediments in Lake Qinghai. Geochemical
Transactions, 11, 1-8. https://doi.org/10.1186/1467-4866-11-3

Zhao, C., Liu, Z., Rohling, E. J., Yu, Z., Liu, W., He, Y., et al. (2013). Holocene temperature fluctuations in the northern Tibetan Plateau.
Quaternary Research, 80(1), 55-65. https://doi.org/10.1016/j.yqres.2013.05.001

JIANG ET AL.

11 of 11

85U017 SUOLILLIOD 3AEa10 (el idde au3 Aq pausenob ke saole YO ‘88N JO Sa|nJ 1o} Afig1T3UIUO 48] 1M UO (SUOTPUOD-PU-SWLBY /W0 A8 | 1M AR1q | BU1 [UO//:SANY) SUORIPUOD PUe SWB | 84} 835 *[6202/20/80] Uo ARiqiT8uliuO A8 |IM ‘6T8ZTT 19¥202/620T 0T/I0p/Lod A 1M ARiqpul|uo'sgndnbe//sdny woiy papeojumod ‘9 ‘520z ‘L008tr6T


https://doi.org/10.1029/2023gl103591
https://doi.org/10.1016/j.gca.2021.11.001
https://doi.org/10.1016/j.yqres.2012.11.010
https://doi.org/10.1002/2014jd021615
https://doi.org/10.1130/g38690.1
https://doi.org/10.1130/g38690.1
https://doi.org/10.1016/j.quascirev.2024.108594
https://doi.org/10.1016/j.quascirev.2018.09.022
https://doi.org/10.1016/j.quascirev.2018.09.022
https://doi.org/10.1016/j.gloplacha.2019.03.004
https://doi.org/10.1016/j.quascirev.2016.08.005
https://doi.org/10.1214/ba/1339616472
https://doi.org/10.1016/j.gca.2005.04.008
https://doi.org/10.1073/pnas.1101708108
https://doi.org/10.1073/pnas.1101708108
https://doi.org/10.1016/j.yqres.2007.01.007
https://doi.org/10.1016/j.yqres.2007.01.007
https://doi.org/10.1016/j.gca.2007.11.016
https://doi.org/10.1038/s41561-018-0182-9
https://doi.org/10.1038/271339a0
https://doi.org/10.1038/330367a0
https://doi.org/10.1029/98pa02355
https://doi.org/10.1016/j.orggeochem.2015.10.009
https://doi.org/10.1016/j.orggeochem.2015.10.009
https://doi.org/10.1016/j.orggeochem.2007.04.007
https://doi.org/10.1029/2019gl084384
https://doi.org/10.1186/1467-4866-11-3
https://doi.org/10.1016/j.yqres.2013.05.001

	description
	Meltwater‐Induced Lake Freshening and Muted Warming in Northern China Under Contemporary Global Warming
	1. Introduction
	2. Materials and Methods
	3. Results and Discussion
	3.1. Proxy Interpretation
	3.2. Lake Water Temperature and Hydrological Changes
	3.3. Meltwater‐Induced Muted Lake Warming

	4. Conclusions
	Data Availability Statement



