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Key Points:

e A temperature record over last 20 ka from Huguangyan Maar Lake in
tropical China based on brGDGTs

e The Holocene temperature evolution at Huguangyan Maar Lake charac-
terized with a regional-scale temperature change

e Ice volume may be main driving force on the temperature change of
Huguangyan Maar Lake region from the Last Glacial Maximum to
Holocene

Abstract

Discrepancies exist in global temperature evolution from the Last Glacial Maxi-
mum to the present between model simulations and proxy reconstruction. This
debate is critical for understanding and evaluating current global warming on
a longer timescale. Here we report a branched GDGTs-based temperature re-
construction from the sediments of Huguangyan Maar Lake in southeast China
and validate it using historical documentary evidence and instrumental data.
The reconstructed mean annual air temperature (MAAT) indicates distinct
changes during the last deglaciation (Oldest Dryas, Bglling-Allergd, Younger
Dryas). During the Holocene, temperatures gradually increased from the end
of the Younger Dryas to ~7.0 ka BP, followed by a decrease in recent decades.
However, our terrestrial temperature record differs with model simulations and
proxy sea surface temperature records of the Holocene. We conclude that ice
volume or ice sheet is the most prominent forcing that controlled the regional
temperature evolution from the Last Glacial Maximum to the beginning of the
middle Holocene; while the temperature variations during the middle and late



Holocene were mainly regulated by several possible factors, such as oceanic and
atmospheric circulation, and external drivers (solar and volcanic activity).

1 Introduction

There is an ongoing debate about the Holocene temperature record of the extra-
tropical Northern Hemisphere. Proxy records show a general long-term cooling
trend since the early Holocene (Marcott et al., 2013), while model simulations
indicate a warming trend over the past ~12,000 years (Liu et al., 2014). Models
play an important role in understanding how climate systems respond to various
forcing factors and boundary conditions. However, many dynamic processes are
not well computed or weighted in the model simulations, such as external forcing
factors (solar irradiance and explosive volcanism), and the internal variability
of the climate system (e.g., ENSO, PDO, AO, and the monsoon). Moreover,
proxy-based temperature reconstructions are often of low resolution and have
relatively large uncertainties in proxy calibration and dating, as well as regional
or seasonal biases. Hence, more regional proxy-based paleoclimate time series
are needed to verify the climatic record of the Holocene and to understand the
differences between model simulations and paleoclimate reconstructions.

In this study, we present a high resolution branched glycerol dialkyl glycerol
tetraethers (brGDGTs) membrane lipids-based temperature reconstruction (0-
10 ka BP) combined with previously published data (10-20 ka BP) from the
sediments of Huguangyan Maar Lake (21°9°N, 110°17°E) in tropical China
(Chu et al., 2017), with the aim of obtaining a regional terrestrial temperature
record and to understand its dynamic links.

Our paleotemperature proxy is based on brGDGTs, which comprise two dialkyl
chains with different amounts of methyl and cyclopentane moieties (Damsté et
al., 2009; Hopmans et al., 2004; Naafs et al., 2017; Sanchi et al., 2014; Schouten
et al., 2000; Schouten et al., 2013; Sun et al., 2011; Tierney & Russell, 2009; Wei-
jers et al., 2007). The physical and biological mechanisms of the temperature
sensitivity of brGDGTs could be due to their membrane components maintain-
ing membrane fluidity via methyl and cyclopentane moieties (Damsté et al.,
2002; Huguet et al., 2007; Weijers et al., 2007). The methylation index of
branched tetraethers (MBT) and the cyclization ratio of branched tetraethers
(CBT) have previously been used to reconstruct terrestrial paleotemperatures
from lacustrine sediments, soils, and peat sequences (Ding et al., 2015; Naafs et
al., 2017; Peterse et al., 2012; Weijers et al., 2007; Yang et al., 2014).

Numerous studies have confirmed that brGDGTs-based indices from lacustrine
sediments can be used to reconstruct terrestrial paleotemperatures (De Jonge et
al., 2014; Hu et al., 2016; Kaiser et al., 2015; Loomis et al., 2012; Martin et al.,
2020; Naafs et al., 2017; Pearson et al., 2011; Russell et al., 2018; Sun et al., 2011;
Tian et al., 2019; Tierney et al., 2010; Weijers et al., 2007; Zink et al., 2016).
However, several interpretational uncertainties remain, such as regarding the
relative contributions of aquatic sources and soil sources to brGDGTs because
the calibration functions from soils and lakes are quite different. Huguangyan



Lake is a small, hydrologically-closed lake with no inflows and a small water-
shed area, and therefore the sedimentary organic matter originates mainly in
the water column (Chu et al., 2017; Hu et al., 2016). The within-lake origin of
the sedimentary organic matter, which is also supported by the relatively low
sedimentary TOC/N ratios since ~20 ka BP (Chu et al., 2002), substantially
reduces this source of uncertainty in paleotemperature reconstruction. Previ-
ous brGDGTs-based MAAT reconstructions during the last deglaciation from
the sediments of Huguangyan Maar Lake demonstrated a distinctive pattern of
temperature changes from during the Oldest Dryas, Bglling-Allergd, Younger
Dryas, and the onset of the Holocene (Chu et al., 2017).

2 Materials and Methods
2.1 Study site

Maar lakes are recognized as ideal sites for preserving high-resolution sedimen-
tary archives because they are closed basins with a relatively simple hydrologi-
cal system and they provide continuous sedimentary sequences (Yancheva et al.,
2007). Huguangyan Maar Lake is a closed basin without stream inputs located
in the Leizhou Peninsula in the tropical region of South China. The surface
area is 2.3 km2, the maximum water depth is 22 m, and the watershed area is
3.2 km2 (Figure 1) (Chu et al., 2002; Yancheva et al., 2007). The area has a
mean annual air temperature of 23.4°C and a temperature difference between
winter and summer of 11.9°C (1964-2004; data from Zhanjiang meteorological
station). Overlapping piston cores were collected from near the center of the
lake in a water depth of 14 m. The cores were sliced at a 1-cm interval and then
freeze dried for GDGTs extraction.

90°E 120°E

30°N

Figure 1. Location of Huguangyan Maar Lake. Solid arrows indicate the dom-
inant direction of the summer monsoon (yellow) and winter monsoon (white).
The inset photo shows Huguangyan Lake. Background image is modified from
NASA (http://visibleearth.nasa.gov).
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2.2 Chronology

The sedimentary chronology for Huguangyan Maar Lake is based on 14 AMS
14C dates from handpicked leaves and/or other terrestrial plant macrofossils,
together with analyses of '37Cs and 2!°Pb concentrations (Table 1; Figure 2;
Supplementary Figure S1). The results of radiometric dating (**7Cs, 21°Pb,
AMS!C) have been presented previously (Chu et al., 2017; Wang et al., 2016).

Table 1. Radiocarbon ages from Huguangyan Maar Lake.

Lab. code Material Depth (cm) Radiocarbon age (BP) Calibrated age (Median)

Poz-47119 Leaves 53 850+40 738
Poz-47120 Leaves 94 1200450 1135
Poz-47121 Branch 135 1275430 1233
Poz-47122 Leaves 179 1875+£35 1822
Poz-47187 Leaves 290 3650435 3941
Poz-47123 Leaves 399 4140440 4644
Poz-47124 Leaves 541 6280440 7215
Poz-47188 Leaves 626 9420+80 10640
Poz-47125 Leaves 671 10300470 12246
Poz-47127 Leaves 731 11430460 13427
Poz-47128 Leaves 815 13420£70 16122
Poz-47129 Charcoal 882 14530+170 17399
Poz-47130 Charcoal 936 155904120 18619
Poz-47131 Charcoal 1026 169804200 20219

All AMS C ages were calibrated using the atmospheric data set from the
calibration program CALIB 4.3 (Stuiver et al., 1998).
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Figure 2. Age-depth plot for the Maar Lake Huguangyan. The calibrated
AMS14C dates are from Wang et al., (2016) (red) and Chu et al., (2017) (blue).

2.3 GDGTs analysis

This study builds upon previous work of Huguangyan Maar Lake (Chu et al.,
2017). For GDGTs analysis, freeze-dried samples (~1.5 g) were extracted using
a dichloromethane (DCM): methanol (9:1, v/v) mixture with an accelerated
solvent extractor (ASE 350) at 120 °C and 1500 psi for two cycles. The extracts
were dried under N, and separated into apolar and polar fractions over an
activated Al203 column using hexane: DCM (9:1, v/v) and DCM: methanol
(1:1, v/v) as the respective eluents.

The branched GDGTs were analyzed using a Shimadzu high-performance liquid
chromatography triple quadrupole mass spectrometry system (HPLC-MS), with
an autosampler and Analyst software (modified by Hopmans et al., 2004; Weijers
et al., 2007). Separation was achieved using a Grace Prevail Cyano column (150
mm X 2.1 mm; 3 m); ion scanning was performed in a single ion monitoring
mode at m/z 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020 and 1018. The
brGDGTs were quantified using a C46 internal standard.

MAAT from brGDGT for the Huguangyan Maar Lake was obtained using the
degree of methylation (MBT) and the cyclisation ration of branched tetraether
(CBT) according to the proxy calibration for the lacustrine sediment from China
and Nepal (Sun et al., 2011):



MAAT=3.949 — 5.593 x CBT + 38.213 x MBT (n=100, r>=0.73)
3 Result and Discussion

3.1 Reconstruction temperature vs. instrumental data and historical documen-
tary.

All proxy data are indirect measurements of climate change, and therefore it
is necessary to calibrate or validate them against instrumental or other inde-
pendent data(Jones & Mann, 2004). Hence, we compared the brGDGTs-based
MAAT record from Huguangyan Maar Lake with several other independent cli-
mate datasets: instrumental annual mean air temperature data from Zhanjiang
meteorological station, ~15 km from Huguangyan Lake; historical documents
from 140 local chronicles and 14 monographs from southern China (south of
23.5°N), and a synthetic temperature reconstruction for China (Figure 3c).

The reconstructed MAAT is 22.5°C for the period of 2010 CE-1951 CE (based
on 137Cs-dating of the uppermost part of the sediment column). This result is
close to the instrumental annual mean air temperature (23.2°C) for the same pe-
riod obtained from nearby Zhanjiang meteorological station, however, there is a
0.7°C offset between the instrumental data and the reconstructed temperatures.
Although temperatures in this tropical lake are favorable for biological activity
throughout the year, the brGDGTs-based temperature is slightly biased to win-
ter and spring temperatures because of the turnover of the water column, which
causes nutrient-rich bottom water to reach the surface and support the growth
of aquatic organisms. This was confirmed by the seasonal flux of brGDGTs
estimated from sediment traps (Hu et al., 2016), together with monthly obser-
vations of planktonic diatoms (Wang et al., 2012). The occurrence of lower
temperatures during the 1970s is confirmed by both instrumental data for 1921
CE-1939 CE and 1951 CE—-2010 CE, as well as by the MAAT reconstruction
(Figure 3a).

Historical documents have often been used for paleoclimatic reconstruction. In
tropical China, historical documents are widely available and there are hundreds
of local chronicles. Direct descriptions using terms such as “rivers frozen” and
“snow, sleet and frost” in tropical China (south of 23°30’ N) are interpreted
as clear evidence of cold events. These abnormal phenomena are related to
cold surges (cold waves). Meteorologically, a cold surge has been defined as
a very large temperature decrease (exceeding 8°C) within 24 hours, and they
are proposed as a surrogate for winter monsoon strength in China (Ray et al.,
1991). Cold surges have a relatively short duration, often less than one week. We
used historical documents to produce a compilation of evidence of “rivers frozen,
snow, sleet and frost in the tropical plains” (south of 23.5° N; see Supplementary
Table S1). The sources are from ”"Natural disasters in historical documents in
Guangdong province” (including Hainan province) and ”"Natural disasters in
historical documents in Guangxi province” (Institute of Literary and History,
Guangdong Province, unpublished data), which consist of 140 local chronicles
and 14 monographs.
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Figure 3. Comparison of the brGDGTs-based MAAT record for Huguangyan
Maar Lake with historical documentary evidence, instrumental data, and pos-
sible climate forcings during the last millennium. (a) brGDGTs-based MAAT
record obtained in this study (blue line); annual mean air temperature from
Zhangjiang Station (1921-1939 and 1951-2010) (yellow line); modern MAAT
for the study area (green dashed line). (b) Number of counties with cold surges
per 30 years in tropical China years from historical documents; (¢) Synthetic
temperature reconstruction for China (Ge et al., 2015); (d) Record of tropical
solar forcing (Mann et al., 2005); (e) record of GHG radiative forcing (CO,,
CH,, N,0O) (Kohler et al., 2017); (f) Record of tropical volcanic forcing (Mann
et al., 2005); Green bars represent the extreme cold winters based on historical
documentary evidence from China (Chu and Ching, 1973).

Extreme cold events are concentrated in the Little Ice Age, especially between
800 CE and 1900 CE, while the Medieval Warm Period (MWP) had few fewer
cold events (Figure 3b). Historical records are less abundant and intermittent



before 1400 CE but are more continuous after the Ming Dynasty (the Fang
Zhi (local chronic) period of 1400 CE-1900 CE). The brGDGTs-based MAAT
record from Huguangyan Maar Lake shows three cold intervals: 440 CE-1640
CE, 1800 CE-1890 CE, and during the 1970s (Figure 3a). Within the limits
of the dating uncertainties, these intervals are consistent with the documentary
evidence (Figure 3b).

Natural climate forcings such as changes in solar output and volcanic eruptions
are widely recognized as causes of decadal-to-centennial-scale climatic varia-
tions. Figure 3 shows that most of the cold intervals recorded at Huguangyan
Maar Lake correspond to sunspot minima and episodes of intensified volcanic
activity. However, the decrease in MAAT at ~1740 CE is not linked to these
forcings.

3.2 Holocene brGDGTs-based temperature change

Although the climate of the Holocene, the most recent interval of Earth history,
was more stable than that during the last glacial period, it was interrupted
by several abrupt cooling events on the decadal- to centennial-scale (Bond et
al., 2001). The brGDGTs-based temperature record from Huguangyan Maar
Lake shows an increase in MAAT from 22°C after the Younger Dryas (11.5 ka
BP) to 28°C by ~7.0 ka BP, followed by a gradual decrease from 23.5°C in recent
decades. This general trend is punctuated by eight cooling events on the decadal-
to centennial-scale, centered at 0.4, 2.0, 3.7, 5.3, 5.8, 8.3, 9.0, and 9.6 ka B.P.
(Figure 4, 5).
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Figure 4. Comparison of the Holocene brGDGTs-based MAAT record
with temperature reconstructions and model simulations. (a) BrGDGTs-based
MAAT from Huguangyan Maar Lake (this study); (b) Global mean surface tem-
perature (Templ2k; Kaufman et al., 2020); (c) Proxy-based mean temperature
of the Northern Hemisphere (90°-30° N; Marcott et al., 2013); (d) Pollen-based
mean annual temperature anomaly (MATA) for North America and Europe
(Marsicek et al., 2018); (e) Model-based simulation of the temperature of the
Northern Hemisphere (90°-30 °N; Liu et al., 2014); (f) Seasonally-unadjusted
SST record (SSTgy, 23.5°-23.5°N; Bova et al., 2021); (g) Tropical mean annual
SST record (MASST, 23.5°5-23.5°N; Bova et al., 2021).

Spectral analysis of the brGDGTs-based temperature series since 8.0 ka BP re-
vealed several statistically significant quasi-periodicities, from the multi-decadal
to the centennial scale: 201-202, 111-112, 95-96, 92-93, 78-82, and 64-65 years.
Several of these periodicities are close to those of significant solar cycles, such as
the Gleissberg cycle (~70-100 yr) and the de Vries cycle (~200-210 yr), although
the latter is less significant in the time series (see Supplementary Figure S2).



The record from Maar Lake Huguangyan is indicative of regional-scale temper-
ature change. A comparison of the record with subcontinental and hemispheric
temperature time series is shown in Figure 4. In terms of general trends, the
brGDGTs-based MAAT record shows a decreasing trend similar to that of global
mean surface temperature (Templ2k; Kaufman et al., 2020), and proxy-based
mean temperature in the Northern Hemisphere (90%-30°N; Marcott et al., 2013),
but it is in conflict with model simulations of the temperature of the Northern
Hemisphere (90°-30 °N; Liu et al., 2014) and of tropical mean annual sea surface
temperature (MASST, 23.5°S-23.5°N; Bova et al., 2021). Thus, the Holocene
temperature evolution at Huguangyan Maar Lake contrasts with the results
of model simulations. One of the reasons for this may be the existence of a
model simulation bias in SST reconstructions and uncertainty in the weighting
of different forcings.
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Figure 5. Comparison of the Holocene brGDGTs-based MAAT record from
Huguangyan Maar Lake with potential independent internal and external drivers
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of climate change. (a) Zonal SST gradient anomaly relative to the late Holocene
calculated as the difference between the western and eastern Pacific (Koutavas
and Joanides, 2012); (b) ENSO record from Lake El Junco in the Galdpagos
Islands (Conroy et al., 2008); (c) Sedimentary record of ?31Pa/?3*Th from the
subtropical North Atlantic Ocean (McManus et al., 2004); (d) brGDGTs-based
MAAT record from Huguangyan Maar Lake (the data for 10-20 kyr BP are from
Chu et al., 2017); (e) Ice rafted debris record from North Atlantic sediment
cores (Bond et al., 2001); (f) Greenland 80 ice core record (GRIP,11-point
running average) (Vinther et al., 2006); (g) Record of total solar irradiance
(TSI; Steinhilber et al., 2012); (h) Record of GHG radiative forcing (CO,, CH,,
N,O) (Kohler et al., 2017); (i) Record of Volcanic forcing from a Greenland ice
core (Kobashi et al., 2017).

The MAAT at Huguangyan Maar Lake can potentially help understand the
dynamical origin of both gradual and abrupt Holocene temperature changes.
Widely accepted potential drivers of climate change include fluctuations of ice
volume or ice sheet dynamics, external drivers such as solar and volcanic activity,
ocean circulation (e.g., involving North Atlantic Deep Water, Antarctic Bottom
Water, and ENSO), polar sea ice, and atmospheric greenhouse gases (GHG).

Our results suggest that ice volume or ice sheet dynamics suppressed any other
forcings and controlled the regional temperature evolution from the last glacial
maximum to the early Holocene (8.2 ka BP; Figure 4, 5). GHG radiative forcing
(CO2, CH4, N20; Kohler et al., 2017) may be a secondary factor. Several
previous studies have highlighted the importance of ice-sheet dynamics as a
driver of temperature change (Baker et al., 2017; Liu et al., 2014; Marsicek
et al., 2018). For example, the 0 record from Kinderlinskaya cave in the
Ural Mountains, which is interpreted as a winter temperature proxy (Baker et
al., 2017), reveals negative 'O anomalies at 11.0 and 8.2 ka BP, which could
be caused by the effects of enhanced meltwater influx from melting Northern
Hemisphere ice sheets on North Atlantic Ocean circulation (Baker et al., 2017).

Changes in North Atlantic Deep Water (NADW), Atlantic Meridional Over-
turning Circulation (AMOC), and Antarctic Bottom Water (ABW) have been
suggested as major causes of abrupt climate changes (McManus et al., 2004;
Struve et al., 2020). Both the AMOC (McManus et al., 2004) and Antarctic
Bottom Water (UCDW and AAIW) show a pronounced shift in the middle
Holocene (Figure 5), and the distinct temperature shift at ~5.8 ka BP evident
in the MAAT record from Huguangyan Maar Lake could be related to this major
change in oceanic circulation.

El Nifio-Southern Oscillation (ENSO) variability and the ENSO mode (e.g.,
EP, CP) may significantly influence both SSTs and temperature changes in
some terrestrial regions. Generally, El Nifio is significantly positively correlated
with winter air temperature variability, especially in the case of the negative
temperature anomalies in eastern China during the EP La Nina phase (Ren et
al., 2020; Wang et al., 2017). An amplified ENSO in the late Holocene and a
damped ENSO during the middle Holocene have also been recognized (Carré
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et al., 2014; Conroy et al., 2008; Koutavas & Joanides, 2012), although their
long-term linkage with climate in China is unclear.

Sea ice extent in the Arctic and Antarctic has been recognized as an impor-
tant driver of abrupt climatic change on both interannual to annual timescales.
The influence of sea ice on abrupt climatic events on decadal to centennial
timescales via the amplification of sea-ice-albedo feedbacks, deep-water forma-
tion, and shifts of the Intertropical Convergence Zone (e.g., Bond et al., 2001;
Moros et al., 2006) are also recognized. Bond et al. (2001) attributed abrupt
Holocene climatic events recorded in marine sediment cores and other paleocli-
matic records to the effects of changes in solar activity on sea ice extent via
amplification and transmission processes involved in ocean-atmosphere circu-
lation. However, the variation of sea-ice extent during the Holocene shows a
complex pattern or even opposite trends in the Arctic oceans (Moros et al.,
2006). Although it remains difficult to accurately reconstruct spatiotemporal
changes in sea ice or ice-rafting (Moros et al., 2006), sea ice variability could be
one of several important drivers of abrupt climate changes.

Within the limits of the dating uncertainty, most of the cooling events observed
in the brGDGTs-based MAAT record can be linked to oceanic and external
forcings; however, the effects of the solar minima at ~2.6, ~6.2 and ~7.4 ka BP
are less clearly evident (Figure 5). The large temperature variations observed
at tropical Huguangyan Maar Lake could also be caused by winter monsoon
amplification. In continental Eurasia, the winter monsoon plays an important
role in the amplification and rapid transmission of the temperature signal from
the Arctic to the tropics, and in the migration of the intertropical convergence
zone(Chu et al., 2017).

3.3 The brGDGTs-based temperature change during the last deglaciation

Previous brGDGTs-based records indicate that the average MAAT was 17.8°C
during the Oldest Dryas, which was followed by a gradual rise during the Bglling-
Allergd interstadial, when it reached a maximum of 21.8°C at 13.0 ka BP. Sub-
sequently, the average MAAT decreased to 19.5°C during the Younger Dryas
(Figure 6b; Chu et al., 2017). This temperature pattern strongly suggests the
influence of ice volume or ice sheet and meltwater dynamics on the temperature
evolution of the Huguangyan Lake region from the Last Glacial Maximum to
the early Holocene (Figure 6).
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Figure 6. Comparison of the bGDGTs-based MAAT record (this study) with
records of ice-volume equivalent sea-level and external climate forcings. (a)
Greenland '80 ice core (GRIP) record (Vinther et al., 2006); (b) bGDGTs-
based MAAT record from Huguangyan Maar Lake (this study; The data for
10-20 kyr BP is from Chu et al., 2017); (c) Global ice volume record (relative
sea level) from Grant et al. (2012); (d) Ice-volume equivalent sea-level record
(Lambeck et al., 2014); (e) Dome C, antarctica, ice core CO, record (Bereiter et
al., 2015); (f) WAIS Divide CH, concentration (Fudge et al., 2013); (g) Sulfate
record of volcanic forcing from a Greenland ice core (Kobashi et al., 2017); (h)
Sulfate record from the Dome C ice core, Antarctica (Castellano et al., 2004).

The most striking cooling events evident in the brGDGTs-based MAAT record
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are linked with the abrupt weakening of the tropical summer monsoon (see
Supplementary Figure S3). For example, the high-resolution #0 record from
Klang Cave in the Thai-Malay Peninsula (Chawchai et al., 2021) shows a large
increase of 1.5 %o from 6.4 to 5.8 ka BP; and the '3C,; 45 record of leaf wax
lipids from the annually laminated sediments of Myanmar Maar Lake Twintaung
indicates abrupt failures of the tropical monsoon at ~3.8 and ~5.8 ka BP (Chu
et al., 2020).

4 Conclusions

Our brGDGTs-based temperature record shows an increasing MAAT during
the last deglaciation and early Holocene and reached a maximum at ~6.6 kyr
BP, followed by a decrease in middle and late Holocene. It is noted that our
temperature reconstruction is in good agreement with instrumental temperature
from 2010 CE to 1951 CE. We contend that the last deglaciation and early
Holocene temperature variation is linked with the ice volume and/or ice sheet,
while the temperature variations during the middle and late Holocene could be
ascribed to several possible factors, such as oceanic and atmospheric circulation,
and external drivers in Huguangyan Lake region.
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