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Abstract Reconstructing Holocene temperature
evolution is important for understanding present
temperature variations and for predicting future climate
change, in the context of global warming. The evolution of
Holocene global temperature remains disputed, due to
differences between proxy reconstructions and model
simulations, a discrepancy known as the ‘"Holocene
temperature conundrum’. More reliable and quantitative
terrestrial temperature records are needed to resolve the
spatial heterogeneity of existing records. In this study,
based on the analysis of branched glycerol dialkyl glycerol
tetraethers (brGDGTs) from a loess-paleosol sequence
from the Ganjia Basin in the north-eastern Tibetan Plateau
(NETP), we quantitatively reconstructed the mean annual
air temperature (MAAT) over the past 12 ka. The MAAT
reconstruction shows that the temperature remained low
during the early Holocene (12—8 ka), followed by a rapid
warming at around 8 ka. From 8 to 4 ka, the MAAT record
reached its highest level, followed by a cooling trend from
the late Holocene (4—0 ka). The wvariability of the
reconstructed MAAT is consistent with trends of annual
temperature records from the Tibetan Plateau (TP) during
the Holocene. We attribute the relatively low temperatures
during the early Holocene to the existence of ice sheets at
high-latitude regions in the Northern Hemisphere and the
weaker annual mean insolation at 35°N. During the mid to
late Holocene, the long-term cooling trend in the annual
temperature record was primarily driven by declining
summer insolation. This study provides key geological
evidence for clarifying Holocene temperature change in
the TP.
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1 Introduction

Since the Industrial Revolution, almost all regions of the
globe have experienced warming, accompanied by
climatic and environmental problems, including melting
glaciers, rising sea levels and more frequent extreme
climate events (IPCC, 2023). The temperature evolution
of the current interglacial, the Holocene, and its
mechanisms, provide a reference for predicting future
climate change, which is a focus of climate change
research. Marcott et al. (2013) stacked global annual
temperature variations during the Holocene, illustrating a
relatively high temperature from 10 to 5 ka and a cooling
trend from 5 to 0.5 ka. Proxy reconstructions have been
disputed by the results of model simulations. For
example, Liu et al. (2014) simulated a long-term warming
trend of global Holocene annual temperature, based on
three coupled ocean-atmosphere models (CCSM3,
FAMOUS, and LOVECLIM). The discrepancy between
proxy reconstructions and model simulations is referred
to as the “Holocene temperature conundrum’ which limits
our understanding of the processes and mechanisms
driving past temperature changes (Liu et al., 2014).

Some research suggests that climate models cannot
accurately simulate Holocene temperature evolution due
to their lack of feedback processes, including regional
vegetation change, sea ice, and atmospheric dust (Liu
et al., 2018; Hou et al., 2019; Park et al., 2019; Thompson
etal., 2022). Studies of proxy records and their
limitations focus on seasonal biases and spatial
distribution. For example, new winter temperature
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records from the Northern Hemisphere (NH) are enabling
understanding of the pattern and mechanism of Holocene
seasonal temperature variations (Meyer et al., 2015;
Baker et al., 2017; Rao et al., 2020). Cartapanis et al.
(2022) showed that the spatio-temporal structure of
Holocene temperature modes is complex, with a
discrepancy between terrestrial and marine proxy records
from different latitudes. Therefore, it is necessary to
select proxy records with a uniform spatial distribution to
create a representative global temperature reconstruction.
A number of recent studies have contributed to the global
and regional databases of Holocene paleotemperature
time series (Marsicek et al., 2018; Kaufman et al., 2020;
Zhang et al., 2022b). The pollen-based terrestrial stack for
North America and Europe shows an annual warming
trend from the early to middle Holocene (10 to 5 ka),
followed by a slightly declining variation until around
2 ka (Marsicek et al., 2018). A multi-proxy database of
paleotemperature time series (Temperature 12k) has been
established to enable a more robust reconstruction of
Holocene temperature variability (Kaufman et al., 2020).

To correct the potential biases in the seasonality of
records, Bova et al. (2021) present a seasonal to mean
annual transformation (SAT) method, assuming that
global seasonal temperature is directly responsive to
seasonal insolation during the last inter-glacial period
(128 to 115 ka). Although the assumption is disputed
(Zhang and Chen, 2021; Laepple et al., 2022), the results
showed that global sea surface temperature has slightly
but steadily warmed, driven by rising atmospheric
greenhouse gas (GHG) concentrations and shrinking ice
sheets (Bova et al., 2021). By using a paleoclimate data
assimilation, Osman et al. (2021) found a general
warming trend in global surface temperatures over the
past 24 kyr and attributed the Holocene temperature
conundrum to the uneven spatial distribution of proxy
records. Pollen-based reconstructions over the NH
landmass showed that annual, summer and winter
temperatures warmed from 11 to 7 ka and cooled
thereafter. Summer solar radiation in the Northern
Hemisphere may cross-seasonally affect winter and
annual temperatures via feedback processes involving
vegetation and sea ice (Zhang et al., 2022¢). Annual and
seasonal temperatures from mollusk-based records
showed a cooling trend, indicating that seasonal biases in
proxies may not be the primary cause of data-model
inconsistencies (Dong et al., 2022). Several unresolved
issues concerning temperature proxies remain, in
particular their uneven spatial distribution, and seasonal
biases (Kaufman and Broadman, 2023).  Quantitative
paleotemperature reconstructions, based on reliable
indicators and from previously under-represented regions,
are needed to describe global and regional Holocene
temperature changes in more detail.

As the largest and highest plateau in the world, the
Tibetan Plateau (TP) is rich in glaciers, frozen soils, lakes
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and rivers, and provides water for more than a third of the
world’s population (Qiu, 2008; Immerzeel et al., 2010;
Immerzeel et al., 2020). Modern observations show that
the TP is experiencing rapid retreat of glaciers and
massive expansion of lakes (Yao et al., 2019; Immerzeel
etal., 2020), accompanied by dramatic temperature
fluctuations and glacier instability (Bolch et al., 2012;
Jacob et al., 2012; Neckel et al., 2014). There are many
palacotemperature reconstructions in the TP and
surrounding areas based on geological archives, such as
loess deposits (Sun et al., 2019; Wang et al., 2021), ice
cores (Pang et al., 2020), lacustrine sediments (Wu et al.,
2018; Hanetal., 2020; Wang et al., 2021; Zhang et al.,
2022b) and peat sediments (Yan etal., 2021). Multi-
proxy reconstructions of Holocene temperature patterns
in the TP and its surrounding areas are disputed. For
example, the summer temperature reconstructions—based
on alkenone form Qinghai Lake, fossil chironomids from
Tiancai Lake, and pollen form Xingyun Lake,
respectively—display overall cooling trends (Hou et al.,
2016; Zhangetal.,2017; Wuetal., 2018). For high
altitude lakes, ice-free-season temperatures, inferred from
branched  glycerol  dialkyl  glycerol tetraethers
(brGDGTs), show a Ilong-term warming trend in
Tingming Lake and Cuoqia Lake (Sun et al., 2021; Zhang
etal.,2022b). In contrast, the &!80-inferred winter
temperature informed from the Chongce ice core shows a
generally warming trend (Pangetal., 2020). The
Holocene annual temperature variation over the TP is
relatively complex, and can be roughly divided into three
modes. First, brGDGTs-inferred annual temperature
records mainly display a generally warming trend at
Tiancai Lake, Tengchongginghai Lake, and Hongyuan
peatland, over the eastern TP (Yan et al., 2021; Zhao
etal., 2021b; Feng et al., 2022). Second, the reconstru-
cted annual mean temperature shows a cooling-warming
pattern at both SHDO9 section and Aweng Co in the
north-eastern and western TP (Li et al., 2017; Wang et al.,
2021). Third, the reconstructions based on pollen record
stacks and brGDGTs proxies show that annual mean
temperature experiences a generally cooling trend (Sun
et al., 2019; Chen et al., 2020; Han et al., 2020). Therefore,
additional quantitative proxy-based-temperature
reconstructions are required to understand Holocene
temperature change over the TP more comprehensively.
The brGDGTs are produced by unknown bacteria and
well preserved in natural archives including loess and
peats (Schouten et al., 2013). The compound is widely
regarded as a reliable proxy of palacotemperature, due to
its sensitivity to environmental changes (Peterse et al.,
2011; Fengetal., 2019; Wang et al., 2021). BrGDGTs
compounds have been developed into a series of
independent alternative proxies and temperature transfer
functions (Weijers et al., 2007; Peterse et al., 2012; De
Jonge et al.,, 2014; Yangetal.,, 2014; Naafs et al., 2017;
Dearing Crampton-Flood et al., 2020). Weijers et al.
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(2007) first defined the methylation index of branched
tetracthers (MBT) and cyclisation ratio of branched
tetracthers (CBT, Eq. (1)) proxies, and established
temperature and pH calibration equations. To eliminate
the uncertainty of brGDGTs proxies in reconstructing
terrestrial ~ palaecotemperature, methods  including
extending the global data set, performing local brGDGTs
calibrations, establishing new proxies and statistical
methods have been proposed (Table 1 and Table 2). For
example, Peterse et al. (2012) suggested a new proxy
marked as MBT' (Eq. (2)) and a new calibration equation
(Eq. (7)) with an updated data set. The 6-methyl
brGDGTs compounds are separated by De Jonge et al.
(2013). De Jonge et al. (2014) defined the MBT's),; index
(Eq. (3)) with exclusion of the 6-methyl brGDGTs from
the MBT' and global MBT's,; calibration (Eq. (8)). A
new proxy defined as MBT,, (Eq. (4)) and regional
calibrations ((Eq. (9) and Eq. (10)) with brGDGTs data
set in the TP were proposed (Ding et al., 2015). Dang
etal. (2016) proposed a new proxy, the IRy (relative
abundance of 6-methyl brGDGTs) index, to assess the
applicability of brGDGTs-based paleotemperature
reconstructions and indicated that the MBT' index can
reconstruct temperature reliably only if the IRy, value is
less than 0.5. Subsequently, the IR, index can evaluate
the credibility of temperature reconstructions based on the
MBT's;z proxy (Naafsetal.,2017; Crampton-Flood
etal., 2020). The MBT's,: proxy has been shown to be
unable to reconstruct paleotemperature in global soil or
peat data sets when the value of the community index (CI,
Eq. (6)) exceeds 0.64 (De Jonge et al., 2019). Recently,
Véquaud et al. (2022) and Zhao et al. (2022) significantly
improved the accuracy of the previous global terrestrial
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models. Overall, despite the large number of global and
regional brGDGTs temperature calibrations, the reliably
assessing temperature indicators and selecting the best
available temperature calibration is key to paleotempera-
ture reconstructions of loess-paleosol sequences.

Here we present a new brGDGTs record from a loess-
paleosol sequence from the Ganjia Basin and reconstruct
Holocene paleotemperature variability in the north-
eastern TP. We demonstrate the reliability of the
reconstructed temperature and compare our
reconstruction with previously reported records over the
TP and its surrounding area to elucidate the temperature
patterns and possible forcing mechanisms.

2 Study site

The Ganjia Basin is located in the north-eastern margin of
the TP, in the northern part of Xiahe County, Gannan
Tibetan Autonomous Prefecture, Gansu Province (Fig. 1).
The east—west and north—south lengths of the Ganjia
Basin are about 23 and 18 km, respectively, with an
altitude of 2821 to 3200 m above sea level (a.s.l.) (Wu
et al., 2021; Zhang et al., 2022a). The regional climate is
strongly impacted by the East Asian summer monsoon
(EASM) and the mid-latitude Westerlies, and
characterized by highland continental climates (An et al.,
2012; Chenetal., 2020; Lietal., 2020). Observations
from meteorological stations at Xiahe County show that
the average annual precipitation and temperature were
448 mm and 3.4°C from 1981-2010. The precipitation
between May and September contributes to more than
80% of the annual precipitation, controlled by the south-

brGDGTs temperature calibration using nonlinear easterly EASM. In winter, the regional climate is cold and
Table 1 Calculation of the brGDGTs temperature indices

Proxy Calculation Referencesx Equation No.
CBT —log[(Ib + IIb + IIb')/(1a + IIa + I1a')] Weijers et al. (2007) (1)
MBT' (TIa+Ib + Ic)/(Ia + Ib + Ic + Ia + ITa’ + IIb + I’ + Ilc + Il¢’ + Ila + IlIa") Peterse et al. (2012) 2)
MBT' s\ (Ia+1b + Ic)/(Ia + Ib + Ic + ITa + IIb + IIc + I1la) De Jonge et al. (2014) 3)
MBTs (Ta+1Ib + Ic + ITa’)/(Ta + Ib + Ic + ITa + IIb + IIc + ITla + I1Ia") Ding et al. (2015) )
Reye (ITa' + IIb' + Ic' + I1Ia" + IIb' + IIIc")/(I1a' + IIb + IIb' + Ilc + IIc' + [Ila + IMla' + I1Ib + I1Ib' + Illc + I1Ic') ~ Dang et al. (2016) (5)

CIL (Ta)/(Ta + I1a + IIIa) De Jonge et al. (2019) (6)
Table 2 Formulae for the global and regional calculations of brGDGTs temperature indices

Material Calculation References Equation No.
Global soils data set MAAT = 0.81-5.67 x CBT + 31.0 x MBT' (n = 176, R? = 0.59, RMSE = 5.0°C) Peterse et al. (2012) (7)
Global soils data set MAAT =31.45 x MBT'5;;:—8.57 (n = 222, R* = 0.66, RMSE = 4.8°C) De Jonge et al. (2014) ®)

TP soils data set MAAT = 28.36 x MBT'5,;;~10.82 (n =27, R* = 0.65, RMSE = 1.8°C) Ding et al. (2015) 9)

TP soils data set MAAT =39.51 x MBT5s~20.14 (n =27, R? = 0.82, RMSE = 1.3°C) Ding et al. (2015) (10)

China soils data set

MAAT =42.6 x MBT'5yz—21.0 (n = 149, R? = 0.75, RMSE = 4.3°C)

Wang et al. (2020) (11)
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dry, under the influence of the westerly winds and the
East Asian winter monsoon (EAWM). The regional
vegetation type is alpine grassland, dominated by sedge
and grasses, with subalpine meadow soil (Shang and Jin,
2012). The study area is adjacent to the western part of
the Chinese Loess Plateau (CLP), and widely distributed
in the foothills of the basin and on top of the river
terraces.

3 Materials and methods

3.1 Sampling and chronology

The BSYI9A section of the study area (BSY19A)
(35°2624.80'N, 102°34'2.14'E, 3191 m a.s.l.) is located
on the southern slopes of the Dalija Mountains, northern
Ganjia Basin. Field surveying revealed that the section
has a typical aolian deposit profile, with a stable
depositional environment and clear stratigraphic
boundaries between the loess and paleosol layers (Fig.
2(a)). The BSY19A section is 140-cm thick. The
uppermost 10 cm of the section presents abundant plant
roots, with no evidence of human farming activities.
According to our fieldwork and proxies (Fig. 2) including
magnetic susceptibility, mean grain size, and organic
carbon isotopes, we divided the BSY19A profile into
three main layers: 1) topsoil layer: 0—10 cm, dark brown
and indurated, with plant roots throughout; 2) paleosol
layer: 10—75 cm, dark brown clayey silt with crumb
structure and bio-pores; 3) loess layer: 75—140 cm,
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yellowish to light brown silt with a compact structure.

A total of 140 sediment samples were collected at 1 cm
intervals from the BSY19A section. Twelve bulk organic
samples, with a relatively equal interval were selected,
and their ages were measured using the accelerator mass
spectrometry (AMS) !4C dating method. AMS was
carried out by Beta Analytic, USA. The age-depth model
was built using the R software package ‘Bacon model’.
The chronology of the loess-paleosol deposits were also
established, with their reliability confirmed by comparing
it with the optically stimulated luminescence (OSL)
dating of an adjacent section (Wu et al., 2021).

3.2 GDGTs analysis

We selected 16 sediment samples with equal age intervals
and picked out plant roots and gravels from the samples.
The 50 g air-dried samples were ground into powders and
were screened using a 60-mesh sieve. We used an
Accelerated Solvent Extractor (ASE 350, Thermo Fisher)
to extract the total lipid content using dichloromethane
(DCM): methanol (MeOH) (9:1, v/v). The total extracts
were condensed by a rotary evaporator and separated over
a silica gel using hexane, dichloromethane, and methanol
eluents to obtain apolar and polar fractions (containing
GDGTs). We dried the polar fractions under continuous
nitrogen (N,) flow, followed by redissolving and filtering
them through a 0.22 um PTFE filter (Wang et al., 2022).
The brGDGTs were analyzed using an Agilent 1290
series ultraperformance liquid chromatography-atmos-
pheric  pressure chemical ionization—6465B triple

% This study record
il A Referenced records

Loess distribution
75150 300 450 600miles|
& WE_ NN — ——

Fig. 1 Locations of the BSY19A loess section and the temperature records referenced in the paper. Numbered brown triangles
show locations of 1) YWY 14 section (Wang et al., 2021); 2) Hongyuan Peatland (Yan et al., 2021); 3) Shanglajia section (Zhao
et al., 2018); 4) Xiangride section (Sun et al., 2019); 5) Alake Lake (Han et al., 2020). The green dashed line represents the northern
boundary of the modern East Asian summer monsoon (Chen et al., 2008). The yellow shaded areas are loess distributions.
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loess section BSY19A (Wu et al., 2021).
quadrupole mass spectrometry (UPLC-APCI-MS) mean value of 6.79 ng/g. BrGDGT-IIla’ and IIb’ were the

system. Separation was achieved using three Hypersil
GOLD Silica columns in sequence (each 100 mm x
2.1 mm, 1.9 pm, Thermo Fisher Scientific) and
maintained at 40°C, with a flow rate of 0.2 mL/min. The
injection volume was 20 pL.

Following similar methods, the mobile phase A is n-
hexane, and B is EtOA. The brGDGTs were eluted
isocritically with 84% A and 16% B for first five minutes,
followed by the elution gradient change to 84% A: 16% B
from 5 to 65 min (Wangetal., 2022). The following
elution gradient was then used: 100% B, from 65 to 80
min, then 84% A and 16% B to equilibrate the pressure.
We used the selective ion monitoring (SIM) mode to
track brGDGTs at m/z ratios of 1050, 1048, 1046, 1036,
1034, 1032, 1022, 1020, and 1018. The brGDGTs
compounds were identified as Illa (I1a"), [IIb (IIIb"), IIc
(Illc"), Ha (IIa"), IIb (IIb"), Ilc (Ilc¢'), Ia, Ib, and Ic,
followed by quantification from the integrated peak area
of the [M + HJ" ions. The concentration of the internal
C,GDGT standard is 0.001157 ng/mL. The experiments
described above were conducted at the Key Laboratory of
Western China’s Environmental Systems (Ministry of
Education), Lanzhou University.

4 Results

4.1 Distribution of brGDGTSs in the BSY19A section

All the expected components of brGDGTs were detected
in the samples of BSYI19A profile. Their total
concentration varies between 0.04 and 20.6 ng/g, with a

most abundant compounds (38%) in BSY19A section,
followed by brGDGT-IIa’, Illa and Ia. The relative
abundances of cyclic brGDGTs components (i.e.,
brGDGT-IIb, Ilc) are slightly higher than that of major
acyclic brGDGTs (i.e., brGDGT-Ila).

The IR, index values are higher than 0.6 in all
samples, revealing that the relative abundance of 5-
methyl brGDGTs is lower than 6-methyl brGDGTs. The
CI index values varied from 0.2 to 0.4, with a mean value
of 0.28 (Table 3). There are significant differences in the
distribution characteristics of brGDGTs compounds
between the loess and paleosol samples, including
brGDGT-IIIb’, Illc', IIc¢’, and Ila’. Compared to the
paleosol samples, we observe lower brGDGT-Ila’ and
higher brGDGT-III¢/, IIc’, and IIIb’ in loess samples
(Fig. 3).

Figure 4 shows that the relative abundance of
pentamethylation is highest (52%), followed by
hexamethylation (35%), while tetramethylation is the
least abundant compound (13%). The distribution
characteristics of pentamethylation and hexamethylation
in the BSY19A profile differed significantly from those
of global soils, Chinese soils, and north-eastern TP soils,
which demonstrate higher proportion of pentamethylation
and lower proportion of hexamethylation.

4.2 Reconstructed Holocene MAAT variations from the
BSY19A section

The value of the CBT index shows long-term stability,
with an absolute mean value of —0.03 in the BSY19A
profile. Meanwhile, the absolute value of the MBT;,
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Table 3 The brGDGTs concentrations and proxy records of IRr,
CI, MBT', MBTj/;, and MBT's;; for the BSY19A profile

Ageka IRgy CI CO?;Z‘?;@;‘W MBT's, MBT' MBT,, CBT
012 081 030 4133 038 011 056 032
091 077 026  29.77 037 012 063 -0.01
180 077 031 4001 041 014 067 -0.01
285 073 032 1890 041 016 065 -0.12
375 073 030 1.91 040 0.6 056 —0.07
467 073 038 8.1 045 0.9 063 -0.04
657 074 040 943 047 019 066 -0.02
744 072 035 9.53 044 018 060 -001
836 065 020 008 028 0.8 038 -0.06
939 067 022 1173 028 002 047 -0.12
1030 069 021  13.12 028 011 050 -0.5
1123 069 019 1087 026 011 050 -0.08
1215 073 022 13.17 029 0.1 048 —0.09
1302 077 022 406 035 002 044 -022
1404 078 022 245 034 011 042 -028
1494 077 020 297 031 010 038 -0.26

index is characterized by a pattern of lower values during
the early Holocene, followed by higher values during the
middle to late Holocene, with a mean value of 0.56.
Notably, the MBT'y,; and MBT' indices vary
consistently with each other. The absolute values of the
indices remain low during the early Holocene and reach a
maximum at 6.5 ka, followed by a gradual declining
trend. The ranges of the MBT'y,; and MBT’ indices
variations are 0.26—0.47 and 0.11-0.19, respectively
(Fig. 5).

Previously published temperature transfer functions
have been based on independent brGDGTs proxies (i.e.,
MBT', MBT'4;z, and MBT,) and the modern soil data
sets, including global soils, Chinese soils and TP soils
(Peterse et al., 2012; De Jonges et al., 2014; Ding et al.,
2015; Wang et al, 2020). The brGDGTs-based
temperature variations at section BSY19A during the
Holocene were reconstructed using the temperature
calibrations described in Section 1 (Table?2). The
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temperature reconstructions from these transfer functions
were strongly correlated with each other, and revealed
relatively cold temperatures between 12 ka and 8 Kka,
followed by a rapid warming at approximately 8 ka, and a
general cooling trend from 6 ka to present (Fig. 6).
However, a large difference in the amplitude of variation
of the above reconstructions occurred, which is most
apparent in the reconstruction based on Eq. (9) (11.46°C).

5 Discussion

5.1 The assessment of reconstructed MAAT records in the
BSY19A section

The MBT and its derived indicators have been proven to
indicate MAAT, and this has been applied to
paleotemperature reconstructions for loess and paleosol
sequences (Weijers et al., 2007; Peterse et al., 2012; De
Jonge et al., 2014). With continued expansion of the soil
data set and the emergence of new indicators (i.e., MBT",
MBT;,, and MBT's,;), two new indices (IRy,,; and CI)
assess the confidence of the brGDGTs proxies for
reconstructing temperatures (Dang et al., 2016; De Jonge
etal., 2019). The accuracy of the brGDGTs index for
temperature reconstruction must therefore be tested by the
IR\ and CI indices. Given the potential existence of a
summer bias in brGDGTs proxies, analysis of the TP soil
data set is needed (Dengetal.,2016; Cao et al., 2018;
Crampton-Flood et al., 2020).

In this study, we collected the current published data set
of surface soils on the TP (n = 127; Naafs et al., 2017;
Dearing Crampton-Flood et al., 2020; Wang et al., 2020;
Wang and Liu, 2021) and investigated the correlation
between brGDGTs indices and local MAAT, and
warmest month air temperature (WMT). Figure 7 shows a
significant positive correlation of both MBT' and
MBT's\; with local MAAT (» = 0.56 and 0.61),
respectively. The correlation between MBT, and local
MAAT is lower (» = 0.39). Compared with the MAAT,
the correlation between MBT's,, index and WMT was
slightly higher in TP soils (» = 0.61 and 067,
respectively), demonstrating that the MBT's,,; index can

25 (a)Emire profile
(n=16,3-140 cm)

brGDGTs abundance/%

(b) Paleosol layers
(n=18,3-79 cm)

(©)

Loess layers
(n=28,79-140 cm)
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a = BSY19 profile soil
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Fig. 4 Comparison of the fractional abundances of brGDGTs for the
BSY19A profile (a) with previously published data, including global
soils (b, Crampton-Flood et al., 2020); China soils (c, Wang et al.,
2020); NETP soils (d, Chen et al., 2019; Wang and Liu, 2021; Wang
etal., 2022).
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indicate MAAT, despite the possible warm season bias in
the MBT's,,; index. We extracted soil samples with
IRgr > 0.5 and CI < 6.4 from the original TP soil data
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Fig. 6 Comparisons of MAAT reconstructed from different transfer
functions based on the global data set (a; Peterse et al., 2012); global
data set (b; De Jonges et al., 2014); TP data set (c, d; Ding et al., 2015);
Chinese data set (e; Wang et al., 2020). The dashed lines represent the
local modern instrumental MAAT.

set (n = 77) and found that the resulting correlations
between MBT's,,; and MAAT or MWT are slightly
different (» changes from 0.61 to 0.63 and from 0.67 to
0.65, respectively). We therefore conclude that the IR
and CI indicators have only a minor effect on the
correlation between MBT's,. and MAAT or MWT.

We reconstructed the modern MAAT in BSY19A
section based on different transfer functions and found
that the modern MAAT based on Eq. (8) (3.45°C;
Table 4) agrees well with the instrumental MAAT
(3.4°C), for the period from 1981 to 2010. The Holocene
MAAT variation range (—0.28—6.32°C) reconstructed by
the transfer equation from De Jonge et al. (2014) is more
consistent with that of other records, for example the
SHD09 and YWY14 profiles (Wangetal., 2021).
Therefore, this global transfer equation can reliably
reconstruct the modern and past temperature variations of
the BSY 19A profile (De Jonge et al., 2014).

The MAAT record presented here shows a low
temperature (~ 0°C) during the early Holocene (12—8 ka)
and a rapid warming at approximately 8 ka, followed by a
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Table 4 Temperature reconstructions based on transfer functions for the BSY19A profile

Temperature/°C MAAT ) MAAT ®) MAAT ©) MAAT (10) MAAT (1D
Modern value 3.44 3.22 3.49 —0.18 —5.02
Maximum 6.80 6.32 6.55 2.61 -0.83
Minimum 2.29 -0.28 -4.91 -3.35 -9.78
Amplitude value 4.51 6.60 11.46 5.96 8.95

high  temperature  during  the  mid-Holocene coherence. For example, the continuous warming mode

(approximately 8—4 ka) and a long-term cooling from
~4 ka to present.

5.2 Paleotemperature variations on the TP and its
surrounding regions during the Holocene

We reviewed previously published multi-proxy-based
temperature records of the TP and its surrounding regions
during the Holocene, to systematically analyze the spatial
pattern of temperature variability. We identified three
MAAT patterns in the TP, including a general cooling
mode, a continuous warming mode, and a cooling-
warming mode. We found that the three modes
mentioned in Section 1 have no obvious spatial

occurred at Hongyuan peatland, Tiancai Lake, Lugu
Lake, and Naleng Co in the south-eastern and eastern TP
(Opitz et al., 2015; Yanetal., 2021; Zhao et al., 2021b;
Feng et al., 2022). The cooling-warming mode was
reported in the YWY and SHDO9 loess profiles, Aweng
Co, and Linggo Co in the north-eastern, central, and
western TP (Lietal., 2017; He et al., 2020; Wang et al.,
2021).

Previous studies have shown that multiple proxies,
including from pollen, alkenones, and fossil chironomids,
are seasonally biased and can be used to reconstruct
summer temperature (Liu etal., 2014; Marsicek et al.,
2018; Bovaetal., 2021). Reconstructions demonstrate a
dominant, long-term decreasing summer solar radiation
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during the Holocene (Zhang et al., 2022b). For example,
a long-term cooling pattern occurs in the fossil
chironomid record from Tiancai Lake, the alkenones
record from Qinghai Lake, and the pollen record from
Xingyun Lake (Hou et al., 2016; Zhang et al., 2017; Wu
et al., 2018). Most of the MAAT records of the TP were
reconstructed from the brGDGTs proxies, in which the
existence of a warm-season bias remains disputed (Deng
et al., 2016; Cao et al. 2018; Crampton-Flood et al., 2020).
Therefore, we assume that the MAAT mode across the
TP may not be affected by the spatial distribution of
temperature records with seasonal biases. Despite the
three patterns mentioned above, the overall magnitude of
temperature changes is similar with each other in the TP.
For example, the brGDGTs-inferred MAAT record from
the YWY 14 section displays an early to mid-Holocene
decline of approximately 6°C and a mid to late-Holocene
increase of approximately 5°C (Wangetal., 2021;
Fig. 8(d)). A pollen-inferred MAAT record from Ximen
Co showed a rapid warming of 3.5°C from 12 to 10 ka,
and a continued high level from 10 to 5 ka, followed by a
cooling of 2°C (Herzschuh et al., 2014). The MAAT
pattern from Hongyuan peatland recorded Holocene
thermal maximum during 7-5 ka (Yanetal., 2021;
Fig. 8(b)). However, compared to the temperature records
from the NETP, the amplitude of the Hongyuan peatland
record was more than 10°C higher, a finding which was
attributed to environmental factors including local
altitude, vegetation cover, and differences in geological
vectors. In summary, the complex spatial variation in
temperature variability across regions of the NETP
implies that more temperature records are needed to
clearly describe the MAAT wvariation in the TP. The
pattern observed in the present MAAT record is in broad
agreement with numerous terrestrial temperature records
and stacks for the Northern Hemisphere, including the
global mean surface temperature for the latitude band of
30°N-60°N (Lu et al., 2022; Fig. 8(a)), the pollen-based
temperature stack for the Northern Hemisphere landmass
(Zhang et al., 2022c¢), and the pollen-based MAAT stack
for the TP (Chenetal., 2020; Fig.8(g)). The mid-
Holocene thermal maximum was widespread across the
mid-latitudes of the Northern Hemisphere landmass
(Cartapanis et al., 2022; Zhang et al., 2022a).

We found that the relatively low temperature during the
early Holocene occurred across the entire TP, as
identified in records including from Ximen Co,
Hongyuan peatland, Ximenglongtan Lake, and Tiancai
Lake (Herzschuh et al., 2014; Ning et al., 2019; Yan
et al., 2021; Feng et al., 2022). This low temperature was
also reported in the core regions impacted by the EASM,
including Nanyi Lake, Shuizhuyang peat bog, and
Huguangyan Lake (Wang et al., 2017; Zhao et al., 2021a;
Lietal., 2022). Long-term cooling patterns during the
mid to late Holocene were also detected in the MAAT
records of the NETP and the western edge of the CLP,
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Fig. 8 Comparison between Holocene MAAT records from the north-
eastern TP and other records in the adjacent regions. (a) Temperature
stack for the latitude band of 30°N—60°N (Luetal., 2022), (b)
MBT'syz-based MAAT record for BSY19A section (this study), (c)
brGDGTs-based MAAT record from Hongyuan Peatland (Yan et al.,
2021), (d) brGDGTs-based MAAT record from Tengchongqinghai
Lake (Zhao etal., 2022), (e¢) brGDGTs-based MAAT record from
YWY loess profile (Wang et al., 2021), (f) brGDGTs-based MAAT
record from Bangong Co (Wang et al., 2021), (g) pollen-based MAAT
stack for the entire TP (Chen et al., 2020), (h) brGDGTs-based MAAT
record from Alake Lake (Han et al., 2020), (i) brGDGTs-based MAAT
record from Xiangride section (Sun et al., 2019).

including at sites in the Shanglajia section (Zhao et al.,
2018), Alake Lake (Han et al., 2020; Fig. 8(h)), and
Xiangride section (Sun et al., 2019; Fig. 8(i)). The
gradual decrease of about 3°C at Ganjia Basin is similar
to the MAAT record (~4°C) at the adjacent Shanglajia
section (Zhao et al., 2018).

5.3 Possible mechanisms for the observed Holocene
temperature evolution in the north-eastern TP

A series of Holocene climate forcings and feedbacks have
been proposed, including the orbital-induced insolation,
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ice volume of high latitudes, and atmospheric greenhouse
gas concentrations, to provide a mechanism which
explains Holocene temperature variability at the
millennial scale (Wu et al., 2018; Wang et al., 2021;
Duan et al., 2022; Feng et al., 2022; Li et al., 2022; Zhang
et al., 2022b, 2022¢). From the early Holocene, the low-
temperature mode is widespread in the eastern TP and the
EASM core regions. We infer that this mode may be
closely related to climate-driven mechanisms at large
spatial scales. The coupled global ocean—atmosphere—
vegetation model results showed that the Northern
Hemisphere continental ice sheets and their glacial
meltwater provided a cooling effect on early Holocene
climate, delaying the thermal maximum to the mid-
Holocene over the mid to high latitudes of the Eurasian
landmass (Renssen et al., 2009). The 23!1Pa/230Th record
of a sediment core from the subtropical North Atlantic
Ocean, a kinematic proxy for the Atlantic meridional
overturning circulation (AMOC), maintained a relatively
high value from 12 to 8 ka, indicating a weak AMOC
(McManus et al., 2004; Fig.9(b)). During the early
Holocene, the remnant continental ice sheets at high
latitudes in the Northern Hemisphere, specifically the
Laurentide ice sheet (LIS), are therefore potentially
important drivers of temperature variability.

During the early Holocene, the high-latitude continental
ice sheets of the Northern Hemisphere, the LIS and
Scandinavian ice sheets, would have cooled atmospheric
temperatures in the high and mid-latitudes of the
Northern Hemisphere in two ways. First, the ice sheets
could induce a stable anticyclone by maintaining a strong
albedo effect (Beghin et al., 2015). Secondly, the
continued melting of the Northern Hemisphere ice sheet,
in particular the LIS, could deliver fresh water to the
North Atlantic Ocean (Dyke, 2004; Fig. 9(c)). Both
processes would result in the expansion of sea ice in the
North Atlantic and weakening of the AMOC (Sun et al.,
2012). The temperature in the high latitudes of Eurasia in
the early Holocene is at lower levels due to the
weakening of latent heat transport from lower latitudes
(Carlson et al., 2008; Alder and Hostetler, 2015; Mjell
etal., 2015; Baker et al., 2017). This process results in a
larger longitudinal temperature gradient from the mid to
high latitudes (Lu et al., 2022; Fig. 9(d)) and stronger
mid-latitude westerlies and EAWM during the early
Holocene (An et al., 2012; Fig. 9(e); Li and Morrill,
2015; Fig. 9(f); Wuetal., 2021). The cold, northern
branch of the mid-latitude westerlies and the East Asian
winter winds can have a significant cooling effect on the
climate of the NETP. The lowest annual insolation
intensity in the Ganjia Basin is a potential cause of the
relatively low temperatures during the early Holocene
(Laskar et al., 2004; Fig. 9(g)). During the mid to late
Holocene, a gradual temperature decline was recorded in
our MAAT record and in summer temperature records
from Qinghai Lake, Cuoqia Lake, Tiancai Lake, and
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Fig.9 Possible forcing mechanisms for Holocene temperature
evolution reconstructed from the BSY19A section. (a) MBT's,,-based
MAAT record from the BSY19A section (this study), (b) The ratio of
231pa/230Th record of a sediment core from the subtropical North
Atlantic Ocean (McManus et al., 2004), (c) areal extent of the LIS
relative to the last glacial maximum (Dyke, 2004), (d) longitudinal
temperature gradient between 30°N and 90°N (Luetal., 2022),
(e) westerlies climate index of Qinghai Lake (Anetal.,2012),
(f) EAWM climate index of the Huangyanghe section (Li and Morrill,
2015), (g) annual (blue line) and July (red line) solar insolation at
35°N (Laskar et al., 2004). The vertical pink lines indicate the
boundaries of the early to middle, and middle to late Holocene periods
(4.2 ka, 8.2 ka, respectively). The gray area represents the relatively
low temperature during the early Holocene in the Ganjia Basin.

Xingyun Lake (Hou et al., 2016; Zhang et al., 2017; Wu
et al., 2018; Zhang et al., 2022b). This decline coincides
with a decrease in local summer insolation (Laskar et al.,
2004; Fig. 9(g)). The records of magnetic susceptibility
and grain size show that the influence of the EASM in the
Ganga Basin increased significantly during the mid-
Holocene, and gradually weakened from 3 ka (Wu et al.,
2021). Sensible heat transport of warm vapor carried by
the EASM is one of the important sources of heat over
the TP (Anetal., 2015), and which contributed to the
warm climate during the mid-Holocene.



1022

6 Conclusions

We present a reconstruction of the Holocene MAAT
record based on brGDGTs indices in the Gnajia Basin in
the NETP. The results show three main stages of
temperature evolution, namely, low temperatures during
the early Holocene (12—8 ka), a thermal maximum during
the mid-Holocene (8—4 ka), and a general cooling during
the late Holocene (4-0 ka). We found that this
reconstructed temperature pattern is consistent with
multiple records in the Northern Hemisphere. By
comparing the climate forcings and feedbacks, we
conclude that the lower annual solar radiation and the
cooling effect of residual continental ice sheets in the
Northern Hemisphere result in the low MAAT during the
early Holocene. However, during the mid to late
Holocene, the MAAT variability was controlled by local
summer solar radiation in the Ganjia Basin.
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