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Abstract Record of long-term land temperature changes remains ephemeral, discontinuous, and isolated,
thus leaving the common view that Pleistocene land temperature evolution should have followed ocean
temperatures unconfirmed. Here, we present a continuous land surface temperature reconstruction in the Asian
monsoon region over the past 3.0 Myr based on the distribution of soil bacterial lipids from the Chinese Loess
Plateau. The land temperature record indicates an unexpected warming trend over the Pleistocene, which

is opposite to the cooling trend in Pleistocene ocean temperatures, resulting in increased land-sea thermal
contrast. We propose that the previously unrecognized increase of land-sea thermal contrast during much of
the Pleistocene is a regional climate phenomenon that provides a likely mechanism in favor of the long-term
enhancement of the Pleistocene East Asian summer monsoon.

Plain Language Summary Numerous sea surface temperature (SST) records indicate long-term
gradual cooling over the Pleistocene, whereas the East Asian summer monsoon (EASM) appears to have
strengthened during this period. Land-sea thermal contrast is thought to have an important influence on

the intensity of the EASM, but the lack of land surface temperature (LST) records from monsoonal regions
prevents the assessment of its role in driving monsoonal changes. Here, we present a 3-Myr-long LST record
from the Chinese Loess Plateau, displaying a unique long-term warming trend over the Pleistocene, different
from the trajectories of SST records. We propose that the decoupling of long-term land and sea temperatures,
and thus the increase of land-sea thermal contrast, provides a simple interpretation for the otherwise paradox,
strengthening of the EASM over the Pleistocene. This study presents much needed original LST data that
support novel interpretations on a mechanism for important paleoclimate phenomenon in East Asia with
implications to the entire terrestrial ecosystem during the critical period of earth history.

1. Introduction

The current global warming trend has exacerbated our concerns about future changes in land surface temperature
(LST), a parameter that has profound impact on terrestrial ecosystems including many aspects of human life
(IPCC, 2019). In the quest of better understanding continental climatic changes, documenting and deciphering
underlying physical principles of long-term LST evolution in historical periods are critical. However, due to the
lack of suitable tools, long-term terrestrial paleotemperature reconstruction is extremely rare, which increases
the uncertainty of our projection of future trend for temperature changes. It remains uncertain whether land
temperature should have followed the same long-term cooling trend as inferred from marine records over the
Pleistocene (Fedorov et al., 2013; Herbert et al., 2010; Lisiecki & Raymo, 2005). In addition, recently recon-
structed interglacial rainfall on the Chinese Loess Plateau (CLP) indicated a gradual strengthening of the East
Asian summer monsoon (EASM) over the Pleistocene (Balsam et al., 2004; Meng et al., 2018; Tian et al., 2011)
against the global cooling climate trend that is mainly inferred from the marine realm, contradicting the long-held
convention that high monsoon rainfalls on longer timescales are linked to high global/ocean temperatures. Land
temperature records from the region, currently lacking, would also help address this controversy and improve our
understanding of the long-term EASM evolution.
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The loess-paleosol and red-clay sequences on the CLP have been widely accepted as an excellent geologic and
climatic archive for documenting the history and variability of the East Asian paleomonsoon climate spanning
at least the past 7.2 Myr (T. S. Liu & Ding, 1998). Here, built upon our recent work (Lu et al., 2019), we
reconstructed the longest continuous continental paleotemperature history so far based on distributions of soil
fossil glycerol dialkyl glycerol tetracther (GDGT; Figure S1 in Supporting Information S1) lipids preserved in
well-dated loess-paleosol sequences from the Lingtai section at the center of the CLP (Figure 1). Our result
extends the LST reconstruction in Asia to cover the entire Pleistocene and provides critical information toward
understanding patterns of continental climatic and environmental changes, allowing us to evaluate the evolu-
tionary history of LST and its intricate relationship with global temperature changes and EASM evolution at the
million-year time scale.

2. Materials and Methods

The loess samples were collected from a well-known classic loess profile (Lingtai, 35°04'N, 107°39'E) at the
center of the CLP (Figure 1). The age model was constructed by the generally accepted correlation scheme of
loess-paleosol sequences with marine benthic oxygen isotopic (8'#0) records (Figures S2—-S4 in Supporting Infor-
mation S1). GDGTs were analyzed on a liquid chromatography/atmospheric pressure chemical ionization-mass
spectrometry system. Details were presented in Text S1 in Supporting Information S1.

Based on modern soil data, GDGT-derived proxies offer a promising tool for reconstructing terrestrial temper-
atures on the CLP (Peterse et al., 2011, 2014; Tang et al., 2017; Wang et al., 2020). The surface soil is more
suitable for GDGT producing microorganisms to grow, and thus the GDGT-based temperature reconstructions
from loess sections mainly reflect in situ LSTs during the growth season of microorganisms (Lu et al., 2019;
Wang et al., 2020). GDGT contents in dust source regions of the CLP contain negligible amount of GDGTs
due to their unfavorable growth conditions for bacteria, such as aridity, low temperature, and the lack of organic
material (Gao et al., 2012); thus these trace amount of GDGTs adhered to dusts would have little effect on our
results. Modern observations have also shown that in northern China across a large climatic gradient affected
by these factors, the GDGT indicator has a good relationship with LST (Wang et al., 2020). Besides exogenous
input, different calibrations may also have an effect on temperature reconstruction. We compared the recon-
structed paleotemperature using different calibrations from global (mean annual air temperature, MAAT) (De
Jonge et al., 2014) and regional (China, mean annual soil temperature, MAST) soil data sets (Wang et al., 2020).
We found that they have similar trends (Figure 2 and Figure S5 in Supporting Information S1), although the
average temperature reconstructed by the former is about 2°C higher than the later, and a higher deviation was
observed during colder periods, which is consistent with the modern observation data (Wang et al., 2020). A
Bayesian calibration (BayMBT) (Crampton-Flood et al., 2020) and a random Forest Regression for PaleOMAAT
using brGDGTs (FROG) calibration (Véquaud et al., 2022) in soils were also proposed to calibrate the relation-
ship of the 5-methyl brGDGTSs and the MAAT. However, in the Lingtai loess-paleosol sequence, the IIb and Ilc
compounds (Figure S1 in Supporting Information S1) required in these two models are usually below the detec-
tion limit, so, these two models may be currently inapplicable. Nevertheless, we calculated the temperature with
BayMBT by taking the compounds below the detection limit as zero (Figure S5 in Supporting Information S1)
and also found that temperature from different calibrations have similar trend. Further discussion about the relia-
bility of brGDGT-based LST reconstructions is provided in Supporting Information S1.

Because bacteria that produce GDGTs mainly live in the surface layer of the soil, the GDGT data more directly
reflect the MAST. In addition, compared with global soil data sets, regional temperature calibration has smaller
analysis errors. Therefore, we use MAST as our reconstructed LST, and MAT as a reference. An external standard
and duplicate injections of a selected set of loess-paleosol samples were analyzed in every 30 samples, and were
continuously monitored to ensure minimal analytical drift. The average analytical error, calculated using replicate
analyses of external standard and sample duplicates, is 0.8°C (1o). In addition, error introduced by the tempera-
ture calibration is 2.2°C (Wang et al., 2020), thus resulting a combined error up to 3.0°C.
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Figure 1. Land relief map of East Asia showing locations of research sites (white circles) near the Lingtai loess-paleosol section (the yellow circle), and other
terrestrial and marine (labeled with their ODP number) records used in this study. LC, Luochuan; XF, Xifeng; XJ, Xijin; and LT, Lingtai. Locations of Pleistocene
tropical temperature records used in the tropical stack (Herbert et al., 2010) and the two North Pacific records are shown in the inset map. The area enclosed in the
yellow line denotes the Chinese Loess Plateau. The yellow (white) arrows indicate the direction of westerlies (summer monsoon) winds. Base map was generated

through ArcGIS.

3. Results and Discussion

Our brGDGT-derived new temperature reconstructions extend our paleotemperature records to the past 3 Myr.
The record exhibits relatively distinct glacial-interglacial cyclicity that is broadly synchronized with marine 580
records in the overall glacial-interglacial pattern (Figure 2 and Figure S4 in Supporting Information S1). Elevated
LST occurred in paleosol layers during interglacial periods or weakly developed soil beds in loess layers (such
as SS, and SS, during L,,) during glacial periods, while lower temperature values occurred in loess layers during
glacial periods, which is highly consistent with previous reports (Lu et al., 2019; Peterse et al., 2011, 2014; Tang
et al., 2017; Thomas et al., 2017; Figure 2). However, combined with visual inspection and turning point anal-
ysis (Killick & Eckley, 2015), our LST record displays distinct trends at the following three time intervals: (a)
3.0-2.6 Ma, a rapid cooling trend that is similar to sea surface temperature (SST) records (Fedorov et al., 2013),
(b) 2.6-0.6 Ma, a gradual warming trend opposite to marine records, and (c) 0.6-0 Ma, a relatively flat trend
with large oscillations. The first turning point at ~2.6 Ma coincides with the boundary between the Pliocene Red
Clay and Pleistocene loess-paleosol sequence, associated with the global climate during the intensification of the
Northern Hemisphere Glaciation (Haug et al., 2005; Sun & An, 2005), changing from relatively warm and humid
conditions at the end of the Pliocene to large warm-cold alternations over the Pleistocene. The end of this period
around 0.6 Ma is close to the completion of the so-called mid-Pleistocene transition (MPT; 1.2-0.7 Ma), which
has been widely recognized as a shift in paleoclimatic periodicity from 41- to 100-Kyr cycles and characterized
by significant glacial-interglacial changes in high-latitude ice volume, global ocean temperatures, sea level fluc-
tuations, and monsoonal intensity (Herbert et al., 2010; Lisiecki & Raymo, 2005; Ruddiman et al., 1989; Sun
et al., 2006).

Our new LST record highlights several distinct features that are different from the established global marine
temperature trends. During the cooling trend interval (3.0-2.6 Ma), the Lingtai GDGT-based paleotemperature
shows an accumulative ~3.5°C decrease of temperature on the CLP (Figure 3a), a steeper cooling trend than
that has been widely recorded from marine sediments (Fedorov et al., 2013; Herbert et al., 2016; LaRiviere
et al., 2012), probably related to the continental intensification of the Northern Hemisphere Glaciation. But
one of the most surprising features recorded in our new LST profile is the steady warming trend from ca. 2.6
to 0.6 Ma, as indicated by the 400-Kyr running averages (Figure 3a) or linear fitting (Figure S6 in Supporting
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Figure 2. Time series of climatic proxies from the Lingtai loess-paleosol sequence. (a) Mean annual precipitation (MAP)
derived from dissolution phases of carbonate, (b) calcite content, and (c) dolomite content (Meng et al., 2018). (d) Glycerol
dialkyl glycerol tetraether (GDGT)-derived temperature (Lingtai, orange, three point-moving averaged MAST, , this study;

srs?
Lingtai, blue, three point-moving averaged MAT, ., this study; Xifeng, purple, Lu et al., 2019). The shade area in panel

(d) represents possible MAST,_-derived temperature uncertainty introduced by the GDGT measurements (0.8°C) and the

temperature calibration (2.2°C) combined. (e) Magnetic susceptibility (MS). The gray shaded areas indicate paleosol layers,
corresponding to interglacial periods. The labels in panel (e) indicate main paleosol layers. The heavy green lines in panel (a)
denotes trends in the East Asian summer monsoon (EASM) rainfall. The heavy lines in panel (d) represents 400-Kyr running
averages of land surface temperatures. The long-term trend of land warming and EASM enhancement were closely coupled
from 2.6 to 0.6 Ma.

Information S1) of the new LST data. A linear regression analysis of our LST data in this period shows that the
average temperature has increased by ~1.1°C during these 2 million years, while the average SST at similar lati-
tudes has decreased by ~2.2°C (Herbert et al., 2016). This unique absence of early-middle Pleistocene cooling
characteristic in Lingtai LSTs exhibits a sharp contrast with the global average surface temperature change based
mainly on SST data (Fedorov et al., 2013; Herbert et al., 2010; Snyder, 2016) (Figure 3), and such a warming
LST trend is also in contrast with the change of global atmosphere pCO, across the MPT (Chalk et al., 2017).
More interestingly, LST changes during glacial and interglacial periods are asymmetric. The warming rate in
interglacial paleosol layers (S;,—S) is ~0.7°C/Myr, while a higher warming rate of ~1.1°C/Myr is recorded in
glacial periods in loess layers (L,;—L¢) (Figure S6 in Supporting Information S1). The gradual warming trend
of LST during 2.6-0.6 Ma documented on the CLP coincides with the increasing of EASM strength recently
reported from terrestrial and marine sediments of the same period (Balsam et al., 2004; Meng et al., 2018; Tian
et al., 2011). Particularly, the inferred rainfall changes from carbonate and dolomite percentages from the same
Lingtai section show close correspondence to LST changes (Figure 2). At about 0.6 Ma, the LST warming trend
terminated, and our LST curve is then characterized by the high-amplitude 100-Kyr oscillations, returning to the
alignment with other global and regional geochemical proxies, including those for the EASM.

Continuous LSTs spanning over millions of years are extremely rare, making the comparison between our records
at CLP with other sites challenging. A 400-Kyr running average of GDGT-based land temperature data from the
Malawi valley in Africa (Johnson et al., 2016) shows that the average temperature has increased by ~2.0°C from
1.3 to 0.6 Ma in eastern Africa (Figure 3b) and the warming primarily occurred during glacial periods. Further,
a pollen-based temperature record over the last 1.74 Myr from the eastern Tibetan Plateau (Zhao et al., 2021)
suggests that, when all modern pollen data from China and Mongolia were used in the training data set, the
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Figure 3. Comparison of continuous temperature records from Chinese
Loess Plateau (CLP) and other paleo-records over the past 3.0 Ma,

showing increasing divergent land-ocean temperature trends during much

of Pleistocene. (a) Land surface temperature (LST) on the CLP, three
point-moving averaged. (b) Glycerol dialkyl glycerol tetracther-derived Lake
Malawi basin temperature record (Johnson et al., 2016). (c) Weighted-average
partial least squares-based temperature reconstructions for Zoige Basin core
ZB13-C2 with modern pollen training-set from across China and part of
Mongolia (blue) and a smaller modern pollen training-set within a distance of
500 km (red) (Zhao et al., 2021). (d) Tropical sea surface temperature (SST)
stack (Herbert et al., 2010). (e) Benthic §'%0 stack (Lisiecki & Raymo, 2005).

The heavy lines represent 400-Kyr running averages.

a local coincidence but representing a previously unrecognized long-term
regional climate phenomenon during the Pleistocene, particularly in low lati-
tudes to midlatitudes or monsoon-influenced regions.

Deciphering the precise mechanisms for the unexpected Pleistocene land
warming may require more continuous continental temperature records. Solar
radiation, atmospheric pCO,, and global ice volume are considered to be the
main driving forces of global climate change (Peterse et al., 2011, 2014;
Tang et al., 2017; Thomas et al., 2017), but at million-year time scale, these
factors cannot explain the long-term land warming trend. While LST records
display the fundamental global glacial-interglacial temperature changes, our
recent study from the CLP shows that variations of land surface features,
such as vegetation and hydrology, may have played an important role in regu-
lating LST for the past 800 Kyr (Lu et al., 2019). In our new record, we still
observed that deglacial warming led the magnetic susceptibility changes over
glacial-interglacial cycles (Figure S4 in Supporting Information S1), indi-
cating the existence of vegetation effect. Moreover, we note that LSTs were
relatively high during some glacial periods, such as loess units L,, L,,, and
L, (Figure S4 in Supporting Information S1). Those units, corresponding to
relatively cool glacial ocean temperatures (Figure S4 in Supporting Informa-
tion S1), are usually considered as periods of particularly cold and dry condi-
tions based on physical and chemical proxies analyzed (Sun et al., 2006).
Therefore, vegetation effect (Liang et al., 2019; Lu et al., 2019) might have
been enhanced during those periods and resulted in elevated LSTs. (Note
elevated glacial LSTs were excluded when calculating glacial warming rate).

For the long-term land warming trend over Pleistocene interglacials, based
on available land temperature records, we consider that it may represent a
regional phenomenon, confined to monsoonal regions, while global climate
cooled over the Pleistocene, represented by the SST (Fedorov et al., 2013;
Herbert et al., 2010) and pCO, records (Chalk et al., 2017). If so, the warm-
ing trend in monsoonal regions might have resulted from reorganization
of atmospheric circulations, for instance, enhanced tropical Pacific zonal
SST gradient and associated processes that corresponded to global cooling.
Indeed, the Mg/Ca-SST record from ODP 806B, western equatorial Pacific
(Wara et al., 2005), with or without the correction of the seawater Mg/Ca
effect (Medina-Elizalde et al., 2008), indicates an overall warming, at least not

cooling, trend in interglacial temperatures between 2.6 and 0.6 Ma (Figure 4), consistent with this view. Although
a cooling trend appears to be notable between ~1.3 and ~0.9 Ma in this record, this feature is not particularly
evident in high-resolution Mg/Ca-SST records over the last ~1.8 Myr in the region (de Garidel-Thoron et al., 2005;
Medina-Elizalde & Lea, 2005; Figure 4). The overall warming trend for Pleistocene interglacials in the western
Pacific warm pool (overlooked previously) and on the CLP, along with the EASM enhancement, might be all
associated with the enhanced tropical zonal SST gradient under the global cooling background. The scenario of
increased land-ocean thermal contrast is perhaps consistent with the increased Pacific zonal SST gradient (J. J.
Liu et al., 2019; Tierney et al., 2019; Wara et al., 2005; Zhang et al., 2014) as relatively increased heat would have
accumulated in the western Pacific which may impact nearby continents. Further, we note that the migration of
westerly jet is also associated with EASM development, with enhanced EASM corresponding to a more northern
position/weakened westerlies under warmer conditions (Abell et al., 2021; Chiang et al., 2015). However, west-
erlies appear to have strengthened associated with global cooling over the Pleistocene (Abell et al., 2021; Fang
et al., 2020), in contrast with the long-term EASM enhancement. Indeed, this opposite long-term behavior in
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Figure 4. Correlation of land-sea thermal contrast with the long-term East
Asian summer monsoon (EASM) over the past 3.0 Myr. (a) Ocean sea surface
temperature (SST) records (Tropical SST stack, green, Herbert et al., 2010;
alkenone-based SST records at ODP 1208, purple, LaRiviere et al., 2012,

and ODP 882, blue, Martinez-Garcia et al., 2010, in the North Pacific). (b)
Mg/Ca-SST records at ODP 806B (unadjusted, Wara et al., 2005, green;
adjusted, Medina-Elizalde et al., 2008, blue; high-resolution, Medina-Elizalde
& Lea, 2005, pink). (c) Land surface temperature (LST) on the Chinese Loess
Plateau (CLP), three point-moving averaged. (d) Land-sea thermal difference.
Temperature changes (ATemperature) are relative to values at 2.6 Ma. The
land-sea thermal difference was calculated as the difference between the
400-Kyr running averages of LST record and of the Tropical SST stack record.
(e) East Asian summer monsoon rainfall index from the Lingtai section (Meng
et al., 2018). The heavy lines represent 400-Kyr running averages.

monsoonal and westerlies regions might be also linked to the increased zonal
Pacific temperature gradient (W. Liu et al., 2020). Lastly, vegetation effect
(Lu et al., 2019) exists particularly during deglacial/glacial periods in our
CLP temperature record, and the long-term glacial EASM behavior remains
to be debated. We thus leave the assessment of its relationship in glacial
periods to future investigations, while the relationship of increased land-sea
thermal contrast with the EASM enhancement for Pleistocene interglacial
periods can be established here.

The gradual increasing land-sea thermal contrast documented in this study
provides a simple and most parsimonious explanation for the long-term
EASM enhancement over the Pleistocene interglacials (Text S1 and Figure
S7 in Supporting Information S1). Without a warming continental tempera-
ture trend and an increasing land-sea temperature contrast, Meng et al. (2018)
invoked the increase in the tropical Pacific zonal SST gradient (J. J. Liu
et al., 2019; Tierney et al., 2019; Wara et al., 2005; Zhang et al., 2014) as a
possible mechanism for the EASM increase during much of the Pleistocene.
Zheng et al. (2022) also found that the early Pliocene drought conditions
coincide with the occurrence of weakened zonal and meridional large-scale
SST gradients in the Pacific Ocean. While this sea-based hypothesis is likely
to explain the source of moisture in the equatorial ocean, a much stronger
force is needed to deliver the moisture in penetrating the Asian inland by
EASM under the global cooling climate trend indicated by SST data. Our
new LST record reconciles the paradox by clearly showing that, under the
long-term global cooling background, a steady warming LST would have
increased the land-sea thermal contrast which serves as driving force for a
stronger EASM during Pleistocene interglacial periods, while enhanced trop-
ical SST gradient may have provided more moisture available in the western
Pacific (Figure 4).

4. Conclusions

In summary, we reconstructed so far the longest continuous LST on Asian
continent and found that a long-term warming trend during the early-middle
Pleistocene is running to the opposite direction of the global ocean cooling
trend. Our study shows that the unexpected land warming trend might repre-
sent a previously unrecognized long-term and large-scale climate phenom-
enon of increasing land-sea thermal contrast that provides a parsimonious
explanation for the strengthening of EASM during much of the Pleistocene.
In addition, although more continuous long-term terrestrial temperature
records are urgently needed to better understand the mechanisms of the land
warming phenomenon, a gradual land warming in monsoonal regions during
the Pleistocene could have also played a consequential role in the dynamic of

biological evolution and diversity, including the development of Pleistocene refugia and the diversification and

migration of early human species.

Data Availability Statement

The data that support the findings of this study are made available through the East Asian Paleoenvironmen-

tal Science Database at

http://paleodata.ieecas.cn/FrmDatalnfo_EN.aspx?id=c5cbee6b-fe4c-4639-918b-

8596de4a98a2 or through Figshare at https://figshare.com/articles/dataset/Lingtai_temperature/20411118.
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