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1.  Introduction
The Asian monsoon system plays a key role in the climate system and influences societal and economic devel-
opment over East Asia. Understanding East Asian rainfall changes on geological timescales is a critical issue of 
climate science, in particular during the Pliocene epoch (Feng et al., 2022; Han et al., 2021). This epoch is char-
acterized by atmospheric CO2 levels similar or slightly higher than the present anthropogenically elevated levels 
(Fedorov et al., 2013; Foster et al., 2017; Robinson et al., 2008), and global mean temperatures 2–5°C warmer 
than the preindustrial (Brierley & Fedorov, 2010; Dowsett et al., 2012; Haywood et al., 2013, 2020), which resem-
bles climate scenarios that may become possible during the 21st century (Burke et al., 2018).

Long-term changes in East Asian paleoclimate have been widely investigated; however, existing hydroclimate 
reconstructions disagree on trends during the Pliocene Epoch, as there exist large uncertainties in the estimated 
variations of summer monsoon precipitation in Northern China during the early Pliocene (An et al., 2005; Nie 
et al., 2014; Qin et al., 2022; Sun et al., 2010; H. L. Wang et al., 2019). Thus, East Asian hydroclimate is still not 
fully understood. In particular, little is known about drought conditions in East Asia during this period.

Abstract  The evolution of hydroclimate in East Asia during the Pliocene—a potential analog of the future 
greenhouse climate—remains highly uncertain. Here we reconstruct changes in the hydroclimate of Northern 
China during this epoch. Our results reveal previously undocumented severe drought conditions that persisted 
through the early Pliocene with a significantly greater magnitude than suggested by other records. Using a 
broad hierarchy of climate simulations, we find that reduction in the Pacific meridional sea surface temperature 
(SST) gradient has particularly strong impacts on precipitation over Northern China, which suggests its key 
role in maintaining drought conditions during the early Pliocene. The weaker Pacific meridional SST gradient 
causes the weakening of the East Asian summer monsoon precipitation over this region via a reduction of 
atmospheric northward moisture transport from the ocean, which enhances aridity inland. Our results highlight 
the fundamental control of the tropical ocean on the extra-tropical hydrological cycle.

Plain Language Summary  Understanding East Asian rainfall changes with global warming is an 
important issue of climate sciences. The Pliocene epoch provides a potential analog to the future greenhouse 
climate. Here, for the first time we reconstruct high-resolution aridity changes over the Chinese Loess Plateau 
(CLP) in northern East Asia during the Pliocene. Our results indicate persistent drought conditions over CLP 
during the early Pliocene. Analyzing a broad range of climate model simulations, we find that the reduced 
meridional sea surface temperature gradient is a critical factor in the weakening of the East Asian summer 
monsoon over Northern China and in maintaining drought conditions during the early Pliocene relative to 
the late Pliocene. Our results expand the Asian inland paleoclimate records during the Pliocene, providing 
new information on past Asian monsoon precipitation variations during the warm Pliocene with potential 
implications for future hydroclimate changes under greenhouse warming in East Asia.
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Several possible mechanisms have been proposed to explain Asian monsoon rainfall variations during the Plio-
cene, including the uplift of the Tibetan Plateau (An et al., 2001), remote effects of the gradual closure of the 
Central American Seaway (Nie et al., 2014), global cooling (H. L. Wang et al., 2019), the combined effect of 
high- and low-latitude insolation forcings (Y. Wang et al., 2020), and vegetation and ice sheet changes (Feng 
et al., 2022). In addition, it has been suggested that the reduction of large-scale meridional and zonal sea surface 
temperature (SST) gradients strongly impacted the hydrological cycle of the Northern Hemisphere (Burls & 
Fedorov, 2017; J. Lu et al., 2021). Accordingly, the goal of this paper is to reconstruct Pliocene aridity changes 
based on glycerol dialkyl glycerol tetraethers (GDGTs) in the Shilou red-clay sequence on the Chinese Loess 
Plateau (CLP) in Northern China (Figure 1), and to explore the physical factors that may have controlled those 
aridity changes using climate model simulations, focusing on the role of changes in meridional and zonal SST 
gradients in the Pacific Ocean.

GDGTs are produced by archaea and bacteria living in soils—and have been previously applied to reconstruct 
paleoclimate conditions (H. X. Lu et al., 2019; Peterse et al., 2014). In general, wet acidic conditions in soils 
are favorable for the branched (br) GDGT producing bacteria, whereas archaea (e.g., Thaumarchaea) produc-
ing the isoprenoid (iso) GDGTs grows well in dry alkaline soils (Dirghangi et al., 2013; Weijers et al., 2006). 
Consequently, the abundance of archaeal isoGDGTs (bacterial brGDGTs) is higher (lower) in dry alkaline soils 
than in wet acid soils, and vice versa (Xie et al., 2012; Yang et al., 2014). Especially, the abundance of archaeal 
isoGDGTs relative to bacterial brGDGTs (Ri/b) increases substantially in extremely arid conditions, and thus has 
been considered a reliable indicator of enhanced drought conditions in terrestrial archives (Tang et al., 2017; Xie 
et al., 2012). In addition, the Branched and Isoprenoid Tetraethers (BIT) index provides an estimate of the rela-
tive abundance of bacterial GDGTs and crenarchaeol which is only synthesized by Thaumarchaeota. This index 
is related to mean annual precipitation (MAP) (Dirghangi et al., 2013) and water content (H. Wang et al., 2013) 
in soils. It has been suggested as another hydrological proxy with lower values indicating dry conditions (Tang 
et al., 2017; Yang et al., 2014). Although the BIT index is not as robust as Ri/b in some settings, such as extremely 
alkaline deposits (Yang et al., 2014), the two indices analyzed together have a strong tandem utility as hydrolog-
ical proxies in soils.

Here, for the first time we apply these two novel proxies, combined with a broad range of model simulations, to 
explore monsoon-driven aridity changes on the CLP during the Pliocene and examine the causes of these vari-
ations focusing on persistent drought conditions during the early Pliocene. Our results expand the Asian inland 
paleoclimate records for the period between ca. 2.5–5.2 Ma, thus providing critical new information on Asian 
monsoon precipitation variations during the Pliocene with potential implications for future hydroclimate changes 
under greenhouse warming in East Asia.

2.  Materials and Methods
2.1.  Data

The Shilou red clay sequence is located at the eastern edge of the CLP (Figure 1). This aeolian profile contains 
2.8 m of Quaternary loess-paleosol sequence and 69.2 m of red-clay sequence. The new magnetostratigraphy 
provides a well-constrained age model of 5.2 Ma for the Shilou Red Clay sequence (Anwar et al., 2015). The 
homogenized materials (∼25  g) were extracted with dichloromethane: methanol (9:1) using an accelerated 
solvent extractor at 100°C and 1500 psi. The procedures for lipid extraction and analysis, the Ri/b and BIT proxies 
are further described in Supporting Information S1.

2.2.  Modeling

Complementary climate model simulations have been analyzed to investigate the effects of meridional and zonal 
SST gradients on aridity over the CLP and confirm our data-based inferences. We use two sets of experiments 
with general circulation model (GCMs), in which anomalous precipitation minus evaporation (P-E) serves as a 
measure of aridity. The first set of experiments involves predominantly coupled ocean-atmosphere GCM exper-
iments wherein the zonal and meridional SST gradients vary together. We have performed a large number of 
integrations to simulate different climate states characterized by distinct cloud albedo perturbations (induced by 
cloud water path modifications over latitudinal bands, Figure S2 in Supporting Information S1) or different CO2 
increases, and correlate P-E anomalies over the CLP with the simulated meridional and zonal SST gradients.

Visualization: Yanhong Zheng, Alexey 
V. Fedorov, Xuefeng Yu, Feng Xian
Writing – original draft: Yanhong 
Zheng
Writing – review & editing: Yanhong 
Zheng, Alexey V. Fedorov, Natalie J. 
Burls
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The second set of experiments uses an atmosphere-only GCM wherein we can modify the meridional and zonal 
SST gradients separately, in order to isolate their effects on P-E over East Asia. Further details on the design of 
these two sets and the GCMs used are provided in Supporting Information S1.

3.  Results
3.1.  Drought Conditions Over the CLP During the Early Pliocene

The Ri/b ratio and BIT index in the Shilou Red-clay sequence vary from 0.04 to 3.8 and from 0.3 to 0.97, respec-
tively, during the Pliocene interval 5.2–2.5 Ma. Both indices exhibit similar trends throughout the whole sequence 
(Figures 2c and 2d). High Ri/b ratios and low BIT values are observed with large fluctuations between ca. 5.2 
and 4.0 Ma. Specifically, the records reveal dramatic increases in Ri/b ratios and decreases in BIT values around 
5.2–5.1, 5.0–4.8, 4.7, 4.5, 4.3, and 4.1 Ma. During the early Pliocene from ca. 5.2 to 4.0 Ma, most values of Ri/b 
ratios are higher than 0.5, which is much higher than those during the late Pliocene and very early Pleistocene 
from ca. 4.0 to 2.5 Ma (Figures 2c and 2d).

Modern evidence shows that the Ri/b ratios remain low (<0.5) and stable when precipitation is >600 mm in soils, 
whereas the Ri/b ratios are >0.5 in extreme dry soils on CLP (Xie et al., 2012; Yang et al., 2014). Consequently, 
high Ri/b ratios (>0.5) only record the most severe drought events rather than more subtle or regular drought 
events (Tang et al., 2017; Xie et al., 2012; Yang et al., 2014). Therefore, during the early Pliocene the elevated 
Ri/b values (>0.5) clearly indicate persistent drought conditions in Shilou region. Additionally, the BIT indices, 
representing microorganisms different from Ri/b, exhibit the same trend as the Ri/b ratios throughout the Pliocene. 
Thus, both Ri/b and BIT reflect greater aridity in the early Pliocene relative to the mid to late Pliocene.

The extreme drought conditions inferred from the Ri/b and BIT ratios in the early Pliocene coincide with a weak-
ened summer monsoon over the region suggested by high coarse grain size content and low magnetic suscepti-
bility of red-clay in Shilou (Figures 2a–2d). Likewise, this much drier climate is broadly consistent with weaker 
summer monsoon precipitation recorded in other red-clay sequences over the CLP such as Jingchuan, Lingtai and 
Xifeng (An et al., 2001; Ding et al., 2001; Sun et al., 2010).

Nevertheless, some other paleorecords contradict our records. Specifically, the drier conditions over the CLP 
during the early Pliocene are not agreement with higher precipitation inferred from the phytolith assemblages 

Figure 1.  Topography of East Asia, the location of Shilou and other sites on the Chinese Loess Plateau, and the relevant 
ocean sites with proxy sea surface temperature data. The arrows show approximate wind direction of the East Asian monsoon 
in summer and winter.
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Figure 2.  Comparison of the Ri/b and Branched and Isoprenoid Tetraethers (BIT) proxies with other records from the Chinese 
Loess Plateau and the Pacific Ocean. (a) Magnetic susceptibility and (b) Coarse fraction (>30 μm) content in Shilou (Anwar 
et al., 2015). (c) BIT and (d) Ri/b indices in Shilou (this study). (e) The zonal sea surface temperature (SST) gradient between 
sites U1337 and 846 (Liu et al., 2019). (f) The zonal SST gradient along the equatorial Pacific (806 Mg/Ca–847 Mg/Ca 
(reddish pink), 806 Mg/Ca–846 alkenones (green), 806 Mg/Ca–847 alkenones (blue); Fedorov et al., 2013 and references 
therein). (g and h) The meridional SST gradients between sites 806 and 1208, and between sites 847 and 1010 (LaRiviere 
et al., 2012; Pagani et al., 2010; Wara et al., 2005). (i) Benthic foraminiferal δ 18O record (Lisiecki & Raymo, 2005). The gray 
shading indicates the high aridity period.
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in Lantian on the southeastern margin of the CLP (H. L. Wang et al., 2019). However, phytolith records reflect 
a complex response of plants to changes in precipitation, evaporation, and temperature, in addition to transport 
variability, which might complicate the inferred precipitation signal. In contrast, grass-dominated ecosystems 
in the early Pliocene (H. L. Wang et al., 2019) still suggest a relatively dry climate in comparison with modern, 
tree-dominated vegetation in Northern China, supporting our conclusions.

We also note that the grain size and magnetic susceptibility records do not necessarily capture the full severity 
of the drought conditions (Tang et al., 2017), presumably because these records are affected by other variables 
in addition to precipitation, such as wind intensity, which might dilute the signal. A reduced MAP reconstructed 
by Nie et al. (2014) from soil magnetic parameters was observed in the early Pliocene on the southern CLP. It is 
noted that high MAP occurred in some intervals of the early Pliocene where the Ri/b values are higher than 0.5. 
This inconsistency arises because soil magnetic parameters can also correlate with temperature (Nie et al., 2014); 
and in this case, high temperatures in early Pliocene may lead to an overestimation of MAP. Furthermore, soil 
magnetic parameters are not sensitive to precipitation when MAP is less than 500 mm, thus potentially causing 
uncertainties of the reconstructed MAP (Nie et al., 2014).

Overall, the majority of records agree on dry conditions over the CLP in the early Pliocene, but the inferred sever-
ity of drought conditions based on our data appears to be much greater than that inferred from both grain size and 
magnetic records. The anomalously high values of the Ri/b ratios and BIT indices provide a strong indication of 
such extreme drought conditions.

3.2.  Topographic Changes Are Unlikely to Cause Early Pliocene CLP Aridity Changes

Topographic changes are often considered a major control of precipitation on geological timescales. East Asian 
winter and summer monsoons could have been strengthened by the uplift of the Tibetan Plateau (An et al., 2001); 
however, there is no strong evidence for a significant uplift of the Tibetan Plateau in the early Pliocene. An uplift 
of the entire Tibetan Plateau might have occurred at around 3.6 Ma (An et al., 2001), potentially enhancing aridity 
in East Asia via strong winter monsoon (Figure 2b). However, the Ri/b (BIT) ratios do not show elevated (low) 
values at 3.6 Ma.

In addition, the expansion of North Hemisphere ice sheets did not start until around 2.8 Ma (Haug et al., 2005). 
The small ice sheets could maintain only a relatively weak meridional thermal gradient and thus weak westerlies. 
These relatively weak westerlies probably carried less dry air masses to the CLP in the early Pliocene. Thus, 
the  Tibetan Plateau uplift and changes in the Northern Hemisphere ice sheets do not appear as plausible explana-
tions for the persistent drought conditions during the early Pliocene on the CLP.

3.3.  Dynamical Causes of Severe Drought Conditions During the Early Pliocene

We find that the early Pliocene drought conditions coincide with the occurrence of weakened zonal and meridi-
onal large-scale SST gradients in the Pacific Ocean (Figures 2c–2h). Although their exact magnitudes are debated 
(Tierney et al., 2019), the early Pliocene zonal and meridional SST gradients were substantially weaker (Fedorov 
et al., 2013, 2015; Liu et al., 2019; Wara et al., 2005). Climate conditions with a reduced zonal SST gradient and a 
deeper/warmer equatorial thermocline (Ford et al., 2015) are sometimes referred to as a “permanent El Niño-like” 
state (Fedorov et al., 2010, 2013; Shankle et al., 2021; Wara et al., 2005; White & Ravelo, 2020), invoking an 
analogy to modern El Niño conditions. In the modern climate, El Niño causes decreased monsoon precipitation 
over North China due to the weak/southward shift of the West Pacific subtropical High, leading to droughts on 
the CLP (Huang & Wu, 1989). For example, during the 1997/1998 El Niño event, annual precipitation decreased 
in the Shilou region more than in any other year of the past 60 years.

Thus, a question arises on the potential role of reduced meridional and zonal SST gradients in the Pacific in main-
taining the early Pliocene drought conditions over the CLP. To address this, we use a suite of numerical simula-
tions with a coupled GCM wherein we are able to change these SST gradients in a broad range and investigate  the 
impacts of these gradients on P-E. Our simulations show that, although there is a significant spread between the 
models, the P-E field over the CLP is well correlated with the zonal SST gradient along the equator (r = 0.62; 
Figure 3b), with smaller P-E values corresponding to a weaker gradient. Yet, we find that the correlation between 
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the meridional SST gradient in the Northern Hemisphere and P-E over the CLP is much stronger (r = 0.77; 
Figure 3a).

Our synthetic times series of reconstructed P-E since the early Pliocene also show that the meridional SST 
gradient causes larger P-E changes than the zonal SST gradient (Figure  4). Regardless of the SST gradient 
reconstruction used, changes in the meridional SST gradient dominate P-E changes, and estimated P-E anom-

alies indicate higher aridity during the early Pliocene (Figure 4). While the 
zonal SST gradient is tightly linked to the meridional SST gradient (Burls & 
Fedorov, 2014; Fedorov et al., 2015), it is the latter that is particularly impor-
tant for northward heat and moisture transports (Brierley & Fedorov, 2010; 
Burls & Fedorov, 2017).

These results suggest that the meridional SST gradient played a critical role 
in amplifying drought conditions over Northern China. To further explore 
the influence of the meridional versus zonal SST gradient we examine two 
sensitivity experiments in which the zonal SST gradient, and then the  merid-
ional SST gradient, is reduced independently following the approach of 
Brierley & Fedorov,  2010. The results show that the zonal SST gradient 
reduction leads to reduced precipitation over the CLP in winter rather than 
summer (Figures 5c and 5d), consistent with previous observations (Dai & 
Wigley,  2000). Consequently, the zonal gradient can still affect the mean 
precipitation but to a lesser extent.

A moisture budget analysis shows that changes in the winds caused by 
the reduced meridional gradient tend to increase precipitation in Southern 
China but decrease in Northern China (Figure S3b in Supporting Informa-
tion S1). This tendency is opposite for the reduced zonal gradient (Figure 
S3e in Supporting Information S1). In the former case, changes in specific 
humidity also act to reduce precipitation over Northern China (Figure S3c 
in Supporting Information S1). Thus, the reduction of the meridional SST 
gradient weakens moisture convergence over Northern China, which reduces 
summer monsoon precipitation (Figure 5a). This enhances drought potential 

Figure 3.  The P-E change relative to the preindustrial control simulation averaged over the Chinese Loess Plateau (34–38°N and 105–115°E) across a suite of climate 
simulations. P-E is plotted (a) against the meridional sea surface temperature (SST) gradient and (b) the equatorial Pacific zonal SST gradient (see Methods for the 
gradient definitions). Each dot corresponds to one model climate state simulation and the numbers correspond to those assigned in Burls and Fedorov (2017), with red 
representing the preindustrial control experiments, black/green—low/high resolution modified cloud forcing experiments, yellow—abrupt CO2-increase experiments, 
and purple—prescribed SST experiments. P-E is given in millimeters per day (mm/day). r indicates the correlation between variables; r* is the required correlation 
value for significance at the 95% level taking into account the effective degrees of freedom.

Figure 4.  Synthetic time series for Chinese Loess Plateau (CLP) P-E 
anomalies (in mm/day relative to late Pleistocene/preindustrial) estimated 
from the zonal and meridional sea surface temperature (SST) gradients 
reconstructed from multiple records in two different studies (Fedorov 
et al., 2015; Tierney et al., 2019). These time series are based on simple 
linear regressions of the simulated relationships between CLP P-E and 
the meridional and zonal gradients (in Figure 3) that allow for converting 
reconstructed variations in zonal and meridional SST gradients into P-E 
anomalies. The light color shading represents the uncertainty range provided 
for the Tierney et al. (2019) gradient reconstructions.
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in North China because its rainfall is largely governed by the Asian summer monsoon, with about 85% of the 
annual precipitation delivered between May and September by moisture-laden air masses sourced from the 
Pacific Ocean.

4.  Discussion and Conclusion
We have reconstructed hydroclimate evolution on the CLP during the Pliocene Epoch based on GDGT distri-
butions. The Ri/b (and BIT) ratios are stable and low (high) during the late Pliocene, but they show sharp peaks 
during the early Pliocene, indicating extreme drought conditions during the latter time interval. These drought 

Figure 5.  Impacts of the reduced zonal and meridional sea surface temperature gradients on P-E in an atmospheric general circulation model in panels (a and c) 
summer and (b and d) winter seasons. Yellow/red colors indicate more arid conditions. The magenta marker indicates the location of Shilou. Thin dashed and solid lines 
indicate negative and positive contours, respectively, and the zero contour is shown by thick solid lines.
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conditions appear to be much more severe than arid conditions suggested by grain size and magnetic susceptibil-
ity as reported previously.

Combining data and modeling results we find that the reduced meridional SST gradient is the likely critical factor 
in the weakening of the East Asian monsoon precipitation over Northern China and in maintaining drought condi-
tions over the CLP during the early Pliocene. Both coupled and atmosphere-only experiments strongly support 
the key role of the meridional SST gradient in controlling summer precipitation over the CLP and the surrounding 
regions of North China. The reduction of the meridional SST gradient weakens the East Asian summer monsoon 
precipitation over Northern China through the reduction of northward moisture transport from the ocean that is 
able to reach this region.

Overall, the effect of the reduced zonal SST gradient along the equator (mean El Niño-like conditions) may have 
also contributed to the enhanced aridity, but the link between P-E over the CLP and the zonal SST gradient is 
somewhat weaker. This is related to the fact that the zonal SST gradient reduction weakens CLP precipitation 
in winter, which is of less importance than monsoonal precipitation in summer. Finally, we hypothesize that the 
apparent ending of drought conditions over the CLP around 4 Ma may reflect a threshold behavior. Both zonal 
and meridional temperature gradients were weaker in the early Pliocene than in the mid-Pliocene. With the grad-
ual increase of the SST gradients over this time interval, precipitation over North China was gradually increas-
ing as well (Figure 4) until a sufficient threshold was reached, possibly triggering climate-vegetation feedbacks 
(Tierney et al., 2017).

Thus, our work provides new observational and modeling evidence for understanding the impacts of the zonal and 
especially meridional SST gradients on crucial teleconnection patterns and the hydrological cycle of the North 
Pacific region during the warm early Pliocene epoch and possibly in the future warmer world.

Data Availability Statement
The proxy data generate by this study are available at https://doi.org/10.5281/zenodo.6699975. The additional 
datasets cited in Figure 2 are available in these citation references: Fedorov et al., 2013; Liu et al., 2019; Wara 
et al., 2005; Pagani et al., 2010; LaRiviere et al., 2012; Lisiecki & Raymo, 2005. The climate model simula-
tions with different meridional and zonal SST gradients have been archived in Zenodo: https://doi.org/10.5281/
zenodo.6762450 and https://doi.org/10.5281/zenodo.6762717. The atmospheric GCM simulations to isolate 
the effects of zonal versus meridional SST gradients have been archived in Zenodo: https://doi.org/10.5281/
zenodo.6760131. The code used to make the synthetic timeseries is available on GitHub (https://github.com/
nburls/ZhengEtAl2022).
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