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Abstract

The Asian mid-latitudes experienced a subtropical arid belt during most of the
Focene hothouse climate. This interpretation is supported by climate model
simulations, but is in contrast with new proxy reconstructions, which indicate
greening during the early Eocene. Here, we investigate the discrepancy between
models and proxies by analysing the atmospheric circulation in the modelled
climate. We assess the contribution of monsoonal circulation, extratropical and
tropical cyclones to precipitation, and investigate the sensitivity of precipitation
patterns to sea surface temperature (SST) changes. We find that the precipitation
in our selected target region is mainly associated with monsoonal circulation and
that fewer extratropical cyclones reach the target region from west than in the
pre-industrial climate. Additionally, we find tropical cyclones in the model sim-
ulation, which reach the mid-latitude target region and contribute significantly
to the summer precipitation. The co-existence of an extremely warm tropical
ocean and the large-scale monsoonal circulation promotes tropical cyclones to
reach the continental mid-latitudes, presenting an additional pathway for mois-
ture transport into the mid-latitudes. Our sensitivity experiments show that the
precipitation in our mid-latitude continental target area is sensitive to the land-
sea temperature contrast, and that lowering SST values enhance the monsoonal
circulation which then transports more moisture inland. Our study thus high-
lights that the early Eocene climate simulation underestimates the monsoonal
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circulation and precipitation across the continental interior of East Asia, which
is likely connected to a discrepancy in the land sea thermal contrast.

Keywords: East Asian Monsoon, tropical cyclones, paleoclimate, early Eocene

1 Introduction

Reconstructions of early Eocene (56-47.8 Ma) East Asian hydroclimate reveal a dis-
crepancy between precipitation proxy estimates and climate-model simulations (Meijer
et al. 2024; Farnsworth et al. 2019; Thompson et al. 2025). This discrepancy pro-
vides an opportunity to investigate the atmospheric circulation governing the regional
hydroclimate under high-C'Oy conditions, offering insights into climate states that lie
beyond the range of present day observations. A major circulation system influencing
the mid-latitude East Asian climate today is the East Asian monsoon, which interacts
strongly with the mid-latitude westerlies and the associated transient disturbances.

Previous proxy compilations suggested that during the early Eocene, mid-latitude
China was dominated by steppe-desert shrubs (Ephedraceae) and evaporites, which
is interpreted as a zonal arid belt with only the coastal sites being relatively humid,
and monsoonal circulation restricted to the tropics (Sun and Wang 2005; Guo et al.
2008; Xie et al. 2025; He et al. 2025; Spicer et al. 2025). This is supported by climate
model simulations showing a weak or absent East Asian monsoon in the early Eocene
(Zhang et al. 2012; He et al. 2025; Farnsworth et al. 2019; Tardif et al. 2020, 2023).

Nevertheless, a recent study from the Xining Basin in the continental interior of
China shows the abrupt spread of forests and disappearance of evaporites during the
Paleocene-Eocene Thermal Maximum (PETM) (Meijer et al. 2024). The PETM was
a hyperthermal event, at the beginning of the early Eocene, caused by the abrupt
release of greenhouse gases lasting 100-200 ka at 56 Ma and resulting in an additional
5-6°C global warming (McInerney and Wing 2011; Westerhold et al. 2020; Tierney
et al. 2022). Paleosol proxy data from the Xining Basin suggests that summer rainfall
doubled during the PETM and was therefore interpreted as an intensified East Asian
monsoon existing well before the large-scale surface uplift of the Tibetan Plateau
(Meijer et al. 2024). Subsequent compilations of paleobotanical data show that this
greening was widespread across mid-latitude China and persisted during the hothouse
conditions of the early Eocene (Thompson et al. 2025; Bondarenko and Utescher 2026).
Yet, so far, climate model simulations have been unable to reproduce the increased
rainfall and desert greening in this region (Meijer et al. 2024; Thompson et al. 2025;
Zhang et al. 2012).

The general definition of monsoon is continuously evolving, but traditionally it
means an annual reversal of prevailing surface winds and a contrast between sum-
mer precipitation and a dry winter (Wang et al. 2020). The newer concept of a global
monsoon however, sees it as a global-scale solstitial mode of tropical and subtropical
atmospheric circulation, driven by the annual cycle of insolation, where regional mon-
soon systems are localized expressions of this circulation (Wang and Ding 2008; Geen
et al. 2020). Hu et al. (2023) showed that over geological timescales, the global land
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monsoon domain is defined mainly by the continental configuration. Beyond paleo-
geography, orbital configurations and topography, especially in case of East Asia the
Himalayan-Tibetan uplift, has the largest influence on regional climate differences,
and on the intensity and spatial distribution of monsoonal precipitation (Farnsworth
et al. 2019; Roe et al. 2016).

In tropical and subtropical Asia the oscillation of solar heating, enhanced by the
different heat capacity of land and ocean results in a thermal gradient leading to
a pressure gradient between the East Asian Summer Low and the oceanic Western
Pacific Subtropical High (Ha et al. 2012). During late spring to summer, the monsoonal
circulation induces humid air flow from the sea surfaces towards the continental interior
and brings precipitation along the way. The Tibetan Plateau and the westerly jet
are also playing a key role in forming an east-west oriented quasi-stationary rainfall
band, the Meiyu-Baiu front across Yangtze River valley and Japan (Chen and Bordoni
2014). Thus, the present-day East Asian monsoon transports atmospheric moisture
deep into the Asian continental interior. The previously mentioned Xining Basin lies
at the edge of the monsoonal climate today, but records summer rainfall during the
PETM as well. This suggests that a monsoonal zone similar to today or even wider
already existed during the PETM.

The studies investigating the time evolution of monsoon in Asia show that the
modern-like East Asian monsoon developed and intensified with the Himalayan-
Tibetan uplift, and started around the Miocene (He et al. 2025; Spicer et al. 2025).
Before that, in the early Eocene, climate model simulations show a weak or absent
monsoon in East Asia (Abhik et al. 2026; He et al. 2025; Farnsworth et al. 2019; Tardif
et al. 2020, 2023). The early Eocene therefore represents a distinctive state of the East
Asian monsoon, when the Tibetan Plateau was absent or substantially less developed
than today. This provides an opportunity to investigate the role of non-orographic
processes, particularly land—sea thermal contrast and orbital forcing (Zhang et al.
2012), in shaping East Asian monsoonal circulation under a markedly different paleo-
geographic configuration. Moreover, based on temperature reconstructions, the early
Eocene was the warmest period of the last 66 million years (Westerhold et al. 2020) ,
with COs concentrations 5-6 times higher than the pre-industrial level (Honisch et al.
2023). Thus it could provide a natural laboratory to study monsoonal circulation under
hothouse conditions. Especially as the response of the East Asian monsoon to extreme
greenhouse warming remains unclear, and the Coupled Model Intercomparison Project
(CMIP) models tend to underestimate the East Asian monsoonal circulation (IPCC
2021).

The climate model ensemble of the Deep-Time Model Intercomparison Project
(DeepMIP) was specifically aimed to reconstruct the early Eocene at various atmo-
spheric COz concentrations (Lunt et al. 2017). The models agree well with the
large-scale patterns predicted by proxy data (Lunt et al. 2021), but all of these
simulations show a dry continental interior in Asia in contrast to the widespread
forests observed in paleobotanical data (Thompson et al. 2025). This suggests that
the modelled climates do not provide sufficient moisture transport to the study region.
This could result from weaker winds, reduced atmospheric moisture availability or
even missing circulation patterns. Insufficient wind strength may reflect differences
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in the large-scale circulation, including the strength of the monsoonal circulation
and the associated land—sea thermal contrast, highlighting the potential importance
of air—sea interactions and land-surface processes. Alternatively, limited moisture
availability may arise from underestimation of marine evaporation, differences in con-
vective activity or terrestrial moisture recycling. The relatively warm epicontinental
proto-Paratethys Sea, which extended into western China during the early Eocene
(Kaya et al. 2019), may have provided both a source of atmospheric moisture and
favourable conditions for extratropical cyclonic activity (Kelemen et al. 2026). Mid-
latitude cyclones associated with the westerlies could therefore have contributed to
precipitation in the Asian interior, potentially reaching as far as northeastern China
(Meijer et al. 2019; Xie et al. 2024). Another distinctive feature of the early Eocene
climate was elevated sea surface temperatures (SST) (Lunt et al. 2021), which may
have favoured enhanced tropical cyclone activity. This raises the possibility that, in
addition to monsoonal and extratropical precipitation, the study region may have been
influenced by tropical cyclones, including systems undergoing extratropical transition
(Ma et al. 2026) under the exceptionally warm conditions of the early Eocene. Addi-
tionally, orbital variations alter seasonal insolation and can strengthen the land—sea
thermal contrast, thereby enhancing the intensity of monsoonal circulation during the
early Eocene (Zhang et al. 2012).

Here, we study the above described model-data mismatch in detail, by using sim-
ulations of the CESM model to understand the circulation pattern and compare
simulated Mean Annual Precipitation (MAP) with regional proxy reconstructions in
mid-latitude China during the PETM and early Eocene. We are focusing on the role
of the land—sea thermal contrast in driving the early Eocene East Asian monsoon and
also perform sensitivity experiments to assess whether modifying this contrast can
enhance monsoonal circulation and precipitation in the study region.

In Section 2, we introduce the proxy compilation, the model simulation, and the
cyclone-tracking methodology. Section 3.1 describes our motivation, the proxy—model
discrepancy, while Section 3.2 presents the general circulation pattern of early Eocene
East Asia. In Section 3.3, we describe the results of our sensitivity experiments, and in
Section 3.4, we investigate the role of extratropical and tropical cyclones in the target
region’s precipitation. Finally, in Section 4, we discuss and summarise our findings
and present our conclusions.

2 Data and Methods

2.1 Proxy compilation

Building upon previous studies (Farnsworth et al. 2019; Thompson et al. 2025), we
have compiled MAP reconstructions based on paleobotanical data and focused on the
Asian mid-latitudes during the PETM and early Eocene. These reconstructions follow
different methodologies and thus include different biases. Paleobotanical data can be
used to reconstruct paleoclimate by using the modern-day climatic tolerances of taxa
that are considered as Nearest Living Relative (NLR) of taxa identified in fossil assem-
blages. Underlying uncertainties include the correct identification of fossil taxa and
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their NLR, the quality of the modern-day climatic tolerance data, and the assump-
tion that these tolerances extended into the past (Hollis et al. 2019). Thompson et al.
(2025) applied bioclimatic analysis to their early Eocene paleobotanical compilation
by combining the NLR approach with a probability density function. This analysis sta-
tistically constrains the most likely climate for a fossil assemblage to occur. We have
compiled their MAP estimates for all terrestrial basins in mid-latitude China, and
excluded sites with updated age models that are not early Eocene (see Appendix). We
have also excluded marine sites because these may integrate a vegetation signal from
a large catchment area (Hollis et al. 2019). We have added MAP estimates from previ-
ous studies using the Co-existence Approach (CA). This approach also relies on NLR
but identifies a climatic range in which the taxa could co-occur instead of applying
a statistical analysis (Utescher et al. 2014). This method has been heavily criticized
(Grimm and Denk 2012; Grimm et al. 2016; Grimm and Potts 2016), but remains
widely used (Xie et al. 2022b,a, 2024; Su et al. 2022) and therefore we have included it
in our compilation. Lastly, we have also included MAP reconstructions based on soil
organic carbon §*3C values from one locality, the Xining Basin. This proxy is based
on the relationship observed in modern-day soils dominated by C3 vegetation showing
lower §13C values in regions with higher MAP due to less water stress (Meijer et al.
2024). However, poor preservation and degradation of soil organic matter increases the
§13C values and would dampen the MAP signal. These MAP reconstructions should
therefore be considered as minimum estimates only (Meijer et al. 2024; Stein et al.
2021; Wynn 2007).

2.2 Climate model simulationn

The study uses simulations extended from DeepMIP simulations with the Community
Earth System Model version 1.2 (CESM) in an atmosphere-only mode with horizontal
resolution of 1.9° x 2.5° (latitude x longitude) with 30 hybrid sigma-pressure levels
in the atmosphere. In this study, the pre-industrial and an early Eocene simulation
with 6 times the pre-industrial COz concentration (62COz) were used. The aim of the
extension with the additional 30 years, was to have daily or even 6 hourly temporal
output from the model and to make short (6 year) sensitivity experiments possible. The
atmosphere-only configuration is ideal for the sensitivity experiments as the SST and
sea-ice extent is considered as boundary conditions through prescribed monthly data.
The early Eocene simulation includes changes in paleogeography, vegetation, aerosols
and rivers and the lack of ice sheets based on the DeepMIP experimental design (Lunt
et al. 2017, 2021). The simulations were directly continued from the corresponding
coupled simulations in the DeepMIP ensemble (Zhu et al. 2019; Lunt et al. 2021),
thus there was no need for a spin up period. In case of the sensitivity experiments,
where the SST boundary conditions were decreased and increased globally with 2 K|
we accounted for 1 year as spin up, and thus had two 5 year-long timeseries for our
analysis. The pre-industrial simulation together with the 12C'O4 simulation, have been
previously analysed in Kelemen et al. (2026) to evaluate the role of paleogeography
on large-scale circulation patterns. For more details on the DeepMIP simulation and
the early Eocene boundary conditions, see Zhu et al. (2019) and Lunt et al. (2021).
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2.3 Cyclone tracking and associated precipitation

The cyclone identifying and tracking algorithm finds cyclones as mean sea level pres-
sure minima and connects the pressure centres in time by a nearest neighbour approach
(Kelemen et al. 2015, 2026). We filter the tracks based on their genesis region and
length, where only cyclones lasting longer than one day are kept. We define a focus
region (30-45°N and 90-115°E) based on the proxy record compilation, and divide the
cyclone tracks into four categories, according to their genesis region related to the
focus region. These directions are: west (W) consisting of mid-latiude cyclones in the
latitude of the westerly winds, southeast (SE) consisting of cyclones originating from
the tropical western Pacific ocean, thus these can be considered tropical cyclones tran-
sitioning to the extratropics; south and southwest (SSW) also originating from low
latitudes but over continental area thus these are not considered tropical cyclones,
rather weak extratropical cyclones or thermal lows; north and northeast (NNE) extra-
tropical cyclones with genesis regions over the Asian continent. We also calculated
the precipitation associated with the cyclones, where we applied a cyclone centered
radius mask on the 6 hourly precipitation field. After testing different distances we
choose a 800 km radius, which is an intermediate radius both applicable to tropical
and extratropical cyclones.

3 Results

3.1 Proxy-model discrepancy

The initial motivation for our study is the inconsistency between precipitation esti-
mates of proxies and climate model simulations over mid-latitude East Asia during
the early Eocene. On Fig. 1 the comparison of the proxy record estimates and the
6xC O early Eocene CESM simulation’s precipitation distribution (box-whisker plots)
is shown at the corresponding locations. The locations are arranged from west to east.
The model simulation generally underestimates precipitation relative to the proxy
records at most sites, whereas the agreement improves toward the coast. To understand
the underlying mechanisms behind this discrepancy, the precipitation distribution and
the general circulation are investigated in the region between the 30° and 45°N latitude
and 90° to 115°E longitude (see rectangle on Fig. 1).

3.2 General circulation pattern in early Eocene East Asia

The monthly mean simulated precipitation in the focus region shows that the monthly
distribution of precipitation is very similar in the early Eocene 6:CO2 simulation to
the pre-industrial, but at lower amplitude. The majority of the precipitation falls in
the summer half year, with a maximum in August, which is 60% lower in the early
Eocene than in the pre-industrial (Fig. 2). This points toward monsoonal precipitation,
rather than the influence of the westerlies, which is generally stronger during the
winter months.

To better understand the sources of precipitation in the focus area, the large-scale
circulation is investigated through the year. Fig. 3 shows the large-scale circulation
during August and February, corresponding to opposite phases of the annual cycle.
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Fig. 2 Monthly mean precipitation in the focus area from the early Eocene (62CO2) CESM1.2
simulation

During winter, the focus region is in the line of the descending branch of the Hadley cell
(see high pressure zone around the Tropic of Cancer, Fig. 3a), which prohibits intense
precipitation formation, and the dominant wind direction is westerly (Fig. 3c). These
westerlies produce some precipitation around the Paratethys region as observed by
previous climate model simulations (Roe et al. 2016; Zhang et al. 2012). However, this
westerly moisture is not transported far into the interior and therefore cannot explain
the observed greening during the early Eocene (Meijer et al. 2024). On the other hand,
during the summer months and especially during August, the Asian continent heats
up stronger than the surrounding ocean and a semi-permanent thermal low, the East
Asian Summer Low, develops in the middle of the continental land mass (Fig. 3b).
The East Asian Summer Low is associated with large-scale cyclonic circulation with
ascending air motion in the central region of the system, which promotes atmospheric
lifting. Moreover, the large thermal contrast between land and ocean leads to a pressure
gradient which results in the seasonally changing wind at the East Asian mid-latitudes,
thus leads to monsoonal circulation (Fig. 3¢ and d).
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Fig. 3 Monthly mean seal level pressure (a,b), precipitation and 850 hPa wind vectors (c,d) in
February (a,c) and in August (b,d) in the the early Eocene (62CO2) CESM1.2 simulation

Proxy records also suggest a summer-wet season (Meijer et al. 2024; Quan et al.
2012a), however, climate model simulations, including the one presented in this study,
do not reproduce it with sufficient intensity (Meijer et al. 2024; Farnsworth et al. 2019;
Zhang et al. 2012). This suggests that models underestimate the moisture transport,
which is part of the monsoonal circulation and is connected to the land-see thermal
contrast. An other source of uncertainty in the simulations is the poorly constrained
SST of the western Pacific, due to the absence of direct proxy records from this region
for the early Eocene (Hollis et al. 2019).This motivates the sensitivity experiments,
which are designed to investigate how sensitive is the precipitation in the focus region,
to the land and ocean thermal contrast.

3.3 Sensitivity experiments

The sensitivity experiments, with perturbed global SST boundary conditions (£2K
SST), alter the land-sea thermal contrast. This is expected to influence the mon-
soonal circulation and the precipitation in the focus region. The results show that the
—2K SST experiment increases the mean annual precipitation at all locations, which
improves the dry bias of the model, and pushes only a couple coastal locations over
the proxies’ range (Fig. 4).

The improvement in the —2K SST experiment is due the intensification of the
monsoonal circulation. The decrease in ocean temperature slightly increases the ther-
mal contrast between the continental regions of East Asia and the western Pacific
ocean, which is then detectable in the pressure fields (Fig. 5a,c and e) and in the wind
fields (Fig. 5b,d and f). The stronger pull from the East Asian Summer Low, or in
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other words the stronger southern wind along the eastern coast of Asia, thus increases
moisture transports into the continental interior.

An additional consequence of the stronger monsoonal circulation is an increased
possibility of tropical cyclones originating over the western tropical Pacific tracking
across the focus region. During the five-year —2K SST sensitivity experiment two such
cyclones crossed the region from the southeastern direction (Fig. 6a). These cyclones,
in the simulation, brought 20-40 % of the monthly total precipitation in August over
the focus region’s middle section (Fig. 6b), highlighting their large moisture transport
capabilities.

3.4 Tropical and extratropical cyclones role in the target
regions precipitation

The sensitivity studies pointed out the possibility of moisture transport into the mid-
latitudes through tropical cyclones transitioning from the tropics to the extratropics.
This motivated the analysis of low pressure systems crossing the focus region during
the late summer months (July, August and September) in the 62C' Oy simulation. We
divided the identified cyclone trajectories into four directions in relation to the focus
region (west, southeast, southwest including south and northeast including north).
The comparison between the pre-industrial and early Eocene simulations shows that
westerly cyclones often deviate from the expected westerly trajectory towards south,
due to the East Asian Summer Low (Fig. 7a and b). Moreover, there is a notable
difference between the presence of tropical cyclones transitioning from the tropical
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Pacific Ocean to the mid-latitudes (Fig. 7c and d). Other early Eocene cyclone trajec-
tories are also influenced by the dominant circulation of the East Asian Summer Low.
Note that we only consider trajectories, which cross the focus region’s borders. The
annual distribution of cyclones is also different in the early Eocene simulation than in
the pre-industrial (Fig. 8). The number of cyclones, crossing the target region from
tropical origins increases during the summer months, probably due to the higher SST
values and the influence of the East Asian Summer Low. On the other hand, the num-
ber of extratropical (westerly) cyclones crossing the focus region is substantially lower
throughout the year in the early Eocene simulation, than in the pre-industrial. Glob-
ally the mid-latitude eddies’ heat transport is larger in the early Eocene simulations

10
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than in the pre-industrial climate (Kelemen et al. 2023), thus one might expect more
cyclones. Nevertheless, the lower meridional temperature gradient of the early Eocene,
could lead to fewer cyclones, and at the same time the very warm atmosphere, which
can hold more moisture, can lead to more effectively moist static energy transport.

4 Discussion and Conclusion

Early Eocene proxy records and our climate model simulations reveal a substan-
tial proxy—model discrepancy across the mid-latitudes of East Asia, with the model
exhibiting a persistent annual dry bias over the continental interior of our target
region. The model simulates a precipitation maximum in August, consistent with the
seasonal cycle of monsoonal precipitation. Nevertheless, the persistent dry bias sug-
gests that the simulated monsoonal circulation and associated moisture transport are
too weak to reproduce the precipitation indicated by proxy records. Other modelling
studies found similar dry conditions and monsoonal precipitation only close to the
coastal regions (Zhang et al. 2012; Farnsworth et al. 2019; Xie et al. 2025). This sug-
gests that the discrepancy represents a broader challenge in simulating this circulation
pattern, rather than a model-specific issue.

We investigated the atmospheric circulation during the wettest summer month
(August), and compared it with the contrasting winter circulation in February. During
winter, the mid-latitudes are characterised by subsidence associated with the Hadley
circulation and a high pressure band. During summer, differential heating between land
and ocean leads to the development of the East Asian Summer Low, which drives the
monsoonal circulation, reverses the dominant wind direction, and transports moisture
into the otherwise dry continental regions.The seasonal reversal of atmospheric circu-
lation, accompanied by enhanced summer precipitation, is consistent with the general
dynamical definition of a monsoon (Wang and Ding 2008; Wang et al. 2020). This
seasonal reorganization can also be viewed within the framework of the global mon-
soon, which emphasizes the role of the annual cycle of radiative heating in driving the
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seasonal migration of the global tropical atmospheric overturning and the associated
convergence zone (Wang and Ding 2008; Geen et al. 2020). However, the early Eocene
East Asian monsoon was weaker than its modern counterpart and exhibited a sub-
stantially different dynamical structure. In particular, the absence of a fully developed
Tibetan Plateau reduced the influence of orographic forcing and its interaction with
the mid-latitude westerly jet, which is important for the formation and maintenance of
the modern Meiyu-Baiu frontal rainband (Geen et al. 2020). Idealised climate model
simulations showed that more than half of the East Asian monsoonal precipitation is
dynamically linked to the Tibetan Plateau (Son et al. 2019). Nevertheless, due to the
early Eocene high atmospheric CO5 and hothouse baseline climate, the contrasting
heat capacities of land and ocean generate a seasonal thermal contrast that drives the
monsoonal circulation. Thus, the early Eocene East Asian monsoonal circulation may
have developed primarily through the response of the continental and oceanic sur-
faces to seasonal radiative forcing, rather than through the strong orographic forcing
characteristic of the modern system.

Our sensitivity experiments with perturbed SSTs (+2 K) demonstrated that the
precipitation pattern is sensitive to the land—sea temperature contrast. In particu-
lar, the lower SSTs experiment showed increased summer land—sea temperature and
pressure contrasts, resulting in stronger winds along the East Asian coast and an inten-
sification of the monsoonal circulation. This enhanced circulation increased inland
moisture transport in the experiment and reduced the simulated dry bias, demonstrat-
ing the importance of the land—sea thermal contrast for the representation of early
Eocene monsoon precipitation.

We additionally found that part of the enhanced precipitation in the —2K SST
sensitivity experiment was associated with the passage of tropical cyclones. This moti-
vated a further investigation of extratropical and tropical cyclones crossing our target
region. Particularly during summer, fewer extratropical cyclones cross the target region
from west in the early Eocene climate than in the pre-industrial climate. In contrast,
more tropical cyclones travel northward and inland, bringing precipitation to the mid-
latitudes. Precipitation associated with these cyclones show substantial interannual
variability in our 5 year sensitivity experiment, and represent extreme rainfall events,
in contrast with the more persistent and seasonally organized precipitation associated
with the modern Meiyu—Baiu front. The influence of the East Asian Summer Low is
evident across the different cyclone-track categories, particularly for tropical cyclones,
which are increasingly deflected inland by the circulation associated with the East
Asian Summer Low. Previous studies mostly discussed the influence of the westerlies
and the East Asian monsoon in this area (Meijer et al. 2024; Xie et al. 2025; Li and
Zhu 2024) thus the introduction of tropical cyclones is a new development, which is
made possible through the extreme warmth of the early Eocene. Also the additional
extreme precipitation which is connected to these transitioned tropical cyclones (Ma
et al. 2026), can possibly contribute to the greening of the vegetation what we see in
proxy records (Thompson et al. 2025).

Overall, our results indicate that in the model the monsoonal circulation is too
weak and consequently it underestimates precipitation over the continental interior.
A possible explanation for this discrepancy is a misrepresentation of the land—sea
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thermal contrast, which may result from uncertainties in both the model simulations
and proxy reconstructions. Further work integrating modelling and proxy evidence is
therefore needed to better constrain this mechanism. Other aspects such as uncertainty
in topography (Spicer et al. 2025; Roe et al. 2016), paleogeography (Farnsworth et al.
2026), CO2 concentration (Licht et al. 2014) and the influence of orbital configurations
(Zhang et al. 2012; Roe et al. 2016) are also possible influences in determining the
regional precipitation pattern. Our results further demonstrate that tropical cyclones
and other weather systems interact with the East Asian Summer Low, which can
modify their trajectories and facilitate the transport of moisture and precipitation
into the mid-latitudes. This novel aspect of our study is showing that the interaction
between the East Asian Summer Low and tropical cyclones present an additional
pathway for moisture and precipitation to reach the mid-latitudes and may therefore
be important for reconciling model simulations with proxy evidence for a wetter early
Eocene Asian interior.
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Table A1l Table of proxy compilation used in this study

site Locality Lat Lon Paleolat Paleolon type age MAP error Reference
Xining Xining Basin 36.50 102.00 40.55 98.45 Soil organic matter PETM 560 422 Meijer et al. (2024)
Xining Xining Basin 36.50 102.00 40.55 98.45 Soil organic matter early Eocene 360 422 Meijer et al. (2024)
Xining Qijiachuan Fm Xining 36.50 102.00 40.55 98.45 Pollen NLR CA PETM 1126 229 Quan et al. (2012a)
Xining Qijiachuan Fm Xining 36.50 102.00 40.55 98.45 Paleobotany NLR PETM 1015 208 Thompson et al. (2025)
Xining Honggou Fm. Xining 36.50 102.00 40.55 98.45 Pollen NLR CA early Eocene 1126 229 Quan et al. (2012a)
Fushun Xilutian section. Fushun Basin 41.84 123.90 47.05 121.75 Pollen NLR CA PETM 1397 291 Xie et al. (2022a)
Fushun Xilutian section. Fushun Basin 41.84 123.90 47.05 121.75 Pollen NLR CA early Eocene 1363 163 Xie et al. (2022a)
Fushun Liaoning. upper Guchengzi. Fushun Basin 41.84 123.90 47.05 121.75 Pollen NLR CA early Eocene 1126 229 Quan et al. (2012b)
Fushun Guchengzi. Fushun Basin 41.84 123.90 47.05 121.75 Pollen NLR CA early Eocene 1097 443 Wang et al. (2010)
Fushun Guchengzi. Fushun Basin 41.84 123.90 47.05 121.75 Paleobotany NLR early Eocene 988 156 Thompson et al. (2025)
W Jianghan Longwangjing section. west Jianghan Basin 30.10 111.65 34.55 109.66 Pollen NLR CA PETM 1696 300 Xie et al. (2022b)
Hengyang Songmutang section. Hengyang Basin 26.96 112.61 31.55 111.20 Paleobotany NLR early Eocene 967 189 Thompson et al. (2025)
Tantou Tantou Basin. Tantou Fm 34.00 111.75 38.55 109.55 Pollen NLR CA early Eocene 1087 - Su et al. (2022)
Tantou Tantou Basin. Tantou Fm 34.00 111.75 38.55 109.55 Pollen NLR CA early Eocene 1097 200 Quan et al. (2012a)
Tantou Tantou Basin 34.00 111.75 38.55 109.55 Paleobotany NLR early Eocene 1042 160 Thompson et al. (2025)
Wutu Wutu Coal mine 36.66 118.94 41.85 116.75 Pollen NLR CA early Eocene 970 235 Quan et al. (2012a)
Wutu Wutu Coal mine 36.66 118.94 41.85 116.75 Pollen NLR CA early Eocene 1091 297 Zhang et al. (2016)
Wutu Wutu Coal mine 36.66 118.94 41.85 116.75 Paleobotany NLR early Eocene 977 173 Thompson et al. (2025)
Yilan Yilan. Xinancun 46.10 129.30 49.35 131.35 Pollen NLR CA early Eocene 1195 160 Quan et al. (2012b)
Yilan Yilan. Xinancun 46.10 129.30 49.35 131.35 Paleobotany NLR early Eocene 1101 201 Thompson et al. (2025)
Shulan Shulan. Bangchuigou 44.50 126.90 45.35  127.45 Pollen NLR CA early Eocene 1195 160 Quan et al. (2012b)
Shulan Shulan. Bangchuigou 44.50 126.90 45.35  127.45 Paleobotany NLR early Eocene 977 171 Thompson et al. (2025)
Qaidam Dahonggou. Qaidam Basin 37.48 95.21 38.86 92.50 Paleobotany NLR early Eocene 658 260 Thompson et al. (2025)
S Jianghan ZK0303. Jianghan Basin 30.02 111.90 34.45 109.95 Paleobotany NLR early Eocene 846 177 Thompson et al. (2025)
Changchang CHCH1-CH3 19.60 110.40 24.35 108.65 Paleobotany NLR early Eocene 1006 209 Thompson et al. (2025)
Changchang CHCHI1-CH3 19.60 110.40 24.35 108.65 Pollen NLR CA early Eocene 949 164 Yao et al. (2009)
Etuoke Etuoke Inner Mongolia 39.10 107.90 43.25 104.85 Paleobotany NLR early Eocene 1135 197 Thompson et al. (2025)
Etuoke Etuoke unnamed unitl (lower) 39.10 107.90 43.25 104.85 Pollen NLR CA early Eocene 1210 88 Quan et al. (2012a)
Bohai Shahejie Fm Huanghua 38.30 117.30 42.75 114.55 Paleobotany NLR early Eocene 1034 181 Thompson et al. (2025)
Bohai Shahejie (part IV) Huanghe Bohai 38.30 117.30 42.75 114.55 Pollen NLR CA early Eocene 1210 88 Quan et al. (2012a)
Lingbao Lingbao Henan 34.50 110.8 39.45 108.45 Paleobotany NLR early Eocene 794 225 Thompson et al. (2025)
Lingbao Xiangcheng (part IV). Lingbao Basin 34.50 110.80 39.45 108.45 Pollen NLR CA early Eocene 1210 88 Quan et al. (2012a)
Nanxiong Nanxiong 25.10 114.30 29.65 112.35 Paleobotany NLR early Eocene 942 206 Thompson et al. (2025)




;

a A \

Fig. 7 Cyclone tracks crossing the focus region in July-August-Septemer, from different directions:
west (a,b), southeast (c,d), south and southwest (e,f), north and northeast (g,h). The first column is
from the pre-industrial control simulation and the second column is from the early Eocene (62CO2)
simulation
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Fig. 8 The monthly distribution of the cyclones crossing the focus region from four directions (SE:
southeast, W: west, NNE: north and northeast, SSW: south and southwest) in the pre-industial (a)
and in the early Eocene (62CO2) simulation (b)
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