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Abstract The transgression and regression of the Tethys Sea profoundly influenced the environment and biodiversity patterns
of Eurasia, which had implications for global climate dynamics by altering the land-sea distribution and the broader moisture
transport scheme. Despite its importance, few comprehensive studies have integrated fossil data and climate modeling to explore
the climate evolution in the Tethys Sea region during the Cenozoic. In this paper, we reconstruct 10 climate parameters using
macrofossil flora from 363 sites across the Tethys Sea region throughout the Cenozoic, and we compare these reconstructions
with simulations from the Hadley Center Coupled Model (HadCM3). Additionally, we propose a new Mediterranean Climate
Index (MCI), which combines precipitation and temperature, to analyze the evolution of the Mediterranean climate. Our results
indicate that the climate in the Tethys Sea region gradually changed from predominantly tropical and subtropical conditions
during the Paleogene to a warm temperate and cold temperate climate in the Neogene-Quaternary. The distribution pattern of the
coldest month mean surface air temperature (CMMT) changed from a predominantly zonal pattern in the Paleogene to a
topographically influenced distribution in the eastern and central Tethys regions since the Neogene. The precipitation patterns in
the Tethys Sea region exhibited significant fluctuations. In the western Tethys region, the summer precipitation experienced
increased variability, while the winter precipitation decreased slightly. The central Tethys region became significantly drier due
to sea regression and mountain uplift. Both the summer and winter precipitation increased markedly in the eastern Tethys region
with the development of the Tibetan Plateau. From the Eocene to the early Oligocene, the Mediterranean climate prevailed in
Central Asia and Europe, but its extent contracted sharply during the Miocene, primarily due to the decrease in the summer
precipitation. The Oligocene-Early Miocene was a critical period for climate evolution in the Tethys Sea region, which was
driven by changes in the land-sea distribution, topographic evolution, and global CO2 concentration. The results of this study
provide a crucial reference for exploring the evolution of ecosystems and species diversity in Eurasia driven by climate change
since the Cenozoic.
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1. Introduction

A series of significant geological events occurred in the
Cenozoic, reshaping the Earth’s climate and biogeography,
including the closure of the Neotethys Ocean, fluctuations in
the global sea level, the formation of the Alpine-Himalayan
orogenic belt, and the development of the Tibetan Plateau
(Li, 1999; Zheng and Yao, 2006; Zhang et al., 2007; Sun et
al., 2013; Zheng et al., 2014; Deng and Ding, 2015;Wu et al.,
2020; Westerhold et al., 2020; Zhu et al., 2022; Sun et al.,
2023). The Tethys Sea, as the western remnant of the closing
Neotethys Ocean, was situated between the Eurasian Plate
and the African-Arabian Plate, and it linked the ancient
Atlantic and polar oceans. Over time, it evolved into the
present-day Mediterranean Sea (Sun et al., 2013; Wu et al.,
2020; Zhu et al., 2022). As one of the major geological
events in the Cenozoic, the transgression and regression of
the Tethys Sea significantly impacted the climate and bio-
diversity pattern in Eurasia and the broader global climate by
altering the land-sea distribution and moisture transport (Sun
et al., 2013). The rapid northward drift of the African-Ara-
bian and Indian plates and their collision with the Eurasian
plate led to the closure of the Tethys Sea. This tectonic ac-
tivity not only reconfigured the regional land-sea distribution
but also altered the dynamics of the key straits, impacting the
regional vapor sources and disrupting oceanic salt and heat
exchange through altered currents. These changes created
new opportunities for the exchange and dispersal of flora and
fauna (Hamon et al., 2013; Liu et al., 2018; Sun et al., 2021a;
Zhao Z et al., 2022; Sun et al., 2024). The climatic effects
caused by major geological events can directly or indirectly
drive the evolution of vegetation and biodiversity (Jin et al.,
2003). Therefore, studying the impact of the closure of the
Cenozoic Tethys Sea on the climatic evolution in coastal
regions provides a foundation for gaining a deeper under-
standing of the evolution of ecosystems and biodiversity in
this region.
In recent years, the importance of the evolution of the

Tethys Sea has garnered much attention, and researchers
have conducted a series of studies on this subject (Wu et al.,
2020; Zhu et al., 2022). Although there is considerable de-
bate regarding the extent of the Tethys Sea in the Cenozoic
and the timing of its retreat and closure, the results of nu-
merous studies generally indicate that the retreat of the Te-
thys Sea in the Cenozoic was a complex and gradual
evolutionary process. Recent geological evidence suggests

that the Indian Plate collided with Eurasia at around
65–63 Ma (Ding et al., 2017) and that the Tethys Sea re-
treated from the southern margin of the Tibetan Plateau by
the late Eocene. Influenced by global sea-level fluctuations
and tectonic compression, and following several cycles of
transgression and regression, the Tethys Sea ultimately
withdrew from the Tarim and Tajik Basins during the late
Eocene (around 47 Ma and 38.6 Ma, respectively) (Sun and
Jiang, 2013; Sun et al., 2016, 2020). Influenced by the col-
lision between the African-Arabian Plate and the Iranian
Plate (35–20 Ma), seawater retreated from central Iran dur-
ing the Early Miocene at 16.8 Ma (Sun et al., 2021b), and the
Tethyan seaway in the northwestern Iranian Plateau perma-
nently closed in two phases, culminating at 12.8 Ma (Sun et
al., 2021a). Currently, a significant amount of research has
focused on reconstructing the paleogeography of the Tethys
Sea in the Cenozoic, but the effects of its geological evolu-
tion on the climate of this region remain poorly understood
(Wu et al., 2020).
The Cenozoic was characterized by global cooling, the

retreat of the Tethys Sea, and the development of the Tibetan
Plateau, all of which profoundly influenced the climate in the
Tethys region. Geological evidence suggests that aridifica-
tion in Central Asia began in the late Eocene, which was
potentially linked to global climate and sea level changes. By
the early Oligocene, the vegetation in the region had begun to
adapt to the increasing degree of aridity. Following the
complete withdrawal of the Tethys Sea from the Iranian
Plateau in the Middle Miocene, the arid conditions in-
tensified, leading to a shift in the vegetation types toward
open steppe and savanna landscapes (Bruch and Zhilin,
2007; Cai et al., 2012; Bosboom et al., 2014; Carrapa et al.,
2015; Wang et al., 2016; Popova et al., 2017; Sun et al., 2020,
2021b). Extensive research has also focused on East Asia’s
climatic evolution. For example, the differentiated uplift of
the Tibetan Plateau led to a shift in the atmospheric circu-
lation from a planetary wind system during the Paleogene to
a monsoonal system in the Neogene, and the Oligocene-
Miocene transition was a key period of environmental
change in East Asia. The Southeast Asian monsoon may
have developed during the Oligocene, likely driven by the
contraction of the Tethys Sea, which established a strong
land-sea contrast across the Eurasian continent, rather than
the development of the Tibetan Plateau (Liu et al., 1998; Li,
1999; An et al., 2006; Guo, 2017). Paleobotanical evidence
suggests that the middle and low latitude regions of Europe
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had a warm and humid climate overall during the Paleogene-
Miocene (Velitzelos et al., 2014; Denk et al., 2022; Postigo-
Mijarra et al., 2022). After the Middle Miocene, the climate
gradually became drier and colder. Following the Messinian
salinity crisis and the Zanclean flood, the ancient Medi-
terranean Sea formed (Krijgsman et al., 1999; Duggen et al.,
2003; Garcia-Castellanos et al., 2009; Garcia-Castellanos
and Villaseñor, 2011; Hernández-Molina et al., 2014), and
the morden Mediterranean climate may have formed during
the Pliocene (Suc, 1984).
The morden Mediterranean climate, characterized by its

unique seasonal patterns of rainfall and temperature, is a
subtropical dry-summer climate that is governed alternately
by the westerlies and subtropical high-pressure zones. It is
characterized by mild, rainy winters and hot, dry summers
(Deitch et al., 2017). Köppen classified it as Cs type, a
temperate climate type that exists on the west coasts of
continents at latitudes of 30°–40°. In this climate, the coldest
month mean surface air temperature (CMMT) ranges from
−3°C to 18°C, and the precipitation in the driest month in
summer is less than 30 mm, which is less than one-third of
the precipitation in the wettest month in winter (Kottek et al.,
2006; Kutiel and Türkeş, 2017). Currently, there are five
major Mediterranean climate regions in the world: South-
west Australia, the Cape Region of South Africa, the Med-
iterranean Basin, California, and Central Chile (Rundel et al.,
2016; Deitch et al., 2017). The complex topography of the
Mediterranean Sea region significantly influences both the
oceanic and atmospheric circulation, making the Medi-
terranean climate particularly distinctive in this area (Lio-
nello et al., 2006). The evolution of the Mediterranean
climate is a significant but complex scientific issue, and there
is ongoing debate due to the limited availability of terrestrial
evidence. Paleontological and geological evidence shows
that the Tethys region experienced a warm and humid tro-
pical and subtropical climate during the Paleogene (Alek-
sandrova et al., 1987; Barrón et al., 2010; Serkan Akkiraz et
al., 2022). Palynological records suggest that summer
drought first occurred in the Northwest Mediterranean dur-
ing the late Pliocene (3.2 Ma) (Suc, 1984). Further studies
indicate that the Mediterranean climate conditions began on
the Iberian Peninsula in the late Pliocene to early Pleisto-
cene, which resulted in the gradual emergence of Medi-
terranean-type plant taxa (Postigo-Mijarra et al., 2009;
Barrón et al., 2010). During the Middle Miocene to Pliocene,
C4 plants expanded, but C3 plants remained widespread in
the Mediterranean region, possibly due to the fact that the
seasonal drought limited C4 plant growth in this region
(Edwards et al., 2010). Zhao et al. (2023) reconstructed the
uplift history in the middle and late Eocene in the Markam
Basin in Xizang using geochemical evidence and modeling,
and they concluded that the southeast margin of Xizang
experienced a Mediterranean-type climate during the late

Eocene. However, this conclusion lacks sufficient plant
fossil evidence, highlighting the need for further cross-vali-
dation of the evolution of the Mediterranean climate.
Plant fossils are reliable proxies for paleoclimate re-

construction (Su et al., 2019, 2020; Huang et al., 2020; Zhao
J G et al., 2022). Since the 20th century, numerous plant
fossil taxa have been documented (Gregor, 1990; Bozukov et
al., 2009, 2021; Postigo-Mijarra et al., 2009; Hably, 2010,
2020; Bertini and Martinetto, 2011; Collinson et al., 2012;
Erdei et al., 2012, 2022; Mach et al., 2014; Teodoridis et al.,
2015; Worobiec et al., 2015; Denk et al., 2017, 2021, 2022;
Kvaček and Bubík, 2016; Kvaček et al., 2018; Macaluso et
al., 2018; Kunzmann et al., 2019; Worobiec and Worobiec,
2019; Erdei and Wilde, 2020; Jolly-Saad et al., 2020; Tan-
rattana et al., 2020; Bubík et al., 2022; Kafetzidou et al.,
2022; Altolaguirre et al., 2023). These studies have been
instrumental in collecting and analyzing fossil data, which
can be employed to reconstruct regional climates across key
geological periods using methods such as the Coexistence
Approach (CA), Climate-Leaf Analysis Multivariate Pro-
gram (CLAMP), and Leaf Margin Analysis (LMA). These
findings indicate that the climate in the Tethys region un-
derwent a transition from a humid subtropical climate in the
Paleogene, to a warm temperate climate in the Neogene, and
finally to a cooler and more arid climate in the Quaternary
(Thiel et al., 2012; Velitzelos et al., 2014; Kayseri-Özer,
2017; Tosal et al., 2019, 2021; Zhao J G et al., 2022; Khan et
al., 2023). LMA and CLAMP are both based on the appli-
cation of the correlation between leaf morphology and the
environment to reconstruct the paleoclimate. LMA employs
a univariate regression equation, which is straightforward
and easy to operate, but its accuracy is influenced by the
uniformity and abundance of the sampling, making it sui-
table for reconstructing specific regional climate conditions
(Wilf, 1997; Traiser et al., 2005; Su et al., 2010). In com-
parison, the CLAMP can reconstruct a greater number of
climate parameters, but it is affected by the geographic lo-
cation and climate range of the calibration dataset (Yang et
al., 2007, 2011). CA is based on the assumption that plant
fossils and modern plants live under similar climatic condi-
tions (Mosbrugger and Utescher, 1997), and it reconstructs
paleoclimate using the Nearest Living Relatives (NLRs),
making it applicable to various types of plant fossils (Ute-
scher et al., 2014).
Research on paleoclimate evolution, characterized by

long-term and large-scale processes, can benefit significantly
from numerical simulations, which complement observa-
tional research (Liu, 1993). The effects of the aridification of
Central Asia and the development of the Tibetan Plateau on
the climate in East Asia have been studied using model si-
mulations (Ramstein et al., 1997; Zhang et al., 2007, 2021; Li
et al., 2018, 2021). The sensitivity tests conducted by
Ramstein et al. (1997) highlight the crucial influences of
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topographic changes, plate movements, and changes in the
land-sea distribution on the Eurasian climate since 30 Ma.
Zhang et al. (2007, 2021) utilized model simulations to
compare the effects of the development of the Tibetan Pla-
teau, the retreat of the Paratethys Sea, and global cooling on
the East Asian Summer Monsoon climate. Similarly, Li et al.
(2018) investigated climate differences across various Eur-
asian regions during the Oligocene, and they found that the
model-simulated variations in the seasonal temperature in
the middle to high latitude regions were significantly greater
than those reconstructed from fossil data. By comparing
model simulations with fossil records, researchers can
evaluate their congruence and explore the driving factors
behind climate and ecosystem changes (Ding and Xiong,
2006). However, few comprehensive studies that integrate
fossil records and models, particularly those focused on
long-term, large-scale Cenozoic climate evolution in the
coastal region of the Tethys Sea, have been conducted.
Consequently, the driving factors of the climate evolution in
these areas are not yet fully understood.
In this study, the Hadley Center Coupled Model version 3

(HadCM3) was employed to simulate the paleoclimate in the
Tethys Sea region under the geological events related to the
retreat of the Tethys Sea in the Cenozoic. This was coupled
with evidence from 363 plant fossil sites to quantitatively
reconstruct the paleoclimate using the Joint Probability
Density Functions (JPDFs) method. Through a comprehen-
sive comparative analysis of the numerical simulations and
paleoclimate reconstructions, we aimed to elucidate the
evolution of the climate in the coastal region of the Tethys
Sea across different geological periods in the Cenozoic.
Furthermore, we aimed to identify the driving factors behind
the climate changes in the middle and low latitude regions
along the coast of the Tethys Sea while considering the
significant transformations of the Earth’s systems since the
Cenozoic.

2. Materials and methods

2.1 Collection of paleobotanical data

In this study, we obtained fossil data from the Paleobiology
database (PBDB, https://paleobiodb.org/classic), Cenozoic
angiosperm database (CAD; Xing et al., 2016), Paleoecology
Database (PEDB, http://pd.xtbg.ac.cn/) established by the
Paleoecology Research Group of Xishuangbanna Tropical
Botanical Garden, Chinese Academy of Sciences, and re-
lated literature. We also collected important information such
as the modern latitude and longitude, age, dating method,
and plant fossil taxa of the fossil sites within the modern
latitude and longitude ranges of −8°–110°E and 24°–50°N.
Due to the limitations of each database, there were gaps in
the information for some fossil sites. To address this, we

cross-referenced the data from these databases with a large
volume of paleoflora-related literature. We deleted the du-
plicate fossil sites in the three databases, added the missing
fossil sites, and updated and supplemented the longitude and
latitude of the fossil sites and dating methods. Utilizing the
paleobotanical database (PALAEOFLORA, https://www2.
geo.uni-bonn.de/Palaeoflora/palaeoflora.html) and the
Plants of the World Online (https://powo.science.kew.org/),
the NLRs of the fossils and their family, genus, and species
information were carefully checked. Ultimately, a total of
363 macrofossil plant sites in the Tethys Sea region in the
Cenozoic were integrated (Figure 1, Appendix 1, https://link.
springer.com), establishing a comprehensive paleoflora da-
tabase for the Tethys Sea region in the Cenozoic.
To facilitate comparison between the reconstruction and

simulation results, we used the “Reconstruct” function in the
R package “rgplates” and the Gplates “SETON2012” model
(https://gwsdoc.gplates.org/) to convert the modern co-
ordinates of the fossil sites into their corresponding paleo-
coordinates. The median value of the fossil age range was
used as the specific age value for this conversion.
To conduct a detailed analysis of the climate history and its

driving factors across different regions of the Tethys Sea, the
study area (−8°–110°E, 24°–50°N) was divided into three
regions (Figure 1): the western Tethys (−10°–28°E, 35°–50°N,
primarily including the Iberian Peninsula, Apennine Pe-
ninsula, Balkan Peninsula, France, and Germany), central
Tethys (28°–73°E, 24°–50°N, primarily in Central Asia, in-
cluding Türkiye and Kazakhstan), and eastern Tethys (73°–
110°E, 15°–40°N, mainly including the Tibetan Plateau,
surrounding areas in Southwest China, the Indian Peninsula,
and the Indochina Peninsula region). These region names are
not proper nouns but are used here to denote distinct areas
delineated for the purposes of this study.

2.2 Quantitative reconstruction of the paleoclimate

Based on the collected paleobotanical data, in this study, we
employed the JPDFs method (Willard et al., 2019) to re-
construct the paleoclimate in the Tethys Sea region during
the Cenozoic. This method is similar in principle to the
Bioclimatic Analysis (BA) method (Li et al., 2015) and the
CA (Mosbrugger and Utescher, 1997). The difference lies in
the fact that the JPDFs enhance the reliability of re-
constructing paleoclimate variables through statistical
methods using probability density functions. It assumes that
the distribution area of a taxon follows a certain probability
density distribution (e.g., normal distribution), meaning that
most species are distributed within the climate range of their
higher probability density. Thus, by calculating the joint
probability density of multiple species, the optimal climate
estimates for these species can be obtained. Initially, the
modern distribution points of the NLRs are obtained from the
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Global Biodiversity Information Facility (GBIF, https://
www.gbif.org/), artificially cultivated records are excluded,
and the distribution points are processed using a sparsity
filter (accuracy of ~5 km). Subsequently, climate data cor-
responding to these distribution points are extracted from the
Climatologies at high resolution for the Earth’s land surface
areas (CHELSA) climate database. The JPDFs method en-
ables calculation of the most probable paleoclimate values,
as well as estimation of interval ranges (5%–95%).
During the process of identifying the NLRs, certain plant

groups with limited significance for paleoclimate re-
construction were excluded, such as extinct plant groups,
aquatic plant groups, and ferns. Furthermore, to enhance the
resolution and reliability of the reconstruction results (Ute-
scher et al., 2000; Bruch and Zhilin, 2007; Serkan Akkiraz et
al., 2022), fossil sites with fewer than 10 plant fossil records
were also excluded. The current climate data for the species
distribution were obtained from the CHELSA database.
CHELSA is a high-resolution dataset (30′, ~1 km) derived
using a dynamic downscaling method, which is highly reli-
able and accurate under complex topographical conditions.
This dataset provides a range of climatic indicators, includ-
ing temperature, precipitation, humidity, wind speed, and
cloud cover, which are crucial for understanding climate
characteristics, conducting environmental and ecological
research, and predicting future climate changes (Karger et
al., 2017). In this study, we quantitatively reconstructed 10
common climatic indicators, namely, the mean annual tem-
perature (MAT, Bio1), warmest month mean surface air
temperature (WMMT), CMMT, mean temperature in wettest
quarter (MTWetQ, Bio8), mean temperature in driest quarter
(MTDryQ, Bio9), mean temperature in warmest quarter
(MTWQ, Bio10), mean temperature in coldest quarter
(MTCQ, Bio11), mean annual precipitation (MAP, Bio12),
precipitation in warmest quarter (PWQ, Bio18), and pre-

cipitation in coldest quarter (PCQ, Bio19), to reconstruct the
paleoclimate of the coastal region of the Tethys Sea during
the Cenozoic (Appendix 3).

2.3 Analysis of Mediterranean climate

Given the limitations inherent in paleoclimate reconstruc-
tion, certain climatic indices used to describe the current
Mediterranean climate are not entirely applicable in quan-
titative analysis of its evolution. To analyze seasonal pre-
cipitation differences, in this study, we primarily introduced
two indices based on the definition of the Mediterranean
climate proposed by Deitch et al. (2017): the percentage of
summer precipitation and the percentage of winter pre-
cipitation. These indices rely on the precipitation data for
the 3 summer months and the 6 coldest months, respec-
tively. Since it is challenging to quantitatively reconstruct
the precipitation in the coldest 6 months in paleoclimate
reconstruction, the PCQ (the precipitation in the 3 coldest
months) was used in the calculations. The Mediterranean
Climate Index (MCI) is an index used to measure the sea-
sonal differences in precipitation (Kutiel and Türkeş, 2017),
generally assessed as the difference between the PCQ
(Bio19) and PWQ (Bio18). Kutiel and Trigo (2014) mod-
ified the Köppen classification of the Mediterranean cli-
mate, stating that the PCQ (DJF) should be three times the
PWQ (JJA). Additionally, the CMMT is also an important
indicator for determining the type of Mediterranean cli-
mate, and it typically ranges from −3°C to 18°C for Med-
iterranean climates (Kottek et al., 2006). To explore the
evolution of the Mediterranean climate, we employed the
“LookupCZ” function in the R package “kgc” to obtain the
geographic coordinates of the global Mediterranean climate
regions, and we extracted the CMMT, PCQ, and PWQ
based on the CHELSA climate data. The precipitation dif-

Figure 1 Distribution of plant fossil sites in the Tethys Sea region during the Cenozoic.
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ference between the winter and summer (Pws) can be cal-
culated as follows:
Pws = log(Bio19 + 1) log[(Bio18 + 1) × 3]. (1)
To avoid infinite values, 1 is added to the values of both

Bio19 and Bio18, transforming log(x) into log(x+1). This
transformation method is a commonly used statistical tech-
nique for data conversion. It slightly alters the data, but the
addition of 1 has a minimal impact and does not generally
affect the overall distribution and relative differences of the
data. Based on the probability distributions of CMMT and
Pws (Appendix 4), we developed the following equation for
calculating the MCI:

MCI = e × e , (2)
(CMMT 7.5)

2 CMMT
(Pws 0)
2 Pws

2

2

2

2

where 7.5 and 0 are the expected values of the CMMT and
Pws, respectively, based on the calculations for the Medi-
terranean climate (Appendix 4). The MCI combines the
probability distribution patterns of two independent mea-
surements, the CMMT and Pws, and indicates how much
they deviate from their expected values. For each measure-
ment, assuming a normal distribution, they represent the
deviation from the expected value. The first factor in eq. (2)
measures the degree to which the CMMT value deviates
from 7.5. The smaller the deviation is, the closer the value of
this factor is to 1; while larger deviations bring it closer to 0.
The second factor in eq. (2) measures the degree to which the
Pws value deviates from 0; similarly, smaller deviations
bring this factor closer to 1, and larger deviations bring it
closer to 0. By multiplying these two factors, the MCI
comprehensively considers the degree to which both of these
independent measurements deviate from their expected va-
lues. The value of the MCI is between 0 and 1, with higher
values indicating that the CMMT and Pws are closer to their
expected values, indicating greater similarity to the Medi-
terranean climate.
Additionally, based on the Mediterranean climate values

obtained from the CHELSA database, the Mediterranean
climate we established needs to meet three conditions: (1)
Bio18 < 80 mm, (2) Bio19 > 120 mm, and (3)−3°C < CMMT
< 18°C. Based on the modern climate data from the CHELSA
database, we calculated the modern MCI and the distribution
area of the Mediterranean climate (Appendix 4), which gen-
erally aligns with the current distribution of the Mediterra-
nean climate (Mediterranean (Summer-Dry) Climates, https://
www.pacificbulbsociety.org/pbswiki/index.php/DrySummer-
Climates), with only slight differences along the Apennine
Peninsula and the coast of the Balkan Peninsula.
By integrating the MCI with the aforementioned three

climatic factors, we conducted a comprehensive analysis of
the evolution of the Mediterranean climate in the Tethys Sea
region during the Cenozoic based on fossil and climate si-
mulation results.

2.4 Numerical simulations of paleoclimate

In this study, the HadCM3 developed by the University of
Bristol, UK, was used to simulate the paleoclimate over 10
geological periods from the Paleocene to the Quaternary
(Appendix 2) (Valdes et al., 2021; Fenton et al., 2023). The
horizontal resolution of the atmospheric model is 3.75°
(longitude)×2.5°(latitude), and it has 19 layers. The ocean
model has a resolution of 3.75°(longitude)×2.5°(latitude)
and has 20 layers (Valdes et al., 2017). The model simulates
the climate throughout the geological period by setting
boundary conditions such as the solar constant, atmospheric
CO2 concentration, land-sea boundary, topography, soil and
vegetation types, and physical changes (Valdes et al., 2017,
2021). The land-sea boundaries, elevations, and ice sheets
were set based on the paleogeographic data of Scotese
(2016). The CO2 concentrations were revised and set based
on the work of Foster et al. (2017). Given that most of the
Quaternary fossil sites are concentrated in the Pleistocene
epoch, the mean values of the Middle Pleistocene Transition
(MPT; 1200–700 K) climate simulations were used for
comparison (Sun et al., 2019). The climate tests were run for
1000 years in each period, ensuring that both the surface and
deep ocean were in dynamic equilibrium and that there was
no energy imbalance at the top of the atmosphere (Valdes et
al., 2021). When the model reached equilibrium, the climate
average of the last 100 years was analyzed as the simulation
result.
In addition, based on Sagoo et al. (2013) and Kiehl and

Shields (2013), the version of the HadCM3 climate model
used in this study was modified for parameters such as cloud
condensation nuclei density and cloud droplet effective ra-
dius, thereby increasing the temperature in the high latitude
region, which is often underestimated, but this did not sig-
nificantly change the temperature in the tropical region. The
simulation results are in better agreement with the observed
results (Fenton et al., 2023). The model adopts the land
surface exchange system of the Met Office Surface Ex-
change Scheme (MOSES2.1) (Cox et al., 2000) and the Top-
down Representation of Interactive Foliage and Flora In-
cluding Dynamics (TRIFFID), to conduct a coupled simu-
lation of the vegetation-climate interaction (Cox et al., 1998;
Cox, 2001). The model generates land boundaries for topo-
graphic data through high-resolution resampling and neigh-
borhood analysis. Initially, the original topographic data are
gridded, enhancing its resolution to 5′. Subsequently, the
“focal” function in the R package “terra” is utilized to cal-
culate the proportion of land around each grid, with a
threshold set to distinguish land from ocean, thereby pro-
ducing preliminary land boundaries. Finally, these bound-
aries are further refined by integrating global vector land
data, making them suitable for climate and topographic
analysis.
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3. Results

3.1 Spatial analysis of paleoclimate

3.1.1 Spatial analysis of temperature
Overall, the MAT (Figure 2), WMMT (Figure 3), and
CMMT (Figure 4) along the Tethys Sea region, which were
quantitatively reconstructed from fossil flora, are generally
consistent with the trends simulated using the model. How-
ever, during the Paleocene and Eocene, the reconstructed
MAT is slightly lower than the simulation results. Similarly,
the reconstructed WMMT is also lower than the simulation
result overall, while the reconstructed CMMT is significantly
higher on the southern margin of the Tibetan Plateau (Figure
4b–4e).
From the Paleocene to the late Eocene, the MAT and

CMMT in the Tethys Sea region were characterized by a
zonal distribution, and the temperature decreased from low
latitudes to high latitudes. However, with the development of
the Tibetan Plateau and the westward retreat of the Tethys
Sea in the late Eocene, the distributions of the MAT and
CMMT in the eastern and central Tethys began to shift to-
ward a topography-dominant type, while the western Tethys
was still dominated by a zonal type distribution (Figures 2
and 4). In the western Tethys (Figure 4), the CMMT con-
sistently ranged from −3°C to 18°C, with minimal fluctua-
tions, resembling the temperature patterns of the modern
Mediterranean climate. The distribution pattern of the
WMMT differed from that of the MAT and the CMMT,
exhibiting a decreasing trend centered on the mid-latitude
region of the Tethys Sea. In the late Eocene, on the Tibetan
Plateau, the WMMT began to exhibit a topography-domi-
nated distribution pattern (Figure 3h).

3.1.2 Spatial analysis of precipitation
In general, the reconstructed precipitation in the Tethys Sea
region during the Cenozoic is consistent with the trend of the
numerical simulation, but there are obvious regional differ-
ences (Figures 5–7). Specifically, the reconstructed PCQ on
the Tibetan Plateau is higher than the simulated precipitation
(Figure 7).
The spatial distribution of precipitation is characterized by

a pattern of drought at mid-latitudes in Central Asia, with
gradually increasing precipitation in the surrounding areas.
This arid region expanded continuously from the Paleocene
to the Miocene, slightly contracted after the Pliocene, and
then stabilized. In the middle and high latitude regions, the
precipitation decreased from the western coast of the con-
tinent to the east, particularly in the distribution of the PCQ,
which was the most pronounced. The mid-latitude arid re-
gions continued to expand northeastward, while the pre-
cipitation in southeast China began to increase in the Early
Miocene (Figure 7). On the southern Tibetan Plateau and in
southeast China, the MAP and PWQ gradually increased

from the late Eocene onward (Figures 5h and 6h). In the
western Tethys region, the PCQ decreased slightly during the
Cenozoic (Figure 7), while the PWQ exhibited a fluctuating
increasing trend, and the areas receiving less than 80 mm of
PWQ expanded during the Paleocene-Eocene (Figure 6h–
6j). Since the Oligocene, the extent of this region has shrunk.
In particular, precipitation has increased in the middle and
high latitude regions.
According to the simulation results of the distribution of

the Mediterranean climate during the Cenozoic, the Medi-
terranean climate types were most widespread in the western
and central Tethys regions during the Eocene-early Oligo-
cene (Figure 8g–8i). However, the distribution of the Med-
iterranean climate sharply decreased in the Miocene (Figure
8c–8e). It became sporadically located around the Black Sea
and the Paleo-Mediterranean and then somewhat recovered
in the Pliocene (Figure 8b). By the middle Pleistocene, the
distribution largely aligned with the modern Mediterranean
climate distribution in Europe (Figure 8a). In the western
Tethys region, the PCQ was generally greater than 120 mm
during the Cenozoic, while the trend of the PWQ (Figure 3)
was more complex. The areas with less than 80 mm of pre-
cipitation expanded from the Paleocene to the Eocene and
then shrank in the Oligocene. These areas became primarily
concentrated along the eastern coast of the Black Sea and on
the southernmost edge of the Iberian Peninsula. By the
Pleistocene, this region had expanded, and the simulated
range of the Mediterranean climate expanded accordingly.
The reconstruction results are largely consistent with the
simulation results.

3.2 Temporal analysis of paleoclimate

3.2.1 Temperature variations
The trends of the simulated MAT, WMMT, and CMMT in
the western, central, and eastern Tethys regions are largely
consistent, and the paleo-temperature trends in the western
and central Tethys regions exhibit a higher degree of simi-
larity. In the western Tethys region, the simulated MAT is
16–23°C, the WMMT is 27.5–41.5°C, and the CMMT is
7.5–11°C. In the central Tethys region, the simulated MAT is
18.5–26°C, the WMMT is 31–44°C, and the CMMT is
3–11.5°C. In the eastern Tethys region, the simulated MAT is
15.5–27°C, the WMMT is 23–36.5°C, and the CMMT is
5.8–13.5°C. According to the trends derived from the model
simulations, the temperature trends in the Tethys Sea region
during the Cenozoic are largely consistent with the global
CO2 concentration trends, showing significant late Paleocene
warming and an Eocene-Oligocene transition to cooling. The
temperatures in the western and central Tethys regions ex-
hibited fluctuating changes during the Paleocene to Qua-
ternary, with no drastic changes in altitude occurring in these
regions. In the western Tethys region, the trend of the pro-
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Figure 2 Mean annual temperature (MAT) in the Tethys Sea region during the Cenozoic. The circles represent the MAT reconstructed from fossils, and the
background colors represent the MAT from the model simulations. The western Tethys region experienced a warming trend from the Paleocene to the late
Eocene, followed by significant cooling starting in the early Oligocene. The central Tethys region experienced a warming trend during the Paleocene-Eocene,
during which the landmass rapidly moved northward and the Tethys Sea quickly closed in Central Asia. Subsequently, significant cooling began in the early
Oligocene. The eastern Tethys region experienced overall higher temperatures during the Paleocene and Eocene, and significant cooling occurred in the
surrounding areas during the late Eocene as the Tibetan Plateau rapidly uplifted.
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Figure 3 Warmest month mean surface air temperature (WMMT) in the Tethys Sea region during the Cenozoic. The circles represent the WMMT
reconstructed from fossils, and the background colors represent the WMMT from the model simulations. The western Tethys region experienced a warming
trend from the Paleocene to the late Eocene, followed by significant cooling starting in the early Oligocene. The central Tethys region experienced overall
higher temperatures during the Paleocene-Oligocene, with significant cooling beginning in the Early Miocene. The eastern Tethys region experienced a
warming trend and overall higher temperatures during the Paleocene and Eocene. A cooling trend emerged as the Tibetan Plateau rapidly uplifted in the late
Eocene, and low temperatures occurred in the Tibetan Plateau region from the late Oligocene to the Miocene.
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Figure 4 Coldest month mean surface air temperature (CMMT) in the Tethys Sea region during the Cenozoic. The circles represent the CMMT re-
constructed from fossils, and the background colors represent the CMMT from the model simulations. The CMMT in the western Tethys region increased
slightly during the Paleocene and Eocene, but a gradual cooling trend began in the early Oligocene. The central Tethys region also experienced a warming
trend from the Paleocene to the Eocene, followed by gradual cooling starting in the early Oligocene. The eastern Tethys region experienced relatively stable
temperatures during the Paleocene and Eocene, but significant cooling occurred in the Tibetan Plateau area and surrounding areas in the early Oligocene.
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Figure 5 Mean annual precipitation (MAP) in the Tethys Sea region during the Cenozoic. The circles represent the MAP reconstructed from fossils, and the
background colors represent the MAP from the model simulations. During the Cenozoic, in the western Tethys region, the MAP did not change significantly,
but it experienced a slight decreasing trend overall. In the central Tethys region, the MAP significantly decreased during the middle Eocene, and the arid
regions continuously expanded. In the eastern Tethys region, the MAP generally increased as the Indian Plate moved northward.
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Figure 6 Precipitation in warmest quarter (PWQ) in the Tethys Sea region during the Cenozoic. The circles represent the PWQ reconstructed from fossils,
and the background colors represent the PWQ from the model simulations. In the western Tethys region, the PWQ significantly decreased from the Paleocene
to the late Eocene, followed by a slight fluctuating increase beginning in the early Oligocene. In the central Tethys region, the arid areas gradually expanded
as the Tethys Sea retreated. The eastern Tethys region gradually became more humid with the northward movement of the Indian Plate and the development
of the Tibetan Plateau.
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Figure 7 Precipitation in coldest quarter (PCQ) in the Tethys Sea region during the Cenozoic. The circles represent the PCQ reconstructed from fossils, and
the background colors represent the PCQ from model simulations. In the western Tethys region, the PCQ did not change significantly, but it experienced a
slight fluctuating decreasing trend overall. The central Tethys region began to experience significant aridification during the middle Eocene. The eastern
Tethys region was generally arid, however, the precipitation increased in the southeast starting in the late Oligocene, leading to a decrease in the degree of
aridity.
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Figure 8 Distribution of the Mediterranean climate in the Tethys Sea region during the Cenozoic. For the MCI, values closer to 1 indicate a higher
similarity to the present-day Mediterranean climate type, while values closer to 0 suggest a lower similarity to the Mediterranean climate. The circles
represent the MCI reconstructed from fossils, and the background colors represent the MCI from the model simulations. In the western Tethys region, the
Mediterranean climate was widely distributed in the middle and high latitude regions during the Eocene. Subsequently, its range began to shrink, became
sporadically distributed, and moved toward lower latitudes in the Oligocene. The distribution of the Mediterranean climate was the widest in the central
Tethys region during the middle Eocene, and then, it continuously shrank to the Black Sea area. The eastern Tethys region did not experience a Mediterranean
climate during the Cenozoic.
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portion of land area is consistent with the temperature
changes. In the central Tethys region, the temperature
changes do not correlate with the proportion of land area or
the altitude changes, but they are consistent with the global
CO2 concentration changes. In the eastern Tethys region,
temperature exhibits a fluctuating cooling trend during the
Paleocene-Quaternary, and there is no correlation with the
changes in the proportion of land area. From the Paleocene to
the middle Eocene, in the eastern Tethys region, the tem-
perature increases with increasing global CO2 concentra-
tions, after which its trend is opposite to that of the regional
altitude changes.
Overall, the amplitude of the temperature changes in the

Tethys region during the Cenozoic reconstructed using the
JPDFs method is significantly smaller than that of the model
simulation results (Figure 9). The trends of the quantitatively
reconstructed MAT, WMMT, and CMMT in the western,
central, and eastern Tethys regions are largely consistent. In
the western Tethys region, the reconstructed MAT is 9–20°C,
the WMMT is 19–26°C, and the CMMT is 0–14°C. For the
central Tethys region, the reconstructed MAT is 11–20°C, the
WMMT is 20–26°C, and the CMMT is 1–15°C. For the
eastern Tethys region, the reconstructed MAT is 11–27°C,
the WMMT is 19–30°C, and the CMMT is 1–25°C (Figures
2, 3, 4, and 9). Regarding the fossil reconstruction results, the
trends of the MAT, WMMT, and CMMT in the western,
central, and eastern Tethys regions in the Cenozoic are
consistent (Figure 9h–9j). Among these, the temperature
change trends reconstructed from the fossils in the western
and central Tethys regions (Figure 9h–9j) are largely con-
sistent with the temperature change trends from the model
simulations (Figure 9e–9g), but the amplitude of the change
is significantly smaller than that of the model changes. The
temperature reconstruction trend for the eastern Tethys re-
gion exhibited inconsistencies compared to the model si-
mulation trend.

3.2.2 Precipitation variations
For the model simulations of the western Tethys region in the
Cenozoic, the MAP is 600–950 mm, the PWQ is
50–150 mm, and the PCQ is 212.5–290 mm. In the central
Tethys region, the MAP is 200–600 mm, the PWQ is
60–150 mm, and the PCQ is 50–200 mm. In the eastern
Tethys region, the MAP is 740–1350 mm, the PWQ is
350–690 mm, and the PCQ is 12.5–75 mm. Regarding the
trends from the model simulations, in the western Tethys
region, during the Cenozoic, the MAP and PCQ trends are
similar and inversely related to the trend of the proportion of
the land area. Similarly, in the central Tethys region, the
trends of the MAP and PCQ are also inversely related to the
proportion of the land area. In both the western and central
Tethys regions, the trends of the PWQ resemble those of the
altitude changes, but the overall changes are not very pro-

nounced. In the eastern Tethys region, during the Cenozoic,
the trends of the MAP and PWQ are similar to those of the
altitude changes, i.e., fluctuating increasing trends, while the
trend of the PCQ is not very noticeable.
Overall, the amplitude of the precipitation changes in the

Tethys region during the Cenozoic reconstructed using the
JPDFs method is significantly smaller than that of the model
simulation results (Figure 10). The quantitatively re-
constructed trends of the MAP, PWQ, and PCQ in the wes-
tern, central, and eastern Tethys regions are largely
consistent. The reconstructed MAP in the western Tethys
region is 700–1700 mm, the PWQ is 150–520 mm, and the
PCQ is 112.5–340 mm. In the central Tethys region, the re-
constructed MAP is 600–1500 mm, the PWQ is
150–450 mm, and the PCQ is 100–375 mm. In the eastern
Tethys region, the reconstructed MAP is 600–2900 mm, the
PWQ is 150–950 mm, and the PCQ is 0–640 mm. Regarding
the fossil reconstruction results, the trends of the MAP,
PWQ, and PCQ in the western, central, and eastern Tethys
regions in the Cenozoic are not pronounced, with very small
amplitudes of change. This is particularly obvious for the
eastern Tethys precipitation reconstruction results, which
differ significantly from the simulation results, with the
overall precipitation being much higher than the simulation
results.

4. Discussion

4.1 Analysis of regional climate evolution in the Tethys
Sea region

According to the results obtained using paleobotanical evi-
dence and model simulations, the modern Mediterranean
region experienced a completely humid climate during the
Paleogene, during which a large portion of Europe was
submerged by seawater, and the PCQ was significantly
higher than the PWQ, with a widespread Mediterranean-type
climate similar to the present-day climate. According to the
simulated winter wind field maps (Appendix 4, Figure S12),
during the Paleogene, this region was primarily controlled by
the westerlies, which transported abundant moisture from the
Atlantic, leading to plentiful PCQ. The atmospheric vertical
velocity (Appendix 4, Figure S9) indicates that during
summer, the region was primarily dominated by the sub-
tropical high, with descending air currents leading to drier
and hotter summers. The global cooling that began in the
Oligocene led to a shift toward a semi-humid warm tempe-
rate climate. During this time period, the coastal tempera-
tures decreased slightly, the winter precipitation still
exceeded summer precipitation, but the difference dimin-
ished, and as the Tethys Sea retreated westward, the wes-
terlies also weakened (Appendix 4, Figure S12). Early
studies have suggested that the Mediterranean climate first
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emerged during the Pliocene (Suc, 1984). Some studies have
suggested that the emergence of the ancient Mediterranean
climate can be traced back to the Middle Miocene Climatic
Optimum (MMCO), during which the polar atmospheric and
oceanic circulations intensified, influencing the development
of the Hadley circulation and the seasonal movement of the
subtropical high-pressure centers and favoring the formation
of a Mediterranean-type climate (Rundel et al., 2016).
However, both the simulations and fossil data utilized in this
study indicate that during this period, the Mediterranean
climate had a very limited distribution, possibly due to high
summer precipitation. Based on the simulation results, it is
noteworthy that the Mediterranean climate did not exhibit
strong seasonal precipitation differences in all regions, as has
been previously thought, and some areas may have had
weaker seasonal precipitation differences (Rundel et al.,
2016). Since the simulation results represent the average
precipitation across all of the regions, the difference between
the winter and summer precipitation is smaller. The simu-
lation results suggest that the retreat of the Tethys Sea likely
altered the distribution of the regional pressure field, af-
fecting the roles of the westerlies and the subtropical high-
pressure belt and thereby leading to regional climate chan-
ges. Due to the complexity of the region’s topography, fur-
ther high-resolution climate simulations based on more
reliable paleogeographic data are necessary.
During the Cenozoic, the collision of the Indian and Eur-

asian plates, caused the northward compression of the Pamir
Plateau, and the global sea level change led to the complex
process of the Tethys Sea’s withdrawal from Central Asia,
which was characterized by repeated transgression-regression
cycles (Tang et al., 2011; Sun et al., 2013). The simulation
results indicate that from the middle Eocene onwards, Central
Asia experienced increasing drought, which coincided with
the retreat of the Tethys Sea from the Tarim Basin and the
Tajik Basin (Sun and Jiang, 2013; Sun et al., 2016). During
the Oligocene, the severity of the drought intensified, and its
extent expanded compared to that in the Eocene. The cooling
during this time period was potentially driven by global cli-
mate trends, the retreat of the Tethys Sea, and decreased water
vapor transport due to the development of the Tibetan Pla-
teau, Pamir Plateau, and Tianshan Mountains (Sun et al.,
2020). Before the MMCO, the sea retreated from central Iran,
resulting in increased aridity and extreme low temperatures
(Sun et al., 2021b). Possibly influenced by the MMCO, the
arid region in Central Asia contracted slightly during this
period. Subsequently, the final closure of the Tethys Sea’s
northwestern seaway during the Late Miocene may have
triggered the expansion of the East Antarctic Ice Sheet,
leading to a global drop in sea level and exacerbating aridity
in Central Asia (Sun et al., 2021a). From the perspective of
the precipitation trend results, the retreat of the Tethys Sea
from Central Asia primarily led to a reduction in the PCQ.

Geological evidence highlights the occurrence of sig-
nificant environmental shifts in China around the transition
from the Paleogene to the Neogene. The vast arid belt that
extended across eastern and western China during the Pa-
leogene (65–24 Ma) evolved into a northwestern arid and
southeastern humid configuration by the Miocene (Wang,
1990; Liu et al., 1998; Sun and Wang, 2005; Guo, 2017; Li et
al., 2022). However, there is considerable debate regarding
the spatial and temporal extent of this arid belt. Recent
analyses suggest that southeastern China experienced a
monsoon climate with humid broad-leaved forests during the
Eocene, indicating that a combination of monsoon climate,
global cooling, and topographic changes drove the vegeta-
tion transition from humid forests in the southeast to arid
shrublands or open woodlands in the northwest (Li et al.,
2022). The precipitation simulation results obtained in this
study show that during the Paleogene, the arid belt was
seasonally present. In southeastern China, the MAP was
around 1300 mm, the PWQ was around 270 mm, and the
PCQ was less than 50 mm, indicating the presence of a
pronounced arid belt. At the Oligocene-Miocene boundary,
the higher PCQ in southeast China, which may have been
due to the uplift of the northern Tibetan Plateau, mitigated
the arid conditions (Li et al., 2021). Ding et al. (2014)
pointed out that during the Paleocene, the high-altitude
Gangdise Mountains and the uplifting Himalayas created an
arid interior region of the plateau, which is consistent with
the simulated precipitation results. The southern Gangdise
Mountains had larger amounts of precipitation and a warm
and humid climate during the Paleocene, while the interior of
the plateau was relatively dry and hot, especially in winter.
During the Eocene, a central E-W-oriented valley existed in
Xizang, and it was flanked by the Gangdise Mountains to the
south and the Qiangtang Mountains to the north. The central
valley transitioned from a warm and humid subtropical forest
to a drier open woodland during the late Eocene (Zhang et
al., 2022). The simulation results indicate that the climate
was cooler during this period, with greater PWQ and winter
aridity. The simulation results also indicate that at the Eo-
cene-Oligocene boundary, there was a significant increase in
precipitation along the southeastern edge of Xizang, which
may have been related to the continuous uplift of the region
(Su et al., 2019). It is noteworthy that, according to the model
simulation results, on the windward slope of the southern
edge of the Tibetan Plateau, the MAP and PCQ were not
strongest after the formation of the Tibetan Plateau in the
Neogene and were instead strongest during the late Eocene to
early Oligocene. This may have been related to the higher
global CO2 concentrations during this period. By the Late
Miocene, when the Tibetan Plateau had approximately
reached its current elevation (Deng and Ding, 2015), the
climate of the modern eastern Tethys coastal region had es-
sentially formed.
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4.2 Evolutionary process of Mediterranean climate

The simulation results indicate that during the Eocene, the
range of the Mediterranean climate expanded continuously,
spreading from the middle to high latitudes across Europe in
the middle Eocene. During this period, the PCQ decreased
slightly, while the PWQ decreased significantly in these re-
gions, which may be the reason for the expansion of the
distribution range. Beginning in the early Oligocene, the
distribution range of the Mediterranean climate shrank dra-
matically, particularly in Germany, France, and Spain. The
PCQ continued to decrease during the Oligocene, and by the
late Miocene, most areas in the western Tethys region had
PCQ values of 100–120 mm. During this period, the PWQ
fluctuated and increased, and only the Black Sea region, the
southern tip of Iberia, and some other peninsulas had PWQ
values of around 80 mm, while other regions experienced
higher PWQ values of up to 120 mm. The reduction in the
seasonal precipitation differences from the Oligocene to the
Late Miocene may have been the reason for the sporadic
distribution of the Mediterranean climate. Paleobotanical
evidence suggests that during the Eocene, Germany still had
a subtropical humid climate with evergreen sclerophyllous
forest vegetation (Moraweck et al., 2015; Kunzmann et al.,
2019). Beginning in the early Oligocene, the climate in
Germany shifted to a humid Cfa type with a greater PWQ,
which was significantly higher than the PCQ (Utescher et al.,
2000; Mach et al., 2014; Kvaček et al., 2020; Müller et al.,
2023). This further confirms that the distribution range of the
Mediterranean climate was closely related to the PWQ. Al-
though the global climate changed during the Eocene-Oli-
gocene leading to widespread dry and cold climates, the
PWQ increased in southern France and northern Spain, re-
sulting in enhanced seasonality and a shift in the vegetation
types from moisture-loving and heat-loving vegetation to
open savannas (Tosal et al., 2019, 2023). After the Messinian
salinity crisis in the Late Miocene, in the western Tethys
region, both the PCQ and PWQ increased in the Pliocene. By
the Quaternary, the overall PCQ decreased, but in the
southern tip of the western Tethys Peninsula and the Black
Sea region, the PWQ dropped significantly below 80 mm,
and thus, these regions had distinct Mediterranean climates.
It can be seen that the distribution of the Mediterranean
climate mainly depended on the difference in the seasonal
precipitation, especially the degree of summer aridity, which
was crucial for the evolution of the Mediterranean climate.

4.3 Relationship between topographic changes and
vegetation evolution in the Tethys Sea region

The Eurasian continent, with its vast landmass and proximity
to multiple oceans, fosters diverse climate types, which drive
plant diversity and evolution. Plants, due to their immobility,

continuously adapt to climate changes and thus can serve as
proxy indicators for environmental variations (Li et al.,
2003; Wang et al., 2009). Tectonic movements and climatic
events have shaped the complex topography and diverse
climates, making Eurasia home to numerous biodiversity
hotspots (Myers et al., 2000; Zhao Z et al., 2022), including
the Mediterranean Basin, the Caucasus region, the Iranian-
Anatolian Plateau, the mountain ranges in Central Asia, and
the Hengduan Mountains-East Himalaya area, all of which
are distributed along the Tethys orogenic domain. MAP and
PWQ changes may contribute to the high biodiversity and
endemism in communities in areas with a Mediterranean
climate (Deitch et al., 2017). However, our simulation results
show that the temperature and precipitation changes in the
western Tethys region were not significant, suggesting that
the current climate is not drastically different from the cli-
mate in the Paleogene. Compared to the changes in the PCQ,
the decreases in the PWQ and MAP were more pronounced.
In contrast, the central Tethys region experienced a clear
trend of winter cooling and precipitation reduction, while the
eastern Tethys area experienced a significant decrease in
temperature and an increase in precipitation. Fossil evidence
suggests that during the Paleogene, the Tethyan flora was
composed of humid and warm subtropical type flora char-
acterized by evergreen shrubs and trees, corresponding to the
subtropical warm and humid climate type, which is con-
sistent with our simulation results. However, how the com-
plex topography and climate changes in the Tethyan coastal
area during the Cenozoic likely promoted plant diversity
evolution and what characteristics the changes in the vege-
tation types exhibited remain unclear. Investigating these
changes is crucial for biodiversity conservation (Olson et al.,
2001).

4.4 Comprehensive analysis of model simulation and
quantitative reconstruction

The comparison of the quantitative reconstruction of the
paleoclimate and model simulations for the Tethys Sea re-
gion in the Cenozoic yielded generally consistent results. In
terms of temperature, the western and central Tethyan re-
gions experienced a warming trend from the Paleocene to the
late Eocene, followed by a cooling trend beginning in the
early Oligocene. This corresponds to the global climate
changes during the Cenozoic, which were driven by varia-
tions in the CO2 concentration, leading to a greenhouse cli-
mate phase from the Paleocene to the Eocene and a cooling
period at the Eocene-Oligocene boundary (Westerhold et al.,
2020). The eastern Tethyan region, influenced by the rapid
development of the Tibetan Plateau, began to cool during the
late Eocene (Ding et al., 2014), and the amplitude of the
temperature changes was greater in summer than in winter.
Due to the screening process, no fossil data from the early
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Eocene met the required criteria, and hence, the high tem-
peratures in the early Eocene are not reflected in the results.
The model simulations indicate that a peak in temperature
occurred at around 35 Ma. We attribute this to the CO2

concentration settings proposed by Foster et al. (2017),
namely, 570–736 ppmv and 901 ppmv in the middle and late
Eocene, respectively, resulting in a warmer late Eocene.
However, the reconstructed temperatures during the Paleo-
cene-Eocene greenhouse climate period exhibited significant
deviations, with the reconstructed temperatures being no-
ticeably colder than the simulated temperatures. The NLRs
of the fossil plants were mostly on the genus level, or even
the family level, leading to potential biases in the tempera-
ture reconstruction (Utescher et al., 2000). Additionally, the
temperatures extracted from the NLRs of the plants may also
differ from the ecological niches of plants during the Pa-
leogene greenhouse period. Despite all of these potential
biases based on the fossil data, the majority of the fossil sites
contained more than 20 different plant species, so the JPDFs
method, based on a large number of plant species for quan-
titative reconstruction, can minimize the errors as much as
possible. However, the evolutionary process of the plant
ecological niches is changeable, and errors in the quantitative
paleoclimate reconstruction brought about by changes in the
range of ecological niche adaptation are still difficult to
completely eliminate to some extent. Moreover, there is a
phenomenon of the reconstructed temperatures being too
warm on the southern edge of the Tibetan Plateau, which
may be related to deviations in the latitudes and longitudes of
the fossil sites.
Apart from the Tibetan Plateau region, the overall ampli-

tude of the precipitation changes is relatively minor. In the
western Tethyan region, during the Cenozoic, the PWQ
changes are not prominent, but there is a decrease in PCQ.
The central Tethys region exhibits a clear trend of ar-
idification following topographic changes, while the eastern
Tethys region exhibits a fluctuating, increasing precipitation
trend, with higher precipitation on the southern edge of the
Tibetan Plateau during the late Eocene to the early Oligo-
cene. However, in the central and eastern Tethys regions,
where the model simulated arid conditions, the reconstructed
precipitation is higher. This discrepancy may be due to the
presence of complex micro-terrains in these areas. The
model simulations lack high resolution topographic data,
which could reduce the accuracy of the simulation of the
effects of the local topography and geomorphology on the
climate. Overall, the amplitudes of the paleo-temperature
and paleo-precipitation changes reconstructed from fossils
are not as significant as those of the model simulation results,
and there is even an inconsistent trend in the Tibetan Plateau
region, which may be affected by the spatial and temporal
distributions of the collected fossil sites, especially in the
Tibetan Plateau region (Sun et al., 2013). The plant fossils

from the study area do not fully capture the climatic evolu-
tion of the entire region.
Based on the spatial analysis results of the paleoclimate,

although the temperature and precipitation reconstructed
from fossil sites in individual regions deviate from the model
simulation results, the temperature and precipitation re-
constructed from most of the fossil sites are consistent with
the model results. The method of reconstructing the paleo-
climate using fossils is inevitably influenced to a large extent
by factors such as the fossil burial conditions, preservation
status, and quantity of fossils. From the perspective of time
series changes in the paleoclimate, the climate change trends
reconstructed using fossils are not obvious. This may be
primarily due to the large differences in the spatial and
temporal distributions of the fossil sites. The collected fossil
data are largely concentrated in the western Tethys region,
followed by the eastern Tethys region, while the central
Tethys region has fewer fossil sites due to limitations im-
posed by the fossil burial conditions. In particular, in Central
Asia, most of the fossil sites may be distributed in relatively
humid areas, while very few fossil sites are located in arid
and semi-arid regions, leading to possible spatial imbalance
of the climate reconstruction for this region since the Cen-
ozoic. This could explain the less obvious change trend.
There are also significant differences in the number of fossil
sites in the same region during the different geological per-
iods in the Cenozoic. Most of the fossil sites are located in
Miocene strata, fewer are located in Paleocene and Qua-
ternary strata, and there are even no fossil sites in Quaternary
strata in the central Tethys region. Under these conditions,
averaging the fossil site data from different regions and
periods results in change trends with smaller amplitudes. For
scattered fossil site data, model simulations can obtain pa-
leoclimate values for the entire region, they can more in-
tuitively display the changes in the paleoclimate. Therefore,
fossil data can provide a more intuitive picture of the climate
and vegetation, and model simulations can provide more
comprehensive information about climate changes across the
entire region. Although there are some deviations between
the two methods, cross-validation can provide more reliable
evidence for paleoclimate reconstruction on a large regional
scale.
Plant fossils do record information about the environment

and climate during geological history (Wang et al., 2009).
However, there are challenges related to incomplete fossil
records and changes in the distribution areas of the NLRs.
Model simulations can help address the gaps in geological
evidence, but they also face challenges due to the impreci-
sion of boundary conditions, especially regarding topo-
graphy and geomorphology (Liu, 1993; Ding and Xiong,
2006). Therefore, it is essential to combine both approaches,
i.e., to use them to complement and validate each other, in
order to achieve a more comprehensive understanding of the
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mechanisms of paleoclimate change (Sun, 2014; Zheng et
al., 2019).

5. Conclusions

In conclusion, both the quantitative reconstructions using
fossils and model simulation results indicate that under the
influence of global CO2 concentration changes, the retreat
and closure of the Tethys Sea contributed to the evolution of
the Mediterranean climate in the western Tethys region,
while the central Tethys region gradually became drier and
cooler during the late Oligocene to Early Miocene. Con-
currently, during the rapid development of the Tibetan Pla-
teau, the eastern Tethys region experienced fluctuating
wetter and colder conditions in the late Oligocene. The
Mediterranean climate was prevalent in Central Asia and
Europe during the Eocene to early Oligocene, but its dis-
tribution range contracted significantly in the Miocene, pri-
marily due to the increase in the PWQ.
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