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Abstract
Early Paleogene latitudinal precipitation gradients and patterns along the Pacific coast of Eurasia are studied in time and 
space using the Coexistence Approach, for the first time applied on an extensive regional palaeobotanical record. The palaeo- 
botanical data used in this reconstruction are compiled from literature resources on 110 reasonably well-dated floras, includ-
ing terrestrial deposits of 73 sites located in the Far East of Russia, Eastern Siberia, China, and Japan, and covering the 
early Palaeocene to early Eocene. Our reconstructions of precipitation for the Pacific side of Eurasia in the early Paleogene 
demonstrate a clear division (especially pronounced in the early Eocene) into two zones at ca. 50° N palaeolatitude on all 
precipitation parameters. Our results reveal very weak latitudinal precipitation gradients during the early and late Palaeo-
cene. In the early Eocene, the gradient became more clearly pronounced, and a larger “arid” zone can be distinguished in the 
mid-latitudes. Our data suggest that in the early Paleogene, the global atmospheric circulation consisted of two well-defined 
cells, Hadley and Ferrell, while the polar cell was either absent or located over the Arctic Ocean and was very weak. Based 
on our reconstructions, the records could not be interpreted in terms of a monsoonal type of climate. The regional distribu-
tion of hygrophilous and xerophilous taxa in our early Eocene record largely coincides with the reconstructed precipitation 
pattern and generally corresponds to the distribution of coals and/or oil shales and red beds and/or evaporites, respectively.

Keywords  Coexistence Approach · Spatial precipitation gradient · Temporal climatic trends · Precipitation seasonality · 
Monsoon · Global atmospheric circulation

Introduction

Eurasia is the largest continent of the planet, spanning 
a wide range of climate types. In addition, Eurasia is the 
northernmost continent of the planet, the climate of which 
was the most dynamic due to the cold spreading from the 
pole. Today the main feature of the climate of Eurasia is 
diversity because of the considerable longitudinal extent of 

the continent. Eurasian climate is characterised by a distinct 
contrast between the western (Atlantic) and eastern (Pacific) 
side, with a central region marked by strong seasonality 
typical of continental interiors (Rhines and Hakinnen 2003; 
Takaya and Nakamura 2005). Moreover, the Eurasian climate 
is strongly impacted by the surrounding oceans causing an 
asymmetric distribution of Koeppen–Geiger climate types 
over the continent (Fig. 1a; Kottek et al. 2006). The Atlan-
tic Ocean, due to western transfer in mid- latitudes, humidi-
fies the climate of Europe and even Siberia. Past climates of 
westerm Eurasia reflect various states of the North Atlantic 
Ocean circulation system and changes in the intensity of the 
Westerlies (e.g. Krapp and Jungclaus 2011) while coastal 
areas of eastern Eurasia mirror the varying intensity of the 
warm Kuroshio and cold, subarctic currents (e.g. Matthies-
sen et al. 2009). In eastern Eurasia, climate and prevailing 
precipitation patterns are connected to the history of the East 
Asian Monsoon System, complicated by tectonic movements 
and a shifting palaeogeography (e.g. An et al. 2001) (Fig. 1b).

At present, east Asian coastal areas, located in the tran-
sitional zone “continent-ocean”, constantly experience the 
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influence of oceanic-atmospheric and continental-atmos-
pheric events. Thus, the study of the climate evolution of the 
Pacific side of Eurasia in the geological past, in particular 
in the early Paleogene, promotes the understanding of the 
formation of modern climate in this region.

Generally, the early Paleogene (Palaeocene – early 
Eocene) climate is characterised as being in a generally 
warm and equable “greenhouse” state across the world, 
punctuated by brief hyperthermal phases (Pagani et al. 2005; 
Dupont-Nivet et al. 2007; Zachos et al. 2008; Pearson et al. 
2009; Xiao et al. 2010; Abels et al. 2011; Westerhold et al. 
2020). At the same time, the evolution of Paleogene climates 
in eastern Eurasia is tied to the history of the warm Arc-
tic (e.g. Spicer and Parrish 1986; Spicer and Corfield 1992; 

Herman and Spicer 1996, 1997; Amiot et al. 2004; Spicer 
and Herman 2010; Herman et al. 2016; Suan et al. 2017; 
Spicer et al. 2019; Bondarenko et al. 2022; Bondarenko and  
Utescher 2023), the development of the Okhotsk Sea 
(Semakin et al. 2016), India–Eurasia collision (Q. Zhang 
et al. 2012; An et al. 2021; Sehsah et al. 2022), the East Asian 
Monsoon (EAM) and it is further complicated by tectonic 
events such as uplift of the Tibetan Plateau, and the Sea of 
Japan back-arc opening (e.g. Kutzbach et al. 1989, 1993; Liu 
and Yin 2002; Akhmetiev 2004, 2015; Pavlyutkin and Golo-
zubov 2010; Quan et al. 2012a, b; Liu et al. 2015; Akhmetiev 
and Zaporozhets 2017; Chen et al. 2022; Li et al. 2022).

Paleogene regional climates can be reconstructed from 
palaeobotanical records with different degrees of reliability, 

Fig. 1.   Maps showing the early Paleogene sites in the context of mod-
ern Koeppen–Geiger type climates of Eurasia (a), modern MAP (b) 
and RMPwet (c) (calculated from WorldClim datasets). Koeppen-
Geiger acronyms: A equatorial, B arid (BS steppe; BW desert), C 
warm temperate (megathermal), D snow climates (microthermal), 
E polar (ET tundra, EF frost); w winterdry, s summerdry, f fully 

humid, m monsoon, h hot, k cold. Additional qualifiers (in C and D 
climates): a hot summer, b warm summer, c cold summer and cold 
winter, d extremely continental. The dotted line on the RMPwet map 
refers to the demarcation of the major monsoon rainy season domains 
(National Centers for Environmental Prediction (NCEP); from Kal-
nay et al. (1996)
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depending on the spatio-temporal resolution of the palaeo-
botanical sites, and the taxonomic resolution of the studied 
plant organs (Akhmetiev 2004). The evolution of continen-
tal Paleogene climates has been well studied on the basis 
of palaeobotanical data from Australia, Europe, and North 
America (Greenwood and Wing 1995; Wilf 2000; Wing and 
Harrington 2001; Jolley and Widdowson 2005; Mosbrugger 
et al. 2005; Wing et al. 2005; Utescher et al. 2007, 2011; 
Greenwood et al. 2010) and marine proxy data from both 
hemispheres (Pearson et al. 2007; Zachos et al. 2008; Bijl 
et al. 2009). In East Asia, quantitative Paleogene climatic 
reconstructions on the basis of palaeobotanical data have 
been conducted on individual sites of China (e.g. He and Tao 
1997; Quan and Zhang 2005; Su et al. 2009; Hao et al. 2010; 
Wang et al. 2010; Hoorn et al. 2012; Quan et al. 2012a, b; 
Chen et al. 2022). The comparison of the Cenozoic conti-
nental climate evolution from the Atlantic and Pacific side 
of Eurasia reveals the existence of differing regional pat-
terns and spatial gradients from west to east, also in the past 
(Utescher et al. 2015). Recently, continental temperature pat-
terns and gradients from south to north of East Asia in the 
early Paleogene have been studied in detail (Bondarenko and 
Utescher 2022). However, a detailed analysis of spatial pre-
cipitation patterns and gradients has not yet been performed.

The present-day monsoon systems impacting eastern Asia 
comprise the EAM and the South Asian Monsoon (SAM). 
The monsoons have clear differences (Molnar et al. 2010). 
The SAM is characterised by dry winters and wet summers, 
with temperatures being highest in May to early June, before 
the onset of the rainy season (Molnar et al. 2010). The EAM 
is characterised by cold and dry conditions in the cold sea-
son evolving under the influence of the Siberian High and 
affecting large parts of eastern Asia, and a warm and wet 
season setting in late spring to early summer when a low 
pressure cell forms over Siberia allowing the advection of 
moist air from the south (Molnar et al. 2010). At present, 
both systems affect different parts of Asia. The SAM mainly 
influences northern India and the northeastern Indian Ocean, 
while the EAM is mainly confined to China, the Korean 
Peninsula, and southern Japan (Molnar et al. 2010). EAM 
and SAM are also driven by specific orographic factors that 
cause specific precipitation patterns, not entirely understood 
so far. Moreover, the monsoonal character of the EAM has 
been questioned (for more details cf. Spicer et al. (2016) and 
Farnsworth et al. (2019) and discussions therein).

The evolution of the Asian monsoon systems throughout 
earth's history, and the causes of changes in SAM and EAM 
intensities, are still poorly understood (Spicer et al. 2019), 
although numerous studies were conducted to reconstruct 
the evolutionary history of the Asian monsoon circulation 
(e.g. An et al. 2001; Wan et al. 2007; Passey et al. 2009; 
Spicer et al. 2016, 2019; Bhatia et al. 2021a, 2022). Accord-
ing to Spicer et al (2016), no commonly applicable proxy is 

available so far to measure past monsoon intensity, due to 
the complexity of the drivers involved.

However, the palaeoclimatologists have also synthesized 
global monsoon variability from a geological perspective 
(An 2000; Wang 2009; Clemens et al. 2010; Ziegler et al. 
2010; Caley et al. 2011; Cheng et al. 2012; An et al. 2015). 
Modelling and geological evidence suggest that monsoon-
like circulation patterns likely occurred during the late Paleo- 
zoic to early Mesozoic as a consequence of the Pangaean 
megacontinent (Kutzbach et al. 1989; Loope et al. 2001). 
Palaeomonsoon evolution during the Cenozoic has been 
inferred from early Palaeocene tropical rainforest fossils in 
Colorado (Johnson and Ellis 2002) and from the Eocene 
monsoon forest in central Australia (Greenwood 1996). The 
palaeomonsoon system in East Asia was probably estab-
lished during the late Eocene and persisted during the late 
Oligocene to Early Miocene, with further development 
thereafter (Parrish et al. 1982; Zhou 1984; Gu and Renaut 
1994; Sun and Wang 2005; Guo et al. 2008; Qiang et al. 
2011; An et al. 2014).

To determine short-term variability of monsoon intensity 
different indices have been used that are partly based on 
climatic parameters (Parthasarathy et al. 1992; Liu and Yin 
2002; Zhang and Wang 2008; Zhao et al. 2009) or derived 
from atmospheric circulation (Goswami et al. 1999; Wang 
and Fan 1999). However, their applicability to geological 
records is limited (Spicer et al., 2016). Therefore, other 
proxies have been applied such as loess-palaeosol succes-
sions, isotopic data (Licht et al. 2014), or the terrestrial fos-
sil records (Srivastava et al. 2012; Xing et al. 2012; Shukla 
et al. 2014; West et al. 2015; Bhatia et al. 2021a, 2022). 
Because the proxies used for investigation of past monsoon 
intensity are less precise, individual monsoon systems such 
as EAM and SAM are hard to differentiate from each other 
(Spicer et al. 2016). Nevertheless, some attempts have been 
made to differentiate these monsoon systems, e.g. based on 
leaf physiognomy (Spicer et al. 2016; Bhatia et al. 2021a, b).

We reconstructed detailed temperature patterns (Bonda-
renko and Utescher 2022) based on the same set of floras 
used in this study, and now we focus on precipitation gradi-
ents and patterns along the Pacific coast of Eurasia in space 
and time to trace climate seasonality in the early Paleogene. 
We compiled published palaeobotanical sites from the Rus-
sian Far East (RFE), Eastern Siberia, China, and Japan 
(Fig. 2). Based on a total of 110 reasonably well-dated pol-
len and leaf floras of the Pacific side of Eurasia, coherent 
climatic data sets are presented for the first time for three 
stratigraphic levels, namely for the early Palaeocene, late 
Palaeocene, and early Eocene, covering the climate evolu-
tion over a time-span of ca. 25 myr, in total. All the climate 
data are reconstructed using a single approach (the Coexist-
ence Approach – CA) applicable on every plant organ type. 
For the application of the CA, the published flora lists and 
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Nearest Living Relative (NLR) interpretations of the fossil 
record were revisited and homogenized.

Materials and methods

The floral record

The palaeobotanical records of the Pacific part of Eurasia 
(including China, Japan, the RFE and Eastern Siberia) stud-
ied herein originate from 73 localities (Table 1, Fig. 2, ESM 
1). Early Paleogene deposits are widely distributed in China 
and generally represent terrestrial facies conditions. The 
early Paleogene deposits of RFE and Eastern Siberia are also 
widely distributed and are likewise dominated by non-marine 
facies. For details on the Paleogene strata of the study area 
the reader is referred to Bondarenko and Utescher (2022).

We use regional stratigraphic schemes to allocate the 
palaeobotanical sites to a total of three time slices. The 
stratigraphic correlation chart provided in Electronic Sup-
plementary Materials 1 (ESM 1) is combined from Quan 
et al. (2012a) for China, Kezina (2005) and Pavlyutkin and 

Petrenko (2010) for the continental part of the south RFE, 
Gladenkov et al. (2002) for Sakhalin Island, Gladenkov et al. 
(2005) for the Kamchatka Peninsula, and Grinenko et al. 
(1997) for the continental part of the north RFE and Eastern 
Siberia. Age control of the selected early Paleogene fossil 
floras of eastern Eurasia is based on a variety of stratigraphic 
data obtained from radiometric dating, well log correlations, 
and regional sequence-stratigraphical concepts, considering 
the position of volcanogenic units and main phases of peat 
formation, vertebrate fauna, mollusks, foraminifera, and 
regional and inter-regional pollen zonation (Table 1). The 
stratigraphic schemes of the RFE and Eastern Siberia have 
been tied to the International Stratigraphic Chart (Grinenko 
et al. 1997; Gladenkov et al. 2002, 2005; Kezina 2005;  
Pavlyutkin and Petrenko 2010; Cohen et al. 2013) and allow 
for dating the flora-bearing horizons at the stage level. For 
some of the floras, stratigraphic ages are constrained by 
radiometric dating (cf. ESM 1).

The palaeobotanical record of the Pacific coastal areas 
of Eurasia is diverse and has been subject to extensive  
taxonomic studies (cf. ESM 1 for references). In this study, 
all palaeofloras considered were carefully re-evaluated 

Fig. 2.   Location of the selected 
early Paleogene sites of the 
Pacific side of Eurasia
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regarding the validity of taxonomic identifications and Near-
est Living Relatives (NLRs) of the fossil taxa. We analysed a 
total of 110 floras including 79 palynofloras (PF), 30 leaf flo-
ras (LF) and one carpoflora (CF) with respect to palaeocli-
mate considering three time slices, namely the early Palaeo- 
cene, late Palaeocene, and early Eocene.

The assignment of the palaeofloras to the three time slices 
considered here is done on the basis of stratigraphic informa-
tion available in literature and compiled in Table 1. In many 
cases, flora-bearing horizons originate from longer succes-
sions that are tied to regional stratigraphy and partly cover 
the early Palaeocene to early Eocene (e.g. Kolyma1, Sle-
zovka15, Erkovtsy, etc.) thus facilitating a consistent sample 
selection. The single floras are listed in ESM 1, together 
with information on basin provenance, type of flora, strati-
graphic age, method of dating, and references. The complete 
floral lists, assigned NLRs and their climatic requirements 
are given in ESM 1. For the early Palaeocene, a total of 25 
floras is available, all within a relatively narrow latitudinal 
range from 41.50 to 67.06° N (Fig. 3c and f). For the late 
Palaeocene, the compilation comprises 21 floras within the 
range from 41.50 to 71.50° N (Fig. 3b and e). The early 
Eocene record includes 64 floras covering the widest latitu-
dinal range, from 19.38 to 75.53° N (Fig. 3a and d).

Application of the Coexistence Approach (CA)

To reconstruct quantitative precipitation data from the plant 
fossil record we use the CA (Mosbrugger and Utescher 
1997; Utescher et al. 2014). This approach is organ-inde-
pendent, so that both macro- and microfossil floras can be 
used as long as their modern botanical affinities are deter-
minable (Mosbrugger and Utescher 1997; Utescher et al., 
2007; Bruch et al. 2011). We use data sets from the Palaeo-
flora Database (Utescher and Mosbrugger 2018) as source 
for climatic requirements of extant plant taxa. New climate 
requirements of plants were compiled using chorological 
information from Fang et al. (2009, 2011) and Sokolov et al. 
(1977, 1980, 1986), and climatological data from Müller 
and Hennings (2000) and New et al. (2002). Climate data 
entries already available in the database were carefully 
checked for completeness. Floral lists with corresponding 
NLRs employed in this study and their climatic requirements 
are made available in ESM 1.

In this study, four precipitation variables are reconstructed: 
mean annual precipitation (MAP), mean precipitation of dry, 
wet and warm months (MPdry, MPwet and MPwarm). In the 
CA, at least 10 NLR taxa contributing with climate data are 
required to obtain reliable results (Mosbrugger and Utescher 
1997). Here, 9 to 82 (mean 33.3) taxa contribute to determin-
ing the coexistence intervals – CIs (ESM 2). The climatic 
resolution of the CA results also depends on the taxonomi-
cal level of the NLR assignment (Mosbrugger and Utescher 

1997). For the Paleogene floras, we use genera or family levels 
for NLRs. For monotypic genera (but not monotypic families) 
we use climate data for (sub)families. Moreover, ca. 50 (sub)-
cosmopolitan taxa were not considered in CA analysis. For a 
total of ca. 10 taxa climatic tolerances are not reliably known. 
Eucommia ulmoides Oliver, Ginkgo biloba L. and Sciadopi-
tys verticillata (Thunb.) Siebold et Zucc. were excluded from 
the analysis for being monotypic taxa (cf. Bondarenko and 
Utescher 2022).

The distribution of modern Koeppen–Geiger type cli-
mates of Eurasia, modern MAP and ratios of MPwet to MAP 
(RMPwet) over Eurasia are given in Figure 1. To illustrate 
temperature gradients along the Pacific side of Eurasia during 
the early Paleogene, the floras are allocated to three time inter-
vals. These time intervals are defined according to the interna-
tional standard: early and late Palaeocene, and early Eocene. 
To visualize the results, a series of palaeogeographic maps is 
provided and discussed below. The maps, which trace the evo-
lution of the three precipitation variables (MAP, MPdry and 
MPwet) throughout the early Paleogene, are based on means 
of coexistence intervals for each palaeoflora and averaged for 
the time intervals considered (Fig. 3 and 4). The differentiation 
of climatic zones is based on a significant change in the pre-
vailing mean values of MAP. The complete set of coexistence 
intervals for all floras and climate variables studied is provided 
in ESM 2. For the technical preparation of the maps, ArcMAP 
10.4 was used. We use rotated coordinates (using ODSN Plate 
Reconstruction Service for 55 Ma and hotspot reference frame 
I) for the palaeosites showing zonal means (Figs. 3–8).

In order to determine precipitation seasonality of the early 
Paleogene climate of the Pacific side of Eurasia, the mean 
annual range of precipitation (MARP) was calculated as 
the difference of MPwet and MPdry for the time intervals 
studied (Fig. 5; ESM 2). In order to obtain a measure of 
monsoon intensity during the early Paleogene we use the 
ratios of MPwet and MPdry to MAP (RMPwet and RMPdry) 
(Fig. 6; ESM 2).

Results

A complete list of taxa for each of the localities, including 
their NLRs with precipitation requirements, is provided in 
ESM 1. Precipitation data calculated for the 110 floras are 
given in ESM 2. CA-based precipitation data are obtained 
from a total of 79 microfloras (mean diversity of taxa con-
tributing with climate data: 37, std. 14) and 30 macroflo-
ras (mean diversity of taxa contributing with climate data: 
25, std. 13) largely providing reliable results (>10 taxa; 
cf. Mosbrugger and Utescher 1997), except for the early 
Palaeocene LF 7, early Eocene PF 38 and LF 23. In the 
calculations of all considered variables the proportion of 
coexisting NLR taxa exceeds 98 %. This indicates a high 
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significance level of the results (Mosbrugger and Utescher 
1997) and the integrity of the applied NLR concept that 
mainly employs families and genera, but in single cases also 
refers to the species level. Occasionally, multiple CIs at a 
close climatic range are obtained, most probably related to 
integration over several flora-bearing horizons and/or tapho-
nomic effects (Utescher et al. 2014). The application of a 
NLR concept at high taxonomic levels, as is necessary with 
early Palaeogene records, inevitably results in a moderate 
precision of the obtained CIs. Using the example of MAP, 

the mean precision, i.e. the mean width of the CIs for all 
floras amounts to 605 mm (std. 333.6 mm).

CA results for 18 floristic levels containing both micro- 
and macrofloras are largely congruent. However, it is shown 
that overall narrower precipitation ranges are obtained from 
the mainly local and taxonomically better-resolved macroflo-
ras. The CIs reconstructed for the macrofloras tend to cover 
the drier ends of the broader ranges derived in the coeval 
microflora-based reconstruction having a lower climatic 
resolution and reflecting regional rather than local climate.

Fig. 3.   Spatial MAP distribu-
tions along the Pacific side 
of Eurasia during the early 
Paleogene
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Based on means of coexistence intervals obtained for each 
palaeoflora, a high humidity level regarding MAP, MPdry 
and MPwet is observed for the early Paleogene. A minor 
increase of the mean annual range of precipitation (MARP) 
from the early Palaeocene (mean 131 mm; std 32) to the late 
Palaeocene (mean 140 mm; std 36) and early Eocene (mean 
137 mm; std 30) may indicate a trend to more seasonal cli-
mates. Based on MAP (Fig. 3a-c), MPdry (Fig. 4a-c) and 
MPwet (Fig. 4d-f) data, our results suggest the existence of 
two different regional precipitation regimes to the north and 
south of ca. 50° N palaeolatitude persisting throughout all 
time slices regarded.

In the northern part, typical MAP CIs range from 
979–1355 mm and 1090–1355 mm, with the lower CI 
limits defined by Corylopsis Siebold et Zucc. and Altin- 
gia Noronha, respectively. In the southern part, taxa 

indicative for high MAP >900 mm were absent from most 
floras while typical CIs of 652–1096 mm or 740–1096 
mm are delimited by Podocarpus L’Heritier ex Persoon/
Engelhardioideae Iljinsk. and Ephedra L. towards wet 
conditions. Between both zones, within the range of ca. 
45° and 55° N palaeolatitude, a transition zone can be 
distinguished where floras yielding higher and lower val-
ues of all precipitation parameters coexisted, indicating 
shorter-term boundary shifts that are temporally unre-
solvable by our time slice concept. In the northern part, 
typical MPwet CIs range from 178–196 mm and 180–245 
mm, with the lower CI limits defined by Reevesia Lindl. 
and Altingia, respectively. In the southern part, taxa indica-
tive for high MPwet >150 mm were absent from most 
floras while typical CIs of 150–220 mm are delimited 
again by Engelhardioideae and Ephedra. In the northern 

Fig. 4.   Spatial distributions of MPdry and MPwet along the Pacific side of Eurasia during the early Paleogene
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part, typical MPdry CIs range from 42–67 mm and 50–80 
mm, with the lower CI limits defined by Fothergilla Murr. 
and Planera Gmelin, respectively. In the southern part, 
taxa indicative for high MPdry >13-17 mm were absent 
from most floras while typical CIs of 17–45 mm are 
delimited again by Podocarpus and Ephedra.

The spatial patterns of mean values of RMPdry (Fig. 6a-c) 
and RMPwet (Fig. 6d-f) are similar to the patterns for MAP, 
MPwet and MPdry, and demonstrate the existence of two dif-
ferent regional precipitation regimes to the north and south of 
ca. 50° N palaeolatitude. In the northern part, RMPwet is in 
range from 12.5 to 18.1 %, while in the southern part – from 

Fig. 5.   Spatial distributions of 
MARP along the Pacific side 
of Eurasia during the early 
Paleogene
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13.3 to 24.1 %. In the northern part, RMPdry is in range from 
2.5 to 5.1 %, while in the southern part – from 2.9 to 4.8 %.

Discussion

Early Paleogene precipitation in Eurasia and comparison 
with other proxy‑based precipitation reconstructions 
and zonal gradients

Palaeocene

According to Bondarenko and Utescher (2022), the latitu-
dinal temperature gradient was very weak during the early 

Paleogene. Likewise, the early Palaeocene precipitation 
gradients were very weak. Based on means of MAP data, 
our palaeoprecipitation reconstruction reveals more equa-
ble humid conditions for the studied region compared to 
the other time slices considered. Unfortunately, the avail-
able sites only provide data for the latitudinal sector north 
of ca. 48° N so that conditions at lower latitudes cannot 
be assessed. A minor gradient is observed between the 
southern and northern sectors, with MAPmean mostly 
being as high as ca. 1100–1200 mm at 70° N, and ca. 
1000–1100 mm at 50° N, except for Sakhalin – 1300–1600 
mm (Fig. 3c). These results are in general agreement with 
the CLAMP-based reconstruction by Akhmetiev (2004) 
revealing two climatic zones in the Northern Hemisphere 

Fig. 6.   Spatial distributions of RMPdry and RMPwet along the Pacific side of Eurasia during the early Paleogene
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during the Palaeocene, namely a (warm) temperate humid 
zone, and a humid subtropical and paratropical zone. 
According to Akhmetiev (2004), the southern boundary 
of the first zone of temperate warm climate at the begin-
ning of the Palaeocene was near 59° N (Akhmetiev 2004). 
Based on CLAMP analysis, Akhmetiev (2004) suggested a 
MAP of up to 1400 mm for the northerly zone, and MAP 
rates of 1500–2000 mm for southerly zone. These values 
do not overlap with the actual CA-based reconstruction. 
Our precipitation data are lower in general and show a 
reverse gradient.

However, our values are similar to precipitation level and 
spatial gradient reconstructed by Budantsev (1999) based 
on CLAMP. According to Budantsev (1999), in the south 
of the RFE (Sakhalin and Primorye) MAP reached 1168 
mm, while in the north (Koryak Upland) MAP was 1377 
mm. Using CA, Bondarenko et al. (2020b) estimate MAP 
across the early Palaeocene in the Amur Region ranging 
between 1100–1600 mm. For the early Palaeocene of Pri-
morye, Bondarenko et al. (2020a) reconstructed MAP ca. 
1000–1300 mm. For the early Palaeocene of northeastern 
China, Quan et al. (2012b) indicated MAP in range from 
815 to 1389 mm.

For the Late Cretaceous and early Paleogene in the mid-
latitude Northern Hemisphere (e.g. East Asia), Chen et al. 
(2022) suggest that the past MAP patterns were correlated 
with warming and cooling phases. The warm phases (e.g. 
at ~69.5–68.5 Ma) were characterised by increased MAP, 
related to the the higher temperature contrast between the 
ocean and land, while in the periods of global cooling (e.g. 
at ~72.5–69.5 Ma and ~68.5–66.5 Ma), MAP decreased due 
to a weakened EAM and intensified equatorward-shifted 
Westerlies.

The late Palaeocene precipitation pattern in our recon-
struction does not show any substantial changes compared 
to the early Palaeocene (Fig. 3b). In the late Palaeocene, a 
minor MAP gradient from mid- to high latitudes also can be 
observed: ca. 1100–1200 mm at 70° N, and ca. 1000–1100 
mm at 50° N, except for Sakhalin – 1300 mm. However, the 
available sites (the same as for the early Palaeocene) only 
provide data for the latitudinal sector N of ca. 48° N so that 
conditions at lower latitudes cannot be assessed.

The high precipitation indicated for the Canadian Arc-
tic in the Palaeocene (Greenwood et al. 2010) was perhaps 
characteristic of the Arctic during the early Paleogene (e.g. 
Uhl et al. 2007; Eldrett et al. 2009). According to Budantsev 
(1999), MAP reached 1300 mm in the coastal regions of the 
northeast of Asia (55–60° N) during the late Palaeocene and 
in the continental regions (north of Yakutia) up to 1200 mm, 
in the south of the RFE (Sakhalin, Primorye), a MAP of 826 
mm is reconstructed. Using the CA method, Bondarenko 
et al. (2020b) inferred overall humid climate conditions with 
MAP 1278–1740 mm throughout the late Palaeocene in the 

Amur Region (RFE). Bondarenko et al. (2020a) recognised 
MAP values of 1045–1210 mm for the late Palaeocene in 
Primorye. For the late Palaeocene of northeastern China, 
Quan et al. (2011, 2012b) indicated a range of MAP from 
897 to 1355 mm.

Early Eocene

In the early Eocene, the MAP gradient became more clearly 
pronounced, and a larger “arid” zone can be distinguished 
in the mid-latitudes. The early Eocene MAP gradients are 
basically NW-SE oriented. Spanning a latitudinal range 
of ca. 20° N to the High Arctic, early Eocene data most 
comprehensively reflect the latitudinal precipitation pattern 
in the Paleogene of Pacific Eurasia. For the High Arctic, 
CA interval means indicate wet conditions in the order of 
1200–1300 mm for MAP (Fig. 3a). These data are close 
to CLAMP-based precipitation estimates for early Eocene 
floras of northern Yakutia and the Far East (MAP ca. 1200 
mm, cf. Budantsev 1999). While the mid-latitudinal precipi-
tation did not differ significantly from the earlier time slices 
studied, the lower precipitation level obtained from the lower 
latitude sites located south of 45° N is noteworthy, with 
MAP not exceeding ca. 1100 mm. For the early Eocene of 
northeastern China, Quan et al. (2012b) reconstructed MAP 
ranges from 373 to 1577 mm, with more specific ranges 
of 1000−1100 mm. For the early Eocene of China, Quan 
et al. (2012a) gave MAP values ranging from 735 to 1632 
mm, with more specific ranges of 1100–1200 mm. Recent 
studies on middle and late Eocene floras of south China 
revealed humid subtropical conditions, with CLAMP-based 
estimates being in the order of the presently reconstructed 
early Eocene data (GSP 200−240 mm; cf. Jin et al. 2017).

Based on CLAMP data, Wolfe (1994, 1995) suggested 
generally high MAP from 1000 to 2000 mm for the Eocene 
of Pacific North America and thus proposed conditions 
that are comparable to our East Asian Pacific data. For the 
early Eocene climate of northern part of North America, 
warm and wet conditions are suggested, with MAT (mean 
annual temperare) ~20 °C and MAP at 1000–1500 mm 
(Wing and Greenwood 1993; Wing 1998; Shellito and 
Sloan 2006; Smith et al. 2012; Breedlovestrout et al. 2013; 
Herold et al. 2014; Greenwood et al. 2016; West et al. 
2020). For the early Eocene floras from the London Clay, 
UK, MAP was determined as more than 2000 mm (Van 
Beuskom 1971).

As regards the lower latitudes of the Atlantic realm dur-
ing the early Eocene published records provided overall 
wetter conditions, compared to our Pacific record. In the 
southeast of North America, the floras are already predomi-
nantly tropical type (Akhmetiev 2004). Climatic charac-
teristics, calculated by Greenwood and Wing (1995) using 
the CLAMP method for the early Eocene or early − middle 
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Eocene floras of the Canadian Arctic Archipelago (79°55' 
N), is MAP 1000−2000 mm.

Earlier, East Asian Paleogene climates were subdivided 
into three latitudinal zones, which are, at least partly, defined 
by hydrological constraints (e.g. Liu 1997; Wang et al. 1999; 
Akhmetiev 2004; Guo et al. 2008; Z. Zhang et al. 2012) 
that partly are reflected in the temperature reconstructions 
(Bondarenko and Utescher 2022). Two humid zones were 
located in the south and north, while the third broad arid 
zone occurred in the middle and flanked by the two humid 
zones along ca. 30° N palaeolatitude (ranging between 
~25° N and ~35° N), allegedly driven by the then subtropi-
cal highs (Liu 1997; Wang et al. 1999; Guo et al. 2008; Z. 
Zhang et al. 2012). In our reconstruction of precipitation, 
only provisionally can two subzones be distinguished: wetter 
(to the north of 50° N palaeolatitude) and drier (to the south 
of 50° N palaeolatitude).

Generally, our data show a higher level of MAP, MPdry 
and MPwet for the high and higher mid-latitudes of the 
Pacific areas of Eurasia in the early Paleogene compared 
to the present-day. This correlates well with higher MAT, 
cold month mean temperature (CMMT), and warm month 
mean temperature (WMMT) values, as well as with a latitu-
dinal temperature gradient on the Pacific side of Eurasia in 
the early Eocene, being about only one third of the present 
(e.g. Wolfe 1978; Greenwood and Wing 1995) or even less, 
as suggested by the Pacific data (Bondarenko and Utescher 
2022). Higher temperatures lead to higher evaporation of 
water, resulting in higher levels of precipitation.

Precipitation patterns – correlation with global atmospheric 
circulation

Global atmospheric circulation as a large-scale movement 
of air leads to the transfer of matter and energy in both lati-
tudinal and meridional directions, which is the most impor-
tant climate-forming process. The circulation of the atmos-
phere varies from year to year and leads to the formation 
of cyclones, anticyclones, monsoons and trade winds. At 
the same time, the global structure of atmospheric circu-
lation fundamentally remains constant and determines the 
existence of latitudinal zonality (Pogosyan 1972). Today the 
wind belts girdling the planet are organised into three cells in 
each hemisphere – the Hadley cell in the tropics, the Ferrel 
cell in the mid-latitudes, and the polar cell at high latitude 
regions (Huang and McElroy 2014; Fig. 7a).

As mentioned above, our reconstructions of palaeopre-
cipitation for the Pacific side of Eurasia in the early Paleo-
gene demonstrate a clear division (especially pronounced 
in the early Eocene) into two zones at ca. 50° N palaeo-
latitude on all precipitation parameters – MAP (Fig. 3a-c), 
MPdry (Fig. 4a-c) and MPwet (Fig. 4d-f). Between both 
zones, within the range of ca. 5° to south and north from 

50° N palaeolatitude, a transition zone can be distinguished 
where the presence of higher and lower values of all precipi-
tation parameters is observed. By the way, similar patterns 
are also observed for temperature parameters (Bondarenko 
and Utescher 2022). Thus, our data suggest that in the early 
Paleogene, the global atmospheric circulation consisted of 
two well-defined cells, Hadley and Ferrell, while the polar 
cell was either absent or located over the Arctic Ocean and 
was very weak. This explains the presence of a drier zone 
to the south and a wetter zone to the north. It seems that the 
boundary between the Hadley and Farrell cells ran at about 
50° N palaeolatitude, while the transition zone can reflect 
the possible shorter-term migration/shifting area of these 
cells (Fig. 7b-d). The asymmetric (NW-SE) orientation of 
these two zones is mirrored the northward energy transport 
by ocean and atmosphere. Comparable conditions of a very 
humid and warm Arctic may have existed during the early 
Late Cretaceous (Spicer et al. 2019). According to Spicer 
et al. (2019), it is likely that at that time the polar front was 
more diffuse and displaced towards the pole in comparision 
to present, while a warm Arctic Ocean is considered a key 
component of a then weaker polar high.

Precipitation seasonality

The modern climate of eastern Eurasia in high and mid 
latitudes is characterised by pronounced temperature and 
precipitation seasonality. At the same time, the seasonal 
contrast of temperature today increases to the north and 
even more to the northeast, and precipitation contrast, to the 
contrary, decreases to the north. The modern spatial pattern 
of RMPwet over Eurasia, as an illustration of precipitation 
seasonality, is shown in Figure 1c.

As mentioned above, all our precipitation data sug-
gest the pronounced precipitation seasonality of the early 
Paleogene climate over East Asia. The higher past MPwet 
coupled with distinctly higher MPdry indicate that, dur-
ing the early Paleogene, the climate of Eastern Eurasia in 
general was more humid. In turn, this is in good agreement 
with the high level of MAP. It is interesting to note that 
under the existence of two zones, a wetter (north of 50° 
N palaeolatitude) and a drier (south of 50° N palaeolati-
tude), MARP values are similar across the studied sector, 
i.e. show no significant gradient nor any zonal arrange-
ment (Fig. 5a-c). Moreover, all localities are characterised 
by a marked difference in the MPwet/MPdry ratio, which 
mainly varies from 3:1 to 8:1, but for some macrofloras 
even from 10:1 to 15:1 (ESM 2). Such a large range can 
most likely be explained by topography, distance from the 
sea/ocean, and local conditions.

A pronounced seasonality of precipitation was suggested 
by many researchers for the late Cretaceous and early Ceno-
zoic. Spicer et al. (2019) estimate a marked difference in 
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the 3WET/3DRY ratio, which for all assemblages return 
ratios near 4:1 for the early Late Cretaceous Arctic. For 
Amur Region Bondarenko et al. (2020b) indicate a MARP 
148–238 mm in the early Palaeocene and 142–235 mm in 
the late Palaeocene. In the early Eocene of northern Yakutia 

(Eastern Siberia) the MARP varied from 107 to 247 mm in 
Lena River Delta (Bondarenko et al. 2022), and from 109 to 
205 mm at Tastakh Lake (Bondarenko and Utescher 2023). 
According to Bondarenko et al. (2020a), the pronounced 
seasonality of precipitation of the Paleogene climate of 

Fig. 7.   Comparison of spatial distributions of MAT, CMMT and MAP along the Pacific side of Eurasia during the early Paleogene next to global 
atmospheric circulation
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Primorye gradually increased from ca. 130 mm in the early 
Palaeocene to ca. 170 mm in the late Oligocene. According 
to Quan et al. (2012b), seasonal variability in precipitation in 
the early Paleogene of northeastern China appears to occur 
in most sites: summers were wet, with warm mean precipi-
tation > 110 mm, whereas the winters were fairly dry with 
quite low precipitation (low mean precipitation < 35mm).

According to Spicer et al. (2019), the marked difference 
(near 4:1) in the 3WET/3DRY ratio obtained for all stud-
ied early Late Cretaceous assemblages of the Arctic sug-
gests even more extreme rainfall seasonality than our early 
Paleogene values and that the Arctic may have experienced a 
“monsoonal” climate in the early Late Cretaceous. An essen-
tially “summer wet” (wet/dry ratio 3:1) climate has been 
proposed for the Arctic in the Eocene, based on isotopic 
analysis of fossil wood interpreted to have been evergreen 
(Schubert et al. 2012), but an “ever wet” precipitation regime 
for this epoch is indicated by leaf form (West et al. 2015) 
based on predominantly deciduous angiosperm taxa.

The early Paleogene MARP was significantly higher 
than present. However, the much higher past MPwet cou-
pled with distinctly higher MPdry indicate that during the 
early Paleogene the climate of Eastern Eurasia was signifi-
cantly more humid. However, contrary to the distribution 
of MAP, MPdry and MPwet, where two zones are clearly 
distinguished – a wetter one to the north and a drier one to 
the south, with a transitional zone in between, the spatial 
pattern of MARP apparently was quite uniform (Fig. 5a-c).

Was there a monsoon in the early Paleogene after all?

The ratios of MPwet and MPdry to MAP are commonly used 
as indices of monsoon intensity in reconstructions based on 
of the palaeobotanical record (Jacques et al. 2014; Shukla 
et al. 2014; Spicer et al. 2014; West et al. 2015). According 
to Jacques et al. (2011a), the ratios of MPdry and MPwet to 
MAP are a good indication of past monsoon intensity (win-
ter and summer, respectively). The monsoon is a complex 
climatic phenomenon, nevertheless, in general a decrease in 
RMPdry, i.e. a lower proportion of precipitation in the dry 
season, suggests the intensification of a winter monsoon, 
while an increase in RMPwet, i.e. higher proportion of pre-
cipitation in the wet season, may indicate the intensification 
of a summer monsoon.

For the early Paleogene of Eastern Eurasia, at high lati-
tudes (north of 50° N palaeolatitude) the calculated propor-
tions of MPdry (Fig. 6a-c) to yearly precipitation is half that 
of today, within ca. 40–50° N palaeolatitude the MPdry is 
similar to present-day, while to the south of 40° N palaeo-
latitude the proportion is 2–3 times higher than the modern 
one. For the calculated proportions of MPwet (Fig. 6d-f) to 
MAP, at high latitudes and up to ca. 40° N palaeolatitude the 

proportion is similar or a little higher compared to present-
day, while to the south of 40° N palaeolatitude the propor-
tion is half that of the modern one. The above described 
distribution of proportions in the early Paleogene along the 
Pacific coast of Eurasia suggests a more pronounced season-
ality of precipitation at high latitudes and a less pronounced 
seasonality of precipitation in the mid-latitudes compared 
to present-day.

RMPwet is commonly considered a good proxy for EAM 
intensity (Jacques et al. 2011a). However, at high latitudes, 
precipitation seasonality cannot necessarily be explained 
by monsoon signals. Eldrett et al. (2014) associated season-
ally wetter summers, existing shortly prior to and during the 
PETM interval in the North Sea, with enhanced hydrological 
cycling, a mechanism also operational in the Arctic during the 
late Cretaceous (Spicer and Herman 2010). RMPwet values 
calculated from our record could be interpreted in terms of a 
monsoonal type of climate. However, recent studies of mod-
ern monsoonal sites have shown that leaf physiognomy can be 
used in the identification of summer-precipitation-dominated 
monsoonal climates (Jacques et al. 2011b, 2014). This same 
signal may also be present in ecosystems that become dormant 
during the long dark winters of high latitude regions (Royer 
et al. 2003; Jahren and Sternberg 2008). Leaf area (LA) analy-
sis estimates of MAP may be biased towards precipitation 
during the Arctic summer, as a result of the winter dormancy. 
The Arctic summer would have spanned 6–8 months in dura-
tion (West et al. 2015). Regions that exhibit monsoons, or 
“monsoon-type” summer-wet precipitation (RMPwet >55%; 
Zhang and Wang 2008) are not seasonally equable. Various 
types of monsoonal precipitation regimes have been proposed 
using both proxies and modelling data to characterise Eocene 
hyperthermal conditions in several regions of the Earth, 
including the Arctic and Antarctic (Huber and Goldner 2012; 
Schubert et al. 2012; Jacques et al. 2014). However, summer-
wet precipitation regimes proposed for Polar Regions are in 
conflict with evidence from other proxies (Greenwood 1996; 
Eberle and Greenwood 2012). Estimates of seasonal precipita-
tion from early Eocene megafloras of Ellesmere Island (Arctic 
Canada) by West et al. (2015) also contradict the monsoonal 
model, and rather are consistent with the modelling studies 
by Huber and Goldner (2012) that show Ellesmere Island and 
the surrounding region of the Arctic as “ever-wet”. Schubert 
et al. (2012) applied isotopic analysis to fossilised wood from 
the High Arctic, using δ13C to produce models that showed a 
high degree of seasonal precipitation: approximately 75% of 
the MAP falling during the summer polar light season. The 
dark polar winter as a result would have been comparatively 
dry. This high degree of seasonality, where the ratio of sum-
mer precipitation to MAP is greater than 55% (Zhang and 
Wang 2008), would imply a summer monsoonal precipitation 
regime for the early Eocene Arctic. However, LA analysis of 
the Arctic megafloras has produced MAP estimates that far 
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exceed the growing season precipitation estimates produced 
by the CLAMP analysis (West et al. 2015) while, for reasons 
cited above, LA analyses might not provide reliable results for 
High Arctic flora (see Herman 1994). Thus, at such high lati-
tude, the revealed precipitation seasonality is not necessarily 
indicative of a monsoonal climate but could be explained by 
an enhanced hydrological cycle during the Arctic summers. 
Also, Eldrett et al. (2014) provide evidence for seasonally wet-
ter summers shortly prior to and during the PETM interval in 
the North Sea and associate these shifts with enhanced hydro-
logical cycling, a mechanism also operational in the Arctic 
during the Late Cretaceous that is supposed to cause high 
precipitation and humidity, under the presence of a permanent 
polar cloud cap (Spicer and Herman 2010).

The Paleogene pattern of the southern part of the Eurasian 
Pacific Coast (low and mid- latitudes) was possibly related to 
an early established monsoon-type circulation over East Asia 
(Quan et al. 2011, 2012a) and enhanced flow of humid air 
masses from the Pacific to inland areas of northeast Asia. Li 
et al. (2022) indicate that evolution and distribution of vege- 
tation in East Asia during the Eocene, along with the global 
cooling, were triggered by monsoonal intensity, rain-shadow 
effects of the central and southwestern China highlands and 
basin extensions in the Pacific coastal realm to the east. 
According to Spicer et al. (2017), monsoonal climates at low 
latitudes (<32° N) in the early Eocene strongly depended on 
seasonal latitudinal migrations of the Intertropical Conver-
gence Zone (ITCZ), continental configuration, orography 
and the strength of Hadley circulation.

Based on our reconstructions, and due to the fact that the 
highest values of RMPwet in the early Eocene do not exceed 
25% even at mid-latitudes and, at the same time, vary within 
a narrow range and are evenly distributed over the study area 
– from 75 to 19° N (i.e. they do not show any latitudinal gra-
dient), it can be assumed that our record cannot be interpreted 
in terms of a monsoonal type of climate. A main feature of 
the EAM is a dry cold season. The winter monsoon pene-
trates deeply into eastern Asia supported by a strong Siberian 
High (Molnar et al. 2010; Spicer et al. 2016). Today the Sibe-
rian High is a massive amount of cold dry air accumulating 
in the northeast of Eurasia from September until April. Its 
greatest size and strength is reached in the winter, with the 
air temperature lower than −40 °C in the centre of the high-
pressure area (Dando 2005). According to Bondarenko and 
Utescher (2022), even the lowest values of the lower limits of 
the CIs for CMMTs in the early Eocene over Eastern Eurasia 
were not lower than −3.0 °C. Moreover, the early Paleogene 
palaeogeographic configuration of Asia fundamentally dif-
fered from modern (cf. Scotese 2013). The Tarim area and 
Siberian Platform were covered by a shallow epicontinental 
sea (Volkova and Kuz'mina 2005; Z. Zhang et al. 2007, 2012; 
Bosboom et al. 2014, 2015) that reduced the width in latitude 
of the continental area by about one quarter compared to 

present. During the early Paleogene, the maximum extent of 
marine transgression occurred in the mid-latitudes of Central 
Eurasia, with over 60% of the West Siberian Plate covered by 
water (Volkova and Kuz'mina 2005; Akhmetiev et al. 2012). 
Thus, it is most likely that the Siberian High, as one of the 
main drivers of the EAM monsoon system, did not yet exist 
in the early Eocene, at least not as a permanent feature.

When relying on monsoon indices based on climate vari-
ables derived from fossil floras it has to be considered that 
there are various other factors that strongly influence pre-
cipitation patterns, especially at low latitudes. Among these 
factors, Spicer et al. (2019) cite changes in the seasonal latitu-
dinal migration of the ITCZ due to changes in the latitudinal 
temperature gradient. Therefore, monsoon indices should be 
used with caution. Another factor that may make it difficult to 
use rainfall patterns as an indicator of past monsoon intensity 
is the fact that most palaeobotanical records are preserved in 
basins where precipitation is commonly not the only source 
for humidity. This may introduce a bias towards humid condi-
tions in palaeoclimate reconstructions (Spicer et al., 2019).

As regards the timing of the initiation of monsoon systems 
in east and southeast Asia, various authors suggest that the 
SAM existed as early as the Eocene (Licht et al. 2014; Shukla 
et al. 2014; Spicer et al. 2016; Bhatia et al. 2021a). More 
recent studies indicate that the palaeomonsoon in East Asia 
may have been initiated at lower latitudes, also in the course 
of the Eocene as is evident from coal and oil shale deposits 
along the southern margins of the subtropical arid zone (cf. 
Spicer et al. (2016, 2021) for a summary). Also, Li et al. 
(2022) relate changes in the spatial distribution of Eocene 
vegetation in East Asia to the influence of a monsoonal cli-
mate. As causes for the EAM initiation during the Eocene, 
enlargement of the continental area as a result of the Indo-
Eurasia collision and uplifting of blocks in the realm of the 
present-day Tibetan Plateau can be cited (cf. An et al. 2015). 
Also, increased continentality of the climate related to the 
step-wise retreat of the Paratethys from the Tarim Basin since 
the middle Eocene (Bosboom et al. 2011) may have contrib-
uted to the initiation of the East Asian summer monsoon 
(EASM). Summarising these facts and according to the pre-
sent results obtained we assume that the EAM system did not 
yet exist or was very weak in the earlier part of the Palaeo- 
gene and probably started to evolve at lower latitudes as sum-
mer monsoon (EASM) during the middle to late Eocene.

Distribution of dry and swamp elements

Fossil evidence for some genera may provide valuable clues 
about the regional early Paleogene climate and topography in 
the study area. Regarding rainfall, two contrasting groups of 
plants can be distinguished, such as dry (drought-resistant) 
and swamp taxa. In the early Paleogene floras of East Asia, 
Ephedra Mill. can be attributed to more-or-less widespread 
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dry taxa, while Glyptostrobus pensilis (Staunton ex D. Don) 
K. Koch and/or Taxodium Richard can be attributed to 
swamp elements. At present, Ephedra grows in arid regions 
throughout much of the Northern Hemisphere, including 
southern Europe, northern Africa, southwestern and cen-
tral Asia, southwestern North America, and in the Southern 
Hemisphere, including South America south to Patagonia 
(Kharkevich 1989; FNA Editorial Committee 1993; Wu and 
Raven 1999). Glyptostrobus grows China, extinct in the wild 
in north Vietnam in river deltas, on flooded or waterlogged 

soil in full sun; near sea level (Wu and Raven 1999). Taxo- 
dium grows in North America, Mexico, Guatemala, in 
brownwater rivers, lake margins, and swamps, occasionally 
in slightly brackish water; 0–160 m (to 500 m) (Flora FNA 
Editorial Committee 1993). In China today Taxodium is used 
for afforestation on marshy soils (Wu and Raven 1999). As 
for the early Paleogene, distribution of modern constantly 
dry (Fig. 8a-c) and swamp elements (Fig. 8d-f), follows a 
precipitation gradient mirrored by MAP (Fig. 3a-c), MPdry 
(Fig. 4a-c) and MPwet (Fig. 4d-f).

Fig. 8.   Distribution of dry (Ephedra) and swamp (Glyptostrobus/Taxodium) elements along the Pacific side of Eurasia during the early Paleo-
gene
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In various earlier publications, East Asian Paleogene 
climates were subdivided into three latitudinal zones con-
trolled by the planetary wind system (e.g. Liu 1997; Wang 
et al. 1999; Akhmetiev 2004; Guo et al. 2008; Z. Zhang et al. 
2012). These zones are, at least partly, defined by hydrological 
constraints. Latitudinally, two humid zones located separately 
in the south and north are characterised by the occurrence of 
coals and/or oil shales, while the third broad arid zone resided 
in the middle and flanked by the two humid zones is largely 
reconstructed by the widespread red beds and/or evaporites 
along ca. 30° N palaeolatitude (ranging between ~25° N 
and ~35° N), allegedly driven by the then subtropical highs 
(Liu 1997; Wang et al. 1999; Guo et al. 2008; Z. Zhang et al. 
2012). The northern humid zone, characterised by coals and/
or oil shales, is well correlated with our wetter zone located 
to north of 50° N palaeolatitude. The broad “arid” zone in the 
mid-latitudes and is largely recognised by the widespread red 
beds and/or evaporates, corresponds to our drier zone located 
to south of 50° N palaeolatitude.

Based on Plant Functional Type (PFT) vegetation recon-
struction of east Asian palaeofloras, Li et al. (2022) suggest 
the expansion of humid broadleaved forest from the south-
east, as well as the retreat of dry shrub and open wood-
land from the northwest during the early to late Eocene. 
These reconstructed vegetation patterns have been related 
to the continental distribution of rainfall and are supported 
by mammal distribution, lithological indicators, and geo-
chemical proxies. Moreover, the resulting vegetation pat-
tern shows largely east-west differentiation and absence of 
tropical vegetation from southern China during the Eocene 
(Li et al. 2022). The reconstructed early Eocene vegetation 
pattern coincides with our results showing a declining MAP 
gradient from the eastern coastal areas to the western conti-
nental inland region.

Conclusions

For the first time, a comprehensive quantitative palaeopre-
cipitation data set has been compiled for the Pacific side 
of Eurasia for the early Paleogene. The results obtained fill 
a regional gap in currently available datasets for Eurasia, 
with a focus on Russian Far East and Eastern Siberia, where 
data paucity seriously hinders their understanding in a global 
context. Based on the consistent analysis of 110 floras, for 
the first time detailed spatial gradients and temporal trends 
in precipitation changes along the Pacific coast of Eurasia 
in the early Paleogene are quantified.

The early and late Palaeocene precipitation gradients 
were very weak. Based on means of MAP data, a minor 
gradient is observed between the southern and northern sec-
tors at 50° N. In the early Eocene, the MAP gradient became 
more clearly pronounced, and a larger “arid” zone can be 

distinguished in the mid-latitudes. The early Eocene MAP 
gradients are basically NW-SE oriented. Generally, our data 
show a higher level of MAP, MPdry and MPwet for the high 
and higher mid-latitudes of the Pacific areas of Eurasia in the 
early Paleogene compared to the present-day. This correlates 
well with higher MAT, CMMT, and WMMT values, as well 
as with latitudinal temperature gradients of the Pacific side 
of Eurasia in the early Eocene.

Our reconstruction demonstrates a clear regional subdivi-
sion (especially pronounced in the early Eocene) into two 
zones located to the north and south of ca. 50° N palaeo- 
latitude, as expressed by MAP, MPdry and MPwet data. 
Between both zones, within the range of ca. 5° to south and 
north from 50° N palaeolatitude, a transition zone can be dis-
tinguished where the presence of floras existing under higher 
and lower values of all precipitation parameters is observed.

Our data suggest that in the early Paleogene, the global 
atmospheric circulation consisted of two well-defined cells, 
Hadley and Ferrell, while the polar cell was either absent 
or located over the Arctic Ocean and was very weak. This 
explains the presence of a drier zone to the south and a wet-
ter zone to the north. It seems that the boundary between the 
Hadley and Farrell cells ran at about 50° N palaeolatitude, 
while the transition zone could reflect the possible shorter-
term migration/shifting area of these cells. The asymmet-
ric (NW-SE) orientation of these two zones is mirrored the 
northward energy transport by ocean and atmosphere.

Due to the fact that the highest RMPwet values in our 
early Eocene reconstruction did not exceed 25%, even at 
mid-latitudes and, at the same time, vary within a narrow 
range and are evenly distributed over the territory studied 
(i.e. they do not show any latitudinal gradient), it can be 
assumed that our record cannot be interpreted in terms of a 
monsoonal type of climate.

The distribution of swamp taxa (Glyptostrobus and Taxo-
dium) is well correlated with our wetter zone located to the 
north of 50° N palaeolatitude and distribution of coals and/or 
oil shales. The distribution of the dry taxon (Ephedra) cor-
responds to our drier zone located to south of 50° N palaeo- 
latitude and coincides with the regional distribution of red 
bed sediments and/or evaporites.
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