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Cenozoic evolution of spring persistent
rainfall in East Asia and North America
driven by paleogeography

M| Check for updates

Lingiang He ® "3, Tianjun Zhou ® '?

, Zhun Guo*, Zikun Ren'?, Xiaolong Chen®", Jie Jiang®",

Fahu Chen ® %7, Xu Zhang>*®, Zhongyu Xiong ® ¢, Meng Zuo ® ¥, Wenmin Man® ' & Wenxia Zhang ®'

Spring persistent rainfall is a unique climate phenomenon that prevails in East Asia today, providing
precious water resources to this densely populated region. However, its Cenozoic history and
underlying mechanisms remain poorly understood. Here we show that the spring persistent rainfall in
East Asia has emerged since the Miocene, whereas it previously flourished in North America during the
Eocene, as revealed by climate models integrated with climate proxies. The contrasting evolution of
spring persistent rainfall in East Asia and North America is determined by paleogeography and further
influenced by CO,-induced warming. The uplift of the Tibetan Plateau and the westward drift of the
Rocky Mountains have triggered a mid-latitude Rossby wave train since the Miocene, altering the
position and intensity of the subtropical highs and thus rainfall patterns. Our results illuminate the
Cenozoic evolution of spring persistent rainfall, with implications for the spring climate under the

extreme future warming.

Spring rains, called “as precious as oil” in ancient China, provides valuable
water resources for spring revival, especially for human life and agricultural
irrigation in this most densely populated region. Today, the spring persistent
rainfall (SPR) is a unique synoptic and climate phenomenon in East Asia'™".
It brings about 600 mm of spring rainfall (March to May) to southeastern
China each year, accounting for more than 35% of the total annual rainfall*
(Supplementary Fig. 1a,b). The SPR represents the transition stage from the
winter to the summer monsoon in East Asia, but it is distinct from the
monsoon system itself. A weaker East Asian SPR would threaten livelihoods
through consecutive droughts and frequent wildfires and delay the onset of
the East Asian summer monsoon, and vice versa’”.

Several mechanisms have been proposed to explain the formation of
the modern SPR in East Asia'’. Initially, the zonal land-sea thermal contrast
was suggested to shape the spring rainfall over southeastern China, which is
due to the time lag in the seasonal warming over the western North Pacific
relative to the Indochina Peninsula'. However, with a similar east-west
thermal contrast, there is no similar heavy rain belt in North America today”
(Supplementary Fig. 1a, b). Therefore, recent studies have proposed that the

mechanical and thermal forcing of the Tibetan Plateau (TP) determines the
SPRin East Asia' ™. Specifically, the mid-latitude westerlies deflected by the
large-scale orography of the TP split into southern and northern branches,
and then converge in southeastern China*'>. Meanwhile, the orographic
gravity waves driven by the interaction between the subtropical westerlies
and the small-scale orography of the TP enhance the monsoonal flow along
the southern flank of the TP through the change in meridional circulation'’.
In addition, the surface heating over the TP forces a low-level cyclonic
circulation around the TP through the sensible heating air pump effect”'".
These processes enhance the southwesterly flow, which transports the water
vapor to southeastern China that forms the modern-day SPR".

The important roles of large-scale high orography and land-sea con-
trast on the East Asian SPR motivate us to understand its evolution in the
geological time, which remains unknown as paleogeography has changed
substantially during the Cenozoic”. Accordingly, we aim to investigate the
Cenozoic evolution history of SPR on a global scale, especially to address
when and why the present-day SPR prevails in East Asia rather than in
North America. Here, we select four representative geological periods
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Fig. 1 | Cenozoic evolution of boreal SPR. Spring a
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during the Cenozoic, including the early Eocene (~55 million years ago
(Ma), hereafter referred to simply as “Eocene”)'*", the mid-Miocene
(~15-13 Ma, hereafter referred to simply as “Miocene”)*”', the mid-
Pliocene (~3.3-3.0 Ma, hereafter referred to simply as “Pliocene”)*, and the
pre-industrial period (hereafter referred to as “present day”)”’. These peri-
ods witnessed the decline of CO, levels (Supplementary Table 1) and
important changes in global paleogeography (Supplementary Fig. 2), such as
the uplift of TP and the westward drift of the Rocky Mountains. By inte-
grating climate proxies, model simulations and physical diagnoses, we
uncover the Cenozoic evolution of SPR in the northern hemisphere, which
features the emergence of the East Asian SPR alongside the weakening of the
North American SPR, determined by the orographic forcing.

Cenozoic evolution of SPR
To illustrate the past evolution of the boreal SPR, we first build a picture of
the spring rainfall and its contribution to annual rainfall during the Eocene,

Miocene, Pliocene, and present day derived from proxy records and coupled
general circulation model (CGCM) simulations based on the Community
Earth System Model (CESM) (see Methods; Supplementary Table 1). In the
Eocene, the SPR prevailed in North America, with the spring rainfall
exceeding 8 mmd ™" (i.e., 700 mm) and accounting for more than 35% of
annual rainfall (Fig. 1a), while spring rainfall in East Asia was weak with a
small percentage contribution to annual rainfall and shifted more north-
ward along the coast compared with the present day (Fig. 1b). In the
Miocene, spring rainfall in North America declined sharply, especially over
land (Fig. 1c), whereas the SPR tremendously thrived in East Asia and
moved southward by 10 degrees, with intensity exceeding 8 mmd™" and
percentage in a year exceeding 40% (Fig. 1d). The distribution of SPR in the
Pliocene (Fig. 1e, f) was consistent with that in the Miocene, and persists to
the present day (Fig. 1g, h).

Proxy records based on lithological and paleobotanical data agree well
with the model simulations. In terms of annual mean, both indicate a humid
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Fig. 2 | Role of paleogeography versus warming in
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climate over eastern North America and an arid climate over East Asia in the
Eocene, after which western North America was arid and East Asia became
humid (Supplementary Fig. 1c-h). Considering the climate conditions
required for proxy formation®, the absence of widespread coal and kaolinite
over eastern North America in the Miocene also suggests a drier climate
compared to the Eocene, which is consistent with the coupled model
simulations (Supplementary Fig. 1c, d). Meanwhile, correlations between
spring rainfall evolution and the annual mean are stronger than other
seasons over North America and East Asia, especially summer and autumn
(Supplementary Fig. 3), suggesting that the simulated SPR evolution
dominates the annual climate evolution supported by proxy records (Fig. 1).
The geological evolution of SPR based on CESM simulations (see brown
lines in Fig. 2) is also consistent with that derived from multi-model
ensemble means (see black lines in Fig. 2). These results suggest that the SPR
has emerged in East Asia but declined in North America since the Miocene.

Dominant role of changes in atmospheric circulation
To understand the physical processes responsible for the opposite evolution
of SPR in North America and East Asia, we attribute the rainfall changes to
the contribution of evaporation, horizontal and vertical moisture advection
by diagnosing the column-integrated moisture equation™** (see Methods).
The results show that the decrease in spring rainfall over southeastern North
America and the increase in spring rainfall over southeastern East Asia after
the Eocene were mainly driven by changes in vertical moisture advection,
while the effects of evaporation and horizontal moisture advection are
negligible (Supplementary Fig. 4). Further decomposition of vertical
moisture advection suggests that the evolution of spring rainfall was
dominated by the vertical dynamic effect (—<w'd,g>) associated with
vertical motion, while the vertical thermodynamic effect (—<wd,q'>)
related to the Clausius-Clapeyron relationship is also evident over North
America (Supplementary Fig. 5).

To illustrate the dominant role of the dynamic effect, we further ana-
lyze the associated physical fields according to the quasi-geostrophic w
equation””’ (see Methods). In southeastern North America, the descending
anomalies (opposite sign to —<w'd,q> in Supplementary Fig. 5b, d, f) after
the Eocene can mainly be attributed to both the cold advection by anom-
alous northerly winds (Supplementary Fig. 6a, ¢, e) and negative relative

vorticity advection increasing with the height by westerly winds (Supple-
mentary Fig. 6b, d, f). In southeastern East Asia, the ascending anomalies
after the Eocene mainly resulted from both the warm advection by anom-
alous southerly winds (Supplementary Fig. 6a, ¢, ) and positive relative
vorticity advection increasing with the height by westerly winds (Supple-
mentary Fig. 6b, d, f). In other words, the anomalous vertical motion in
southeastern North America and southeastern East Asia was mainly related
tolocal circulation changes (Supplementary Fig. 7a, c, e), which were part of
a quasi-geostrophic Rossby wave train in the mid-latitudes (Supplementary
Fig. 7b, d, f). This suggests that a circumglobal Rossby wave train in the
northern hemisphere was responsible for SPR emergence in East Asia but
decline in North America from the Miocene onwards.

Control of paleogeography versus CO,-induced
warming

Both paleogeography and global temperature changed substantially from
the Eocene to the Miocene (Supplementary Fig. 2), which have been
regarded as the main drivers of large-scale changes in atmospheric
circulation™. To disentangle the roles of paleogeography and CO,-
induced warming in the quasi-geostrophic Rossby waves that dominated
the past evolution of SPR, we perform two sets of numerical experiments
(Supplementary Table 2). One set is the CESM standard atmospheric
general circulation model (AGCM) experiments driven by the sea surface
temperature (SST) predicted by the CGCM simulations in four climate
periods, and the other set is the CESM sensitivity AGCM experiments
prescribed with the same SST derived from the CGCM simulation in the
present day.

To quantify the changes of SPR through Cenozoic, we first calculate the
area-averaged spring rainfall (ie., rainfall intensity) and its fraction of
annual rainfall (i.e., rainfall percentage) over North America (30°-40°N,
60°-75°W) and East Asia (22.5°-32.5°N, 110°~125°E). The results show that
the AGCM standard simulations (see red lines in Fig. 2) satisfactorily
reproduced the evolution of SPR derived from the CGCM simulations (see
brown lines in Fig. 2), demonstrating the feasibility of AGCM experiments
to examine the source of SPR evolution. Thus, the SPR evolution in the
sensitivity set (see blue lines in Fig. 2) prescribed with the present-day SST
was almost driven by the paleogeography changes, and the difference of SPR
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evolution between the standard set and sensitivity set was almost induced by
the CO,-induced warming.

Results show that the sensitivity set was highly consistent with the
standard set in capturing the intensity and percentage of spring rainfall,
suggesting the dominant role of paleogeography in controlling the evolution
of SPR. Meanwhile, compared to the set of standard simulations, there
existed some differences in the set of sensitivity simulations. In particular,
spring rainfall was more intense in the standard set, especially over North
America in the Eocene and over East Asia in the Miocene (Fig. 2a, b). This
mainly resulted from the “rich-get-richer” mechanism***"**, indicating the
wet region/season in climatology getting wetter under the CO,-induced
warming (Supplementary Fig. 2). Meanwhile, the proportion of spring
rainfall to annual rainfall was decreased in the standard set, especially over
North America and East Asia in the Eocene with extreme warming
(Fig. 2¢, d), accompanied by an increased proportion of summer rainfall
(Figure not shown). This is essentially consistent with the tropical rainfall
seasonal delay under the global warming’**, where rainfall decreases in the
onset phase and increases in the demise phase due to the increased atmo-
spheric heat capacity and convective barriers” ™. In conclusion, surface
warming due to the elevated CO, favored an increase in SPR intensity but a
decrease in the rainfall percentage of SPR especially under extreme warming
scenarios. These results suggest that the past evolution of SPR since Eocene
was controlled by paleogeography, and further modulated by CO,-induced
warming.

Orographic forcing of the Rocky Mountains and TP
Next, we differentiate changes in paleogeography that may have caused
the opposite evolution of SPR in the two regions of concern. Compared
to the Eocene, there were two major mid-latitude orographic changes
from the Miocene onwards—namely, westward drift of the Rocky
Mountains along with the North American continent, and uplift of the
TP (Supplementary Fig. 2). Accordingly, we further conduct a set of
AGCM experiments prescribed with modern SST but different geo-
graphy (land-sea distribution and orography) to confirm their effects
(Supplementary Table 2).

To investigate the effect of westward drift of the Rocky Mountains
together with the North American continent, we set the North American
geography (10°-70°N, 30°~140°W) as it was in the Eocene while present-day
geography is used elsewhere in the simulation (i.e., NA_cam). Results show
that the North American SPR enhanced with spring rainfall exceeding
6mmd " and accounting for more than 35% of annual rainfall, accom-
panied by a strengthening and northward shift of the subtropical high
(Fig. 3a, ¢). Meanwhile, the East Asian SPR became broader and more
northward-located relative to the modern pattern (Fig. 3b, d). This suggests
that the westward drift of the Rocky Mountains along with the North
American continent caused the decline of the North American SPR and the
southward contraction of the East Asian SPR.

To examine the effect of TP uplift on the North American SPR, we
prescribe the Asian topography (15°-65°N, 50°~120°E) and North Amer-
ican geography to its state during the Eocene and set present-day geography
elsewhere in the simulation (i.e., NATP_cam). Results show that the North
American SPR intensified and became closer to the SPR in the Eocene
standard experiment (Fig. 3e, g). To further explore the effect of TP uplift on
the East Asian SPR, we set the Asian topography alone to how it was in the
Eocene and use present-day geography elsewhere in the simulation (i.e.,
TP_cam). Results show that the East Asian SPR vanished and was accom-
panied by a weakening and eastward shift of the subtropical high, consistent
with that in the Eocene standard experiment (Fig. 3f, h). This indicates that
the TP uplift led to the emergence of the East Asian SPR and contributed to
the weakening of the North American SPR.

To clearly show the orographic forcing in the past evolution of SPR, we
further examine the corresponding atmospheric circulation anomalies.
Forced by the westward drift of the Rocky Mountains along with the North
American continent, a quasi-barotropic Rossby wave train occurred mainly

in the western hemisphere (Supplementary Fig. 8a, b); while forced by the
uplift of the TP, a quasi-barotropic Rossby wave train occurred primarily in
the eastern hemisphere (Supplementary Fig. 8¢, d). Meanwhile, the atmo-
spheric circulation forced by these two changes in orography was highly
consistent with the difference between the present day and Eocene in the
coupled simulations (Supplementary Fig. 7e, f, and Supplementary
Fig. 8e, f), with a significant spatial pattern correlation coefficient of 0.78
(eddy geopotential height at 500 hPa within 10°-80°N and 0°-360°E). This
suggests that the atmospheric circulation changes, which were responsible
for the decline of the North American SPR and the emergence of the East
Asian SPR from the Miocene onwards, were mainly driven by the westward
drift of the Rocky Mountains along with the North American continent, and
the uplift of the TP.

Synthesis and implications

The SPR over East Asia is now regarded as a globally unique phenomenon,
but its evolution in Earth’s history is poorly understood. In this study, as
depicted in Fig. 4, we integrate climate proxies and model simulations to
show the past evolution of the boreal SPR, revealing that the modern-day
geographic distribution of the SPR has been established since the Miocene.
Prior to that, SPR had prevailed in North America in the Eocene. Physical
diagnoses and numerical experiments showed that the contrasting evolution
of the SPR over North America and East Asia was mainly controlled by the
position and intensity of the subtropical high, which was modulated by a
circumglobal Rossby wave train orographically forced by the westward shift
of the Rocky Mountains together with the North American continent, and
the uplift of the TP. To the best of our knowledge, these results provide the
first picture of the Cenozoic evolution of the SPR, and demonstrate the
crucial role of orographic forcing in the decline of the North American SPR
and the emergence of the East Asian SPR. Meanwhile, the surface warming
induced by elevated CO, further affected the SPR, with an increase in spring
rainfall but a decrease in its fraction of annual rainfall especially in an
extreme warming environment. This suggests that, from the perspective of
climate similarity’”*’, the Eocene SPR over North America could serve as a
potential analog for the future spring climate over East Asia under the
unmitigated emissions scenario.

Methods

Simulations of the Cenozoic SPR with CESM

As paleogeography and atmospheric CO, are major drivers of the past
climate during the Cenozoic™****, we use four representative periods with
different paleogeography and warming levels to reveal the SPR’s evolution,
including the Eocene (~55Ma)"**, Miocene (~15-13 Ma)*', Pliocene
(~3.3-3.0 Ma)” and present day (pre-industrial period)”. These periods
covered the decline in atmospheric CO, concentrations from 1590 ppm in
the Eocene to 280 ppm in the present day, and included major paleogeo-
graphy changes such as the uplift of the Tibetan Plateau the westward
movement of the Rocky Mountains along with the North American con-
tinent since the Miocene. Details of the experimental designs are listed in
Supplementary Table 1.

The state-of-the-art fully coupled global climate model used in our
study, CESM version 1.2, was developed by the National Center for
Atmospheric Research (NCAR)*. It includes atmosphere, land, ocean, ice,
and coupler components®. The time-slice simulations (1.9° x 2.5°) we have
performed include the Eocene, Miocene and present day***, and we also
integrate simulations (0.9° x 1.25°) of the Pliocene and present day derived
from the NCAR®. In particular, the Eocene simulation is run for 2000 years
because of the extremely high CO, concentrations*. The spatial pattern
correlation coefficient (10°-80°N, 0°-360°E) of spring large-scale pre-
cipitation in the present day between the low- and high-resolution
(regridded from 0.9°x1.25° to 1.9°x2.5°) simulations was 0.953
(p<0.001), suggesting a negligible effect of the model resolution on our
conclusion. All model data are regridded to 1.9° x 2.5° and we averaged the
last 100 years for analysis.
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Fig. 3 | Orographic forcing of Rocky Mountains
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AGCM experiments

To disentangle the effects of paleogeography and warming, we design three
sets of AGCM experiments based on CESM1.2"*, with a resolution of
1.9°x 2.5° (Supplementary Table 2). First, we conduct a set of standard
AGCM simulations for each period to reproduce the past evolution of the
SPR in coupled simulations, with the prescribed SST derived from the
corresponding fully coupled simulations. Second, we perform a set of AGCM
sensitivity simulations for each period to separate the influence of paleo-
geography and warming, with the prescribed SST derived from the modern-
day coupled simulation. Third, we perform a set of AGCM experiments
prescribed with modern-day SST but different geography to identify the
effects of the westward drift of Rocky Mountains along with the North
American continent, and the TP uplift. The related forcing and boundary
files are regenerated by the Paleoclimate Toolkit (PaleoToolkit) developed by
NCAR when the land-sea mask is changed. All the AGCM experiments are
run for 30 years, and we average the last 25 years for analysis.

Observation, proxy and multi-model synthesis
We use the global gridded precipitation from GPCP version 2.3V, with a
horizontal resolution of 2.5° from 1979 to 2019, which is an amalgamation
of data from rain gauge stations, satellites, and sounding observations.
Meanwhile, we use multi-source climate proxies based on lithological
and paleobotanical data, which have been synthesized in previous
studies* " and widely used™*****". Specifically, lithological proxies such as
coals and kaolinites, evaporites and calcretes are commonly used as quali-
tative indicators of wet and dry environments in deep time, respectively”**".
Paleobotanical proxies, including fossils of pollen, spores and macro-plant
leaves, can also reflect the climate condition®. For example, both palyno-
logical sediments with high proportions of fern spores, and large leaves with
full margins and soft texture, indicate a humid condition, and vice versa”. In
total, we integrate more than one hundred of proxy records based on
lithological and paleobotanical data from the Eocene, Miocene, and Pliocene
at the latitudes of SPR in North America and East Asia™~". We rotate each
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Fig. 4 | Schematic of the orographic forcing of the past evolution of SPR. The

positions of the subtropical highs are derived from CESM coupled simulations, and
the orographically forced atmospheric circulation changes are from the results of the
atmospheric sensitivity experiments. Compared to the Eocene, the westward drift of
the Rocky Mountains along with the North American continent and the uplift of the

Subtropical High

@ JL/

Atmospheric circulation forced
by changes in orography

Subtropical High

Subtropical High

TP since the Miocene have excited a circumglobal Rossby wave train in the mid-
latitudes, which has modulated the position and intensity of the subtropical highs
and further led to the disappearance of the SPR in North America and its emergence
in East Asia.

proxy record back to its location in the Eocene, Miocene and Pliocene using
a Python tool named pyGPlates.

In addition, to reduce the effect of model uncertainty, we also analyze
multi-model outputs with similar configurations including the Eocene
(iCESM 1.2)”, Miocene (FGOALS-g3)”, and Pliocene (EC-Earth3-LR,
GISS-E2-1-G, HadGEM3-GC31-LL, IPSL-CM6A-LR and NorESM1-F)™.
In particular, we average the results of the two Eocene scenarios modeled by
iCESM 1.2, as this is close to the level of global warming in this study*“”.
Overall, our results based on CESM coupled simulations are generally
consistent with the observation and multi-model ensemble mean, and are
supported by the proxy records.

Moisture budget
To understand the changes in spring rainfall, we diagnose the column-
integrated moisture budget***, which can be described as

P'=E —<V.-V,g>" — <wd,g>" + res )

where primes denote the difference in boreal spring climatology (March to
May) between the Miocene/Pliocene/present day and the Eocene; angular
brackets represent the vertical integration from 1000 hPa to 100 hPa. P is
precipitation; E is evaporation; V and w represents the horizontal wind and
vertical pressure velocity, respectively; and q is the specific humidity. The
residual term res is mainly associated with transient eddies, surface
boundary processes and the interpolation from the model to pressure
levels””". The dominant term —<wd,g>" can be further decomposed as

—<wd,q>" = —<w'0,q> — <Wd,q'> — <w'd,q'> )
Here, overbars represent the spring climatology in the Eocene. The

vertical dynamic component —<w'd,g> and vertical thermodynamic
component —<wd,q'> denote the precipitation changes caused by the

vertical motion (ie., ') and the water vapor (ie., q), respectively. The
nonlinear component —<w'd,q"> is induced by both, which partially offsets
the total contribution of the thermodynamic and dynamic components
(figure not shown).

Physical mechanisms related to vertical motion

To understand the changes in vertical motion, we analyze the associated
physical fields according to the quasi-geostrophic w equation**”’. Neglecting
the effect of atmospheric diabatic heating, the change in w can be expressed
as

(GVZ +f(2)%;>w’ =f0% v, V(f+fg)],+§V2(Vg : VT)/

)

where 0,f(, V. f,{,, Rand T denote the static stability parameter, Coriolis
parameter, geostrophic horizontal wind, planetary vorticity, geostrophic
relative vorticity, dry air gas constant and air temperature, respectively. Eq 3
can be further decomposed and simplified as

Wa—%ﬁgvg+wyvg+vhvg+wa)

$9) (@)
and (Vg VT + V’g VT + V’g -VT)

Here, the physical fields associated with the dominant terms of w
changes include — % (Vg . VC;) and V', - VT.In this study, we focus on the
500 hPa pressure level, commonly regarded as part of the free atmosphere,
where V, and (, are approximated by the horizontal wind V" and relative
vorticity (.
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Wave activity flux
To understand the horizontal propagation of Rossby waves, we diagnose the
Takaya-Nakamura wave activity flux’, which can be expressed as

Fo= 1 (0@ = vV + VW, —v'y,)

F, = s (U, = v'v) + V" —y'y,)

Here, overbars denote the spring climatology in the Eocene; primes

denote the difference between the Miocene/Pliocene/present day and the

Eocene; U and V are the zonal and meridional wind, respectively; and

v = /f is the geopotential stream function, in which represents the
geopotential.

Data availability

The GPCP dataset is available at https://climatedataguide.ucar.edu/climate-
data/gpcp-monthly-global-precipitation-climatology-project. The model
data we used from NCAR is available at https://www.earthsystemgrid.org/
dataset/ucar.cgd.ccsm4.pliomip2.html. The main results of coupled and
atmospheric simulations based on CESM are available at https://doi.org/10.
5281/zenodo.14262728.

Code availability

The script of CESM 1.2 is available at https://www2.cesm.ucar.edu/models/
cesm1.2/. The script of PyGPlates is available at https://www.gplates.org/
docs/pygplates/. The script of PaleoToolkit is available at https://github.
com/CESM-Development/paleoToolkit/tree/master/cesm1_2.
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