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Graphical abstract
Public summary

- To reconstruct the precipitation changes in central Tibet during 26-16 Ma

- To depict the early evolution of Asian monsoon using the modern monsoon definition

- To explain the occurrence of the paleo-monsoon by paleoclimate modeling

- To reveal that long-period orbital forcings is responsible for the monsoon evolution
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The evolution of the Asianmonsoon from the Late Oligocene to the Early
Miocene is poorly understood. Here, we first reconstruct the precipita-
tion data of central Tibet during 26–16 million years ago (Ma), applying
the coexistence approach to sedimentary pollen data, and detect an
intensified Asian monsoon with �1.35 Ma and �0.33 Ma cycles. Paleo-
climate modeling is used to show the importance of paleogeographic
location in the development of the paleomonsoon. In addition, the re-
sults of spectral analysis suggest that the fluctuations in the Asian
monsoon during 26–16 Ma can be attributed to the long-period cyclic-
ities in obliquity (�1.2 Ma). These findings provide climate data that
can be used to understand the Asian monsoon evolution during the
Late Oligocene to Early Miocene and highlight the effects of paleogeo-
graphic patterns and long-period orbital forcings on the tectonic-scale
evolution of the Asian monsoon.

Keywords: central Tibetan Plateau; Lunpola Basin; precipitation; Asian
monsoon; Oligocene to Miocene; climate change
INTRODUCTION
As an important part of global atmospheric circulation, the Asianmonsoon

greatly affects the ecological systems and social economies in Asia.1 The do-
mains of the modern Asian monsoon, including those of both the East Asian
and South Asianmonsoons, cover most of East Asia and almost all of South
and Southeast Asia.2 The Asian monsoon dominates the climate and sup-
plies precipitation for the sustainable development of the ecosystems and
populations.3

Currently, an increasing number of researchers are involved in identifying
the conditions that led to the initial onset and development of the Asian
monsoon. However, the evolution and related driving forces of the Asian
monsoon are still inadequately understood. For example, some authors
have proposed that the East Asian monsoon originated in the Late Eocene4

under the influence of a high atmospheric CO2 content
5 identified bymodels,

and likely reached inner Asia during the Early Oligocene, as suggested by pol-
len assemblages.6 Others have speculated that the modern East Asian
monsoon was initiated in the Miocene and was triggered by the uplift of
the Tibetan Plateau, based on geological evidence from loess deposits7

and models.8 The South Asian monsoon seems to have appeared in the
Eocene,9 with controversy regarding its driving force. The thermal effects10

and dynamic consequences11 resulting from the uplift of the Tibetan Plateau
and changes in the paleogeography8 were interpreted as the potential driving
forces, based on different models.

The lack of paleoclimatic data for the regions and time intervals of interest
prevent us from understanding the evolution and related driving forces of the
Asian monsoon from the Late Eocene to the Miocene. To provide climate
ll
data and explore the evolution of the Asianmonsoon, in this study, we (1) pro-
vide temperature and precipitation data for the Lunpola Basin, central Tibet,
during ca. 26–16 million years ago (Ma) by applying a coexistence
approach12 to pollen data, (2) detect an Asian paleomonsoon that was delin-
eated by the difference between the mean of the three consecutive highest
monthly precipitations (3HMP) and themean of the three consecutive lowest
monthly precipitations (3LMP), (3) inspect the fluctuation cycles of the Asian
paleomonsoon with spectral analysis, (4) model the paleogeography of the
Pan-Tibetan Plateau and the monsoonal precipitation at 25 Ma, and (5)
explore the potential driving forces of the Asian paleomonsoon.
RESULTS
The Dingqing Formation, which has yielded numerous animal and plant

fossils, consists of a series of continuous lacustrine deposits in the Lunpola
Basin in central Tibet that have been dated as ranging from the Late Oligo-
cene to the Early Miocene.13,14 The studied section (31�560–31�570 N,
89�470–89�490 E, 4,650 masl) is located on Lunbori Mountain (Figure S1),
which dates back 26–16 Ma, allowing us to trace the early evolution of the
Asian monsoon.

Ninety-nine palynological samples were collected from this section (Fig-
ure S2 and Table S1), among which 66 had an abundance of pollen grains.
The pollen assemblages identified from these 66 samples yielded 40 palyno-
morphs that were assigned to 32 families and 15 genera (note: some palyno-
morphswere only identified to the family level), including 25 families and nine
genera of angiosperms, three families and six genera of gymnosperms, and
four families of pteridophytes (Figure S3; Tables S2 and S3).

Based on these pollen data, four climate parameterswere estimated using
a coexistence approach:12 the mean annual temperature (MAT), the mean
annual precipitation (MAP), 3HMP, and 3LMP (Figure S4 and Table S4).
The curves of the median values of these climate parameters (Figure 1)
are shown to represent the climate changes in central Tibet. The 3HMP
and 3LMP were used here to constrain summer and winter precipitation,
respectively.

The climate in central Tibet can be summarized by the MAT and MAP in
the Lunpola Basin. The MAT fluctuated between 7.7�C and 15.6�C (Fig-
ure 1A). The MAT fluctuated three times during the period 26–20.6 Ma,
initially increasing and then decreasing from 20.6 to 17.3 Ma, rising in
20.6–20.1 Ma, 19.6–18.8 Ma, and 17.9–17.7 Ma and decreasing in 20.1–
19.6 Ma, 18.8–17.9 Ma, and 17.7–17.3 Ma. Finally, the MAT decreased
from 17.3 to16 Ma.

The MAP fluctuated between 660 and 1,050 mm (Figure 1C) and fluctu-
ated three times during the period 26–23.8 Ma; it decreased from 23.8 to
20.6 Ma and then increased initially and subsequently decreased during
20.6–16.7 Ma; it rose during 20.6–19.7 Ma, 19.6–19.1 Ma, and 18.5–17.7
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Figure 1. Climate data for central Tibet from 26 to 16 Ma
(A) Mean annual temperature (MAT, �C).
(B) Three consecutive lowest monthly precipitations (3LMP,
mm).
(C) Mean annual precipitation (MAP, mm).
(D) Three consecutive highest monthly precipitations
(3HMP, mm).
The vertical bars represent the ranges of the climate data in
central Tibet, and the curves show the median values of
these climate parameters.

Report
T
he

In
no

va
ti
on
Ma and then fell from 19.7 to 19.6 Ma, 19.1 to 18.5 Ma, and 17.7 to 16.7 Ma;
and finally rose during 16.7–16 Ma.

These data indicate that the climate in central Tibet during the Late Oligo-
cene to Early Miocene waswarm andwet, i.e., the paleo-MATwas 9�C–17�C
while the paleo-MAP was 350–740 mm higher than today’s MAP15

(Table S4).
DISCUSSION
Paleoclimate in the Lunpola Basin, central Tibet

To understand the central Tibet climate under global climate change, we
compared the temperature (Figure 2) and precipitation (Figure S5) changes
with those in central Europe16 and the deep-sea temperature record17 from
the period 26–16 Ma.

During ca. 26–17.7 Ma, the temperature showed comparable fluctuations
in central Tibet, central Europe,16 and the deep sea17 that included warming
and cooling cycles (Figure 2). Two cooling events that corresponded to the
Mi-1a and Mi-1b18 glaciations, evidenced by the heavy oxygen isotopes pre-
sent in the benthic foraminifera from the deep sea, were detected in central
Figure 2. Temperature curves for central Tibet, central Europe, and the global
deep sea during ca. 26–16 Ma The red line indicates the MAT (�C) in central Ti-
bet; the white line records the MAT (�C) in central Europe, which was modified from
Mosbrugger et al.;16 the blue line displays the benthic foraminiferal oxygen-isotope
curve (&) in the deep sea, which was modified from Westerhold et al.17
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Tibet. These findings imply that the temperature in central Tibet and central
Europe was strongly constrained by the global climate during this time inter-
val. However, during ca. 17.7–16 Ma, in contrast to the deep-sea warming,
cooling occurred in both central Europe and central Tibet (Figure 2); this event
likely requires more quantitative evidence before it can be attributed to differ-
ences in the temperature change between the land and sea during this
period.

The MAP showed a similar upward trend, with inconsistencies between
central Tibet and central Europe for some time intervals16 (Figure S5). These
differenceswere likely caused by the different sources of precipitationmainly
originating from the Indian Ocean and/or Pacific Ocean in central Tibet and
from the Atlantic Ocean in central Europe.

The Asian monsoon occurred from 26 to 16 Ma
Here, we note that the annual precipitation range (AR: 3HMPminus 3LMP)

(240–540 mm) and the proportion of 3HMP in the MAP (40%–60%) in the
Lunpola Basin during ca. 26–16 Ma (Figure S6 and Table S4) fell within the
range of those found in the modern Asian monsoon domains,2 indicating
that the paleomonsoon already existed. The modern Asian monsoon do-
mains are defined by AR > 180 mm, i.e., summer (June to August) minus
winter (December to February), and the proportion of summer precipitation
>35% of theMAP.2 In general, a larger AR value would correspond to a stron-
ger Asian monsoon.2 However, there is no way of separating the individual
precipitation contributions of the East Asian monsoon and South Asian
monsoon in this definition.

The precipitation in central Tibet was dominated by the paleo-Asian
monsoon during 26–16 Ma, possibly because the plateau was farther south
during that time period.8,19 Today, westerlies control the modern climate in
the Lunpola Basin. The Lunpola Basin in central Tibet is situated at 32.1� N
and has obvious seasonality in the variations in surface air temperature
and precipitation, i.e., cold and dry from December to February in winter
and warm and rainy from June to August in summer.15 According to the
Land Climate Data of China (1951–1980),15 published by the Information
Department of BeijingMeteorological Center, themeanmonthly temperature
of Bange County where the Lunpola Basin (31�570 N, 89�470–89�490 E) is
located, is 7.5�C in summer and �10.1�C in winter, while the total precipita-
tion is 224 mm in summer and 3.4 mm in winter (Meteorological Station No.
55279, 31�220 N, 90�010 E). The AR is 220.6mm, while summer precipitation
accounts for 72.7% of the MAP (308.3 mm). These precipitation data meet
the criteria of a monsoon domain as defined by Wang and Ding,2 i.e.,
www.cell.com/the-innovation
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Figure 3. Simulated annual precipitation in the Pan-Tibetan
plateau regions at 25Ma The blue to orange lines display the
simulated annual precipitation (mm); the green shaded area
indicates the Asian monsoon domain; the yellow shaded
area indicates the arid region; the black line is the topo-
graphic contour at 1,500 masl; the violet point is the studied
section at 25 Ma. Please refer to Wang and Ding2 and Liu
et al.8 for definitions of the monsoon domains and
arid areas.
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precipitation difference between summer and winter of >180 mm and the
percentage of summer precipitation in the annual precipitation of >35%.
However, since the MAP is less than 400 mm, the site now has a semi-arid
monsoon-like climate.

Using paleoprecipitation data simulated with a climate model under the
conditions of the reconstructed paleogeography, we found that the study
areawas located at�22.27� Nat 25Ma,with anMAPof 857mm(Figure 1C).
By introducing the definition of themodern Asianmonsoon domain2 into this
model, the data show that central Tibet belonged to the Asian monsoon
domain, where the climate was controlled by the intertropical convergence
zone (ITCZ) in summer (Figure 3) but not inwinter. The ITCZ is a low-pressure
zone where air flow from the Southern and Northern Hemispheres con-
verges. The ITCZ moves north and south seasonally between 20� N and
20� S following the seasonal cycle of solar insolation, which is influenced
by the position of the subsolar point, sea-land distribution, and topography.
While its dominant areas range from25� N to 25� S, the precipitation in these
areas is far more abundant than that in the surrounding areas.1 Recently, the
tropicalmonsoon has been regarded as aproduct of the seasonalmovement
of the ITCZ between the Southern and Northern Hemispheres.1 A monsoon
climate with wet summers and dry winters can occur in areas that are
controlled only in summer by the ITCZ. Central Tibet developed a monsoon
climate during the Late Oligocene to the Early Miocene, likely under the influ-
ence of the ITCZ.
Strengthening of the monsoon from 20.6 to 16 Ma
Here, we notice that the AR trend first declined from 26 to 20.6 Ma and

then increased during 20.6–16 Ma (Figure S6), indicating that the Asian
monsoon in central Tibet first weakened and then strengthened.2 If the
monsoon in this regionwas solely controlled by the ITCZ, the intensity should
have decreased as the Tibetan Plateau moved northward away from the
ITCZ areas due to plate movement.8 The unexpected strengthening of the
Asian monsoon during 20.6–16 Ma seems to indicate that other driving
forces also contributed to the evolution of the paleomonsoon.

The uplift of the Tibetan Plateau20 likely coincided with plate move-
ments8,21 during this period, thereby enhancing the strength of the Asian
monsoon. Central Tibet may not have reached its present elevation before
the Middle Miocene,13,19 implying that uplift occurred in this region before
this time. In addition, some modeling studies have revealed that the uplift
of the TibetanPlateau/HimalayanMountainswould have enhanced the inten-
sity and coverage of the Asian monsoon through mechanical dynamic ef-
fects11 and/or heating effects.10 At the same time, plate movement would
also have led to changes in the land-sea distribution21 in addition to the north-
ward movement of the Tibetan Plateau, which might have increased the
amount of monsoonal precipitation on the Tibetan Plateau by enhancing
the temperature difference between land and sea.
ll
Nevertheless, we have to admit that effects of uplift on precipitation are
complex. The uplift probably not only led to an intensified monsoon and
increased precipitation, but also enlarged the size of the plateau and
increased the elevation of its southern flank. This could reduce the ability
of the monsoon to carry water vapor over the mountains, consequently re-
sulting in less precipitation eventually reaching central Tibet. More evidence
is needed to understand the role of the uplift on the variations of monsoon
during this period.

Previous research has already indicated that the uplift would change the
temperature and precipitation on the plateau, based on modeling (e.g., Liu
et al.8) and fossil evidence (e.g., Xie et al.19), although more solid data are
needed to explore just how much change occurred.

It should be noted that the uplift process of central Tibet during 26–16Ma
is still hotly debated. For example, some researchers consider that the alti-
tude of central Tibet already exceeded 4,000 masl at �40 Ma based on ox-
ygen-isotope paleoaltimetry22 while others propose it was less than 2,300
masl23 or 1,000 masl24 in the Late Oligocene, based on fossil evidence. We
estimated the elevation of the Lunpola paleolake in central Tibet to be
2,990–3,690masl at�24Ma based on aMarsilea fossil and a pollen assem-
blage from the matrix of the same fossil bed, implying an uplift of 1,000–
1,700 masl in central Tibet.19 At the same time, we recognized distinct eco-
systems that occurred along the southern slope, in the central region, and on
the northern slope of the Tibetan Plateau during the Late Oligocene. The
blocking of the Asian monsoon by the Tibetan Plateau probably contributed
to the divergence of these ecosystems.19

Even so, the paleolatitudinal displacement may have had a greater impact
on climate than elevational changes during 26–16Ma according to our simu-
lation results. In general, uplift leads to cooling, as shown inmountains today.
We simulated the MAT at the study site at 25 Ma and today using a model,
assuming that only elevation and latitude changed while other conditions re-
mained constant. The simulation results show that the study site is presently
at an altitude of �4,800 masl and is located at 31.94� N with a 0.15�C MAT,
while at 25Ma it was at an elevation of�3,800masl and located at 22.27� N
with a 16.9�C MAT. These results imply that a 16.75�C cooling occurred at
the study site from 25 Ma to the present. If we take the lapse rate as
0.65�C/100 m, the elevation change would lead to a 6.5�C cooling from 25
Ma to the present. The remaining 10.25�C cooling can probably be attributed
to the northward movement of the plate. Accordingly, we speculate that the
climate change could be caused by the paleolatitudinal shift, together with
uplift during this time period.
Orbital signals in the fluctuation cycles of the Asian monsoon
The curve of the annual precipitation ranges (3HMPminus 3LMP) shows

the five weakening-strengthening cycles of the Asian monsoon (Figure 4). In
detail, first, the Asian monsoon weakened during ca. 25.7–25.3 Ma and
The Innovation 2, 100110, May 28, 2021 3



Figure 4. Intensity of the Asianmonsoon in central Tibet during ca. 26–16Ma The
turquoise line indicates the AR (annual precipitation ranges, 3HMP minus 3LMP,
mm) in central Tibet and was derived from this study; the blue dotted line illustrates
the general trend of the AR; the green line indicates the fluctuations in eccentricity,
which was modified from Ma et al.;14 the blue line displays fluctuations in the
maxima of the obliquity amplitude, which was modified from Boulila et al.;26 the
aqua bands and red vertical lines symbolize strong monsoons with high obliquity
amplitude and eccentricity, while the white bands and blue vertical lines represent
weak monsoons with low obliquity amplitude and eccentricity.
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strengthened during ca. 25.3–24.3Ma. Thereafter, the Asianmonsoonweak-
ened during ca. 21.6–20.6 Ma, ca. 20.1–19.6 Ma, ca. 18.8–17.9 Ma, and ca.
17.7–16.7 Ma, and subsequently strengthened during ca. 20.6–20.1 Ma, ca.
19.6–18.8 Ma, ca. 17.9–17.7 Ma, and ca. 16.7–16 Ma.

Spectral analysis at the 95% confidence level with a Monte Carlo test (Fig-
ure S7) revealed that the Asian monsoon fluctuated in �1.35 Ma and �0.33
Ma cycles, which appears to correspond to the eccentricity with a �0.4 Ma
cycle and the obliquity amplitude with a �1.2 Ma cycle during ca. 26–16
Ma, as a strong/weak Asianmonsoon is typically coupledwith a high/low ec-
centricity and a maximum/minimum node of obliquity amplitude (Figure 4).
Based on astronomical calculations25 and sedimentary records,26 previous
studies have pointed out that in addition to �41 ka cycles, obliquity also
has �1.2 Ma modulation cycles, which has significant impacts on global
climate evolution on amillion-year timescale. Previous research has typically
considered tectonic movement as the main driving force of the Asian mon-
soon’s evolution at the tectonic scale, namely the uplift of the Tibetan
Plateau20 and/or plate movements,8,21 without considering long-period
orbital forcings. The combination of factors proposed here would suggest
that long-period orbital forcing also contributed to the evolution of the Asian
monsoon on a million-year scale.

Orbital forcing has been regarded as an important force driving climatic
changes in geological history.27 Evidence has shown that ice sheets typically
expanded in periods when the obliquity amplitude was low during the Ceno-
zoic Era.26 Zachos et al.28 indicated that the Mi-1 glaciation during the Oligo-
cene-Miocene transition was likely caused by the co-occurrence of low obliq-
uity amplitude and eccentricity.

Obliquity is used to calibrate the position of the subsolar point on the Earth.
A higher obliquity value is linked to a higher latitudinal position of the subsolar
point, withmore insolation being received by the high-latitude regions. Eccen-
tricity is used to define the shape of the orbit of Earth. A higher value of ec-
centricity means that the Earth would receive more insolation at the perihe-
lion, and vice versa.27 Based on astronomical calculations and models,
Matthews and Al-Husseini29 suggested that glacial ice on Earth would
have been melted by the high insolation received at the perihelion during
high-eccentricity periods, while the ice would have expanded under the low
insolation received at the perihelion during low-eccentricity periods.

The high obliquity in the maximal amplitude node together with the high
eccentricity likely resulted in the strengthening of the Asian monsoon during
4 The Innovation 2, 100110, May 28, 2021
the Late Oligocene to Early Miocene. On the one hand, the high eccentricity
would have increased the total amount of solar radiation received by the
Earth.29 On the other hand, the high obliquity in the amplitude maximum
node would have moved the subsolar point northward,27 which may have
triggered the northern movement of the ITCZ domain and thus strength-
ened the Asian monsoon in central Tibet and/or triggered ice melting
and warming at high latitudes29 by allocating more solar radiation energy
to these regions. When the warming signals in high-latitude regions
were transmitted to the middle- to low-latitude regions, the ITCZ domains
would have shifted northward due to changes in the sea surface tempera-
ture gradient,30 or the temperature difference between the land and sea
would have increased due to the higher heat capacity of water than that
of land. Thus, the Asian monsoon in central Tibet would have been
strengthened.
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