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Geologicevidence and palaeoclimate simulations have indicated the
existence of an extensive, interconnected megamonsoon system over

the Pangaea supercontinent. However, the ways in which subsequent
continental break-up about 180 million years ago and reassembly in the
Cenozoic, as well as large global climatic fluctuations, influenced the
transition to the modern global monsoon system are uncertain. Here we
use alarge set of simulations of global climate every 10 million years over
the past 250 million years to show that the monsoon system evolved in
three stages due to changes in palaeogeography: a spatially extensive

land monsoon with weak precipitationinthe Triassic period (>170 Ma), a
smaller land monsoon with intense precipitationin the Cretaceous period
(170-70 Ma) and areturn to a broader, weaker monsoon in the Cenozoic
era (<70 Ma). Itis found that global-mean temperature variations have little
impact on global land-monsoon area and intensity over tectonic timescales.
Applying an analysis of atmospheric energetics, we show that these
variations of the global land monsoon are governed by continental area,
latitudinal location and fragmentation.

The monsoon system is the dominant seasonal mode of the global
hydrological cycle', influencing the livelihoods of billions of people at
present*. However, understanding monsoon dynamics and projecting
future long-term changes in monsoon rainfall remain great challenges.
The study of deep-time monsoons can help improve our understanding
ofthe modern monsoon system and its variations with global climate®*.

Monsoons are driven by land-sea contrasts in energy sources,
with off-equatorial tropical continents transferring more energy from
summer sunlight into the overlying atmosphere than do adjacent
ocean regions’. Over tectonic timescales, continents undergo the
Wilson cycle, with supercontinent break-up and the reassembly of

fragmented continents®. Pangaea is the most recent supercontinent,
estimated to have broken up about 180 million years ago (Ma). Highly
fragmented continents were most widespread in the late Cretaceous
period and reassembled in the Cenozoic era. The Wilson cycle also
involves changes in continental area, latitudinal location and orogra-
phy, all of whichwould be expected to alter land-sea heating contrasts
and consequently the monsoon system’°,

Studies of deep-time monsoons have thus far focused mainly on
two geochronologic units: the Triassic period with its Pangaea mega-
monsoon'®*and the Cenozoic erawith its large concurrent variations
in Asian orography and monsoon rainfall”>. The important question
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of how the modern monsoon system originated from the Pangaea
megamonsoon has not been studied. To our knowledge, only three
works focus onthe evolution of the global monsoonindeep time. One
used coaland evaporite proxies to reconstruct land-monsoon rainfall
patternsin the Mesozoic and Cenozoic eras®. The other two simulated
the evolution of the Southeast Asian monsoon and the South Ameri-
can and African monsoons from the Cretaceous to the present®*?.
They demonstrated that variations of these regional monsoons are
controlled mainly by palaeogeographic changes, including widening
of the South Atlantic and uplift of mountains.

In this Article, we study the evolution of the monsoon system,
in the context of the global monsoon concept, as continents break
up and reassemble over the past 250 million years (Myr), focusing on
the globalland monsoon. The global monsoon is the dominant mode
of the annual variation of precipitation and circulation in the global
tropics and subtropics' . It reflects the coherent variations of regional
monsoons inspace and time. We give particular attention to variations
inland-monsoon areaand precipitationintensity, which were not dis-
tinguishedin previous palaeo-monsoon studies; we will show that these
two measures can be anticorrelated, potentially causing confusion in
attempts tointerpret proxies. Using a fully coupled atmosphere-ocean
Earth system model, we perform 26 time-slice simulations of global cli-
mate evenly distributed over the past 250 Myr?>*°, The simulations are
constrained with reconstructions of palaeogeography®, global-mean
surface temperatures (GMSTs)**? and linearly increasing solar radia-
tion®*2, The global monsoon domain is defined with the monsoon
precipitation index*(Methods).

Global monsoon domains across time
Theglobal monsoon changes greatly over the 250 Myr of simulated time,
originating with the Pangaea megamonsoon seen in previous simula-
tions'®*2, with the Tethys coast dominated by monsoon rainfall (Fig. 1;
monsoon domains for each simulation areshownin Extended DataFig. 1).
Themonsoon domainthenbecomes muchsmaller by 80 Ma, especially
inthe Northern Hemisphere (NH), as fragmented continents move out
of the tropics. However, precipitation over most continental monsoon
regionsis stronger at 80 Mathan at 240 Ma. Finally, for the pre-industrial
simulation (Fig.1c), monsoon areas become broader again, especiallyin
Asia. The global monsoon domainin Fig. 1c generally resembles thatin
currentobservations', indicating that the model reasonably simulates the
modernglobal monsoon. Cross-equatorial monsoonal flows are associ-
ated with the megamonsoon and the Asian monsoon (Fig. 1a,c). Specifi-
cally, the monsoonal flow extends to the extratropical monsoon regions
on east coasts in all times (Extended Data Fig. 1). Dry areas are generally
located on the western sides of continents, with peak extent near 30°
latitude (Fig.1and Extended Data Fig. 1), as expected due to the remote
drying thatatmospheric wavesinduce west of intense precipitation®; this
monsoon-dry zone pattern remains relatively unchanged across time.
To compare with geological records, we plot locations of coals
and land evaporites in Fig. 1 and Extended Data Fig. 1 (ref. 34). Coals
are located mainly in rainy regions, such as monsoon domains, the
Equator and land regions in the extratropical storm track (roughly
55° offthe Equator), while land evaporites are deposited mainly indry
regions. There are some disagreements between evaporites and the
simulations. Thatis, some evaporites are found in monsoon domains.
However, as pointed out in early works?, evaporites can be formed
in monsoonal regions because of large seasonal variations of pre-
cipitation and temperatures. Moreover, there are uncertainties of both
evaporite palaeo-locations and ages** (Methods). The percentage of
the globalland-monsoon area here is similar to that estimated with the
biogenic Siburial rate of deep-sea chert®.

Anticorrelated land-monsoon area and intensity
We now examine how and why the extent of the land-monsoon domain
changed overtime. Although oceanregionsareanintegral part of the global
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Fig.1| Global monsoon domains defined by the monsoon precipitation
index'. Green shading marks monsoon domains, with the colour representing
the annual precipitation amount (colour-bar interval is 300 mm yr™). Yellow
shading denotes dry areas. a,240 Ma. b, 80 Ma. ¢, Pre-industrial. Arrows denote
850 hPawinds averaged over June-July-August. Blue and red dots denote coals
and land evaporites™, respectively.

monsoonsystem', we focus onthegloballand monsoonbecause thereare
more proxies and itis more relevant to modern societal impacts.

Figure 2 shows time series of global land-monsoon area and
annual-mean precipitationin theland-monsoon domain over the past
250 Myr.Land-monsoon areawas broad from 250 to 180 Ma (solid blue
line), spanning about 12% of Earth’s surface area, withamaximum value
of about13.6% at 180 Ma. It decreased after 180 Ma, when the Pangaea
supercontinent started breaking up and NH continents moved towards
higher latitudes. Land-monsoon area became much smaller in the
Cretaceous, with the area averaged from the period 130-80 Mabeing
only halfthat of 250-180 Ma. The minimum value of 6.2% occurred at
80 Ma, when continents were most dispersed and total continental
area was smallest. As continents started reassembling after 80 Ma,
land-monsoonareabegantoincrease. The decreaseinland-monsoon
areaafter 40 Mais associated largely with northern Africamovinginto
the NH subtropical dry zone (Extended Data Fig. 1v-z).
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Land-monsoon precipitation intensity is highly anticorrelated
withland-monsoonarea (r=-0.87), being weak before 180 Ma, strong
inthe Cretaceous around 100 Ma and weak againin the Cenozoic (solid
orangelineinFig.2). Here we define land-monsoon precipitation inten-
sity as the annual-mean precipitation averaged over land-monsoon
regions.

A question is whether GMST, which varied more than12 °Cin the
past 250 Myr*"*?, caused past changes in the global land monsoon. To
distinguish the influence of continental configuration from that of
GMST, we performed 26 sensitivity simulations with CO, concentra-
tion fixed at ten times that of the pre-industrial and solar constant
fixed at the present value (Methods). The thin dashed lines in Fig. 2
show results from these sensitivity simulations, which nearly overlap
the solid lines for most of the 250 Myr. It indicates that changes in
GMSTs and CO, concentrations have aminor effect onland-monsoon
areaand precipitation over tectonic timescales, with atypical relative
deviation between the control and sensitivity simulations of about
10%. The deviation increases in the later Cenozoic and is largest for
land-monsoon precipitation intensity in the pre-industrial (although
land-monsoon area deviates little then); here we focus on changes
over geological time and simply note that this CO,-induced increase
in monsoon precipitation with modern geography is consistent with
previous work®,

Land-monsoon area determined primarily by
tropical continental area

The results in Figs. 1 and 2 indicate that land-monsoon area and
land-monsoon precipitation intensity are controlled primarily by
continental configuration but provide little insight on controlling
mechanisms. Given that much tropical land in the modern climate
is monsoonal’, a simple prediction is that land-monsoon area scales
with tropical continental area. Tropical continental area (<30°
latitude) indeed correlates strongly with simulated land-monsoon
area (r=0.93; Fig. 3d). Total continental area, which is not conserved
acrosstime, also correlates well withland-monsoon area (r = 0.82), but
not as strongly as does tropical land area. The fraction of continental
area that is monsoonal varies over time, from 37% between 250 and
180 Ma to 23% at 130 Ma (Extended Data Fig. 2). When continents are
smaller, more fragmented and located at higher latitudes, such asin
the Cretaceous, land-monsoon area is smaller, whereas assembled
tropical continents, such as Pangaea and modern Africa-Eurasia,
generate a broader land-monsoon area. As shown in Extended Data
Fig.3a, land-monsoon area has high anticorrelation with continental
fragmentation (r=-0.79).

Although these results are consistent with the hypothesis that
land-monsoon area is controlled by tropical land area, the seasonal
energy source produced by extratropical land is known to influence
the extent of tropical monsoons®. This becomes evident from the
distribution of net energy input (NEI) through the top and bottom of
the atmosphere, which theoretical frameworks treatas adriver of pre-
cipitating seasonal-mean tropical circulations such as monsoons®*¢,
The NEl is positive and strong over tropical and subtropical lands in
the summer hemisphere (Fig. 3a-c). Its connection to atmospheric
circulation can be visualized by taking its inverse Laplacian, yielding
anenergy flux potential®. Tropical precipitation maxima typically lie
near minima of this potential, which at each longitude is known as the
energy flux equator (EFE; red curvesin Fig. 3a-c); previous studies have
shown that the EFE shifts meridionally with tropical rainfall maxima®®.

We construct a diagnostic energy-based index for the land-
monsoon domain by summingland arealying within an extreme value
(the eighth percentile; Methods) of the energy flux potential at each
solstice season. This index tracks land-monsoon area well (Fig. 3d;
r=0.8); itis a slightly worse predictor than tropical land area, but it
complements the tropical land area metric in that it excludes some
tropical land and includes some extratropical land. One example of
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Fig.2|Time series of global land-monsoon area and land-monsoon intensity.
Solid lines are for control simulations, and thin dashed lines are for sensitivity
simulations. Blue lines represent global land-monsoon area as the percentage of
Earth’s surface area (left axis), and orange lines are annual-mean precipitation
averaged over land-monsoon domains (right axis, mm yr™). Correlation
coefficients between land-monsoon area and intensity are labelled at the
upper-right corner.

its excursionsinto the subtropicsis at 240 Main austral summer, when
the EFE and energy flux potential minimum migrate polewards of 30° S
over southeastern Pangaea (Fig. 3a, greenline). Since extratropical NEI
can shift the EFE and energy flux potential within the tropics®, these
diagnostics demonstrate the additional importance of extratropical
land for shifts of the monsoon domain within the tropics.

Land-monsoon intensity determined mainly by
continental fragmentation

We next investigate the variation of land-monsoon intensity.
Land-monsoon intensity covaries strongly with convective instabil-
ity over monsoonal land, as approximated by the relative moist static
energy (MSE) averaged over monsoonal land (Fig. 4d; r = 0.84). Relative
MSE is local surface air MSE minus tropical-mean surface air MSE; it
generalizes relative sea surface temperature, which has been influential
in understanding variations in tropical cyclone activity*** and repre-
sents the degree to which a given region is warmer and more humid
than the tropical mean, and thus convectively unstable. Relative MSE
hasbeen shown to explain globallyinhomogeneous future changesin
monsoons** and variations in monsoon synoptic activity*.

Relative MSE is high over near-equatorial land and low on the
western side of off-equatorial tropical continents (Fig. 4a-c; shading
shows relative MSE in theland-monsoon domain, while colour contours
show it globally). This is because stationary Rossby waves propagate
westwards from precipitating regions®. These stationary waves con-
sist of cyclonic low-level gyres that, on their western sides, transport
colder and drier (lower MSE) air into the tropics (magenta vectors in
Fig.4a-c;annual-mean values are shown here for simplicity and brevity,
but Extended Data Fig. 5 shows boreal and austral summer distribu-
tions). It was shown that this advective transport reduces relative MSE
onthe poleward and western edges of monsoon domains (shadingin
Fig.4a-c) and reduces monsoonintensity by importing dry air into the
monsoon region*. Linear models yield zonal scales of several equato-
rial Rossby deformation radii (each radius being about 1,000 km) for
these Rossby gyres, so fragmented continents of the Cretaceous are
too smallto extend into the dry part of these gyres, except over Eura-
sia, the results in the land-monsoon domain having averagely higher
relative MSE. Excluding the extratropical monsoon domain from the
average of relative MSE does not affect this result (Extended Data
Fig. 4). By contrast, Pangaea and modern Africa-Eurasia are large
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Fig. 3| Energetics governing the influence of continental configurationon
monsoon area. a-c, Boreal summer net energy input to the atmosphere (colour
shading, W m™), the energy flux potential (grey contours, contour interval

0.2 PW, with minimalocated in the tropics and maxima near the poles) and the
EFE (red line) at 240 Ma (a), 80 Ma (b) and pre-industrial (c). The austral summer
EFEis also shownin green, for comparison with the monsoon domainsinFig.1.d,
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Time series of the fraction of global surface area occupied by the land-monsoon
domain (blue curve), the energy-based index for this land-monsoon area (green)
and the fraction of global surface area occupied by tropical land (orange).
Correlation coefficients between the simulated land-monsoon area and each
other quantity are noted in the legend. Panel d shows results for the full year,
while a-c use boreal summer as anillustrative example.

enough to have substantial fractions of continents, with their larger
monsoon domains, extending into the dry zone of the Rossby gyres,
reducing the mean land-monsoon precipitation.

The hypothesis that land-monsoon intensity is driven by con-
tinental fragmentation, through the mediating mechanism of
circulation-driven relative MSE, is supported by the strong correla-
tion between land-monsoonintensity and continental fragmentation
(r=0.80; Fig. 4d and Extended Data Fig. 3). There is a large deviation
between fragmentation and land-monsoonintensity over 130-80 Ma,
but the relative MSE follows intensity in that period, supporting its
importance as a controlling mechanism.

To further address the role of continental configurationin deter-
mining land monsoons, we perform eight idealized simulations.
Land-monsoonareadecreases as the idealized supercontinentis moved
fromthe tropics to extratropics (Extended Data Fig. 6, left panels). Land
monsoon almost disappears when the supercontinentis located north
of30° N (Extended Data Fig. 6g). Ahumid, high-MSE region lies over the
southern part of the continent when the continentis positioned in the
tropics, with alow-MSE desert region to the north/northwest (Extended
DataFig.7), as expected from past work*>**. The right panels show that
larger continents have a broader land-monsoon area. Extended Data
Fig. 8 shows that smaller continents have stronger land-monsoon
precipitation, except when southern continental boundaries are
located at the Equator.

The preceding results suggest that the Pangaea megamonsoon
should be understood as a monsoon that is spatially extensive but of
modest precipitation and that the collapse of the megamonsoon was
because of the break-up of Pangaea and the movement of continents
towards higher latitudes. In the Cretaceous, total continental area
became much smaller, and fragmented continents were located at

middle and high latitudes, causing smaller land-monsoon area but
heavier precipitation over small tropical continents. These results indi-
cate that the modern global land monsoon did not directly originate
from the Pangaeamegamonsoon, butemerged after the reassembly of
fragmented continentsin the Cenozoic, and that continental configura-
tiondominates theinfluence of greenhouse gas-induced temperature
changes over geological time.

We compare our results with those from two independent sets of
simulations performed for previous studies®**. Results from those sim-
ulations also show significant anticorrelations between land-monsoon
area and precipitation, but with weaker correlation coefficients. The
discrepancies are probably due to much lower resolutions of those
models because precipitation is sensitive to model resolution*c.

Monsoon-related chemical weathering of silicate rocks has been
shown to strongly influence atmospheric CO, concentration, conse-
quently affecting global climate®’. Our simulations of the spatial and
temporal evolution of land-monsoonarea and intensity since Pangaea
offer a broad perspective for further exploring the link between the
global monsoon and Earth’s climate history. The results also provide
significant insights on the formation of exogenetic ore deposits that
arestrongly dependent on temperature and monsoon precipitation®>*,

Our results demonstrate that regional monsoons have coherent
spatialand temporal variationsin tectonic timescales and that they are
broadly consistent with the earlier findings about the Cenozoic Asian
monsoon'®” and African monsoons?. These results support therole of
continental configuration as a primary control on the global monsoon
system. Nevertheless, our study addresses only land-monsoon changes
from a global perspective; linking this history with detailed regional
monsoon evolution is not straightforward, partly because we use
only a10 Myr interval in our simulations and analyses. More detailed
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Fig. 4| Circulation and energetics governing the evolution of land-monsoon
intensity. a-c, Annual-mean relative MSE (contoured globally between -12] g™
and12) g'withaninterval of 4] g, and shaded over the land-monsoon domain)

and the zonally asymmetric 925 hPa horizontal wind (vectors are shown only

where they exceed 3 m s™ magnitude, and equatorward vectors in the subtropics

(20-45° latitude) are coloured magenta) at 240 Ma (a), 80 Ma (b) and O Ma (c).
Relative MSE, which is defined as the local surface air MSE minus the tropical-

ofland-monsoon intensity (blue line), the annual-mean relative MSE averaged
over the land-monsoon domain (orange) and continental fragmentation (green).
Land-monsoon intensity is the annual-mean precipitation amount horizontally
averaged over the land-monsoon domain. Correlation coefficients between

the simulated land-monsoon intensity and each other quantity are noted in
thelegend. Extended Data Fig. 5 repeats a-c for the boreal and austral summer
seasons; the annual-mean relative MSE is used in this figure for simplicity and

mean surface air MSE, provides a measure of convective instability. d, Time series

brevity.

geological evidence, including orographic and seaway histories, is also

needed foraddressing the evolution of regional monsoons
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Methods

Model and experiment designs

The model used in the present work is the Community Earth System
Model version 1.2.2 (CESM1.2.2)°". Two steps of simulations are per-
formed. For the first step, the lower-resolution version of the fully
coupled atmosphere-ocean CESM1.2.2 (3.75° x 3.75° in latitude and
longitude) is used to perform 26 slice simulations for the past 250 Myr,
with a time interval of 10 Myr. In the simulations, palaeogeography is
prescribed®. Solar constantislinearly increased from 98% at 250 Mato
100% at present (1,361 W m™) (ref. 52). Orbital parameters are all fixed
atthe present-day values. Atmospheric compositions are all the same
asthose of the pre-industrial values, except for CO,.

Different from previous palaeoclimate simulation studies that used
CO,reconstructions to constrainsimulations, here we use reconstructed
GMSTs*** to constrain our simulations. For each simulation, CO, con-
centrationis tuned until the simulated GMST is asymptotic to the recon-
structed GMST within 0.5 °C (see Fig.1ainrefs.29,30). All the simulations
areintegrated for more than 4,000 yearsto reach equilibrium states.

For the second step, sea surface temperatures in the lower-
resolution simulations are used to drive the higher-resolution CESM
atmosphere-land model (0.9424° x 1.25° in latitude and longitude).
Palaeogeography, CO, concentrations and solar radiation remain the
sameasinthe first step of simulations. Vegetationis prescribed, using
that from the lower-resolution simulations. The higher-resolution
simulations are integrated for 100 years. The results shown here are
the averages over the past 60 years. Detailed information of the model
and experiment set-up can be found inrefs. 29,30.

We performed 26 sensitivity simulations to distinguish the role of
palaeogeography from that of CO, concentrations and solar radiation
in determining the global land monsoon. In these simulations, solar
constant is fixed at the present-day value, CO, concentration is fixed
attentimesthe pre-industrial value (280 ppmv) and palaeogeography
remains the same as that in the control simulations.

Global monsoon domains are defined with the global monsoon
precipitationindex'* That is, monsoon domains are the regions where
local summer-minus-winter precipitation exceeds 2 mm d™and local
summer precipitation exceeds 55% of the annual total precipitation,
and dry areas are defined as the local summer precipitation less than
1mmd™. The local summer denotes May through September for the
NH and November through March for the Southern Hemisphere, and
local winter denotes November through March for the NH and May
through September for the Southern Hemisphere.

To explicitly address how continental configurations impact
global land-monsoon area and precipitation, we perform eight ideal-
ized simulations, using the lower-resolution coupled atmosphere-
ocean CESM1.2.2. Four simulations are to test theimpact of latitudinal
locations of a supercontinent on land monsoons. An idealized super-
continent (A), withsidelengths of 45°inlatitude and120°inlongitude,
is setat different latitudinal locations (Extended DataFig. 5, left panels).
The southernboundary of the supercontinentis at the Equator,10° N,
20° N and 30° N, respectively. The other four simulations are to test
theimpact of continental area and fragmentation on land monsoons,
in which the supercontinent in the previous four simulations is sepa-
ratedinto three plates. Continent B has longitudinal length of 80°, and
continents C and D have longitudinal length of 20° (Extended Data
Fig. 5, right panels).

Definitions of continental fragmentation and mean latitude
To quantify the relationships between continental configurations
and global land-monsoon area and precipitation, we define two extra
parameters to characterize continental configurations, continental
fragmentation and continental mean latitude, in addition to the con-
tinental area.

Continental fragmentation is defined as the ratio of the total
length of continental coastlines to the total continental area. The

larger the ratio is, the more fragmented continents are. As shown
in Extended Data Fig. 3d, the smallest continental fragmentation
is about 0.7 x 107> km km™ at 240 Ma. The largest fragmentation is
about 2.6 x 1072 km km™ at 80 Ma. The averaged continental frag-
mentation of the Pangaea supercontinent (250-180 Ma) is about
0.9 x107* km km™. By contrast, the averaged fragmentation in the
Cretaceous (130-80 Ma) is about 1.9 x 10 km km?, twice as large as
that of the Pangaea supercontinent.

The continental mean latitude is defined as the area-weighted
mean latitude of all continents of both hemispheres. As shown in
Extended DataFig. 3c, the lowest mean latitude is about 35° at 220 Ma.
The highest mean latitude is 41° at 100 Ma.

Energy-based index for monsoon area

We follow previous studies® and calculate the energy flux potential, y,
by taking the inverse Laplacian of the NEI to the atmosphere, whichin
turn is the sum of the surface sensible and latent heat fluxes and the
net radiative flux into the top and bottom boundaries of the atmos-
phere, V2x = NEL. The EFE is the zero line of the northward component
of the divergent part of the vertically integrated atmospheric energy
flux, o, where v, = Vy. Since tropical precipitation maxima generally
move horizontally with the EFE and with y minima®’, we create a diag-
nosticindex for monsoon land areaby summing the land area that falls
within the lowest 7.5th percentile of x during boreal and austral sum-
mer. The 7.5th percentile was chosen so that the value of this index
averaged across all time-slice simulations matchesland-monsoon area
averaged across all simulations.

Uncertainties of coal and evaporite records

Coalandevaporite records have uncertainties of ages. They correspond
to time intervals rather than exact times. The largest time interval
of coal records is 38 Myr, the smallest interval is 5 Myr and the mean
time interval of coals is 22 Myr. For evaporite records, the values are
44,5and 20 Myr, respectively. It would generate spatial and temporal
uncertainties when these geological proxies are grouped to the 26
time slices™.

Data availability
The dataused in the present study are archived at
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