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Within Earth’s climate system, the ocean, cryosphere, and vegetation exhibit hysteresis
behavior such that their state depends on their past and not merely on their current
boundary conditions. The atmosphere’s fast mixing time scales were thought to
inhibit the necessary memory effect for such multistability. Here, we show that
moisture accumulation within the atmospheric column generates hysteresis in monsoon
circulation independent of oceanic heat storage and yields two stable atmospheric states
for the same solar insolation. The dynamics of monsoon rainfall is thus that of a seasonal
transition between two stable states. The resulting hysteresis is shown in observational
data and reproduced in a general circulation model where it increases with decreasing
oceanic memory and exhibits the two distinct states that persist for more than 60y.
They are stabilized by moisture accumulation within the atmospheric column that
carries information across time scales much longer than those typical for mixing. The
possibility of abrupt shifts between these two states has implications for the future
evolution of global monsoon rainfall that is crucial for the agricultural productivity
currently feeding more than two billion people.

monsoon circulation | atmospheric memory | hysteresis behavior | tipping points | climate change

Hysteresis behavior is found in a number of systems whenever their current state does not
merely depend on their current boundary conditions but their history. This nonlinearity
represents a stabilizing memory effect and is prevalent across different disciplines ranging
from the physics of ferromagnets (1) to the economics of unemployment (2). Hysteresis,
in the narrow sense, as it is used here, is not merely a delayed response of a system to
external forcing due to inertia within the system (which could be denoted hysteresis in
the wider sense or rate-dependent hysteresis), but has two underlying stable steady states
for the same boundary condition. The system’s memory is required in order to stabilize
the system’s state against fluctuations in the external forcing or internal variability. Thus
the time scale of the memory decay has to be significantly longer than typical fluctuations
within the system or in the external forcing. The hysteresis then becomes an equilibrium
or rate-independent hysteresis.

In the Earth system, hysteresis has been found in the context of increasing and
decreasing atmospheric CO; concentrations (e.g. refs. 3—5) and may be associated with
abrupt transitions of a system between two qualitatively different states. Greenland,
for example, can either carry an ice sheet or be ice-free, for the same global climatic
boundary conditions. The reason is that a massive ice sheet reaches high up into the
atmosphere where it is colder than at sea level which then allows the ice sheet to be
sustained even if it would not form under the same global climate conditions (6). Another
paleoclimatic example is made possible by the ice-albedo feedback, that determines
whether for a given solar radiation the Earth stabilizes in a warm state or in the so-
called snowball Earth state (7-9). Central to this behavior is a long time scale that
can carry the memory within the system across typical time scales of changes in the
external forcing and the internal variability and thereby stabilize the two distinct states.
Consequently, hysteresis has so far been found in the ocean, the vegetation, and the
cryosphere—specifically in the Antarctic and Greenland Ice Sheets (10, 11), the Atlantic
Meridional Overturning Circulation (12-14), the El Nifo-Southern Oscillation (15),
the upper ocean heat content, acidification, and thermosteric sea level rise (16-18) as
well as tropical rainforests (19). The combination of two oceanic memory effects, namely
in the Atlantic overturning and in the slower warming or cooling in the Southern Ocean,
could yield hysteresis in the Inter-Tropical Convergence Zone (20) or mid-latitude storm
tracks (21). The accumulation of heat in the ocean has been shown to cause hysteresis
of global mean precipitation (22) as well as the asymmetry of monsoon systems in a
CO; ramp-up and ramp-down in numerical simulations, and El-Nifio-related anomalies
(4, 5, 23). In some of these systems, it is not yet clear whether the system exhibits
hysteresis only in a wider sense, i.e., shows merely an inert response to the change in
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Significance

Monsoon circulations are crucial
for the livelihood of more than
two billion people on Earth. Here,
we show that the underlying
dynamics that causes the
monsoon rainfall is that of a
seasonal transition between two
stable states. Each year, the
system flips from an “off state” in
winter to an “on state” in summer
and back. The stability of these
states reveals an atmospheric
memory that is longer than
previously thought possible.

As a consequence, monsoon
circulations can abruptly switch
on and off if climatic boundary
conditions change. Whether this
places current monsoon systems
at danger of abrupt cessation
needs to be investigated in future
studies.
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external forcing, but no steady-state bistability. So far atmo-
spheric hysteresis has always originated from an oceanic memory
effect (3). The monsoon hysteresis in this study, however, does
not rely on oceanic memory, but reveals a memory effect within
the atmosphere itself. This possibility was first suggested in a
conceptual model (24), but it has never been shown in a three-
dimensional model.

Seasonal Hysteresis of Observed Regional
Monsoon Rainfall

The central characteristic of monsoon rainfall is the seasonal
reversal of winds by at least 120° associated with qualitatively
different states of humidity, cloudiness, and rainfall (25, 26). This
annual cycle of precipitation is driven by the oscillating incoming
insolation as revealed, for example, by empirical orthogonal
function analysis (27). Thus, the oscillating solar radiation is the
responsible forcing for shaping the seasonal character of monsoon
rainfall and provides the upper atmospheric boundary condition
for the system. When monsoon rainfall in different parts of the
world is considered as a function of this planetary boundary
condition, observations (Fig. 1) show that rainfall intensifies
in spring at much higher solar insolation than it decreases in
autumn. In Central India (17 to 26°N, 76 to 82°E), for example,
the same insolation of approx. 435 W/m? is associated with two

very different rainfall regimes: a state of no rainfall in April and
abundant precipitation in August. We choose central India as
an example of a land monsoon for later comparing it to the
land monsoon of the Monsoon Planet. However, the bistability
sustains also for larger regions over India; see ST Appendix, Fig.
S1. The hysteresis behavior is also present in other monsoon
system as e.g. over the Bay of Bengal, East Asia, and Australia
(Fig. 1 D-F), as well as West African, North American, and
South American Monsoon (S/ Appendix, Fig. S3).

Since the extraterrestrial forcing of the region is the same for
both states, the different rainfall regimes must be originating from
a memory within the Earth system itself. Natural candidates for
this memory are the land surface including vegetation or the
ocean. The rainfall shows the same hysteresis behavior when it is
plotted over the land surface temperature as the lower boundary
condition of the atmospheric column (S Appendix, Fig. S5) and
the surface albedo only differs marginally between the two states
which rules out the land surface as a carrier of the memory.

Seasonal Hysteresis on the Monsoon Planet

To investigate the role of the ocean in carrying the memory of
the monsoon system we reproduce the general characteristics of
the observed monsoon hysteresis in the GFDL-AM2 atmospheric
general circulation model, developed by the Geophysical Fluid
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Observed seasonal monsoon hysteresis for Central India panels (A-C) and other monsoon regions panels (D-F). Panel (B) shows the monthly observed

rainfall data for a land region of central India (17 to 26°N, 76 to 82°E) as a function of the associated solar insolation. (The results sustain also for a larger
region over India; see S/ Appendix, Fig. S1.) The gray lines show the results for individual years, the 20-y average is shown in black yielding a seasonal monsoon
hysteresis. The red triangle (circle) marks December (July) and the progression of the year follows the direction indicated by the triangle symbol. The vertical
dashed line marks two moments with the same solar insolation that are associated with two rainfall states: In April there is no relevant rainfall over the monsoon
region (A), while in August there is monsoon rainfall (C). (More details regarding the annual development of the key climate variables for the Indian monsoon
is presented in S/ Appendix, Fig. S2.) The panels (D-F) show the seasonal hysteresis for the Bay of Bengal, East Asia, and Australia. Further monsoon systems
(West African, North American, and South American Monsoon) are shown in S/ Appendix, Fig. S3. The underlying regions are shown in S/ Appendlix, Fig. S4. Data

sources: CERES for solar insolation, GPCC for rainfall; see S/ Appendix.
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Dynamics Laboratory (GFDL) (28). In order to generate a
generic monsoon system, we apply a simplified representation
of continents, specifically an “aquaplanet” with a circumglobal
land stripe extending from 10 to 60°N (SI Appendix, Fig. S6).
The seasonal rainfall distribution in this idealized simulation
reproduces the meridional monsoon circulation (SI Appendix,
Fig. S8) and fulfills the general definition of monsoon rainfall
(29-31). The monsoon region is located just equatorward of
the peak in the subcloud moist static energy (32-36) and
poleward from a barrier in the surface pressure (36). The surface
temperature different between the sea surface and the land surface
is largest right before the monsoon onset (S/ Appendix, Fig. S9)
as it was found eatlier for the Indian monsoon (37). It then
declines due to the cooling effect of the rainfall on the land
surface. Further details regarding the monsoon dynamics are
provided in Monsoon on the Monsoon Planer and can be found in
a published sensitivity analysis with the same model set-up (36).
In ST Appendix, Figs. S10-S13, we present further simulations
that show that the hysteresis is robust with regard to changes in
solar radiation, sulfate aerosol concentration, land surface albedo,
and carbon dioxide concentration and discuss their effects on
the hysteresis in Robustness of Seasonal Hysteresis. The effect of
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increasing carbon dioxide concentration in the atmosphere is of
particular relevance, as it indicates how the hysteresis may be
altered in the context of climate change during the 21st century.
As the water vapor content in the warmer atmosphere increases,
the hysteresis effect amplifies. Per degree of global warming, the
height of the hysteresis increases: The height of the hysteresis
concerning moisture content increases by approx. 9.5% per
degree of global warming, resulting in an increase of the hysteresis
height regarding monsoon rainfall by 9.5% (S/ Appendix, Fig.
S14). In SI Appendix, Fig. S11, we provide further insights into
this relationship based on simulations with 140 ppm, 280 ppm,
400 ppm, and 560 ppm atmospheric CO; concentration.

The Monsoon Planet reproduces the hysteresis behavior of the
observations (Fig. 24), i.e. the same extraterrestrial boundary
conditions in the region 10 to 20°N (S Appendix, Fig. S7)
lead to very different rainfall distributions: Taking e.g. the two
days when the solar insolation equals 426 W/m? at 15°N, there
is no monsoon rainfall on April 3rd, while there is abundant
rainfall over the monsoon region on September 1st (S/ Appendix,
Fig. S15). The same hysteresis behavior is found for the lower
local boundary conditions (S/ Appendix, Fig. S16): a surface
temperature of, for example, 36 °C can be associated with a
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Fig. 2. (A and B) Seasonal Monsoon Hysteresis in the idealized conditions of the Monsoon Planet. Monsoon Rainfall (A) and water vapor content (B) depending
on upper boundary conditions (solar radiation). The results are shown for different slab ocean depths (50 m, 100 m, 200 m, and 500 m) simulating different
ocean heat capacities. The hysteresis increases when the ocean memory is reduced indicating a memory effect within the atmosphere. The 10-y daily averages
smoothened by a Singular Spectrum Analysis method is displayed. The triangle symbol marks January and the direction of the progression of the year, the
circle marks July. (C) Comparison of the seasonal hysteresis in the model and observations. Monsoon rainfall depending on the upper boundary conditions in
observations over central India (black; GPCC rainfall data combined with CERES data) and the idealized model of the Monsoon Planet with a slab depth of 50m
(red). Markers as in panels (A and B). (D) General characteristics for the Monsoon Planet throughout the year. Results are shown for the monsoon region (10 to
20°N) and for a slab depth of 50 m. The 20-y monthly averages are shown. The vertical dashed line marks May when surface temperature peaks and monsoon

rainfall sets on.
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state of no rainfall on May 9th as well as strong rainfall on
September st (SI Appendix, Fig. S15). A three-dimensional plot
(81 Appendix, Fig. S17) and an interactive figure in SI Appendix
shows for different slab depths that the hysteresis does not
collapse when upper and lower local boundary conditions are
combined. Thus, as for the observations, the remaining natural
candidate for the memory effect would be the ocean. In contrast
to the observational data, the model allows to control the oceanic
heat capacity by employing a simplified “slab-type” model with
varying depths for the mixed layer, ranging from 50 to 500 m. S/
Appendix, Figs. S18-S22 give an overview of the general climate
characteristics of simulations with the different slab ocean depths.
When the slab ocean depth and thereby the associated heat
capacity of the ocean is reduced (from 500 m, 200 m, 100 m,
to 50 m), the hysteresis increases (Fig. 24) as measured by the
area of the loop formed by the trajectory (3) or the difference
between the maximum and the minimum for a given insolation.
This means that the hysteresis effect becomes stronger when the
ocean memory is reduced—excluding oceanic memory as the
main cause of the hysteresis.

Atmospheric Memory and Bistability

Instead the memory originates from the accumulation of at-
mospheric water vapor during the monsoon season (Fig. 28
and ST Appendix, Fig. S16 as function of surface temperature).

Water vapor is drawn via the mainly ageostrophic winds from
the ocean and accumulates in the atmospheric column (Fig.
2D). When this atmospheric water vapor reservoir exceeds a
filling level of approx. 35 kg/m?, rainfall onsets (exceeding
0.2 mm/d, Fig. 3 and SI Appendix, Figs. S23 and S24). The
associated condensation releases latent heat which has been
shown to cause small-scale eddy motion within the atmospheric
column (32). The associated turbulent kinetic energy is then
cascaded down the Richardson cascade into small-scale molecular
motion and is thereby heating the atmospheric column (38).
The increased molecular motion leads to more collisions, more
repulsion between the molecules and a reduction of local pressure.
The resulting low pressure system draws winds from the ocean,
fueling the existing circulation (39-41). Although these processes
are partially parameterized in an atmospheric general circulation
model (28), the essence of the real world processes is captured by
the GFDL model.

The water vapor that is stored in the atmospheric column
is stabilizing the dynamics against synoptic mixing. The typical
time scale for synoptic variability is hours to days (39). By contrast
the export time scale for the water vapor within the atmospheric
column during the monsoon season is of the order of weeks. In
order to estimate this memory time scale of the water vapor within
the atmospheric column during the rainy period, simulations
were carried out in which the solar insolation was switched
abruptly to the region’s minimal value (327.8 W/m?, reached in
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Fig. 3. Quantification of the memory effect for August 1st. The dashed plots indicate the natural course of variables throughout the year, the red plot shows
the simulations adapted to study the memory effect. The vertical black line marks the time step of intervention. Panel (A): Insolation in 10 to 20°N develops
naturally until August 1st when we abruptly set the radiation to the regional minimum level of 327.8 W/m?2 (usually reached on December 21st). Panel (B):
There is no monsoon rainfall before its onset at the beginning of the season (pointed gray vertical line). The rainfall lasts until the timestep marked with a black
dashed vertical line. Panel (C): The water vapor (WVP) increases earlier than the rainfall and reaches a threshold of 35 kg/m2 (black horizontal dashed line) at
the timestep marked with a pointed gray vertical line. The blue dashed line marks the day when water vapor falls below 5 kg/mZ. The memory time span marks
the time period that the rainfall (B) and moisture content (C) sustains after interruption of solar radiation by a gray background.
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winter, Dec 21st) at different points during the simulation (Fig.
3 and SI Appendix, Figs. S23 and S24). The water vapor content
then declines to practically zero. The time period of the decline
depends on the amount of water vapor that was accumulated
and thereby the day within the season at which the insolation
was changed. If the switch occurs on Aug Ist, the decay time
scale of the water vapor is 57d (19d for rain). For a switch-off
on Sep Ist, this value reaches 58d (20d for rain) and remains
similar for Oct Ist at 66d (15 d for rain). The precise numbers
are subject to uncertainty as can be seen from the figures. They
are presented here as an estimate of the order of magnitude that is
also consistent with the amount of water vapor and its transport
by winds and mixing. Independent of the switch date, rainfall
stops when water vapor levels fall below 35 kg/m? (Fig. 3 and
SI Appendix, Figs. $23-S25).

As a consequence of this memory, the global atmosphere shows
two stable states under the same boundary conditions in the
region. Keeping the solar insolation constant at, for example,
427 W/m? in spring (Mar 25th) coming out of the winter yields
a stable global condition without monsoon rainfall (blue plot in
Fig. 4) that remains below 1 mm/d of rainfall for more than 9 mo
(A). It then stabilizes after 5 y at a level of about 5 mm/d (B) where
it remains stable for the rest of the simulation (C). This state is
qualitatively distinct from the situation when the solar insolation
is kept at the same value but coming out of the rainy season (Sep
9th). In this case, the rainfall stays well above 6 mm/d for the
initial 9 mo and then stabilizes at a level double of the blue curve
at 10 mm/d (red lines in Fig. 4). These two states remain stable
for the entire simulation time of 60 y. A five-member ensemble of
equivalent simulations with different initial conditions shows the
robustness of the bistability (Fig. 4 and ST Appendix, Fig. S27 for

individual ensemble members with the original time resolution).

Discussion and Conclusion

The monsoon hysteresis and its associated bistability in this
study reveal an atmospheric memory that sustains monsoon
circulations: The atmospheric column acts as a reservoir for water

vapor that is filled from February onward. As soon as a threshold
of approx. 35 kg/m? is reached, the rainfall onset occurs (defined
as exceeding 1 mm/d) and sustains the circulation by latent heat
release. During the active season, rainfall scales linearly with the
amount of accumulated water vapor. When the solar radiation
as the external forcing is reduced to its annual minimum in the
region, the reservoir stabilizes the rainfall until the reservoir level
falls below the threshold of approx. 35 kg/m?. This threshold
dynamics is consistent with reanalysis data from the Indian
Monsoon. But the approximate threshold is lower (daily data:
approx. 29 kg/mz; see SI Appendix, Fig. S28; monthly data:
approx. 22 kg/m?; see SI Appendix, Fig. S29 in comparison with
ref. 42). The resulting memory of precipitation is of the order of
several weeks (in our simulations between 8 and 10 wk) exceeding
the memory of convection that was quantified to be hours to days
and synoptic scale variability (43).

As a result, similar to the Greenland ice sheet which is too
massive to be melted down in one summer, the atmospheric
moisture accumulation during the rainy season in India prevents
small-scale weather systems including dry spills to extinguish the
monsoon system between July and September. The end of the
rainy season occurs when the solar insolation is so weak that
the relative cooling that is generated by the approaching winter is
stronger than the latent heating from the condensation (Fig. 2D).

While the model setup with simplified topography and an
atmospheric general circulation model coupled to a slab ocean
enables us to isolate and systematically study the memory effect,
it also has the disadvantage that it limits the transferability of the
findings to the real world. In order to bridge this gap between the
idealized Monsoon Planet setup to a more realistic representation
of the real world, we replaced the oceanic model component with
the oceanic general circulation model, MOM-5, and introduced
a realistic topography. While computational constraints inhibit a
full investigation of the bistability, we find the monsoon hysteresis
unchanged (87 Appendix, Fig. S30) and thereby consistent with
both the observations and the idealized simulations.

In conclusion, our simulations strongly suggest that monsoon
systems undergo abrupt transitions tipping points between two
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Fig. 4. Bistability of monsoon rainfall: Two stable states for 427 W/m?2 depending on the previous conditions of the system are possible. The state coming
from winter conditions is shown in blue, the state starting in summer in red. We perform simulations in which the solar insolation develops naturally until
25th March (vertical blue line) when 427 W/m? is reached in the monsoon region (10 to 20°N). After this date, we keep solar radiation constant at 427 W/m?2
(blue). In another set of simulations, we let the radiation develop until 427 W/m? on 9th September (vertical red line) and keep it constant afterward (red). See
Sl Appendix, Fig. S26 for an illustration of the procedure. The black dashed plot in panel (A) marks the undisturbed rainfall throughout the year. Depending on
the previous state, two equilibrium states are possible for monsoon rainfall as shown in Panels (A-C) for different time periods: Panel (A) shows daily data for
the first year, panel (B) shows the monthly averages of these simulations continued with the solar radiation of 427 W/m< over a period of 60 mo and panel (C)
over 350 mo. The time series have been smoothened by singular spectrum analysis with a window size of 10d (A) and 10mo (B and C). The vertical dashed
green lines in panel (B) (panel C) mark the end of the time window shown in panel (4) (panel B). An ensemble of five simulations with varying initial conditions
are shown. The individual ensemble members in model resolution are presented in S/ Appendix, Fig. S27.
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stable states every year. These transitions are forced by the varying
solar insolation. The observed hysteresis (Fig. 1) is thus not an
inert response of a monostable system but is the expression of an
underlying bistability. In contrast to other systems such as the
Greenland or Antarctic ice sheets, the threshold for monsoon
systems can thus be analyzed using observational data, since
it is being crossed annually. This yields the possibility that a
change in environmental conditions, such as a further increase in
atmospheric greenhouse gas concentrations or aerosol loading of
the atmosphere, may push monsoon system across a dynamical
tipping point (44) and, potentially leading to the cessation of
existing monsoon systems or the onset of new ones.

Methods

Climate Data. We use data from the Clouds and the Earth's Radiant Energy
System (CERES) Energy Balanced and Filled top-of-atmosphere, Edition 4.2
project whose instruments fly on the Terra, Aqua, Suomi National Polar-Orbiting
Partnership, and NOAA-20 satellites (45) with 1° x 1° monthly resolution for
incoming solar radiation. One of the central goals of CERES is to produce a long-
term, integrated global climate data record for detecting decadal changes in the
Earth radiation budget from the surface to the Top of Atmosphere together with
the associated cloud and aerosol properties (45). In addition, we use monthly
1° x 1° rainfall data from the Global Precipitation Climatology Centre (GPCC)
(46).The dataare based onapprox. 86,000 stations world-wide thatfeature record
duration of 10 y or longer. For surface temperature, we use monthly land surface
temperature from MODIS (Moderate resolution Infra-red Spectroradiometer) on
Terra, level 3 collated (L3C) global product (2000-2018), version 3.0 from the
European Space Agency Climate Change Initiative (47). The original resolution
is 0.01° and we use conservative remapping to obtain a 1° x 1° resolution.
We use the daytime temperatures corresponding to the morning Terra equator
crossing times at 10:30 local solar time. Small gaps in the data can occur close to
the equator where the surface is not covered by the satellite swath on that day or
globally when clouds are present since the IR radiometer will observe the cloud
top that is usually much colder than the surface. We use data for 2001-2019
for figures including shortwave radiation and 2001-2018 for figures including
surface temperature due to shorter data availability.

Monsoon Planet Model Configuration.The implemented atmospheric
model GFDL-AM2 was created by GFDL to realistically simulate the dynamic,
thermodynamic, and radiative components of the climate system (28). The
primitive equations are solved on the sphere with Earth’s radius (28, 48). The
horizontal grid resolution is 2° latitude x 2.5° longitude (28, 48), while the
hybrid vertical grid consist of with 24 vertical levels ranging from 30 m above the
surface to 3 hPa. The vertical resolution is decreasing toward higher altitudes.
Advective and physics time steps are 10 min and 0.5 h (28), for atmospheric
radiation 3 h time steps are chosen in order to include a diurnal cycle (48). In
our setup, we choose preindustrial conditions (atmospheric CO, of 280 ppm,
1,361 W/m—2) and exclude aerosols.

The atmosphere is coupled to a “slab-type” ocean model meaning that the
ocean is represented by a horizontal grid of “slabs” of uniform depth (49). There
is no interaction between the grid points, e.g. no ocean dynamics as currents,
but the sea surface temperature at each grid point is resulting from the heat
exchange across the air-sea and ocean-sea ice interfaces. The sea-ice model
(50) is also run in “slab mode." The land is simulated with the land dynamics
module LaD (51). Grassland with an albedo of 18.2 per cent is implemented as
uniform vegetation type. The orography of these stripes is chosen to be without
elevation. The implemented land dynamics module LaD (51) is based on the
early model development of ref. 52, who simulates the continents as boxes
with limited water storage. In the LaD module, additional physical processes
are included as more complex representation of energy (e.g. sensible heat
storage) and water storage (snowpack, root-zone water, and groundwater) (51).
In the land model, a rudimentary runoff-routing scheme is implemented that
transports water immediately to the closest ocean cell. Further information on
the model configuration can be found in ref. 36.
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Monsoon on the Monsoon Planet. The oscillation of the solar zenith
angle between 23.5°S (December solstice) and 23.5°N (June solstice) forces
changes in the surface temperature that is responding with a notable delay
(SI Appendix, Fig. S20). This delay is particularly pronounced over oceanic
regions due to distinct thermal properties. These characteristics of land and water
also give rise to an asymmetric surface temperature distribution in the annual
cycle. While areas strongly influenced by solar radiation during the Northern
Hemisphere summer extend up to 60°N over land, comparable temperatures
are only achieved up to 30°S over ocean during the Southern Hemisphere
summer(S/Appendix, Fig. S18). Besides, the cooling impact of monsoon rainfall
becomes evident north of the coast following the onset of the monsoon in June
(51 Appendix, Fig. S19).

The surface temperature distribution shapes the formation of the associated
high and low pressure systems. The low pressure area in tropical latitudes, the
Inter-Tropical Convergence Zone, expands further poleward over land compared
to the ocean on the Monsoon Planet-in line with real world observations. During
the NH summer season, the warm rising air in the area of maximum surface
temperature creates a substantial zone of low pressure over land, while a zone of
relative high pressure over the tropical ocean south of the land forms. The surface
pressure gradient translates in meridional surface winds from the high pressure
region in the tropical ocean coastward. Arriving over the warmed land surface,
the temperature of the moisture carrying air increases and rises, resulting in
convective rainfall (S/ Appendix, Fig. S8). Itisimportant to note however, that the
temperature gradient is strongest in May before the onset of the monsoon (S/
Appendix, Fig. S9). During the winter months, these winds turn in the opposing
direction toward the ocean-following the underlying surface pressure pattern (S/
Appendix, Figs. 521 and S22). Given these changes in wind direction associated
with different rainfall regimes, these dynamics classify as monsoon systems. The
corresponding rainfall maximum over land (up to 12 mm/d) is referred to as
summer monsoon reaching up to 25°N.

During the summer monsoon, a bimodality emerges in the rainfall
distribution: While the meridional rainfall distribution is unimodal during the
first months of the year, the originally single maximum begins to split in
April, finally resulting in a clear bimodal rainfall distribution between June to
September. One peak of the rainfall distribution is located over land, while the
other rainfall maximum is located over the tropical ocean.

Theaverage globalannual rainfallis807.6 mm.The global meantemperature
on the Monsoon Planet is 16.8 °C. From November to June, there is sea ice
on the polar regions of the NH extending up to 60°N. From July to November
there is sea ice on the SH extending also up to 60°S. The north of the land stripe
(50 to 60°N) is seasonally covered with snow from October to April.

Robustness of Seasonal Hysteresis. We also analyze the hysteresis in
simulations with varying solar insolation, carbon dioxide concentration, sulfate
aerosol concentration as well as land albedo. The results show that the hysteresis
is robust regarding changes in the baseline configuration that we use in this
study. The memory effect varies depending on the underlying configuration
and is particularly related to the global mean temperature: An increase in the
global mean temperature strengthens the hysteresis and its memory effect.
Higher temperatures increase evaporation over ocean, thus the water vapor
availability increases. Besides, a warmer atmosphere is able to hold more
moisture following the Clausius-Clapeyron relation. If the incoming radiation
increases, also the temperature gradient between land and ocean strengthens
the moisture transport from ocean toward land and reduces a barrier at the coast
that can block moist surface winds (36). As a result, the availability, transport,
and reservoir capacity of water vapor increases resulting in a stronger memory
capacity of the system. Therefore, an increase of solar radiation increases the
hysteresis (SIAppendix, Fig. S10). Anincrease of carbon dioxide and a decrease of
aerosols have a similar effect (S/ Appendix, Figs. S11 and $12). When increasing
the surface albedo, the share of reflected radiation increases, while the absorbed
radiation decreases. Thus, the surface warms comparatively less, reducing the
monsoon-fueling effect of the low pressure system attracting moisture carrying
windsfrom the ocean and finally reducing the hysteresis (S/ Appendix, Fig. $13).

Data, Materials, and Software Availability. All model code used in this
study is publicly available. The source code and example datasets for
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the AM2 atmosphere model, the FMS coupler, and the LaD land model
are available via the MOMS5 Github repository (53). The code for the
slab ocean model is also available on github (54). The codes required
for producing the figures are available at https://doi.org/10.5281/zenodo.
15260911 (55), and the relevant simulation data can be downloaded
from https://doi.org/10.5281/zen0do.15260966 (56). The real-world climate
data used in this study are publicly available from the references in the
according subsection. All other data are included in the manuscript and/or
Sl Appendix.
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Supplementary Figures
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Figure S1: Hysteresis of observed Indian Monsoon over larger underlying region. As in
Fig. 1 but for a larger region over India including adjacent ocean regions. The hysteresis also
sustains when the region underlying the analysis is varied or enlarged.
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Figure S2: General characteristics of the Indian Monsoon throughout the year. Climate
Data Source: TERRA MODIS for surface temperature, GPCC for rainfall, CERES for radiation,
see SI. Monthly averages from 18 years are shown. Underlying region over Central India is 17-
26 °N and 76-82°E.
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Figure S3: Hysteresis in further observed monsoon systems. As in Fig. 1 but for the West

African, North American and South American monsoon. Underlying regions are shown in Fig.
S4.
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Figure S4: Areas of regional monsoon systems. Regional monsoon areas as used for Fig. 1 and
S3 including the North American Monsoon (20-30°N, 110-100°W), South American Monsoon
(5-20°S, 40-70°W), West African Monsoon (2-17°N, 15°W -18°E), Monsoon over the Bay of
Bengal (10-35°N, 75-105°E), the East Asian Monsoon (20-37°N, 95-120°E) and the Australian
Monsoon (10-20°S, 115-150°E). The results are robust regarding variations of the underlying
region.
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Figure S5: Observed seasonal monsoon hysteresis in India depending on surface temper-
ature. As in Fig. 1 but in dependance of surface temperature. Climate Data Source: TERRA
MODIS for surface temperature, GPCC for rainfall, see SI. Monthly data for 2001-2018 is
shown.
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Figure S6: Monsoon Planet - Model Setup. Aquaplanet with circumglobal landstripe ranging
from 10 to 60°N of uniform altitude, vegetation type (grassland) and albedo (18.2 per cent).
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Figure S7: Meridional profile of solar forcing for two dates. The incoming shortwave solar
radiation for two dates is shown. The dates are chosen such that the average radiation over
the red marked monsoon region is the same. The vertical dashed line marks the equator, the
continuous line indicates the location of land.
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Figure S8: Meridional monsoon circulation on the Monsoon Planet. The continuous hori-
zontal line marks the location of land, the horizontal dashed line indicates the equator. August
as examplary monsoon month with the zenith angle over the Nothern Hemisphere (marked by
sun symbol) is shown. The summer solar insolation warms the land (panel A) and creates a low
pressure system over land attracting moisture carrying winds from the ocean (panel B). These
winds rise when they reach land and result in convective rainfall over land (panel C). Given its
seasonality, this classifies as monsoon rainfall (shaded in red). The meridional rainfall distribu-
tions (panel D) is bimodal during the monsoon season.



G —_
o 10- o
:
C

¢ 5l S
Q —
= ©
o ‘c
@ 0 ©
>

] [
E (@)
2 -5 >
- o
CHE =
_10_

Months
Slab Depths

—— 50m ---- 100m —— 200m e 500m

Figure S9: Surface temperature gradient and Monsoon rainfall throughout the year for
different slab depths. The temperature difference is calculated as land (10-20°N) minus adja-
cent ocean (0-10°N) temperature. The 20-years monthly averages are shown.



% 124 A. ’% 121 B.
k) k)
E 10 E 10
= 87 = 87
N &
£ 6 £ 61
© ©
o o
c 47 c 41
o o
2 2
S 21 g 21
= 0 = 0

300 350 400 450 0 10 20 30 40

Solar Radiation (W/m?2) Surface Temperature (°C)

T |c t |D.
g 80 g‘ 80
= =
% 60 - 42 60 -
S S
§ 401 ‘g 40+ Solar Radiation (W/m?)
> 201 > 201 —— 1300
(0] [0
= = — 1340
= 01 EEE —— 1400

300 350 400 450 0 10 20 30 40

Solar Radiation (W/m?) Surface Temperature (°C)
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Figure S17: Monsoon rainfall depending on its upper (solar radiation) and lower (surface
temperature) boundary conditions. The 10-years average of daily data smoothened by sin-
gular spectrum analysis is shown. Colors and markers as in Fig. 2A. Results for the monsoon
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see data availability statement.
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Figure S24: Quantification of the memory effect for October 1st. As in Fig. 3 but for October

1st.
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Figure S25: Relationship between monsoon rainfall and water vapor (WVP). Daily Mon-
soon Planet data for the monsoon region 10-20°N are shown. A water vapor level of approx.
35 kg/m? (dashed vertical line) is needed for active monsoon rainfall. Plot is based on the 500
simulation days in Fig. 3, S23, S24.
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out of 5 ensemble members is presented. Daily data has been smoothened by singular spectrum
analysis of window size 20.
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Figure S27: Ensemble of two bistability simulations. The ensemble of two simulations with
varying initial conditions shows the same bistability behaviour underlying its robustness. Pro-
cedure and presentation as in Fig. 2B, but without any smoothening.
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Figure S28: Relationship between monsoon rainfall and water vapor content in reanalysis
data. In the reanalysis data, approx. 29 kg/m? of water vapour content are necessary for rainfall
to occur, as marked with the black dashed line. The gray line marks the threshold as found in
the Monsoon Planet setup. Data source: One year of daily ERAS reanalysis data averaged over
Central India (10-20°N, 76-82°E).
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Figure S29: Relationship between monsoon rainfall and water vapor content in reanalysis
data. As in Fig. S28, but for monthly averaged data over 10 years. Compare also to analysis
in (7).
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Figure S30: Hysteresis in simulations with realistic topography and full ocean module.
The gray lines show 10 years of monthly data in gray, the monthly means are shown in black.
The red triangle marks January and indicates the direction of progression of year, the red circle
marks July. The hysteresis also sustains for this more realistic model setup.

30



104 — Observations
- Model
—— Theory
—— Theory with delay
—~ 8-
>
©
3
£
S
— 64
8
c
‘©
o
& 4+
o
%)
C
[e]
=
2 -
0- — —7 P |

300 325 350 375 400 425 450
Solar Radiation (W/m?)

Figure S31: Hysteresis based on minimalistic theory in comparison with model and ob-
servation based hysteresis. As in Fig. 2 but including the hysteresis based on conceptual
considerations as introduced in the SI.
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Minimalistic model that shows seasonal monsoon hysteresis

Although the monsoon dynamics is obviously complex, the bistability and associated hysteresis
behaviour can be reproduced in a very simple four equation model of the atmospheric column.
To this end, we chose, out of the different equivalent formulations of atmospheric thermody-
namics (entropy, moist static energy, enthalpy and the like), a potential energy- and moisture
representation. The reason is that we adopt a large scale perspective of the atmospheric column.
It has been shown that the release of latent heat from condensation of water vapor directly re-
sults in meso-scale eddy motion which is often capture in a term called turbulent kinetic energy
(TKE) and not into large scale advective motion (2). The turbulent kinetic energy however is
transported along the turbulent Richardson cascade into smaller and smaller scales and eventu-
ally into the molecular scale were it becomes heat.

Consider the energy balance of the atmospheric land column (with average temperature 77,)
for a fixed temperature of the atmospheric column over ocean Tp, formulated in terms of the

land-ocean temperature difference within the atmosphere AT =T, — T

dT dAT
HDch-d—tL:HDLCP-T:DL-R+DL-£P—HLCP-W-AT (1)

where the right-hand side describes the temporal change in inner energy of the atmospheric
column over land. H refers to the vertical extent of the lower troposphere, L and D to the
horizontal scales of the region of precipitation. The constant ¢, is the volumetric heat capacity
of air at constant pressure and the constant £ is the latent heat of condensation. R denotes the
net solar radiation into the atmospheric column, W the landward mean wind and P precipitation.
Since it is assumed that the atmospheric temperature over the ocean is held constant by the large
heat capacity of water, the temperature change over land is equal to H D Lc,-dAT/dt. The three
terms on the right-hand side represent the net radiation contribution, the latent heat release and

heat divergence.
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The net radiation from the atmospheric land column is given by the solar insolation at the
top of the atmosphere R,,; and the Stefan-Boltzmann law linearized around a base temperature

T'p (temperature of the atmospheric column)
R = R — Rygse — 40T5AT = R, — TAT )

with the constant background heat radiation back to space Ryuse = 0T é and R,(t) = Rsy —
Ryase Which can be time dependent if the solar insolation is and the abbreviation I' = 40T

base*

In the idealized model we choose
Rsol = Rsol,base + Rsol,amp - 8in (Rsol,f'req : t) (3)

We further assume ageostrophic monsoon winds proportional to the atmospheric tempera-

ture difference between land and ocean
W = AT 4)

The qualitative behaviour of the conceptual model is already captured using the assumption of
instantaneous adjustment of winds to the temperature difference. Alternatively one can assume
an adjustment over a period 7y and replace the diagnostic equation (4) by a prognostic equation

for the winds:
dW B aAT — W

5
dt T™wW ( )
This equation was used with a parameter 7,y = 2 days to obtain the red curve in Fig. S31.
The moisture balance of the atmospheric land column is
dqr, .
HDLpa"Le = HLps- W - (40— qu) = DL - P ()

with the mean air density p, , and the specific humidity over land and ocean ¢, and go.

The rainfall is assumed to be proportional to the atmospheric moisture content over land

P = fBqr (7)
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Alternatively one can also assume an adjustment over a period 7p and replace the diagnostic
equation (7) by a prognostic equation for the precipitation:

dP —P

am Baw 8)
dt Tp

This equation was used with a parameter 7p = 1 hour to obtain the red curve in Fig. S31. The

specific implemented values can be found in Table 1.

For convenience define the constants

ATp = Hif@, )
Ro =T - ATy, (10)
Po = 8- qo, (11)
and
Ry = 6‘;@1 (12)

This allows an easy transformation between a temperature- and a precipitation formulation

of the equilibrium problem (as defined by setting all time derivatives to zero), via

AT

P:AT+ATO'

Po (13)

The two transition points of the hysteresis can be approximated from the steady state equa-
tions, i.e. by setting equations (1) and (6) to zero, since the equilibration times for these equa-
tions are much faster than the change in the solar forcing. Combining the above relations yields

the governing equations
AAT? + (AATH +T) AT? + (TATp — LPo — R,) AT — R,ATp =0 (14)

with the abbreviation A = .- H/D. The right transition point, denoted as R, is reached when

the temperature difference transitions into negative values, i.e. at AT = 0, which means that
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R, = 0 and thus,
Rsol - Rbase (15)

The left transition point is given as the critical point of the relation R (AT') as defined intrinsi-
cally by equation (16). Alternatively it can be derived from the P-formulation of the problem in
equation (17).

This conceptual model shows the same hysteresis behaviour as the observations and numeri-
cal model results (green curve in Fig. S31). These equations complement an earlier equilibrium
consideration (3) with the atmospheric long-wave radiations feedback. Allowing for inertia in
the dynamic adjustment between the temperature difference and the winds as well as for a pos-
sible thermodynamic inertia between moisture accumulation and condensation, yields a slightly
smoother transition towards the off-state as is found in observations and the atmospheric gen-

eral circulation model (red curve in Fig. S31)

The essence of the moisture-advection feedback is captured in this model. In order to ac-
count for potential temporal processes for the wind to adjust to a changing temperature differ-
ence or the precipitation emerging from a given atmospheric moisture content, equations (4)
and (7) can be replaced by equations (5) and (8) with adjustment time scales 7y and 7p, re-
spectively. The python scripts for both models with and without time delay are available at

https://github.com/ALevermann/MonsoonHysteresis .

Combining the energy- and the moisture balance of the atmospheric land column with the
assumption that the monsoon winds are proportional to the temperature difference between at-
mospheric land and ocean columns and that the precipitation is proportional to the atmospheric
moisture, yields a cubic polynomial in the precipitation P as a function of the solar insolation

R for the non-dimensionalized precipitation p.
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Variable Value/Description

Cp 1,295 Jm 3 K1

H 15,000 m

D 2,725m

L 2.6 x10°Jkg~!

«Q 0.6msTK~!
8 0.8 x (2008 g 25!
oA 1.24 x 103 kgm ™3

qo 5.1 x 1073 kg kg™?

Py Bxqokgm 257!

To 5 K above Tiee
Rsol,base 380 W m_2
Rsol,amp T0W m™2
Riol, freq 27 /(365 * 24 % 60 * 60s)

Rsol Rsol,base + Rsolﬁmp Sin(Rsoljreqt)

o 5.670374419 x 108 Wm 2 K4
Thase 293 K
r 40T§’ase
Rout,base O-T};lase

Rout Rout,base + FTO

Tw 2 days

TP 1 hour

Table 1: Overview of implemented values

pPP+p’—(y-r=0p+r=0 (16)

(LP+R,)-(Po—P)*=RoP-(Po—P)+ Ry-P?, VP < Pp (17)

with parameters Ro, R;, and Py and the latent heat of condensation £ = 2.6 - 10°J/kg.
R denotes the net solar radiation into the atmospheric column which is negative in monsoon
regions (See Fig. 2 in (3) for observations, Fig. 5 in (4) for the Monsoon Planet). If monsoon
systems around the world follow this kind of dynamics they would be so-called tipping elements

of the climate system, both in the origional quantitative definition of the word (5) and under the
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dynamical definition (6) that has been adapted more recently on a broader scale (7).

Other Supplementary Material

The upper and lower panel of Fig. S15 are individually available as dynamic gifs with vary up-
per (solar radiation) and lower boundary conditions (surface temperature). For specific bound-
ary conditions, the different rainfall regimes and associated dates are shown. Fig. S17 is avail-

able as interactive version, see Data Availability Statement.
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