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ABSTRACT: Monsoon systems transport water and energy across the globe, making them a central component of the
global circulation system. Changes in different forcing parameters have the potential to fundamentally change the monsoon
characteristics as indicated in various paleoclimatic records. Here, we use the Atmosphere Model developed at the Geo-
physical Fluid Dynamics Laboratory (GFDL-AM2) and couple it with a slab ocean in order to analyze the monsoon’s sen-
sitivity to changes in different parameters on a planet with idealized topography (varying land position, slab depth,
atmospheric CO2 concentration, solar radiation, sulfate aerosol concentration, and surface albedo). This Monsoon Planet
concept of an aquaplanet with a broad zonal land stripe allows us to reduce the influence of topography and to access the
relevant meridional monsoon dynamics. In simulations with monsoon dynamics, a bimodal rainfall distribution develops
during the monsoon months with one maximum over the tropical ocean and the other one over land. The intensity and ex-
tent of the monsoon depend on the relative height of a local maximum in the surface pressure field that is acting as a bar-
rier and is determining the coastward moisture transport. Changes in the barrier height occur during the course of one year
but can also be induced when varying different parameters in the sensitivity analysis (e.g., the increase of atmospheric CO2

reduces the barrier height, resulting in an increase of rainfall, while aerosols have the opposing effect). This bimodal
rainfall structure separated by a pressure barrier is also present in reanalysis data of the West African monsoon.

SIGNIFICANCE STATEMENT: Monsoon rainfall directly impacts the livelihood of millions of individuals in the
tropics. Because monsoons transport energy and water around the globe, their influence reaches far beyond the tropics,
and changes in their dynamics affect the climate both locally and globally. The individual monsoon systems are subject
to various forcing factors that determine the monsoon characteristics in partly opposing ways. Here, we implement a
model setup of the Monsoon Planet to study the monsoon’s sensitivity to various forcings in a simplified design, allow-
ing us to gain new insights into monsoon dynamics. We find that a local maximum in the pressure field is acting as a
barrier for moisture transport and thus determines the monsoon characteristics over land.
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1. Introduction

Monsoon systems can be found in various regions within
the tropics and are defined as regions where the prevailing
wind directions change at least 1208 between the seasons asso-
ciated with opposite states of humidity, cloudiness, and pre-
cipitation regimes (Ramage 1971; Hartmann 2016). Recently,
the monsoon concept has been expanded from individually
studied monsoon systems toward the concept of a global mon-
soon (Wang and Ding 2008), strengthening the understanding
of the monsoon in the context of the global atmospheric circu-
lation: As large-scale circulation, the monsoon is a central
transport mechanism for water and energy across the globe
thereby expanding the monsoon’s importance toward regions

outside the tropics. Therefore, monsoons directly affect the
livelihoods of two-thirds of the world’s population (Moon and
Ha 2020).

The first to propose a scientific theory of the monsoon
based on the differential heating of land and ocean was Ed-
mond Halley in 1686 (Halley 1686). His theory was modified
in 1735 by George Hadley, who also considered the Coriolis
force to be an integral component of monsoon dynamics
(Hadley 1735). Further substantial progress has been made
particularly since the 1960s (Ding et al. 2015), for example re-
garding the annual cycle (onset, withdrawal, and active–break
cycles), the intraseasonal, interannual, and interdecadal vari-
ability, large-scale physical processes, the monsoon’s relation-
ship with sea surface temperatures, and the energy and water
budget (Ding 2007). Another aspect that was studied in recent
decades is the monsoon characteristics under changing anthro-
pogenic driving forces, including the direct effects of greenhouse
gas emissions and sulfate aerosols, as well as the indirect effects
of changing ocean and land temperatures under global warming
(Kitoh et al. 1997; Zhou et al. 2008; Bollasina et al. 2011; Cherchi
et al. 2011; Lee and Wang 2014; An et al. 2015; Sarangi et al.
2018; Seth et al. 2019; Wang et al. 2020; Katzenberger et al. 2021,
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2022b; Kripalani et al. 2022; Zhao and Kellogg 1988; Meehl and
Washington 1993; Ha et al. 2020; Almazroui et al. 2020; Chen
et al. 2020; Moon and Ha 2020). Nevertheless, the mechanisms
responsible for monsoon development remain poorly under-
stood (Bordoni and Schneider 2008).

Different methodical approaches are used to gain further
understanding of the monsoon’s sensitivity to changes in the
underlying forcings. Paleoclimatic studies covering the last
252 kyr have revealed that the large-scale meridional temper-
ature gradient and the related position of the intertropical
convergence zone shape central monsoon characteristics
(Mohtadi et al. 2016; Cai et al. 2015). This temperature gradi-
ent is sensitive to various types of forcing, as paleoclimatic ev-
idence in their study shows, including orbital forcing, changes
in atmospheric concentration of greenhouse gases, or land-
cover changes (Mohtadi et al. 2016; Prell and Kutzbach 1987;
Wang et al. 2008).

Another important tool to study Earth’s hydrological cycle
and its sensitivity to forcings is the concept of aquaplanets
(Hess et al. 1993; Smith et al. 2006; Marshall et al. 2007). Such
water-covered planet setups are suitable to analyze the annual
changes in tropical precipitation following the zenith of the
solar insolation: When the ITCZ moves northward (south-
ward) during NH (SH) summer following the seasonal changes
in insolation, the Hadley cell and its ascending branch with
the corresponding rainfall maximum establishes the charac-
teristic monsoon dynamics northward (southward) of the
equator. In addition to this maximum, a second maximum of
precipitation evolves during July–September close to the
equator in aquaplanet simulations (Lobo and Bordoni 2020;
Hui and Bordoni 2021). Nevertheless, aquaplanets omit the
role of land and therefore cannot be used to study monsoon
rainfall over land.

Therefore, the concept of the aquaplanet was expanded by
introducing rectangular-shaped continents, including rectan-
gularly simplified continents, rectangular continents, and land
stripes spanning the globe in specific latitudes, in order to
study the effect of the land–sea geometry on monsoon circula-
tions (Dirmeyer 1998; Xie and Saiki 1999; Chou et al. 2001;
Zhou and Xie 2018; Hui and Bordoni 2021). Xie and Saiki
(1999) simplify the form of the Asian continent through rect-
angular shapes and use a general circulation model to set fo-
cus on the abrupt monsoon onset. Another modeling effort
using a rectangular tropical continent (308S–308N, 08–458E) is
the Tropical Rain belts with an Annual cycle and a Continent
Model Intercomparison Project (TRACMIP), which aims at
studying the dynamics of tropical rain belts and their response to
past and future radiative forcings (Voigt et al. 2016). Dirmeyer
(1998) uses an atmospheric general circulation model and exam-
ines the effect of different rectangular land distributions on mon-
soon rainfall. The focus in that study is on the effect of the
latitude of continental coastlines, the meridional and zonal extent
of continents, the shape of continents, and the presence of orogra-
phy on circulation in the tropics and subtropics. The author found
that the extension of a subtropical continent into the tropics is
critical for establishing heavy convective rainfall over land during
the summer season.

A more recent approach has added further insight to this
question of which land location is necessary for monsoon dy-
namics: Hui and Bordoni (2021) use a simplified ESM based
on the Geophysical Fluid Dynamics Laboratory’s (GFDL)
Flexible Modeling System (FMS) to simulate a zonally sym-
metric continent with an equatorward coastline at 08, 108, 208,
308, and 408N and combine it with a slab ocean in order to bet-
ter understand the seasonal structure of the monsoon, particu-
larly the seasonal transition to an active monsoon state. The
“land” is implemented as a hemispheric asymmetry in the
mixed layer depth (thus land and ocean only differ by differ-
ent mixed layer depths of two order of magnitudes). Only in
simulations in which the continents extend to tropical lati-
tudes (08, 108, 208N) does the maximum of near-surface moist
static energy rapidly transit into the subtropics and with it the
ascending branch of the Hadley circulation that can transition
into an angular momentum–conserving monsoon regime by
allowing internal dynamical feedbacks to operate and shape
the response to the smooth insolation into a rapid onset dy-
namics. Zhou and Xie (2018) set the focus on the hierarchy of
various existing setups of idealized monsoon studies by order-
ing the existing aquaplanet and stripe planet setups by com-
plexity, from aquaplanets over a uniform slab ocean to a
subtropical continent that is zonally confined up to a zonally
symmetric continent. Besides the monsoon’s sensitivity to dif-
ferent land geometry, their study covers the monsoon’s re-
sponse to varying slab ocean depths in an aquaplanet setup,
land albedo effects, and the role of ocean heat flux. The par-
ticular focus of their study is the basic understanding of the
distribution of the surface equivalent potential temperature,
which proves to provide a general guide to monsoon rainfall.
However, the theory remains diagnostic given that the
dynamics determining the distribution is not yet understood
(Zhou and Xie 2018). This is in line with Bony et al. (2015),
who identified the question of what determines the strength
and variability of tropical rainfall as one out of four major
challenges in climate science.

In our study, we use an aquaplanet with a zonally symmet-
ric circumglobal land stripe and focus on the land stripe posi-
tion with an equatorward coastline in the tropics such that the
development of monsoon dynamics is possible (Dirmeyer
1998; Zhou and Xie 2018; Hui and Bordoni 2021). Zooming
in further compared to previous studies, as much as the 28 lati-
tude grid permits, we find that the clearest monsoon dynamics
develop for setups with equatorward coastline locations at
108N, which overlaps with the approximated coast locations
of the most rainfall intense real world monsoon systems. Ad-
ditionally, we choose the stripe’s poleward coastline to be at
608N inspired by real-world topography. We comprise these
setups in the “Monsoon Planet” enabling us to study idealized
monsoon dynamics independent of zonal effects. In general,
our work complements that of Hui and Bordoni (2021) with
some minor differences in the setup. While the study of Hui
and Bordoni (2021) uses comparable stripe locations, the un-
derlying model configuration differs in complexity: they use
the simplified approach of modeling land as ocean cells with a
reduced mixed layer depth. Therefore, land and ocean have
the same albedo. Here, we couple our model with the LaD
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land module and include a river routing scheme transporting
water to the closest ocean cell. In contrast to Hui and Bordoni
(2021), land and ocean therefore have a different albedo. In
the context of the sensitivity analysis, we also analyze the
effect of different land albedo values. In the GFDL-AM2 ver-
sion that we used for our study, also more complex and realis-
tic physical processes are implemented, such as regarding
radiative processes or advection.

While studies with idealized topography have so far mainly
focused on the effect of land–sea geometry on the develop-
ment of monsoon systems, we put the focus of this study on
the mechanism of the monsoon development, the possibility
of its abrupt emergence, and the sensitivity of the monsoon’s
rainfall intensity to various forcings, such as changes in carbon
dioxide, the solar constant, sulfate aerosols, and surface al-
bedo. To the best of our knowledge, this is the first study
bringing together the simplified topographical conditions of
an idealized monsoon setup and a comprehensive sensitivity
study. For this purpose, we analyze 53 simulations with differ-
ent Monsoon Planet configurations and one aquaplanet simu-
lation. Our analysis focuses on core monsoon characteristics,
such as the Hadley cell expansion, the ITCZ location, the
monsoon intensity, and the meridional extent of the monsoon
as well as the onset and retreat. A special focus is set on the
bimodal distribution of the rainfall distribution that is present
in simulations with monsoon rainfall. In this context, it is dis-
cussed in which way a local pressure maximum in the coastal
area determines the monsoon characteristics.

In section 2, we provide a description of the GFDL-AM2
model and establish the setup of the Monsoon Planet. We
also analyze the model’s capacity for reproducing monsoon
dynamics on real world topography. In section 3, an overview
of the general characteristics of the Monsoon Planet setup is
given and the role of the moisture–advection feedback is dis-
cussed. The local maximum in the surface pressure field that
is acting as a moisture barrier and creating a bimodal rainfall
distribution is introduced. In section 3, we provide the results
of the sensitivity analysis before, finally, discussing the results
and concluding in sections 4 and 5.

2. Modeling a Monsoon Planet

a. Model description

We use the atmospheric component GFDL-AM2 of the
general circulation model that is developed at the Geophysi-
cal Fluid Dynamics Laboratory (GFDL) of the National
Oceanic and Atmospheric Administration (NOAA). The
main aim in the development process was to create a model
with realistic representation of the dynamic, thermodynamic
and radiative components of the climate system (Anderson
et al. 2004). It solves the primitive equations on the sphere
with Earth’s radius. A hydrostatic, finite-volume dynamical
core is used (Anderson et al. 2004; Delworth et al. 2006).
Further information can be found in the supplemental
material.

For the horizontal grid a resolution of 28 latitude3 2.58 lon-
gitude is used, and quantities are evaluated in a staggered

Arakawa B grid (either at the grid center or at the grid cor-
ners; Arakawa and Lamb 1977; Anderson et al. 2004). For the
vertical grid, a hybrid coordinate grid with 24 vertical levels is
implemented. The lowest model level starts about 30 m above
the surface and the top level is at about 3 hPa. The vertical res-
olution is decreasing toward higher altitudes. Advective and
physics time steps are 10 min and 0.5 h (Anderson et al. 2004),
and for atmospheric radiation 3-h time steps are used in order
to include a diurnal cycle (Delworth et al. 2006).

Since the clear focus in this study is on atmospheric pro-
cesses, we decided to not use a computationally intensive
ocean general circulation model but to couple the atmo-
spheric model to a highly simplified “slab-type” ocean model,
also referred to as mixed layer model (Knutson 2003; GFDL
Team 2019). In this slab ocean module, a horizontal grid of
points that represent slabs of water with uniform depth (here
50 m as it is close to the real mixed layer in the ocean) and sa-
linity (33.33 parts per thousand) is implemented. Between the
grid points, there is no communication (e.g., no ocean dynam-
ics as currents, temperature advection, diffusion, or convec-
tion). Instead, the sea surface temperature at each grid point
is the result of the heat exchange across the air–sea and
ocean–sea ice interfaces. Corresponding to the use of the slab
ocean model, the sea ice model (Winton 2000) is also run in
“slab mode.”

The implemented land dynamics module LaD (Milly and
Shmakin 2002) is based on the early model development of
Manabe (1969), who simulates the continents as boxes with
limited water storage. In the LaD module, additional physi-
cal processes are included as more complex representation
of energy (e.g., sensible heat storage) and water storage
(snowpack, root-zone water, and groundwater) (Milly and
Shmakin 2002). In the land model a rudimentary runoff-
routing scheme is implemented. It assumes instantaneous
downstream flow of all runoff. Thus, the discharge past any
point on a river, at any time, is found as the summation over
all upstream cells of the runoff at that time (Milly and
Shmakin 2002).

b. Setup of the Monsoon Planet

To focus on the central monsoon characteristics, we idealize
Earth’s complex topography: Besides simulating the widely
studied aquaplanet setup as a reference, we introduce a single
circumglobal zonal land stripe ranging from 108 to 608N and
from 1808W to 1808E (Fig. 1a). (The actual latitudinal bound-
aries differ slightly due to grid resolution.) The equatorward
latitude is chosen such that monsoon circulation can evolve in
accordance with previous studies (Dirmeyer 1998; Hui and
Bordoni 2021). With this design, it is not intended to repro-
duce any specific individual monsoon, but to create a more
general representation of monsoon dynamics comprising the
variety of real-world monsoon systems. The northward lati-
tude is derived from real-world topographical conditions and
thus it is oriented at the latitudes to which the Arctic Ocean
extends. We refer to the simulations by the equatorward
coastline (e.g., the 108N setup refers to the simulation with
the land stripe from 108 to 608N). The stripe design brings the
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advantage that there are no zonal effects originated in differ-
ent topographic east–west conditions, so the analysis can be
focused on the meridional dynamics that are central for the
monsoon circulation. Placing the landmass on the Southern
Hemisphere would provide symmetric results. The orography
of these stripes is chosen to be without elevation, and precipi-
tation runoff is routed to the closest ocean cell (i.e., straight
northward or southward). The land-cover type chosen is

grassland (surface albedo of 18.2%) and land surface rough-
ness is set to 0.

The atmosphere setup is derived from the CM2.1p1 exam-
ple case in the MOM5 code repository (Griffies et al. 2020;
Delworth et al. 2006). Aerosols were excluded. The ozone
forcing of the CM2.1p1 example case was globally averaged
to global mean values. The concentrations of the green-
house gases CO2, CH4, and N2O as well as the halocarbons

10 N

20 N

30 N

40 N

50 N
60 N

0

10 S

20 S

30 S

40 S

a. b.

c. d.

e. f.

FIG. 1. (a) Conceptual design of the Monsoon Planet with the land stripe at 108–608N. The globe-spanning land
setup enables us to focus entirely on meridional dynamics, while effects of east or west coasts are omitted. The equa-
torward coast position is optimal to observe the seasonal precipitation cycle including monsoon rainfall from June to
September. (b) Meridional distribution of surface temperature, (c) surface pressure, (d) precipitation, and
(e) evaporation for the 108–608N configuration at 280 ppm CO2 during the annual cycle. The horizontal black lines in-
dicate the equatorward and poleward coastlines; the dashed line marks the equator. (f) The annual cycle of the merid-
ional wind (m s21) for 58N in the 108–608N configuration at 280 ppm CO2. Positive wind directions refer to winds
blowing from south to north.
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are set to preindustrial levels. The solar constant is set to
1364 W m22.

For the sensitivity study, we varied 1) the land position,
2) the slab ocean depth, 3) the solar constant, 4) the carbon
dioxide concentration in the atmosphere, 5) sulfate aerosols
over land, and 6) the land surface albedo. An overview of the
parameter ranges that we applied for simulations are presented
in Table 1. For each of the listed setups, GFDL-AM2 was run
to provide datasets containing at least 40 years of monthly at-
mospheric data. The first years were cut off in order to exclude
initial stabilization processes, while the remaining 20 years were
used to calculate monthly averages. Besides, zonal averages are
calculated to access the meridional distributions.

c. Performance of the model on the present topography

The performance of the GFDL-AM2 model coupled with a
slab ocean and with implemented real-world topography is
discussed in the supplemental material in comparison to
W5E5 Reanalysis data [over land: WATCH Forcing Data
methodology applied to ERA5 data (WFDE5); over ocean:
ERA5 (Lange 2019)] with a particular focus on monsoon
systems.

3. Monsoons on the Monsoon Planet

a. General characteristics of the Monsoon Planet

We use the 108N setup to explain the general characteristics
of the Monsoon Planet, because this configuration reproduces
a seasonal cycle comparable to major monsoon systems. The
monsoon circulation is driven by changes in the solar insola-
tion throughout the year: The zenith angle of solar insolation
is oscillating between 23.58S (December solstice) and 23.58N
(June solstice). Additionally, the number of hours with day-
light varies for different latitudes due to the different orienta-
tion of Earth’s rotation axis during summer and winter. These
two facts determine the incoming solar energy for a given lati-
tude and day of the year (Fig. S3 in the online supplemental
material). The surface temperature follows these changes in
incoming radiation with a delay, that is larger over ocean
than over land reflecting the different thermal properties
(Fig. 1b). These land and water properties result also in dif-
ferent surface temperature distributions in the annual cycle:
While the region strongly influenced by the incoming solar
radiation during NH summer expands up to 608N over land,
over ocean only latitudes up to 308S are reaching comparable
temperatures during SH summer. Also, the cooling effect of
rainfall is visible north of the coast after monsoon onset in
June.

The surface temperature distribution shapes the formation
of high and low pressure systems (Fig. 1c). The low pressure
area in low latitudes is what in real-world topography is re-
ferred to as the intertropical convergence zone (ITCZ). In the
real world as well as in our simulations, the ITCZ expands far-
ther poleward over land compared to the ocean. During the
summer months, the warm rising air in the area of maximum
surface temperature creates a substantial zone of low pressure
over land, while a zone of high pressure over the tropical

ocean south of the land forms. The surface pressure distribu-
tion translates in meridional surface winds from the high pres-
sure region in the tropical ocean toward land farther north
(Fig. 1f).

Arriving over land, the moisture carrying air warms and
rises, resulting in convective rainfall. During winter, these
winds turn in direction following the opposing pressure pat-
tern. Given these changes in wind direction associated with
different rainfall regimes, this precipitation fulfills the defining
criteria for monsoon systems. The corresponding rainfall max-
imum over land (up to 12 mm day21) is referred to as summer
monsoon and reaches up to 258N. During summer months, a
bimodality emerges in the rainfall distribution: The unimodal
rainfall maximum begins to reveal a splitting tendency in
April that results in a clear bimodal rainfall distribution be-
tween June and September (Fig. 1d). One peak of the rainfall
distribution is located over land, while the other rainfall maxi-
mum is located over the tropical ocean. Further details of the
bimodality are discussed in section 3b. The average global an-
nual rainfall in the standard simulation is 946.4 mm and the
average annual rainfall in the monsoon region (108–308N) is
510.6 mm. The spatial distribution of the rainfall including the
zonal dimension is presented in Fig. S4.

The global mean temperature is 16.88C. From November
to June, there is sea ice on the polar regions of the NH ex-
tending up to 608N, while from July to November there is sea
ice on the SH extending also up to 608S. The north of the
land stripe (508–608N) is seasonally covered with snow from
October to April. In the supplemental material, further infor-
mation as, for example, regarding the monthly meridional
distribution of precipitation minus evaporation (Fig. S5) and
the mass streamfunction for the monsoon months (Fig S6) is
given.

b. The bimodal rainfall distribution

In configurations with a land stripe sufficiently far south
(e.g., 108–608N), the rainfall distribution exhibits a bimodal
spatial distribution during the monsoon season (Fig. 2). The
surface pressure field can explain how this bimodality devel-
ops (Fig. 3): In January, the surface pressure minimum is lo-
cated at 58S following the incoming solar radiation and the
resulting surface temperatures. South of 58S, the surface
winds follow the gradient of the pressure distribution toward
the north, while north of 58S the winds flow southward. At the
pressure minimum, these winds with opposing direction meet
forming a zone with uprising air mass that is associated with

TABLE 1. Overview of simulations for sensitivity analysis. For a
full list of all simulations, see Table S1.

Parameter Range of variation

Land position 08–508, 28–528, … , 168–668N
Slab ocean depth 50, 200, 500 m
Solar constant 1000–1400 W m22

Carbon dioxide 70–1120 ppm
Sulfate aerosols (land) 0–1024 kg m22

Land surface albedo 10%–34%
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convective rainfall. In February, the dynamics is the same
only a few degrees farther north. In March, the area around
the equatorward coast receives enough solar radiation such
that a relative difference between land and ocean becomes
visible in the surface pressure distribution: While the land
close to the coast warms relatively fast, the ocean close to the
coast warms comparatively less with the same level of incom-
ing solar radiation. While the relatively high temperatures
over land create rising air movement associated with a local
pressure minimum, the temperature over the ocean does not
change enough to create relevant changes in the surface pres-
sure compared to the distribution in the previous month.
Thus, the surface pressure level over the ocean remains at a
specific level, while in the adjacent land cells the pressure is
decreasing. This leads to the creation of a local maximum
over the ocean, and a local minimum over land. The structure
of a relative pressure barrier (difference between this local
maximum and local minimum in the surface pressure distribu-
tion) is created. While the sun is moving farther north during
the course of the year, the low pressure zone moves farther
north and becomes more pronounced. The pressure maxi-
mum acts as a pressure barrier preventing strong moisture
carrying winds from flowing farther north also in April and
May. As a consequence, there is no moisture transport from
the ocean to the land and very little rain. During the next
months, the relative height of the pressure barrier decreases
(Fig. 2b), allowing moisture carrying winds to pass. As the

pressure barrier decreases, more and more moisture reaches
the land. Arriving at the warmer land, these air masses rise
and create convective rainfall, resulting in a second rainfall
maximum over land (Fig. 2c). The bimodal structure
emerges (Fig. 2a). The relative height of the pressure barrier
decreases only slightly between June and July, while the
monsoon rainfall differs relevantly (Fig. 2d). This shows
that after the monsoon onset, the amount of available water
in the regions that provide for the monsoon rainfall are also
playing a relevant role for determining the amount of mon-
soon rainfall. As the solar radiation moves the pressure dis-
tribution toward south later in the season, the two pressure
minima grow together reuniting the bimodal rainfall distri-
bution. The rainfall over land cools the surface tempera-
ture, leading to an increase in surface pressure, which
modulates the form of the pressure distribution. Neverthe-
less, the influence on the pressure distribution is compara-
tively minor.

This bimodal rainfall distribution is a central characteristic
of idealized monsoon systems. It occurs not only during the
course of one year, but can also be observed by varying differ-
ent parameters and therefore changing the surface pressure
distribution and the relative height of the pressure barrier.
The details of this dynamics will be analyzed in the following
sensitivity study.

The bimodal structure in the rainfall distribution is also
present in W5E5 reanalysis data covering the West African

a. c.

b. d.

FIG. 2. (a) Meridional rainfall distribution for the months of the year. A bimodal structure becomes visible during
the monsoon season. (b) Meridional distribution of surface pressure from 158S to 158N for May–September minus sur-
face pressure at the grid cell 98N. The local maximum at the coast acts as a pressure barrier for the moisture transport
toward land. Its relative height decreases from May to September, analogously to the increase in monsoon rainfall. It
must be noted that the different effects of land and ocean seem to be visible at 98N, while actually land starts at 108N.
This is due to the fact that the quantities are evaluated at the center of a grid cell (here approximately 98 and 118N),
while land starts at the boundaries of the grid cells. (c) Transportable water (water vapor column) for 58S–208N
for May–September. (d) Relative height of surface pressure barrier and monsoon rainfall for the months May–
September.
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monsoon (58–158E) where the topographic conditions are
relatively similar to the stripe setup of the Monsoon Planet
with equatorward coast at 48N (Fig. 4). During the monsoon
season from June to August, the northward rainfall maxi-
mum increases and the bimodality intensifies. In September,
the retreat of the monsoon is visible as a decrease of the
northward maximum. The location of the two rainfall max-
ima are determined by a pressure barrier. It varies only
slightly in its relative height during the monsoon season in-
dicating a relevant role of the moisture availability in the
moisture supplying areas. Besides, the location of the max-
ima differs between the reanalysis data and the idealized
study.

c. Energy budget on the Monsoon Planet

The major components of the energy budget for an atmo-
spheric column in the monsoon region between 108 and 308N
are sensible heat, latent heat release induced by precipitation,
radiation, and convergence. Figure 5 shows the annual cycle
of the energy budget for the 108–608N setup and an aquapla-
net setup. On an aquaplanet the beginning of spring brings
the same change in solar insolation as on Earth to the tropical
region between 108 and 308N. This additional energy is, how-
ever, absorbed by the ocean. Due to the large heat capacity of
water compared to soil this does not lead to a significant tem-
perature increase near the surface. By contrast, if the region
between 108 and 308N is occupied by land, the additional solar

a. b. c.

FIG. 4. (a) Meridional precipitation and (b) surface pressure distribution from 48 to 138N over the West African monsoon area for June–
September minus pressure at the grid cell at 98N. The continuous line indicates the approximate southern latitude of the West African
coast. (c) For comparison, the meridional precipitation on the Monsoon Planet with a land stripe starting at 48N is given.
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FIG. 3. Development of bimodal rainfall structure (blue bars) dependent on pressure distribution (orange lines) and resulting wind direc-
tions (background colors). Red background colors indicate north wind, blue background color south winds. The intensity of the back-
ground color refers to the wind velocity.
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insolation yields a temperature increase of the land. This can
be seen from the energetic response, which is an increase of
sensible heat from the land to the atmosphere. At the height
of this sensible heat flux in May rain starts to fall. This is due
to the rising air masses over land that are induced by the sur-
face temperature increase. As a response to the rainfall the
temperature of the land declines and with it the sensible heat
flux. The release of latent heat due to the rainfall however
warms the atmospheric column and sustains a temperature
difference between the land and the ocean. This temperature
difference yields an ageostrophic wind carrying moist air from
the ocean toward the land as can be seen from the increase of
net advective energy transport toward land. The cycle includ-
ing the release of latent heat constitutes a self-sustaining (pos-
itive) feedback loop as described in Levermann et al. (2009).

4. Monsoon’s sensitivity to physical factors

The baseline run with the land stripe from 108 to 608N de-
scribed in section 3a is modified by varying various forcing pa-
rameters. The following sections describe the results of this
sensitivity analysis with particular focus on the role of the
pressure barrier acting as a blocking structure for moisture
transport toward land. In addition, monsoon intensity, extent,
and length of the season are analyzed. Furthermore, insights
into the ITCZ location and the Hadley cell are provided.

a. Sensitivity to the land position

To understand which land positions allow monsoon dynam-
ics to develop and how different land positions influence the
monsoon characteristics, we move the land stripe from 168 to
668N in steps of 28N farther southward until 08–508N. The
stripe width is always 508, but it is important to keep in mind
here that therefore the area covered by land differs in the dif-
ferent setups given the spherical shape of the planet. By vary-
ing the land location, the according lower heat capacity

compared to the ocean as well as the different albedo is dis-
tributed differently over the latitudes in the NH changing the
radiative budget. The meridional precipitation for selected
runs is shown in Fig. 6, and for all other simulations in Fig. S7.

By comparing the monsoon rainfall on different land positions
(from the equatorward coast to 308N) to the aquaplanet (at the
same latitudes), the configurations can be ordered in three
classifications based on their dominant behavior. Figure 7a
shows the annual monsoon rainfall in the monsoon area, which
we define to be between the equatorward coast and 308N inde-
pendent of the different stripe positions. The upper latitude
threshold is chosen because in all stripe locations the monsoon
rainfall over land takes place south of 308N. Given this defini-
tion, the corresponding area increases when the stripe is moved
farther equatorward. This effect combined with the increasing
consequent overlap with the convergence zone results in an in-
crease of monsoon rainfall when the stripe is placed farther
equatorward. When this is compared to the rainfall distribution
within the same latitudes on the aquaplanet, the effect of the
presence of land in certain latitudes becomes accessible: The
168, 148, and 128N setups show the effect of pushing the rainfall
distribution away farther south and are therefore classified as
the “monsoon repellent” setups. The 128N setup is dominated
by this repellent behavior, but already shows weak dynamics of
monsoon rainfall. The 108, 88, 68, 48, and 28N setups enable the
development of monsoon rainfall over land. They attract addi-
tional rainfall compared to the reference rainfall on the aquapla-
net. This additional rainfall is a result of the bimodal rainfall
distribution and one of the two rainfall maxima that are placed
over land (see also section 3b). The second maximum is located
south of the land stripe in the tropical ocean. We classify these
setups as bimodal monsoon systems. The 08N also fulfills the
monsoon definition of seasonal changing wind directions associ-
ated with different states of rainfall, but this simulation is domi-
nated by a unimodal behavior during the monsoon months
identifying this run as a unimodal monsoon system.

On the aquaplanet setup without a land stripe, the zonal av-
eraged precipitation shows a clear central maximum around
the equator that varies following the maximum of the solar ra-
diation during the seasons, with rainfall reaching up to 128N
in the NH and 128S in the SH (Fig. 6). This precipitation can
be interpreted as monsoon rainfall since for a given location,
the amount of rainfall as well as the wind direction vary be-
tween the seasons, which is the definition of a monsoon. This
rainfall maximum indicates the area of convective rainfall in
the rising branch of the Hadley cell. While there are a variety
of indices available in the literature in order to calculate the
position of the ITCZ, we use here the maximum of the zon-
ally averaged precipitation minus evaporation (Johanson and
Fu 2009). The upper and lower edges of the Hadley cell have
been derived using the outgoing longwave radiation: The sub-
sidence regions of the Hadley circulation can be identified as
the regions with high outgoing longwave radiation because of
their dry troposphere and the lack of high clouds. Thus, the
maximum poleward expansion of the Hadley circulation is de-
fined as the most poleward latitude where the zonal-mean
outgoing longwave radiation equals 250 W m22(Hu and Fu
2007). The Hadley cells in the aquaplanet reach up to 308N

En
er

gy
flu

x
[W

/m
2 ]

FIG. 5. Energy budget during one annual cycle for the 108–608N
setup (continuous lines) and the aquaplanet setup (dashed lines).
The data for this figure are extracted from the atmospheric column
over the monsoon region from 108 to 308N. The different components
are sensible heat (red), latent heat release induced by the precipitation
(blue), radiation (black), and inferred convergence (orange).
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(308S). Accordingly, the subsidence zone of the Hadley zone
is within the dry area south (north) of 308N (308S). Besides,
two secondary maxima develop in the middle latitudes at ap-
proximately 408S and 408N where extratropical cyclones are
frequent; see also Manabe (2019).

When an idealized continent is introduced between 168 and
668N, land is too far from the ITCZ for the emergence of
monsoon rainfall over land. In these configurations the land is
basically pushing the rainfall away toward more southern lati-
tudes by means of the pressure minimum over land and the
resulting local pressure maximum near the coast. While the
seasonal path of the precipitation remains, it is shifted approx-
imately 58 southward (Fig. 6). This shift coincides with a
southward shift in latitudes where north and south winds
meet and form rising motion and corresponding convective
rainfall (Fig. 8a). Given that these meridional surface winds
follow the surface pressure, the surface pressure has a mini-
mum at these latitudes. On the aquaplanet setup this mini-
mum is in the area of the equator during NH summer, while

in the 168N setup it is farther south. The different location of
the surface pressure minimum originates in the development
of an additional local minimum over land and correspond-
ingly a new local maximum over the south coast of the land in
the 168N setup, shifting the local minimum farther south
(Figs. 8b,c).

While the expansion of the Hadley cell on the SH is not
changed compared to the aquaplanet setup, the Hadley
cell on the NH expands farther over land during summer
(Fig. 8a). This is a result of the land stripe warming faster
(than the water that exists in this area in the aquaplanet
setup), creating zones of rising air, and accordingly shifting
the subsidence zone farther northward. Additionally, the sec-
ondary maximum on the NH is strongly suppressed by the
presence of land and a strong reduction of evaporation.

Placing the land 28 farther south at 148–548N, the effect of
the land pushing the rainfall southward remains but is weaker
with an average southward shift of 38N. The shift compared to
the aquaplanet is strongest during the first half of the year,

0 4 8 12 16 20

mm/day

FIG. 6. Meridional distribution of precipitation for the aquaplanet and Monsoon Planet with different stripe posi-
tions during the annual cycle. The horizontal black line indicates the equatorward coastline, and the dashed line
marks the equator. The precipitation for the other stripe positions is shown in Fig. S7.
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whereas it vanishes from August to November. The Hadley
cell is located comparable to the 168N run (Fig. 8a). In
September and October, there is some very weak rain directly
at the coast but the land stripe is still too far for a relevant
monsoon dynamic to develop (Fig. S7).

When the equatorward coastline is placed at 128N, weak
monsoon rainfall over land begins in August and retreats in
October (Fig. S7). The closer the south coastline is to the
equator, the earlier the rainfall maximum “jumps” over to the
land stripe, leading to an earlier monsoon onset and a later re-
treat (Fig. 8a and Fig. S8). This is not only an effect of the
land being close enough to the equator that the seasonal rain-
fall maximum path overlaps with land in this setting, but also
a bimodal structure of the rainfall distribution developing and
strengthening rainfall in the coastal area. If the land stripe is
moved farther south to 108N, the bimodal split becomes even
more dominant (see also section 3b). The bimodal split can also
be observed for the 88, 68, 48, and 28N setup, but is converging
more and more to a unimodal rainfall distribution during the
monsoon months when moving the land stripe farther south.

a.

b.

c.

FIG. 8. (a) Seasonal changes in the northward extension of the
Hadley cell (dashed upper lines), the location of the ITCZ (middle
lines), and the southward extension (dashed lower lines) for the
Monsoon Planet configurations with varying latitudes of the equa-
torward coast and the aquaplanet setup. The location of the ITCZ
has been calculated as the maximum of precipitation minus evapo-
ration (Johanson and Fu 2009). The upper and lower edges of the
Hadley cell have been derived using the outgoing longwave radia-
tion: The subsidence regions of the Hadley circulation can be iden-
tified as the regions with high outgoing longwave radiation because
of their dry troposphere and the lack of high clouds. Thus, the max-
imum poleward expansion of the Hadley circulation is defined as
the most poleward latitudes where the zonal-mean outgoing long-
wave radiation equals 250 W m22 (Hu and Fu 2007). Also shown is
the meridional distribution of surface pressure for the (b) aquapla-
net configuration at 280 ppm CO2 and (c) 16–668N Monsoon
Planet setup during the annual cycle. The horizontal black line in-
dicates the equatorward coastline, and the dashed line marks the
equator.

a.

b.

FIG. 7. (a) Annual precipitation in the area from the latitude of
the equatorward coast to 308N for the aquaplanet (red) and Mon-
soon Planet (blue). (b) Dependence of annual rainfall over the
globe and the Northern and Southern Hemispheres on the location
of the south coast of the land stripe. The global precipitation (blue)
is relatively constant. While the rainfall on the Northern Hemi-
sphere decreases when the land stripe is moved south, the rainfall
on the Southern Hemisphere increases. As a reference, the global
precipitation on the aquaplanet experiment is also indicated (red).
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In the 08 setup, there is basically no bimodal behavior
(Fig. 6). Instead, the rainfall “arm” over land has become the
major unimodal distribution. The monsoon rainfall over land
begins even earlier given the proximity to the equator and
therefore the monsoon trough. The rainfall amount over land
is higher than the rainfall over ocean, revealing asymmetric
behavior. This is a result of the NH with land warming faster
than the SH with ocean, leading to moist monsoon winds to-
ward the north during more than half of the year.

Compared to the global precipitation on the aquaplanet
of 1348 mm, there is less rainfall on setups including land
(Fig. 7b). This is caused by the fact that the evaporation is
strongly reduced over the land area. The global precipitation
in setups with different land distribution is relatively constant
(approximately 950 mm). Nevertheless, the rainfall distribu-
tion to the two hemispheres changes: while the rainfall on the
Northern Hemisphere is decreasing when the land stripe is
moved southward, the rainfall on the Southern Hemisphere is
increasing. This fits with the fact that the area covered by land
increases when the land stripe is moved farther southward
(the land stripe of 508 does not have the same area every-
where on the globe) suppressing more evaporation. The sup-
pressed rainfall amount adds on top of the rainfall of the SH
creating symmetric changes in rainfall. This is a result of the
pressure barrier reducing in height for land positions closer to
the equator regulating the moisture transport toward land. In-
terestingly, the global mean surface temperature is for all land
stripe locations between 178 and 188C. The effect that land
warms faster during the summer months is balanced by the
faster cooling during winter months.

b. Sensitivity to slab ocean depths

The depth of the mixed layer slab ocean determines the
ocean’s heat capacity. While the water mass of a relatively
deep ocean needs more time to warm up, shallow water
reaches thermal equilibrium with the incoming solar radiation
on a much shorter time scale. We refer to the setup with a
slab ocean depth of 50 m as slab50 and analogously for depths
of 200 and 500 m.

As the zenith angle oscillates between 23.58S and 23.58N,
the sea surface temperature of slab50 follows the solar zenith
angle by warming and cooling relatively fast, while a deeper
slab ocean of 200 or 500 m stores the heat symmetrically
around the equator with weaker seasonal variation (Fig. 9).
The different extent of the seasonal variation of the sea sur-
face temperature in the different slab ocean depth setups
translates also into the different latitudinal extension in the
seasonal variation of the ITCZ and the according convective
rainfall (Fig. S9 and Fig. 9). Given this stronger meridional
oscillation of the rainfall trough in the simulations in slab50,
the rainfall trough reaches much closer to land in this simula-
tion. This appears to enable the rainfall to “jump over” to the
land, supporting the development of stronger monsoon dy-
namics in slab50 compared to slab500, including a further spa-
tial monsoon extension toward the north, a higher rainfall
intensity (Fig. 9), and a longer monsoon season with earlier
onset and later retreat (Fig. S10). Regarding the monsoon

extension, the monsoon affected land region (.2 mm day21)
expands farther northward in slab50 (278N) compared to
slab200 (218N) and slab500 (208N).

The reason for the more pronounced monsoon characteris-
tics in slab50 compared to slab500 is based on the dynamics in
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FIG. 9. (top) Sensitivity of precipitation and surface temperature
to changes in the slab ocean depth. The continuous lines refer to the
relationship in the monsoon region (108–308N), while the dashed
lines indicate global relationship. (bottom) Rainfall and surface
temperature distribution for each month for the 108N stripe configu-
ration with different slab ocean depths (50, 200, 500 m). The hori-
zontal black line indicates the equatorward coastline position, and
the dashed black line marks the equator. The slab50 simulation is
the same as the standard run. Slab200 and slab500 are based on the
standard run but vary in the slab ocean depth.
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the area between the equator and the coastline at 108N: Be-
tween March and October, the insolation conditions lead to a
warming in this latitude zone, stronger in 58–108N compared
to 08–58N. Given the different heat capacities of the 50 and
500 m configuration, the north of this zone warms up rela-
tively fast in slab50, while the change in slab500 is on a much
smaller scale (Fig. 10a). As a result, the surface pressure mini-
mum is located more north in slab50 compared to slab500.
The subsequent pressure gradient leads to northward winds in
slab50 and southward winds in slab500 in the region from 08
to 108N (Fig. 10b). Accordingly, the moisture that the air re-
ceives via evaporation in this ocean zone is transported north-
ward in slab50 and southward in slab500. Therefore, these
moisture carrying winds contribute to the monsoon rainfall
over land in slab50, while it contributes to the rainfall maxi-
mum over ocean in slab500. This leads to different meridional
rainfall distributions including stronger monsoon rainfall over
land. Figures 10c and 10d show the situation exemplary for
September.

Besides, we identified the expansion of the Hadley cell by
using the outgoing longwave radiation as explained in the pre-
vious subsection following the method of Hu and Fu (2007).
While there is little seasonal movement for the southward
edge of the Hadley cell, a strong variation can be seen in the

northward edge. This is a result of the different thermody-
namic properties of land and ocean (Fig. S9). Over ocean, the
southward edge is expanding slightly more south in the 50 m
configuration compared to the 500 m configuration due to the
different heat storing capacities.

c. Sensitivity to solar constant

Changing the solar radiation (increasing the incoming
shortwave radiation) determines the radiative forcing. Stron-
ger radiative forcing results in higher global mean tempera-
tures. This also shapes the water cycle given, for example, the
enhanced evaporation or the resulting warmer atmosphere that
is capable of holding more moisture following the Clausius–
Clapeyron relation. Accordingly, the global precipitation pat-
terns are changing. Here, we vary the total globally incoming
solar radiation from 1000 to 1400 Wm22 in order to understand
the effect of varying solar radiation on monsoon characteristics
on a planet with idealized topography.

Changes in the solar constant lead to changes in the global
mean temperature. The global mean temperature is 26.48C for
1400 Wm22, 17.38C for 1300 W m22, and 6.38C for 1200 Wm22.
Figure 11a shows the resulting surface temperature distribution
for three setups. This figure also indicates the dependence of the
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FIG. 10. Surface temperature distribution for each month for the 108N stripe configuration with different slab ocean
depths for (a) slab50 and (b) slab500. The horizontal black line indicates the equatorward coastline position, and the
dashed black line marks the equator. (c),(d) Meridional precipitation and surface pressure distribution for September.
The background colors refer to the meridional surface wind velocity. Red regions refer to north winds, while blue re-
gions indicate south winds. The more intense the color, the higher the wind velocity.
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a. Solar Constant

c. Sulfate aerosols d. Land Albedo

b. Carbon dioxide concentration
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FIG. 11. Meridional distribution of precipitation and surface temperature during one year for different values of the (a) solar cons-
tant, (b) carbon dioxide concentration, (c) sulfate aerosol concentration, and (d) land albedo. The horizontal line indicates the location
of the land stripe. The dashed line marks the equator.
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global surface temperature on the solar constant. If the solar cons-
tant is below 1080 W m22, the planet is completely frozen and no
relevant monsoon rainfall is remaining. Already in the simulation
with 1100Wm22, the pre-tipping dynamic is visible as strong var-
iability (Fig. S11).

As a result of the increase in global surface temperatures,
global precipitation increases (Fig. 12a). This global increase
of precipitation is not distributed uniformly across the globe,
but is in comparison stronger in the monsoon area in
108–308N, particularly in the region from 208 to 308N. This lo-
cal and global increase in precipitation originates in the in-
crease in sea surface temperature and thus, an approximately
linear increase of evaporation over the ocean. Additionally,
the water vapor content of the atmosphere is increasing nonli-
nearly following the Clausius–Clapeyron relation (Fig. 12b).

The increase of monsoon rainfall is associated with a farther
northward expansion over land: While the monsoon in the
1200 W m22 setup reaches up to 248N, it reaches 268N in
the 1300 W m22 setup and 288N in the 1400 W m22 setup. The
maximal extension is during September for all setups. The in-
crease of the spatial extension is related to the higher surface
temperatures over land that enables rising air motion farther
north. This coincides with the observation that the Hadley cell ex-
pands farther north and south (Fig. S12). Besides, the amplitude
of the seasonal variation of the ITCZ increases. The monsoon in-
tensity increases during June–November, but the monsoon season
is only prolonged slightly (Fig. S13).

Changes in the incoming solar radiation also shape the relative
height of the surface pressure barrier at the coast: While the pres-
sure barrier has a relative height of 51 Pa for 1200 W m22

in August, it reduces to 44 Pa for 1300 W m22 and 30 Pa for
1400 W m22. Regulated by the relative height of the pressure
barrier, the monsoon rainfall increases from simulations with low
solar constant values to high values. Thus, the rainfall maximum
around the equator is dominating in the 1200 and 1300 W m22

setup, but in the 1400 W m22 setup the maximum at the equator
and at 158N are of similar height (Figs. 12c,e). Comparable dy-
namics are occurring in September. For the 1400 W m22 simu-
lation, the pressure barrier vanishes entirely enabling strong
moisture transport and allowing the two maxima to unite to a
unimodal rainfall distribution (Figs. 12d,f).

d. Sensitivity to the carbon dioxide forcing

Here, we vary the carbon dioxide concentration from 70 to
1120 ppm, including the preindustrial as well as the current
carbon dioxide concentration. A higher concentration of at-
mospheric CO2 leads to increased surface temperature and
accordingly increased global mean temperature (Fig. 13a).
This leads to globally increased evaporation on the one hand
and more water vapor in the atmosphere on the other hand
(Fig. 13b). As a consequence, this enables greater scales of
horizontal transport of water vapor by the large-scale circula-
tion. These thermodynamically induced changes in the hydro-
logical cycle strengthen the tropical rainfall, particularly in the
monsoon region (Fig. 11b). The monsoon rainfall in depen-
dence of the surface temperature behaves relatively indepen-
dently of the origin of the surface temperature change (solar
constant or the atmospheric carbon dioxide; see Fig. S14). For
the 140 ppm setup, the monsoon extents up to 258N, for the
280 ppm setup up to 268N, for the 560 ppm setup up to 278N,
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FIG. 12. (a) Sensitivity of precipitation and surface temperature to changes in the solar constant. The continuous lines refer to the rela-
tionship in the monsoon region (108–308N), while the dashed lines indicate the global relationship. (b) Annual rainfall in the monsoon re-
gion from 108 to 308N dependent on different values of the solar constant (blue). Also, the contribution from evaporation in 908S–108N and
108–308N is given (green). The water vapor content (orange) shows the increasing moisture content in the atmosphere. Only the nonfrozen
configurations are shown. (c)–(f) Meridional distribution of surface pressure and precipitation for selected solar constant values and for
August and September. The dashed line marks the equator, and the continuous line indicates the beginning of land. For details regarding
the offset between the beginning of land and the visible difference between land and ocean refer to Fig. 2.
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and for the 1120 ppm setup up to 288N (Fig. 11b). The num-
ber of months with monsoon rainfall are independent of the
carbon dioxide concentration (Fig. S16). The strongest in-
crease of monthly rainfall occurs in September and October.

Regarding the Hadley cell, there is a stronger seasonal vari-
ation of the ITCZ for higher carbon dioxide concentrations
(Fig. S15). This leads to the effect that the land is closer to the
convection zone during NH summer and facilitates the ITCZ
and monsoon trough to “jump over” to the land in the higher
concentration simulations. In August, the meridional surface
pressure minimum is shifted northward and becomes less pro-
nounced or vanishes for higher carbon dioxide emissions
(Figs. 13c,e). Therefore, the local maximum around the coast
is relatively smaller, reducing the surface pressure barrier and
enabling southerly winds to transport more moisture toward
land. Therefore, the rainfall distribution that is bimodal
changes: While for 140 ppm there is a dominant maximum in
the tropical ocean and another smaller maximum over land at
158N, the ocean maximum decreases simultaneously as the
land maximum increases. In the 1120 ppm configuration, this
leads to the outcome that the maximum over land is dominant
and therefore the ITCZ abruptly changes to 158N. In Septem-
ber, the ITCZ is closer to the coast for all simulations. For
higher emission scenarios, the convective zones and accord-
ingly the rainfall maxima fall together with a common
strengthened maximum over land at 158N (Figs. 13d,f).

e. Sensitivity to sulfate aerosols

Sulfate aerosols alter the radiation budget directly by back-
scattering and absorbing the incoming solar shortwave radiation

and indirectly by acting as cloud condensation nuclei. How sul-
fate aerosols affect monsoon dynamics has only recently begun
to be investigated (Li et al. 2016). In our sensitivity study, we
vary the sulfate aerosol concentration over land from 1027 to
1024 kg m22.

As an effect of increasing sulfate aerosol concentrations,
the amount of clouds is increasing, strengthening the reflec-
tion of solar radiation as expected. The additionally pro-
longed cloud lifetimes suppress surface temperature globally,
but strongest over land (Fig. 14a). While the surface tempera-
tures over land fall rapidly when introducing aerosols by the
effect of solar dimming, the sea surface temperatures south
over the tropical ocean change much less (Fig. S17). The re-
sulting thermal gradient between ocean and land is therefore
decreasing, which has the effect that the moisture transport
via meridional surface winds toward the land is decreasing.
These processes lead to decreasing rainfall over the monsoon
region, at a stronger rate compared to global rainfall.

Furthermore, the entire rainfall distribution is shifted
southward in simulations with more sulfate aerosols as an ef-
fect of the suppressing of the development of a low pressure
and thus convective zone. This is also visible in the position of
the ITCZ, particularly during NH summer when the low pres-
sure zone is closer to land and thus the induced atmospheric
aerosol (Fig. S18). Additionally, the upper Hadley cell ex-
tends less far north as a result of decreasing temperatures
over land, while the lower Hadley cell expands less far south
during NH summer, but more south from January to April.

The monsoon season is shortened with a later onset and ear-
lier retreat for higher sulfate aerosol concentrations (Fig. S19).

a. c.

d.

e.

f.b.

FIG. 13. (a) Sensitivity of precipitation and surface temperature to changes in the atmospheric carbon dioxide concentration. The contin-
uous lines refer to the relationship in the monsoon region (108–308N), while the dashed lines indicate the global relationship. (b) Annual
rainfall in the monsoon region from 108 to 308N dependent on different values of the solar constant (blue). Also, the contribution from
global evaporation is given (green). The water vapor content (orange) shows the increasing moisture content in the atmosphere.
(c)–(f) Meridional distribution of surface pressure and precipitation for four selected atmospheric carbon emission concentrations and for
August and September. The dashed line marks the equator, and the continuous line indicates the beginning of land. For details regarding
the offset between the beginning of land and the visible difference between land and ocean refer to Fig. 2.
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Besides, for an aerosol concentration of 1027 kg m22 the rain-
fall reaches only up to 278N, for 1026 kg m22 up to 268N,
for 1025 kg m22 up to 178N, and for 1024 kg m22 up to 38S
(Fig. 11c).

For simulations with high aerosols, the pressure barrier in
September is too high to allow monsoon winds to transport
moisture toward north. By reducing the aerosol concentration
over land, the relative height of the pressure barrier is

reducing enabling moisture transport and thus a bimodal
rainfall distribution with monsoon precipitation over land
(Figs. 14b,c).

f. Sensitivity to albedo

Albedo is the share of reflected incoming sunlight. When
the albedo and thus the reflection at the land surface is in-
creased, the share of absorbed radiation that is contributing
to the surface temperature is reduced. This has the effect that
the surface temperature is going down, too. Here, we are
varying the Earth surface albedo over land from 10% to 34%.

As an effect of increased surface albedo, the temperature
over land sinks (Fig. 11d). With a smaller slope, the global
surface temperatures also decrease, including the area over
ocean from 108S to 108N (Fig. S20). Therefore, the tempera-
ture gradient between land and ocean is reduced, which has
the effect that the monsoon winds and accordingly the mon-
soon rainfall weakens. Simultaneously, the extension of the
monsoon area is reduced: while the simulation with a land al-
bedo of 10% expands until 308N, the 20% albedo run reaches
up to 258N and the 30% albedo setup goes up to 188N. Be-
sides, the monsoon season onset is shifted from March at the
10% albedo setup to May in the 30% albedo setup. In combi-
nation with a retreat one month earlier, the monsoon season
is shortened (Fig. S22).

The Hadley cell expands less far north over land for higher
land albedo values (Fig. S21) in accordance with the reduced
surface temperatures. From May to December, the Hadley
cell also expands less south over the ocean. The ITCZ is
shifted southward, preventing the effect that the dominant
convective zone establishes over land as in the simulations
with smaller land albedo.

The pressure barrier dynamic is also present in the albedo
simulations in September (Figs. 15b,c): The relative height
from the pressure barrier reduces from higher to lower albedo
values, letting pass more moisture in low albedo settings. Re-
garding the monsoon rainfall in dependence of the global
mean temperature, the monsoon rainfall reacts quite similarly
to GMT changes induced by the solar constant and carbon di-
oxide on the one hand, as well as sulfate aerosols and albedo
on the other hand (Fig. 15d).

5. Discussion

The Monsoon Planet with strong idealization of the land
distribution and coupled with a strongly simplified slab ocean
is able to replicate major monsoon characteristics reasonably
well. Nevertheless, it is important to name the central limita-
tions inherent in this setup: The slab version of an ocean in
this study enables us to focus on the atmospheric processes,
but at the same time ocean processes are neglected. Besides,
zonal dynamics and effects of orography are not considered.

Given the complex interplay between the different climate
variables, the question of causality arises. This question is
strongly linked to the different response time scales. The time
scale for the increase in latent heat due to the condensation
during precipitation is on a fast time scale (t1 ,, 1 s) as is the
direct local temperature increase associated with it. This

a.

b.

c.

FIG. 14. (a) Sensitivity of precipitation and surface temperature to
changes in the sulfate aerosol concentration over land. The continu-
ous lines refer to the relationship in the monsoon region (108–308N),
while the dashed lines indicate global relationship. (b),(c) Meridional
distribution of surface pressure and precipitation for selected solar
constant values in September. The dashed line marks the equator
and the continuous line indicates the beginning of land. For details
regarding the offset between the beginning of land and the visible dif-
ference between land and ocean, refer to Fig. 2.
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temperature response is local in the sense that it occurs at the
point of condensation. As discussed by Emanuel et al. (1994),
this local temperature response is translated into turbulent ki-
netic energy (i.e., into small-scale turbulent motion and entropy).
Thus, the time scale toward a temperature response of the entire
atmospheric column is slightly longer (1 min , t2 , 1 h). While
the equations within an atmospheric GCM do not resolve the
processes on the time scale t1 some of the t2 processes might
be resolved or at least parameterized. The pressure responds
quasi-instantaneously to the temperature signal.

The cross-coastal wind field responds to these fast changes
with an enhanced transport of moist air toward land, but this
process occurs on a much larger time scale (t3 .. 1 h). On the
time scale associated with the moisture transport the atmo-
spheric column is in statistical equilibrium. In this sense one
might say that the pressure difference is causing the precipita-
tion response. However, since we consider averages over one
month or even the entire rainy season, we are averaging over
several cycles along the feedback loop. On this long time scale
(t4 5 1 month) the feedback loop has reached an equilibrium
and thus no causality can be claimed. On this time scale, there
is also an influence in the other direction.

This issue of causality can be further illustrated by the associ-
ated equations that describe the processes. Causality is associated
with a prognostic equation while a diagnostic relation between
two quantities means that causality cannot be determined. For

example, the prognostic equation for the horizontal wind compo-
nents is able to determine which of the terms (Coriolis term, pres-
sure gradient, etc.) causes a change in the wind field. If, however,
we average over a time scale that renders the time derivative of
the wind field small, we obtain the geostrophic balance, which is
an instantaneous relation between pressure gradient and Coriolis
forces. At this level of coarseness, we are not able to determine
causality between changes in the wind field and the pressure
field.

Since it is the position of the land that we are changing and
thereby the radiation over the coast area, we believe that the
starting point of the causality loop is the change in the pres-
sure field and the possibility of the development of the pres-
sure barrier. Thus, the causality here is really just caused by
the experimental setup, in which we change the position of
the land area.

Besides, the authors do not claim that the pressure barrier
solely causes the precipitation distribution and therefore has a
deterministic character within this mutually consistent dy-
namic. Another relevant aspect for the rainfall distribution is
the water availability in the moisture-providing regions as
mentioned.

Pauluis (2004) uses an idealized axisymmetric numerical at-
mosphere model and focuses on the role of the planetary
boundary layer for the cross-equatorial flux. The author finds
that the Hadley circulation exhibits two different regimes

a.

b.

c.

d.

FIG. 15. (a) Sensitivity of precipitation and surface temperature to changes in surface albedo over land. The contin-
uous lines refer to the relationship in the monsoon region (108–308N), while the dashed lines indicate global relation-
ship. (b),(c) Meridional distribution of surface pressure and precipitation for three selected albedo simulations in
September. The dashed line marks the equator, while the continuous line indicates the beginning of land. (d) The
sensitivity of monsoon rainfall to changes in the global mean surface temperature. These surface temperature
changes are induced by variation of the slab ocean depth, the solar constant, the atmospheric carbon dioxide concen-
tration, sulfate aerosol concentration, and land albedo.
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depending on the depth of the planetary boundary layer and
the sea surface temperature gradient in the equatorial regions
associated with the occurrence of the secondary maximum.
For a weak temperature gradient or a shallow boundary layer,
the return flow is prevented from crossing the equator within
the boundary layer and is forced upward to cross the equator
in the free troposphere instead. This regime is corresponding
to the situation on the Monsoon Planet, when the pressure
barrier (which is dependent on the sea surface temperature
gradient) is too high and the convection occurs over ocean
leading to a dominating rainfall maximum over the ocean.
When the sea surface temperature gradient is strong enough,
the winds can pass the equator and the coast, and the major
convection takes place over land}associated with a stronger
monsoon rainfall. This regime is associated with the situation
of the Monsoon Planet with a dominating rainfall maximum
over the monsoon region. The study of Pauluis (2004) uses pre-
scribed sea surface temperatures that differ from the more realis-
tic surface temperature distributions resulting from the incoming
solar radiation in our study. Besides, the land stripe in the
Monsoon Planet setup is another step toward a more realistic
monsoon setting.

Determining the distribution of precipitation and its inter-
action with the large-scale flow is an unsolved problem in
tropical meteorology (Nie et al. 2010). In recent decades, the
approach of a quasi-equilibrium theory of moist convection
(Arakawa and Schubert 1974; Emanuel et al. 1994) has
emerged. In this framework the peak upper-level tempera-
tures align with the highest near-surface moist entropy, mea-
sured in terms of the equivalent potential temperature Qe

(Boos and Kuang 2010). The ascent zone where also the mon-
soon rainfall takes place is located just equatorward of these
maxima (Emanuel et al. 1994; Privé and Plumb 2007; Nie et al.
2010; Boos and Kuang 2010; Zhou and Xie 2018; Singh et al.
2017). Also, in the idealized Monsoon Planet configurations,
the specific location of ascent motion and associated rainfall
is not taking place at the surface pressure minimum, but
equatorward of the equivalent potential temperature maxi-
mum. In combination with the fact that the pressure is lo-
cated poleward of the pressure barrier, the distribution of
monsoon rainfall can be approximated as the region be-
tween the pressure barrier and the maximum of equivalent
potential temperature.

The effect of the land position on the monsoon precipita-
tion has also been analyzed by Hui and Bordoni (2021) in a
similar setup with equatorward coastline of 08, 108, 208, 308,
and 408N, reaching the conclusion that the rapid migration of
the convergence zone over the continent is only possible
when land is placed in tropical latitudes (08, 108, 208N). Thus,
Hui and Bordoni (2021) also find a range for equatorward
coast positions that permits the development of monsoon dy-
namics, but the upper threshold for this range differs com-
pared to our study (208N compared to 128N). This can be
explained by the different depth of the mixed ocean layer.
The smaller heat capacity in the 20 m slab ocean enables the
convergence zone to reach latitudes farther poleward, while
the ocean in this study with a depth of 50 m cannot reach

thermal equilibrium fast enough before the insolation contin-
ues to move away.

Hui and Bordoni (2021) also report bimodality in the me-
ridional rainfall distribution in all of their simulations with
most distinct maxima in the 308 and 408N setup. They analyze
the ratio of precipitation due to moisture flux convergence
(calculated as P 2 E/P, where P is precipitation and E evapo-
ration). In their 408N simulation, they report that the fraction
never exceeds 20%, indicating a strong influence of local
evaporation concluding that the secondary maxima are arti-
facts of using a fully saturated surface in their model. (In their
108 simulation, the ratio reaches up to 70% during the peak of
the summer, indicating dominance of the moisture flux con-
vergence.) In comparison, in our 108 simulation where bimo-
dality is clearly present, the fraction reaches up to 49% in
September. In our 28 and 48N simulations, the moisture flux
convergence ratio reaches 58%. Thus, local evaporation
does play an important role in our setup, but approximately
half or more of the rainfall originates from moisture flux
convergence and is regulated by the pressure barrier dy-
namics. For comparison reasons, note that for example in
the Indian monsoon the share of recycled rainfall (origi-
nated in local evaporation) is estimated to be between 10%
and 40% (Sujith et al. 2017).

A study that also reports a double ITCZ structure and pro-
poses a theoretical framework to explain it is that of Chao
(2000). In the study, the author uses numerical experiments
with an atmospheric general circulation model over an aqua-
planet with zonally uniform SST. Differing from our study,
the SST is prescribed and no landmass is implemented. De-
pending on the specific parameters, a double ITCZ structure
evolves which the author explains by two “forces”: first, a
force that is related to Earth’s rotation pulling the ITCZ
toward the equator and, second, a force that pulls the ITCZ
toward the latitude with the SST peak. This second force is as-
sumed to be relatively linear and varies throughout the year.
The location of the ITCZ can then be determined by the sta-
ble intersection points. This theory derived from an aquapla-
net is not directly transferable because the functional form of
the second force is not linear as in Chao (2000), but by the im-
plementation of landmass a second maximum in the surface
temperature distribution is added on the Monsoon Planet.
Therefore, the functional form will have two minima and the
intersection dynamics will be different.

Zhou and Xie (2018) analyzed the sensitivity of monsoon
rainfall to changes in albedo on a rectangular-shaped conti-
nent and found a linear relationship for a surface albedo be-
tween 0.30 and 0.46. While this is a realistic approximation for
limited ranges of albedo changes, the perspective of a broader
spectrum of albedo values in our study (varying albedo from
0.10 to 0.35) reveals a more general relationship that is not
linear. Albedo values larger than 25% basically shut down the
idealized monsoon.

Given the idealized character of this study, the question
arises if and in which way the pressure–barrier dynamics are
influencing real-world monsoon systems. The bimodality of
the rainfall distribution that evolves during the course of one
year in our idealized setup also emerges in the real-world
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West African monsoon region that is shaped most compara-
bly to our stripe setup (rather rectangular continental shape,
relatively small influence of orography). The locations of
the two rainfall maxima at approximately 68 and 118N are
determined by a barrier in the surface pressure at about 98N
following the structure of the idealized setup on the Mon-
soon Planet. The relative height of the pressure barrier
changes only very little during the season, indicating the rel-
evant role of moisture availability in the moisture supplying
areas.

6. Conclusions

In this study, we use the atmospheric model GFDL-AM2
coupled to a slab ocean model in order to simulate a Monsoon
Planet setup, namely an aquaplanet with an annulus of land in
the Northern Hemisphere. This setup enables us to focus on
the meridional monsoon dynamics. We find a pressure barrier
regulating the monsoon’s intensity that is the focus of this
study.

By moving the land stripe from north to south, we identify
the land positions that allow monsoon rainfall to develop. For
a slab ocean depth of 50 m (chosen in accordance with the
mixed ocean layer depth in the real world), these setups in-
clude the simulations with equatorward coastlines of 128N or
closer to the equator. We also identify three different possible
monsoon dynamics depending on the stripe position: The un-
imodal monsoon systems (south coast at 08N), bimodal mon-
soon systems attracting rainfall (28, 48, 68, 88, 108N), and
monsoon repellent systems (128, 148, 168N). The rainfall repel-
ling effect in the 128, 148 and 168N setups is a result of a local
pressure maximum introduced over land shifting the ITCZ
and associated rainfall southward. This pressure barrier regu-
lates the monsoon rainfall also for the bimodal monsoon
systems.

The slab ocean depth determines the markedness of the
seasonal cycle. For a shallower ocean and more intense sea-
sonal cycle, a stronger monsoon develops over land. This is
due to the wind directions in the region from 08 to 108N. For a
shallower ocean, the moisture that evaporates in this region is
transported northward to the land, whereas in deeper ocean
the transport is southward contributing to the equatorial rain-
fall maximum.

By increasing the solar constant, the global mean tempera-
ture increases, leading to enhanced evaporation and increased
water vapor in the atmosphere. This in general results in an
increase of global precipitation. The variation of the atmo-
spheric carbon dioxide concentration also causes an increase
of global temperatures and thermodynamic effects similar to
the ones induced by changes in the solar constant. The depen-
dence of monsoon rainfall on global mean temperatures is
independent of the origin of the change in global mean tem-
perature. The seasonal variation of the ITCZ is stronger for
high carbon dioxide concentrations, reducing the distance be-
tween the convection zone and land. Accordingly, the rainfall
maximum over the ocean and the rainfall maximum over land
become closer until they fall together, cancelling the pressure
barrier between the maxima. This is associated with an abrupt

change of the dominating rainfall maximum (and thus the
ITCZ) from ocean to land as well as a strengthening effect of
monsoon rainfall over land.

Sulfate aerosols reduce the planetary albedo with the effect of
lower local surface temperatures over land while the tropical sea
surface temperatures decrease less strongly. The resulting ther-
mal heat gradient is smaller and therefore the moisture transport
via south winds weakens, resulting in less monsoon rainfall. The
effect of varying the surface albedo is comparable to the effect
of sulfate aerosols.

In conclusion, depending on the parameter set, some
simulations produce monsoon dynamics over land, while
others do not. The setups with monsoon rainfall reveal a
bimodal rainfall distribution with one peak over the tropi-
cal ocean and the other one over land. The intensity of the
monsoon is regulated by a pressure-barrier dynamic regu-
lating moisture transport toward land. This dynamic is
emerging during the course of one year, but also occurs by
varying different parameters. Focusing on the monsoon
rainfall in dependence of the varied parameter, we do not
find an abruptness in these specific relationships. The bi-
modality in the rainfall distribution during the season is
also visible in reanalysis data of the West African mon-
soon. The locations of the two maxima are determined by a
pressure barrier between the two maxima. The concept of
the pressure barrier could also be integrated into the un-
derstanding of paleoclimate monsoon systems as, for ex-
ample, in the context of mega-monsoons.
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