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ABSTRACT

Monsoons are summertime circulations shaping climates and societies across the tropics and subtropics.
Here the radiative effects controlling an axisymmetric monsoon and its response to climate change are in-
vestigated using aquaplanet simulations. The influences of clouds, water vapor, and CO, on the axisymmetric
monsoon are decomposed using the radiation-locking technique. Seasonal variations in clouds and water
vapor strongly modulate the axisymmetric monsoon, reducing net precipitation by approximately half.
Warming and moistening of the axisymmetric monsoon by seasonal longwave cloud and water vapor effects
are counteracted by a strong shortwave cloud effect. The shortwave cloud effect also expedites onset of the
axisymmetric monsoon by approximately two weeks, whereas longwave cloud and water vapor effects delay
onset. A conceptual model relates the timing of monsoon onset to the efficiency of surface cooling. In climate
change simulations CO, forcing and the water vapor feedback have similar influences on the axisymmetric
monsoon, warming the surface and moistening the region. In contrast, clouds have a negligible effect on
surface temperature yet dominate the monsoon circulation response. A new perspective for understanding
how cloud radiative effects shape the monsoon circulation response to climate change is introduced. The
radiation-locking simulations and analyses advance understanding of how radiative processes influence an
axisymmetric monsoon, and establish a framework for interpreting monsoon-radiation coupling in obser-
vations, in state-of-the-art models, and in different climate states.

KEYWORDS: Large-scale motions; Monsoons; Climate change; Cloud radiative effects; Radiative fluxes;

8789

Water vapor

1. Introduction

Monsoons are large-scale summertime circulations
providing rainfall to more than half the global pop-
ulation. Monsoons are vital for agriculture and socie-
ties in Asia, Africa, Australia, and the Americas, and
are expected to change dramatically in future decades
due to global warming (Turner and Annamalai 2012).
However, monsoon predictions from state-of-the-art
climate models are highly uncertain (e.g., Wang et al.
2020) and this uncertainty has persisted despite huge
effort and cost in developing higher-resolution models
with greater complexity. Constructing more complex
climate models will not by itself resolve the large
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uncertainty in monsoon predictions; improved under-
standing of the processes and mechanisms controlling
monsoons and their response to climate change is
also needed.

Here idealized aquaplanet simulations are used to
investigate a question that has received little attention:
How do radiative processes influence monsoons and
their responses to climate change? The impacts of
aerosols on monsoons are well studied, with suggestions
that anthropogenic aerosols may weaken and dry the
South and East Asian monsoons (Bollasina et al. 2011;
Dong et al. 2019). But aside from aerosols, the extent to
which the radiative effects of CO,, clouds, and water
vapor are important for monsoons is unclear. In this
study the radiation-locking method is used to isolate the
effects of CO, forcing and “‘moist-radiative feedbacks”
associated with clouds and water vapor (Bony and
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Emanuel 2005) on an axisymmetric monsoon. Moist-
radiative feedbacks are fundamental to tropical intra-
seasonal dynamics (e.g., Bony and Emanuel 2005) and
convective self-aggregation (Wing and Emanuel 2014),
yet their implications for monsoons have not been
thoroughly investigated.

Radiative forcings and feedbacks are typically dis-
cussed in the context of global surface temperature and
its response to climate change (e.g., Andrews et al.
2012). Yet spatial variations in forcings and feedbacks
imprint upon the top-of-atmosphere (TOA) energy
balance, affecting heat transport and the atmospheric
circulation (Zelinka and Hartmann 2012; Merlis 2015;
Roe et al. 2015). Studies using the radiation-locking
method have shown how cloud and water vapor feed-
backs shape the responses of the intertropical conver-
gence zone (ITCZ), storm tracks, and Hadley cells to
climate change (Zhang et al. 2010; Voigt and Shaw 2015;
Ceppi and Hartmann 2016; Clark et al. 2018), have
highlighted the role of clouds in controlling hemi-
spheric albedo asymmetries (Voigt et al. 2014), and
have estimated the contribution of the water vapor
feedback to climate sensitivity (Hall and Manabe
1999). However, the radiation-locking method has not
been applied to understand the roles of clouds, water
vapor, and CO, in controlling the monsoon response
to climate change. It is important to assess whether
the substantial uncertainties in cloud feedbacks across
climate models (e.g., Bony et al. 2011) have the po-
tential to explain a portion of the large intermodel
spread in monsoon projections (Kitoh et al. 2013).
Perhaps more fundamentally, the extent to which mon-
soons in the present climate are influenced by moist-
radiative feedbacks remains an open question. Ackerman
and Cox (1987) observed differences of approximately
100 W m™? in atmospheric radiative heating between
clear and cloudy monsoon regions, and simulations
show a substantial influence of this cloud radiative ef-
fect on the East Asian monsoon circulation (Guo et al.
2015). These studies suggest that seasonal cloud radi-
ative effects play an important role in energizing
monsoons and could, in addition to water vapor effects,
contribute to mean-state monsoon biases in climate
models (e.g., Seth et al. 2013).

We begin by describing the radiation-locking simula-
tions (section 2) before analyzing the radiative effects
controlling an axisymmetric version of the climatologi-
cal monsoon (section 3) and its response to an abrupt
increase in CO, (section 4). The effects of clouds and
water vapor on the climatological axisymmetric mon-
soon and its response to climate change are compared
(section 5) before we conclude with a summary of key
results (section 6).
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2. Radiation-locking simulations

To explore the radiative effects of clouds, water va-
por, and CO, on monsoons, simulations are performed
using the Community Atmosphere Model version
4.0 (CAM4) (Neale et al. 2010), an atmospheric com-
ponent of the Community Earth System Model (CESM;
Hurrell et al. 2013) version 1.2.2. The model is config-
ured as an axisymmetric, slab-ocean aquaplanet with a
mixed-layer depth of 5 m and no horizontal heat transfer
within the slab (i.e., zero g-flux at every grid point). The
setup is axisymmetric in the sense that the boundary
conditions are zonally symmetric (e.g., Bordoni and
Schneider 2008), not axisymmetric in the sense that the
simulations are 2D (e.g., Privé and Plumb 2007). The
mixed-layer depth is chosen so as to capture key mon-
soon features including abrupt onset, and to obtain
seasonal cycles of subtropical zonal wind and precipi-
tation that are qualitatively similar to observations.
Note that the climates of aquaplanets depend on mixed-
layer depth (Donohoe et al. 2014; Wei and Bordoni
2018). The axisymmetric monsoon discussed below is
also likely to be sensitive to mixed-layer depth but this
dependence is not explored here. All simulations have a
seasonal cycle of insolation with a solar constant equal
to 1365Wm ™2, an obliquity of 23.5°, zero orbital ec-
centricity, and no aerosols. The nominal horizontal grid
spacing is 2° and there are 26 vertical levels. Simulations
are run for 60 years and climatological monthly averages
are taken over the final 40 years. Climatological monthly-
average July data are used to define the axisymmetric
monsoon, although daily data are used when investigating
monsoon onset in section 3.

a. On the use of an axisymmetric model

Although observed monsoons have strong zonal
asymmetries, the essential dynamics of monsoons—includ-
ing abrupt onset and seasonal wind reversal—are captured
by axisymmetric models (e.g., Yano and McBride 1998;
Chao 2000; Bordoni and Schneider 2008; Schneider and
Bordoni 2008; Geen et al. 2019). This simplified framework
has frequently been used to explore the fundamental
physical mechanisms controlling monsoons (Privé and
Plumb 2007) and the tropical atmospheric circulation
more generally (e.g., Schneider 1977; Held and Hou
1980; Lindzen and Hou 1988; Plumb and Hou 1992).
The objective here is to build on previous axisym-
metric studies and take a first step toward under-
standing the radiative effects of clouds, water vapor,
and CO, on monsoons. While an idealized approach is
justified given the paucity of previous research on
monsoon-radiation coupling, the simplifications in-
volved may limit the applicability of the results. In
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FIG. 1. Precipitation minus evaporation in the axisymmetric
monsoon region for the control simulation with fully interactive
radiation (1 X CO; solid black line), for the simulation with pre-
scribed seasonally varying clouds and water vapor profiles in the
radiation code (SyaLyarWyar; dashed black line) and for the simu-
lation in which clouds and water vapor are fixed to their annual-
mean profiles in the radiation code (SgxLsxWiy; solid red line). The
blue arrows and text indicate the location, width, and strength of
the axisymmetric monsoon in the control simulation. The monsoon
structure is defined using climatological monthly average July data.

particular, the effects of moist-radiative feedbacks
and CO, forcing on axisymmetric versus realistic
monsoons may differ due to a range of processes being
neglected in the aquaplanet framework. Potentially
important processes not considered in this study include
surface hydrology and moisture and energy transports
by the zonally asymmetric component of the monsoon
flow (e.g., Shaw and Voigt 2016)—which likely impact,
for example, the observed spatial patterns of cloud and
water vapor feedbacks (Li et al. 2017)—and the me-
chanical and thermodynamic influences of orography
(e.g., Molnar et al. 2010). An aim of this study is to
motivate future research investigating the impacts of
such processes on monsoon-radiation coupling, with the
goal of developing a comprehensive understanding of
these interactions that is applicable to observed mon-
soons and to full-complexity models.

b. Definition of the axisymmetric monsoon structure

While acknowledging that monsoons are character-
ized using a variety of metrics and variables (e.g., Wang
and Ding 2008), here the spatial structure of the axi-
symmetric monsoon is defined in terms of precipitation
minus evaporation (P — E). The use of P — E allows for
an unambiguous definition of monsoon boundary lati-
tudes (where P — E = 0; Fig. 1) and enables a
straightforward, physically insightful decomposition of
monsoon responses into dynamic and thermodynamic
terms (Seager et al. 2010). The axisymmetric monsoon
structure is defined by three metrics: width, location, and
strength. The width of the monsoon is specified as the
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degrees of latitude between the northern and southern
monsoon edges (Fig. 1). The monsoon edges are defined
as the latitudes closest to the equator in the Northern
Hemisphere at which July-mean P — E = 0. This defi-
nition of axisymmetric monsoon width in terms of the
zero-crossing latitudes of P — FE is analogous to defini-
tions of the widths of the Hadley cells (Lu et al. 2007)
and ITCZ (Byrne and Schneider 2016). The location of
the axisymmetric monsoon ¢,, is defined as the latitude
of maximum July-mean P — E within the region en-
closed by the monsoon edges (Fig. 1). Using a similar
technique to Adam et al. (2016) [see their Eq. (1a)], the
monsoon location is identified by weighting latitude to a
high integer power of P — E:

Jd)nd)[cosd) x (P-E)" d
5 (1)

d)M = b, )
J [cosp X (P — E)]" do
é,

where ¢, and ¢,, are the southern and northern edges of
the axisymmetric monsoon, respectively, and N = 10.
This integral method is used to find the axisymmetric
monsoon location so as to reduce discretization noise
that would affect finding the latitude of maximum P — E
directly (Adam et al. 2016). The strength of the axi-
symmetric monsoon is defined as the value of P — F at
the monsoon location (Fig. 1). Note that the specific
results presented in this paper are likely to depend on the
choice of axisymmetric monsoon structure outlined above.

¢. Seasonal cycle simulations

Radiation-locking simulations aimed at understand-
ing how seasonal cloud and water vapor effects shape a
climatological, axisymmetric monsoon are performed.
Using these simulations, the contributions of moist-
radiative feedbacks (clouds, water vapor) to controlling
the axisymmetric monsoon are quantified. In particular,
three contributions due to 1) water vapor, 2) longwave
(LW) cloud effects, and 3) shortwave (SW) cloud effects
are decomposed. These influences of clouds and water
vapor on the axisymmetric monsoon are quantified
by running a suite of eight simulations in which clouds
(SW and LW properties separately) and water vapor
in the model’s radiation code are ‘“locked” to either
annual-mean or seasonally varying profiles so as to
either disable or enable insolation-induced feedbacks.
The radiation-locking simulations all have identical
insolation and a CO, concentration of 284.7 ppmuv.
The cloud and water vapor profiles prescribed in the
radiation-locking simulations are taken from a control
run with fully interactive, seasonally varying radiation.
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TABLE 1. Radiation-locking simulations to decompose the in-
fluences of clouds and water vapor on a climatological, axisym-
metric monsoon. Here ““S”” stands for SW cloud properties, “L” for
LW cloud properties, and “W”’ for water vapor. The subscript “fix”’
indicates that the property in question is fixed to its annual-mean
profile from the control simulation in the model’s radiation
code, and ‘““var’’ denotes a seasonally varying cloud or water
vapor profile.

Seasonal cycle simulations

SﬁxLﬁxWﬁx
SﬁxLﬁvaar
SﬁvaarWﬁx
Sﬁvaaerar
SvarLﬁxwﬁx
SvarLﬁxWVar
SvaerarWﬁx
SV'(\I"LVE]I'WV'(\I"

In this control simulation (named ““1 X CO,”), the cloud
and water vapor fields are stored every 2 h in preparation
for being prescribed (also every 2h) in the subsequent
radiation-locking simulations, which are listed in Table 1.

By comparing differences in the axisymmetric mon-
soon between simulations with and without seasonally
varying clouds and/or water vapor, the effects of sea-
sonal cloud and water vapor feedbacks on the monsoon
can be decomposed.' The decomposition is constructed
such that the sum of the effects of clouds and water
vapor on any given variable (plus a residual due to
nonlinear interactions between clouds and water vapor)
is equal to the change in that variable between the
simulation with seasonally varying clouds and water
vapor (SyarLyarWyar; see Table 1) and the simulation
with clouds and water vapor locked to their annual-mean
profiles (SaxLaxWix). See the appendix for a complete
description of the decomposition. Ceppi and Hartmann
(2016) used a similar method to decompose the annual-
mean circulation response to CO, forcing but to our
knowledge this is the first study to apply the radiation-
locking method to investigate an axisymmetric monsoon.
The simulations are designed to provide answers to a
number of unresolved questions: Do the radiative effects
of clouds and water vapor strengthen or weaken the axi-
symmetric monsoon? Are these effects driven by dynamic
or thermodynamic processes? How do moist-radiative
feedbacks associated with clouds and water vapor affect
the pace of onset of an axisymmetric monsoon?

'An alternative approach to decomposing seasonal moist-
radiative effects on the monsoon would be to allow the season-
ally varying clouds and water vapor to evolve freely, rather than
locking them in the radiation code. The extent to which simulations
using this alternative method would modify the results presented
here is a topic for future work.
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Radiation locking is useful for this problem only if the
fully interactive control simulation (1 X CO,) and the
locked simulation with prescribed seasonally varying
clouds and water (SyaLyarWyar) produce similar axisym-
metric monsoons. So long as this condition is satisfied, the
climatological monsoon can be expressed approximately
as a linear sum of the insolation-only, cloud, and water
vapor components. That the radiation-locking method
should work for the monsoon is not guaranteed: nonlin-
ear interactions between clouds, water vapor, and radia-
tion could lead to substantial differences between the
interactive and locked simulations. To test the validity of
the radiation-locking method, the axisymmetric mon-
soons in the fully interactive control simulation and
in the locked simulation are compared (Fig. 1).
Prescribing seasonally varying cloud and water va-
por fields produces an axisymmetric monsoon that,
in terms of P — E, is almost identical to the fully
interactive control simulation (Fig. 1). This confirms
that nonlinear interactions between insolation,
clouds, and water vapor over the seasonal cycle are
negligible, and that the radiation-locking method
is a useful tool for decomposing how each process
controls the climatological, axisymmetric monsoon.

d. Climate change simulations

An additional suite of simulations is performed to
decompose how CO, radiative forcing and feedbacks
due to clouds and water vapor control the axisymmetric
monsoon response to an abrupt quadrupling of the at-
mospheric CO, concentration. Control (1 X CO,) and
perturbed (4 X CO,) simulations with fully interactive
radiation are first performed to generate the cloud and
water vapor data for the radiation-locking simulations.
The control and perturbed simulations have CO, con-
centrations of 284.7 and 1138.8 ppmv, respectively.

The total response of the axisymmetric monsoon to
CO; quadrupling is decomposed into four contributions:
1) CO, forcing, 2) water vapor feedback, 3) LW cloud
feedback, and 4) SW cloud feedback. The decomposi-
tion of the total response is achieved by running 16 ad-
ditional simulations in which CO,, water vapor, and
clouds are locked to their time-varying values from either
the control or perturbed simulation. The 16 locking sim-
ulations are listed in Table 2. As for the seasonal cycle
simulations discussed in section 2c, the CO, forcing, and
cloud/water vapor components of the total change in the
monsoon are estimated by taking differences between
pairs of the locked simulations; see the appendix for a full
description of how each component is calculated.

The utility of the radiation-locking method for un-
derstanding the axisymmetric monsoon response to cli-
mate change is assessed by comparing changes in various
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TABLE 2. Simulations to decompose radiative influences on the
axisymmetric monsoon response to climate change. Here “C”
stands for the CO, concentration, “S” for SW cloud properties,
“L” for LW cloud properties, and “W”* for water vapor; “1” in-
dicates that the property in question is locked in the model’s ra-
diation code to its values in the control simulation (1 X CO,), and
“4” indicates that values are prescribed from the perturbed simu-
lation (4 X CO,).

Climate change simulations

CIS1L1W1 C4S1L1W1
CIS1L1W4 C4S1L1W4
CI1S1L4AW1 C4S1L4W1
CI1S1L4W4 C4S1L4W4
CIS4L1W1 C4S4L1W1
C1S4L1W4 C4S4L1W4
C1S4L4W1 C4S4L4W1
C1S4L4W4 C4S4L.4W4

quantities in the monsoon region between 1) the fully
interactive control and perturbed simulations (4 X CO,
minus 1 X CO,) and 2) the control and perturbed sim-
ulations with locked clouds and water vapor (i.e., be-
tween the C4S4L.4W4 and C1S1L1W1 simulations;
see Table 2). Overall the method performs well for
changes in sea surface temperature (SST), P — E, air
temperature, and mass streamfunction in the mon-
soon region, with generally small differences be-
tween the locked and fully interactive simulations
(Fig. 2). Thus, radiation locking is an appropriate
tool for investigating axisymmetric monsoon re-
sponses to climate change.

3. Radiative effects on an axisymmetric monsoon:
Seasonal cycle

Using the radiation-locking method, the processes
controlling the climatological, axisymmetric monsoon
are decomposed into contributions from seasonally
varying insolation and the induced water vapor and
cloud responses. Seasonally varying clouds and water
vapor exert a large influence on the climatological,
axisymmetric monsoon (Fig. 1). Compared to a simu-
lation in which clouds and water vapor are locked to
their annual-mean profiles, permitting these atmo-
spheric constituents to migrate with the seasonal cycle
of insolation reduces the maximum in axisymmetric
monsoon P — E by approximately half. The SW radi-
ative effect of clouds is the dominant influence on the
axisymmetric monsoon (aside from insolation itself),
drying the core of the monsoon region by approxi-
mately Smmday ' and moistening the margins (Fig. 3).
The SW cloud effect tends to shift the location of the
axisymmetric monsoon poleward by approximately 1°
(Fig. 4a). More dramatically, the pattern of drying and
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moistening induced by the SW cloud effect widens the
axisymmetric monsoon region by more than 6° (Fig. 4b)
but dries maximum monsoon P — E by more than 30%
(Fig. 4c). The seasonal water vapor and LW cloud ef-
fects partially counteract the poleward shift and wid-
ening of the monsoon induced by the SW cloud effect
(Figs. 4a,b). The water vapor and LW cloud components
have comparable meridional structures, tending to
moisten the monsoon core and dry the margins (Fig. 3).
The SW and LW influences of clouds cancel each other
to a large extent (Figs. 3 and 4a—c), which is consistent
with the SW and LW cloud radiative effects approxi-
mately balancing one another in the tropics (e.g.,
Ramanathan et al. 1989). The residual term representing
nonlinear interactions between clouds and water vapor
contributes to drying in the core of the monsoon region
and moistening on the flanks, and is the smallest com-
ponent of the total response (Fig. 3).

Water vapor feedbacks have been shown to shift the
annual-mean ITCZ poleward by creating a hemispheric
asymmetry in TOA energy fluxes (Frierson and Hwang
2012; Clark et al. 2018). A TOA energy imbalance
between hemispheres perturbs the cross-equatorial
energy flux which, according to energy flux equator
theory (e.g., Kang et al. 2008), shifts the ITCZ location.
A poleward shift of the annual-mean ITCZ due to
water vapor apparently contradicts the weak equator-
ward shift of the axisymmetric monsoon shown in
Fig. 4a. However, energy flux equator theory does not
accurately describe ITCZ migrations on subseasonal
time scales (Wei and Bordoni 2018), suggesting that
arguments for how water vapor affects the annual-
mean ITCZ are not appropriate for explaining the in-
fluence on the axisymmetric monsoon. A theory based
on convective quasi-equilibrium relates monsoon lo-
cations to near-surface moist static energy (Privé and
Plumb 2007; Nie et al. 2010), and could be invoked to
examine the shifts in axisymmetric monsoon location
due to clouds and water vapor.

The decomposition of the climatological, axisym-
metric monsoon into contributions from moist-
radiative processes highlights how clouds and water
vapor are fundamental to the axisymmetric mon-
soon; in the absence of seasonally varying clouds and
water vapor the axisymmetric monsoon would be
substantially stronger and peak farther poleward
(Fig. 1). Below, the mechanisms by which clouds and
water vapor impact the monsoon are investigated.

a. Atmospheric moisture budget decomposition

The atmospheric moisture budget is analyzed to
understand and compare the processes by which the
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FIG. 2. Changes in July zonal mean (a) sea surface temperature, (b) precipitation minus evaporation, (c) air
temperature, and (d) mass streamfunction between the locked climate change simulations (C4S4L4W4 minus
C1S1L1W1). (e)-(h) Differences in the changes in each variable between the fully interactive perturbed and
control simulations (4 X CO, minus 1 X CO,) and the locked simulations (C4S4L4W4 minus C1S1L1W1). For the
streamfunction panels [(d) and (h)], colors indicate the changes and the dashed gray contours show the axisym-
metric monsoon overturning circulation in the control simulation (1 X CO5).

radiative effects of water vapor and clouds (and later S(P—E)=-V-[58(q)] -V [6(0)q]

CO, forcing) influence the axisymmetric monsoon.
Specifically, changes in zonal-mean P — E are decom-
posed into mean thermodynamic, mean dynamic,
transient eddy, and nonlinear terms following Seager

S8MTh 6MDyn

=V-8([vq) —V-[8®)5(@)] .

et al. (2010): SEddy SNL

)
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FiG. 3. Difference in precipitation minus evaporation (solid
black line) between the simulation with seasonally varying clouds
and water vapor and the simulation with cloud and water vapor
profiles locked to their annual-mean profiles (i.e., SyarLyarWyar
minus SgcLaxWiy). The SW cloud (blue line), LW cloud (magenta
line), and water vapor (cyan line) components of the P — E re-
sponse are also shown. The dashed black line shows the residual
term representing the effect of nonlinear interactions between
clouds and water vapor (see appendix). Here and in subsequent
figures the thin vertical black lines indicate the edges of the axi-
symmetric monsoon region.

where v is the meridional wind, q is the specific humidity,
[[1=(1/g)[y’(-)dp represents a mass-weighted vertical
integral through the atmosphere (g is the gravitational
acceleration and p; is the surface pressure), overbars (-)
indicate climatological monthly means, and primes (-)’
represent departures from monthly means. The mean
thermodynamic component (MTh) represents the in-
fluence of changes in specific humidity on P — E with
fixed winds, and the mean dynamic component
(8MDyn) is the change in atmospheric moisture con-
vergence due to a change in mean winds with fixed
specific humidity. Note that monthly-mean circulation
responses induced by SST warming or cooling patterns
will be included in the mean dynamic component, de-
spite being driven by temperature changes. The tran-
sient eddy component (SEddy) is a covariance term
associated with correlations in submonthly winds and
specific humidity. The nonlinear term (§NL) represents
the combined effect on P — E of changes in mean cir-
culation and mean specific humidity. The mean dynamic
term can be further decomposed into divergent and
advective components:

SMDyn = =V - [5(v)q] ~ —[(V - dv)q] —[6v-Vq]. (3)
— — ——

div. adv.

The approximation in (3) arises from Leibniz’s integral
rule, which implies that there should be an additional
term on the right-hand side related to moisture advec-
tion down surface pressure gradients. However, this
surface term is generally small and often neglected when
investigating changes in P — E (e.g., Seager et al. 2010);
it is not discussed further here.
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FIG. 4. Changes in (a) location, (b) width, and (c) strength of the
axisymmetric monsoon when seasonally varying water vapor and
cloud effects are active (filled symbols) and in response to a qua-
drupling of CO, (unfilled symbols). Red squares show the changes
due to CO, forcing alone, cyan circles show the changes due to
water vapor, the blue stars and magenta triangles show the changes
associated with SW and LW cloud effects, respectively, and the
black diamonds show the sums of all components for each metric.
The axisymmetric monsoon metrics are defined in terms of P — E
(see section 2b) and are discussed in detail at the beginning of
section 3. The simulation data used to compute the changes asso-
ciated with CO,, water vapor, and clouds are described in detail in
the appendix.

b. Dynamic versus thermodynamic effects on the
climatological, axisymmetric monsoon

Clouds and water vapor primarily influence the cli-
matological, axisymmetric monsoon through the mean
dynamic term (2) by modifying the circulation (Fig. Sa).
The radiative effects of water vapor and clouds (LW)
broadly moisten the core of the axisymmetric monsoon
region by strengthening the divergent flow and en-
hancing ascent (Figs. 5b,c); there is little influence from
the mean thermodynamic, transient eddy, or nonlinear
terms. Water vapor, in addition, induces a substantial
weakening of the divergent circulation with an associ-
ated drying centered at approximately 20°N. As for the
water vapor and LW cloud components, the SW influ-
ence of clouds is primarily associated with changes in the
mean divergent circulation, which dry the axisymmetric
monsoon core and moisten the flanks (Fig. 5d). But the
SW cloud effect also exerts a substantial thermodynamic
influence on the axisymmetric monsoon by contributing
to a large negative TOA anomaly during the monsoon
season (Fig. 6a) that strongly cools the region (Fig. 7a).

The influence of the SW cloud effect on the climato-
logical, axisymmetric monsoon is straightforward to
understand in physical terms: Clouds reflect SW radia-
tion and reduce net TOA incoming radiation (Fig. 6a),
which dries the core of the axisymmetric monsoon
through a combination of cooling (thermodynamic) and
weakening of the thermally driven circulation (dy-
namic). On the other hand, seasonally varying water
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FI1G. 5. (a) Difference in precipitation minus evaporation between the simulation with seasonally varying cloud
and water vapor profiles and the simulation with annual-mean cloud and water vapor profiles (Sya;Lyar Wy, minus
ShxLxWix). The components of the total change associated with the radiative effects of (b) water vapor, (c) LW
clouds, and (d) SW clouds are also shown. In each panel, the solid black line shows the simulated change in P — E,
the blue line is the mean thermodynamic component, the solid red line is the mean dynamic component, the dashed
red line is the portion of the mean dynamic component associated with changes in the divergent flow [see (3)], the
cyan line is the transient eddy component, and the magenta line is the nonlinear component. The dashed black line
in (a) indicates the sum of the mean thermodynamic, mean dynamic, transient eddy, and nonlinear components.
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The atmospheric moisture budget decomposition is defined in section 3a.

vapor and clouds are LW absorbers with associated
greenhouse effects (Fig. 6a) that tend to warm the
axisymmetric monsoon core (Fig. 7a) and accelerate
the circulation. The analyses in this section highlight
that clouds and water vapor are key factors controlling
the strong, off-equatorial, July-mean overturning cir-
culation identified as the axisymmetric monsoon. In
the next section the roles of clouds and water vapor
in modulating axisymmetric monsoon onset will be
examined.

¢. Axisymmetric monsoon onset: Role of cloud and
water vapor feedbacks

The onset of an axisymmetric monsoon is character-
ized by a sharp transition in near-surface zonal wind
from easterly to westerly (e.g., Bordoni and Schneider
2008). Onset is rapid compared to the seasonal cycle of
solar insolation that drives the monsoon (Boos and
Emanuel 2009), with the rate of onset linked to a variety
of factors including the wind-evaporation feedback
(Boos and Emanuel 2008; Geen et al. 2019), Earth’s
rotation rate (Geen et al. 2019) and dynamical feed-
backs between transient eddies and the upper-level
monsoon circulation (Schneider and Bordoni 2008).

Here the seasonal cycle simulations (Table 1) along with
the surface energy budget are used to examine the ef-
fects of clouds and water vapor on axisymmetric mon-
soon onset. Although a number of previous studies have
investigated processes controlling onset (Schneider and
Bordoni 2008; Boos and Emanuel 2008; Geen et al.
2019), here the radiative effects of clouds and water
vapor on onset date will be examined in detail.

Following Bordoni and Schneider (2008), axisym-
metric monsoon onset is defined as the day at which the
zonal wind at 850 hPa reverses from easterly to west-
erly. The goal is to develop an understanding of how
feedbacks between clouds, water vapor and radiation
affect the timing of monsoon onset. Specifically, the
extent to which seasonally varying clouds and water
vapor expedite or delay the date of monsoon onset
compared to a basic state in which only insolation
varies seasonally will be investigated. The focus here is
on a single latitude (15°N). But it should be noted that
axisymmetric monsoon onset occurs on different days
at different latitudes in aquaplanet simulations (e.g.,
Geen et al. 2019), and that the influences of cloud and
water vapor feedbacks on onset are likely to vary quanti-
tatively with latitude.
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FIG. 6. Differences in top-of-atmosphere radiative fluxes (black
lines) between (a) simulations with seasonally varying and annual-
mean cloud and water vapor profiles (SyarLyarWyar minus
ShxLaxWisyx) and (b) the perturbed and control simulations (4 X
CO; minus 1 X CO,). The components due to CO, forcing (red
line), SW cloud effects (blue lines), LW cloud effects (magenta
lines), and water vapor (cyan lines) are also shown. Fluxes are
defined as positive downward such that a positive change repre-
sents an increased energy flux into the climate system.

The simulation in which clouds and water vapor are
locked to their annual-mean profiles (SgxLaxWix)
produces a characteristically sharp axisymmetric mon-
soon onset at day 176 (Fig. 8a). When seasonally
varying cloud and water vapor effects are activated,
the day of monsoon onset shifts (Fig. 9a): radiative
effects of water vapor delay axisymmetric monsoon
onset by 9 days, and the LW cloud effect delays onset
by 7 days. Opposing these processes is the SW cloud
effect, which expedites monsoon onset by 13 days. The
radiative effects of clouds and water vapor are clearly
an important influence on axisymmetric monsoon
onset and in the next section a conceptual model is
introduced to explain why.

d. A conceptual model for monsoon onset

To understand the physics controlling axisymmetric
monsoon onset and how it is influenced by clouds and
water vapor, the relationship between monsoon onset,
solar insolation, and SST is considered (Fig. 8). An
emerging paradigm views the monsoon as a seasonal,
off-equatorial manifestation of the ITCZ (Privé and
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Plumb 2007; Gadgil 2018). As the latitude of maximum
insolation moves off the equator (Fig. 8b), surface
warming is induced (Fig. 8c), which drives a strong,
cross-equatorial overturning circulation that is identi-
fied as the monsoon. The SST response lags insolation
by tens of days in the axisymmetric monsoon region
(Fig. 10), with the lag related to surface heat capacity
(Donohoe and Battisti 2013). SST drops following axi-
symmetric monsoon onset (Fig. 8c), primarily due to the
wind-evaporation feedback (Geen et al. 2019) and in
qualitative agreement with the behavior of observed
monsoons (e.g., Simpson 1921). Theory and axisym-
metric models have identified a strong coupling between
off-equatorial heating and the monsoon circulation (e.g.,
Lindzen and Hou 1988; Plumb and Hou 1992; Privé
and Plumb 2007). For example, the monsoon in an axi-
symmetric model is found to rapidly intensify as a sub-
tropical SST perturbation is increased beyond a critical
threshold (Privé and Plumb 2007). This SST—circulation
coupling suggests that the seasonal evolution of SST
influences monsoon onset, transforming the problem of
understanding onset into a potentially more tractable
problem: What controls the seasonal cycle of subtropi-
cal SSTs?
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FIG. 8. Climatological daily (a) zonal wind at 850 hPa, (b) surface
forcing, and (c) sea surface temperature at 15°N for the SgyLaxWiix
simulation. The surface forcing is defined as the net SW flux into
the surface. The vertical red lines indicate the day of axisymmetric
monsoon onset.

To answer this question, a simplified form of the
surface energy budget with a linear feedback term is
invoked:

c_p _ar 4)
sdt_ s s’

where C; is the surface heat capacity (equivalent, in the
slab-ocean simulations, to the heat capacity of S5m of
liquid water), T is the SST anomaly, F; is the surface
forcing due to the seasonal cycle of insolation, and A is a
constant surface feedback parameter. The surface forc-
ing is defined as the net SW flux into the surface for
the simulation with prescribed annual-mean cloud
and water vapor profiles (i.e., SgcLaxWiy; see Table 1);
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FIG. 9. Changes in (a) axisymmetric monsoon onset and
(b) surface feedback parameter relative to the SgLg Wiy simula-
tion. Components of the onset and feedback changes associated
with seasonal SW cloud effects (blue stars), LW cloud effects
(magenta triangles), and water vapor (cyan circles) are indicated.
Note that the y axis in (b) has been inverted.

additional surface fluxes are interpreted as temperature-
dependent feedbacks driven by this forcing. The surface
forcing at 15°N is shown in Fig. 8b.

Equation (4) states that the rate of change of SST at a
given latitude is controlled by the seasonal cycle of in-
solation Fj, the heat capacity of the surface Cs, and the
efficiency with which the surface dissipates heat to the
overlying atmosphere (i.e., the feedback term —ATy).
The feedback term parameterizes net surface turbulent
(sensible + latent) and radiative heat fluxes as being
linearly proportional to the SST anomaly. Taking the
Laplace transform of (4) leads to a complex transfer
function H(f) that maps a periodic surface forcing at

—— forcing
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=
N
(6]
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FIG. 10. Day of the year at which surface forcing (red line) and
SST (black line) maximize at each latitude for the SgLgxWix
simulation. Black dots indicate the day of axisymmetric monsoon
onset at each latitude, which closely track the days at which SST
maximize in these simulations. The cyan line and dots show, re-
spectively, the day when SST maximizes and monsoon onset for the
ShxLaxWrx simulation, which includes seasonally varying water
vapor in the radiation code.
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frequency f to the induced SST response (MacMynowski
et al. 2011):

1
2ufCi+ A"

H(f) = )

The magnitude of the transfer function H(f) is the am-
plitude of the SST response to the periodic forcing.
The phase

& = tan™! (

) —an2mfr) @

quantifies the lead or lag of the SST response relative to
the forcing. In (6) a surface response time scale 7, = Cy/A
has been defined. Increasing the heat capacity C; in-
creases the lag between forcing and SST response by
increasing the response time scale, whereas increasing
the feedback parameter A decreases the lag. We will now
use the phase of the transfer function (6) to interpret
how the radiative effects of clouds and water vapor in-
fluence axisymmetric monsoon onset.

Simulations with seasonally varying water vapor
show a longer lag between surface forcing and axisym-
metric monsoon onset (Figs. 9a and 10). Previously
identified coupling between off-equatorial SSTs and the
axisymmetric monsoon (e.g., Lindzen and Hou 1988;
Plumb and Hou 1992; Privé and Plumb 2007) suggests
that this shift in the timing of monsoon onset is related to
the lag between surface forcing and SST response,
quantified by (6). The heat capacity C, and forcing fre-
quency f are fixed across all simulations, so according to
(6) the longer lag is due to a decrease in the surface
feedback parameter A. The feedback parameter for each
simulation in Table 1 is estimated by analyzing SSTs and
surface heat fluxes (with the surface forcing removed) in
the lead up to axisymmetric monsoon onset. In partic-
ular, A is computed for each simulation by integrating (4)
from 50 days prior to onset up to the day of monsoon
onset. The feedback parameter is interpreted physically
as the efficiency with which the surface cools via radia-
tive and turbulent fluxes.

The delayed axisymmetric monsoon onset in simula-
tions with seasonally varying water vapor (Fig. 10) is
qualitatively consistent with a reduction in the feedback
parameter relative to simulations with a fixed annual-
mean water vapor profile (Fig. 9b). The magnitude of
the water vapor feedback (approximately2Wm 2K ')
at the surface is similar to TOA estimates (Dessler et al.
2008). The delayed monsoon onset is physically intui-
tive: When the water vapor feedback is active, the
associated greenhouse effect increases the net down-
welling LW flux into the surface, inhibits surface cool-
ing, reduces the feedback parameter and lengthens the
surface response time scale (6). Similar arguments can
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be made for the effects of clouds on axisymmetric
monsoon onset. The seasonal LW cloud feedback acts
in a similar way to the water vapor feedback (Fig. 9). The
warming LW greenhouse effect of clouds restricts sur-
face cooling, decreases the feedback parameter (Fig. 9b)
and delays onset (Fig. 9a). The SW cloud feedback, on the
other hand, enhances the cooling ability of the surface by
reflecting incoming SW radiation back to space. By making
it easier for the surface to cool, the SW effect of clouds
increases the feedback parameter (Fig. 9b) and expedites
axisymmetric monsoon onset by approximately two weeks
(Fig. 9a). Across all seasonal simulations (Table 1) there is
an anticorrelation between the day of axisymmetric mon-
soon onset and the feedback parameter (r = —0.74),
suggesting a mechanistic link between axisymmetric
monsoon onset and the efficiency of surface cooling.

The lag between forcing and SST response, and the
timing of monsoon onset, depend on surface heat ca-
pacity and mixed-layer depth (6). The influences of
water vapor and cloud feedbacks on monsoon onset will
therefore be modified quantitatively in simulations with
different mixed-layer depths. For example, a given wa-
ter vapor feedback will have a weaker effect on the
timing of monsoon onset in a simulation with a deeper
mixed layer. However, the qualitative impacts of water
vapor and clouds on monsoon onset, and the conceptual
framework described above, are expected to be appli-
cable—following further development—to monsoons in
full-complexity models and in the real Earth system. For
example, the conceptual model could be extended to
understand the effects of clouds and water vapor on the
seasonal evolution of SST gradients, which are known to
shape tropical circulations (Lindzen and Nigam 1987;
Plumb and Hou 1992; Emanuel 1995) and have been put
forward as a key influence on monsoon onset (Schneider
and Bordoni 2008; Geen et al. 2019).

4. Radiative effects on an axisymmetric monsoon:
Climate change

The radiation-locking simulations listed in Table 2
and described in section 2d are now used to investigate
how cloud and water vapor feedbacks—in addition to
CO, forcing—influence the axisymmetric monsoon re-
sponse to climate change. See the appendix for a de-
tailed description of how the CO,, water vapor, and
cloud contributions to the climate change response are
calculated.

a. Influence of CO; forcing versus cloud and water
vapor feedbacks

The axisymmetric monsoon response to an abrupt
quadrupling of CO, is decomposed into contributions
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FIG. 11. Differences in precipitation minus evaporation (solid
black line) between the perturbed and control simulations (4 X
CO, minus 1 X CO,). The components of the total change are also
shown: CO, forcing (red line), SW cloud feedback (blue line), LW
cloud feedback (magenta line), and the water vapor feedback (cyan
line). The dashed black line is the residual term showing the effect
of nonlinear interactions between CO,, clouds, and water vapor on
the monsoon response (see appendix).

from CO, forcing, the water vapor feedback, and cloud
feedbacks (SW and LW); each contribution substan-
tially influences the total axisymmetric monsoon re-
sponse to climate change (Fig. 11). The CO, and water
vapor components have similar magnitudes and merid-
ional structures: both strengthen and moisten the core of
the axisymmetric monsoon (increase P — E) and tend to
weaken and dry the axisymmetric monsoon near its
boundaries. Water vapor and CO, are both greenhouse
gases, so it is not surprising that their effects on the
axisymmetric monsoon are similar. The cloud compo-
nents have comparable magnitudes to the CO, and
water vapor terms but distinctive dipole-like spatial
structures (Fig. 11). The SW cloud feedback strengthens
(moistens) the poleward side of the axisymmetric
monsoon and weakens (dries) the equatorward side.
The LW cloud component is almost the mirror image
of the SW component, drying the poleward side and
moistening the equatorward side of the axisymmetric
monsoon. The residual term is smaller than each of the
other components though contributes to moistening of
the monsoon region (Fig. 11); the residual would be zero
if the radiative effects of CO,, clouds, and water vapor
were fully independent (see the appendix).

The axisymmetric monsoon location migrates equa-
torward in response to CO, quadrupling (Fig. 4a). This
equatorward shift is driven partly by CO, forcing and
partly by the water vapor and LW cloud feedbacks.
Acting by itself, the LW cloud feedback would shift the
axisymmetric monsoon equatorward by approximately
1°, but this shift is more than cancelled out by the SW
cloud feedback which acts to shift the axisymmetric
monsoon poleward. The components of the change in
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axisymmetric monsoon location are consistent with the
patterns of changes in P — E: CO,, water vapor, and the
LW cloud feedback predominantly moisten the equa-
torward side of the axisymmetric monsoon (Fig. 11),
which shifts the P — E maximum toward the equator. In
contrast, the SW cloud feedback opposes the equator-
ward shift by moistening the axisymmetric monsoon on
its poleward side and drying on its equatorward side.

The axisymmetric monsoon narrows by approxi-
mately 1° in response to CO, quadrupling (Fig. 4b). All
radiative effects contribute to this narrowing, with the
LW cloud feedback exerting the strongest influence.
Again, axisymmetric monsoon narrowing is consistent
with patterns of P — E changes driven by the various
radiative effects, with most terms tending to drive drying at
the edges of the axisymmetric monsoon hence narrowing it
(Fig. 11). The axisymmetric monsoon strengthens by al-
most 20% when CO, is quadrupled (Fig. 4c), and this
strengthening is driven roughly equally by CO, forcing,
water vapor, and cloud feedbacks.

b. Dynamic versus thermodynamic effects on the
axisymmetric monsoon response to climate change

As for the climatological monsoon, the atmospheric
moisture budget is analyzed to understand the respec-
tive roles of changes in specific humidity versus changes
in circulation for controlling the axisymmetric monsoon
response to climate change.

1) TOTAL MONSOON RESPONSE

The total P — E response between the control simu-
lation (1 X CO,) and the perturbed simulation (4 X
CO,)—with strong moistening in the axisymmetric
monsoon core and drying on the flanks (Fig. 11)—is
dominated by the mean thermodynamic term (2), which
moistens the axisymmetric monsoon region and dries
the latitudes immediately south of it (Fig. 12a). This is
the simple ‘‘wet-get-wetter, dry-get-drier” scaling in
action: In a warming climate, relative humidity remains
approximately constant (e.g., Held and Soden 2000),
implying increases in specific humidity and an amplification
of the climatological P — E pattern at the Clausius-
Clapeyron rate of approximately 7% K ' (Mitchell
et al. 1987; Chou and Neelin 2004; Held and Soden 2006;
Chou et al. 2009). The mean thermodynamic component
defined by (2) includes changes in relative humidity and
horizontal temperature gradients, additional effects that
are neglected in the “wet-get-wetter, dry-get-drier” scaling.
Although these effects are important over land (Byrne
and O’Gorman 2015) and for P — E changes between
the present day and the Last Glacial Maximum (Boos
2012), they are found to be negligible in the aquaplanet
simulations presented here (not shown).
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FIG. 12. Difference in precipitation minus evaporation (a) between the perturbed and control simulations (4 X
CO, minus 1 X CO,) and the components associated with (b) CO, forcing, (c) water vapor feedback, (d) SW cloud
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transient eddy, and nonlinear processes are shown in each panel, and the dashed black line in (a) indicates the sum
of these contributions. The dashed red lines show the contributions of changes in the divergent flow to the mean

dynamic components.

The mean thermodynamic term is the largest contri-
bution to the total axisymmetric monsoon response.
But the influence of changes in mean circulation is
substantial, particularly on the flanks of the monsoon
(Fig. 12a). In these regions the circulation weakens,
tending to dry the axisymmetric monsoon [§(P — E) < 0]
and oppose thermodynamically driven increases in P — E.
This weakening of the axisymmetric monsoon circula-
tion is consistent with the results of Shaw and Voigt
(2015), who found that the “indirect effect” of SST
warming reduces the strength of the Asian monsoon
cyclone. As for the climatological monsoon the mean
dynamic term is dominated by its divergent component
(3), highlighting that changes in vertical velocity and
the overturning circulation are important for responses
on both the equatorward and poleward sides of the

axisymmetric monsoon region (Fig. 12a). Transient
eddies exert a weaker influence on the axisymmetric
monsoon relative to the mean thermodynamic and dy-
namic terms, drying the core of the axisymmetric mon-
soon and moistening the flanks modestly (Fig. 12a). The
nonlinear term is negligible and is not discussed further.

2) CO, AND WATER VAPOR COMPONENTS

The processes controlling how CO, forcing (Fig. 12b)
and the water vapor feedback (Fig. 12¢) impact the
axisymmetric monsoon are similar to one another and to
the total P — E response (cf. Fig. 12a). The mean ther-
modynamic term is the dominant influence, with
changes in the mean divergent circulation and in tran-
sient eddies tempering the thermodynamically induced
monsoon moistening (Figs. 12b,c). Interestingly, CO,
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forcing and the water vapor feedback affect the magni-
tude and spatial pattern of axisymmetric monsoon P — E
in very similar ways, which is consistent with CO, and
water vapor driving large SST changes with approxi-
mately equal magnitudes and similar meridional struc-
tures (Fig. 7b).

3) CLOUD COMPONENTS

Clouds affect the axisymmetric monsoon response to
climate change in an entirely different way to CO, and
water vapor (Figs. 12d,e). The magnitudes of the
changes in P — E induced by cloud feedbacks are
comparable to the CO, and water vapor changes, but the
patterns are wholly different. Strikingly, both the SW
and LW cloud components of the P — E response are
driven almost completely by mean circulation changes
(Figs. 12d,e), in contrast to the CO, and water vapor
components, which are mostly associated with ther-
modynamic changes (cf. Figs. 12b,c). Clouds have a
negligible influence on SST in the axisymmetric mon-
soon region (Fig. 7b), yet perturb TOA fluxes sub-
stantially (Fig. 6b). That clouds strongly control the
axisymmetric monsoon yet have a negligible influence
on SST suggests that established theories for the trop-
ical circulation based on SST patterns (e.g., Lindzen
and Nigam 1987; Sobel 2007; Back and Bretherton
2009; Duffy et al. 2020) are unlikely to explain how cloud
feedbacks impact monsoons in a changing climate.

Clouds are an essential process shaping the axisym-
metric monsoon, but the pathway by which clouds exert
this influence is dynamic rather than thermodynamic.
Dynamic (or circulation) responses to climate change
are generally less certain than thermodynamic responses
(Shepherd 2014), although they are important to under-
stand if projections of monsoons in future climates are to
be better constrained. In the next section the strong
coupling between clouds and circulation will be used to
further investigate the key influence of clouds on the
axisymmetric monsoon circulation in a changing climate.

¢. Toward understanding how cloud feedbacks
impact the axisymmetric monsoon circulation

The axisymmetric monsoon responses to CO, forcing
and the water vapor feedback are determined primarily
by thermodynamic processes associated with warming
SSTs in the monsoon region. Dynamic changes in the
axisymmetric monsoon associated with CO, and water
vapor affect the meridional pattern of the P — E re-
sponse and tend to narrow the monsoon in a warming
climate, but are small relative to the thermodynamic
changes (Figs. 12b,c). In contrast, circulation changes
dominate the response of the axisymmetric monsoon to
cloud feedbacks (Figs. 12d,e) and strongly influence the
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location, width, and strength of the axisymmetric mon-
soon in a changing climate. In this section the changes in
axisymmetric monsoon circulation in response to the
cloud feedbacks imposed in the radiation-locking sim-
ulations are analyzed in further detail.

Clouds induce only subtle changes in SST within the
axisymmetric monsoon region in response to CO, forc-
ing (Fig. 7b), suggesting that the class of theories linking
tropical circulations to the SST distribution [for a review
see Sobel (2007)] are unlikely to explain the large
changes in circulation induced by clouds. An alternative
approach would be to use the atmospheric moist static
energy budget to understand how the axisymmetric
monsoon circulation responds to surface or TOA energy
perturbations (e.g., Neelin and Held 1987; Kang et al.
2008; Bischoff and Schneider 2014; Hill 2019). Such an
approach would rely on an energy perturbation at the
boundary being balanced primarily by changes in the
mean divergent axisymmetric monsoon circulation, rather
than by changes in energy stratification or transient eddy
transport. However, in the simulations presented here, the
energy perturbations driven by clouds are primarily bal-
anced by transient eddies rather than by changes in the
mean circulation (not shown). Consequently, the atmo-
spheric energy budget is not particularly useful for con-
structing arguments for how clouds influence the
axisymmetric monsoon.

Here the strong coupling between clouds and circu-
lation is invoked to partially explain how cloud feed-
backs influence the axisymmetric monsoon circulation.
In the tropics, the SW and LW cloud radiative effects
are tightly coupled to midtropospheric vertical velocity
(e.g., Bony et al. 2004). There is a straightforward ex-
planation for this: Clouds are thicker, deeper, and more
prevalent in regions of strongly ascending air (e.g.,
monsoons), so their radiative effects are stronger.
Moving toward regions of weakly ascending and sub-
siding air, clouds tend to be thinner, lower in the at-
mosphere, and less prevalent and therefore have
weaker radiative effects. Typically, the robust rela-
tionship between cloud radiative effect and vertical
velocity has been used to understand cloud feedbacks
in response to increasing SSTs (Bony et al. 2004; Wyant
et al. 2006; Byrne and Schneider 2018). Here, in con-
trast, the cloud—circulation relationship will be used to
understand the axisymmetric monsoon response to
cloud feedbacks imposed using the radiation-locking
technique.

The control simulation shows strong coupling be-
tween midtropospheric vertical velocity and the SW and
LW cloud radiative effects in the axisymmetric monsoon
region (Fig. 13). Cloud radiative effects are defined in
the conventional way as differences between all-sky and
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F1G. 13. Vertical velocity at 500 hPa as a function of (a) LW and
(b) SW cloud radiative effect for the control (1 X CO,) simulation.
Blue dots show July data from grid points on the poleward side of
the axisymmetric monsoon (from 18° to 32°N) and magenta dots
show July data from the equatorward side (from 6° to 18°N). The
thick solid black lines are linear least squares fits to the data from
the control simulation (the poleward and equatorward sides are
fitted separately). The dotted black lines are linear fits between
vertical velocity and the cloud radiative effects in the perturbed

simulations where in (a) only the LW cloud feedback is applied and
in (b) only the SW cloud feedback is applied.

clear-sky radiative fluxes at the TOA (Allan 2011),
with positive values indicating that clouds are adding
energy to the climate system. For the LW cloud ra-
diative effect, the larger the ascent rate in the mid-
troposphere the stronger the cloud heating of the
axisymmetric monsoon region (Fig. 13a). There are
two regimes of behavior, with a stronger dependence
of LW cloud radiative effect on vertical velocity on
the equatorward side of the axisymmetric monsoon
versus on the poleward side. The differing sensitivities
of LW cloud radiative effect to vertical velocity in
each sector possibly reflect latitudinal variations in
temperature and specific humidity. For the SW cloud
radiative effect (Fig. 13b), on the poleward side of the
axisymmetric monsoon there is a clear dependence on
vertical velocity, with SW cloud cooling becoming
stronger as ascent strengthens. On the equatorward
side, however, the relationship between SW cloud
radiative effect and vertical velocity breaks down;
in this region additional factors including inversion
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strength (Wood and Bretherton 2006) and lower tro-
pospheric convective mixing (Sherwood et al. 2014)
are likely to affect the SW cloud radiative effect.

The climatological cloud—circulation relationships in
Fig. 13 will now be leveraged to make quantitative es-
timates of the changes in axisymmetric monsoon circu-
lation (specifically vertical velocity at 500 hPa) in response
to imposed SW and LW cloud feedbacks. First, linear fits
of vertical velocity w to cloud radiative effect R for the SW
and LW fluxes individually, and for the equatorward and
poleward sides of the axisymmetric monsoon individually,
are computed:

w(R)=a+ bR, (7)

where a and b are fitting coefficients. In general,
estimating a change in vertical velocity 6w in response to
an imposed change in cloud radiative effect R requires
knowledge not only of R but also of how the linear
relationship between vertical velocity and cloud radia-
tive effect changes with climate state. Changes in the
linear relationship w(R) are often considered to be a
thermodynamic, or temperature-driven, response of the
cloud radiative effect to a change in climate (Bony et al.
2004; Byrne and Schneider 2018). However, cloud
feedbacks in response to CO, quadrupling have only a
limited influence on SSTs in the axisymmetric monsoon
region (Fig. 7b), suggesting that the relationship be-
tween cloud radiative effect and circulation (7) may be
relatively constant under an imposed cloud feedback.
Comparing the linear fits of vertical velocity to LW
cloud radiative effect in the control simulation (1 X
CO,) and in a perturbed case in which only the LW
cloud feedback is applied, the relationships are found to
be similar (Fig. 13a). For the SW cloud radiative effect,
the fit on the poleward side of the axisymmetric mon-
soon has a similar slope in the control simulation and for
the perturbed case in which the SW cloud feedback is
applied, although it is shifted downward (Fig. 13b).
However, on the equatorward side of the axisym-
metric monsoon there is little evidence of a linear
relationship between cloud radiative effect and cir-
culation in the control simulation (Fig. 13b), so
changes in a linear relationship in response to an
imposed SW cloud feedback would have little physi-
cal meaning.

Assuming the linear relationships between vertical
velocity and cloud radiative effect remain roughly
constant under an imposed cloud feedback, this opens
up the possibility of predicting cloud-driven changes in
the axisymmetric monsoon circulation as a function of
changes in cloud radiative effect and the climatological
relationship between clouds and circulation:
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dashed cyan line in (b) shows the estimate assuming a quadratic relationship between vertical velocity and cloud

radiative effect, i.e., o(R) = a + bR + cR>.
ow~bSR. 8

1) RESPONSE TO LONGWAVE CLOUD FEEDBACKS

Equation (8) is first applied to estimate the response
of axisymmetric monsoon vertical velocity to changes in
LW cloud radiative effect (Fig. 14a). The LW cloud
feedback strengthens ascent on the equatorward side of
the axisymmetric monsoon and weakens ascent on the
poleward side. This dipole-like circulation response re-
flects changes in LW cloud radiative effect under CO,
quadrupling (Fig. 14c): A strengthening cloud radiative
effect (heating) on the equatorward side of the axi-
symmetric monsoon is consistent with strengthening
ascent, and a weakening cloud radiative effect (cooling)
on the poleward side suggests weakening ascent.
Increases in LW cloud radiative effect in a warming
climate are generally due to rising free-tropospheric

cloud tops, which represent a positive climate feedback
(e.g., Ceppi et al. 2017). The decrease in LW cloud radia-
tive effect on the poleward side of the axisymmetric
monsoon (Fig. 14c) is likely associated with decreases in
high-cloud amount in that region (not shown). The pur-
pose here is to investigate how cloud feedbacks affect the
axisymmetric monsoon; for detailed discussions of the
feedback mechanisms themselves, see reviews by Stephens
(2005), Ceppi et al. (2017), and Klein et al. (2017).

An estimate of the change in vertical velocity driven
by the LW cloud feedback assuming a fixed relationship
between LW cloud radiative effect and circulation [see
(8)] broadly captures the pattern of simulated changes
(Fig. 14a). This is an interesting result highlighting that
the LW cloud feedback, imposed in the radiation-
locking simulations as a forcing, drives a change in axi-
symmetric monsoon circulation that depends only on
the radiative feedback itself and the climatological
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relationship between clouds, radiation, and vertical ve-
locity. Clouds, primarily via their impact on circulation,
are a dominant influence on the axisymmetric monsoon
response to climate change (Figs. 12d,e) and so linking
this response to a climatological relationship in climate
models opens the possibility of developing a new
“emergent constraint” for monsoons [see Klein and
Hall (2015) for an elegant discussion of the concept of
emergent constraints]. By allowing the coefficients a and
b in (7) to change with climate, estimates of the change
in vertical velocity are somewhat improved (this is
termed the “linear full” estimate; see the red dashed line
in Fig. 14a), although the estimate is qualitatively similar
to assuming a constant linear relationship [(8)].

2) RESPONSE TO SHORTWAVE CLOUD FEEDBACKS

Although changes in axisymmetric monsoon circula-
tion driven by LW cloud feedbacks can be predicted at
least to zeroth order by assuming a constant linear re-
lationship between vertical velocity and cloud radiative
effect (Fig. 14a), this is not the case for circulation
changes associated with SW cloud feedbacks (Fig. 14b).
On the poleward side of the axisymmetric monsoon,
ascent strengthens in response to a weakening of the
negative SW cloud radiative effect (Fig. 14d) whereas on
the equatorward side the ascent weakens. These changes
are not captured by assuming a constant linear rela-
tionship between circulation and cloud radiative effect
[(8)], which instead predicts an opposite-signed re-
sponse of vertical velocity (weakening ascent) on the
poleward side of the axisymmetric monsoon and little
change on the equatorward side (Fig. 14b). On the
equatorward side, as discussed, there is no clear linear
relationship between vertical velocity and SW cloud
radiative effect (Fig. 13b) and it is not surprising that
predictions of circulation changes in that region using a
linear model are not accurate. On the poleward side,
there are positive changes in SW cloud radiative effect
under CO, quadrupling (Fig. 14d), implying a weaken-
ing of ascent in that region for a fixed climatological
relationship between circulation and cloud radiative
effect. However, this is not what the simulations show;
instead the ascent increases in magnitude in response
to changes in SW cloud radiative effect (Fig. 14b).
Accounting for changes in the coefficients a and b in the
linear model [(7)] improves the estimates of the changes
in vertical velocity substantially (cf. the black and red
dashed lines in Fig. 14b). This implies that changes in
axisymmetric monsoon circulation driven by the SW
cloud feedback are unlikely to be constrained or predicted
as a function of the climatological cloud—circulation rela-
tionship; one would also need a theory for how that rela-
tionship evolves with climate change. A quadratic fit of the
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relationship between circulation and SW cloud radiative
effect [w(R) = a + bR + cR?] is required to accurately es-
timate changes in circulation on the poleward side of
the axisymmetric monsoon (see the cyan dashed line in
Fig. 14b), suggesting that nonlinear interactions between SW
cloud radiative effect and circulation are central to under-
standing how clouds affect monsoons in a changing climate.

5. Sensitivities to water vapor and clouds: Seasonal
cycle versus climate change

By modifying energy input to the atmosphere, clouds
and water vapor exert strong influences on the axisym-
metric monsoon over the seasonal cycle (Fig. 3) and
under climate change (Fig. 11). Temperature-driven
cloud and water vapor feedbacks in response to forc-
ings from CO, and the seasonal cycle of insolation are
different in their magnitudes and structures (Fig. 15), yet
there are similarities: The water vapor and LW cloud
feedbacks are positive in the axisymmetric monsoon re-
gion over the seasonal cycle and under climate change, and
the SW cloud feedback is strongly negative in both cases.
In simple physical terms, water vapor and LW cloud
feedbacks act to further energize the axisymmetric mon-
soon region in a warming climate, whereas the SW cloud
feedback reduces energy input. The water vapor and cloud
feedbacks in response to CO, quadrupling in the axisym-
metric monsoon region (Fig. 15b) are within the ranges of
comprehensive models, which show considerable inter-
model spread particularly for cloud feedbacks (not shown).

The resemblance of seasonal and climate change
feedbacks in the axisymmetric monsoon region moti-
vates an additional question: Are sensitivities of the
axisymmetric monsoon to changes in clouds and water
vapor similar over the seasonal cycle and under climate
change? Monsoon sensitivity in this context is defined to
be the change in P — E averaged over the axisymmetric
monsoon region divided by the energy input change at
TOA (which is also averaged over the monsoon region).
Comparing the seasonal and climate change sensitivities
(Table 3), both are positive for water vapor yet there is
almost a factor of 3 difference between the magnitudes
of the sensitivities. For the SW effect of clouds, the
axisymmetric monsoon is much more sensitive over the
seasonal cycle than under climate change. However,
the LW cloud sensitivities of the axisymmetric monsoon
are equal for the seasonal cycle and under climate
change (—0.017mmday ). This is a potentially impor-
tant result in the context of future monsoons, as it suggests
that the substantial influence of the LW cloud effect on
the monsoon response to CO, forcing (Fig. 11) could be
constrained by observing the LW cloud feedback in
monsoon regions over the seasonal cycle. This is an
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FI1G. 15. Temperature-driven feedbacks between (a) simulations
with seasonally varying vs annual-mean cloud and water vapor
profiles (SyarLwarWyar minus SgLgcWyy) and (b) the perturbed
and control simulations (4 X CO, minus 1 X CO,). The total
(black lines), SW cloud (blue lines), LW cloud (magenta lines),
and water vapor feedbacks (cyan lines) are shown. The feedbacks
are calculated using the radiative kernel technique (e.g., Soden
et al. 2008), with the kernels computed using an aquaplanet
version of the GFDL AM2.1 model (Feldl et al. 2017). The sea-
sonal cycle feedbacks in (a) have been normalized by the global-
mean SST change between the SyuLwarWvyar and SgxLaxWix
simulations, and the feedbacks in (b) have been normalized by
the SST change between the C4S4L4W4 and CI1S1L1WI1
simulations.

additional emergent constraint on monsoons in a
changing climate that deserves further investigation. In
particular, emergent constraints are deemed to be
credible and useful for narrowing uncertainty only if
supported by plausible physical mechanisms (Klein and
Hall 2015). Whether the equal sensitivities of the axi-
symmetric monsoon to LW cloud feedbacks over the
seasonal cycle and under climate change are indicative
of a common underlying mechanism or whether it is a
coincidence is an open question. Due to surface hy-
drology, stationary waves, and other processes, the ef-
fects of water vapor and clouds on monsoons are likely
to differ substantially between axisymmetric aquaplanet
simulations and full-complexity models. This implies
that emergent constraints derived in an axisymmetric
framework need to be tested extensively in more com-
prehensive models before their potential applicability to
monsoon projections can be fully assessed.
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TABLE 3. Sensitivities of precipitation minus evaporation aver-
aged over the axisymmetric monsoon region to temperature-driven
water vapor and clouds feedbacks over the seasonal cycle and
under climate change. The feedbacks have been calculated using
radiative kernels and multiplied by the total global-mean SST
changes for the seasonal cycle (SyarLyarWyar minus SgLgWpy) and
climate change simulations (C4S4L4W4 minus C1S1L1W1).

Seasonal [mmday ! Climate change [mm day !

Sensitivity to (Wm™?)™1 (Wm™?)™1
Water vapor 0.089 0.031
Clouds (LW) —-0.017 —0.017
Clouds (SW) —0.016 0.000

6. Summary

Aerosols affect monsoons (e.g., Bollasina et al. 2011) yet
the impacts of other radiatively active atmospheric con-
stituents are relatively unknown. Using a unique collection
of radiation-locking simulations performed on an aqua-
planet, the influences of clouds, water vapor, and CO, on
an axisymmetric monsoon have been investigated. For the
climatological monsoon, the combined effect of seasonally
varying clouds and water vapor is to reduce net monsoon
precipitation by more than 40%. This drying of the axi-
symmetric monsoon by seasonal radiative feedbacks is
driven primarily by the SW effect of clouds, which sub-
stantially reduces incoming TOA radiation, cooling the
monsoon region and weakening the divergent circulation.
The LW greenhouse effects of seasonally varying clouds
and water vapor counteract the SW drying to some extent
by invigorating ascent and moistening the core of the axi-
symmetric monsoon. Seasonal cloud and water vapor
feedbacks also widen the axisymmetric monsoon re-
gion and shift the location of peak net monsoon pre-
cipitation marginally equatorward. These individual
moist-radiative feedbacks can also shift the date of
axisymmetric monsoon onset by up to approximately
two weeks. A conceptual model is developed relating
changes in axisymmetric monsoon onset to the effi-
ciency of surface cooling; future research could further
develop and potentially apply this framework to iden-
tify the physical origins of biases in monsoon onset in
weather and climate models.

The radiative effects of clouds, water vapor, and CO,
all strongly influence the axisymmetric monsoon re-
sponse to an abrupt CO, quadrupling. CO, forcing and
the water vapor feedback affect the axisymmetric
monsoon in similar ways: Both tend to strengthen net
precipitation, modestly narrow the monsoon region,
and move the monsoon equatorward. The effects of
CO,; and water vapor on the axisymmetric monsoon
response to climate change are primarily thermody-
namic: As greenhouse gases, both warm the monsoon
region, increase specific humidity, and broadly moisten
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the axisymmetric monsoon. In contrast, the large im-
pacts of SW and LW cloud feedbacks on the axisym-
metric monsoon response are predominantly dynamic
in nature. Despite having a negligible influence on
SSTs in the monsoon region, cloud feedbacks perturb
TOA energy fluxes and induce dipole-like changes in
the axisymmetric monsoon circulation. The SW cloud
feedback strengthens ascent on the poleward side of
the axisymmetric monsoon and weakens ascent on the
equatorward side; circulation changes driven by the
LW cloud feedback are the mirror image of the SW
changes. Leveraging the strong coupling between
clouds and circulation, the influence of the LW cloud
feedback on the axisymmetric monsoon circulation is
estimated as a function of the feedback itself and the
climatological relationship between cloud radiative
effect and vertical velocity. By linking the climate
change response of the axisymmetric monsoon circu-
lation to a climatological relationship in the model,
this analysis has revealed a potential emergent con-
straint on monsoons that will be investigated in future
work. Similar sensitivities of the axisymmetric mon-
soon to LW cloud feedbacks over the seasonal cycle
and under climate change are also found, suggesting
that the seasonal behavior of the monsoon could be a
useful analog for the climate change response.

This study has highlighted the leading-order roles of
clouds and water vapor in controlling an axisymmetric
monsoon and its response to climate change. The sim-
ulations and analyses constitute an advance in our un-
derstanding of axisymmetric monsoon dynamics and
motivate a variety of new research questions. First, it is
essential to quantify the radiative effects of clouds, wa-
ter vapor, and CO, on monsoons in full-complexity
models. The magnitudes and spatial structures of
monsoon-radiation coupling presented in this idealized
modeling study are likely to differ substantially from
monsoon behavior in the real world and in full-
complexity models. But if the influence of radiative
processes on monsoons is found to be comparable in
axisymmetric and full-complexity models, a pressing
question is the degree to which the large intermodel
spread in monsoon projections is driven by uncertainties
in cloud and water vapor feedbacks. Furthermore, re-
sults from the idealized simulations presented here
suggest observed changes in monsoons over the his-
torical period are likely to have been shaped by cloud
and water vapor feedbacks, yet the magnitudes of these
effects are unknown. Tropical circulations are affected
by patterns of SST and atmospheric heating (Sobel
2007; Harrop and Hartmann 2016), yet the relative
influences of these surface versus atmospheric path-
ways in controlling monsoons are not well understood.
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An additional suite of fixed-SST simulations—analo-
gous to runs used to separate the effects of direct radi-
ative forcing versus indirect SST changes on circulation
(Shaw and Voigt 2015)—would allow for the effects of
SST versus atmospheric heating to be cleanly decom-
posed, offering new insights into the mechanisms by
which clouds and water vapor shape monsoons. Finally,
cloud feedbacks are partly controlled by small-scale at-
mospheric processes that are imperfectly parameterized
in global climate models (e.g., Schneider et al. 2017).
The extent to which coupling between clouds and
monsoons depends on model resolution and parame-
terizations is an important topic for future research.
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APPENDIX

Decomposition of the Effects of Clouds, Water
Vapor, and CO; on an Axisymmetric Monsoon

a. Seasonal cycle

Data from the simulations listed in Table 1 are com-
bined to quantify the radiative influences of clouds (SW
and LW) and water vapor on a given variable X, where
X is a function of SW cloud properties (S), LW cloud
properties (L), and water vapor (W). The total response
of X to seasonally varying clouds and water vapor is
given by the difference in X between the simulation
with seasonally varying clouds and water vapor
(SvarLyarWyar) and the simulation with cloud and water
vapor profiles locked to their annual-mean profiles
(SﬁxLﬁxWﬁx) :

X=X, | w —X

'var ~var ' var fix

Lﬁxwﬁx ’ (Al)

In (A1), the subscript ““var” indicates that the quantity
varies seasonally in the radiation code and ““fix” indi-
cates that the quantity is locked to its annual-mean
profile. Following Ceppi and Hartmann (2016) and
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Voigt and Shaw (2015), the cloud and water vapor
components of the total response (8.X) are estimated by
taking averages of differences between pairs of locked
simulations. The total response is decomposed into SW
cloud (8Xs), LW cloud (6XL), and water vapor compo-
nents (6Xw) [see (A2)-(A4)], along with a residual
component (8 X,.s) [see (AS)]. The residual component
represents the contribution of nonlinear interactions
between clouds, water vapor and radiation to the total
monsoon response [note that Ceppi and Hartmann
(2016) and Voigt and Shaw (2015) absorb the residual
into other components in their decompositions]. The
residual would be zero if the radiative effects of clouds
and water vapor were completely independent from one
another. The components are defined below such that
their sum equals the total response:
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0X = 1 [(X. + X + X +X )
res  ANNTS G Lyar War Stix Ltix War StixlvarWrix  ~ Svarlix Whix

—(X. + X + X, + .

( Sﬁvaaerar SvarLfivaar SﬁXLﬁXWﬁX )gvaerarWﬁx)]

(AS)

b. Climate change

Using the radiation-locking simulations listed in
Table 2, the radiative influences of CO,, clouds, and
water vapor on the axisymmetric monsoon response to
climate change are decomposed. The total response
of a variable X to an abrupt quadrupling of CO,, in-
cluding cloud and water vapor feedbacks, is given by
the difference between the C4S4L.4W4 and C1S1L1W1
simulations:

1 X=X - X, (A6)
- C4S4L4W4 CISILIWI>
SXS - Z[(star]“ﬁxwﬁx + starLﬁvaar + X vaeratWﬁx + stvavaar)
where “C” denotes the CO, concentration, ‘S’ the SW
(X L ow, T Low, T Low T Low ) s ST 2 . .
fix i Vi fix i V¥ var fix Cvar YV fix fix Lvar Wyar cloud properties, “L” the LW cloud properties, and
(A2) “W” water vapor; “1” indicates that the property is
1 locked to its values in the control simulation (1 X CO,),
8XvL:Z[(Xsl'ix]"vur\vﬁx—"_AXYSﬁvaa\rVVvar—"_A,Svur]“varvvﬁx—i_star]"varvvvar) and 4 lndlca-tes th?t lt ' IOCked tO lts Values m
the perturbed simulation (4 X CO,). The CO, (6 X¢),
_(Xsfifoifoix+Xsfifoivaar+XSmeﬁxWﬁx XSmefivam)]’ SW cloud (SXS)’ LW cloud (SXL)’ and water vapor
(A3) components (8 Xvw) of the total response are defined
in Egs. (A7)-(A10) below as averages of differences
5 1 between pairs of locked simulations. The residual
X _Z[(XSﬁxLﬁmeJrXSﬁwa s W, T s ) component (8X,.s), which quantifies the influence of
nonlinear interactions between CQO,, clouds, and
X w, s Low s Low T Low ) >
fix fix V" fix fix ~var ' fix var fix ¥ fix var=var ¥ fix water vapor on the monsoon response, 18 also de-
(A4) fined below [(A11)]:
1
0X. = g(Xc4s1L1w1 + Xessiaw T Xeasivawt T Xeasiaws T Xesaraws T Xeusaviwa T Xeusivawa T Xeusarawa)
~Xasinw T Xesiwwt T Xersiawt T Xersiiws T Xersiawt T Xersiws T Xersivaws + Xeisavawa)
(A7)
1
0 X = g(Xc1s4L1w1 + Xeisavawt T Xeisauiwa T Xesaraws T Xeasariwn T Xeassrawt T Xeasariwa T Xeasarawa)
~(Xesiww ¥ Xersiawt T Xersitiws T Xersivaws T Xeasiww T Xeasivawt T Xeasiiaws T Xeasivawa)
(A8)
1
0X, = g(Xc1s1uw1 + Xersavawt T Xesimaws T Xersavaws T Xeasivawt T Xeusarawt T Xeasivaws T Xeusaraws)
~Xasiwt T Xesiwt T Xersinws T Xersiiws T Xeasinwt T Xeasawt T Xeasitiws T Xeasariwa)

(A9)
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1
8XW = é(XC1$1L1W4 + XCIS4L1W4 + XC]S]L4W4 + XClS4L4W4 + XC4SlL1W4 + XC4S4L1W4 + XC4SlL4W4 + XC4S4L4W4)
_(XC1$1L1W1 + XC]S4L1W1 + XClSlL4W1 + XClS4L4W1 + XC4S]L1W1 + XC4S4L1W1 + XC4S]L4W1 + XC4S4L4W1 ) ?
(A10)
5x_=1o X, X, X, X,
res Z( X XC4S4L4W4 + C4S1L1W1 + CIS1L1W4 + CIS4L1W1 + ClSlL4W1) (All)
- (2 X XClSlLlWl + XCIS4L4W4 + XC4S4L4W1 + XC4S4L1W4 + XC4SIL4W4) :

The sum of the CO,, cloud, water vapor, and residual
components defined by (A7)-(All) exactly equals the
total response (6X).
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