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Abstract
Purpose of Review Long-standing biases in simulations of past and present climate states and climate model disagreement even
in sign of future monsoon rainfall changes evince limitations in our theoretical understanding.
Recent Findings The dominant theoretical paradigms for understanding monsoon rainfall—convective-quasi equilibrium (CQE),
the moist static energy (MSE) budget, and monsoons as local Intertropical Convergence Zone (ITCZ) shifts—all jettison the
traditional “land-sea breeze” paradigm. Summer monsoon precipitation falls when the assumptions of CQE are most satisfied but
those of the ITCZ shift framework are least satisfied. Zonal asymmetries, changes in ITCZ width and strength, hydrologyvegetation-CO2 coupling, and timescale-dependent responses complicate inferences of monsoon rainfall from paleoclimate
proxy records. The MSE budget framework applied to deliberately designed simulations can illuminate key mechanisms underlying monsoon responses to external forcings, presenting a path toward falsifying model projections.
Summary Sustained, rapid progress in monsoon rainfall theory is urgently needed by society and is plausible based on recent
advances.
Keywords Monsoons . Convective quasi-equilibrium . Moist static energy . Intertropical convergence zone . Paleoclimate .
Climate change

Introduction
Earth’s monsoons generate rainfall relied upon by billions
of people and countless ecosystems. This makes the societal and ecological implications of any changes in the
monsoon potentially enormous; the Indian finance minister once deemed the Indian monsoon the country’s “real
finance minister” [1]. Yet, general circulation models
(GCMs) exhibit pronounced biases in monsoon rainfall
compared to modern observations in simulations of present day [2] and compared to proxy records in simulations
of past paleoclimate states [3, 4]. And projections of future rainfall change in monsoon regions differ starkly
across GCMs, as model- and region-dependent circulation
This article is part of the Topical Collection on Climate Change and
Atmospheric Circulation
* Spencer A. Hill
shill@gps.caltech.edu
1

Division of Geological and Planetary Sciences, California Institute of
Technology, Pasadena, CA, USA

2

Department of Earth, Planetary, and Space Sciences, UCLA, Los
Angeles, CA, USA

changes [5] amplify or counteract simple thermodynamic
scaling-paced changes driving the zonal-mean tropical
precipitation response [6]. At a time when society demands actionable information to guide climate adaptation
efforts, we remain unable to constrain even the sign of
future precipitation change in any of Earth’s monsoon
regions, at least from GCM simulations alone.
Computing power that makes global, convectionresolving simulations routine—and thus problematic cumulus parameterizations obsolete—may one day greatly
reduce model biases and future uncertainty [7•], but such
an era remains years to decades away [8]. Some means of
falsifying model projections is needed in the interim. Past
warm states in Earth’s history may provide useful lessons,
but, at current levels of understanding, the paleoclimate
record’s ability to provide quantitative constraints is limited for reasons discussed further below. As such, I argue
that improved theoretical understanding of monsoon rainfall responses to external forcings is vital. Only with such
knowledge can we improve GCMs’ representations of
monsoons through better-informed model development
and, given the models’ current state, use physically based
arguments such as emergent observational constraints [9]
to narrow probability distributions for the future beyond
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whatever emerges from the CMIP (Coupled Model
Intercomparison Project) archive.
Fortunately, our theoretical understanding of region-mean
monsoon precipitation has improved markedly in recent decades. Three primary frameworks have emerged: convective
quasi-equilibrium (CQE) [10–12], the moist static energy
(MSE) budget [13–16], and monsoons as local manifestations
of energetically forced shifts in the Intertropical Convergence
Zone (ITCZ) [17•]. The ITCZ shift framework has become
particularly popular, both for the zonal mean and increasingly
as a basis for understanding zonally confined monsoons [17•].
Successfully adapting from the ITCZ to individual monsoons
would be a tremendous accomplishment in terms of importance
but also, I will argue, difficulty. Meanwhile, recent progress
within the CQE and MSE frameworks has been no less brisk.
Here, I review recent advances in our theoretical understanding of forced monsoon rainfall changes based on these
three frameworks. For brevity, I largely restrict attention to the
region- and wet-season-mean scales—considering transients
only insofar as they contribute to the mean state—at the expense of promising recent work on the theory of synoptic-scale
monsoon phenomena [18, 19]. For each of the CQE, MSE, and
ITCZ frameworks, I present their foundational ideas, recent
success stories, and key limitations, and, for each limitation,
encouraging results from recent studies or ideas for future work
that could help resolve it. The MSE budget discussion includes
an example of the MSE budget being used toward developing
an emergent observational constraint on future rainfall change
in the West African Monsoon. I then discuss the implications
of recent studies on inferring past monsoon rainfall changes
from paleoclimate proxy records and the constraints that they
can place on future anthropogenically driven changes. Finally,
a parting discussion reflects on how to make the theoretical
community’s work more societally useful.
Two prefatory points remain. First, none of the theories are
consistent with the traditional view of monsoons as giant landsea breezes fundamentally driven by land-sea contrasts in heat
capacity and thus seasonal surface temperature evolution [20].
Monsoon-like overturning circulations can emerge in aquaplanet
simulations with (sufficiently small) uniform surface heat capacity
[21]. Surface thermal gradients usefully predict monsoon rainfall
insofar as they are correlated with near-surface MSE (or, nearly
equivalently, moist entropy or equivalent potential temperature).
When relative humidity gradients are large, the dry and moist
thermodynamic tracers decouple, and monsoon rainfall continues
to track the moist tracer [12, 22]. Interannually, mean continental
precipitation and surface temperature in each of Earth’s major
monsoon regions are anti-correlated: moisture delivered to the
soil by rainfall promotes evapotranspiration at the expense of
sensible heat flux, cooling the surface [23]. Over oceans, SST
gradients are known to generate boundary layer convergence that
drives convection [24–26], but the relevance of these circulations
to continental monsoon rainfall is not obvious.

Second, our understanding of the dynamics (rather
than thermodynamics or energetics) of monsoons has
also improved markedly in the past decades [21, 27,
28]. While the classical angular momentum conserving
model of the Hadley cells [29–31] and zonally confined
monsoons [11, 32] usefully characterizes the core of the
cross-equatorial, solsticial, zonal-mean overturning cells,
otherwise the cells are strongly influenced by eddy
stresses and do not homogenize angular momentum
[28, 33–36]. During monsoon onset, the monsoonal cell
rapidly transitions from the eddy-driven toward the classical regime, mediated by feedbacks from the mean
flow and the rapid cessation of eddy stresses in the cell
core [21, 27, 37–39]. Outstanding challenges for this
framework include that cells regularly fall in an intermediate regime, neither purely angular momentum conserving nor purely eddy-dominated [34], and that zonally oriented circulations can alter the leading-order balances within zonally confined monsoons [40]. As
regards monsoon rainfall, in what follows, I show several useful ways that these free tropospheric zonal momentum considerations have been combined with the
other, more thermodynamically focused frameworks.

CQE: Convection-Driven Control
of the Column by the Subcloud Layer
CQE is the state in which moist convection is sufficiently
frequent and vigorous as to generate nearly moist adiabatic stratification, thereby prohibiting large time-mean
values of convectively available potential energy. To a
good approximation, a column’s thermodynamic structure
is then set entirely by its near-surface MSE (strictly
speaking, its subcloud moist entropy, an unimportant distinction in the present context) [10], a vertical truncation
that has become fundamental to our understanding of
myriad phenomena of the tropical atmosphere [41] and
of the idealized numerical models used to generate much
of that understanding [42]. Most notably for monsoons, it
requires that, provided vertical shear is weak, the summer
edge of a cross-equatorial monsoonal cell be co-located
with a local maximum in near-surface MSE [43], placing
the monsoon rainbelt at or just equatorward thereof.
Observational and reanalysis data confirm that the core
summer monsoon rainbelts coincide with local maxima
in boundary layer equivalent potential temperature and
upper tropospheric temperature [12]. In a dry form, CQE
also accounts for the shallow, dry circulations embedded
(and acting to inhibit rainfall) within the deep, moist circulations in several monsoon regions, most notably the
West African Monsoon [12, 44, 45].
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Combining this general CQE assumption with the angular
momentum conserving theory discussed above [10, 11] leads
to the existence of a “critical” near-surface MSE field, i.e., that
in gradient wind balance with an angular momentum conserving circulation (subject to the caveat that the coupling between
the local boundary layer and free troposphere can be severed
within a monsoon’s descending branch if subsidence is sufficiently strong). In reality, angular momentum is never fully
homogenized throughout a monsoonal or cross-equatorial
Hadley cell, but it is often nearly so along the cell’s individual
streamlines within the free troposphere. Combined with the
core CQE assumption, this requires that moist isentropes, angular momentum contours, and overturning cell streamlines
all be parallel in the free troposphere [46]. Recently, Singh
[47•] has used this state of “slantwise convective neutrality”
to derive a scaling for the latitude of the cross-equatorial,
solsticial Hadley cell’s edge in the summer hemisphere. It
generalizes the aforementioned diagnostic of Privé and
Plumb [43] to cases with appreciable shear and is quantitatively accurate applied to simulations in an idealized aquaplanet
GCM across which the planetary rotation rate is varied. How
accurately the scaling characterizes Earth’s Hadley cells and
individual monsoons is an important outstanding question.
The scaling’s major limitation is that it is diagnostic,
requiring knowledge of the dynamically equilibrated temperature and near-surface MSE fields throughout the cell.
A tempting means of generating a fully prognostic scaling
(i.e., one requiring knowledge only of the hypothetical
RCE state in the absence of any large-scale circulation)
would be to replace the diagnosed near-surface MSE field
with the critical analytical solution from CQE theory. But
the critical MSE field is itself diagnostic, varying with the
very cell edge latitude being sought. A potentially useful
approach could be to apply the slantwise convective neutrality scaling to analytically [48] or empirically derived
near-surface MSE profiles that reflect typical monsoon
angular momentum distributions while remaining prognostic. Arguably, the simplest prognostic scaling comes
from the well-known Hide’s theorem, which requires neither slantwise neutrality nor exact angular momentum
conservation, but strictly speaking it provides only a lower bound on the cell edge and is generally only qualitatively accurate as an actual predictor [29, 47•].

The MSE Budget: Leading-Order Balances
to Identify Key Processes Limiting Monsoon
Rainfall
The Framework, Its Successes, and Its Limitations
The thermodynamic equation of an atmospheric column can
be usefully approximated as the column-integrated budget of

MSE, cpT + gz + Lq, the sum of sensible heat, gravitational
potential energy, and latent heat. Conceptually, the budget
states that the time tendency of column-integrated internal
energy depends on the balance between net energetic input
via top-of-atmosphere radiative fluxes, surface radiative
fluxes, and surface latent and sensible heat fluxes on the one
hand, and the column-integrated flux divergence of MSE by
the atmospheric circulation on the other. Though not in itself a
coherent theory for any particular circulation (it is an expression of physical laws that must be satisfied whether or not a
monsoon is present), its value stems from how the relative
magnitudes of its terms succinctly characterize the nature of
local circulations. For example, it has been used to identify
key mechanisms underpinning the response of tropical precipitation to El Niño [49], global warming [49, 50], and anthropogenic aerosols [51].
For monsoons, it has been used to identify key mechanisms
limiting the poleward extent of monsoon rainfall [14–16].
Specifically, monsoon extent can be limited by high surface
albedo that prevents large net energetic input into the column
needed to drive deep moist convection (as for the bright
Sahara Desert and the West African Monsoon), or promoted
by orography that shields the monsoon from “ventilation”—
the horizontal advection of low-MSE air into the monsoon
region (as for the Tibetan Plateau and the Indian monsoon)
[52]. In response to warming, monsoon rains are influenced
by the famous “rich-get-richer” mechanism but also by the
“upped-ante” mechanism, wherein prevailing moisture and
MSE gradients are enhanced by the mean warming, which
combined with prevailing inflow into convective regions directed up these gradients suppresses precipitation at convective zone margins [50].
A key limitation of the MSE budget framework is a technical one: diagnosing the various budget terms from model
output or reanalysis data post hoc typically results in residuals
larger than many of the actual budget terms, precluding meaningful quantitative (and sometimes even qualitative) analyses.
Existing adjustment methods that empirically correct for these
residuals can be difficult to implement and require onerous
amounts of data [7•, 53, 54]. As has been known for years
[55], this could be largely solved by models diagnosing the
budget terms as they run, with column-integrated terms outputted as standard. Fortunately, some recent model development [56] and intercomparison [57] efforts have taken this to
heart, hopefully spurring others to do likewise.
It is important to distinguish this framework from the energetic framework for ITCZ shifts to be discussed next. The
MSE budget characterizes energetics locally and is typically
expressed in terms of MSE flux divergences. The ITCZ shifts
framework considers planetary-scale energy flows and integrates the column MSE budget zonally and meridionally in
order to examine meridional MSE fluxes. Similarly, though
the previous section described the CQE framework primarily
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in terms of near-surface MSE, the CQE assumptions are not
made in MSE budget diagnoses generally, and CQE was originally derived and is most properly expressed in terms of moist
entropy.

Case Study: Rainfall Change in the Sahel Driven
by Mean SST Warming
This subsection details a recent success story of the MSE
budget, wherein the framework is applied to targeted SST
perturbation simulations in an atmospheric GCM (AGCM)
in order to better understand anthropogenically forced rainfall
changes in the Sahel, the northernmost region that receives
appreciable rainfall from the West African Monsoon [7•, 58•].
Though coupled atmosphere-ocean GCMs forced with
all of the likely changes to radiative forcing agents and
other boundary conditions remain our best tool for
projecting the climate’s future, inferring mechanisms of
any regional changes in such simulations is hindered by
the myriad, confounding processes triggered by those
forcings. Prescribed SST simulations can disentangle
those factors by imposing only one at a time—although
at the expense of breaking the coupling between the atmosphere and ocean, the importance of which for future
tropical precipitation change remains debated [59]. The
key forcings include those due to the coupled model’s
present-day SST biases [60, 61], the direct influence of
altered radiative forcing [62], changes in the global-mean
SST value [6], and changes in the spatial pattern of SSTs
[63–66]. This procedure can be extended even further to
isolate, e.g., the effect of plant physiological responses to
CO2 [67].
By diagnosing the MSE budget balances in uniform
SST warming simulations, Hill et al. [7•] demonstrate
that mean SST warming triggers the upped-ante mechanism for the Sahel by enhancing the meridional MSE
gradient spanning from the Sahara Desert to the Gulf of
Guinea; acted upon by prevailing northerlies, this inhibits Sahelian precipitation. This mechanism also acts
in reverse for global-mean cooling, yielding increased
Sahel rainfall. But in either case, the magnitude of the
anomalous dry air advection and its downstream impacts
on Sahel precipitation are sensitive to the convective
parameterization, and as such vary in strength across
AGCMs [58•].
Copious industrial sulfate aerosol emissions in the
Northern Hemisphere during the twentieth century acted to
cool the globe overall and the Northern Hemisphere relative
to the Southern Hemisphere. A previous study [68] computed
SST anomalies driven by this historical aerosol anthropogenic
aerosol forcing as simulated by the NOAA Geophysical Fluid
Dynamics Laboratory (GFDL) AGCM AM2.1 [69, 70]
coupled with a slab ocean [71], and then re-ran the AGCM

with those SST anomalies added to an observational climatological SST field (preventing contamination from modelgenerated climatological SST biases) in three different ways:
without modification, with their tropical mean value (− 1.1 K)
applied at every ocean gridpoint, or with the tropical mean
value subtracted from the full anomalies at each gridpoint
(leaving the spatial pattern intact but with little mean change).
Here, I analyze the precipitation response in July–August–
September over northern Africa in the original experiments
and repeated in two additional GFDL AGCMs, AM3 [72],
and HiRAM [73]; see Fig. 1 of Hill et al. [68] for maps indicating the annual mean of the imposed SST perturbations in
each case.
Figure 1 shows the precipitation responses in each simulation. In all three models, the spatial pattern component of
relative Northern Hemisphere cooling and Southern
Hemisphere warming acts to draw the Atlantic ITCZ and
West African monsoon rainfall southward, resulting in widespread drying over the Sahel, consistent with expectations
from the ITCZ shifts framework to be discussed in the next
section [74]. Mean SST cooling, meanwhile, triggers the
(reversed) upped-ante mechanism, but its differing strength
across the models results in widely varying precipitation responses, from strong Sahel wettening in AM2.1 to little coherent response in HiRAM [58•, 75]. As such, in response to
the full aerosol SST anomalies, only in AM2.1 does the meandriven wettening win out over the pattern-driven drying, so
that Sahel precipitation actually increases appreciably, adjacent to strong drying in the Atlantic ITCZ.
In short, with knowledge of the Sahara-driven mechanism
for Sahel wettening with mean cooling (which is ill-suited for
interpretation via the CQE or ITCZ shifts frameworks), its
differing magnitude across models, and the SST spatial pattern’s drying influence (which, conversely, does naturally adhere to the ITCZ shifts framework), the disparate model responses to the full aerosol SST pattern are readily understood.
But which, if any, of these three differing model responses
should we believe? The upped-ante mechanism of Sahel drying with mean SST warming has the potential to generate an
emergent observational constraint, as follows. If the enhancement of dry Saharan air advection scales with the climatological convective depth in the Sahel (on the grounds that deeper
convection will more effectively moisten and warm the region
in the column integral relative to the Sahara than would shallow convection), then we should discount those models with
convective depths much shallower or much deeper than the
observational value. Indeed, AM2.1 has a very top-heavy ascent profile in the Sahel compared to observations and most
other AGCMs [58•]. Although various complications precluded developing a definitive formal emergent constraint in this
case [9, 58•], this seems like a useful methodological template
for future work toward developing emergent constraints for
other regions and/or based on other physical mechanisms.
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Fig. 1 July–August–September precipitation response in (left) AM2.1,
(center) AM3, and (right) HiRAM to the (top row) full, (middle row)
mean, and (bottom row) spatial pattern components of the SST anomalies
due to historical anthropogenic aerosol emissions. Precipitation is

normalized by the control simulation Sahel region-mean JAS value in
each model, with the region boundaries shown as the blue box.
Overlaid gray contours show the control simulation precipitation, with
3 mm/day contour spacing

ITCZ Shifts: Monsoons as Regional
Manifestation of Energetically Driven
Rainbelt Migrations

has even implicated the ITCZ’s position [92] and width
[93] as influencing the poleward extent of the Hadley
cells’ descending branch based on the notion that the
cells nearly conserve angular momentum until they are
truncated by the onset of baroclinic instability [94, 95].
Finally, the framework has recently been used to identify several otherwise-unintuitive predictors of the infamous “double ITCZ” bias [2], include biases in land
surface albedo [96] and temperature [97], biases in
cloud cover over the Southern Ocean [98], and values
of tropical surface energy fluxes in prescribed SST
AMIP simulations [99].
These ITCZ arguments bear on individual monsoons insofar as the local precipitation closely follows that of the zonalmean, but this is not always the case. Pairs of GCM simulations exhibiting identical changes in cross-equatorial energy
transport or in the position of the ITCZ can exhibit drastically
different precipitation responses within different monsoon
sectors [66]. And the Atlantic ITCZ and adjacent West
African Monsoon precipitation can respond with opposite
sign to precessional orbital forcing [100, 101]. As such, the
energetic shifts framework must incorporate zonally asymmetric processes. This has led to recent work incorporating
zonally confined meridional MSE transports and precipitation
shifts [84] and zonally oriented transports and precipitation
shifts [102] into the framework.
As is often true of the original, zonal-mean version, results
from these initial studies largely indicate qualitative, but not
quantitative, utility of the theory. Accordingly, the remainder
of this section considers several possible refinements. To be of
value for monsoon rainfall, those couched in terms of the

The precipitation in the zonal-mean ITCZ is the hydrological imprint of the ascending branch of the zonalmean Hadley cells. In the simplest picture, the ITCZ
is co-located with the zero crossing of the total atmospheric energy transport as well as the shared inner
edge of the two Hadley cells. That ascending branch,
and with it ITCZ rainfall, can migrate north and south
in response to hemispherically asymmetric forcings,
such as when the ITCZ “follows the sun” over the annual cycle. In the annual mean, forcings with appreciable meridional structure can also move the ITCZ, as has
been posited for historical anthropogenic aerosol emissions and the growth and retreat of high-latitude ice
sheets [76–80].
More recently, Bischoff and Schneider have developed a formalism yielding a quantitative prediction for
ITCZ shifts and double ITCZ states based on anomalous
cross-equatorial energy transport and the net energy input at the equator [81–84]. Other studies have documented the often leading-order role played by processes
the framework initially neglected, including Ekmandriven coupling with shallow ocean heat transports
[85–87], interactions with the deep ocean meridional
overturning circulation [88], radiative feedbacks from
clouds [89] and water vapor [90] that attend ITCZ
shifts, and the propensity for changes in ITCZ width
and strength in addition to position [91•]. Recent work
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zonal-mean framework will ultimately need to be investigated
as applied to zonally confined monsoons as well.

Seasonality Mismatch Between ITCZ Energetic
Framework Accuracy and Monsoon Rainfall
The ITCZ, energy flux equator, and the Hadley cells’
shared inner edge are all nearly co-located under equinoctial and annual-mean conditions, but they separate
during solsticial seasons, with the core ITCZ precipitation moving equatorward of both the energy flux equator and the boundary between the cross-equatorial winter cell and the weak summer cell [103]. Meanwhile,
monsoon rain falls predominantly during local summer—i.e., precisely when the assumptions underlying
the ITCZ shifts framework are least satisfied! A pressing need, therefore, is to determine how useful the shifts
framework is in a perturbative sense (which only requires that the various metrics be well correlated, rather
than coincident) despite its relative inadequacy for the
unperturbed solsticial state. For starters, linearizations of
the ITCZ position need be performed about the unperturbed energy flux equator, not the geographic equator
[104].
To a d d r e s s t h i s , o n e c o u l d s t a r t b y a p p l y i n g
hemispherically asymmetric extratropical forcing as standard
[105] in simulations with insolation set to either its annual
mean, perpetual solstice, or the full annual cycle. In perpetual
solstice simulations, though insolation and (at least on
aquaplanets) MSE both maximize at the summer pole, dynamical constraints prevent the tropical rainbelts from extending
much beyond their maximal extent with a real seasonal cycle
[29, 47•, 106].
The ITCZ energetic framework is agnostic regarding the
Hadley cells’ dynamical regime: whether the cells are angular momentum conserving or eddy-dominated is immaterial so long as the ITCZ, energy flux equator, and cell
edge are well correlated. At the same time, the aforementioned slantwise neutrality metric and other recent work
invoking angular momentum-related arguments place
limits on the poleward edge of the Hadley cells in the
summer hemisphere [29, 47•, 106]. Any such constraint
on the cell’s overall poleward edge in turn places an upper
bound on the poleward extent of the ITCZ: provided the
summer Hadley cell is negligible relative to the crossequatorial cell (as often occurs under solsticial forcing),
the ITCZ cannot sit poleward of where the crossequatorial cell terminates. For example, relative warming
of the summer hemisphere may shift the ITCZ less far
poleward than identical but opposite signed forcing shifts
the ITCZ equatorward. This could also be informed by
recent work on the boundary layer momentum dynamics
of ITCZ excursions [106–108].

On the Context Dependence and Relationship
to Seasonality of the ITCZ-Cross Equatorial Energy
Flux Slope
The regression of the zonal-mean ITCZ position on crossequatorial atmospheric energy fluxes has been diagnosed in
several contexts including the seasonal cycle to be approximately 3° PW−1 [77], leading to two claims that increasingly
appear problematic. The first is that this 3° PW−1 slope is
effectively invariant across climate states [103]. However,
large [i.e., O [1]] differences between the slope during the
seasonal cycle and in the annual mean response to external
forcings emerge in some GCMs [109•]. Moreover, the aforementioned Bischoff and Schneider formalism—arguably the
closest we have to a closed theory for the ITCZ position—
suggests that this slope varies inversely with the equatorial net
energetic input [81], which is known to vary on various timescales, e.g., interannually between El Niño and La Niña years
[83].
The second claim is that the slope is fundamentally determined by the seasonal cycle: because the annual mean ITCZ
position reflects the residual of large seasonal swings into
either hemisphere, annual mean shifts also must follow this
slope [103]. However, as just noted, the annual cycle and
annual mean slopes can in fact differ appreciably in GCMs.
And ITCZ shifts in simulations perturbed with asymmetric
forcings but lacking a seasonal cycle—which arguably constitutes the bulk of theoretical studies on the topic to date—do
not obviously differ from those with seasonal cycles.
Nevertheless, a related claim—that future annual-mean
ITCZ shifts are bound to be weak (i.e., < 1°)—is indeed plausible [103]. Barring some forcing or radiative feedback process that is far more hemispherically asymmetric than anticipated or is not currently represented, anomalous low-latitude
energy fluxes will likely be much less than 1 PW in the coming century. Meanwhile, although the 3° PW−1 value can vary,
there is no argument or simulation suggesting that it will increase in magnitude by several multiples. This may not usefully constrain shifts of any individual monsoon rainbelt;
however, as the solsticial, zonally confined circulation may
have a different slope than the annual- and zonal-mean.

Role of Hadley Cell Gross Moist Stability and Eddy
MSE Fluxes in the ITCZ Shifts Framework
The coupling of movements in the ITCZ location, energy flux
equator, and Hadley cell edge hinges on anomalous energy
fluxes by the Hadley cells dominating over anomalous eddy
energy fluxes (or at least the two being well correlated), as
well as on the anomalous Hadley cell energy fluxes in the
vicinity of the ITCZ being effected predominantly by changes
in the mass overturning strength rather than in the efficiency
of energy transport per unit mass overturning, i.e., the Hadley
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cell gross moist stability (GMS) [68, 110, 111]. Otherwise, the
ITCZ and energy flux equator can separate, as can occur during monsoon retreat with the two features sitting in opposite
hemispheres [112]. And simulations of the mid-Holocene and
other states exist in which, even absent the complications of
ocean dynamical coupling, the zonal-mean ITCZ responds to
asymmetric forcing counter to expectations due either to
changes in GMS [100, 111] or eddy MSE fluxes [113].
Though GMS is often usefully approximated as the difference between upper- and lower-level MSE values (under the
assumption that flow is concentrated into one narrow layer
with each branch, each with a single representative MSE value), the actual GMS value can be sensitive to the vertical
profile of the cell’s meridional flow, for example decreasing
the more the upper-branch flow is spread toward the midtroposphere where MSE in the tropics is generally smallest
[112]. As such, a potentially useful approach could be a
three-layer conceptual model in which the upper branch flow
is partitioned between upper- and mid-troposphere layers according to, e.g., the meridional Laplacian of SSTs, motivated
by the propensity for sharp SST gradients to generate shallow
circulations embedded within the larger cell [24, 25, 112,
114].
The roles of GMS and eddies are, in fact, related, with all
else equal the eddy energy fluxes increasing in magnitude the
smaller GMS is. Annual-mean GMS decreases in the deep
tropics in an idealized aquaplanet GCM when the convective
parameterization is made less active [115]; it becomes negative when the parameterization is turned off entirely, meaning
that the Hadley cells converge energy into the equatorial region, to be transported away be eddies. This modulation of
GMS through the convection scheme could be exploited via
experiments imposing the canonical asymmetric extratropical
forcings [105] to mean states with GMS values from strongly
positive to negative, to see how strongly the ITCZ response is
affected.
Perhaps the simplest approach to incorporating transient
eddy MSE fluxes into the energetic framework would be
through a simple down-gradient diffusive approximation as
is standard in other contexts and appears to be reasonably
accurate in reanalysis data for various monsoon regions [44].
Separately, one could apply the well-known phase speedwavenumber spectral decomposition of equatorial variability
[116] to meridional energy transports; knowing, e.g., the relative contributions of equatorial Rossby waves vs. the MJO to
energy export out of the deep tropics (especially during
solsticial seasons) could advance our mechanistic understanding of the mean state, differences across models [consider that
the widely used Frierson idealized GCM’s equatorial wave
spectra is, unlike observations, dominated by Kelvin waves
[117]], and the response to forcing, the latter perhaps akin to
how changes in the phase-speed spectra of extratropical waves
have been linked to Hadley cell expansion with warming

[118]. For the monsoons, this could also be informed by the
recent theoretical studies of monsoon intraseasonal variability
mentioned in the Introduction [18, 19].

On Past Monsoon Rainfall Behavior
and Interpretations of Paleoclimate Proxy
Records
This section considers challenges in inferring monsoon rainfall changes from paleoclimate proxy records and, in turn,
using those inferences to constrain future changes. Some stem
directly from the monsoon theoretical frameworks. Others are
more general, but their relevance to monsoons, I contend,
bears discussion.

Distinguishing among Local Monsoon Behavior
and Zonal-Mean Change Modes
On the one hand, aforementioned results [100, 109•] imply
that the rainfall signal recorded by any individual point proxy
record in a monsoon region need not reflect the zonal-mean
ITCZ behavior. And, even if no zonal asymmetries existed,
the propensity for the ITCZ to vary in width and strength in
addition to position [91•] complicates interpretations of proxy
records. Simultaneous changes in ITCZ position, width, and
intensity could largely cancel one another—or, conversely,
could all contribute with the same sign—in terms of the local
precipitation change recorded at a single point proxy record, in
either case leading to an incorrect inference if interpreted purely as a shift. Separately, ITCZ shifts are often computed as
changes in the centroid or some other median-like quantity of
the zonal-mean precipitation distribution. This requires
knowledge of precipitation over the entire tropics, a tall order
for past paleoclimate states [109•].
On the other hand, a recent simple model of zonal-mean
tropical precipitation responses to orbital variations based on
the ITCZ shifts framework is remarkably accurate at the obliquity and precessional timescales in reproducing rainfall proxy
records at selected individual tropical sites at different latitudes [119•]. It would be useful to compare this model to
proxies for sites at the same latitude but different longitudes,
with mutually shared signals likely reflecting zonally symmetric influences and discrepancies reflecting zonally asymmetric
processes. Similarly, it could be compared to precipitation at
different sites in long-running simulations in intermediate
complexity GCMs, removing the uncertainties stemming
from the proxy records themselves (at the expense of cruder
and potentially errant simulated physics). Finally, the model
could be readily modified in order to account for seasonal
ITCZ width variations (which it currently neglects) and the
ITCZ’s tendency (at least in Earth’s recent history) to be north
of the equator because of northward ocean heat transport [88].
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Interpreting Abrupt Shifts in Point Records Given
Sharp Spatial Rainfall Gradients
Many published interpretations of paleoclimate monsoon
rainfall records conclude that past rainfall changes have been
abrupt, often with the implication that future changes will be
as well. However, as has been pointed out, a locally abrupt
change in precipitation could result from gradual changes in a
monsoon rainbelt, given the latter’s often sharp spatial gradients [120]. And a recent study demonstrates that “tipping
points” and other nonlinear responses of monsoon rainfall
inferred from simple theoretical models are based on questionable assumptions and do not emerge in GCM simulations
subject to a range of forcings well beyond any likely in recent
or coming centuries [121•].
A potentially useful approach would be to construct a toy
model of paleoclimate proxy records, starting with, e.g., a
single point measurement that perfectly records annual mean
precipitation subject to a local rainbelt of fixed shape and
sinusoidal seasonal migrations. The complicating factors of
noise, a spatially aggregated signal, sampling bias, multiple
records, more complex annual cycles of the rainbelt position,
and secular changes representing, e.g., orbital forcing or zonal
migrations could be progressively introduced, and the ability
to detect the rapidity of changes in monsoon rainfall could be
assessed. This could also assist with the aforementioned need
to disentangle changes in width, strength, and position.

Coupling Among Hydrology, CO2, Vegetation,
Temperature, and Albedo on Land
For the oceans, the saturated surface makes standard bulk
aerodynamic formulas adequate for computing evaporation
and the sensible heat flux; for land, a complex interplay exists
among the supply of moisture by precipitation, the soil’s ability to absorb that water, the partitioning of the resulting soil
moisture into direct evaporation and into transpiration by
plants, the vertical distribution of water within the soil, and
the surface energy balance. Moreover, stomatal closure by
plants (which acts to decrease transpiration) with increasing
CO2 can lead to divergent responses of soil moisture and vegetation growth under CO2-driven climate change [122•]. As
summarized by a recent series of literature reviews [123–125],
this can lead to offline diagnostics such as the aridity index,
Palmer Drought Severity Index, and the Penman-Monteith
computation of potential evapotranspiration falsely indicating
drought when in fact photosynthesis and runoff are enhanced.
Fortunately, simple time-mean precipitation tends to be a useful predictor of the more directly impacts-related fields of
runoff and photosynthesis [122•]. Nevertheless, the monsoon
community should recognize this potential for hydroclimatic
indicators to diverge, particularly under large CO2 changes

such as glacial-interglacial variations and future anthropogenic warming.
A further complication comes from the coupling of vegetation cover with surface albedo. Plants tend to be darker than
the soil they grow over, such that the more insolation is
absorbed, the more plants grow. This is thought to have figured centrally in the Green Sahara paleoclimate state of the
Holocene, wherein the West African Monsoon rainfall expanded far north into what is now the Sahara desert. In this
view, orbital precession enhanced boreal summer insolation,
pushing the monsoon rains slightly farther northward, bringing with them enhanced vegetation growth, increasing the
column absorbed shortwave radiation, and thus further enhancing the monsoon (along with other, non-albedomediated positive feedbacks from soil hydrology) [3].
However, GCMs with dynamic vegetation models typically
strongly underestimate the northward expansion of vegetation
cover and of West African Monsoon rainfall into the Sahara.
As such, one potential means of progress would be to introduce simple vegetation-dependent surface albedo formulations in simpler models [126], including idealized GCMs
and diffusive moist energy balance models that include simple
parameterizations of moisture fluxes by meridional
overturning cells [127].

Interpretation of Paleoclimate Analogs Given Long
Equilibration Times of Deep Ocean
Past warm states in Earth’s history such as the Pliocene have
become increasingly of interest as potential “analogs” to future warming. However, some proxy records arguably reflect
near-equilibrium conditions [128], which reflects the deep
ocean’s response that takes millennia and need not even be
temporally monotonic: surface warming initially slows the
Atlantic Meridional Overturning Circulation (AMOC), but
after multiple millennia the AMOC can ultimately be enhanced [128] or weakened [129] and/or a Pacific Meridional
Overturning Circulation (PMOC) generated [129]. PMOC or
no, the concurrent slow release of heat from the deep ocean
increases polar amplification of the initial warming signal.
Both the AMOC [130] and polar amplified warming [131]
have been argued to influence West African Monsoon rainfall,
and other monsoons may well be impacted also. Therefore,
past climate states as recorded in proxies may have only limited relevance as analogs for monsoon behavior in coming
decades and maybe even centuries [132].

Conclusions
Recent work at the nexus of social science and climate science
suggests that the standard probabilistic framework to future
uncertainty may not provide much actionable information for
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stakeholders; this could be ameliorated via a “storylines” approach in which a discrete number plausible outcomes are
analyzed in detail [133]. By no means should all theorists be
compelled to engage directly with the public in this way. But
being more reflective about our motivations—and about the
research tools and frameworks that most effectively address
those motivations—stands to accelerate the community’s already rapid progress. This review has attempted to promote
that progress by highlighting important outstanding theoretical challenges in forced monsoon precipitation and their potential solutions.
A theorist espousing the societal value of theory may
arouse skepticism, but already the advances in understanding
described above are being used to improve CMIP-class
GCMs: aforementioned predictors of the double ITCZ bias
based on the ITCZ shifts framework have informed model
development and tuning of the newest NOAA GFDL atmospheric GCM, AM4, leading to substantial reductions in the
double ITCZ bias and Southern Ocean cloud albedo biases in
AMIP simulations [134]. Results such as these should bolster
our commitment to improving our theoretical understanding
of monsoon rainfall and its responses to climate changes past
and future.

4.

5.
6.
7.•

8.
9.
10.
11.
12.
13.
14.

Acknowledgments I thank Yi Ming, Simona Bordoni, Jonathan Mitchell,
Isaac Held, Ming Zhao, Natalie Burls, Martin Singh, Dargan Frierson,
Bill Boos, Sarah Kang, Alex Gonzalez, Sean Faulk, David Neelin, Tim
Merlis, Ho-Hsuan Wei, and Jack Scheff for conversations that have
shaped my thinking on these topics. I also thank Michael Byrne and an
anonymous reviewer for insightful reviews of the manuscript.
Funding Information This work was supported by a Caltech Foster and
Coco Stanback Postdoctoral Fellowship.

15.
16.
17.•

Compliance with Ethical Standards
Conflict of Interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

18.
19.

References
20.

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
1.

Indo-Asian News Service. India cheers as monsoon arrives; hopes
of better farm output raised. Hindustan times. 2010 [cited 2015
Dec 31]; Available from: http://www.hindustantimes.com/india/
india-cheers-as-monsoon-arrives-hopes-of-better-farm-outputraised/story-Og0hZJ0ULuibRu4y7CVFpO.html.
2. Adam O, Schneider T, Brient F, Bischoff T. Relation of the
double-ITCZ bias to the atmospheric energy budget in climate
models. Geophys Res Lett. 2016;43(14):2016GL069465.
3. Tierney JE, Pausata FSR, deMenocal PB. Rainfall regimes of the
Green Sahara. Sci Adv. 2017;3(1):e1601503.

21.
22.
23.
24.
25.

Haywood AM, Dowsett HJ, Dolan AM, Rowley D, Abe-Ouchi A,
Otto-Bliesner B, et al. The Pliocene Model Intercomparison project (PlioMIP) phase 2: scientific objectives and experimental design. Clim Past. 2016;12(3):663–75.
Shepherd TG. Atmospheric circulation as a source of uncertainty
in climate change projections. Nat Geosci. 2014;7(10):703–8.
Held IM, Soden BJ. Robust responses of the hydrological cycle to
global warming. J Clim. 2006;19(21):5686–99.
Hill SA, Ming Y, Held IM, Zhao M. A Moist Static Energy
Budget–Based Analysis of the Sahel Rainfall Response to
Uniform Oceanic Warming. J Clim. 2017;30(15):5637–60. Uses
MSE budget to identify simple upped-ante-like mechanism of
enhanced Saharan air advection that dries the Sahel under
mean SST warming.
Schneider T, Teixeira J, Bretherton CS, Brient F, Pressel KG,
Schär C, et al. Climate goals and computing the future of clouds.
Nat Clim Chang. 2017;7(1):3–5.
Klein SA, Hall A. Emergent constraints for cloud feedbacks. Curr
Clim Change Rep. 2015;1(4):276–87.
Emanuel KA, David Neelin J, Bretherton CS. On large-scale circulations in convecting atmospheres. QJR Meteorol Soc.
1994;120(519):1111–43.
Emanuel KA. On thermally direct circulations in moist atmospheres. J Atmos Sci. 1995;52(9):1529–34.
Nie J, Boos WR, Kuang Z. Observational evaluation of a convective quasi-equilibrium view of monsoons. J Clim. 2010;23(16):
4416–28.
Neelin JD, Held IM. Modeling tropical convergence based on the
moist static energy budget. Mon Weather Rev. 1987;115(1):3–12.
Chou C, Neelin JD, Su H. Ocean-atmosphere-land feedbacks in an
idealized monsoon. QJR Meteorol Soc. 2001;127(576):1869–91.
Chou C, Neelin JD. Mechanisms limiting the southward extent of
the south American summer monsoon. Geophys Res Lett.
2001;28(12):2433–6.
Chou C, Neelin JD. Mechanisms limiting the northward extent of
the northern summer monsoons over North America, Asia, and
Africa. J Clim. 2003;16(3):406–25.
Biasutti M, Voigt A, Boos WR, Braconnot P, Hargreaves JC,
Harrison SP, et al. Global energetics and local physics as drivers
of past, present and future monsoons. Nat Geosci. 2018;11(6):
392–400. Reviews the ITCZ energetic framework and other
conceptual frameworks for monsoon precipitation, emphasizing potential of adapting the ITCZ shifts framework to zonally confined monsoons.
Diaz M, Boos WR. Barotropic growth of monsoon depressions. Q
J R Meteorol Soc. 2019 [cited 2019 Jan 1];0(ja). Available from:
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.3467.
Adames ÁF, Ming Y. Interactions between water vapor and potential vorticity in synoptic-scale monsoonal disturbances: moisture vortex instability. J Atmos Sci. 2018;75(6):2083–106.
Gadgil S. The monsoon system: land–sea breeze or the ITCZ? J
Earth Syst Sci. 2018;127(1):1.
Bordoni S, Schneider T. Monsoons as eddy-mediated regime transitions of the tropical overturning circulation. Nat Geosci.
2008;1(8):515–9.
Zhou W, Xie S-P. A hierarchy of idealized monsoons in an intermediate GCM. J Clim. 2018;31(22):9021–36.
Hurley JV, Boos WR. Interannual variability of monsoon precipitation and local subcloud equivalent potential temperature. J
Clim. 2013;26(23):9507–27.
Lindzen RS, Nigam S. On the role of sea surface temperature
gradients in forcing low-level winds and convergence in the tropics. J Atmos Sci. 1987;44(17):2418–36.
Back LE, Bretherton CS. On the relationship between SST gradients, boundary layer winds, and convergence over the tropical
oceans. J Clim. 2009;22(15):4182–96.

Curr Clim Change Rep
26.

Sobel AH. Simple models of ensemble-averaged tropical precipitation and surface wind, given the sea surface temperature. In: The
global circulation of the atmosphere. Princeton University Press;
2007. p. 219–51.
27. Schneider T, Bordoni S. Eddy-mediated regime transitions in the
seasonal cycle of a Hadley circulation and implications for monsoon dynamics. J Atmos Sci. 2008;65(3):915–34.
28. Walker CC, Schneider T. Eddy influences on Hadley circulations:
simulations with an idealized GCM. J Atmos Sci. 2006;63(12):
3333–50.
29. Hill SA, Bordoni S, Mitchell JL. Axisymmetric constraints on
cross-equatorial Hadley cell extent. J Atmos Sci. 2019 [cited
2018 Oct 30];Accepted. Available from: https://arxiv.org/abs/
1810.11105.
30. Schneider EK. Axially symmetric steady-state models of the basic
state for instability and climate studies. Part II. Nonlinear calculations. J Atmos Sci. 1977;34(2):280–96.
31. Held IM, Hou AY. Nonlinear axially symmetric circulations in a
nearly inviscid atmosphere. J Atmos Sci. 1980;37(3):515–33.
32. Hsu CJ, Plumb RA. Nonaxisymmetric thermally driven circulations and upper-tropospheric monsoon dynamics. J Atmos Sci.
2000;57(9):1255–76.
33. Walker CC, Schneider T. Response of idealized Hadley circulations to seasonally varying heating. Geophys Res Lett.
2005;32(6):L06813.
34. Schneider T. The general circulation of the atmosphere. Annu Rev
Earth Planet Sci. 2006;34:655–88.
35. Levine XJ, Schneider T. Response of the Hadley circulation to
climate change in an Aquaplanet GCM coupled to a simple representation of ocean heat transport. J Atmos Sci. 2011;68(4):769–
83.
36. Levine XJ, Schneider T. Baroclinic eddies and the extent of the
Hadley circulation: an idealized GCM study. J Atmos Sci.
2015;72(7):2744–61.
37. Bordoni S, Schneider T. Regime transitions of steady and timedependent Hadley circulations: comparison of axisymmetric and
Eddy-permitting simulations. J Atmos Sci. 2010;67(5):1643–54.
38. Shaw TA. On the role of planetary-scale waves in the abrupt seasonal transition of the northern hemisphere general circulation. J
Atmos Sci. 2014;71(5):1724–46.
39. Geen R, Lambert FH, Vallis GK. Regime change behavior during
Asian monsoon onset. J Clim. 2018;31(8):3327–48.
40. Zhai J, Boos W. Regime transitions of cross-equatorial Hadley
circulations with zonally asymmetric thermal Forcings. J Atmos
Sci. 2015;72(10):3800–18.
41. Emanuel K. Inferences from simple models of slow, convectively
coupled processes. J Atmos Sci. 2019;76(1):195–208.
42. Neelin JD, Zeng N. A Quasi-Equilibrium Tropical Circulation
Model—Formulation. J Atmos Sci. 2000;57(11):1741–66.
43. Privé NC, Plumb RA. Monsoon dynamics with interactive forcing. Part I: axisymmetric studies. J Atmos Sci. 2007;64(5):1417–
30.
44. Zhai J, Boos WR. The drying tendency of shallow meridional
circulations in monsoons. QJR Meteorol Soc. 2017;143(708):
2655–64.
45. Shekhar R, Boos WR. Weakening and shifting of the Saharan
shallow meridional circulation during wet years of the West
African monsoon. J Clim. 2017;30(18):7399–422.
46. Emanuel KA. The Lagrangian parcel dynamics of moist symmetric instability. J Atmos Sci. 1983;40(10):2368–76.
47.• Singh MS. Limits on the extent of the solsticial Hadley cell: the
role of planetary rotation. J Atmos Sci. 2019;Submitted. Uses
slantwise convective neutrality to generalize the Privé and
Plumb 2007 diagnostic for the monsoon rainbelt position to
cases with nonzero vertical zonal wind shear.

48.

49.

50.
51.

52.

53.
54.

55.

56.

57.

58.•

59.

60.

61.

62.

63.

64.

65.

Adam O, Paldor N. Global circulation in an axially symmetric
shallow-water Model, forced by off-equatorial differential heating.
J Atmos Sci. 2010;67(4):1275–86.
Neelin JD, Chou C. Su H. tropical drought regions in global
warming and El Niño teleconnections. Geophys Res Lett.
2003;30(24):2275.
Chou C, Neelin JD. Mechanisms of global warming impacts on
regional tropical precipitation. J Clim. 2004;17(13):2688–701.
Chou C, Neelin JD, Lohmann U, Feichter J. Local and remote
impacts of aerosol climate forcing on tropical precipitation. J
Clim. 2005 [cited 2014 Apr 30];18(22). Available from: http://
search.ebscohost.com/login.aspx?direct=true&profile=
ehost&scope=site&authtype=crawler&jrnl=08948755&AN=
19883071&h=uNl9092WFmofs5dY6nUpKqB
CsGJU7xMZGFcPjThRJzihU5UQloJF4KlKg
52KQsi9m65d9hKrM9pXha9tgO9BGw%3D%3D&crl=c.
Boos WR, Kuang Z. Dominant control of the south Asian monsoon by orographic insulation versus plateau heating. Nature.
2010;463(7278):218–22.
Trenberth KE. Climate diagnostics from global analyses: conservation of mass in ECMWF analyses. J Clim. 1991;4(7):707–22.
Peters ME, Kuang Z, Walker CC. Analysis of Atmospheric energy
transport in ERA-40 and implications for simple models of the
mean tropical circulation. J Clim. 2008;21(20):5229–41.
Neelin JD. Moist dynamics of tropical convection zones in monsoons, teleconnections, and global warming. In: The Global
Circulation of the Atmosphere. Princeton University Press; 2007
[cited 2014 Apr 30]. p. 267–301. Available from: http://www.
atmos.ucla.edu/~csi/REF/pdfs/gencircrev.pdf.
Zhao M. An Analysis of Global Climate Model Simulated
Madden-Julian Oscillation with Fully Closed Moist Static
Energy Budget. In: AMS; 2018 [cited 2019 Mar 11]. Available
from: https://ams.confex .com/ams/33HURRICANE/
webprogram/Paper338683.html.
Wing AA, Reed KA, Satoh M, Stevens B, Bony S, Ohno T.
Radiative–convective equilibrium model intercomparison project.
Geosci Model Dev. 2018;11(2):793–813.
Hill SA, Ming Y, Zhao M. Robust Responses of the Sahelian
Hydrological Cycle to Global Warming. J Clim. 2018;31(24):
9793–814. Shows that enhanced Saharan air advection into
the Sahel is robust across AGCMs under uniform SST
warming and attempts to generate an emergent observational
constraint based on this mechanism.
He J, Soden BJ. Does the lack of coupling in SST-forced atmosphere-only models limit their usefulness for climate change studies? J Clim. 2015;29(12):4317–25.
He J, Soden BJ. The impact of SST biases on projections of anthropogenic climate change: a greater role for atmosphere-only
models? Geophys Res Lett. 2016;43(14):2016GL069803.
Pascale S, Boos WR, Bordoni S, Delworth TL, Kapnick SB,
Murakami H, et al. Weakening of the north American monsoon
with global warming. Nat Clim Chang. 2017;7(11):806–12.
Bony S, Bellon G, Klocke D, Sherwood S, Fermepin S, Denvil S.
Robust direct effect of carbon dioxide on tropical circulation and
regional precipitation. Nat Geosci. 2013;6(6):447–51.
Ma J, Xie S-P. Regional patterns of sea surface temperature
change: a source of uncertainty in future projections of precipitation and Atmospheric circulation. J Clim. 2012;26(8):2482–501.
Chadwick R, Boutle I, Martin G. Spatial patterns of precipitation
change in CMIP5: why the rich do not get richer in the tropics. J
Clim. 2013;26(11):3803–22.
Chadwick R, Good P, Andrews T, Martin G. Surface warming
patterns drive tropical rainfall pattern responses to CO2 forcing
on all timescales. Geophys Res Lett. 2014;41(2):610–5.

Curr Clim Change Rep
66.
67.

68.
69.
70.

71.
72.

73.

74.
75.
76.
77.
78.
79.

80.
81.
82.
83.
84.
85.
86.
87.

Chadwick R. Which aspects of CO2 forcing and SST warming
cause Most uncertainty in projections of tropical rainfall change
over land and ocean? J Clim. 2016;29(7):2493–509.
Chadwick R, Douville H, Skinner CB. Timeslice experiments for
understanding regional climate projections: applications to the
tropical hydrological cycle and European winter circulation.
Clim Dyn. 2017;49(9–10):3011–29.
Hill SA, Ming Y, Held IM. Mechanisms of forced tropical meridional energy flux change. J Clim. 2015;28(5):1725–42.
GFDL Atmospheric Model Development Team. The new GFDL
global atmosphere and land Model AM2–LM2: evaluation with
prescribed SST simulations. J Clim. 2004;17(24):4641–73.
Delworth TL, Broccoli AJ, Rosati A, Stouffer RJ, Balaji V,
Beesley JA, et al. GFDL’s CM2 global coupled climate models.
Part I: formulation and simulation characteristics. J Clim.
2006;19(5):643–74.
Ming Y, Ramaswamy V. Nonlinear climate and hydrological responses to aerosol effects. J Clim. 2009;22(6):1329–39.
Donner LJ, Wyman BL, Hemler RS, Horowitz LW, Ming Y, Zhao
M, et al. The dynamical Core, physical parameterizations, and
basic simulation characteristics of the Atmospheric component
AM3 of the GFDL global coupled Model CM3. J Clim.
2011;24(13):3484–519.
Zhao M, Held IM, Lin S-J, Vecchi GA. Simulations of global
hurricane climatology, interannual variability, and response to
global warming using a 50-km resolution GCM. J Clim.
2009;22(24):6653–78.
Hwang Y-T, Frierson DMW, Kang SM. Anthropogenic sulfate
aerosol and the southward shift of tropical precipitation in the late
20th century. Geophys Res Lett. 2013;40(11):2845–50.
Held IM, Delworth TL, Lu J, Findell KL, Knutson TR. Simulation
of Sahel drought in the 20th and 21st centuries. PNAS.
2005;102(50):17891–6.
Kraus EB. The seasonal excursion of the intertropical convergence
zone. Mon Weather Rev. 1977;105(8):1052–5.
Kraus EB. Subtropical droughts and cross-equatorial energy transports. Mon Weather Rev. 1977;105(8):1009–18.
Broccoli AJ, Dahl KA, Stouffer RJ. Response of the ITCZ to
northern hemisphere cooling. Geophys Res Lett. 2006;33(1):
L01702.
Kang SM, Frierson DMW, Held IM. The tropical response to
extratropical thermal forcing in an idealized GCM: the importance
of radiative feedbacks and convective parameterization. J Atmos
Sci. 2009;66(9):2812–27.
Schneider T, Bischoff T, Haug GH. Migrations and dynamics of
the intertropical convergence zone. Nature. 2014;513(7516):45–
53.
Bischoff T, Schneider T. Energetic constraints on the position of
the intertropical convergence zone. J Clim. 2014;27(13):4937–51.
Bischoff T, Schneider T. The equatorial energy balance, ITCZ
position, and double-ITCZ bifurcations. J Clim. 2016;29(8):
2997–3013.
Adam O, Bischoff T, Schneider T. Seasonal and interannual variations of the energy flux equator and ITCZ. Part I: zonally averaged ITCZ position. J Clim. 2016;29(9):3219–30.
Adam O, Bischoff T, Schneider T. Seasonal and interannual variations of the energy flux equator and ITCZ. Part II: zonally varying shifts of the ITCZ. J Clim. 2016;29(20):7281–93.
Green B, Marshall J. Coupling of trade winds with ocean circulation damps ITCZ shifts. J Clim. 2017;30(12):4395–411.
Schneider T. Feedback of Atmosphere-Ocean coupling on shifts
of the intertropical convergence zone. Geophys Res Lett.
2017;44(22):2017GL075817.
Kang SM, Shin Y, Xie S-P. Extratropical forcing and tropical
rainfall distribution: energetics framework and ocean Ekman advection. npj Clim Atmos Sci. 2018;1(1):2.

88.

Frierson DMW, Hwang Y-T, Fučkar NS, Seager R, Kang SM,
Donohoe A, et al. Contribution of ocean overturning circulation
to tropical rainfall peak in the northern hemisphere. Nat Geosci.
2013;6(11):940–4.
89. Harrop BE, Hartmann DL. The role of cloud radiative heating in
determining the location of the ITCZ in Aquaplanet simulations. J
Clim. 2016;29(8):2741–63.
90. Clark SK, Ming Y, Held IM, Phillipps PJ. The role of the water
vapor feedback in the ITCZ response to hemispherically asymmetric forcings. J Clim. 2018 [cited 2018 Apr 11]; Available from:
http://journals.ametsoc.org/doi/10.1175/JCLI-D-17-0723.1.
91.• Byrne MP, Pendergrass AG, Rapp AD, Wodzicki KR. Response
of the Intertropical Convergence Zone to Climate Change:
Location, Width, and Strength. Curr Clim Change Rep.
2018;4(4):355–70. Demonstrate leading-order importance of
ITCZ strength and width changes and consider how to better
understand them.
92. Hilgenbrink CC, Hartmann DL. The response of Hadley circulation extent to an idealized representation of Poleward Ocean heat
transport in an Aquaplanet GCM. J Clim. 2018;31(23):9753–70.
93. Watt-Meyer O, Frierson DMW. ITCZ width controls on Hadley
cell extent and Eddy-driven jet position and their response to
warming. J Clim. 2019;32(4):1151–66.
94. Held IM. The general circulation of the atmosphere. In: The general circulation of the atmosphere: 2000 program in geophysical
fluid dynamics. Woods Hole Oceanographic Institution; 2000. p.
1–54. (Woods Hole Oceanog. Inst. Tech. Rept.).
95. Kang SM, Lu J. Expansion of the Hadley cell under global
warming: winter versus summer. J Clim. 2012;25(24):8387–93.
96. Levine XJ, Boos WR. Land surface albedo bias in climate models
and its association with tropical rainfall. Geophys Res Lett.
2017;44(12):2017GL072510.
97. Zhou W, Xie S-P. Intermodel spread of the double-ITCZ bias in
coupled GCMs tied to land surface temperature in AMIP GCMs.
Geophys Res Lett. 2017;44(15):2017GL074377.
98. Hwang Y-T, Frierson DMW. Link between the doubleintertropical convergence zone problem and cloud biases over
the Southern Ocean. PNAS. 2013;110(13):4935–40.
99. Xiang B, Zhao M, Held IM, Golaz J-C. Predicting the severity of
spurious “double ITCZ” problem in CMIP5 coupled models from
A M I P si m u l a t i o ns . G e o ph y s R e s L e t t . 2 01 7 ; 4 4( 3) :
2016GL071992.
100. Smyth JE, Hill SA, Ming Y. Simulated responses of the West
African monsoon and zonal-mean tropical precipitation to Early
Holocene orbital forcing. Geophys Res Lett. 2018;45(21):12,049–
57.
101. Liu X, Battisti DS, Donohoe A. Tropical precipitation and crossEquatorial Ocean heat transport during the mid-Holocene. J Clim.
2017;30(10):3529–47.
102. Boos WR, Korty RL. Regional energy budget control of the intertropical convergence zone and application to mid-Holocene rainfall. Nature Geosci. 2016 [cited 2016 Nov 28];advance online
publication. Available from: http://www.nature.com/ngeo/
journal/vaop/ncurrent/full/ngeo2833.html?cookies=accepted.
103. Donohoe A, Voigt A. Why Future Shifts in Tropical Precipitation
Will Likely Be Small. In: Climate Extremes. American
Geophysical Union (AGU); 2017 [cited 2019 Jan 8]. p. 115–37.
Available from: https://agupubs.onlinelibrary.wiley.com/doi/abs/
10.1002/9781119068020.ch8.
104. Shekhar R, Boos WR. Improving energy-based estimates of monsoon location in the presence of proximal deserts. J Clim.
2016;29(13):4741–61.
105. Kang SM, Held IM, Frierson DMW, Zhao M. The response of the
ITCZ to extratropical thermal forcing: idealized Slab-Ocean experiments with a GCM. J Clim. 2008;21(14):3521–32.

Curr Clim Change Rep
106.

107.
108.

109.•

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.•

120.

Faulk S, Mitchell J, Bordoni S. Effects of rotation rate and seasonal forcing on the ITCZ extent in planetary atmospheres. J Atmos
Sci. 2017;74(3):665–78.
Gonzalez AO, Slocum CJ, Taft RK, Schubert WH. Dynamics of
the ITCZ boundary layer. J Atmos Sci. 2015;73(4):1577–92.
Gonzalez AO, Schubert WH. Violation of Ekman balance in the
Eastern Pacific ITCZ boundary layer. J Atmos Sci.
2019;Submitted.
Roberts WHG, Valdes PJ, Singarayer JS. Can energy fluxes be
used to interpret glacial/interglacial precipitation changes in the
tropics? Geophys Res Lett. 2017;44(12):2017GL073103.
Demonstrates that relationships between zonal-mean ITCZ
and energy transports can differ between seasonal cycle and
forced, annual-mean changes and very weakly constrains local precipitation change for most tropical regions.
Held IM. The partitioning of the poleward energy transport between the Tropical Ocean and atmosphere. J Atmos Sci.
2001;58(8):943–8.
Merlis TM, Schneider T, Bordoni S, Eisenman I. Hadley circulation response to orbital precession. Part I: Aquaplanets. J Climate.
2013;26(3):740–53.
Wei H-H, Bordoni S. Energetic constraints on the ITCZ position in
idealized simulations with a seasonal cycle. J Adv Model Earth
Syst. 2018;10(7):1708–25.
Xiang B, Zhao M, Ming Y, Yu W, Kang SM. Contrasting impacts
of radiative forcing in the Southern Ocean versus southern tropics
on ITCZ position and energy transport in one GFDL climate
Model. J Clim. 2018;31(14):5609–28.
Inoue K, Back LE. Gross moist stability assessment during TOGA
COARE: various interpretations of gross moist stability. J Atmos
Sci. 2015;72(11):4148–66.
Frierson DMW. The dynamics of idealized convection schemes
and their effect on the zonally averaged tropical circulation. J
Atmos Sci. 2007;64(6):1959–76.
Wheeler M, Kiladis GN. Convectively coupled equatorial waves:
analysis of clouds and temperature in the wavenumber-frequency
domain. J Atmos Sci. 1999;56(3):374–99.
Frierson DMW. Convectively coupled kelvin waves in an idealized moist general circulation Model. J Atmos Sci. 2007;64(6):
2076–90.
Chen G, Held IM. Phase speed spectra and the recent poleward
shift of Southern Hemisphere surface westerlies. Geophys Res
Lett. 2007 [cited 2014 Apr 30];34(21). Available from: http://
doi.wiley.com/10.1029/2007GL031200.
Bischoff T, Schneider T, Meckler AN. A Conceptual Model for
the Response of Tropical Rainfall to Orbital Variations. J Clim.
2017;30(20):8375–91. Presents conceptual model for tropical
precipitation responses to orbital precession and obliquity
forcing based in part on ITCZ shifts framework that captures
many features of paleoclimate records at various individual
sites.
Shanahan TM, McKay NP, Hughen KA, Overpeck JT, OttoBliesner B, Heil CW, et al. The time-transgressive termination of
the African humid period. Nat Geosci. 2015;8(2):140–4.

121.• Boos WR, Storelvmo T. Near-linear response of mean monsoon
strength to a broad range of radiative forcings. PNAS.
2016;113(6):1510–5. Identifies fundamental errors in previous
simple theoretical models projecting monsoon “tipping
points”, and demonstrates that monsoon responses in a
GCM to widely varying forcings are very nearly linear.
122.• Scheff J, Seager R, Liu H, Coats S. Are Glacials Dry?
Consequences for Paleoclimatology and for Greenhouse
Warming. J Clim. 2017;30(17):6593–609. Shows that, for land,
no single catch-all measure of “wetness” exists, and that plant
stomatal responses to CO2 can cause commonly used indices
of dryness to err.
123. Scheff J. Drought Indices, Drought Impacts, CO<Subscript>2</
Subscript>, and Warming: a Historical and Geologic Perspective.
Curr Clim Change Rep. 2018;4(2):202–9.
124. Swann ALS. Plants and drought in a changing climate. Curr Clim
Change Rep. 2018;4(2):192–201.
125. Berg A, Sheffield J. Climate change and drought: the soil moisture
perspective. Curr Clim Change Rep. 2018;4(2):180–91.
126. Timm O, Köhler P, Timmermann A, Menviel L. Mechanisms for
the onset of the African humid period and Sahara greening 14.5–
11 ka BP. J Clim. 2010;23(10):2612–33.
127. Siler N, Roe GH, Armour KC. Insights into the zonal-mean response of the hydrologic cycle to global warming from a diffusive
energy balance Model. J Clim. 2018;31(18):7481–93.
128. Jansen MF, Nadeau L-P, Merlis TM. Transient versus equilibrium
response of the Ocean’s overturning circulation to warming. J
Clim. 2018;31(13):5147–63.
129. Burls NJ, Fedorov AV, Sigman DM, Jaccard SL, Tiedemann R,
Haug GH. Active Pacific meridional overturning circulation
(PMOC) during the warm Pliocene. Sci Adv. 2017;3(9):
e1700156.
130. Zhang R, Delworth TL. Impact of Atlantic multidecadal oscillations on India/Sahel rainfall and Atlantic hurricanes. Geophys Res
Lett. 2006;33(17):L17712.
131. Park J-Y, Bader J, Matei D. Northern-hemispheric differential
warming is the key to understanding the discrepancies in the
projected Sahel rainfall. Nat Commun. 2015;6:5985.
132. Seth A, Giannini A, Rojas M, Rauscher SA, Bordoni S, Singh D,
et al. Monsoon responses to climate changes—connecting past,
present and future. Curr Clim Change Rep. 2019;5(2):63–79.
133. Shepherd TG, Boyd E, Calel RA, Chapman SC, Dessai S, DimaWest IM, et al. Storylines: an alternative approach to representing
uncertainty in physical aspects of climate change. Clim Chang.
2018;151(3):555–71.
134. Zhao M, Golaz J-C, Held IM, Guo H, Balaji V, Benson R, et al.
The GFDL global atmosphere and land Model AM4.0/LM4.0: 1.
Simulation characteristics with prescribed SSTs. J Adv Model
Earth Syst. 2018;10(3):691–734.
Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

