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Abstract Tropical climate and weather systems are integral to the global hydrological cycle. Yet, their
detected and projected trends are highly uncertain in part due to shortcomings of Earth system models. This
study uses novel aquaplanet simulations with different sea-surface temperature and with convection-permitting
resolution in the tropics to simulate the response of tropical phenomena to globally uniform warming. The
results show a complex response within the tropical circulation. With warming, the tropical troposphere warms
and expands vertically alongside a weaker and broader Hadley cell. Simultaneously, the Intertropical
Convergence Zone (ITCZ) narrows and strengthens, though its location shows an unclear response to warming.
Both dynamic and thermodynamic processes play a role in the ITCZ response, exhibiting patterned changes in
vertical velocity and magnitude changes in water vapor. Clouds also show a complex response, particularly with
tropical cloud ice showing a non-linear response to tropical warming and likely causing non-linear changes in
the radiation budget. At finer scales, tropical precipitation extremes increase non-linearly with warming,
exceeding Clausius-Clapeyron scaling at higher percentiles. The prevalence of non-linear responses highlights
the necessity of considering multiple scenarios when investigating the response of tropical phenomena to
globally uniform warming. This research provides valuable insights into tropical climate sensitivity in a
framework that captures multi-scale processes from global to convective scales.

Plain Language Summary As our planet warms, weather patterns worldwide may also shift in
frequency and intensity. However, predicting the specifics of these changes is challenging, especially in the
tropical atmosphere where towering clouds and heavy rain are essential parts of weather systems. A key reason
for this uncertainty is that current climate models struggle to accurately represent these towering clouds and
heavy rainfall, overlooking crucial rainfall-producing features in the tropics. In this study, we utilize innovative
model simulations that capture these fine details in the tropics while also representing the global climate. We
present three simulations that differ only in their ocean temperature—one simulation mimics our current
climate, while the other two simulate cooler and warmer climates. Our findings highlight the importance of
capturing small-scale tropical processes, as the climate exhibits various responses to uniform warming. Tropical
weather systems generate more intense extreme rainfall, likely connected to changes in the overall tropical
environment. Future research should leverage these simulations to explore how specific weather systems, such
as tropical cyclones, evolve in a warmer climate.

1. Introduction

There are many uncertainties about how tropical climate and weather will change as the global climate changes.
Climate projections disagree on key aspects of the intertropical convergence zone (ITCZ), such as whether it will
expand or contract, intensify or weaken, shift location, or remain in place (Byrne et al., 2018). There is similar
uncertainty about projected changes in tropical weather systems; for instance, studies show conflicting results on
whether the frequency of tropical cyclones will increase or decrease (Knutson et al., 2020), and whether con-
vectively coupled Kelvin waves will strengthen or weaken under global warming (Bartana et al., 2022).
Examining potential changes in tropical weather systems in a changing climate requires a modeling framework
that can capture both global and convective scales. Current studies are limited to either comprehensive climate
simulations with long integration times but coarse resolution, or convection-permitting simulations with high
enough resolution to resolve deep convection but limited to specific regions or single case studies. This study aims
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to bridge the gap between those approaches by examining the response of tropical climate and rainfall to ocean
warming in idealized global simulations with convection-permitting resolution in the tropics.

The tropics play a crucial role in Earth's climate system, prompting extensive research into observed and projected
changes in large-scale tropical circulation. The Hadley cell and its ascending branch (the ITCZ) have been of
particular interest, with a focus on changes in both width and strength (see reviews by Birner et al., 2014; Lionello
et al., 2024; Lucas et al., 2013; Seidel et al., 2007; Staten et al., 2018, 2020). Observations and historical sim-
ulations concur that the Hadley cell has been expanding since the start of the satellite era (Hu & Fu, 2007; J. Lu
et al., 2007), and most models from the last two Coupled Model Intercomparison Project iterations (CMIP5 and
CMIP6) predict this trend to continue (Xia et al., 2020). There is also agreement about a projected weakening
Hadley cell in a future warmer climate (Xia et al., 2020). However, reanalysis and historical climate models show
differing trends in Hadley cell strength. Reanalysis data sets, used as proxies for observations, show that the
Hadley cell has been strengthening, whereas climate models show a weakening Hadley cell during the same
historical period (e.g., Chemke & Yuval, 2023; Lionello et al., 2024). This discrepancy arises from differences in
the thermodynamic structure from reanalysis and climate models (Mitas & Clement, 2006), which leads to un-
certainty about which data set is more reliable.

On the other hand, studies about ITCZ changes amid a changing climate have focused on its location, strength,
and width. Byrne et al. (2018) reviewed current knowledge on each of those ITCZ properties, which can be
summarized as follows. Observations during the historical record show that the ITCZ has changed little in po-
sition whereas it has been narrowing and strengthening over the past decades. Climate projections show a wide
range of potential changes in ITCZ location, with multi-model means showing negligible changes in this metric.
Most CMIP5 models predict a narrowing and weakening ITCZ (Byrne et al., 2018, their Figure 3). An exami-
nation of physical mechanisms responsible for the ITCZ narrowing exposed an interplay between the time mean
circulation, net energy input, and transient eddies, and such interplay varied considerably between models (Byrne
& Schneider, 2016). These uncertainties in historical and future projections of the large-scale tropical circulation
can lead to uncertainties of the future tropical hydrological cycle and, more specifically, on weather events that are
sensitive to the state of large-scale conditions.

In a related manner, changes in extreme tropical rainfall are more sensitive to global warming and harder to
predict than extreme precipitation in other regions (O’Gorman, 2012; O’Gorman & Schneider, 2009a). Obser-
vations show that tropical precipitation extremes (defined as a high percentile from a distribution) have increased
by an average of 9% K~!, whereas in the extratropics the average observed increase is 4% K~! (Asadieh &
Krakauer, 2015; O’Gorman, 2015). Uncertainty in these estimates is greater in the tropics, partly due to the sparse
availability of in situ observations (Westra et al., 2013). Most comprehensive Earth system models project that
precipitation extremes will continue to intensify, with projected rates varying between 7% and 15% K~! in the
tropics and 6%-7% K~! in the extratropics (O’Gorman, 2015, their Figure 2). Thus, observed and projected
changes in extreme tropical precipitation are both stronger and more uncertain than in the extratropics.

Uncertainties in future climate projections are partly due to limitations in climate models. The coarse resolution of
these models necessitates the use of convection parameterizations to represent deep convection, but precipitation
extremes can vary significantly depending on the specific parameterization (e.g., Wilcox & Donner, 2007). These
models struggle to accurately represent mesoscale-to-synoptic scale weather phenomena. For example, these
models also cannot physically represent mesoscale convective systems (Moncrieff, 2019; Moncrieff &
Liu, 2006), which contribute over half of the annual precipitation in the tropics (Feng et al., 2021; Nesbitt
et al., 2006). The inability to represent these systems means that climate models are missing crucial rainfall-
producing weather features in the tropics (Rossow et al., 2013).

Convection-permitting models can reduce some of the aforementioned uncertainties. These models use small
enough grid spacing to explicitly resolve deep convection and convective systems (hence why they are also called
“storm-resolving” models; Stevens et al., 2019). Changes in precipitation can be directly linked to the modeled
state variables due to explicitly resolved processes (Muller et al., 2011), and tropical weather systems are rep-
resented with better fidelity (Judt & Rios-Berrios, 2021; Rios-Berrios, Judt, et al., 2023). Although these models
are too computationally expensive to be integrated on the globe for many decades, studies have already shown the
value of year-long convection-permitting global simulations. For example, some studies have compared simu-
lations with present sea-surface temperature (SST) and with either SST or CO, levels increased to mimic a future
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Figure 1. Snapshot of outgoing longwave radiation from an aquaplanet simulation analyzed in this study. The global map
depicts the entire domain, whereas the three boxes at the bottom show zoomed in snapshots of (from left to right): a tropical
cyclone, a squall line, and a mesoscale convective system.

climate, finding that their modeled response generally falls within the spread of CMIP-type simulations (Bao
et al., 2024; Merlis et al., 2024; Terai et al., 2025). Whether these short simulations produce robust results
compared to long climate change experiments is unknown, as multi-year coupled simulations are only beginning
to be conducted (Rackow et al., 2025; Segura et al., 2025).

These limitations motivate this study, which aims at investigating changes in the tropical climate and extreme
precipitation in a global modeling framework that captures convective-scale dynamics (Figure 1). We use an
aquaplanet framework, which is an idealized representation of Earth without heterogeneity associated with land,
sea-ice, and seasons. The aquaplanet framework is driven by zonally symmetric and meridionally varying sea-
surface conditions that mimic Earth's surface. We investigate the sensitivity of tropical climate and weather to
ocean warming by uniformly decreasing or increasing the SST by 4 K. The latter is one of several methods used
by the Cloud Feedback Model Intercomparison Project (Webb et al., 2017) to isolate changes in the general
circulation due to surface warming. While warming oceans is only one of many components of climate change,
this method allows us to isolate the sensitivity of tropical climate and rainfall to globally uniform ocean warming
and its associated atmospheric response.

Moreover, we employ convection-permitting resolution in the tropics to capture the convective-scale dynamics of
tropical weather systems. The underlying SST profile peaks in the Northern Hemisphere to enable tropical
cyclone activity. Although other studies have already used convection-permitting aquaplanets with SSTs
increased by 4 K (e.g., O’Gorman et al., 2021), their SST profiles typically peaked at the equator and did not
support tropical cyclone formation. Our configuration is—to our knowledge—the first of its kind in studies of
climate and rainfall changes in a warming world. Figure 1 shows a snapshot of one of our simulations. Key
elements of the tropical atmosphere are evident, including the ITCZ, tropical cyclones, mesoscale convective
systems, and squall lines. This configuration bridges a gap between global and limited-area modeling by using a
single experimental setup to comprehensively study changes in tropical phenomena all the way from global to
convective scales.

The objectives of this paper are twofold. We seek to document the model simulations while also discussing their
simulated changes in the tropical climate and changes in tropical rainfall extremes. We describe the model
simulations in Section 2. We discuss the atmospheric response to a globally uniform warming in Section 3. We
take a “telescopic” approach by first focusing on the global climate, and them zooming into the tropical climate
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Figure 2. Latitudinal profiles of (a) horizontal cell spacing, (b) sea-surface temperature (SST), and (c) ocean mixed layer
depth. In panel (b), the black line represents the 1981-2020 June—September mean zonally averaged SST, whereas the blue,
gray, and red lines represent the minus4K, CTL, and plus4K experiments, respectively. In panel (c), the black line represents
the time mean, zonal mean ocean mixed layer depth from Levitus (1982), whereas the gray line represents an analytical
approximation used in all MPAS-A experiments.

and tropical precipitation extremes. We link our results to detected and projected changes whenever possible.
Lastly, we present a summary and discussion in Section 4.

2. Methods
2.1. Experimental Setup

We produced a set of idealized experiments using the Model for Prediction Across Scales-Atmosphere (MPAS-
A) (Skamarock et al., 2012) version 8.0. MPAS-A is a community model that enables both global and regional
simulations of the atmosphere. The model grid uses an Arakawa-C discretization on a Voronoi tessalation, which
allows for both uniform and variable horizontal grid resolution. Our experiments use an aquaplanet configuration
as an idealized representation of Earth's climate system, which removes uncertainties due to land-atmosphere
interactions, continental boundaries, seasonal changes, etc. Previous studies have demonstrated that MPAS-A
aquaplanet experiments produce results consistent with aquaplanet configurations in other general circulation
models, especially in the tropics (Rios-Berrios et al., 2020, 2022, 2024; Rios-Berrios, Davis, & Martinez, 2023;
Rios-Berrios, Judt, et al., 2023).

Our aquaplanet configuration is similar to that of Rios-Berrios, Judt, et al. (2023), with some important differ-
ences. The model was configured as a water-covered sphere without land or sea-ice. Given our interest in tropical
weather systems, we employed a variable-resolution domain with approximately 3 km horizontal cell spacing
between 10°S-30°N (Figure 2a). The horizontal cell spacing transitioned to approximately 12.3 km by 30°S and
55°N. The smallest cell spacing coincided with the region of warmest SSTs in all experiments, although precise
SST varied by experiment. The model time step was specified as 15 s to maintain model stability. A 3-km
horizontal mixing length was used for the horizontal diffusion, which used the Smagorinsky (1963) formula-
tion. The vertical grid consisted of 70 vertical levels with grid spacing stretching from ~50 m near the surface to
~640 m by the model top at 30 km. A gravity-wave absorbing layer above 22 km applied Rayleigh damping to the
vertical velocity following Klemp et al. (2008). These computational settings were chosen from available options
in MPAS-A.
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Our control experiment (CTL hereafter) used the same SST profile as in Rios-Berrios, Judt, et al. (2023) and
originally introduced by Ballinger et al. (2015). This profile is intended to mimic boreal summer surface con-
ditions and is given by:

STO{I - %Fm{%{f‘%) + sin4(mn)]}, By —T70°< ¢ < ¢y +70°

0, elsewhere

SST(¢) = Q)

where ¢ is latitude, ¢, is the latitude of maximum SST (set as 10°N), and SST, is the maximum SST (set as
28.5°C). Figure 2b shows this profile, which mimics the climatological June-September SST of the Pacific Ocean.
This is demonstrated by the time mean, zonal mean SST obtained from the NOAA Optimum Interpolation data set
averaged over the Pacific Ocean from 1981 to 2020 (Huang et al., 2021). Two other experiments were performed
to uniformly increase or decrease the SST by 4 K at all cells. These experiments will be called “plus4K” and
“minus4K,” respectively, hereafter. A caveat of this approach is that a uniform SST change results in a non-
uniform change in saturation moist entropy due to the non-linear dependence of saturation specific humidity
on temperature, thus imposing differing equator-to-pole saturation moist entropy gradients across experiments. In
a moist convecting atmosphere, atmospheric circulations are more nearly driven by gradients of sea surface
saturation moist entropy than by SST gradients (Emanuel et al., 1994). This must be considered when interpreting
how the global climate responds to ocean warming. All simulations used the same CO, concentration.

Another key distinction between this study and previous MPAS-A aquaplanet studies is the treatment of surface
heat fluxes and surface temperature. We added dissipative heating to the YSU planetary-boundary layer scheme
and updated the wind-speed dependent parameterization of roughness length to match more closely the revised
estimates of Curcic and Haus (2020). Additionally, we incorporated a 1-D ocean mixed layer depth model
(Pollard et al., 1973) to allow the SST to respond locally to tropical cyclones and squall lines. Specifically, this
model calculates the mixed layer depth (k) based on wind stress, a prescribed lapse rate of the water temperature
within the mixed layer, and the surface heat and radiative fluxes. The SST responds to changes in /& and then
relaxes back to its initial value over a time period z. The base-state mixed layer depth was prescribed as a fit to
time mean, zonal mean data from Levitus (1982), given by

hy, [1 — sin’ (L 164())”’)””, do<p <, +80°

h(¢) =10 + 2)

h,, [l — sin? (%)], elsewhere

where £, is the maximum base-state mixed layer depth (set as 80 m) and ¢,, is the latitude of £,, (set as 35°S).
Figure 2¢ shows both the time mean, zonal mean profile (over June-September) and the prescribed ocean mixed
layer depth. Both exhibit strong latitudinal variations with the shallowest layers in the Northern Hemisphere and
the deepest layers in the Southern Hemisphere, coinciding with the latitude of maximum midlatitude cyclone
activity. All experiments used the same ocean mixed layer depth to avoid introducing differences between the
experiments other than the underlying SST. A small value of 7 (5 days) was used to avoid a climatological drifting
of the prescribed SST profile while also capturing ocean cooling due to high-wind events. Importantly, this
approach considers only transient events and does not impose a cross-equatorial ocean heat flux.

Given our interest in simulated weather phenomena at convection-permitting resolution, we utilized physics
packages rigorously tested by the numerical weather prediction community. We used Thompson microphysics
(Thompson et al., 2008), together with the Thompson scheme for estimating sub-grid-scale cloud fraction, to
incorporate the advantages of double-moment microphysics (Bryan & Morrison, 2012; Igel et al., 2015; Morrison
et al., 2009). We also used updated versions of the YSU (Hong et al., 2004) and scale-aware Tiedtke schemes
(Wang, 2022) that were available in MPAS-A v8.0. Lastly, all simulations employed the RRTMG scheme
(Tacono et al., 2008; Mlawer et al., 1997) for both shortwave and longwave radiation with perpetual equinoctial
conditions given by a fixed declination angle (0°), fixed solar constant (1,365 W m~2), radiatively inactive
aerosols, and a hemispheric symmetric ozone profile.
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All three simulations were integrated for 240 days (approximately 8 months). The first 60 days were considered
spinup; therefore, all analyses presented here are limited to the last 180 days (approximately 6 months). We
recognize that this integration period is relatively short in comparison to the multi-year period typically used for
aquaplanet experiments. However, these simulations cost approximately 50,000 CPU core-hours per day and
produced 400 GB data per day totaling 36 Million CPU core-hours and nearly 300 TB of raw model output in the
Derecho supercomputing system (Computational and Information Systems Laboratory, 2023). These high
computational costs and storage demands prevent us from producing multi-year simulations at this point.
Nonetheless, evaluation of several globally-averaged metrics showed that the simulations reached near equi-
librium by 30 days (not shown). The integration period is sufficient to demonstrate the potential response of the
atmosphere to ocean warming and to examine the statistics of weather phenomena in a convection-permitting
configuration.

2.2. Model Output Interpolation

Our examination of the global and tropical climate (Sections 3.1 and 3.2) used model output interpolated toa 1° X
1° latitude-longitude global grid given our focus on the planetary-scale response. Additionally, we used model
output interpolated to a 0.25° x 0.25° latitude-longitude in Section 3.3. We used the Climate Data Operators
(Schulzweida, 2022) tool with conservative interpolation from the native 15-3 km MPAS-A mesh to the latitude-
longitude fixed grids. Conservative interpolation ensures that the global sum of each quantity is conserved during
interpolation. The interpolated model output is publicly available for future studies (Rios-Berrios, 2025a). We
used the native model output for a select number of diagnoses in this study, and we mention when we did so in the
appropriate section.

3. Results
3.1. Global Climate

As expected, the simulated climate responds in various ways to the prescribed SSTs. We illustrate this response
via cross-sections of time mean, zonal mean differences between CTL and minus4K and between plus4K and
CTL (Figures 3 and 4). Notably, the troposphere warms at all latitudes (Figures 3a and 3b). The tropopause level,
diagnosed from the potential temperature lapse rate following Tinney et al. (2022), moves upward with height at
nearly all latitudes. The 0°C level also moves higher with warmer temperatures (lifting the melting level, as will
be discussed below). Peak tropospheric warming happens in the upper tropical troposphere, where differences
between experiments reach up to 11 K. This large warming exceeds the 4 K SST difference between each
consecutive experiment, which implies a combined effect of increased ocean temperatures, saturation moist
entropy, and free-tropospheric moist entropy (Emanuel et al., 1994).

The polar stratosphere cools with warming, intensifying the isobaric temperature difference between the tropics
and the poles. Simultaneously, the upper-tropospheric westerly jet cores strengthen with warming (Figures 3¢ and
3d). Such strengthening is evident in both hemispheres as illustrated by positive zonal wind differences of at least
10 m s! at the jet cores around 30°S and 20-30°N. The positive differences are co-located with the Southern
Hemisphere jets, but they are shifted equatorward of the Northern Hemisphere jets. This result implies that the
summer upper-tropospheric jet strengthens and shifts slightly equatorward with globally uniform warming in our
simulations.

As the troposphere warms, it holds an increasing amount of water vapor. However, the saturated vapor pressure
increases more rapidly at a constant relative humidity, leading to a larger saturation deficit. This increase in
saturation deficit with warming is evidenced by positive differences in saturation deficit at almost all latitudes
(Figures 4a and 4b). The pattern of differences between experiments largely coincides with the overall structure of
saturation deficit (as represented by CTL in black contours; Figures 4a and 4b). The largest differences between
experiments appear in the Southern Hemisphere subtropics, where saturation deficit is the largest. The Northern
Hemisphere subtropics and middle latitudes are also associated with drier conditions as the ocean warms. The
smallest, yet positive, differences appear within a narrow band in the tropics—this coincides with the ITCZ (as
will be discussed below).

Using convection-permitting resolution in the tropics allows us to investigate changes in condensate as simulated
by the microphysics scheme and the model equations. Total condensate (the sum of all liquid and frozen water
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Figure 3. Pressure-latitude analyses of the differences between (a, ¢) CTL and minus4K and (b, d) plus4K and CTL. Color
shading represents the time mean, zonal mean difference of (a, b) temperature (every 1 K) and (c, d) zonal wind (every 1 ms™").
Black contours in all panels represent the time mean, zonal mean from CTL. In panels (a)—(b), the cyan lines show the 0°C
temperature and the yellow lines show the tropopause level from CTL (solid) and either minus4K (dashed; panel a) or plus4K
(dashed; panel b).

content) exhibits peculiar changes with warming (Figures 4c and 4d). Consistent with the expanding tropical
troposphere, the overall amount of upper-tropospheric condensate in the tropics increases in amount and height
above 600 hPa from minus4K to CTL and above 500 hPa from CTL to plus4K. This change indicates that frozen
condensate in the tropics increases and extends over a deeper layer with warming. Likewise, liquid condensate in
the tropics increases with warming below 700 hPa from minus4K to CTL and below 600 hPa from CTL to
plus4K.

However, the total condensate in the tropics decreases with warming within a layer between 600 and 700 hPa from
CTL to minus4K and between 500 and 600 hPa from plus4K to CTL. This layer corresponds to the increasing
height of the melting level, as measured by the 0°C wet-bulb temperature (cyan lines in Figures 4c and 4d). The
tropical melting level shifts from ~675 hPa in minus4K to ~600 hPa and ~500 hPa in CTL and plus4K,
respectively. As the melting level rises, snow and graupel melt at a higher altitude. The resulting conversion to
raindrops, which have larger fall velocity, leads to a decrease in total condensate below the melting level. This
upward shift with warming can alter other microphysical processes, potentially increasing local surface rainfall.
For example, Prein and Heymsfield (2020) showed that the observed melting level has increased in unison with
rising surface temperatures on Earth. They argue that the increasing melting level height enhances surface
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Figure 4. As in Figure 3, except for (a, b) saturation deficit (every 0.5 gkg™") and (c, d) total condensate (every 0.45 kg kg™").
In panels (c)—(d), the magenta lines represent the time mean, zonal mean total condensate from CTL, and the cyan lines show
the 0°C wet bulb temperature from CTL (solid) and either minus4K (dashed; panel c) or plus4K (dashed; panel d).

precipitation by enabling more graupel to melt over a deeper layer and by increasing the vertical extent through
which raindrops can form and grow.

In a related manner, our simulations show increasing rainfall rates with globally uniform warming, especially in
the tropics. This result is shown in Figure 5a through the time mean, zonal mean rainfall rates. A tropical peak
marks the ITCZ, whereas secondary peaks mark the midlatitude storm tracks. The maximum time mean, zonal
mean rainfall rate increases from 18.0 mm day™' in minus4K to 18.8 mm day™' in CTL and 24.8 mm day~' in
plus4K (Table 1). These changes yield only ~1% K~' change from minus4K to CTL but ~7% K~' change from
CTL to plus4K, which is close to the Clausius-Clapeyron scaling. There is also a slight increase in rainfall rates
around 30°N, which is likely associated with tropical cyclones. Midlatitude rainfall rates (around 30°S—-60°S and
poleward of 60°N) increase in magnitude and shift poleward with warming. This result suggests that the storm
tracks move poleward with warming in these aquaplanet simulations.

When evaluated on a global scale, ocean warming results in an increase in time mean, global mean precipitation.
We obtained this quantity using model output at its native resolution, weighted by the area of each cell, and time

averaged over the 180 days of analysis. Global rainfall rates are 3.16 mm day ™', 3.64 mm day™', and 4.13 mm
day~! in minus4K, CTL, and plus4K, respectively (Table 1). The equivalent rate of change is 3.8% K~! from
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Figure 5. Time mean, zonal mean (a) rainfall rate, (b) cloud (liquid + ice) water path, and (c) cloud ice water path from (blue)
minus4K, (gray) CTL, and (red) plus4K. The insets show each variable zoomed in to the tropics.

minus4K to CTL and 3.4% K~! from CTL to plus4K. These rates are below Clausius-Clapeyron scaling due to
compensating radiative cooling and latent heating (Held & Soden, 2006; Muller & O’Gorman, 2011). The
increased global rainfall rates are predominantly contributed by increased rainfall in the tropics, as noted above.

Despite the robust increasing signal of rainfall rates, clouds show a more complex response to warming. This
result is shown in Figure 5b through the time mean, zonal mean cloud water path. Unlike total condensate, the
cloud water path only includes cloud water, cloud ice, and snow as they are all treated as “clouds” in the
Thompson cloud fraction scheme. Rain and graupel are excluded from this calculation. Although there is an
overall increase in cloudiness with globally uniform warming, peak values within the ITCZ slightly decrease from
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Table 1 minus4K to CTL, whereas they increase between plus4dK and CTL

(Left to Right) Maximum Time Mean, Zonal Mean Rainfall Rate (Pt in mm (Figure 5b). The slight decrease between minus4K and CTL is mostly
day™") and Time Mean, Global Mean Rainfall Rate ([pr]; in mm day™") in contributed by decreasing ice clouds between this pair of experiments as

the Experiments Considered in This Study demonstrated by the cloud ice water path (Figure 5¢). There is a reduction of
Experiment Pl [pr] ice clouds within the ITCZ from minus4K to CTL, but an increase in ice
minusdK 18.0 216 clouds from CTL to plus4K; otherwise, there is a general increase of ice
T o S clouds with warming. Since peak rainfall rates increase by 3.4% K~! from

’ ' minus4K to CTL, the reduction in cloud ice is likely compensated by
plus4K 24.8 4.13

increasing in liquid water content between those two experiments. This result

points at shifting microphysical processes with warming.

Outside the tropics, total condensate decreases in the subtropics and it primarily increases in the midlatitudes with
uniform warming. This is evident in both the vertical cross sections of total condensates (Figures 4c and 4d) and
the cloud water paths (Figures 5b and 5c). Decreasing condensate in the subtropics is likely a result of the greater
saturation deficit with warming, while the increasing condensate in the midlatitudes is likely due to strengthening
midlatitude storms. These issues will not be investigated further in this study due to our focus on tropical climate.

Changes in cloud properties have significant potential to alter the Earth's radiation budget. This is underscored by
numerous studies highlighting that uncertainties in how climate models represent clouds and their interactions
with radiation are major sources of disagreement in future climate projections (Bony & Dufresne, 2005; Cess
et al., 1990; Dufresne & Bony, 2008; Medeiros et al., 2008; Sherwood et al., 2014; Webb et al., 2012). Consistent
with this understanding, our simulations reveal variations in the top-of-atmosphere (TOA) radiation budget
(Figure 6). Specifically, we observe a general reduction in outgoing shortwave radiation with globally uniform
warming across most latitudes, with a notable exception between 15°N and 20°N (Figure 6a). Within this specific
latitudinal band, the plus4K simulation stands out with a substantially larger TOA shortwave radiative flux.
Notably, this simulation also exhibits the lowest amount of column-integrated cloud within the 15°N-20°N region
(Figure 5b), suggesting a potential link between reduced cloud cover and the increased shortwave radiation.
Conversely, outgoing longwave radiation (radiative cooling) increases with surface warming across all our
simulations (Figure 6b). The combined effect of these shortwave and longwave changes results in an increased net
TOA radiative cooling poleward of +£30° and less warming within those latitudes (Figure 6¢). However, the
15°N-20°N region remains an exception, where the higher outgoing shortwave flux in the plus4K experiment
leads to a higher net TOA radiative flux compared to other simulations. Understanding the underlying cloud
feedbacks responsible for this unique behavior in the 15°N-20°N region requires further in-depth analysis, which
will be left for a future study.

The global mean TOA radiative fluxes can be used to characterize the climate sensitivity in these experiments,
similar to the classic approach of Cess et al. (1990), and following conventions of Merlis et al. (2024). A total
feedback parameter is calculated as

AN
AT’

s

A=

where AN is the change in the net TOA radiative flux [SW|-SW1T-LW1; note this is a different sign convention
than in Cess et al. (1990) where LWT-(SW|-SW1) was used]. In our warm experiment (plus4K-CTL), 4 is
—2.2Wm~2K~!, and in the cool experiment (CTL-minus4K) 1 is —3.6 W m~2 K~!. Assuming a radiative forcing
of 3.6 W m™2, as in a doubling of CO,, a climate sensitivity in K can be expressed as

Feo,
-

resulting in a climate sensitivity of 1.6 K for the warm experiment and 1.0 K for the cool experiment. These values
are strongly influenced by cloud feedbacks; the global average values of shortwave cloud-radiative effect hint at a
strong negative cloud feedback in the cool experiment that nearly vanishes in the warm experiment (—65.94,
—72.15, and —72.18 W m~? in minus4K, CTL, and plus4K, respectively). The global mean shortwave cloud-
radiative effect values are much stronger than the observed Earth values (around —46 W m™2, Loeb
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Figure 6. Time mean, zonal mean top-of-atmosphere (a) shortwave, (b) longwave, and (c) total radiation fluxes from
minus4K (blue), CTL (gray), and plus4K (red).

et al., 2018), but the longwave cloud-radiative effect values are fairly close to Earth values and also show
nonlinear behavior across simulations (27.74, 28.39, and 28.02 W m~2, compared to observed values around
28 W m™2).

3.2. Tropical Climate

We now turn our attention to changes in the tropical atmosphere, where the Hadley cell and ITCZ exhibit
important changes with warming. All simulations develop Hadley cells characterized by moist tropical ascent in
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Figure 7. Pressure-latitude analysis of the meridional mass streamfunction from (a) minus4K, (b) CTL, and (c) plus4K. Solid
and dashed lines represent the 0.25 X 10'! kg s~ and —0.25 x 10'! kg s~! contours, respectively. Red lines mark the 200-
hPa level.

the summer hemisphere and descent in the middle latitudes of both hemispheres. This result is shown in Figure 7
through the meridional streamfunction (¥) defined as

w = ZEaC()s((/))/‘pO (7] dp.
8 P

where [V] is the time mean, zonal mean meridional wind, a is Earth's radius, g is gravity, p is pressure, and p is set
as 1,000 hPa. As in nature, the summer hemisphere is associated with a weaker Hadley cell than in the winter
hemisphere in all simulations (Figure 7). The Hadley cells expand in altitude with uniform warming. This result is
illustrated with the —0.25 x 10'! kg s™! and 0.25 x 10" kg s~ contours (black lines in Figure 7). These
contours are below 200 hPa in minus4K, around 200 hPa in CTL, and above 200 hPa in plus4K. Upper-
tropospheric divergence reach up to around 200 hPa in minus4K but nearly 100 hPa in plus4K, which is
consistent with the upward expansion of the troposphere with uniform warming.

The Hadley cells also weaken with warming, although this is more pronounced in the winter hemisphere than in
the summer hemisphere. This result is more readily seen in Figure 8, which shows the vertically integrated
meridional streamfunction between 300 and 700 hPa following studies of the Hadley cell and the ITCZ (e.g.,J. Lu
et al., 2007; Byrne et al., 2018). The largest differences between experiments appear south of 10°N in association
with the Southern Hemisphere Hadley cell. Peak mass transport decreases from 305 Gkg s~ in minus4K to
288 Gkg s~! in CTL and 266 in Gkg s~! in plus4K. The equivalent rates of change are non-linear across these
three experiments because there is a —1.5% K~! change between minus4K to CTL and —1.9% K~! change be-
tween CTL and plus4K. Comprehensive climate model projections also show weakening Hadley cells in a future

—100 A1

mass streamfunction (Gkg s1)

=200 1 . minusak
— CTL
_300H— plus4K

755 60S 455 30S 155 O 15N 30N 45N 60N 75N

Figure 8. 300-700 hPa vertically-averaged meridional streamfunction from minus4K (blue), CTL (gray), and plus4K (red).
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warmer climate (J. Lu et al., 2007). Similarly, aquaplanet simulations with 4-K globally uniform warming show
robust Hadley cell weakening and widening with warming (Medeiros et al., 2015).

Our simulations show a slight widening of the Hadley cells with globally uniform warming. The subtropical zero-
streamfunction shifts from approximately 24°S in minus4K, to 25°S in CTL, and 27°S in plus4K (Figure 8). In the
Northern Hemisphere, the zero crossing moves from 34°N in both minus4K and CTL to 37°N in plus4K

(Figure 8). The equivalent rate of change is near or just below 1° K~!.

To further investigate the physical mechanisms behind the slight Hadley cell widening, we employed the theo-
retical scaling of Korty and Schneider (2008). Their scaling defines the subtropical terminus of the Hadley cell as
the latitude where wave activity fluxes extend through the troposphere. This latitude can be identified by a
supercriticality condition (S,) given by

2,7,

o ©

f
S =L
C B

af
dr
ature, and A, is a bulk dry static stability. Even though this scaling was developed for dry atmospheres, it is a

where f is Coriolis, f is dyﬂ_s is the meridional gradient of time-mean, zonal-mean surface potential temper-
useful diagnostic that does not assume conservation of angular momentum. To determine S, we first identified
the extratropical latitudes as the regions where eddy meridional heat fluxes exceeded 30% of its maximum, as
done by Schneider and Walker (2006). We then found the latitude closest to the equator, in each hemisphere,
where S, first exceeded 0.63. This threshold is the same as in Korty and Schneider (2008), who found that value to
be optimal for their set of idealized simulations. Our results are qualitatively independent of the precise threshold.

Results from this analysis confirm a widening Hadley cell with globally uniform ocean warming. The super-
criticality is met at 30.5°S, 31.5°S, 34.5°S in minus4K, CTL, and plus4K, respectively. In the Northern Hemi-
sphere, the supercriticality is met at 36.5°N, 39.5°N, and 42.5°N in minus4K, CTL, and plus4K, respectively.
Although the estimated Hadley cell terminal latitudes are slightly different from the values estimated from the
zero-crossing of the streamfunction, the scaling still captures a widening Hadley cell with warming. The resulting
rates of changes are under 1° K.

Equation 3 predicts that changes in the Hadley cell width must arise from changes in the surface meridional
temperature gradient or in the bulk dry static stability. Given that all simulations share the same meridional
temperature gradient, the sole plausible mechanism is changes in the bulk dry static stability. Indeed, the static
stability in the extratropics increases with warming (not shown, but it can be deduced from Figures 3a and 3b),
thus explaining the slight Hadley cell widening in our experiments.

The ascending branch of the Hadley Cell, that is, the ITCZ, shows a non-linear strengthening with warming. This
result was already noted in the previous subsection (Figure 5a). We quantitatively measured the ITCZ strength by
two metrics: (a) the maximum time mean, zonal mean precipitation (from Figure 5a) and (b) a dynamics-based
ITCZ strength metric following Byrne et al. (2018). The second metric is defined as

g lIlITCZ
5
AITCZ

WDircz =

where ¥rc7 is the ITCZ mass transport and A7y is the ITCZ area defined as
Aprez = 2na2(sin¢N - sin(ps),

where ¢, and ¢, are the latitudes of the peak ¥ in each hemisphere. Both metrics capture the non-linear response
of the ITCZ to warming (Figure 9a). As noted before, the maximum time mean, zonal mean rainfall rate increases
by ~1% K~! from minus4K to CTL and by ~7% K~! from CTL to plus4K. Likewise, the dynamics-based metric
shows a non-linear response, with a change of ~1.4% K~! from minus4K to CTL and ~3.2% K~! from CTL to
plus4K.
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Figure 9. Comparison of maximum time mean, zonal mean rainfall rate versus (a) Intertropical Convergence Zone strength
(see text for details) and (b) maximum time mean, zonal mean 100-300 hPa averaged vertical velocity. Blue, gray, and red
colors represent minus4K, CTL, and plus4K, respectively.

The strong relationship between the two metrics of ITCZ strength suggest that changes in the time mean, zonal
mean circulation are associated with changes in ascent and rainfall production. To further examine this, we
evaluated the vertical velocity that is explicitly produced by the model equations as another metric of ITCZ
strength (Figure 9b). We chose to average the vertical velocity between 100 and 300 hPa as this layer showed the
largest difference between experiments. This metric also shows non-linear increases with warming, yielding a
response of 5.9% K~! from minus4K to CTL and 10.9% K~! from CTL to plus4K. The Pearson's correlation
coefficient between time mean, zonal mean peak rainfall and peak ascent is 0.99. Thus, while rainfall rates in-
crease non-linearly with globally uniform warming, they increase linearly with upper-tropospheric vertical
velocity.

To examine the physical processes between ITCZ strength (as measured by rainfall rate) and ocean warming, we
followed P. Lu et al. (2018) to approximate the rainfall rate (p) by:

p =0.0012¢,g,w, )

where 0.0012 is the ratio between dry-air density and liquid-water density, €, is precipitation efficiency, gy is
saturated specific humidity, w, is upward vertical velocity. Equation 4 implies that surface rainfall rate is pro-
portional to the vertical flux of water vapor. This expression has been widely used for investigating rainfall during
flash floods (Doswell et al., 1996), tropical cyclones (P. Lu et al., 2018), rainfall extremes (Wilson &
Toumi, 2005), and in the ITCZ (Pendergrass, 2020). Equation 4 is typically evaluated at the height of a “moist
layer” below 2 km above ground level or around 700 hPa. Here, we evaluated g, and w,. using six-hourly output at
approximately 1.5 km because MPAS-A uses geometric height as its vertical coordinate. Each variable is rep-
resented by its time mean, zonal mean value.

P. Lu et al. (2018) assumes a fixed ¢, of 0.9 in tropical cyclones, which is not necessarily valid for all weather
systems. We estimated ¢, via the “large-scale precipitation efficiency 2” of Sui et al. (2007) given by

p

€, = —— ——

P . = _ = El
sng (0‘9;‘) + sng(V . qvV) + sng (%) + sng(V . qCV) +E

where p is precipitation rate as above, g, is water vapor mixing ratio, g, is total condensate mixing ratio, V is the
three-dimensional wind vector, E is surface evaporation, and the overbars represent a vertical mass-weighted
integral. This definition of ¢, measures the rate of surface precipitation against the estimated production of
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Figure 10. (a, b) Time mean, zonal mean (a) precipitation efficiency and (b) rainfall rates (solid) and approximated rainfall
rate from Equation 4 (dashed). Blue, gray, and red colors represent minus4K, CTL, and plus4K, respectively. (c, d) The
relative changes between (c) plus4K and CTL, and between (c) CTL and minus4K calculated from Equation 5. Brown lines
represent approximated rainfall rate, orange lines represent specific humidity, green lines represent upward vertical velocity,
and purple lines represent precipitation efficiency.

condensation via a combination of the water vapor and condensate budgets. Figure 10a shows the diagnosed ¢,,.
All simulations show high efficiency in the tropics between 2.5°S—10°N, decaying toward low values outside the
tropics. The atmosphere becomes less efficient with warming, but this issue will not be investigated further in this
study.

Despite its simplicity, Equation 4 reasonably replicates the time-mean, zonal-mean rainfall rate in regions of high
precipitation (Figure 10b). The approximation captures peak rainfall rates associated with the ITCZ and declining
rainfall toward the subtropics. The approximation underestimates rainfall rates in minus4K and in CTL, but it
overestimates rainfall rates in plus4K. This is likely due to the fixed height used in all simulations because the
layer of converging water vapor increases with warming (not shown). Nonetheless, the approximation captures
the general shape of the latitudinal rainfall rate profile in all simulations while also capturing increasing ITCZ
rainfall with warming. Thus, Equation 4 is useful for explaining the ITCZ response to ocean warming in our
simulations.

We expand this analysis by taking the natural logarithm and differentiating on each side of Equation 4 to obtain

olnp = dlne, + dlnw, + dlng;, ®)

which is equivalent to

i) de, ow 7]
o _%p W+ | 94
p € Wy qs

This expression relates the fractional changes in rainfall rate to the linear sum of fractional changes in precipi-
tation efficiency, vertical velocity, and saturation specific humidity. Figures 10c and 10d show the changes of all
terms of Equation 5. We show the difference between plus4K and CTL (Figure 10c) as well as the difference
between CTL and minus4K (Figure 10d).

This analysis demonstrates that thermodynamic and dynamic processes exert distinct controls on the ITCZ
strength response to warming. Rainfall rates decrease south of the ITCZ and increase within and north of the ITCZ
with warming, consistent with the aforementioned discussion of Figure 5a. The pattern of rainfall changes fol-
lows closely after the pattern of w, changes with decreasing ascent (or increasing descent) south of the ITCZ and
increasing ascent within and north of the ITCZ. However, the magnitude of rainfall changes is likely also
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Table 2 influenced by changes of g, which exhibits an increasing trend with nearly no

Intertropical Convergence Zone Location as Defined by: (Left to Right) the ~1atitudinal variability. €, shows negligible changes within the ITCZ, vali-
Latitude of Zero Vertically-Averaged (300-700 hPa) Mass Streamfunction dating previous assumptions of constant precipitation efficiency with
(tu=0). the Latitude of Zero Mean Meridional Heat Transport (Also Known warming (Muller et al., 2011). These results imply that the latitudinal struc-

as the “Energy Flux Equator”) (. qﬁ/EFE ), the Latitude of Maximum Time
Mean, Zonal Mean Rainfall Rate (¢I = ,,W), and the Latitude of Maximum
Time Mean, Zonal Mean 100-300 hPa Vertical Velocity (¢I

ture of vertical velocity dictates the pattern of rainfall changes whereas both
vertical velocity and saturated specific humidity influence the magnitude of

w= max)

those changes. Previous studies, although focused on rainfall extremes, agree

Experiment Slw—o ¢| o [ - 7 —— that circulation changes (which include changes in vertical velocity) com-

minus4K 6.3°N 2.7°N 1.5°N 1.5°N bined with water vapor changes largely influence the rainfall rates under

CIL 76N 3.6°N 25N 2 5N different climates (Muller et ’a]., 2011; O’Gorman, 2015; O’Gorman
et al., 2021; O’Gorman & Schneider, 2009b).

plus4K 6.7°N 2.5°N 2.5°N 2.5°N

Despite the robust signal in ITCZ strength, our simulations show an unclear
response of ITCZ location with warming. We demonstrate this result using
four diagnostics: (a) the 300-700 hPa vertically averaged mass streamfunction, (b) the energy flux equator, (c) the
time mean, zonal mean rainfall rate, and (c) the time mean, zonal mean vertical velocity vertically averaged
between 100 and 300 hPa (Table 2). The first diagnostic defines the ITCZ location as the boundary between the
northern and southern Hadley cells, which is given by a zero vertically averaged meridional streamfunction
[Figure 1 of Byrne et al. (2018)]. Per this definition, the ITCZ is located at 6.3°N, 7.6°N, and 6.7°N in minus4K,
CTL, and plus4K, respectively (Table 2). The second definition estimates the ITCZ location as the latitude where
the mean meridional heat transport changes sign, indicating the export of energy away from the equator (Bischoff
& Schneider, 2014; Schneider et al., 2014). We calculated the time mean, zonal mean meridional heat transport
from instantaneous six-hourly fields as in Cox et al. (2024). The energy flux equator is located at 2.7°N, 3.6°N,
and 2.5°N in minus4K, CTL, and plus4K, respectively (Table 2). However, defining the ITCZ as the location of
maximum time mean, zonal mean rainfall rate yields locations of 1.5°N in minus4K, and 2.5°N in both CTL and
plus4K (Table 2). Those values correspond exactly with the location of maximum 100-300-hPa time-mean,
zonal-mean vertical velocity of each simulation (Table 2).

The simulated ITCZ response to warming is complex and sensitive to the metric used to define its position. While
the ITCZ shifts poleward from minus4K to CTL in all metrics, its subsequent response in the plus4K simulation is
inconsistent across different metrics. This metric-dependence aligns with previous work showing that the
precipitation-based ITCZ is typically located equatorward of the energy flux equator (Adam et al., 2016; Donohoe
et al., 2013). Discrepancies arise because circulation-based metrics (e.g., streamfunction) identify the broad re-
gion of ascent, while other metrics simply locate the peak in precipitation or vertical velocity.

We focus on the energy flux equator because a theoretical framework exists to explain its fluctuations (Adam
et al., 2016; Bischoff & Schneider, 2014; Schneider et al., 2014). This framework predicts that the energy flux
equator depends on the ratio between the mean meridional heat transport and the net energy input near the equator.
Mathematically, this is given by

1AH TEQ
Orrez = —;

el ©®)

where AHT g, is the time mean, zonal mean meridional heat transport and /, is the time mean, zonal mean energy
forcing at the equator. This relationship explains the ITCZ location and its migrations across multiple timescales

;‘;rlr)liflaiy of Intertropical Convergence Zone Energetics Analysis (See Text for Details)

Experiment Cross-equatorial energy transport (PW) Energy forcing at the equator (W m™2) Orrcz
minus4K —0.596 48.859 2.74°N
CTL —0.729 52.352 3.13°N
plus4K —0.592 52.931 2.51°N

Note. (Left to right) columns show the meridional energy transport at the equator, the total energy forcing at the equator, and
the estimated ITCZ location from the energetics framework (8;7¢7)-
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Figure 11. Comparison of maximum time mean, zonal mean rainfall rate versus (a) Intertropical Convergence Zone width
and (b) area (see text for details). Blue, gray, and red colors represent minus4K, CTL, and plus4K, respectively.

(Adam et al., 2016; Schneider et al., 2014). We evaluated AHTg, and I, as averages between 5°S to 5°N to
account for uncertainty in the calculations. The results are listed in Table 3.

The theoretical framework accurately reproduces the non-linear trend in circulation-based ITCZ location. The
estimated energy flux equator from Equation 6 is at 2.74°N, 3.13°N, and 2.51°N in minus4K, CTL, and plus4K.
Evaluating the individual contributions from Equation 6 shows that AHT g, increases in magnitude by 5.5% K!
(=0.596 PW to —0.729 PW), whereas I, increases by 1.8% K~! (48.859 W m~? to 52.352 W m™2) from
minus4K to CTL. In contrast, AHTf, decreases in magnitude by 4.7% K~! from CTL to plus4K (—0.729 PW to
—0.592 PW) and I is similar between these two experiments. Thus, the non-linear variations of the ITCZ
location between our experiments stem primarily from non-linear changes in the mean meridional heat transport.
This is likely due to the non-linear response of the mean climate to globally uniform warming in our simulations
(Section 3.1) and is consistent with patterned changes in vertical velocity affecting patterned changes in ITCZ
rainfall.

The diagnosis of time mean, zonal mean rainfall rates also suggest a narrowing ITCZ with warming. Rainfall rates
decrease with warming at the northern and southern margins of the ITCZ (Figure 10). Following Byrne
et al. (2018), we quantitatively defined the ITCZ width as

Wirez = ¢N - ¢s,

where ¢, and ¢, are the latitudes of the peak ¥ in each hemisphere. We also used the definition of ITCZ area
(Ajrcz) introduced earlier. These metrics capture the region of mean ascent and lower-tropospheric convergence,
which extends over a wider area than relatively large precipitation rates (Byrne & Schneider, 2016).

Both of these metrics confirm a narrowing ITCZ and also exhibit a non-linear response to globally uniform
warming (Figure 11). The ITCZ width decreases from 19° in minus4K to 17° in CTL and 14° in plus4K
(Figure 11a), resulting in 2.7% K~ and 4.8% K~! changes, respectively. The ITCZ area shows nearly equivalent
rates of changes. Both ITCZ width and area are strongly correlated with the ITCZ strength as measured by the
maximum time mean, zonal mean precipitation rate (Pearson's correlation coefficient of 0.95). In other words, the
ITCZ strengthens and narrows with warming in our simulations. This result is consistent with the “deep-tropics
squeeze” noted in modeled climate projections (Lau & Kim, 2015), and with a larger number of models also
integrated in the aquaplanet framework (Pendergrass et al., 2024). However, this result is inconsistent with the
ITCZ weakening noted by most CMIP5 models (Byrne et al., 2018).
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Figure 12. (a) Latitude profiles of time mean, zonal mean vertically integrated moisture budget from the plus4K simulation.
Red lines show each budget term: rainfall rate (solid), moisture convergence (dashed), and evaporation (dotted). The black
line shows the total sum of moisture convergence and evaporation. (b, c¢) Latitude profiles of (b) moisture convergence and
(c) evaporation from (blue) minus4K, (black) CTL, and (red) plus4K.

The narrowing ITCZ with warming is associated with increased moisture divergence at the edges of the ITCZ.
This result is demonstrated in Figure 12, which shows the total moisture budget. Assuming steady state, the time
mean, zonal mean moisture budget can be expressed as

a<?> = () - (E). ™

)

where v is meridional wind, ¢, is the water vapor mixing ratio, p is precipitation, E is evaporation, the brackets
represent the time mean, zonal mean, and the overbar represents the mass-weighted vertical integral. Figure 12a
demonstrates that Equation 7 is satisfied in our simulations as there is close agreement between the surface
precipitation and the sum of evaporation and surface convergence. Examining the individual terms shows that
moisture convergence increases within the ITCZ, while decreasing at the edges of the ITCZ with warming
(Figure 12b). E increases at all latitudes (Figure 12c), but such increase is insufficient to counteract the dominant
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Figure 13. Diagnostics of (a) strength and (b) area of the Intertropical Convergence Zone ascent region and the Hadley cell
descent region (see Equation 8) from (blue) minus4K, (gray) CTL, and (red) plus4K.

role of moisture convergence. Thus, the decreasing ITCZ size in our simulations likely results from expanding
subsidence and drying in the subtropics (Figures 7a and 7b).

We considered alternative hypotheses, such as the energetic framework proposed by Byrne and Schneider (2016).
Their framework suggests that ITCZ area changes, relative to Hadley cell subsidence area changes, are controlled
by four processes: gross moist static stability, energy input, mean energy advection, and energy fluxes by transient
eddies. We were unable to close the budget from Byrne and Schneider (2016), possibly indicating that the linear
approximations made in the derivation are not satisfied in our simulations.

It may seem counterintuitive that the ITCZ strengthens and narrows, whereas the Hadley cell weakens and
slightly expands with warming. However, this can be explained by mass conservation principles. The mass budget
for the Hadley cell can be written following Byrne and Schneider (2016):

Ai@; = —A 4, (®)

where A is area, @ is strength as defined above, and the subscripts i and d stand for the ITCZ and the descending
regions of the Hadley cell. Figure 13 shows these four quantities for each experiment. This figure illustrates that
the ITCZ strengthens and narrows with warming in unison with an expanding and weakening descending region
of the Hadley cell, which is expected from Equation 8. The ITCZ represents the small ascending region of the
Hadley cell, but changes in the descending region are equally important.

3.3. Tropical Rainfall Events

Using convection-permitting resolution within the tropics is beneficial to study the response of convective
weather events to globally uniform warming. We focus generally on the response of tropical rainfall and tropical
rainfall extremes, whereas future work should study the response of individual phenomena such as tropical cy-
clones and equatorial waves. To examine rainfall events, we constructed histograms of rainfall rates between
2.5°S-20°N (Figure 14). The distributions consider conservatively interpolated data to 1° and 0.25° and grid-
scale (i.e., 3 km) data points to examine different spatial scales, which may respond differently to globally
uniform warming (O’Gorman et al., 2021). We analyzed daily and six-hourly output to examine different
timescales. Additionally, on each spatial and temporal scale, we calculated the fraction of data points with
0 rainfall rates by dividing the number of such points by the total number of points on that scale. Results are based
on millions or even billions of samples (see counts in Figure 14).

A globally uniform warming affects the distribution of tropical rainfall in a manner consistent with the effects on
the tropical climate (Figure 14). The fractions of very high and very low rainfall rates increase with warming,
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Figure 14. Normalized histograms of (a—c) daily and (d—f) 6-hourly rainfall rates between 2.5°S—20°N from the (blue) minus4K, (gray) CTL, and (red) plus4K
experiments. Panels (a), (b), (d), and (e) show histograms from conservatively interpolated output on a 1° X 1°and 0.25° X 0.25° latitude-longitude grid. Panels
(c) and (f) show histograms from the native (i.e., 3 km) model output. Stars show the fraction on non-rainy grid points, dashed lines mark the 90th percentile of each
histogram, and the sample size of each panel is next to the panel label.

while the fractions of intermediate precipitation rates decrease with warming. The crossover between decreasing
to increasing fraction of rainfall rates occurs at approximately the 90th percentile (dashed lines in Figure 14),
which is indicative of stronger precipitation extremes with warming. The fraction of non-rainy points also
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Figure 15. Changes in the top tenth percentiles of non-zero (a) daily and (b) six-hourly rainfall rates between CTL and
minus4K (solid) and between plus4K and CTL (dashed). Colors represent different horizontal resolution of the model output:
green depicts 1°, pink depicts 0.25°, and purple represents the native 3-km output. The black line shows the approximate
Clausius-Clapeyron scaling.
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increases with warming, especially between CTL and plus4K (stars in Figure 14). Thus, rainy regions experience
heavier rainfall rates whereas dry regions get drier with warming.

Changes in the distribution of tropical rainfall are consistent across all temporal and spatial scales considered, but
the precise magnitude of the changes between experiments depends on the spatiotemporal scales. Figure 15
quantifies the percent change of the top percentiles between minus4K and CTL and between CTL and plus4K. We
focus on the high percentiles, which represent the extremes. On daily timescales, nearly all extremes at or above
the 91-93rd percentile increase at a rate exceeding Clausius-Clapeyron scaling (i.e., at or above 6.5% K™')
(Figure 15a). Consistent with the non-linear response discussed earlier, daily tropical precipitation extremes also
increase non-linearly with warming because the rates of changes are larger between CTL and plus4K than be-
tween minus4K and CTL. Results from the six-hourly extremes are more complex than their daily counterparts.
The coarse grained data exhibits larger rates of change than the 3-km output at nearly all percentiles (Figure 15b).
The 90th percentile shows an increase of 2%-5% K~! in the 1° and 0.25° output, while the 3-km native output
remains almost unchanged. Super Clausius-Clapeyron rates of change appear only above the 95th percentile when
considering the 3-km model output, whereas they appear at lower percentiles in the coarse grained data. These
results are consistent with a previous study (O’Gorman et al., 2021), and they warn about considerations of
different spatiotemporal scales when analyzing tropical precipitation extremes.

4. Summary and Discussion

This study examined the response of tropical climate and extreme precipitation to globally uniform SST warming
in aquaplanet simulations with convection-permitting resolution in the tropics. The simulations bridge a gap
between climate and weather models by using a global framework while also resolving the convective-scale
dynamics of tropical weather systems (Figure 1). Three simulations were performed with SSTs mimicking
current boreal summer conditions (CTL) and SSTs either decreased (minus4K) or increased (plus4K) uniformly
by 4 K at all grid points. This experimental setup allows for an analysis of the response of both climate and
weather to ocean temperature. Moreover, using boreal summer conditions allows for more Earth-like Hadley cells
and promotes tropical cyclones, which differentiates this configuration from most aquaplanet experiments. Here,
we focused primarily on the global climate, tropical climate, and tropical rainfall events.

Results showed that the tropical climate responds in various ways to the ocean temperature. The tropical
troposphere warms and expands with warming, thus lifting the melting level and the tropopause. The Hadley cell
weakens and slightly expands, whereas the ITCZ strengthens and narrows with globally uniform warming. This
ITCZ strengthening rate was replicated by an approximation given by the upward flux of water vapor, which
further showed that patterned changes in the vertical velocity are largely responsible for the pattern of changes of
rainfall rates. Changes in specific humidity primarily contribute to magnitude changes time-mean, zonal-mean
rainfall rate changes. Changes in ITCZ location are sensitive to the metric used to define its position—all met-
rics show a poleward migration from minus4K to CTL, but the response from CTL to plus4K varies with different
definitions of ITCZ position. Nonetheless, the ITCZ narrows with warming, consistent with drier and more
expansive subtropics. The upper-tropospheric jets move equatorward and strengthen with warming, likely due to
the warming tropical troposphere in combination with a cooling polar stratosphere in our configuration with
globally uniform warming. Clouds, especially icy clouds, respond non-linearly to warming. This non-linear
response likely affects the TOA radiative flux budget, which also shows non-linear changes with warming.

Extreme tropical precipitation also responds in various ways to the changing ocean temperature. Rainfall ex-
tremes exceeding the 90th percentile increase in magnitude, the fraction of very low rainfall rates and non-rainy
points also increase, and the fraction of intermediate rainfall rates decrease with ocean warming. Tropical
precipitation extremes at or above the 92nd or 95th percentiles (depending on the temporal and spatial resolution)
increase at a rate exceeding Clausius-Clapeyron scaling, which motivates further research into understanding the
physical processes enabling those extremes.

Further investigation is needed to get a holistic understanding of how dynamic, thermodynamic, and microphysics
processes change rainfall production with globally uniform warming. Such investigation should also account for
the properties of weather systems—tropical cyclones, mesoscale convective systems, etc.—that produce the
rainfall extremes. Those systems could manifest as a more organized convective state. Since the role of
convective organization on modulating precipitation extremes is unclear (Pendergrass et al., 2024), it is crucial to
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examine how ocean warming influences tropical weather systems and their organization. This will elucidate the
complex relationship between convective organization, precipitation extremes, and the changing climate.

A common theme throughout this study was a non-linear response of various factors to ocean warming. The
Hadley cell maximum transport decreased by 7.9% K~! between minus4K to CTL but by 5.7% K~! between
CTL and plus4K. In contrast, the ITCZ strength, measured by the maximum time mean, zonal mean rainfall rate,

increased by ~1% K~' from minus4K to CTL but by ~7% " from CTL to plus4K. Other ITCZ characteristics,
including its cloud water path and maximum upper-tropospheric vertical velocity, also increased more strongly
from CTL to plus4K than from minus4K to CTL. Likewise, the magnitude of rainfall extremes increased more
strongly between CTL to plus4K than between minus4K and CTL, especially at daily timescales. This might be
because the transformation from a constant change in SST to the change in sea surface saturation entropy is non-
linear. The non-linear changes underscore the importance of having more than two comparable scenarios when
assessing the quantitative response of atmospheric phenomena to climate change. Past changes (e.g., from
paleoclimate evidence) may not properly constrain future changes, and similarly estimates of current trends
should not be extrapolated to future warming without accounting for the non-linearities.

Although these experiments are insightful, our results are limited by our idealized modeling approach and the
relatively short integration time. The absence of land, sea-ice, seasons, and radiatively active aerosols removes
important interactions within the Earth system. The simulations neither produce the Madden-Julian Oscillation
nor contain—by design—El Nifio or La Nifia events. At the same time, the simulations use a simple ocean mixed
layer depth model that is far simpler than the three-dimensional, dynamic oceans in nature. Our approach to
investigating the response to warming only considers globally uniform cooling and warming, but patterned
changes that vary with both latitude and longitude are likely important in determining local weather variability
due to climate change. We also kept the CO, concentration fixed and did not account for the impact of increasing
CO, on the thermodynamic structure of the atmosphere. Lastly, our analysis was limited to only 6 months and a
single combination of physics packages due to the expensive computational cost and large storage needs of our
simulations. Future work should consider the sensitivity of our results to the choice of physics packages.

Despite the aforementioned limitations, these simulations are useful for exploring the sensitivity of tropical
climate and weather systems to uniform ocean warming. Our global configuration captures the global climate
system, while the variable-resolution mesh with convection-permitting resolution in the tropics captures the
critical convective-scale dynamics of tropical weather systems (Figure 1). This study has set the stage for future
studies by documenting the response of the global climate, tropical climate, and extreme precipitation to globally
uniform warming. Other studies should consider using these simulations to study the properties of tropical cy-
clones, tropical waves, and other tropical weather systems as well as their response to ocean warming.
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