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No decrease of tropical convection in
individual deep convective systems with
global warming

Check for updates

Maximilien Bolot1 , Rémy Roca2, Thomas Fiolleau2 & Caroline Muller3

According to the scientific consensus, tropical convection must decrease with global warming. This
decrease is manifested by a decrease of the mass transported in the upward branch of the atmospheric
overturningcirculation– theconvectivemassflux–andaconnecteddecreaseofhighclouds in the tropics,
with implications for climate sensitivity. By using kilometer-scale simulations in radiative-convective
equilibrium and a convective tracking algorithm, we show that no such decrease occurs in storms when
taken individually and that themass transport per storm increases instead. Storms can achieve this result
by aggregating more surface of the convective cores – the inner part of the storm doing the vertical
transport – so that the decrease of tropical convection is actually explained by a decrease in the total
number of storms. There is little variation of themeanpressure velocity in the cores of the storms, a robust
finding of this study. This remarkable invariance of the mean pressure velocity points to an emerging
property of convection that should receive more attention in future studies.

In the tropics, the atmosphere is heated frombelow by surface absorption of
solar radiation and cooled fromabove by infrared emission to space at lower
temperature1. This induces a thermally direct circulation, mediated by deep
convection, which transports energy down the gradient of temperature
while maintaining the mean temperature profile everywhere in the tropics
close to a moist adiabat2,3. In the ascending branch of this circulation, deep
convection transports mass and moisture upwards by converting potential
energy of the positively buoyant air into kinetic energy of the convective
motions4,5. In the descending branch, radiative cooling forces subsidence of
the air. In statistical equilibrium over the tropics, the mass flux of the
ascending branch, or convectivemass flux, is equal to that of the descending
branch, thereby creating an overturning circulation.

The overturning circulation in the tropics is expected to decrease under
global warming6–10. Barring profound modifications in the physics of con-
vection, this decrease must happen on grounds of energetics and has been
discussed as such in the literature11,12. Namely, radiative cooling cannot keep
up with the Clausius-Clapeyron increase of surface water vapor and effects
thereof on upward energy transport, thus the convective mass flux must
decrease to restore balance. This decrease has been shown in a hierarchy of
models, from idealized simulations in radiative-convective equilibrium13 to
global climatemodels9. There is a sense in the literature that several changes
with surface warming are connected to decreasing tropical convection. At
large scale, reports of a weakening of the zonally-averaged Hadley circula-
tion are consistent with a decrease of the convective mass flux in warmer

conditions14. Moreover, a reduction in the bulk surface area of convective
anvils, i.e. the extensive cirrus formations shielding the convective cores, has
been interpreted as a manifestation of decreasing tropical convection as
well15,16. This connection between decreases in surface area and inmass flux
has been deemed important for its radiative implications, whereby a
shrinking of convective surface with surface warming could allow more
terrestrial radiation to escape to space, thus potentially producing a negative
climate feedback15,17–20.

The decrease of the convective mass flux can be simply understood
from the energy budget in the descending branch of the overturning cir-
culation, where downward advection of heat balances radiative cooling:
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where∑iMi is the convectivemassflux (summedover individual convective
storms i = 1, 2, . . . ), or equivalently themass flux of the descending branch,
Frad is the net radiative flux, s = cpT + gz is dry static energy, with T
temperature, z altitude, cp specific heat capacity and g gravitational accel-
eration (Eq. (1) is adapted from previous work; seemethods for derivation).
Moisture effects have been discarded in Eq. (1) for the sake of simplicity but
also modulate the energy constraint onmass flux11 in the lower and middle
troposphere (see methods). As mentioned above, the summation in the
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mass flux indicates the contribution of individual storms to the total mass
flux in the tropics. The term∂s/∂T, which represents a static stability, is equal
to g 1=Γ� 1=Γd
� �

, with Γ and Γd the tropical and dry adiabatic lapse rates,
and increases with surface temperature as Γ departs from Γd. The radiative
cooling ∂Frad/∂T on the other hand is relatively independent of surface
temperaturewhenmeasured in temperature coordinate21, as done inEq. (1).
Thus ∑iMi must decrease with surface warming owing to strong energy
constraints.

The goal of this paper is to show that, despite strong constraints on the
bulk term, the mass fluxesMi in individual storms need not decrease with
surfacewarming, andmay increase instead. The evolution ofMi is uncertain
for a number of reasons. There is a sense that, in a warmer atmosphere,
convection will be able to do more mechanical work and increase its pro-
duction of kinetic energy22,23. The impact onmassflux is not clear however24.
The uncertainty surroundingMi is compounded by the fact that the many
storm systems present in the tropics exhibit a variety of lifecycles, with an
associated range of system durations and surface changes during the
lifecycle25. The mass fluxes Mi are expected to vary during the lifecycle as
well. Thus, the bulk constraint onmassfluxes neednot transfer to individual
systems. To show this, it is sufficient to exhibit a model whereMi increase
with surface warming.

For this purpose, we use radiative-convective equilibrium (RCE)
simulations of the System for Atmosphere Modeling (SAM)26. SAM uses
anelastic momentum equations to resolve non-hydrostatic flows, thus
allowing to explicitly resolve deep convection. The simulations are run in
RCE long channel configuration (6144 × 384 km) at 3 km horizontal
resolution and are integrated for 100 days, of which only the last 25 days are
analyzed. Following the RCEMIP protocol27, the simulations are run with
surface temperatures of 300 K and 305 K. To identify and track in time the
simulated tropical deep convective systems, hereafter referred to as
DCSs28,29,weuse theTrackingOfOrganizedConvectionAlgorithmthrough
a 3-D segmentatioN (TOOCAN)30. TOOCAN was originally designed to
detect and track the tropical DCSs from infrared images acquired from a
geostationary platform and has been adapted to run on the model output.
The outer boundaries of the tracked DCSs are set by a 235 K brightness
temperature (BT) threshold,which encompassesboth the convective core of
the DCSs – the inner part of the DCS doing the vertical transport – and the
thick cirrus cloud shield immediately attached to it. (See methods and
Supplementary Fig. S1).

Results
Decrease of mass flux and cloud coverage in aggregated
statistics
Figure 1 shows the profiles of convectivemassflux (∑iMi, Fig. 1a) and cloud
coverage (Fig. 1b) in temperature coordinate in the simulations. The con-
vective mass flux – the vertical mass flux in the convective cores – has been

computed by decomposing the vertical mass flux into bins of ice water path
(IWP, the column-integrated ice water content). One can show from the
time-mean overturning circulation in IWP coordinate that IWP is a good
indicator of dynamic regime in the DCS (Supplementary Fig. S2)31. IWP >
1 kg m−2 marks the upward transport in the overturning circulation (with
the bulk of updraft transport found above 5 kg m−2) and is thus used as a
criterion to select the convective cores. The cloud coverage is equal to the
aggregated cloud coverage obtained with the DCS tracking algorithm.

We see that the convectivemassfluxdecreaseswith surfacewarming at
constant temperature in the atmosphere (Fig. 1a), illustrating the energy
constraint formalized in Eq. (1). At the 250 K level, near the profile max-
imum, the decrease between the 300 Kand 305 K simulations is about -20%.
In the lower troposphere, below c.a. the 280K level, the convectivemass flux
turns negative, but the change with surface warming still indicates a
reductionofmassflux in absolute value. This turnover ofmassflux indicates
convective downdrafts and a cold-pool circulation at low levels organizedby
the latter (apparent in Supplementary Fig. S2).We note that the decrease of
tropical convection may be measured through other means than the
column-wise approach based on IWP and used in Fig. 1. For instance, one
may take the maximum of the time-mean streamfunction in IWP and
pressure coordinate as a measure of the total mass circulating in the over-
turning circulation (Supplementary Fig. S2). The reduction between the
300 K and 305K simulations would be -21% in this case.

Connected to the decrease of convective mass flux is an observed
decrease of cloud coverage with surface warming in the simulations (Fig.
1b). This decrease is traditionally explained by the decrease in convective
massflux (vertical) convergencewhich acts as a source ofmass to the upper-
level cirrus formations, as discussed for similar reported decreases in the
scientific literature15,32. Note that the argument holds for thick cirrus for-
mations directly attached to the convective cores, to which Fig. 1b relates,
but not necessarily for thinner cirrus where unconstrained microphysical
degrees of freedom may play a larger role and a link between convective
mass flux and cloud surface area is not warranted19.

We find that the results in Fig. 1 are independent of model resolution.
This was checked from additional simulations of SAM run at 200m hor-
izontal resolution in a large-eddy simulation configuration (see methods).
Similar decreases with surface warming of the convective mass flux and the
cloud coverage were found with the higher-resolution configuration of the
model (Supplementary Fig. S3).

Increase in individual systems
The convective mass flux ∑iMi is made of many individual storm con-
tributionsMi. Those storms, referred to asDeepConvective Systems (DCSs)
in the scientific literature33, are a manifestation of the fact that convection
generally organizes atmesoscale in the tropics. The storms exhibit a lifecycle
with an initiation, a growth and a dissipation stage, and propagate as they

Fig. 1 | Convective mass flux and cloud coverage.
Profiles in temperature coordinate of a the con-
vective mass flux and b the cloud coverage in the
simulations at 300 K (blue) and 305 K (red). The
convectivemass flux is computed over columnswith
IWP > 1 kg m−2. Cloud is sampled over columns
with BT < 235 K tracked by the TOOCAN algo-
rithm. It encompasses convective core and anvil –
the thick cirrus formations directly attached to the
convective cores.
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undergo this lifecycle.At any given time in the tropics, variance inproperties
such as Mi exists because (1) the storms are at different stages of their
lifecycle and (2) the integrated strengths of those storms, as measured for
instance by their total duration from the initiation to the dissipation stage,
differ from each other.

Figure 2a shows the number of DCSs binned by DCS duration
obtained by the tracking in time of those DCSs with the TOOCAN algo-
rithmin the simulations at 300 Kand305 K.Wefinda strongdecreaseof the
DCSnumber with surfacewarming. The total number shrinks from4535 in
the 300 K simulation to 2323 in the 305 K simulation, i.e. a 50% decrease.
Figure 2a shows that the storms have a median lifetime of about 5 hours in
both simulations. DCS occurrence decreases rapidly with increasing dura-
tion. (Note that the longer-lived DCSs also correspond on average to the
“large" DCSs; see Fig. 2c). The long-lived (or “large") DCSs, in particular
storms with lifetime above 10 hours, are disproportionately affected by
surfacewarming as they disappear at a faster rate from the 305K simulation
than their shorter-lived counterparts. We see for instance (Supplementary
Fig. S4) that the occurrence of storms with lifetimes of 6–8 h decreases by
50%, roughly in line with the mean, while that of storms with lifetime of
12–14 h decreases by 95%.

Long-lived DCSs carry a greater convective mass flux than their
shorter-lived counterparts.This canbe seen inFig. 2b,which shows themass
flux per DCS in the 300K and 305 K simulations, again binned by DCS
duration. (The mass flux is computed on average over the duration of the
DCS in each duration bin. The level of the maximum time-mean stream-
function in IWP and pressure coordinate is retained for computation. See
Supplementary Fig. S2.) We see for instance that storms with lifetimes of
12–14 h carry 5 times the mass flux of those with lifetimes of 6–8 h. This
means that the additional transport in long-lived DCSs is not just a result of
larger lifetime but also results from additional mass flux per hour of DCS
duration.

Figure 2b shows a dramatic increasewithwarming of themass flux per
individual DCS. The increase appears more pronounced in longer-lived
DCSs but is observed at all durations. For instance, storms with a 6–8 h
lifetime see an approximate doubling in mass flux from the 300 K to the
305 K simulation (blue vs red bars) and those with a 12–14 h lifetime see a

nearly 4-fold increase. Thus, despite the constraint of a decrease with
warming in the bulk statistics, the individual mass flux per system increases
in these simulations.

Similar trends are seen in the surface area of the convective systems
(Fig. 2c). Figure 2c shows the surface area per individual DCS of the
convective cores and anvils (solid- and light-colored bars respectively).
The transition from core to anvil, here set respectively to IWP > 1 kg m−2

and <1 kg m−2, marks a transition from mostly vertical to mostly hor-
izontal mass transport (Supplementary Fig. S2). We thus expect core
surface area (i.e. where vertical transport occurs) to scale with convective
mass flux, as confirmed in Fig. 2c. The increase in core surface area with
system duration mirrors the trend in convective mass flux at constant
climate (Fig. 2b). We also see that the anvils approximately maintain a
fixed surface area ratio (~1.5) with the convective cores. The surface areas
of the cores (and anvils) increase with warming (Fig. 2c, blue vs red bars).
The increase appears to mirror that of the convective mass flux per
individual system (Fig. 2b). The results thus suggest that the variance in
convective mass flux in individual DCSs (whether at constant climate or
the change with surface warming) is related to variance in core surface
area in those systems.

Mass flux in individual systems follows surface area changes
The above discussion can be summarized by integrating the statistics over
the distribution of lifetimes. That is, the bulk convectivemass fluxM can be
simply written as

M ¼ n d m ; ð2Þ

where n is the number of DCSs, d the average DCS duration and m the
average convective mass flux per individual DCS per hour of lifetime (note
that comparingm among systems is equivalent to comparing the individual
systems as if they lasted 1 h). Similarly, the surface area occupied by the
convective cores C can be decomposed as

C ¼ n d c ; ð3Þ

Fig. 2 | Convective mass flux and surface area evolution in individual systems.
aNumber of Deep Convective Systems (DCSs), b convective mass flux per DCS and
c core and anvil surface area binned by DCS duration in the simulations at 300 K
(blue) and 305 K (red). The convective mass flux is computed on average over the

duration of the DCS in each duration bin at the vertical level of the maximum time-
mean streamfunction in IWP and pressure coordinate (see Supplementary Fig. S2).
The core and anvil surface areas are computed over columns with IWP > 1 kg m−2

and IWP < 1 kg m−2 within the tracked DCSs.
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where c is the average core surface area per individual DCS per hour of
lifetime. (Likewise, the decomposition can be applied to the anvil surface
area, or any other quantity).

Results are presented in Table 1. The number of DCSs strongly
decreases with surface warming, as previously noted in Fig. 2a, with a rate of
decreaseof−13.4%per 1-K surface temperature increase.The lifetimeof the
DCSs also slightly decreases with warming. The mass flux decreases by
−3.4% K−1 in bulk statistics (M). This is reconciled by an increase of the
mass flux in the individual systems of +11.8% K−1 (m). Thus, the global
constraint on the convective mass flux is explained by the decreasing
number of systems in those simulations. More precisely, the number of
systems decreases faster than the mass flux per system increases as surface
temperature increases. The core surface area evolution shows almost the
exact same numbers: it decreases by −3.3% K−1 in bulk statistics (C) but
increases by +12.0% K−1 per individual system (c).

This means that the convective mass flux density m/c (i.e., the con-
vectivemass flux per unit of core surface area) does not change significantly
from the 300 K to the 305 K simulation. This number stays roughly invar-
iant at 0.32 kgm−2 s−1 (Table 1). (It is alsoproportional topressure velocityω
sincem/c=−ω/g = ρw, with ρ the air density andw vertical velocity.) Thus,
the increase in mass flux in individual systems is entirely accounted for by
the increase in core surface area.

Discussion
Our results show that the decrease of the tropical overturning circulation in
warmer conditions is explained by a decrease of core surface area in
aggregated metrics. This decrease comes about through a decrease in the
number ofDCSs in awarmer atmosphere. This occurs despite an increase of
individual DCS area. In other words, the number of DCSs decreases faster
than the surfaceareaperDCS increases. There is little effect fromachangeof
the convective mass flux on average in the core (or equivalently from the
mean pressure velocity in the core).

The pattern of fewer but larger systemswithwarming is reminiscent of
published results on intensified self-aggregation27. More generally, the

scientific literature may provide some clue on the mechanisms behind the
decrease in system occurrence found in this study. On the one hand, there is
a broad consensus that the area that can participate in convection is con-
strained to decrease with warming, as seen across multiple lines of
evidence34,35. One argument in particular is connected to the increasing
unevenness of sub-cloud moist static energy distribution with surface
warming35 (relevant in the context of RCE). On the other hand, arguments
can be made that a warmer atmosphere may promote increased rates of
convective generation, allowing the MCSs to grow to larger sizes28. Even-
tually, if larger systems compete for a smaller overall area, the occurrence of
those systems must decrease. A detailed investigation of mechanisms
behind the results of this paper is left to a future study.

The invariance of mean convective mass flux (or mean pressure
velocity) in the core is remarkable and not obvious a priori. Indeed, the
convective cores are expected to undergo significant changes as convection
strengthens under surface warming22,24,36. We see for instance that the
mechanical work performed in the cores increases from 194W m−2 to
364W m−2 in the simulation, i.e. by +12.7% K−1 (Table 1). As a result,
vertical velocities increase inside the core. The invariance of the mean
pressure velocity is explained in part by a compensating decrease in pressure
as theupdraftsmoveupwardwith rising isotherms in awarmer atmosphere.
Other changes in the convective cores will alter the physics as well. For
instance, themean IWP in the cores increases by+3.8%K−1 (Table 1). This
increase of ice loading in the cores forces convection to domore work to lift
the water, thus impeding kinetic energy generation, which makes the
invariance of themeanpressure velocity in the cores all themore remarkable
as it results from many compensating factors.

Moreover, this result seems robust to the definition of the convective
core used in the analysis. To show this, we replicate the analyses (see
methods, Fig. S5) with the convective cores identified with the partitioning
methodofMarinescu et al.37–basedonprecipitation rates, vertical velocities
and cloud mixing ratios instead of IWP. Under this new body of assump-
tions, the trend onmean pressure velocity in the cores remains negligible, at
−0.8% K−1, adding to the narrative of an invariance of pressure velocity in
warmer conditions. It is also remarkable that this invariance of pressure
velocity is observed across the whole distribution of DCS durations and not
just in mean value (see Supplementary Fig. S6). That is, longer-lived (or
“larger”) systems have similar core pressure velocity as shorter-lived
(“smaller”) ones and this pressure velocity does not change with warming.

The invariance of pressure velocity, resulting from subtle compensa-
tions,means that variations inmassflux andvariations in (core) surface area
passively follow each other. In this perspective, the constrained decrease of
the tropical convective mass flux is equivalent to a decrease in aggregate
(core) surface area. The decrease (in mass flux or surface area) need not
transfer to the scale of individual systems since the number of such systems
is an unconstrained degree of freedom. More work is needed to check
whether our results are reproducible with other models and tracking algo-
rithms. More work is also needed to investigate how our results fit the
existing theories ofmassflux and anvil decreasewithwarming11,12,15. But our
results show that the physics of the DCSs should receive more attention.

Large DCSs, in particular, may play a pivotal role in setting the mass
flux distribution in the tropics. The largest systems, although few and far
apart, are efficient enough38 to set the vertical thermal structure of the tropics
and thus, by considerations of energy balance, the overall convective mass
flux (and core surface area) in aggregated metrics. This means that the
largest DCSs would set the demand for vertical transport to be filled by the
remainder of the DCS distribution. Ultimately, the physics of the DCSs will
arbitrage between their number, lifetime and surface area evolution over
their lifecycle.

Methods
Model and simulations
The System for Atmospheric Modeling (SAM version 6.11.2)26 cloud-
resolvingmodel is used to produce long channel (6144 × 384 km) radiative-
convective equilibrium simulations. The resolution is 3 km in both

Table 1 | Summary of convective system properties in the
simulations

Parameter Symbol 300 K 305 K % per K

DCS number n 4535 2323 −13.4

DCS duration (hr) d 5.6 5.1 −1.9

Anvil surface area (km2) 5.1 × 107 3.2 × 107 −9.6

Anvil surface area per
DCS (km2/hr)

2.0 × 103 2.7 × 103 +5.7

Core surface area (km2) C 2.6 × 107 2.2 × 107 −3.3

Core surface area per
DCS (km2/hr)

c 1.0 × 103 1.9 × 103 +12.0

Mass fluxa (kg s−1) M 8.4 × 1012 7.0 × 1012 −3.4

Mass flux per DCSa

(kg s−1/hr)
m 3.3 × 108 5.9 × 108 +11.8

Mass flux densitya

(kg m−2 s−1)
m/c 0.32 0.32 −0.2

Mechanical worka (W) 5.1 × 1015 8.1 × 1015 +9.4

Mechanical work per
DCSa (W hr−1)

2.0 × 1011 6.8 × 1011 +24.7

Mechanical work
densitya (W m−2)

193.6 364.4 +12.7

Icea (kg) 1.2 × 1014 1.2 × 1014 +0.5

Ice per DCSa (kg hr−1) 4.5 × 109 9.9 × 109 +15.8

IWPa (kg m−2) 4.4 5.3 +3.8

The change with surface warming (last column) is computed using a geometric approach (see
methods).
aInside core only.
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horizontal directions, and the vertical resolution increases with height from
a few tens ofmeters in the planetary boundary layer to 500m in themid and
upper troposphere. The model uses the Rapid Radiative Transfer Model39

for radiation, theMPDATAadvection scheme, the default SAM1MOMone
moment microphysical scheme and the TKE subgrid-scale closure (sta-
tionary Smagorinsky scheme, see Khairoutdinov and Randall26 for details).
The model solves the anelastic conservation equations for momentum,
mass, energy andwater,which is representedacross six species (water vapor,
cloud liquid, cloud ice, rain, snow and graupel). The upper third of the
domain (18–27 km) has a sponge layer to absorb gravity waves, which
would otherwise unrealistically fill our doubly-periodic domain.

The simulations in this study are following the RCEMIP protocol40.
The integrations are performed as per the original protocol with a specific
output frequency of 30min instead of 1–3 h and the use of instantaneous
fields instead of hourly averaged. The integration lasts 100days and only the
last 25 days are used and analyzed in this study to remove spin-up effects27.

OLR to brightness temperature conversion
The tracking algorithm operates on a narrow band thermal infrared
brightness temperature (BT) field akin to that of geostationary satellite
meteorological observations. To apply the algorithm to model output, we
first convert OLR into BT since the model outputs OLR. This is a typical
procedure when applying cloud tracking algorithms to km-scale model
simulations41. The procedure is modified though, to account for the
idealized character of the simulations. BT5 (the BT of METEOSAT-5) is
related to OLR via

OLR ¼ σ T4
Planck ð4Þ

and

BT5 ¼ aþ b TPlanck þ c T2
Planck ; ð5Þ

where σ is the Stephan-Boltzmann constant and a, b and c are fitting
coefficients (with a =−1022.66, b = 10.454 and c =−0.0216393). These
coefficients have been obtained by simulating the BT equivalent to that of
METEOSAT-5 from the raw model thermodynamic and cloud outputs.
The RTTOV forward radiative transfer (RTTOV-13)42,43 is used for this
purpose on 10 time steps (out of 1200) of the simulations. The Baran ice
parametrization is used for ice clouds44 along with the cumulus maritime
option for water clouds. The coefficients of Eq. (5) are obtained by a linear
regression between OLR and simulated BT5. This procedure yields a very
small bias in the estimationofBT(1K) that doesnot impact theperformance
of the tracking nor alters the results of this study45.

Identification of individual convective systems using TOOCAN
To identify and track deep convective systems, the Tracking Of Organized
Convection Algorithm through a 3-D segmentatioN (TOOCAN) was
applied on the SAM simulations with surface temperatures of 300 K and
305 K, following the methodology introduced by Fiolleau and Roca30. The
core of TOOCAN is built on a spatio-temporal segmentation framework
that operates in a three-dimensional domain (encompassing both space and
time). Although originally developed for satellite observations, this frame-
work was adapted for use with simulated convection fields without altering
its fundamental principles.

The identification of DCSs begins with the detection of convective
seedswithin the three-dimensional brightness temperature (BT)field, using
an initial threshold of 190 K. These cold seeds, when present, serve as
starting points for a region-growing process driven by a 10-connected
spatiotemporal operator. This operator gradually includes adjacent pixels
withwarmer BT values, expanding each detected seedup to a boundary that
is 2 K warmer than its detection threshold. The region grows in an iterative
manner: at each step, a new set of seeds is identified at a BT threshold 2 K
warmer than the previous one, and each is expandedup to 2 Kabove its own
detection threshold. For example, seeds detected at 192 K are grown to

include neighboring pixels up to 194 K, and so on. This process continues
until the final threshold of 235 K is reached, whichmarks the outer edge of
the cold cloud shield typically associated with DCS cloud shields.

An important feature of the TOOCAN implementation for the RCE
simulations was the use of a two-dimensional wrapping strategy to ensure
continuity in DCS detection across the cyclic lateral boundaries of the SAM
domain. In the zonal (X) direction, the final 1500 km of the domain, cor-
responding to 500 grid points, were duplicated and added to the beginning
of each BT frame. Similarly, the first 1500 kmwere duplicated and added to
the end of the frame. In themeridional (Y) direction, the entire BT field was
duplicated and placed both above and below the original domain, extending
it by 384 km on each side. This symmetrical domain extension ensures that
convective systems crossing the domain boundaries are not fragmented or
missed. After applying TOOCAN to the wrapped domain, all duplicate
detections of the same DCS, caused by crossing boundaries, were system-
atically identified and either merged or removed during post-processing.
This guarantees that no system is double-counted, preserving the physical
integrity of each DCS’s life cycle.

In total, 4535 DCSs were identified in the SAM simulation with a
surface temperature of 300 K, while 2323 DCSs were detected in the SAM
simulation conducted with a surface temperature of 305 K. This robust
methodology allows for detailed characterization of each system throughout
its entire life spanwithin the full simulationdomain. For eachDCS, a suite of
morphological properties was documented, including maximum area,
lifetime duration, the evolution of the 90th percentile BT, cloud shield area,
and other relevantmetrics. These diagnostics form the basis for studying the
organization, structure, and temporal evolution of convective activity in the
simulated environment.

Convective mass flux from energy constraint
In the downward branch of the tropical overturning circulation, the
downward advection of heat balances radiative and evaporative cooling.
This can be written

gM
∂s
∂p

¼ Qrad � L e ¼ g
∂Frad

∂p
� L e ; ð6Þ

whereM is the convective mass flux (units: kg m−2 s−1),Qrad is the radiative
cooling rate (units:W kg−1), Frad is the net radiative flux (units:Wm−2), e is
the evaporation rate (units: kg kg−1 s−1), L is latent heat (units: J kg−1), p is
pressure (units: Pa), s = cpT + gz is dry static energy (units: J kg−1), with T
temperature (units: K), z altitude (units:m), cp specific heat capacity (units: J
K−1 kg−1) and g gravitational acceleration (units: m s−2). A full derivation of
Eq. (6) (averaged at the tropical scale) from the local form of the energy
continuity equation requires somewhat complex closures which may be
found for instance in Yanai et al.5 or Arakawa and Schubert4. For expe-
diency, we can neglect the evaporation rate (a fairly reasonable approx-
imation in the upper troposphere) and still get a sense of the energy
constraint onM from Eq. (6). (Moisture effects modulate the constraint in
the lower to middle troposphere. A derivation taking into account those
effectsmay be found for instance in Jeevanjee11.) Furthermultiplying by ∂p/
∂T (as the isotherms are almost flat in the tropics), we can write the con-
straint in temperature coordinate:

M
∂s
∂T

¼ ∂Frad

∂T
: ð7Þ

Equation (7) is equivalent to Eq. (5) in Jeevanjee11 with their coefficient α set
to 1. (Note thatM in Table 1 is area-integrated to yield the mass flux in the
whole simulation domain; units: kg s−1).

Sensitivity to the partitioning method used to identify the cores
Because the notion of convective core is central to this study (since vertical
transport takes place in the cores), it is desirable to test the sensitivity of the
results to the partitioning method used to identify the cores within the
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tracked regions.We thus replicate the analyses of this study (Supplementary
Table S1) with convective cores identified with the partitioning method of
Marinescu et al.37 – based upon precipitation rates, vertical velocities and
cloud mixing ratios; see aforementioned reference – instead of our default
partitioning using IWP > 1 kg m−2. The histograms of IWP under both
partitioning methods (Supplementary Fig. S4) show that the spatial selec-
tivity differs betweenmethods. Thedefault partitioning shows of aweighting
towards lower IWP with an abrupt cutoff at 1 kg m−2, as prescribed by the
method, encompassing a broader range of dynamic regimes in the core
region. TheMarinescu et al. partitioning exhibits a narrower dynamic range,
biased towards stronger updrafts, with peak IWPweighting near 10 kg m−2.
It also produces narrower cores than the default method (2.7 times less
surface area; 9.5 × 106 km2 vs 2.6 × 107 km2 in aggregated figures at 300 K; see
SupplementaryTable S1) andmore extensive anvils accordingly (since anvils
in this study are defined as the complement of the cores inside the domains
BT < 235 K; see Supplementary Fig. S1). The mean mass flux density (or
pressure velocity) in the core is roughly doubled over the default method
value (0.6 kg m−2 s−1 vs 0.3 kg m−2 s−1), consistent with a stronger updraft
bias. We do see, however, that the trend with surface warming of pressure
velocity in these narrower cores identified under the alternate partitioning
stays negligible (−0.8% K−1 vs−0.2% K−1 for the default method value).

Tendencies with warming
The variation (in percent) of a variable x between the simulations at 300 K
and 305 K is computed using a geometric approach:

%x ¼ 100
ΔT

log
x2
x1

� �
; ð8Þ

where x1 and x2 are the states of x at 300 K and 305 K and ΔT = 5K.
Application of the above formula ensures that the variation of x = x1x2x3... is
equal to %x =%x1+%x2+%x3+... with no need for consideration of a
non-linear term. For small variations of x, this approach yields similar
results to an approach based on finite differences.

Mechanical work
Themechanical workW done by the DCS is computed following Pauluis22:

W ¼
Z

Ω
ρgw

T � T

T
þ Rv

Rd
qv

� �
; ð9Þ

where ρ is density,w vertical velocity,T temperature, qvwater vapormixing
ratio and g,Rv,Rd are the gravitational accelerationand themoist anddry gas
constants respectively. ρ and T are the horizontally averaged density and
temperature (i.e. the reference state in the anelastic framework).
∫Ω = ∫dx dy dz denotes the integral over an entire atmospheric domain (in
the case ofW in Table 1, this is the aggregate core volume).

Data availability
SAM is available at http://rossby.msrc.sunysb.edu/SAM/, accessed on Jun
29 2025. The convective tracking dataset used in this study – SAM RCE
simulations tracked by the TOOCAN algorithm – is available at https://doi.
org/10.14768/d8556f23-9ba6-4c31-a134-21ef0b4e948e.

Code availability
Codes and data to reproduce the figures of this paper are available at https://
doi.org/10.5281/zenodo.15766829.
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