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Idealized simulations of tropical moist convection have revealed
that clouds can spontaneously clump together in a process called
self-aggregation. This results in a state where a moist cloudy
region with intense deep convection is surrounded by extremely
dry subsiding air devoid of deep convection. Because of the ide-
alized settings of the simulations where it was discovered, the
relevance of self-aggregation to the real world is still debated.
Here, we show that self-aggregation feedbacks play a leading-
order role in the spontaneous genesis of tropical cyclones in cloud-
resolving simulations. Those feedbacks accelerate the cyclogene-
sis process by a factor of 2, and the feedbacks contributing to the
cyclone formation show qualitative and quantitative agreement
with the self-aggregation process. Once the cyclone is formed,
wind-induced surface heat exchange (WISHE) effects dominate,
although we find that self-aggregation feedbacks have a small
but nonnegligible contribution to the maintenance of the mature
cyclone. Our results suggest that self-aggregation, and the frame-
work developed for its study, can help shed more light into the
physical processes leading to cyclogenesis and cyclone intensifi-
cation. In particular, our results point out the importance of the
longwave radiative cooling outside the cyclone.

tropical cyclones | convective aggregation | deep convection |
tropical cyclogenesis | tropical cyclone intensification

Few geophysical phenomena are as spectacular as tropical
cyclones (TCs). The cloud-free eye with weak motion is sur-

rounded by an eyewall with clouds and rotating winds among
the strongest on the planet. Although the prediction of cyclone
tracks has improved in recent years, understanding the mecha-
nisms responsible for the genesis and intensification of cyclones
remains a major scientific challenge (1).

In the past decade or so, the increase in computational power
permitted cloud-resolving models (CRMs) (with kilometer-scale
resolution) to be run on large, mesoscale domains (hundreds
of kilometers). Such simulations resolve the dynamics of clouds
as well as their spatial organization at larger mesoscales. This
led to the discovery of a remarkable tendency of convection
to spontaneously aggregate in space at mesoscales. This phe-
nomenon, called self-aggregation, was first discovered in ideal-
ized high-resolution cloud-resolving simulations of deep convec-
tion. Since then, self-aggregation has been found to be robust
in numerous models, from CRMs where convection is resolved
to full global climate models (GCMs) with parameterized con-
vection, typically run in idealized settings, e.g., nonrotating dou-
bly periodic radiative–convective equilibrium (RCE). Nonrotat-
ing RCE is an idealization of the tropical atmosphere in which
the rotation of the earth is neglected, and the radiative cooling
of the atmosphere is in equilibrium with the convective heating
(2–4). Because of these idealized settings, the relevance of self-
aggregation to our climate is still debated. Our goal is to see
whether these newly discovered aggregating feedbacks in ideal-
ized cloud-resolving simulations play a role in cyclogenesis on a
rotating planet.

Self-aggregation is strongly driven by longwave (LW) radia-
tive feedbacks (5). More precisely, low-level radiative cooling in
dry regions (due to clear sky and low-level clouds) and midlevel
radiative warming in moist regions (due to high clouds) both
contribute to the self-aggregation process (6). It is the result-
ing differential radiative cooling between dry and moist regions
which is key, since it results in a low-level circulation that trans-
ports moist static energy (MSE) from dry, low-energy regions
into moist high-energy regions (3, 6). This upgradient circulation
reinforces the energy gradient, thereby strengthening the aggre-
gation of convection.

As mentioned above, most studies of self-aggregation focused
on idealized simulations, in particular RCE with no large-scale
forcing and neglecting Earth’s rotation. Neglecting Earth’s rota-
tion, i.e., setting f =0 s−1 where f denotes the Coriolis parame-
ter, is a reasonable approximation near the equator and at small
scales, but becomes questionable when the convective aggregate
reaches mesoscales. At those scales, the effect of Earth’s rotation
starts to be appreciable.

The present study addresses one aspect of these idealizations
by investigating the impact of the background planetary rotation
on self-aggregation and asking the following questions: Is self-
aggregation relevant to the formation of TCs? Or are the feed-
backs identified in idealized simulations not robust to planetary
rotation? Are they dominated by other processes once rotation
is accounted for?

Earlier studies of rotating RCE, sometimes referred to as a
“tropical cyclone world,” mainly investigated the properties of
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the mature cyclones [including the size and the distance between
cyclones (7–10)]. Here, instead, we focus on the onset of cyclone
formation, and our goal is to compare in detail cyclogenesis with
the onset of convective self-aggregation. To that end, we perform
a series of sensitivity runs where various feedbacks are turned
on or off. More precisely, we focus on the relative role of the
following two feedbacks: radiation feedbacks and surface–flux
feedbacks. Radiation feedbacks include low-cloud, high-cloud,
and clear-sky feedbacks, which have all been shown to contribute
positively to self-aggregation (6). Surface–flux feedbacks con-
nect enhanced surface winds to enhanced surface fluxes, and
this connection, often referred to as a wind-induced surface heat
exchange (WISHE) feedback, plays a key role in maintaining
tropical cyclones (11).

Our work builds upon the recent work of refs. 8 and 10, which
investigates the spontaneous generation of tropical cyclones from
homogeneous conditions in rotating radiative–convective equi-
librium. In particular, ref. 10 suggests that radiative feedbacks,
known to be key for self-aggregation, could accelerate cycloge-
nesis, a result that we further investigate and quantify here.

Results
Fig. 1 shows snapshots from a control (CTRL) simulation and
three sensitivity simulations: CTRL (Fig. 1A) with all feed-
backs turned on [radiation (RAD) feedbacks and surface-flux
(SFC) feedbacks, see Materials and Methods for details]; noSFC-
noRAD (Fig. 1B) with all feedbacks turned off; noRAD (Fig.
1C) with interactive radiation turned off; and noSFC (Fig. 1D),
where feedbacks associated with interactive surface fluxes are
turned off (in particular WISHE effects are off). The variable
shown is the vertically integrated moist static energy∫

MSE=

∫ zt

0

(cpT + gz +Lvqv ) ρ dz , [1]

where zt is the tropopause height, cp the specific heat of air, T
the temperature, g gravity, Lv the latent heat of vaporization, qv
the water vapor mixing ratio, and ρ density.

∫
MSE is a useful

variable since it is conserved during moist adiabatic processes in
this model (neglecting subgrid-scale fluxes and latent heat con-
tributions from the ice phase). Hence its mass-weighted verti-
cal integral can be changed only by radiation, surface fluxes, and
advection. In the tropics, where horizontal temperature gradi-
ents are small, its variability is closely related to that of water

vapor. Consistently, snapshots of precipitable water
∫ zt
0

qv ρ dz

show a very similar spatial distribution to that of
∫

MSE, the only
difference being that the eye of the cyclone is visible in precip-
itable water (dry anomaly), while it is not seen in

∫
MSE since

the dryness in the eye is largely compensated by warmer condi-
tions due to adiabatic compression. Also shown is the time evo-
lution of the SD of

∫
MSE and of the domain-mean wind speed

near the surface (first atmospheric level at 37.5 m, Fig. 1 E–
H), both indicative of the TC intensification. Convective orga-
nization in general is associated with an increase in

∫
MSE vari-

ance, as moist regions become moister and dry regions become
drier (12, 13).

The CTRL run develops a cyclone in about 25–30 d, with a
minimum surface pressure of about 930 hPa. When all feed-
backs are turned off (noSFC-noRAD), no cyclone develops,
as expected, since interactive surface fluxes are believed to be
key for TCs (this remains true if we run it longer; no cyclone
develops even after 250 d of simulation). Surprisingly, though,
if only radiative feedbacks are removed (noRAD), the cycloge-
nesis takes about 60 d, which is more than twice as long as in
the CTRL run. This suggests that aggregation feedbacks accel-
erate the cyclogenesis process (at least in the absence of large-
scale forcing) by a factor of about 2. Perhaps even more sur-
prisingly, if just surface–flux feedbacks are removed (noSFC),
the simulation still yields a weak “radiative cyclone.” In other
words, radiative feedbacks are sufficient to yield a cyclone, even
without interactive surface fluxes (i.e., even without WISHE).
The TC is still intensifying after 100 d of simulations, but
remains weaker than in CTRL even if we run them longer
(Fig. 1H). Without the wind-induced enhancement of turbu-
lent surface fluxes, the TC cannot reach its full intensity in
the mature stage. However, the fact that radiative feedbacks
on their own are sufficient to initiate even a weak cyclone is
remarkable.

Also note that, once the TC is formed, whether radiative feed-
backs are turned on or not, the cyclone intensity is to leading
order the same, although there is a slight reduction without inter-
active radiation (7% reduction between CTRL and noRAD of
the high percentiles of the SD of

∫
MSE and 15% reduction of

the high percentiles of surface wind speed; similar reductions,
between 5% and 15%, are found based on high percentiles of
precipitable water and latent heat flux). This is again consistent
with our current understanding of TCs, whose main sources of
energy in the mature stage are interactive surface fluxes (14).

Fig. 1. Cyclone evolution in CTRL and sensitivity runs. (A–D) Snapshots of
∫

MSE at day 100 of the simulations. (E–H) Time evolution of the SD of
∫

MSE and
of the domain-averaged wind speed near the surface (m·s−1 at the first atmospheric level z = 37.5 m).
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But we find here that the radiative feedbacks are responsible
for a small but nonnegligible contribution to the intensity of the
mature cyclone, consistent with an earlier study pointing out the
importance of radiation in the maintenance of a cyclone intensity
(10). Before moving on, it is interesting to note that the mature
cyclone undergoes three periods of intensification in CTRL. A
similar variability was noted in ref. 10. We hypothesize that these
periods are related to a vertical wind shear which develops as the
TC strengthens (Fig. S1).

Role of Radiative Feedbacks in Timing of Cyclone Formation
Let us now investigate further the impact of radiative feedbacks
on the time needed to reach a fully developed cyclone. Both
cyclogenesis and self-aggregation have been shown to be sensi-
tive to initial conditions (10, 15). We verify that the slowdown
of cyclone formation without radiative feedbacks is robust to
initial conditions (Fig. 2A), with a factor of 2 or larger for all
initial conditions. In fact, for all of the initial conditions tried
here, the control simulation was faster than any sensitivity sim-
ulation (noRAD, noSFC, or noSFC-noRAD) that we tried (Fig.
S2). Also, separately removing the shortwave (SW) and LW con-
tributions to the radiation highlights the key role of LW radia-
tive feedbacks (Fig. 2B): Removing the interactive SW radiation
has little impact, while removing the interactive LW radiation
slows down the cyclone formation even more than noRAD. This
suggests a similarity with the nonrotating self-aggregation pro-
cess for which LW feedbacks are known to be crucial. Also con-
sistent with self-aggregation is the fact that the three terms in
the LW radiative cooling, LW cooling from liquid clouds, ice
clouds, and clear sky, all contribute positively to the acceler-
ation of the cyclogenesis process (Fig. 2C). Indeed, removing
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Fig. 2. Time evolution of the SD of
∫

MSE (106 J·m−2) (A) for different
initial conditions; (B) in sensitivity runs removing separately the SW and
LW interactive radiation; and (C) in sensitivity runs removing the LW liq-
uid cloud, ice cloud, and clear-sky contributions separately. Open circles in
C indicate the first 15 d of cyclogenesis and the first 30 d of nonrotating
self-aggregation.

each separately does not account for the overall slowdown of the
cyclogenesis.

These results are qualitatively consistent with those of ref. 10
(their figure 4), which also finds that removing radiative feed-
backs delays cyclogenesis. To further quantify the impact of
radiative feedbacks on the timescale of convective organization,
we perform a larger ensemble of CTRL and noRAD simulations
(Fig. S3). We find that the acceleration of cyclogenesis by radia-
tive feedbacks is extremely robust. Interestingly, the variability of
the timescale of convective organization is smaller in our CTRL
simulations than in ref. 10. We hypothesize that this is due to
the different radiation scheme used [Rapid Radiative Transfer
Model (RRTM) vs. National Center for Atmospheric Research
(NCAR) Community Atmosphere Model (CAM) here], since
ref. 10’s simulations without radiative feedbacks yield a smaller
variability. Other differences in our settings could also play a
role (in particular, they use a warmer sea-surface temperature
of 305 K compared with 300 K here).

Fig. 3 further shows similarities between self-aggregation and
cyclogenesis. It shows the radiative cooling rates and streamfunc-
tions (see Materials and Methods for details about the computa-
tion), as well as cloud content, in the cyclone (Fig. 3A) and self-
aggregation (Fig. 3B) runs, as a function of height and rank of
vertically integrated

∫
MSE. We focus on the genesis, and hence

we show days 1–15 for the cyclone (blue open circle in Fig. 2C;
day 15 is about halfway to the full cyclone) and days 1–30 for self-
aggregation (black open circle in Fig. 2C, where similarly day 30
is about halfway to the full aggregation). The self-aggregation
plot is slightly less noisy since it contains more days. In both
cases, though, there is strong low-level radiative cooling in dry
regions (strong cooling between the surface and 2 km in the
dry columns below rank 20) from clear sky and low-level liquid
clouds, which promotes aggregation (6). We also see the midlevel
radiative warming in moist convective regions from middle and
high clouds (warming in the moistest columns above 5 km) also
known to enhance aggregation (6).

We can compare the circulation with the one expected from
radiative cooling rates only, assuming that radiative cooling is
exactly balanced by subsidence warming. This is expected to be
true outside of clouds (in cloudy regions, however, the latent
heat also enters the temperature equation and therefore con-
tributes to vertical velocities). Consistently, there is a good agree-
ment in the dry regions away from clouds between the circulation
expected from radiative cooling rates only and the actual circula-
tion (Fig. S4). The differential radiative cooling between dry and
moist regions is therefore largely responsible for the low-level
subsidence seen in Fig. 3 below 2 km in the driest columns (up to
rank 10 or so). This subsidence is accompanied by a flow from dry
to moist columns near the surface (up to rank 20), rising above
2 km in the moister columns (rank 20 or higher). This low-level
circulation from dry to moist regions is crucial since it transports
MSE upgradient, from dry to moist regions, favoring aggregation
(3, 5, 6). These results suggest a close similarity between cyclo-
genesis and the idealized self-aggregation process. Let us now
quantify this in more detail.

Comparison with Nonrotating Self-Aggregation
We compare quantitatively the process of self-aggregation and
cyclogenesis by investigating the precise contribution of each
feedback to the convective organization. We use a framework
(12) based on the

∫
MSE variance time evolution. As noted ear-

lier,
∫

MSE can only be changed by radiation, surface fluxes, and
advection to leading order. Convective organization is character-
ized by larger

∫
MSE variance than disorganized convection. The

equation for the time evolution of the variance of
∫

MSE can
therefore be used to quantify the contribution from each feed-
back to the increase of the variance accompanying convective
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Fig. 3. Cyclogenesis vs. self-aggregation. (A and B) Circulation between dry
and moist columns during (A) the formation of the tropical cyclone in CTRL
and (B) the onset of self-aggregation in a nonrotating simulation. The dry
columns are on the left (low

∫
MSE rank), and the moist columns are on the

right (high rank). Plain black contours indicate counterclockwise circulation,
and white contours indicate cloud condensates.

organization (for both aggregation and cyclogenesis). This equa-
tion is

1

2

d (
∫

MSE′)2

dt
=

∫
MSE′ SFC′+

∫
MSE′ LW′+

∫
MSE′ SW′

+

∫
MSE′ C′MSE, [2]

where a prime denotes departure from the domain mean, SFC
denotes surface fluxes (latent and sensible), LW is longwave
net heating rate of the atmosphere (LWSFC-LWTOA, where
TOA refers to top-of-atmosphere), SW is shortwave net heat-

ing rate of the atmosphere (SWTOA-SWSFC), and CMSE is the
horizontal convergence of MSE flux vertically integrated. Posi-
tive contributions imply positive feedbacks. For instance, if sur-
face fluxes are anomalously positive (SFC

′
> 0) in the high-∫

MSE region (
∫

MSE
′
> 0), surface fluxes increase energy in the

high-energy region, thereby strengthening the gradient, yield-
ing a positive feedback. This equation allows a quantitative
comparison of direct diabatic feedbacks between nonrotating
self-aggregation and cyclogenesis (we call them direct diabatic
feedbacks as they do not account for the circulation, hence
energy transport, associated with cooling/warming from the dia-
batic terms). Fig. 4 shows the

∫
MSE variance contributions

in the self-aggregation process and during cyclogenesis. Fig.
4 A and F shows the domain mean feedback contributions,
while Fig. 4 B–E and G–J shows contributions as a function
of rank of

∫
MSE (dry columns on the left, moist columns on

the right).
The genesis of the tropical cyclone resembles an accelerated

nonrotating self-aggregation. Specifically Fig. 4 shows that the
first 15 d of cyclogenesis resemble the first 30 d of aggregation
(gray lines in the feedback contour plots in Fig. 4 B–E and G–
J, which are also shown as open circles in Fig. 2C). Indeed, up
to about halfway to the full cyclone/aggregation, the feedback
strengths and distributions (as a function of rank of

∫
MSE) are

very similar between the rotating and nonrotating simulations.
They diverge about halfway to the full TC/aggregation when sur-
face feedbacks become different: positive for the cyclone, while
weak and slightly negative for aggregation (Fig. 4 D and I).

Although the leading-order feedback, once the cyclone is
formed, comes from interactive surface fluxes, the contribution
from high-cloud LW radiation is significant, about one-third to
one-half that of the surface (Fig. 4A). This is consistent with
an earlier study (10), which finds that radiative feedbacks con-
tribute to half the

∫
MSE variance in a mature cyclone. So the

picture that emerges is the following: Self-aggregating feedbacks
can strongly accelerate cyclogenesis. In fact, radiative feedbacks
alone are sufficient to yield a weak radiative cyclone. Once the
mature cyclone is formed though, interactive surface fluxes are
the main source of energy and dictate its intensity to leading

Fig. 4. Strength of feedbacks leading to convective organization estimated from Eq. 2 (normalized by the variance of
∫

MSE and thus in d−1). The feedback
contributions to cyclogenesis (CTRL, A–E) and to the onset of self-aggregation (nonrotating, F–J) are shown. The domain mean contributions are shown
in A and F, while detailed contributions in dry (low

∫
MSE) and moist (high

∫
MSE) regions are shown (B–E and G–J). The black curves indicate zero

∫
MSE

anomaly, and thus dry regions lie to their left while moist regions lie to their right. The gray line indicates day 15 of the cyclogenesis and day 30 of the
self-aggregation. Note that the color bars in C–J are saturated as in earlier studies (10, 12), to ease comparison.
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Fig. 5. Streamfunction vs. MSE and height. Shown is circulation (kg·m−2·s−1) in thermodynamic coordinates MSE and height in (B) CTRL and (C–F) nonro-
tating and sensitivity runs averaged between day 95 and day 100. A illustrates three MSE surfaces in CTRL. The white lines indicate the domain-mean MSE.
Black contours are shown every 700 kg·m−2·s−1.

order, with a small but nonnegligible contribution from high-
cloud radiative feedbacks.

Although our main focus is on the genesis process, we think
that the radiative cyclone in Fig. 1D is intriguing and deserves
further discussion. In particular, an interesting question is
whether convection in the radiative cyclone is similar to con-
vection in the control cyclone (Fig. 1A) or whether it resembles
regular disorganized “popcorn” convection (Fig. 1B). A useful
diagnostic to characterize the convection is the circulation in
thermodynamic variables, more precisely the streamfunction as
a function of two variables: height and pointwise MSE (not the
vertically integrated

∫
MSE discussed above) (16, 17).

Let us start with CTRL. Fig. 5A shows three MSE surfaces,
the highest MSE corresponding to air ascending in the wall
near the eye of the tropical cyclone, while lower MSE surfaces
are found farther away from the eye. Fig. 5B shows the cir-
culation as a function of MSE and height. Compared to regu-
lar popcorn disorganized convection (Fig. 5D), the updrafts at
high MSE in CTRL show less entrainment, as can be seen by
the more vertical contours at high MSE (≈350 K) in Fig. 5B.
In other words, MSE is more constant in updrafts in CTRL
than in disorganized convection, where entrainment of envi-
ronmental lower MSE air decreases MSE during the ascent in
Fig. 5D.

At moderate MSE, the MSE is reduced as the air ascends in
updrafts in both CTRL and noSFC-noRAD, due to entrainment
of ambient lower MSE air. The MSE decreases during descent
due to radiative cooling, until surface fluxes make the MSE
increase again near the surface (below 2 km). The cyclone yields
large mean MSE and large MSE variability compared with regu-
lar popcorn disorganized convection. The large enhancement of
MSE variability with convective organization is consistent with
Fig. 1.

The cyclone without radiative feedbacks (Fig. 5E) is very simi-
lar to the control cyclone. Note also the similarity with the nonro-
tating self-aggregation (Fig. 5C), which exhibits large MSE vari-
ability and little entrainment in updrafts. This is consistent with
the fact that, in all organized cases, the spatial organization of
convection isolates updrafts from drier environmental air, reduc-
ing the entrainment. But self-aggregation leads to much drier
conditions, and hence much lower mean MSE, compared with
a cyclone.

Interestingly, the radiative cyclone (Fig. 5F) lies somewhere
between the disorganized convection (Fig. 5D) and the tropical
cyclone (Fig. 5A), with intermediate MSE variability, but is over-
all closer to disorganized convection. This is consistent with our
earlier results that, to leading order, the mature cyclone is fed
by interactive surface fluxes. The radiative cyclone is therefore
expected to be weak.

Summary and Discussion
The overall picture that emerges is that the feedbacks iden-
tified in idealized settings as leading to the spontaneous self-
aggregation of convection play an important role in cyclogenesis.
More precisely, the onset of self-aggregation in nonrotating sim-
ulations shares qualitative and quantitative properties with tropi-
cal cyclogenesis. Radiative feedbacks are found to accelerate the
cyclogenesis by a factor of 2 or larger. The LW radiative feed-
back is the key contribution to those radiative feedbacks, as in
self-aggregation. Surprisingly, radiative feedbacks by themselves
are sufficient to yield a cyclone, albeit weak, even in the absence
of WISHE effects.

The early times of cyclogenesis in the CTRL simulation resem-
ble accelerated self-aggregation (days 1–15 for the TC and days
1–30 for the self-aggregation), with similar contributions from
the various feedbacks to the development of organized con-
vection. The simulations then diverge when interactive surface
fluxes become a strong positive feedback in CTRL, due to
strong winds and surface fluxes in the flow converging into the
cyclone, while they become a small negative feedback in the self-
aggregation, due to strong surface latent fluxes in the dry subsi-
dence region, consistent with ref. 10.

We acknowledge that the simulations used in this study are
still idealized, e.g., doubly periodic and in RCE, without large-
scale forcing. In the real tropics, the route to tropical cyclogen-
esis can be quite different and is influenced by large-scale envi-
ronmental conditions, such as the passing of an equatorial wave
and preexisting favorable moist conditions within a “marsupial
pouch” (18). Comparison of the timescale of self-aggregation
tendencies investigated here to that of large-scale environmen-
tal conditions deserves further investigation using more realistic
simulations. Our results suggest that self-aggregation, and the
framework developed for its study, can help shed more light
on the physical processes leading to cyclogenesis and cyclone
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intensification. In particular, our results point out the importance
of the LW radiative cooling at low levels outside the cyclone and
the low-level circulation that it entails. Further comparison with
data and analysis of simulations in more realistic settings are
desirable to clarify the precise contribution and location of the
LW radiative feedback.

Materials and Methods
The CRM used in this study is the System for Atmospheric Modeling (SAM)
(19). All of the runs are in doubly periodic geometry starting from homo-
geneous initial conditions and with an imposed sea-surface temperature
of 300 K. The resolution is 4 km and the domain size 1,024 km in both
horizontal directions. The vertical grid has 64 levels with the first level
at 37.5 m and grid spacing gradually increasing from 80 m near the sur-
face to 400 m above 5 km. To reduce gravity wave reflection and buildup,
Newtonian damping is applied to all prognostic variables in the upper
third of the model domain. Given the large number of sensitivity simu-
lations needed for this study, we reduce the computational cost by using
a value of the Coriolis parameter f = 10−4 s−1, larger than typical trop-
ical values; this reduces the size of TCs (7), allowing simulated TCs to
fit in our 1,024 × 1,024 km2 domain. The sensitivity simulations are all

based on CTRL with the following perturbations: noSFC, surface fluxes
homogenized horizontally at each time step; noRAD, radiative cooling
homogenized horizontally at each time step and height; noRADSW (resp.
noRADLW), SW (resp. LW) radiative cooling homogenized horizontally at
each time step and height; noRADLW-clr, homogenize at each time step and
height the temperature and water vapor entering the LW radiative cool-
ing; noRADLW-liq (resp. noRADLW-ice), contribution from cloud liquid (resp.
cloud ice) water to LW radiative cooling zeroed; nonrotating, f = 0 s−1. The
streamfunction in Fig. 3 and Fig. S4 is given by ref. 3: Ψi+1(z) = Ψi(z) +

(ρw)i(z), where (ρw)i is the total mass flux contribution from the ith rank
of

∫
MSE.
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