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Shallow Convective Heating in Weak Temperature Gradient
Balance Explains Mesoscale Vertical Motions in the Trades
M. Janssens1,2 , G. George2,3, H. Schulz4,5 , Fleur Couvreux6 , and Dominique Bouniol6

1Wageningen University & Research, Wageningen, The Netherlands, 2Delft University of Technology, Delft, The
Netherlands, 3Max Planck Institute for Meteorology, Hamburg, Germany, 4Cooperative Institute for Climate, Ocean &
Ecosystem Studies (CICOES), Seattle, WA, USA, 5University of Washington, Seattle, WA, USA, 6CNRM, Université de
Toulouse, Météo‐France, CNRS, Toulouse, France

Abstract Earth's climate sensitivity depends on how shallow clouds in the trades respond to changes in the
large‐scale tropical circulation with warming. In canonical theory for this cloud‐circulation coupling, it is
assumed that the clouds are controlled by the field of vertical motion on horizontal scales larger than the
convection's depth (∼1 km). This assumption has been challenged both by recent in situ observations, and
idealized large‐eddy simulations (LESs). Here, we therefore bring together the recent observations, new
analysis from satellite data, and a 40‐day, large‐domain (1600 × 900 km2) LES of the North Atlantic from the
2020 EUREC4A field campaign, to study the interaction between shallow convection and vertical motions on
scales between 10 and 1,000 km (mesoscales), in settings that are as realistic as possible. Across all data sets, the
shallow mesoscale vertical motions are consistently represented, ubiquitous, frequently organized into
circulations, and formed without imprinting themselves on the mesoscale buoyancy field. Therefore, we use the
weak‐temperature gradient approximation to show that between at least 12.5–400 km scales, the vertical motion
balances heating fluctuations in groups of precipitating shallow cumuli. That is, across the mesoscales, shallow
convection controls the vertical motion in the trades, and does not simply adjust to it. In turn, the mesoscale
convective heating patterns appear to consistently grow through moisture‐convection feedback. Therefore, to
represent and understand the cloud‐circulation coupling of trade cumuli, the full range of scales between the
synoptics and the hectometer must be included in our conceptual and numerical models.

Plain Language Summary The tropical oceans are covered by shallow cumulus clouds, partially
controlled by a gentle downward vertical motion associated with large (larger than 1,000 km) tropical
circulations. Changes in these circulations, for example due to warming climate, can therefore change the
shallow cloudiness, and their climatological cooling. Hence, understanding this cloud‐circulation coupling is an
important challenge. Here, we study the cloud‐circulation coupling over areas of tens to hundreds of kilometres
(“mesoscales”) in simulations, field observations and satellite data of unprecedented detail. We find that in
mesocale domains, circulations do not just control shallow clouds, as historically thought. Instead, the heating in
clusters of rainy cumuli drives the circulations, as suggested by recent idealized simulations. The question is
then: what controls these mesoscale cloud patterns? In the detailed simulations, they develop in unusually moist
layers, which are further moistened by the circulations. Since moister layers support more clouds, the clouds and
circulations grow together. Hence, our results show that on top of the classical sketch of clouds responding to
large circulations, lies a dynamic mesoscale picture of two‐way interactions between the two, which we must
understand if we wish to predict the distribution of clouds over the tropical oceans in our transient climate.

1. Introduction
In marine trade‐wind regimes, a layer of shallow convection usually covers the atmosphere's lower 1–3 km. In all
conceptual models for such cumulus‐topped boundary layers, the vertical motion on the O (1,000 km) scale of a
trade‐wind region is an important control on the convection: Given fixed, imposed radiative cooling and hori-
zontal cold‐air advection to destabilize the column, variations in the advective heating and drying with the large‐
scale descent control variations in the depth and coverage of the clouds in the trades (e.g., Albrecht et al., 1979;
Betts, 1973; Betts & Ridgway, 1989; Neggers et al., 2006). This view is taken, for example, in (a) most large‐eddy
simulation (LES) studies of trade‐cumuli (e.g., Blossey et al., 2013; Jansson et al., 2023; Siebesma et al., 2003;
Stevens et al., 2001), which prescribe a fixed large‐scale descent at the 10–100 km domain scale, (b) in shallow
cloud‐controlling factor (CCF) analyses, which assume that co‐variability between vertical motion and cloudiness
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depicts the clouds adjusting to the vertical motion over O (100 km) spatial scales (S. A. Klein et al., 2017; Myers
& Norris, 2013; Scott et al., 2020), and (c) in the parameterizations that represent shallow cumuli in weather and
climate models (e.g., Golaz et al., 2002; Hourdin et al., 2019; Walters et al., 2019).

The conceptual sketch of O (1 km) scale shallow convection responding to O (1,000 km) scale vertical motion has
served us well. Yet spatial variability in trade‐wind cloudiness is usually much larger than 1 km (Denby, 2020;
Janssens et al., 2021; Nuijens et al., 2014; Schulz, 2022; Stevens et al., 2020; Wood & Field, 2011), and vertical
motion at scales much smaller than 1,000 km is often many times larger than needed to balance the climatological
radiative cooling (Bony & Stevens, 2019; George, Stevens, Bony, Pincus, et al., 2021; Schulz & Stevens, 2018;
Stephan & Mariaccia, 2021). In observations taken during the 2020 EUREC4A field campaign (Bony et al., 2017;
Stevens et al., 2021), this vertical motion is typically organized into O (100 km)‐scale Shallow Mesoscale
Overturning Circulations (SMOCs, George et al., 2023), which couple tightly to the convective mass flux and
cloud‐base area fraction (Vogel et al., 2022). That is, in “mesoscale” domains of O (10–1,000 km), there is a
strong coupling between shallow convection and shallow circulations, which cannot be explained by O
(1,000 km) scale tropical circulations controlling O (1 km) scale convection patterns. To explain how cloudy it is
in such mesoscale domains, we must understand both the processes that control the large‐scale vertical motion,
and those that control the mesoscale variability around it.

Here, we therefore examine what determines the low‐level, mesoscale vertical motion field. A clue is offered by
idealized LESs on 100 km domains (Bretherton & Blossey, 2017; Janssens et al., 2023). In these simulations,
condensational heating anomalies in clusters of shallow cumulus clouds would not lead to mesoscale buoyancy
storage, but instead to mesoscale ascent. That is, they satisfy a form of the weak‐temperature gradient (WTG)
approximation (e.g., R. Klein, 2010; Sobel et al., 2001; Raymond et al., 2015), which is commonly used to explain
how heating in deep convection translates to circulations across the tropics (e.g., Adames, 2022; Ahmed
et al., 2021; Chikira, 2014; Held & Hoskins, 1985; Wolding et al., 2016). In this view, mesoscale patterns in trade
cumuli are not merely a response to circulations; they directly drive them. However, beyond these idealized LESs,
we are not aware of dedicated studies that assess the validity of WTG in the trade‐wind boundary layer, or use it to
link convection and circulations across the mesoscales. Therefore, our primary objective will be to validate the
idealized theories in realistic settings.

We will use EUREC4A and satellite observations, and the realistically forced, large‐domain LESs presented by
Schulz and Stevens (2023) (both introduced in Section 2), to investigate the origins of shallow mesoscale (̃50–
400 km) vertical motions in the trades. Specifically, we compare the simulated and observed mesoscale fluc-
tuations of vertical velocity, virtual potential temperature and water vapor (Section 3). We present evidence that
the mesoscale vertical motion observed in nature (a) does indeed develop in WTG balance, and (b) is remarkably
well‐simulated by the realistic LES. This will motivate us to evaluate the LES’ mesoscale buoyancy budget,
which reveals that the simulated vertical motions are driven by convective heating in precipitating shallow
cumuli, at all scales between 12.5 and 400 km (Section 4). Hence, across the mesoscales, we should invert the
canonical picture of vertical motion controlling the shallow convection.

To understand what controls the mesoscale vertical motion field, we must then understand what determines the
variability in shallow convective heating. In Section 5, we discuss whether such variability is forced upon the
trade‐wind boundary layer, or if the circulations in turn affect the convection through the moisture field,
establishing a two‐way coupling akin to what is found in Bretherton and Blossey (2017)'s idealized LES. We find
evidence for the latter, and end the paper by reviewing the implications for new conceptual sketches of the
mesoscale trades (Section 6).

2. Simulation and Observation Data
2.1. Definitions

To more formally distinguish mesoscale variability in a variable ψ from larger‐ and smaller scale fluctuations, we
separate ψ into averages over regions of (a) “small” scale (ψs, we take ψ = ψs), (b) “mesoscale” (ψm) and (c)
“large” scale (ψl). Denoting spatial fluctuations around these averages with primes ′, they relate to each other as

ψ = ψl + ψ′m + ψ′s = ψm + ψ′s = ψs. (1)
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For ψ = w (vertical velocity), Figure 1 indicates conceptually which features fall in each scale range. We will
modify the scales to which ψl and ψm refer throughout the manuscript. Yet unless stated otherwise, ψm will refer
to 200 km, and ψl to 400 km‐scale averages; ψ′s then refers to sub‐200 km scale fluctuations. We will also
approximate certain spatial fluctuations ψ′ with temporal fluctuations ψ′′ around temporal averages 〈ψ〉, which
satisfy

ψ = 〈ψ〉 + ψ′′. (2)

All these choices are practically motivated, as explained next.

2.2. ICON Large‐Eddy Simulation

To interpret the shallow vertical motion observed during EUREC4A, we will use the 41‐day (10 January–20
February 2020) large‐eddy simulations (LESs) of the campaign run with the Icosahedral Nonhydrostatic
(ICON) model by Schulz and Stevens (2023, see their paper for further details). The simulation covers the North
Atlantic between 60–47°W and 9–16.25°N at a horizontal grid spacing Δx = 312 m (ICON‐312), and is forced by
reanalysis and global modeling data. Specifically, the domain is subjected to horizontally and temporally varying
sea‐surface temperatures, and to variability in the flow across the lateral boundaries. A shorter simulation (1–7
February) over 59.75–50°W and 10.5–15.5°N at Δx = 156 m (ICON‐156) returns similar statistics of 200‐km
scale cloud‐base vertical motion (Figures S1–S2 in Supporting Information S1); we therefore choose to focus
on the larger, longer ICON‐312 simulation.

We analyze three‐dimensional fields of specific humidity qv, liquid cloud water specific humidity qc, rain‐water
specific humidity qr and virtual potential temperature θv (all as defined by Dipankar et al. (2015), who refer to θv
as θρ), their grid‐resolved vertical fluxes, and the velocity field uj = [u,v,w] = [uh,w], extracted from the ICON‐
312 simulation at its 3‐hourly output frequency, and averaged over quadratic blocks of various sizes between 5
and 400 km to give ψm.

In contrast to LESs departing from spatially homogeneous conditions or kilometer‐scale resolution mesoscale or
global models, ICON‐312 simultaneously represents synoptic variability, mesoscale processes and the large
eddies of shallow convection. It also simulates longer time periods than other recent simulations of individual
mesoscale weather events (Dauhut et al., 2023; Narenpitak et al., 2021; Saffin et al., 2023). Hence, the simulation

Figure 1. Conceptual illustration of a shallow circulation between mesoscale regions. A gentle large‐scale descent aloft (wl),
is superimposed by mesoscale (ℓm) regions of subcloud‐layer (sc) volume convergence D′scm

< 0 and divergence D′scm
> 0;

these are the branches of coherent circulations which close in the upper cloud layer (cl), and whose vertical motion profiles are
sketched as w′m. Superimposed on these in turn is (small)‐scale vertical motion in cumuli and turbulence w′s . w′m in ascending
branches is carried by greater volume fluxes acm

wcm
through deeper, precipitating cumuli with a larger cloud‐base cloud cover

ac, and by export of compensating environmental descent we toward descending branches with less strong acm
wcm

. The export is
achieved by gravity waves triggered by the additional convective heating in the ascending branches, working to keep the
mesoscale in weak‐temperature gradient balance. Ascending branches accumulate water vapor in their cloud layers (blue vs.
red), potentially driving a self‐reinforcing feedback that governs the life cycle of mesoscale shallow convection.
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allows both (a) comparisons against the observed statistics of mesoscale vertical motion during EUREC4A (Bony
et al., 2017), and (b) expansions of our view on the dominant mesoscale balances of shallow convection to the
monthly time scale. Therefore, we analyze time‐averaged statistics of ψm, and assume they sketch the climato-
logical mesoscale cloud‐circulation coupling in trade‐wind regimes.

2.3. Observations

We construct statistics of w, qv and θv observed during EUREC4A from the “Joint Dropsonde Observations of the
Atmosphere in Tropical North Atlantic Meso‐scale Environments” (JOANNE, George, Stevens, Bony, Pincus
et al., 2021), which aggregates dropsondes launched along 220‐km diameter circles flown by the German High
Altitude and Long range (HALO) research aircraft (Konow et al., 2021). This selects the default ψm scale of
200 km. Since JOANNE's circles only have a time dimension, we are forced to assume that its temporal fluc-
tuations approximate spatial fluctuations. We follow George et al. (2023), and take ψm to be the average over three
consecutively flown circles (roughly 3 hr), and assume ψ′′m between such “circling sets” around the campaign‐
mean 〈ψ〉 can be reinterpreted as 200‐km ψ′m. Hence, we must assume temporal variability in larger‐scale
structures ψ′′l = 0, which is often—but not always—tenable (Section 3).

Therefore, we supplement our time‐varying dropsondes with temporally collocated soundings from a larger‐scale
spatial network of ships and a ground station (Stephan et al., 2020), as well as two spatially resolved products
from daily overpasses of EUMETSAT's Metop‐A satellite: (a) Profiles of qv estimated by the Infrared Atmo-
spheric Sounding Interferometer (IASI), and (b) 10 m wind speed and direction estimated by the Advanced
Scatterometer (ASCAT). We use the level‐2 Climate Data Record (CDR) IASI product (EUMETSAT, 2022), and
the daily ASCAT‐A CDR product gridded at 0.25° latitude and longitude (Ricciardulli & Wentz, 2016). We
regrid the IASI retrievals, which are available on scan‐lines perpendicular to the flight path, to the same 0.25° grid
using nearest‐neighbor interpolation. The ASCAT winds are converted to near‐surface divergence Dns using
second order finite differences. Crucially, Dns closely approximates the entire subcloud‐layer average Dsc, as we
explore in detail in an upcoming companion manuscript. Hence, we can convertDns to cloud‐base vertical motion
wcb using mass conservation in the Boussinesq limit:

wcb = Dsczcb. (3)

With reference to Figure 1, we loosely define the subcloud layer to range between 0 and zcb = 600 m. Figure 2
gives an impression of the retrieved Dsc variability on 13 February 2020 at 50 km scales, alongside its LES‐
derived complement.

Mirroring the LES, we average IASI and ASCAT data over square blocks. The largest scale we can attain for these
satellite products is the average over the portion of a swath that intersects an analysis domain of 10–16° latitude,
− 60 to − 50° longitude, in January and February 2020 (Figure 2). On average, this yields areas whose square root
is roughly 400 km. This motivates our initial choice for ψl’s scale.

Figure 2. Fields of Dsc as estimated from ASCAT on 13 February 2020 at 14:15 UTC (left), and from the Icosahedral Nonhydrostatic (ICON) simulation at 15:00 UTC
(right). The ICON data are coarse‐grained to the roughly 25 km native resolution of ASCAT, and further smoothed to ASCAT's roughly 50 km effective resolution for
Dsc. Crosses and pluses indicate dropsonde launches from HALO and radiosonde launches in the sounding network, between 12:00 and 16:00 UTC, respectively.
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Since IASI's vertical resolution is limited below 2 km altitude (EUMETSAT, 2021), it does not capture sharp
features in the boundary layer's vertical structure, such as the trade inversion (Chazette et al., 2014; Menzel
et al., 2018; Stevens et al., 2018). Yet, when compared to circle circumference‐averaged values from JOANNE,
IASI adequately captures variability of qv over deeper layers, such as both the subcloud and cloud layers (Figure
S3 in Supporting Information S1). Thus, we use the retrievals bearing their limitations in mind.

3. Mesoscale Vertical Motion and Weak Virtual Temperature Gradients
Figure 2 indicates that, in line with Bony and Stevens (2019); Stephan and Mariaccia (2021); George et al. (2023),
both ASCAT and ICON feature a rich variability in shallow, mesoscale divergence patterns, of many scales. To
quantify the dynamic and thermodynamic variability associated with these patterns, we composite the vertical
structure of w, θv and qv by quartiles of Dsc in blocks of the same scale (Figure 3). Here, we will first study w and
θv; we return to the co‐variability with qv in Section 5.

Figure 3. Spatial fluctuations of ψ ∈ [w,θv,qv] (columns). Top row (a–c): Lowest (Q1) and highest (Q4) quartiles of 200 km‐
scale i) Icosahedral Nonhydrostatic (ICON) ψ′m (Equation 1) sorted byD′scm

, ii) JOANNE ψ′′m (Equation 2) sorted by circling‐
set averaged Dsc and iii) ASCAT w′cbm

(Equation 3) and Infrared Atmospheric Sounding Interferometer (IASI) q′vm
, sorted by

ASCAT D′scm
. Bottom row (d–f): Q1 and Q4 of 400 km‐scale i) ICON ψl sorted by Dscl

and ii) ASCAT w′′cbl
sorted by D′′scl

.
Temporal campaign averages 〈ψl〉 (Equation 2) are included for all three data sets. Lines indicate time‐averages of the Q1 and
Q4 composites; shading indicates the interquartile range of temporal variability in ICON estimates of Q1 and Q4, and of 1,000
bootstrap estimates of Q1 and Q4 in JOANNE; horizontal whiskers indicate the same for ASCAT. Dotted lines in panel (a) show
composites on ICON blocks which satisfy the shallow circulation criteria. The vertical extent of the layers used to define the
subcloud‐layer divergence Dsc and cloud‐layer divergence Dcl are marked sc and cl, respectively.
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At the 200 km scale, the depth and amplitude of JOANNE's w′′m , ASCAT's w′cbm
and ICON's w′m are remarkably

consistent (Figure 3a, see also Figures S2–S3 in Supporting Information S1). Since ICON and ASCAT's spatial
w′m quartiles are robustly separated at any point in time during the campaign, we interpret this as evidence that the
JOANNE‐sensed w′′m is truly spatial in nature, corroborating George et al. (2023)'s findings. In reanalysis data,
George et al. (2023) find this spatial structure to characterize shallow circulations, defined by columns whereD′scm

and its cloud‐layer counterpart (D′clm) have opposing sign. The same structure is evident also in the statistics of the
LES in Figure 3a: Defining D′clm in each 200 × 200 km2 block by averaging D′m over a layer spanning the upper
cloud layer, inversion layer and lower free troposphere, zcl ∈ [1000,3000]m (Figure 1), we find that blocks where
D′clm/D′scm

< 0 cover 59± 9% of the ICON domain. This matches George et al. (2023)'s reanalysis‐derived
coverage fractions of 58±7% very well. Additionally, 80% of the mesoscale columns with sub‐cloud layer
inflow and cloud‐layer outflow border at least one column with a subcloud‐layer outflow and cloud‐layer inflow,
or vice‐versa. That is, ascending and descending branches of shallow circulations are spatially coherent at the
mesoscale in ICON, as sketched in Figure 1. Finally, the vertical structure of wm in mesoscale blocks where these
criteria are satisfied (dotted lines in Figure 3a) is hardly distinguishable from that of all blocks. We conclude that
the w′m fields simulated by ICON embody the statistics of the mesoscale circulations observed in nature.

Averaged over larger scales (400 km ICON blocks; ASCAT swaths), the low‐level vertical motion amplitudes
(w′l ) reduce in magnitude, but still vary substantially around the campaign‐mean 〈wl〉 (Figure 3d). Since 〈wl〉
(approximated as 〈wm〉 in JOANNE) does balance the climatological clear‐sky radiative cooling measured above
the boundary layer (George et al., 2023), these results indicate that 400 km is still too small a scale for w to
represent adiabatic descent with the large‐scale tropical circulation; it remains eclipsed by the mesoscale signal.
We will estimate a different outer scale for w′m in Section 4.4.

In spite of a cold and dry bias in θvl
and qvl

(Figures 3e and 3f, further documented by Schulz and Stevens (2023)),
ICON represents w′m, w′l and 〈wl〉 very well. Therefore, we will use the simulation to explore the origins of the
shallow mesoscale vertical motion. To do so, we exploit that circulations develop on top of very small mesoscale
buoyancy fluctuations: Compositing θ′vm

on D′scm
shows that θ′vm

co‐varies with the divergence patterns by only
0̃.1 K across the campaign, underneath the trade inversion around 1,500 m, both in ICON and in JOANNE
(Figures 3b and e). Above 1,500 m, JOANNE's θ′′vm

grows to around 1 K. However, this variability is also present
in the larger‐scale sounding network (Figure S4 in Supporting Information S1). That is, JOANNE's larger free‐
tropospheric θ′′vm

appears to embody larger‐scale, temporal variability in the lapse rate; spatial mesoscale buoyancy
anomalies remain small. Also the heating rates ∂tθv, as far as we can estimate them, are similar between
JOANNE's mesoscale circles and the larger‐scale sounding network (Figure S5 in Supporting Information S1). In
all, while the scarcity of the observational data poses limits to the strength of our conclusions, the data we do have
supports the use of WTG as a useful starting point for conceptual models of shallow vertical motion in the trades.

4. Shallow Circulations Anchored in Precipitating Shallow Convection
4.1. Mesoscale Buoyancy Budget

To formulate a WTG model, we will concentrate on the budget for θv, which is conserved by ICON, with two
approximations. First, we treat the equation in the anelastic limit, since we consider shallow convective and
internal wave phenomena over horizontal scales where sound waves may still be considered fast (e.g., R.
Klein, 2010). Second, we approximate θv with the “liquid‐water virtual potential temperature” θlv, which
approximately satisfies:

θlv ≈ θv − (
Lv

cpΠΘ
−

Rv

Rd
)Θ(qc + qr) = θv − a3Θ(qc + qr). (4)

Lv is the latent heat of vaporization, cp is the specific heat of dry air at constant pressure, Π = (p/p0)
Rd/cp is the

Exner function where p0 denotes a reference pressure and Rd the gas constant of dry air, Rv is the gas constant for
water vapor and Θ is a reference potential temperature scale of the boundary layer (taken to be 300 K). These
variable choices identify the constant a3 ≈ 7, adopted from Stevens (2007)'s Equation 10. θlv has the advantage
over θv that it is conserved over reversible condensation and evaporation, yet when fluctuations in qc and qr are
small or stationary, θ′lv approximates the buoyancy or its tendency very well. Additionally, its vertical flux
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convergence closely tracks the work done by condensational heating in non‐precipitating shallow cumuli (Ste-
vens, 2007), and mesoscale fluctuations therein (Bretherton & Blossey, 2017; Janssens et al., 2023). The budget
for θlv reads:

∂tθlv = − ∂x (uhθlv) −
1
ρ0

∂z (ρ0wθlv) −
1

ρ0cpΠ
∂z (μLvP + R), (5)

where ρ0 is the reference density required to satisfy the equation in the anelastic limit, and ∂t, ∂x and ∂z refer to
differentiation in the temporal, the two horizontal and the vertical dimension, respectively. Two diabatic source
terms appear: The convergence of (a) radiative fluxes R, and (b) warm precipitation fluxes P, scaled by the
parameter

μ = 1 −
0.608cpΠΘ

Lv
≈ 0.93, (6)

following, for example, Bretherton and Wyant (1997). Using the definition Equation 1 and the anelastic equation
of mass conservation, Equation 5 can be rewritten into a relation for θ′lvm

:

∂tθ′lvm
+ uhl

∂xθ′lvm
⏟̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅⏟

1

= − u′hm
∂xθlvl

⏟⏞⏞⏟
2

− wl∂zθ′lvm
⏟⏞⏞⏟

3

− w′m ∂zθlvl
⏟⏞⏞⏟

4

− ∂x [u′hm
θ′lvm

− (u′hm
θ′lvm)l

]
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

5

− ∂x [(u′hs
θ′lvs)m

− (u′hs
θ′lvs)l

]
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

6

−
1
ρ0

∂z [ρ0(w′m θ′lvm
− (w′m θ′lvm)l

)]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
7

−
1
ρ0

∂z[ρ0((w′s θ′lvs)m
− (w′s θ′lvs)l

)]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
8

−
1

ρ0cpΠ
∂z(μLvP′m + R′m)

(7)

We estimate term 1 (storage) by taking the difference between a block's θ′lvm
at time t, and the θ′lvm

of the block
which resides uhl

Δt upstream at time t − Δt, with Δt = 3 hr. We ignore terms 2, 3, 5, 6 and 7, as both scale analysis
and actually evaluating these terms revealed them to generally be an order of magnitude smaller than the leading‐
order terms in the balance. This leaves terms 4 (mesoscale vertical advection) and 8 (anomalous vertical flux
convergence), and the two diabatic sources.

R′m is computed from fields of radiative heating rates, which are stored by the model once each simulated day,
usually after sunset. Hence, it comprises longwave cooling only, and can be evaluated at 1/8th the frequency of the
advective terms. P′m imprints itself on the θ′lvm

budget by sedimenting qr and qc with respect to the local flow. We
compute it by reproducing ICON's rain sedimentation scheme (based on Stevens & Seifert, 2008) offline, using
fields of qr, qc, ρ and the rain‐droplet number concentration nr, which are also stored once a day. At time steps
where P and R are not available, we approximate P from offline calculations of the autoconversion and accretion
rates, following Radtke et al. (2023) (see Text S1 in Supporting Information S1), and we ignore R, for reasons that
will shortly become clear. The budget terms are composited by the first and fourth quartiles (Q1, Q4) of D′scm

in
200 km blocks, and averaged over the 2‐month simulation period. The results are plotted in Figure 4.

Evaluating the budget leaves a small residual, which may derive from a combination of the following: (a) The
small budget contributions we have ignored, (b) numerical errors in our central difference approximations of (i)
tendencies over the 3 hr time intervals that the ICON data is stored at and (ii) horizontal gradients over 200 km m‐
blocks, (c) errors in our computation of P′m, and (d) the missing sub‐grid contributions to (w′s θ′lvs)). Nevertheless, a
few salient features robustly emerge. The total storage of θ′lvm

in 200 km blocks that follow the l‐scale flow (term
1) is smaller than 1 K day− 1, in both converging and diverging regions. This compares well to the daily‐averaged
heating rate differences between JOANNE's 200 km circles and the larger‐scale sounding network (Figure S5 in
Supporting Information S1). In ascending regions, we observe anomalous convergence of θlv, supported primarily
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by additional condensation and liquid‐water transport through cumulus clouds, up to the inversion base around
1,500 m. In the inversion layer and lower free troposphere, anomalous latent heating driven by precipitation takes
over, while the remaining liquid water evaporates, generating anomalous cooling. Together, these two θlv sources
(henceforth referred to as convective heating) balance adiabatic cooling from mesoscale ascent along the large‐
scale stratification. Q4 experiences largely the opposite situation; its convective heating anomalies are smaller
than the large‐scale average, balancing w′m < 0.

Presenting a balanced budget is insufficient for a dynamical description of which term causes another to respond.
However, WTG relies on a well‐established principle that does imply causality. The cloud layer, inversion layer
and free troposphere of our simulations are all stably stratified, with a Brunt‐Väisälä frequency N ≈ 0.014 s− 1. In
such stably stratified layers, convective heating causes buoyancy fluctuations, which are rapidly distributed hor-
izontally by gravity waves. This prevents θ′v between a collection of active cumuli and their environment from
growing beyond the adjustment time scale of the waves, over the horizontal area they reach (Bretherton & Blos-
sey, 2017; Bretherton & Smolarkiewicz, 1989; Sobel et al., 2001). For our N and the first vertical half‐wavelength
of our heating anomaly (hw ≈ 2,500 m), these waves propagate horizontally at roughly c ≈ Nhw/π ≈ 12 m s− 1; that
is, the firstwavemode spreading uniformly in all directionswould relax θ′vm

to zero over a 200 km region over a time
scale of less than 3 hr. Instead of raising θ′v, the θ′v sources cause a collective vertical motion over such areas, as
discussed further in Section 4.3; the adiabatic cooling with this motion balances the budget.

In all, we may simplify Equation 7 to a reasonable model of w′m (right column, Figure 4):

w′m ≈ − (
1
ρ0

∂z (ρ0 Fθ′lvm
) +

1
ρ0cpΠ

∂z(μLvP′m))/∂zθlvl
(8)

Where

Fθ′lvm
= (w′s θ′lvs)m

− (w′s θ′lvs)l
. (9)

This model holds well above the height where θlvl
becomes stably stratified, around 700 m (right column of

Figure 4). Below this height, Equation 8 diverges as ∂zθlvl
→ 0, reflecting the WTG approximation's inability to

predict w′m beyond the vertical level where the heat source acts (Romps, 2012a). Instead, one commonly assumes
that w′m returns linearly to zero at the surface (Daleu et al., 2015; Raymond & Zeng, 2005; Sobel & Breth-
erton, 2000), which Figure 3 supports. We could alleviate this ad‐hoc approximation by analyzing the equations in
a damped‐gravity wave framework (e.g., Kuang, 2008; Romps, 2012b). We still present our results in the WTG
approximation, because it shows most directly that the buoyancy source anomaly driving the circulations is

Figure 4. Left and central columns: Budgets of θ′lvm
averaged over the entire simulation period, in 200 km blocks, composited by D′scm

(Q4 and Q1), as in Figure 3. Right
column: w′m as diagnosed directly from the simulations (unbroken lines, “actual”), and from the Weak Temperature Gradient model for w′m (Equation 8), plotted only
above 700 m where gradients in θv become appreciable. Shading captures the temporal interquartile range.

Journal of Geophysical Research: Atmospheres 10.1029/2024JD041417

JANSSENS ET AL. 8 of 19

 21698996, 2024, 18, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JD

041417 by T
echnical U

niversity D
elft, W

iley O
nline L

ibrary on [02/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



situated in the cloud layer (Figure 4); the sub‐cloud layer must adjust to the subsequent vertical pressure gradient
by also ascending or descending adiabatically (Romps, 2012b). Thus, at 200 km scales, and over a whole month of
trade‐wind weather (denoted by the shading in Figure 4), the vertical profile of w′m balances the production of
mesoscale buoyancy fluctuations by heating in mesoscale patterns of shallow, precipitating convection.

4.2. Lacking Mesoscale Radiative Cooling Anomalies

It is noteworthy that we obtain an accurate model for w′m (Equation 8) without including mesoscale radiative
heating anomalies: Its contributions to the θ′lvm

budget are negligible (golden lines in Figure 4). These results run
counter to the idea that the anomalous q′vm

associated with the circulations (Figures 3c and 3f) would result in a
horizontal radiative cooling differential, which could feed back on and strengthen the circulations. Such an effect
is thought to be key for the self‐aggregation of deep convection in cloud‐resolving models (e.g., Muller
et al., 2022, and references therein), and has been suggested to be sufficiently potent to drive shallow circulations
in the subtropics too (Naumann et al., 2017, 2019; Prange et al., 2023; Schulz & Stevens, 2018; Stevens
et al., 2018). Yet, our results, the simulations by Bretherton and Blossey (2017) and EUREC4A observations
(George et al., 2023) all indicate that there is no relationship between mesoscale radiative heating anomalies, and
mesoscale vertical motion.

If anything, we find small radiative cooling in converging regions (Figure 4 central panels). This might more
readily trigger convection, and thus feed back on the circulations through additional convective heating. Such
cooling may especially be found across large cloud anvils, which ICON lacks (Schulz & Stevens, 2023), and off
cloud sides (Klinger et al., 2017), which is a 3D effect that ICON does not simulate. Furthermore, the ICON
simulations lack the elevated moist layers sensed by JOANNE (Figure 3c), which may enhance horizontal
radiative cooling contrasts (Fildier et al., 2023; Prange et al., 2023). Finally, variability in large‐scale radiative
cooling, through the diurnal cycle or from larger moisture features, is key to set the large‐scale convective
adjustment (Betts & Ridgway, 1988). On the 12‐hr scale of a night, such large‐scale increases in convection might
well disproportionately affect regions which are already convecting, and thus amplify existing circulations (Vial
et al., 2021; Janssens, 2023, ch. 7). Hence, while mesoscale radiative cooling patterns should be abandoned as a
direct explanation of w′m in the trades, there are still lessons to learn about the role of radiation in the mesoscale
cloud‐circulation coupling.

4.3. Mass Fluxes, Compensating Subsidence and Variability in Active Cloudiness

Where in a mesoscale block does shallow, mesoscale ascent or descent take place, and how does it relate to
shallow cloudiness? To answer this, we decompose wm into the vertical motion wcm

averaged over a mesoscale
block's cloudy area fraction acm

, and the vertical motion in the environment wem
. acm

wcm
is the cloud‐conditioned

volume flux, which in the anelastic limit varies horizontally in proportion with the mass flux. At 970 m altitude,
where wm reaches its maximum (Figure 3), mass conservation for a 200 km block then demands

wm = acm
wcm

+ (1 − acm)wem
, (10)

Figure 5a) displays both contributions to wm, binned by wm itself. It shows that spatial variability in wm is due
primarily to variability in the ascent within cumulus clouds (acm

wcm
, dark blue line), because this ascent does not

need to balance the compensating subsidence in cloud‐free regions ((1 − acm)wem
, light blue line) within a

mesoscale block. The WTG framing suggests why: The spectrum of gravity waves triggered by the heating in
cumuli with upward mass fluxes rapidly carry the mass fluxes' compensating subsidence beyond a 200 km block
boundary (Bretherton & Smolarkiewicz, 1989; Mapes, 1993; Nicholls et al., 1991). When acm

wcm
varies between

mesoscale blocks, blocks with smaller acm
wcm

have less convective heating (Q4 vs. Q1 panels in Figure 4), and
trigger waves of smaller depth and amplitude than blocks with larger acm

wcm
. Hence, they are unable to export the

same amount of compensating subsidence as they receive, and become reservoirs of environmental descent, as we
observe at wm < 0, where acm

wcm
almost returns to zero, and wm ≈ (1 − acm)wem

.

Our results harmonize with other EUREC4A observations (Vogel et al., 2022), which show that mesoscale
variations in acwc co‐vary strongly with wm at cloud base. In fact, the subcloud‐layer mass budget which Vogel
et al. (2022) solve to diagnose balances between acm

wcm
, (1 − acm)wem

(interpreted as an entrainment velocity) and
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wm (their Equation 1), is conceptually indistinguishable from our Equation 8 evaluated at cloud base and parti-
tioned according to Equation 10 (Stevens, 2006; Vilà‐Guerau De Arellano et al., 2015), if ∂zP′m is small. This
latter assumption appears to hold well at cloud base in both observations (Albright et al., 2022) and the LES
(Figure 4).

Variability in acm
wcm

can express itself both through variability in the cloud fraction itself at a horizontally
constant mean ascent through clouds (i.e., a large‐scale average, wcl

), and (b) through horizontal (co‐)variability
of acm

with fluctuations around wcl
, w′cm

. George, Stevens, Bony, Klingebiel, and Vogel (2021) and Vogel
et al. (2022) find that this decomposition approximately reduces to

acm
wcm

= acm
wcl

+ acm
w′cm

≈ acm
wcl

, (11)

that is, that stronger mass fluxes are due to increases in ac, while wcm
≈ wcl

. In Figure 5b), we decompose acm
wcm

according to Equation 11 in the ICON simulation. It agrees with earlier observations that increases in acm
wcm

are
primarily related to variability in acm

(Klingebiel et al., 2021; Lamer et al., 2015; Sakradzija & Klingebiel, 2020),
though variability in wcm

cannot be neglected in areas of strong mesoscale ascent. The classical picture of trade‐
wind cloud‐circulation coupling would then suggest that wm controls the cloud fraction in the trades. It is likely
that wm affects the cloudiness (Section 5), but WTG physics emphasize that it cannot be the only direction in the
relationship: In the cloud layer, w′m results primarily from the mesoscale variability in the fraction of active
cumulus clouds.

4.4. Cloud‐Layer Vertical Motion Variability Across the Mesoscales

Does convective heating variability drive circulations also at other scales than the 200 km scale analyzed thus far?
To answer this question, we expand our simulation‐observation comparison and WTG analysis to the full spatial
scale ranges represented by ICON and ASCAT. Specifically, we compute wm and its WTG approximation over
block sizes ℓm ∈ [5 − 800] km in ICON, and ℓm ∈ [25 − 400] km in ASCAT, and take the standard deviation σw
at each scale, at a height of 970 m. Figure 6 shows that in ICON, these vertical motion amplitudes reduce as

σw (ℓm) ∼ ℓ− 1
m for ℓm ∈ [5 − 40] km, as σw (ℓm) ∼ ℓ−

1
2

m for ℓm ∈ [40 − 300] km, and again as ℓ− 1
m at the largest

scales. The results are in close agreement with ASCAT estimates (square pink blocks), with the ℓ− 1 scaling of
divergence amplitudes in the EUREC4A sounding network found by Stephan and Mariaccia (2021), with the
vertical motion contained only in blocks satisfying the SMOC criteria (dotted lines), and with the predictions from
the WTG model Equation 8 for ℓ ∈ [12.5 − 400] km (crosses). That is, we may consider the cloud‐layer vertical

Figure 5. 200 km‐scale wm at a height of 970 m diagnosed in the simulation, broken down at each wm according to
Equation 10 (a), and Equation 11 (b). Shading indicates the temporal interquartile range.
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motion in the trades to be the ever‐weakening imprint of shallow convective thermal forcing across the
mesoscales.

Only at 700 km does σw reduce below the magnitude of 〈wl〉 (horizontal line in Figure 6), the campaign‐averaged
vertical motion (Figure 3d). Below this intersection scale ℓi, divergence in the shallow cloud layer is dominated
by the signal of mesoscale circulations, and only above it does one recover the canonical large‐scale subsi-
dence. ℓi is affected by the dropoff in σw at the largest scales of the limited‐area simulation, which may be a
truncation effect. Hence, ℓi could be even larger. Yet, ℓi ≈ 700 km closely matches the decorrelation length in w
calculated from a previous ICON simulation by Bony and Stevens (2019). We therefore suggest that one may
interpret 700 km as a conservative estimate for the upper boundary to the non‐divergent, mesoscale flow.

5. Discussion: What Controls Mesoscale Patterns of Shallow Convective Heating?
If shallow convective heating is necessary to produce shallow mesoscale vertical motions in the trades, then what
sets the mesoscale shallow convection patterns? Many mesoscale forcings on the convection (e.g., Aemisegger
et al., 2021; Chen et al., 2023; Stephan & Mariaccia, 2021) and feedbacks between the convection and the cir-
culations (e.g., Dixit et al., 2021; Radtke et al., 2022; Seifert et al., 2015) might play a role, and we leave it to
future work to comprehensively assess these. To give direction to such studies, here we discuss two plausible
mechanisms: Surface‐driven forcing and a moisture‐convection feedback.

Mesoscale circulations may be driven by surface forcing patterns through mesoscale variations in the sea‐surface
temperatures or near‐surface winds, which will drive commensurate variations in the surface buoyancy flux
(w′θ′lv)m,0 (Acquistapace et al., 2022; Chen et al., 2023; Park et al., 2006). One would expect the convergence of

(w′θ′lv) throughout the subcloud‐ and cloud‐layers to adjust to these changes within an eddy‐turnover time (e.g.,
Bellon & Stevens, 2013; Bretherton & Park, 2008; Stevens, 2007), leading to convective heating fluctuations atop
the warm anomalies that could rapidly translate to w′m.

We may also anticipate a moisture‐convection feedback because (a) in case study simulations, shallow circu-
lations drive the aggregation of moisture into regions that are already moist (Bretherton & Blossey, 2017;
Narenpitak et al., 2021; Saffin et al., 2023), and (b) given WTG, moister regions are expected to convect more
readily than drier regions, further strengthening the circulations. Figure 3c) confirms that in all our data sets, the
ascending branches of circulations occur in moist columns, and the descending branches in dry columns. There
are also many theories that suggest how moist anomalies could stimulate convective heating: They could prevent
entrainment drying (George et al., 2023; Janssens et al., 2023), trigger more convection by raising the column
moist‐static energy (Bretherton & Blossey, 2017) or encourage precipitation (Nuijens et al., 2009; Radtke

Figure 6. Variability in wm as a function of block size ℓm at a height of 970 m (σw(ℓ)) , computed in the simulation over all
blocks (unbroken line), blocks belonging to Shallow Mesoscale Overturning Circulations (dotted line) and estimated using
the Weak Temperature Gradient balance Equation 8 (crosses). σw estimated from ASCAT is indicated in pink squares. The
campaign‐mean vertical motion 〈wl〉 and its intersection scale ℓi are indicated by broken gray lines, while the other broken lines

illustrate scaling as ℓ− 1
m and ℓ−

1
2

m . Shading indicates the temporal interquartile range of σw at each scale.
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et al., 2023), in turn driving direct latent heating (Figure 4) or the formation of cold pools which can further sustain
convection (Dauhut, personal comm.; Alinaghi et al., 2024). Yet we cannot here conclude which, if any, of these
processes translate moisture to convection, because (a) we do not have the data to trace individual convective
elements through their simulated moisture anomalies, and (b) we cannot confirm whether those moisture
anomalies in nature primarily inhabit the converging regions' cloud layers, as indicated by ICON and the IASI‐
ASCAT composites, or the subcloud layer, as indicated by JOANNE (Figure 3c). While we believe this difference
is partially due to the order of magnitude fewer data points in JOANNE, resolving it demands more work. Instead,
we therefore concentrate on understanding how the shallow circulations influence moisture anomalies.

To do so, we trace the time‐evolution of 200 km blocks along Lagrangian trajectories with the 200 km‐scale
horizontal velocity at a height of 1,500 m. We extract trajectories from ICON through successive 3‐hourly
first‐order backwards finite differences (into the past) and forwards differences (into the future), launched
from all 200 km blocks in the domain, at local noon and midnight. This gives us 448 trajectories at 79 launch
times. We stop tracing each trajectory at a lead and lag time of 9 hr, or when the domain boundary is encountered,
and assume these trajectories track coherent air masses, following for example, Eastman et al. (2021), Lewis
et al. (2023), Saffin et al. (2023). At each launch time, we extract the quartile of trajectories with the largest − Dscm

(Q1 D′scm
), and the mean trajectory. Figure 7a shows the evolution of both Q1 wm (unbroken lines) and the mean

wm (dotted lines), averaged over all launch times.

With respect to the mean wm, Q1 blocks possess anomalous cloud‐layer ascent already at 9 hr lead times. Over the
following 18 hr, wm robustly amplifies and decays around its zero‐lag peak (gray line, corresponding to ICON Q1
in Figures 3a and 4). Throughout the strengthening phase of its life cycle, Q1 wm remains balanced by a growing
heat flux convergence and latent heating, plotted in Figure 7b. That is, the WTG model Equation 8 holds along a
trajectory, suggesting that radiative heating anomalies also do not play a meaningful role in the development of
200 km‐scale wm, although (a) we do not have radiative heating rates from the LES to assess this explicitly, and (b)
we cannot rule out that radiative contrasts do matter in specific situations, for example, for larger “Fish” structures
(Fildier et al., 2023). The evolution of wm also is not meaningfully different between trajectories launched during
daytime or during nighttime (not shown), but it is sensitive to the chosen (200 km) scale; smaller anomalies
develop and decay faster. Hence, the following results are specific to 200 km scale structures, and may differ for
structures of different size.

Figure 7. Profiles along Lagrangian trajectories characterizing the evolution in the quartile of 200 km blocks with the strongest Dscm
at zero lag, traced from 9 hr lead to

9 hr lag times along Lagrangian trajectories through the Icosahedral Nonhydrostatic Large‐Eddy Simulation. (a) Vertical motion, where unbroken lines indicate
trajectories along Q1 blocks, dotted lines indicate the evolution along the mean over all blocks, and black, broken lines represent the time‐average over an average
trajectory; (b) θlvm

heating rates from Equation 8, decomposed into contributions from the convergence of (w′θ′lv)m (unbroken lines) and Pm (dash‐dotted lines), and the
evolution of the surface‐controlled heating Qs (vertical lines, Equation 12); (c) qt anomaly in Q1 trajectories with respect to a mean trajectory. All profiles are averaged over
the 79 launch times.
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5.1. Surface Buoyancy Flux Forcing

Is the increasing convective heating controlled by mesoscale surface forcing? We estimate this by computing the
buoyancy flux convergence through the subcloud layer

Qs = −

(w′θ′lv)
m,zcb

− (w′θ′lv)
m,0

zcb
. (12)

Since the cloud‐base buoyancy flux (w′θ′lv)m,zcb
can be well‐explained by the surface flux (w′θ′lv)m,0 (e.g., Albright

et al., 2022; Lilly, 1968), Qs represents the surface‐controlled heating rate. Hence, if Qs (vertical lines in
Figure 7b) can also describe the evolution of the cloud‐layer convergence of anomalous heat fluxes along Q1
trajectories, w′m would be surface‐controlled.

Indeed, Qs explains the resolved flux convergence throughout the sub‐cloud and cloud layers averaged over a
mean trajectory (black dashed lines), as assumed in most classical theory and shallow convection parameteri-
zations (e.g., Bretherton & Park, 2009). However, in Q1 blocks, the cloud‐layer convergence of (w′θ′lv)m far
exceeds the quasi‐stationary Qs; so does the precipitation‐driven latent heating. Hence, the growth of the cloud‐
layer heating and wm cannot be explained by rapid convective adjustment to surface buoyancy flux anomalies, as
would be expected if wm were driven by mesoscale SST anomalies. Most likely, these SST anomalies are simply
too weak (∼0.2 K) to leave a first‐order imprint on the mesoscale vertical motion field, and they might re‐emerge
as a more important driver in regions where mesoscale SST gradients are larger.

5.2. Evolution of Moist Anomalies

So does the growth of wm instead develop together with moist anomalies? Figure 7c shows that Q1 trajectories
possess anomalously moist cloud layers compared to an average trajectory already 9 hr before the convection
peaks, and that q′tm grows further toward the peak. To attribute the source of this accumulation, we pose a budget
for qtm along a trajectory and rewrite it into a budget for q′tm following Equation 7 (a similar budget for moist‐static
energy anomalies is included in Figure S6 in Supporting Information S1; it tells a qualitatively similar story as the
analysis that follows):

∂tq′tm + uhl
∂xq′tm

⏟̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅⏟
Tendency

= − w′m ∂zqtl
⏟⏞⏞⏟

Vertical advection

−
1
ρ0

∂z[ρ0((w′s q′ts)m
− (w′s q′ts)l

)]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Vertical flux conv.

+
1
ρ0

∂zP′m
⏟⏞⏞⏟
Precipitation

+ R
⏟⏞⏞⏟

Residual (hor. trans.)

,
(13)

In this relation, the divergence of warm precipitation fluxes is the only source, and we assume that the residual R
mainly describes the horizontal transport out of a mesoscale column as it is translated along a trajectory with uhl

.
We plot the terms in this budget for Q1 trajectories relative to mean trajectories in Figures 8a–8e.

First, we observe that the main source for the growth of q′tm in Q1 blocks is the vertical advection with w′m
(Figure 8b). Given WTG and plugging Equation 8 into Equation 13, we can for the cloud layer express this term as

− w′m ∂zqtl ≈ −
α
ρ0
(∂z (ρ0 Fθ′lvm

) +
1

cpΠ
∂z(μLvP′m)) (14)

where α = − ∂zqtl/∂zθlvl
, an analogy of Chikira (2014)'s parameter, quantifies how efficiently a mesoscale heating

perturbation translates to mesoscale moistening under WTG (Figure 8f). Because of the convex relationship
between qtl and θlvl

, α > 0 throughout the cloud layer, and grows especially large across the transition layer near
cloud base (Albright et al., 2023; Bretherton & Blossey, 2017; Janssens et al., 2023); it is also almost constant
across the moist anomalies' life cycle. Therefore, the anomalous turbulent heat flux convergence (Figure 8g),
carried by condensational heating anomalies, place the peak of − w′m ∂zqtl in the lower cloud layer, while the
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precipitation heating (Figure 8h) prevents drying in the lower free troposphere (1,500–3,000 m) from an
anomalous heat flux divergence (Figure 8g), associated with evaporative cooling fluctuations.

Anomalously strong small‐scale moisture fluxes then transport q′tm to the upper cloud layer (Figure 8c), where they
partially rain out (Figure 8d). However, gathering the terms scaling ∂zP′m in Equations 13 and 14 in a net pre-
cipitation moistening term

Sqt ′m ,P = (1 −
αμLv

cpΠ
)

1
ρ0

∂zPm, (15)

reveals that the moistening contribution from the precipitation's heating always outweighs its direct drying
(Figure 8i), that is, Sqt ′m ,P > 0 for the given α. In sum, while the vertical motions strengthen, the q′tm tendency
(Figure 8a) is positive because horizontal export of q′tm from moist regions (Figure 8e) is too small to oppose the
convectively driven moistening. That is, as in idealized LESs, vertical advection with mesoscale circulations
aggregates qtm into more strongly convecting regions, and if the convective heating is indeed controlled by column
moisture, they grow through a moisture‐convection feedback. In contrast to idealized LESs, these moist anom-
alies are present in the large‐scale flow already when it enters the ICON domain (Figure 7c), also emphasizing the
importance of processes which set such anomalies outside the trades (e.g., Aemisegger et al., 2021; Villiger
et al., 2022).

The unbounded growth of the moisture anomalies is prevented by a rise in the terms subsumed under R
(Figure 8e) over the second half of the trajectories. These dry out the moist, convecting columns, which then

Figure 8. (a–e): Terms in the moisture budget Equation 13, for Q1 trajectories relative to the mean trajectory in the domain at a given launch time. The terms are then
averaged over all launch times. (f) The Chikira parameter α; (g, h): Vertical moisture advection (b) decomposed into contributions from anomalous heat fluxes (g) and
precipitation (h) according to Equation 14; (i) the total moisture source from precipitation (Equation 15). All units are g kg− 1 hr− 1, except α (g kg− 1 K− 1).
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convect less strongly, ultimately reducing the heat sources and their vertical advective moistening (Figures 8b, 8g,
and 8h). IfR indeed predominantly expresses horizontal advection, as seems likely given its importance in earlier
case studies, it reduces q′tm through small‐scale mixing and through the diverging branches of mesoscale circu-
lations (Janssens et al., 2023). Conversely, vertical shear in uhl

(second term in Equation 13's tendency) can
horizontally advect the upper‐cloud layer moisture away, relative to the mean wind with which we trace the
trajectories (Blossey et al., 2021), and large‐scale subsidence can dampen them toward the surface (Bretherton &
Blossey, 2017). To understand why and how fast mesoscale circulations decay, we must trace trajectories with a
higher temporal frequency than done here, to estimate these individual processes accurately.

6. Summary and Outlook
Traditionally, the trades are viewed as areas where the large‐scale tropical circulation descends, and this sub-
sidence (wl) controls shallow convection. However, recent studies (Bony & Stevens, 2019; George et al., 2023;
Stephan & Mariaccia, 2021) find shallow vertical motion amplitudes over 100–400 km domains which are many
times larger than what the traditional theory demands, requiring new theories for the coupling between shallow
convection and circulations. Here, we have bridged the gap between the recent observations and theoretical ideas
from idealized modeling studies (Bretherton & Blossey, 2017; Janssens et al., 2023). We confirm the consistent
presence of 200 km‐scale vertical motion amplitudes in satellite retrievals, in‐situ observations and realistic LESs
from the EUREC4A field campaign (Figure 3). These shallow mesoscale vertical motions (wm) blanket the lower
atmosphere, are often organized in shallow circulations and develop without creating large, mesoscale buoyancy
anomalies. That is, as envisioned by Bretherton and Blossey (2017), the simulated cloud‐layer buoyancy budget
satisfies a WTG balance (Figure 4), between scales of at least 12.5–400 km (Figure 6) across a month of realistic
weather.

To explain the origins of wm, we evaluate the buoyancy budget, which shows that w′m balances mesoscale
fluctuations in convective heating, partitioned between heat flux convergence and rain sedimentation. In
ascending branches of shallow circulations, the ascent mostly takes place in active cumuli, as mass fluxes through
larger cloud‐base cloud fractions. Its compensating subsidence is exported from the ascending regions by gravity
waves. Regions with less convection import this compensating subsidence, forming descending branches of
circulations (Figure 5; a visual recapitulation is offered in Figure 1). Mesoscale circulations in the trades are thus
composed of variability in condensation, rainfall, turbulence and waves, and are not directly driven by radiative
cooling. Only at scales larger than roughly 700 km do the wm amplitudes approach the measured and simulated
campaign‐average wl associated with the wintertime climatology, and is the classical large‐scale subsidence
recovered.

Asking what controls wm in the trades, is then equivalent to asking what controls the mesoscale patterning of
shallow convective heating. The LES suggests that these patterns are not associated with variability in the surface
buoyancy flux, but with cloud‐layer moisture fluctuations (Figure 7), which are present in regions of mesoscale
ascent up to 9 hr before the convection peaks, which amplify due to vertical transport with the ascent, and which
decay with horizontal moisture export (Figure 8). In this view, the mesoscale vertical motion embodies the
“reverberations” envisioned by Bony and Stevens (2019), between the moisture field, which sets the convection,
and the convection, which sets the circulations that organize the moisture. Yet to fully unravel the role played by
water vapor in this cloud‐circulation coupling, we require more conclusive observations of the low‐level
humidity's covariability with near‐surface divergence, and better theories for mesoscale water vapor‐shallow
convection interactions. More broadly, we lack a systematic synthesis of the many mechanisms that have in
recent years been suggested to impact the mesoscale convective patterns in the trades. We hope such an
assessment can emerge from analysis of Lagrangian trajectories—in long, large‐domain LESs, in projects such as
the forthcoming Lagrangian LES‐MIP of EUREC4A, and in satellite observations. Since all suggested mecha-
nisms appear to pass through mesoscale circulations, WTG gives a useful frame for assembling the puzzle pieces
from such studies.

Finally, our results emphasize that km‐scale trade cumuli are not passive with respect to their larger‐scale cir-
culations. Averaged over mesoscale domains, shallow vertical motion is not an unambiguous CCF, nor a forcing
that can simply be prescribed on idealized LES domains. Indeed, if the shallow clouds in the trades do respond to
wl, then the assumption is that the entire mesoscales, with all its circulations and associated cloud patterns, are
controlled by such motion. Given the ability of the convection to self‐invigorate and grow its scales, it is not
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obvious a priori how reasonable this assumption is. To conceptually understand what determines the cloudiness of
the trades, we therefore require new theory, which consistently combines the classical ideas of shallow convective
adjustment to large‐scale forcing, with actively convecting mesoscales. The framework we sketch in Section 5,
which naturally accommodates surface forcing and the effect of large‐scale lapse rates, offers a promising starting
point. Such theory could then inform both mesoscale LESs and climate model parameterizations of shallow
convection, which must allow some exchange of the vertical motion generated by their simulated mass fluxes
with adjacent mesoscale columns, if they wish to model the circulations they both currently miss (e.g., Jansson
et al., 2023; Vogel et al., 2022). Promisingly, the data shows that ICON, at 312 m grid spacing, realistically
represents the shallow mesoscale cloud‐circulation coupling. Should the ongoing resolution revolution of climate
modeling reach such grid spacings, we may begin to glimpse how clouds and circulations in the tropics are truly
coupled.

Data Availability Statement
The EUREC4A data used herein—from the ICON simulation (Schulz & Stevens, 2023), JOANNE (George,
Stevens, Bony, Pincus, et al., 2021) and the sounding network (Stephan et al., 2020)—are openly available
through the EUREC4A intake catalog (EUREC4A community, 2023), see https://howto.eurec4a.eu/intro.html.
The IASI CDR release we use is available from the EUMETSAT data store (EUMETSAT, 2022). C‐2015
ASCAT data (Ricciardulli & Wentz, 2016) are produced by Remote Sensing Systems and sponsored by the
NASA Ocean Vector Winds Science Team. Data are available at www.remss.com. The scripts used to post‐
process all data, and the data required to produce the figures in this paper, are available at https://doi.org/10.
5281/zenodo.8095037 (Janssens, 2024).
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