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1 Model, trajectories, forcings, and simulations

We use the System for Atmospheric Modeling [SAM, Khairoutdinov and Randall, 2003], version 6.10.10, to
run Lagrangian large eddy simulations. Cloud microphysics is described using a two-moment method which
represents the cloud and rain mode with lognormal functions [Feingold et al., 1998]. The cloud microphysics
interacts with aerosol by activation, cloud processing, release upon droplet evaporation, and wet deposition.
Radiation is calculated from temperature, gas phase constituents, and liquid water mass and effective radius
with the Rapid Radiative Transfer Model [Iacono et al., 2008, Mlawer et al., 1997]. Greenhouse gas (GHG)
species in the radiation calculation are CO2, CH4, N2O, and O3. The model calculates interactive surface fluxes
of heat, moisture, momentum, and of sea spray aerosol. The model is described in further detail in Kazil et al.
[2021].

The Lagrangian simulations were conducted along two trajectories (Fig. SF1). The simulations FPD, F−EC,
FEC, SPD, and SEC operate along a northern trajectory that tracks a Flower Tc state that formed north-east
of Barbados on February 2-3, 2020 [Narenpitak et al., 2021], during the ATOMIC [Pincus et al., 2021] and
EUREC4A [Stevens et al., 2021] field campaigns. The simulations F∗PD, F∗EC, F∗∗PD, and F∗∗EC operate along a
southern trajectory, which captures different conditions on the same day, with a warmer sea surface temperature, a
lower estimated inversion strength, and an initally faster wind speed (Fig. SF2). The trajectories were determined
from the wind field at 500 m of the fifth generation of the European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis [ERA5, Hersbach et al., 2020] using the Hybrid Single Particle Lagrangian
Integrated Trajectory Model [HYSPLIT, Stein et al., 2015].

Figure SF1: Simulation trajectories. The northern trajectory runs from 15.14◦N, 50.44◦W to 13.85◦N, 56.41◦W.
The southern trajectory runs from 13.05◦N, 52.74◦W to 11.30◦N, 59.20◦W.

Simulations along the northern trajectory use a 192 km× 192 km domain, simulations along the southern tra-
jectory a 96 km× 96 km domain, and all simulations extend from the surface to 10 km. The smaller domain of
the southern simulations allows sensitivity tests with a finer vertical grid spacing. The simulation use periodic



KAZIL ET AL.: Organized Trade Cumulus Clouds Suppressed by Climate Change 3

lateral boundary conditions. The horizontal grid spacing is 100 m, the default vertical grid spacing 50 m from
the surface to 5000 m, followed by 25 geometric levels up to domain top. For sensitivity tests, the vertical grid
spacing is refined to 25 m in the cloud layer, between 700 m and 5000 m, followed by 30 geometric levels up to
domain top, in select simulations along the southern trajectory. The simulation time step is 2 s in all simulations.
Table ST1 gives mean values over the 24 h duration of the simulations. Key parameters of the simulations are
listed in Table ST2 and ST3, respectively.

Figure SF2: Select PD conditions from the ERA5 reanalysis along the simulation trajectories: (a) sea surface
temperature, (b) estimated inversion strength, and (c) trajectory velocity. The trajectory velocity is the wind
speed at 500 m above the surface.
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CF LWP (g m−2) SWCRE (W m−2)

FPD 0.085 11.7 -14.8

F−EC 0.083 10.9 -14.3

FEC 0.078 9.0 -13.5

SPD 0.077 8.9 -10.4

SEC 0.073 7.9 -10.0

F∗PD 0.088 19.1 -15.2

F∗∗PD 0.096 23.6 -17.2

F∗EC 0.079 14.9 -13.5

F∗∗EC 0.085 17.9 -14.2

Table ST1: Mean values over the 24 h duration of the simulations of cloud fraction (CF), liquid water path
(LWP), and short-wave cloud radiative effect (SWCRE).

The sea surface temperature (SST), large scale meteorology (LSM), and GHG forcing our simulations were
obtained from ERA5 along the simulation trajectories, and from the three ensemble members r2i1p1, r3i1p1, and
r4i1p1 [National Science Foundation; US Department of Energy; National Center for Atmospheric Research, 2017]
of the Coupled Model Intercomparison Project Phase 5 [CMIP5, Taylor et al., 2012] RCP8.5 scenario simulated
with the first version of the Community Earth System Model - Whole Atmosphere Community Climate Model
[CESM1(WACCM), Marsh et al., 2013]. LSM consists of atmospheric temperature, water vapor, zonal and
meridional wind speed, and subsidence, GHG species are CO2, CH4, N2O, and O3.

We averaged the CESM1(WACCM) RCP8.5 simulation ensemble for January and February over the region
10–22◦N, 295–310◦ E, which spans the simulation trajectories, over 2016–2025 to represent present-day (PD)
conditions, and over 2090–2099 to represent end-of-21st-century (EC) conditions. The temporal averaging sup-
presses interannual variability. The forcing of our simulations in PD conditions consists of the ERA5 SST and
LSM together with the CO2, CH4, N2O, and O3 profiles in the CESM1(WACCM) RCP8.5 simulation ensemble
averaged over the specified region and the PD time period. The forcing of our simulations in EC conditions is
constructed from the PD forcing by adding the change in SST, LSM, and GHG from the PD period to EC period
in the CESM1(WACCM) RCP8.5 simulation ensemble, averaged over the specified region. The EC and PD
forcings also provide temperature, water vapor, and GHG profiles above model top for the radiation calculation.
The PD and EC GHG profiles are displayed in Fig. SF3, the PD and EC LSM profiles in Fig. SF4.

At the 500 m height of the simulation trajectories, the difference in horizontal wind speed from PD to EC in
CESM1(WACCM) is approximately 0.1 m s−1, resulting in a shift by about 11 km in trajectory end location over
the 24 h simulations. We ignore this shift and use the PD trajectories for all simulations.

Fig. SF6 shows the LSM in PD to EC under the RCP8.5 scenario in the region 10–22◦N, 295–310◦ E across
select CMIP5 models. These models include HadGEM-2A, MIROC5, and CCSM4, which reasonably reproduce
observations in the shallow cumulus cloud regime relative to other CMIP5 models [Nam et al., 2012], and CESM1-
CAM5, which uses CESM1 as in CESM1-WACCM. LSM changes consistently across models from EC to PD.
Water vapor increases only in the boundary layer in each model. Temperature increases by a larger value in the
mid- to upper troposphere compared to the surface, corresponding to an increase in tropospheric stability across
the models. Vertical pressure velocity (subsidence) changes negligibly below 875 mbar (approximately 1200 m),
and weakens in the troposphere above. The sole outlier is the meridional wind speed (V) in CESM1-CAM5
and HadGem2-ES, which turns more southerly from PD to EC. Overall, the change in LSM from PD to EC in
CESM1-WACCM is broadly representative of the CMIP5 models which reasonably reproduce observations in the
shallow cumulus cloud regime.
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Simulation FPD F−EC FEC SPD SEC

Cloud type Flowers Flowers Flowers Sugar Sugar

Mean SST 299.6 K 301.4 K 301.4 K 299.6 K 301.4 K

GHG levels 2016-2025 2016-2025 2090-2099 2016-2025 2090-2099

Meteorological
forcing

ERA5
ERA5 +
∆PD→ECRCP8.5

ERA5 +
∆PD→ECRCP8.5

ERA5
ERA5 +
∆PD→ECRCP8.5

Notes
Large scale subsidence
profile held constant from
10h00m UTC on February 2.

Table ST2: Parameters of simulations along northern trajectory. The term ∆PD→ECRCP8.5 represents the
change in the forcing from present-day (PD) to end-of-21st-century (EC) conditions.

The simulations are initialized with temperature and water vapor profiles from the forcing data at the start
of the trajectory. The simulations are nudged towards the LSM using Newtonian relaxation. Horizontal mean
temperature and water vapor are nudged only in the free troposphere, mean horizontal wind speed is nudged at all
altitudes [Kazil et al., 2021]. Subsidence from the LSM forcing is prescribed in the simulations (Fig. SF5). Aerosol
is initialized with measurements from the ATOMIC field campaign [Narenpitak et al., 2021]. For generality, we
ignore a free-tropospheric mineral dust layer observed during several days in the ATOMIC and EUREC4A field
campaigns [Narenpitak et al., 2021]. The Sugar simulations are constructed from the Flower simulations by
holding the subsidence profile constant starting from 8 h into the simulations (Fig. SF5c, d). This suppresses
large scale upward motion and keeps the cloud field in the Sugar Tc state until sunset. The role of large scale
vertical motion on the evolution of the Flower Tc state is discussed in [Narenpitak et al., 2021].

Simulation F∗PD F∗EC F∗∗PD F∗∗EC

Cloud type Flowers Flowers Flowers Flowers

Mean SST 300.0 K 301.8 K 300.0 K 301.8 K

GHG levels 2016-2025 2090-2099 2016-2025 2090-2099

Meteorological
forcing

ERA5
ERA5 +
∆PD→ECRCP8.5

ERA5
ERA5 +
∆PD→ECRCP8.5

Notes
dz = 25 m from
700 m to 5000 m

dz = 25 m from
700 m to 5000 m

Table ST3: Parameters of simulations along southern trajectory. The term ∆PD→ECRCP8.5 represents the
change in the forcing from present-day (PD) to end-of-21st-century (EC) conditions. Simulation F∗∗PD and F∗∗EC

use a vertical grid spacing refined from 50 to 25 m in from the top of the mixed layer (∼ 700 m) to 5000 m. In
the mixed layer, the grid spacing is not refined in order to maintain the numerical treatment of vertical fluxes
across the mixed layer.
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2 Present-day (PD) and end-of-21st-century (EC) large scale condi-
tions

Figure SF3: PD and EC trace gas concentrations: (a) carbon dioxide (CO2), (b) methane (CH4), nitrous
oxide (N2O), and ozone (O3). The profiles were obtained by averaging the monthly-mean output from the
three ensemble members r2i1p1, r3i1p1, and r4i1p1 [National Science Foundation; US Department of Energy;
National Center for Atmospheric Research, 2017] of the Coupled Model Intercomparison Project 5 [CMIP5 Taylor
et al., 2012] RCP8.5 scenario simulations with the first version of the Community Earth System Model - Whole
Atmosphere Community Climate Model CESM1(WACCM) [Marsh et al., 2013] in the years 2016–2025 (PD) and
2090–2099 (EC) over the region 10–22◦N, 295–310◦ E, the Caribbean east of Barbados. The CESM1(WACCM)
data were interpolated to the fifth generation of the European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis [ERA5, Hersbach et al., 2020] vertical grid, on which the forcing data for
the simulations are defined. CESM1(WACCM) output is available up to an altitude of approximately 54 km.
Forcing data at higher altitudes on the ERA5 grid, which extends to approximately 80 km were populated with
the top-level CESM1(WACCM) values.



KAZIL ET AL.: Organized Trade Cumulus Clouds Suppressed by Climate Change 7

F
ig

u
re

S
F

4:
C

M
IP

5
R

C
P

8.
5

P
D

a
n

d
E

C
m

et
eo

ro
lo

g
y

(a
–
e)

a
b

ov
e

a
n

d
(f

–
j)

b
el

ow
4
00

0
m

:
(a

,
f)

te
m

p
er

a
tu

re
,

(b
,

g)
sp

ec
ifi

c
h
u

m
id

it
y,

(c
,

h
)

zo
n

a
l

w
in

d
,

(d
,

i)
m

er
id

io
n

a
l

w
in

d
,

a
n

d
(e

,
j)

ve
rt

ic
a
l

p
re

ss
u

re
ve

lo
ci

ty
(s

u
b

si
d

en
ce

).
T

h
e

p
ro

fi
le

s
w

er
e

ob
ta

in
ed

b
y

av
er

a
g
in

g
th

e
m

o
n
th

ly
-m

ea
n

o
u

tp
u

t
fr

o
m

th
e

th
re

e
en

se
m

b
le

m
em

b
er

s
r2

i1
p

1
,

r3
i1

p
1,

an
d

r4
i1

p
1

[N
at

io
n

al
S

ci
en

ce
F

o
u

n
d

a
ti

o
n

;
U

S
D

ep
a
rt

m
en

t
o
f

E
n

er
g
y
;

N
a
ti

o
n

a
l

C
en

te
r

fo
r

A
tm

o
sp

h
er

ic
R

es
ea

rc
h

,
20

17
]

of
th

e
C

ou
p

le
d

M
o
d

el
In

te
rc

o
m

p
a
ri

so
n

P
ro

je
ct

5
[C

M
IP

5
T

ay
lo

r
et

a
l.

,
2
0
1
2
]

R
C

P
8
.5

sc
en

a
ri

o
si

m
u

la
ti

on
s

w
it

h
th

e
fi

rs
t

v
er

si
o
n

o
f

th
e

C
o
m

m
u

n
it

y
E

a
rt

h
S

y
st

em
M

o
d

el
-

W
h

o
le

A
tm

o
sp

h
er

e
C

o
m

m
u

n
it

y
C

li
m

at
e

M
o
d
el

C
E

S
M

1(
W

A
C

C
M

)
[M

a
rs

h
et

a
l.

,
2
0
1
3
]

in
th

e
ye

a
rs

2
0
1
6
–
2
0
2
5

(P
D

)
a
n

d
2
0
9
0
–
2
0
9
9

(E
C

)
ov

er
th

e
re

gi
on

10
–2

2
◦

N
,

29
5–

31
0
◦

E
,

th
e

C
a
ri

b
b

ea
n

ea
st

o
f

B
a
rb

a
d

o
s.

T
h

e
C

E
S

M
1
(W

A
C

C
M

)
d
a
ta

w
er

e
in

te
rp

o
la

te
d

to
th

e
fi

ft
h

ge
n

er
at

io
n

of
th

e
E

u
ro

p
ea

n
C

en
tr

e
fo

r
M

ed
iu

m
-R

a
n

g
e

W
ea

th
er

F
o
re

ca
st

s
(E

C
M

W
F

)
a
tm

o
sp

h
er

ic
re

an
al

y
si

s
[E

R
A

5,
H

er
sb

ac
h

et
a
l.

,
2
0
2
0
]

ve
rt

ic
a
l

g
ri

d
,

o
n

w
h

ic
h

th
e

fo
rc

in
g

d
a
ta

fo
r

th
e

si
m

u
la

ti
o
n

s
a
re

d
efi

n
ed

.
C

E
S

M
1(

W
A

C
C

M
)

ou
tp

u
t

is
av

a
il

a
b

le
u

p
to

a
n

a
lt

it
u

d
e

o
f

a
p

p
ro

x
im

a
te

ly
5
4

k
m

.
F

o
rc

in
g

d
a
ta

a
t

h
ig

h
er

a
lt

it
u

d
es

on
th

e
E

R
A

5
gr

id
,

w
h

ic
h

ex
te

n
d

s
to

a
p

p
ro

x
im

a
te

ly
8
0

k
m

w
er

e
p

o
p

u
la

te
d

w
it

h
th

e
to

p
-l

ev
el

C
E

S
M

1
(W

A
C

C
M

)
va

lu
es

.
T

h
e

d
iff

er
en

ce
E

C
-P

D
is

a
d

d
ed

to
th

e
P

D
fo

rc
in

g
to

o
b

ta
in

th
e

E
C

fo
rc

in
g
.



KAZIL ET AL.: Organized Trade Cumulus Clouds Suppressed by Climate Change 8

Figure SF5: Prescribed subsidence profiles in simulation (a) FPD, (b) F−EC and FEC, (c) SPD, (d) SEC, (e) F∗PD

and F∗∗PD, and (f) F∗EC and F∗∗EC.
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Figure SF6: Large scale meteorology (LSM) in the CMIP5 RCP8.5 scenario, averaged for January and February
over the region 10–22◦N, 295–310◦ E, over 2016–2025, representing PD conditions (blue), and 2090–2099, rep-
resenting EC conditions (red). (a-e) CESM1(WACCM) ensemble r2i1p1 through r4i1p1, used in this work; (f-j)
CCSM4 ensemble r1i1p1 through r3i1p1; (k-o) CESM1-CAM5 ensemble r1i1p1 through r3i1p1; (p-t) HadGEM2-
ES ensemble r1i1p1 through r4i1p1; (u-y) MIROC ensemble r1i1p1 through r3i1p1.
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Figure SF7: Atmospheric stability in the simulation FPD (blue), F−EC (cyan) and FEC (red). Stability is diagnosed
as the difference of virtual potential temperature θv(z) − θv(z1), where z1 is the lowermost model level. The
average over the 24 h duration of the simulations is shown.
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3 Mean base of active cloud convection (BACC)

  

Cumulus layer

Mixed layer

Mean base of active cloud convection

TKE production at overcast locations (mW kg-1)
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u

d
e 

(m
)

Figure SF8: The mean base of active cloud convection (BACC) is diagnosed from the average profile of TKE
production due to buoyancy at overcast locations (locations with a liquid water path ≥ 0.1 g m−2). It is the
location at which the profile first reaches or exceeds 0 above the altitude where the TKE production profile has
a minimum.
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4 Additional results of simulation FPD, F−EC, FEC, SPD and SEC

Figure SF9: Time series from the simulation FPD (blue), F−EC (cyan) and FEC (red): (a) lifting condensation
level, calculated as a domain average of the local lifting condensation level using Eq. (22) in Bolton [1980],
(b) mean base of active cloud convection (BACC), (c) inversion height, (d) cloud fraction at mean BACC, (e)
cloud mass flux at mean BACC, (f) sum of the water vapor and cloud water flux at mean BACC, (g) rain water
path, (h) rain water mass sedimentation flux at mean BACC, and (i) surface precipitation. Shading indicates
nighttime.

Figure SF10: Change in precipitation flux from (a) FPD to F−EC and from (b) F−EC to FEC. An open triangle
marks sunrise, a solid triangle sunset. The mean base of active cloud convection (BACC) is drawn as a dashed
curve, the inversion height as a solid curve.
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Figure SF11: Time series from the simulation SPD (light green) and SEC (dark green): (a) lifting condensation
level, calculated as a domain average of the local lifting condensation level using Eq. (22) in Bolton [1980],
(b) mean base of active cloud convection (BACC), (c) inversion height, (d) cloud fraction at mean BACC, (e)
cloud mass flux at mean BACC, (f) sum of the water vapor and cloud water flux at mean BACC, (g) rain water
path, (h) rain water mass sedimentation flux at mean BACC, and (i) surface precipitation. Shading indicates
nighttime.

Figure SF12: Change in precipitation flux from SPD to SEC. An open triangle marks sunrise, a solid triangle
sunset. The mean base of active cloud convection (BACC) is drawn as a dashed curve, the inversion height as a
solid curve.
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Figure SF13: Cloud mass flux (left column) and cloud fraction (right column) from the simulation FPD (blue),
F−EC (cyan) and FEC (red), SPD (light green), and SEC (dark green), at 18h00 UTC (d = 32.75).
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5 Radiative heating analysis in simulation FPD, F−EC, and FEC

Figure SF14: Change from simulation FPD to F−EC in (a) radiative heating, (b) short-wave, and (c) long-wave
heating, and (d) the change in temperature from FPD to F−EC. Non-constant contour intervals are used in (d) to
isolate the temperature change structure at the inversion. The mean base of active cloud convection (BACC) is
drawn as a dashed curve, the inversion height as a solid curve. The nudging base height (dotted) is the altitude
above which temperature and water vapor are nudged towards the forcing profiles. The peak in the radiative
heating change (a) and the resulting temperature response (d) around the inversion are located below the nudging
base height. An open triangle marks sunrise, a solid triangle sunset.
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Figure SF15: Change from simulation FPD to F−EC at the inversion of F−EC in up-welling (cyan) and down-welling
(magenta) longwave radiation.
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Figure SF16: Change from simulation F−EC to FEC in (a) radiative heating, (b) short-wave, and (c) long-wave
heating, and (d) the change in temperature from F−EC to FEC. The mean base of active cloud convection (BACC)
is drawn as a dashed curve, the inversion height as a solid curve. The nudging base height (dotted) is the altitude
above which temperature and water vapor are nudged towards the forcing profiles. The peak in the radiative
heating change (a) and the resulting temperature response (d) around the inversion are located below the nudging
base height. An open triangle marks sunrise, a solid triangle sunset.
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Figure SF17: Change from simulation F−EC to FEC at the inversion of FEC at the inversion in up-welling (cyan)
and down-welling (magenta) longwave radiation.
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6 Results of simulation F∗PD, F∗EC, F∗∗PD, F∗∗EC

Figure SF18: Trade cumulus evolution in the simulations (a) F∗PD, (b) F∗EC, (c) F∗∗PD, and (d) F∗∗EC. Sunrise (first
column) is at 09h47m UTC (fractional day of year d = 32.41), sunset (last column) at 21h18m UTC (fractional
day of year d = 32.89).
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Figure SF19: Time series from the simulation F∗PD (blue solid), F∗∗PD (blue dashed), F∗EC (red solid), and F∗EC

(red dashed) of (a) short-wave cloud radiative effect, (b) cloud fraction, (c) liquid water path, and (d) surface
precipitation (shading indicates nighttime).
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H. Schulz, A. P. Siebesma, C. C. Stephan, P. Sullivan, L. Touzé-Peiffer, J. Vial, R. Vogel, P. Zuidema,
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A. Schwarzenboeck, A. Sealy, C. J. Senff, I. Serikov, S. Shohan, E. Siddle, A. Smirnov, F. Späth, B. Spooner,
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