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Abstract

In this study we use large-eddy simulation to explore the factors controlling
stratiform cloudiness in the downstream trades. We perform sensitivity experi-
ments with different large-scale forcings, radiation specifications and domain sizes,
which isolate the influence of convective deepening, moisture—radiation interac-
tions and mesoscale organization, respectively. Across the simulations with different
large-scale forcings, we find that the deepening of the cloud layer and the associ-
ated increase in precipitation strongly correlate with decreasing inversion strength
and stratiform cloudiness. The relationship between cloud-layer depth and cloud
amount is largely independent of the way a specific change in the large-scale forc-
ing induces the deepening. The interaction of radiation with the domain-averaged
humidity and cloud profile is necessary for stratiform cloudiness to form. Strong
radiative cooling experienced by updraughts overshooting a strong inversion induces
the formation of detrained stratiform layers, and strong long-wave cooling associated
with the stratiform layers stabilizes the inversion. Interactive radiation is also impor-
tant for exposing differences in shallow convection under different free-tropospheric
humidities. A drier initial free troposphere leads to both increased cloud-layer and
free-tropospheric radiative cooling and increased surface evaporation, which forces
deeper convection and more precipitation compared to a moister initial free tro-
posphere. The simulations with a drier initial free troposphere thus have weaker
inversions and less stratiform cloud. The organization of convection into larger clus-
ters in large-domain simulations increases precipitation and weakens the inversion
compared to a simulation on a 16-fold smaller domain, which does not support con-
vective organization. Organized updraught clusters carry more moisture and liquid
to the inversion, so that the same amount of stratiform cloudiness forms, despite
the inversion being weaker. The simulations presented here suggest that the deep-
ening and organization of shallow convection plays an important role in regulating

stratiform cloudiness and thus total cloud cover in the downstream trades.
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1 | INTRODUCTION

Shallow trade cumulus clouds are a dominant cause of spread
in projections of future climate (e.g. Bony and Dufresne,
2005; Boucher e al., 2013; Vial et al., 2013). Contributions
to low cloud cover in the trades stem from two important
height levels, near the lifting condensation level and near
the trade-inversion (Nuijens et al., 2014). Observations from
the Barbados Cloud Observatory, which are representative
for conditions across the broader trades (Medeiros and Nui-
jens, 2016), indicate that one-third of low cloud cover and
two-thirds of its variability are due to cloudiness near the
trade inversion (Nuijens et al., 2014; 2015b). Cloudiness
near the inversion is either due to the presence of strati-
form cloud layers near cumulus tops, sheared deeper trade
cumulus or passive remnants of decaying clouds, and its
larger coverage in winter accounts for the larger cloud cover
of this season (Nuijens et al., 2014; 2015b). Previous stud-
ies using large-eddy simulation (LES) showed that stronger
inversions tend to increase stratiform cloudiness near cumulus
tops, and that precipitation and the deepening of convec-
tion tends to decrease stratiform cloudiness (Wyant et al.,
1997; Stevens et al., 1998; 2001; Lock, 2009). However, these
studies focused on stratocumulus or very shallow trade-wind
layers more representative of the stratocumulus-to-cumulus
transition, and it is unclear whether the understanding applies
to the deeper trade-wind layers found over warmer waters
further downstream.

Namely, at Barbados, stratiform cloud layers are gener-
ally absent during more suppressed periods with very shal-
low cumuli — conditions often associated with the Barbados
Oceanographic and Meteorological Experiment field cam-
paign (BOMEX: Siebesma et al., 2003). Instead, stratiform
layers are frequent in the presence of deeper cumuli or cumu-
lus congestus with tops between 2.5 and 4.5 km, which
tend to be clustered and are reminiscent of the cloud flow-
ers pattern seen in satellite imagery (see Fig. 4 in Stevens
et al., 2019). For the downstream trades, it has been diffi-
cult to link the mean inversion strength to cloud cover in
observations, and correlations of inversion cloudiness with
large-scale factors like subsidence or wind speed are also
generally weak on time-scales shorter than a month (Brueck
et al.,2015; Nuijens et al., 2015b). This raises the question as
to the cloud-controlling factors, including the deepening and
organization of shallow convection, and moisture—radiation
interactions, in determining inversion strength and stratiform
cloudiness in the downstream trades.

Observational studies indicate that stratiform layers tend
to become thinner as clouds get deeper (Lamer et al., 2015;
O et al., 2018). O et al. (2018) attribute this to increased
precipitation scavenging with increasing cloud depth, which
strongly reduces the cloud droplet number concentration in
the detrained stratiform layers. Wyant et al. (1997) showed
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that when convection deepens and penetrates the inversion,
the upper cloud layer dries due to enhanced penetrative
entrainment, and stratiform layers go away.

In a previous modelling study we showed that the spon-
taneous organization of shallow convection into deeper and
larger precipitating clusters in large-domain LES leads to a
shallower, warmer and drier domain-average trade-wind layer
compared to a simulation on a 16-fold smaller domain with-
out organization (Vogel et al., 2016). The organization of
convection strongly enhances the moisture variance in the
cloud layer, as convecting regions become moister compared
to small-domain simulations without organization, even if the
domain-averaged humidity reduces through disproportionate
drying of the clear-sky regions (Seifert and Heus, 2013; Vogel
et al., 2016). Because updraughts carry more moisture to
the inversion, stratiform cloud layers may form more readily
when shallow convection is organized.

The interaction of radiation with water vapour and cloud
droplets is another important factor influencing stratiform
cloudiness near cumulus tops (Stevens et al., 2001; Lock,
2009). Strong long-wave cooling at cloud tops under strong
inversions constitutes a positive radiative feedback, increas-
ing stratiform cloud amount in the LES intercomparison of the
Atlantic Tradewind Experiment case (ATEX: Stevens et al.,
2001). Interactive radiation is also important for the evolution
of the trade-wind layer and for cloud depth, as it destabilizes
the cloud layer and leads to more active convection in LES
(Seifert et al., 2015).

Motivated by these past studies and insights, this article
addresses the following questions: How do the deepening and
organization of shallow convection, under somewhat different
large-scale forcings and for different domain sizes, influence
the inversion structure and stratiform cloudiness? And what
is the role of moisture-radiation interactions therein? We per-
form LES with a model domain of 51.2x51.2x 10 km?,
which was shown to be large enough to support the mesoscale
organization of shallow convection and the emergence of
deeper congestus clouds (e.g. Seifert and Heus, 2013; Vogel
et al., 2016). Note that we do not quantify the degree of
mesoscale organization here, but simply examine whether
clouds are clustered in visual snapshots, and whether the
moisture variance is large. The trade-wind layer in the down-
stream trades extends to a depth of 1.5 to 3 km and is usually
capped by a sharp decrease in humidity, sometimes called a
hydrolapse. Throughout the article we use the term inversion
to refer to this feature that is evident in both temperature and
humidity.

We address the influence of the deepening of convec-
tion on the stratiform cloudiness in section 3 by varying
the initial free-tropospheric humidity profile, wind speed,
subsidence and sea-surface temperature (SST). The influ-
ence of moisture—radiation interactions is studied in section
4 by contrasting the simulations with the different initial
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free-tropospheric humidity profiles under (a) fully interactive,
(b) horizontally homogenized, and (c) prescribed uniform
radiation. The influence of mesoscale organization is studied
in section 5 by a comparison with a simulation on a 16-fold
smaller domain. Conclusions are presented in section 6.

2 | LARGE-EDDY SIMULATION
FRAMEWORK AND EXPERIMENTS

21 |

All the simulations are performed with the University of Cal-
ifornia Los Angeles (UCLA) LES (Stevens et al., 2005), in a
similar set-up as in Vogel et al. (2016). The UCLA LES solves
the Ogura—Phillips anelastic equations using fourth-order
centred differences and applies the Smagorinsky-Lilly model

LES framework

for the subgrid-scale fluxes. Prognostic equations are solved
for the three wind components and the two thermodynamic
variables total water mixing ratio g, and liquid water potential
temperature 0. Time-stepping is performed with a third-order
Runge—Kutta integration. Liquid water is diagnosed with a
saturation-adjustment scheme. Microphysical processes are
based on the two-moment warm rain scheme of Seifert
and Beheng (2001; 2006), as described in Savic-Jovcic and
Stevens (2008). A constant cloud droplet number concentra-
tion N, = 50cm™ is assumed. Ice microphysical processes
are not considered.

The large-scale thermodynamic state is based on an ide-
alized representation of the conditions in the downstream
trades, adapted from Bellon and Stevens (2012). The set-up
uses a Eulerian reference frame and prescribes homogeneous
large-scale forcings. The forcings include an exponential sub-
sidence profile

w(z) = —wo(l — e/ Hv), (1

where w(z) is the subsidence rate at height z, wy is the
prescribed base subsidence rate serving as the asymptotic
value at high altitude (default value wy = 7.5 mm-s~!), and
H,, = 1 km is the scale height. The resulting heating and
moistening tendencies due to subsidence are computed at each
time step and grid point by multiplying w(z) by the local
vertical gradient of ) and g;.

Similar to the standard configuration of Bellon and
Stevens (2012), the free-tropospheric temperature lapse rate
follows from the balance of a prescribed uniform radiative
heating tendency, Qr = —2.5 K-day~!, and the subsidence

rate w(z) as
6 _ Ox
dz  w(z)

2

The surface fluxes are modelled using bulk aerodynamic
formulae, with fixed SSTs and a slip/no-penetration condi-
tion. A constant geostrophic zonal wind u, is imposed, with

a default value of 10 m-s~!. No horizontal advective cooling
and drying tendencies are applied.

Except for the sensitivity experiments testing the influ-
ence of the radiation treatment (see section 2.2 for details), the
radiative heating tendency is computed interactively. Monte
Carlo Spectral Integration (Pincus and Stevens, 2009) is used
to compute the radiative fluxes based on the broadband radi-
ation code of Fu and Liou (1992), similar to the implemen-
tation of Seifert et al. (2015). The radiative tendencies are
computed for every column independently, depending on the
specific profile of water vapour, temperature and liquid water.
The profiles are blended to typical tropical profiles from the
domain top at 10 km to the top of the atmosphere. A fixed
solar zenith angle of 15° is used for the short-wave compo-
nent. A prescribed uniform radiative cooling of 2.5 K-day~!
is used during the first simulation hour so as to avoid drift in
the simulations during their spin-up.

A grid spacing of 50m in the horizontal and 10 m
in the vertical is used, with the vertical grid uniformly
stretched by a factor of 1.02. The simulations are performed
on a 51.2%51.2x 10 km? domain (1,024 x 1,024 x 155 grid
points), with doubly-periodic lateral boundary conditions.

2.2 | Numerical experiments

Table 1 provides an overview of the different simulations per-
formed. We use two different initial free-tropospheric humid-
ity profiles, a moist profile (denoted WET) and a dry profile
(denoted DRY), with the latter being on average 1-1.5 g-kg™!
drier. Both profiles have the same boundary-layer humid-
ity, but use a different scale height for the exponential
free-tropospheric profile

Gur(z) = qoe™/ s, A3)

where g9 = 4 gkg™!, H, = 5 km for the WET profile and
H, = 2 km for the DRY profile. The WET and DRY sim-
ulations serve as a baseline for the other simulations. The
simulations denoted with a “*” in the last column of Table 1
are restarted from these baseline simulations after 72 h, when
the trade-wind layer is well developed (not shown).

We perform four simulations that address the influence
of large-scale forcing factors other than the free-tropospheric
humidity. The influence of wind speed is explored by increas-
ing the zonal geostrophic wind u, from 10 to 15m-s~! in the
WET.ul5 and DRY.ul5 cases. The influence of large-scale
subsidence is studied by increasing the prescribed base sub-
sidence rate wy to 8.5 mm-s~! in the DRY.8.5 case. Finally,
the influence of SST is studied by a 2 K increase in SST to
302K in the WET.2K case.

To study the influence of radiation on the stratiform
cloudiness, three additional simulations are performed. The
WET.unirad and DRY.unirad simulations use a prescribed
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TABLE 1 Specifications used for the different experiments

qy prof. Ug @
Case name -1 [m-s~1] [mm-s1]
WET WET 10 7.5
DRY DRY 10 7.5
WET.ul5 WET 15 7.5
DRY.ul5 DRY 15 7.5
Dry.w8.5 DRY 10 8.5
WET.2K WET 10 7.5
DRY.unirad DRY 10 7.5
WET.unirad WET 10 7.5
WET. homrad WET 10 7.5
WET.small WET 10 7.5

Quarterly Journal of the
Royal Meteorological Society

ERMets

Analysis
SST Radiation Domain interval
K] = [km?] [day]
300 Interactive 51.2x51.2 3.5-55
300 Interactive 51.2%x51.2 3-5
300 Interactive 51.2x51.2 4-6%*
300 Interactive 51.2%51.2 4-6*
300 Interactive 51.2x51.2 4-6%*
302 Interactive 51.2x51.2 5.5-7.5%
300 Uniform 51.2%x51.2 2.5-4
300 Uniform 51.2%51.2 2.5-4.5
300 Homogenized 51.2x51.2 3.5-5.5%
300 Interactive 12.8x12.8 3.5-5.5

Free-tropospheric humidity profile, geostrophic wind component u, base subsidence rate , SST, radiation treatment, domain size, and analysis interval of
statistics. “*” refers to simulations that have been perturbed after 3 days from the baseline simulation with the same initial humidity profile.

uniform radiative heating tendency of —2.5 K-day~!. For the
WET. homrad simulation, both the long-wave and short-wave
radiative heating tendencies are homogenized horizontally at
each time step and height level, such that local interactions
between convection and radiation are inhibited. The sensitiv-
ity to the organization of shallow convection is tested in the
WET. small simulation, which uses a 16-fold smaller horizon-
tal domain size (12.8 x 12.8 km?) that does not support the
emergence of larger clusters (see Vogel et al., 2016).

We perform all the simulations for several days and anal-
yse the simulations in a quasi-stationary state (see the last
column of Table 1 for the analysis interval used).

3 | RESPONSE OF INVERSION
STRENGTH AND STRATIFORM
CLOUDINESS TO THE DEEPENING
OF CONVECTION

In this section, we examine how the deepening of shallow con-
vection in response to varying large-scale forcings influences
the inversion strength and the formation of stratiform layers.
All simulations presented in Figure 1 and Table 2 use interac-
tive radiation and are performed on the large 51.2 x 51.2 km?
domain that supports mesoscale organization.

Figure la shows that the WET case with the moist ini-
tial free troposphere has a shallow and strong trade inversion
(defined respectively as the height and magnitude of maxi-
mum stability). The cloud profile of the WET case shows a
pronounced secondary cloud fraction maximum, which peaks
at the base of this inversion and corresponds to the stratiform
cloud layers. Figure 1 also displays profiles of other simula-
tions with different free-tropospheric humidity, wind speed,
subsidence and SST. Across these different simulations, the
deepening of the cloud layer goes along with a weakening of

(a) (b)
0 w7t WET
J i — DRY
\ — — DRY.u15
< < A WET.u15
i i -—- DRY.08.5
= WET.2K
£ o / N, ™ -
U 2 1
g=)
© N =
< | ) |
S v - NN
i i F____?:‘_,\_i—'ﬁ'
o e m;{" o -
I T T T T T T ! r~r1rr1rr-1r-1rr rvrTi
-5 0 5 10 00 10 20 30
d0,/dz [K km™] CF [%]

FIGURE 1 Domain-averaged profiles of (a) stability and (b)
cloud fraction for the WET, the DRY, the DRY.ul5, the WET.ul5, the
DRY.®8.5, and the WET.2K simulations

the inversion and a decrease in stratiform cloudiness (see also
Table 2). In contrast, cloudiness near the base of the cumulus
layer at ~700 m is largely insensitive to the forcing changes
and the convective deepening (Nuijens ef al., 2014; 2015a;
Vogel et al., 2016).

The rate at which the cloud layer deepens is influenced
by a number of factors. For example, prescribing a drier ini-
tial free troposphere in the DRY case deepens the cloud layer
by 46% compared to the WET case, an effect we attribute
to enhanced radiative cooling (due to the more transparent
free troposphere) and to enhanced surface evaporation (due to
stronger entrainment drying across the trade inversion); while
increasing the SST by 2 K in the WET.2K case deepens the
cloud layer by 24% compared to the WET case by increasing
the surface fluxes and warming the cloud layer. Neverthe-
less, how the deepening of the cloud layer is induced does not
seem to matter much for the inversion strength and stratiform
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TABLE 2 Averages of the surface latent-heat flux (LHF), surface sensible-heat flux (SHF), surface buoyancy flux (SBF), surface precipitation
rate (Rgyf), inversion height and inversion strength (z;,, and A#, i,,, defined respectively as the height and magnitude of maximum stability),
maximum cloud-top height (CTH,,,y), cloud cover (CC), the maxima of cloud fraction at cloud-base (CFy,.), the inversion cloud fraction (CFyyy,
defined as the cloud fraction maximum within 400 m below z;,,), liquid water path (LWP) and albedo (a, computed following Zhang et al. (2005)
using @ = 7/(6.8 + 7), with an optical depth estimate of 7 = 0.19 LWP6 Ni/ 3), for the simulations with different large-scale forcings

LHF SHF SBF Rsurf Ziny on, inv CTI‘Imax CC CFbase CFinv LwWP a
Casename [W-m2] [Wm2] [ecm?s3] [Wm2] [m] [K-km™'] [m] [%] [gm™2] [%] [%] [%]
WET 205 1.2 4.79 11.1 1963 134 2,408 112 34 2.4 8.53 5.81
DRY 238 23 5.84 26.1 2,866 6.4 3,818 9.3 32 0.9 9.95 5.18
WET.ul5 231 -3.1 4.09 21.3 2040 11.8 2,499 114 3.0 2.3 10.13  6.29
DRY.ul5 258 -3.1 4.70 33.8 3,013 64 3,711 9.9 3.0 0.9 10.14  5.58
Dry.w8.5 237 2.1 5.74 19.5 2,720 9.0 3,191 9.1 32 0.9 8.22 4.93
WET.2K 238 1.0 5.43 17.8 2,439 95 2,991 9.9 34 1.2 8.72 5.33
cloudiness. What seems to matter most is the amount of (@) CF [%] | WET
deepening that a forcing change induces. ] @inrate 0 o 7
. . C i 2o 1
With the deepening of the cloud layer, precipitation < . CTHumax & :-;.' ! 8
increases (see Table 2). The increased precipitation reduces T o o “\ i 6.5
. . oé i 5
evaporation at cloud tops and thus local evaporative cool- = 4
ing that otherwise helps strengthen the inversion. Also, the S « 4 3
. . . . D 2
convective moisture source Q, (Yanai et al., 1973) indicates 2 1
a broader distribution of detrainment levels when convec- - 0.1
. .o . 0
tion is deeper (not shown). Further, the smoother humidity 5
. . . - f | T [ T [ T I T ]
strl%cture and the absen(.:e .of strat1f0rm cloud dl'StI’Ibu'tCS the 05 10 15 2.0 25
region of enhanced radiative cooling near the inversion (as
discussed in the next section). These are reasons why the (b) Qr[Kd™' I WET
deepening of convection is related to the weakening of the 1 , :
inversion. -~ 8 § -15
The simulation with most stratiform cloud and the simu- T | "2 s
. . . . . ™ 2.
lation with least stratiform cloud in Figure 1 are the WET and X, | 3
the DRY case, which only differ in the initial free-tropospheric -g o 4
humidity profile. They are discussed in more detail in the next I i -5
section, which focuses on moisture—radiation interactions. —_ -6
i -8
o - T T T T T T T T T 1
4 | THE ROLE OF 05 10 15 20 25
MOISTURE-RADIATION time [d]
INTERACTIONS
FIGURE 2 Temporal evolution of domain-averaged profiles of
. (a) cloud fraction and (b) radiative heating tendency Qp for the WET
4.1 | Influence of the free-tropospheric

humidity profile

Figure 2 shows time series of the cloud fraction and radia-
tive cooling profiles for the first 2.75 days of the WET case.
The cloud layer progressively deepens during the first day.
After about 20h, intermittent features of high cloud frac-
tion — the stratiform cloud layers — become apparent near
2 km. The stratiform cloud layers form when deeper conges-
tus clouds develop, whose tops reach up to 3.5-4.5 km, and
which produce substantial precipitation. The stratiform layers
are accompanied by a peak in radiative cooling.

The spatial structure of the cloud field at one of those
times is illustrated in Figure 3a—c, which display horizontal

case. The contour lines in (a) represent the precipitation amount in
intervals of 5, 12.5 and 20 mg-kg~!. Furthermore, the maximum
cloud-top height and the inversion height are indicated in (a) and (b),
respectively. Horizontal and vertical reference lines are added to
facilitate the comparison of different features

cross-sections of cloud-top height during the 2 h period
indicated by the dotted reference lines in Figure 2. At the ini-
tial stage of the stratiform cloudiness (Figure 3a), a large clus-
ter of updraughts with turrets reaching up to 4 km is apparent.
The 100-300 m thin stratiform layer forms in the vicinity of
the large cloud cluster. While the deep updraughts have disap-
peared 40 min later (Figure 3b), the stratiform layer expands
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FIGURE 3 (a—) Horizontal cross-sections of cloud-top height for the WET case at three times separated by 40 and 80 min, respectively.

Profiles of (d) radiative heating tendency averaged over the 2 h interval shown in the cross-sections, and (e) humidity and (f) temperature at

t = 1.42 days and ¢ = 1.5 days, respectively. The profiles are conditioned on the area with stratiform cloud at ¢ = 1.5 days as outlined in the

cross-sections, and the rest of the domain

and spreads over the cold pool initiated by the cluster. The
cool and dry air inside the cold pool suppresses surface-forced
convection after about an hour (not shown). The lack of fur-
ther moisture transport to the stratiform layer eventually leads
to its dissipation after about 2 h. The simulated cloud struc-
ture is reminiscent of the cloud flowers pattern seen in satellite
imagery (see Fig. 4 in Stevens et al., 2019), but on a two to
fivefold smaller scale.

Figure 3d contrasts the radiative heating tendencies in the
region where the stratiform cloudiness occurs (indicated by
the solid outline in the cross-sections, see the caption for
details), and in the rest of the domain. The profiles demon-
strate that very strong radiative cooling takes place near the
inversion in the stratiform region, whereas radiative cooling
in the lower cloud layer and sub-cloud layer is less than in the
rest of the domain. Together with the strong evaporative cool-
ing (not shown), this leads to a strengthening of the inversion
jumps in temperature and humidity near 2 km in the stratiform
region (Figure 3e,f).

In summary, the transport of moisture to the inversion
by the large updraught cluster initiates the stratiform cloud

layer, and the associated radiative and evaporative cool-
ing locally strengthen the inversion. A stronger inversion
prevents subsequent clusters from penetrating the inver-
sion and maintains conditions favourable for stratiform
cloudiness.

The importance of a strong inversion for the development
of stratiform layers is evident for the DRY case. While strat-
iform layers form during the second day of the DRY case
(Figure 4a), the progressive deepening of the cloud layer
weakens the inversion and inhibits stratiform cloudiness after
the second day. The drier free troposphere in the DRY case
enhances radiative cooling in the cloud layer and the free tro-
posphere compared to the WET case from the very beginning
of the simulation (compare Figures 2b and 4b). The greater
destabilization in the DRY case allows the deepest cumuli to
penetrate more deeply. Deeper convection implies mixing of
drier air to the surface, which enhances surface evaporation
(see Table 3), and deepens convection further. Apparently, the
lateral entrainment of drier air is not strong enough to coun-
teract these effects (e.g. Bretherton et al., 2004; Grabowski
and Moncrieff, 2004).
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(a) CF [%] | DRY heating surplus (Figure 5c), which helps stabilize the inver-
T oo S SRR sion in the WET case.
] ’,"“”,' YO : ‘ : i ;1 To test whether local radiation interactions are necessary
T o gt v | 6.5 for stratiform cloudiness to form, we horizontally homogenize
= i i i the radiative cooling tendency at every time step and height
% a ; 3 level in the WET.homrad case, to retain only the interaction
I 158 f of radiation with the domain-averaged humidity, temperature
A b 0.1 and cloud profile. Figure 5a shows that the WET. homrad case
i 0 has even more stratiform cloudiness compared to the WET
e 0'5 ' 1'0 ' 1!5 ' 2'0 ' 2'5 case with fully interactive radiation. Also, a simulation that
prescribes the near-equilibrium radiative cooling profile of
(b) Qr [Kd~'] I DRY 21‘1/2 7‘iVET case develops stratiform layers cc?mparable to the
. case (not shown). Apparently, the cooling does not nec-
< -1.5 essarily need to be as strong and localized as in Figure 3d
—_ i -2 to form stratiform cloudiness. That homogenizing radiation
g _2'5 can lead to even more stratiform cloudiness is somewhat
% :4 surprising, but may be explained by the fact that the broad
o -5 clear-sky areas surrounding the stratiform layers will cool
-6 more when radiation is homogenized, which can facilitate
1 -8 cloud formation there.

o — T T T T T T T T T 1
0.5 1.0 1.5 2.0 2.5
time [d]

FIGURE 4 Same as Figure 2, but for the DRY case

42 |

The strong influence of moisture-radiation interactions on
stratiform cloudiness becomes apparent when comparing the
interactive radiation simulations (WET and DRY) to simula-
tions performed with a uniform prescribed radiative cooling
of —2.5 K-day~! (WET.unirad and DRY.unirad). The profiles
in Figure 5 show that with uniform radiation, the two sim-
ulations develop cloud tops and a cloud fraction profile that
are more similar. Compared to the radiative heating profile of
the interactive radiation cases, the cloud layer in the uniform
radiation cases experiences less radiative cooling and the free
troposphere experiences more radiative cooling (Figure 5b).
More destabilization leads to deeper clouds in the uniform
radiation cases (see Table 3). With deeper clouds and in the
absence of a gradient in radiative cooling across the inver-
sion, the WET.unirad case has a much weaker inversion than
the WET case, and no stratiform layers develop. Note that the
interactive radiation simulations develop a free-tropospheric

Radiation specification

In summary, the results presented in this section show that
large updraught clusters detraining under a strong inversion
promote stratiform cloudiness and stabilize the inversion. The
interaction of radiation with the (domain-averaged) humidity
and cloud profile is crucial for developing a strong inversion
and forming stratiform cloudiness.

5 | SENSITIVITY TO DOMAIN SIZE
The simulations discussed in the previous sections were all
performed on a 51.2 x 51.2 km? domain that is large enough
to support the mesoscale organization of shallow convection
into larger and deeper cloud clusters (Seifert and Heus, 2013;
Vogel et al., 2016). To study the influence of the organization
on the stratiform cloudiness, we perform a simulation with the
same set-up as the WET case, but on a 16-fold smaller domain
(12.8 % 12.8 km?, WET.small).

The sequence of cloud-top height cross-sections in
Figure 6 shows that the cloud field in the WET.small case is
less clustered compared to the WET case (see Figure 3a—c).
The WET.small case also has a much smaller moisture vari-
ance in the cloud layer (Figure 7a). The absence of mesoscale
organization in the WET.small case has a strong influence on

TABLE 3 As Table 2, but for the simulations with different radiation and domain size specifications

LHF SHF SBF Rourt Zny  AOyiny CTH,.,x CC CFp CF;, LWP a
Case name [W-m=2] [Wm32] [ecm?s3] [Wm2] [m] [K-km™'] [m] [%] [%] [%] [em~2] [%]
DRY.unirad 264 2.7 6.60 29.8 2,165 5.5 5,850 9.1 34 1 10.23 4.9
WET.unirad 227 1.8 5.51 22.3 1,896 6.1 5,279 9.3 3.2 1.3 8.83 5.0
WET.homrad 202 1.5 4.79 13.4 1,959 12.7 2,381 124 33 3.7 8.93 6.4
WET.small 224 -1.8 4.32 1.2 2,431 17.5 2,627 122 34 2.2 11.08 6.4
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FIGURE 5 Domain-averaged profiles of (a) cloud fraction, (b) radiative heating tendency, and (c) liquid water potential temperature, for the
WET, the WET.unirad, the WET. homrad, the DRY, and the DRY.unirad simulations
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FIGURE 6 Horizontal cross-sections of cloud-top height (km) for the WET.small case at eight consecutive times starting after 4.9 days of the

simulation. The snapshots are separated by 20 min (compared to 40 and 80 min separation in Figure 3 for the WET case)

the trade-wind layer structure (see also Vogel et al., 2016).
Figure 7c shows that the stability in the cloud layer is weaker
and the inversion stronger in the WET.small case compared to
the WET case. Also, the relative humidity in the cloud layer
is enhanced in the WET.small case (Figure 7d). The stronger
inversion is associated with a less rapidly deepening and less
precipitating cloud field in the WET.small case in contrast
to the WET case (not shown). Because precipitation even-
tually limits the deepening of the cloud layer (Stevens and
Seifert, 2008; Bretherton ez al., 2013; Vogel et al., 2016), the
WET.small case ends up having a deeper cloud layer than the
WET case (Figure 7c¢).

Surprisingly, the near-equilibrium cloud fraction profiles
in Figure 7b show that both simulations produce the same
amount of stratiform cloudiness. The cross-sections indicate

that stratiform layers in the WET.small case form from
detrainment of more isolated cumulus clouds rather than from
large clusters as in the WET case (compare Figures 3a—c and
6). The 25% larger inversion strength and the 10% absolute
increase in relative humidity in the WET. small case hence sup-
port stratiform cloudiness also in the absence of organized
cloud clusters.

To investigate whether the two simulations have a different
updraught structure, Figure 7f~h show cloud and cloud-core
conditioned profiles of humidity, liquid water and verti-
cal velocity. Core-conditioned averages refer to cloudy grid
points with positive buoyancy compared to the slab-average
(see dashed lines in Figure 7b for the core fractions). As
expected from the smaller moisture variance, cloud and core
regions in the small-domain WET.small case are drier than in
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FIGURE 7 Domain-averaged profiles of (a) moisture variance, (b) cloud and core fraction, (c) virtual potential temperature, (d) relative

humidity, (e) precipitation flux, and conditional cloud and core averages of (f) total humidity, (g) liquid water and (h) vertical velocity, for the WET

and the WET.small case. Reference lines indicating the height of the inversion cloud maximum are added in (f-h)

the large-domain WET case. The cloud and core liquid water
content in the WET.small case also increases less strongly
with height, indicative of enhanced lateral entrainment drying
compared to the WET case. However, the updraughts in the
WET.small case are slightly more buoyant, and hence stronger
than in the WET case, which is caused by the environment
being colder on the small domain (Figure 7c). The interpre-
tation of the conditional profiles well-above the inversion is
difficult because of the small cloud and core fractions there.

Overall, the positive effects on stratiform cloudiness from
the increase in inversion strength and updraught buoyancy in
the absence of mesoscale organization seem to be compen-
sated by the negative effects on the moisture and liquid-water
content of updraughts, resulting in equal amounts of strati-
form cloudiness for the two cases.

6 | SUMMARY AND CONCLUSIONS
We use large-eddy simulation (LES) to study the influence
of the deepening and organization of shallow convection
on stratiform cloudiness in the downstream trades. By per-
forming LES with different large-scale forcings, radiation
specifications and domain sizes, we isolate the influence of

convective deepening, moisture—radiation interactions, and
mesoscale organization on the stratiform cloudiness.

Figure 8 summarizes the main relationships between the
inversion strength, cloudiness and the depth of convection
found across the simulations. The inversion strength corre-
lates with total cloud cover (Figure 8a), because cloud cover
variations are mainly due to variations in cloud fraction near
the inversion (Figure 8b), whereas variations near cloud base
are less important (see Figure 1a or e.g. Nuijens et al., 2014).
The deepening of the cloud layer and the associated increase
in precipitation are correlated with a reduction in inversion
strength (Figure 8c,d). The simulations suggest that the details
of how a specific change in the large-scale forcings deepens
the cloud layer do not seem to matter much for the inversion
strength and cloudiness. What matters most is the amount of
deepening induced.

The three simulations departing from the linear rela-
tionship between inversion height and inversion strength in
Figure 8c are the simulations using uniform prescribed radi-
ation and the simulation on the small domain. The main
conclusions of these sensitivity experiments with modified

model set-ups are:
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FIGURE 9 Schematic illustration of the main relationships between inversion strength, cloudiness and the depth of convection. Shown are
also profiles of cloud fraction, stability and radiative heating tendency for the WET and the DRY simulations. & refers to the sub-cloud layer top

1 Interactive radiation is important to form strong inversions strength related to increased precipitation) on stratiform
and stratiform cloudiness. Stronger radiative cooling from cloudiness.
a larger moisture gradient across the inversion promotes
larger cloudiness there, and vice versa, larger cloudiness The schematic in Figure 9 illustrates the main findings by
there promotes stronger radiative cooling: a positive feed-  distinguishing two regimes, a suppressed regime with strat-
back (see also Stevens et al., 2001; Lock, 2009). iform cloudiness and a deeper convective regime without

2 Interactive radiation increases the sensitivity to the stratiform cloudiness. (I) In a more suppressed regime with
free-tropospheric humidity profile. Stronger radiative a relatively shallow trade-wind layer (as represented by the
cooling in simulations with a drier free troposphere deep- WET simulation), organized cloud clusters transport a lot of
ens convection, increases precipitation, and reduces strat- moisture to the stable inversion and induce stratiform cloudi-
iform cloudiness compared to simulations with a moister =~ ness, while strong radiative cooling maintains cloudiness
free troposphere. and stabilizes the inversion. The occurrence of this regime

3 The mesoscale organization of shallow convection in  may be related to the inversion forming below the height
large-domain simulations has compensating positive at which convection precipitates substantially, favouring its
effects (enhanced moisture transport related to a larger =~ maintenance. (II) In a deeper convective regime that is more
moisture variance) and negative effects (reduced inversion strongly forced (represented here by the DRY simulation), the
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cloud layer is deeper, precipitation enhanced, and the inver-
sion weaker. The deeper cloud clusters penetrate the inversion
and either precipitate the moisture out or detrain it in the free
troposphere, further weakening the inversion and inhibiting
stratiform cloudiness.

The strong sensitivity of stratiform cloudiness to inversion
height and strength suggested by the LES may help explain
differences in the observed cloud profile between the winter
and summer trades at Barbados. In winter, stratiform layers
co-occur with slightly deeper trade cumuli (Nuijens et al.,
2014; Lamer et al., 2015). But in summer, when the intertrop-
ical convergence zone is close and deep convection is more
frequent, less stratiform cloudiness and weaker inversions are
observed (Nuijens ef al., 2015b). The mean winter and sum-
mer trades are thus reminiscent of the suppressed and the
deeper convective regime of Figure 9. In nature, there are
also other factors influencing the inversion strength and strat-
iform cloudiness that are not considered in our LES, like the
diurnal cycle of trade cumuli (Vial et al., 2019). It is thus
important to address the relationships found in the present
study with observations, and with LES using more realis-
tic forcings and boundary conditions, like the ICON-LEM
(Large-Eddy Model configuration of the ICOsahedral Non-
hydrostatic model) simulations over the tropical Atlantic of
Klocke et al. (2017). Furthermore, the extent to which our
findings are sensitive to the representation of microphysical
processes merits further study (Stevens and Seifert, 2008; O
et al., 2018; Wood et al., 2018).

Overall, the simulations show that the controls on the
inversion strength in the downstream trades can be subtle,
and the resulting response of stratiform cloudiness diffi-
cult to anticipate. Nevertheless, the simulations suggest a
strong influence of the development of convection itself,
particularly associated with the onset of precipitation and
moisture-radiation interactions. This has important conse-
quences for total cloud cover in this regime critical for climate
sensitivity.
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