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Abstract. Cloud droplet sedimentation is known to influence the evolution of the stratocumulus-topped bound-
ary layer by reducing entrainment. Although this mechanism is well studied regarding the early evolution of
stratocumuli, its sustained effects over longer time scales remain largely unexplored. Here, we use large-eddy
simulations to investigate how sedimentation influences stratocumulus development in the context of the stra-
tocumulus to cumulus transition. We conduct 48h long simulations of 10 transects in the Northeast Pacific,
covering the full deepening stage before cloud breakup. All sedimentation cases show the previously reported
initial reduction in entrainment, whereas the later stages reveal different effects depending on the cloud’s lig-
uid water path (LWP). While the more frequent precipitating, high-LWP (LWP > 50 gm™2) cases continue to
exhibit weaker entrainment, the non-precipitating, low-LWP (LWP < 50 gm™2) cases reverse the initial effect
and show stronger entrainment. In those radiatively unsaturated low-LWP clouds, the increase in LWP due to
the initial entrainment reduction initiates a feedback chain that amplifies LWP, longwave cooling, and turbulent
circulations in the boundary layer, ultimately leading to increased entrainment. Initial studies showed that droplet
sedimentation reduces entrainment in short (< 6 h) simulations of low-LWP clouds, which has been extrapolated
in the literature to all stratocumuli on much longer time scales. Our results suggest that this extrapolation is
indeed correct in common high-LWP clouds, although it had previously been inferred from the rare low-LWP
regime, where the opposite is found. Meanwhile, we find that cloud breakup remains largely unaffected across
the transition.

rection of the free ocean (Klein and Hartmann, 1993; Sandu

Stratocumulus clouds are an important contributor to Earth’s
cooling, as they reflect a high amount of incoming shortwave
radiation and have only little effect on outgoing longwave
radiation (Wood, 2012). The marine type occurs frequently
over the midlatitude oceans as well as the eastern basins
of subtropical oceans (Klein and Hartmann, 1993; Wood,
2012). Subtropical stratocumulus clouds often organise in
vast semi-permanent decks near the coasts, which gradually
break up as they are advected over warmer waters in the di-

et al., 2010). This phenomenon is known as the stratocumu-
lus to cumulus transition (SCT). The SCT has been studied
extensively in the past decades using observations (e.g. Zhou
et al., 2015; Eastman and Wood, 2016; Wood et al., 2018;
Bretherton et al., 2019; Mohrmann et al., 2019; Sarkar et al.,
2019; Christensen et al., 2020) as well as numerical simula-
tions (e.g. Krueger et al., 1995; Bretherton and Wyant, 1997;
Wyant et al., 1997; Sandu et al., 2010; Sandu and Stevens,
2011; van der Dussen et al., 2013; de Roode et al., 2016; Ya-
maguchi et al., 2017; Blossey et al., 2021; Erfani et al., 2022;
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Kurowski et al., 2025). The main dynamical driver is the ris-
ing sea surface temperature (SST) that promotes decoupling
of the stratocumulus deck from the surface. Cumulus clouds
start to form in a mixed layer below cloud-base and subse-
quently penetrate into the above-lying deck. Increased en-
trainment together with overshooting cumuli eventually leads
to the dissipation of the stratocumulus deck and its replace-
ment by shallow cumuli (Bretherton and Wyant, 1997; Wyant
et al., 1997). It has further been demonstrated recently that
the diurnal cycle is profoundly impacting the SCT, as the
coupling of the boundary layer to the moisture supply differs
between day-time and night-time conditions. While the stra-
tocumulus deck is mostly coupled to the moisture supply at
night, either directly or through the mixed layer cumuli, so-
lar insolation drives decoupling throughout the day (van der
Dussen et al., 2013; Kurowski et al., 2025).

While the dynamical mechanism is widely accepted, it has
been shown in recent years that the SCT is also influenced
by microphysically induced processes like precipitation. Nu-
merical studies utilising large-eddy simulations (LES) are
largely in agreement that precipitation can have an accelerat-
ing impact on the SCT (Sandu and Stevens, 2011; Yamaguchi
et al., 2017; Blossey et al., 2021; Erfani et al., 2022). In Ya-
maguchi et al. (2017), the authors even found a precipitation-
driven transition through drizzle formation in the sub-cloud
layer cumuli, that cleanses the stratocumuli from aerosols
in a positive feedback loop. In contrast, most observational
studies remain inconclusive about the effect of precipitation
due to the challenge of disentangling individual mechanisms
(Zhou et al., 2015; Eastman and Wood, 2016; Mohrmann
et al., 2019; Sarkar et al., 2019).

One mechanism impacting two key drivers of the SCT,
precipitation and cloud-top entrainment (hereafter entrain-
ment), is cloud droplet sedimentation. This process has been
neglected until Ackerman et al. (2004) reported on the reduc-
tion of the entrainment velocity in stratocumulus clouds in
LES, when including droplet sedimentation. This was con-
firmed and further quantified by Bretherton et al. (2007),
Wyant et al. (2007), Ackerman et al. (2009), and Hill et al.
(2009). The main reason is that the removal of cloud droplets
from the entrainment zone reduces the evaporation rate,
which in turn slows down the entrainment rate. More re-
cently, the analysis was extended using direct numerical sim-
ulations (DNS) by de Lozar and Mellado (2017), Schulz
and Mellado (2019), and Pistor and Mellado (2025). The
study of de Lozar and Mellado (2017) revealed that addi-
tionally to the reduction of evaporation, a positive buoyancy
flux is introduced through the sedimenting droplets, further
reducing entrainment. Moreover, cloud droplet sedimenta-
tion acts on precipitation development, as shown by Wyant
et al. (2007), Savic-Jovcic and Stevens (2008), and Acker-
man et al. (2009). They found that precipitation rates are re-
inforced at cloud-base as well as the surface in the presence
of cloud droplet sedimentation, leading to an overall coun-
teracting effect regarding the stratocumulus to cumulus tran-
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sition: While droplet sedimentation reduces entrainment, im-
peding the SCT, it also enhances precipitation, that can cause
an acceleration of the SCT.

Although there have been individual investigations with
regards to both effects, to our knowledge, none of the previ-
ous studies considered the impact of cloud droplet sedimen-
tation on stratocumulus in the context of the SCT. That is,
all of the comparable studies targeting droplet sedimentation
in subtropical stratocumuli simulate periods of at most six
hours (Ackerman et al., 2004; Bretherton et al., 2007; Wyant
et al., 2007; Ackerman et al., 2009; Hill et al., 2009; de Lozar
and Mellado, 2017; Schulz and Mellado, 2019; Pistor and
Mellado, 2025). Note that we do not include the 12 h study by
Igel (2024) here, as it focuses on the individual mechanisms
instead of the combined effect on the cloud evolution. This
implies that slower adjustments at the time scale of one day
or more have not been examined. While six hours is enough
for the initial stratocumulus evolution, it does not capture the
deepening process until the breakup.

In this study, we address this gap by conducting 48h long
LES of 10 different cases, studying the impact of cloud
droplet sedimentation on the pre-breakup stage of the SCT.
Including multiple cases into our analysis is another novelty,
as the aforementioned studies mostly focus on only one and
at most up to three different cases. Here, we cover a variety
of meteorological conditions of different seasons by select-
ing 10 transects from the Marine ARM GPCI Investigation
of Clouds (MAGIC) ship campaign. The MAGIC campaign
was executed in the Northeast Pacific from October 2012 un-
til the end of September 2013 with a specific focus on the
SCT. Hereby, the second ARM mobile facility was installed
on the container ship Horizon Spirit, which conducted mul-
tiple transects between Los Angeles (California) and Hon-
olulu (Hawaii). During these transects, comprehensive mea-
surements of atmospheric, but also oceanic conditions like
sea surface temperature were performed, that can serve as
input for numerical simulations (Zhou et al., 2015).

Based on these observations, McGibbon and Bretherton
(2017) demonstrated that modelling full MAGIC transects
using high-resolution LES is possible in a ship-following
frame of reference. Here, we employ a similar approach in
order to simulate two full days covering the pre-breakup
stage of the SCT. This paper is organised as follows: First,
we describe the model characteristics and classify the chosen
cases in Sect. 2. We then briefly evaluate two representative
simulations in Sect. 3.1, after which the impact of sedimen-
tation on the inversion height is discussed in Sect. 3.2. In
Sect. 3.3, we propose a process chain to explain the observed
behaviour and wrap up the analysis by presenting some sen-
sitivity experiments in Sect. 4. Lastly, we summarise and
contextualise our findings within the existing literature in
Sect. 5.
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2 Methodology

2.1 Simulation setup

In this study, we conduct idealised large-eddy simulations
(LES) using the Icosahedral Nonhydrostatic (ICON) model
(Zéngl et al., 2015; Dipankar et al., 2015). To enable peri-
odic boundary conditions, the simulations are run on a pla-
nar torus grid, which automatically connects the respective
boundaries. ICON uses a two-time level predictor-corrector
scheme to integrate the dynamical core every dynamical
time step, while diffusion, advection and the fast physics
parametrisations are computed on a larger basic time step dz.
Slow physics parametrisations as the ecRad radiation scheme
by Hogan and Bozzo (2018) are called on a multiple of the
basic time step. Sub-grid scale turbulence is modelled using
the Smagorinsky-Lilly scheme (Smagorinsky, 1963; Lilly,
1962; Dipankar et al., 2015). Moreover, the two-moment
bulk microphysics scheme by Seifert and Beheng (2006)
without ice physics is employed, with some additions regard-
ing droplet sedimentation as outlined in Sect. 2.2. Note that
ICON uses a saturation adjustment instead of prognostic su-
persaturation.

In our study, we run idealised simulations of 10 outbound
MAGIC transects, called “A” legs. We simulate one control
run (control) and one run with active droplet sedimentation
parametrisation (drop_sed) for each leg for 48h in an 8 km
by 8km domain with 50 m horizontal resolution. Hereby, the
drop_sed configuration is identical to the control configura-
tion, with the only difference being the activation of cloud
droplet sedimentation in the ICON microphysics directly
from the start of the simulation. The vertical grid spacing is
9m until 2.8km, after which it is stretched to the model top
at 20km, with a total of 400 vertical levels. Here, it should
be noted that the model resolution can influence the strength
of the sedimentation impact, as shown by the DNS studies of
de Lozar and Mellado (2017) and Pistor and Mellado (2025).
However, considering the consistency of the signal also in
our sensitivity experiments, we are confident that this impact
would be small and only quantitative. The first 6 h are disre-
garded as spinup with the exception of the analysis presented
in Sect. 3.3, where the spinup period is shortened to 2h.

Our setup closely follows that described in McGibbon
and Bretherton (2017), so we will here only repeat impor-
tant features or deviations. As the transect covers around
2000km, high-resolution simulations are only feasible in a
ship-following configuration, that is, the geographical loca-
tion of the small domain needs to follow the ship track.
The original ICON version lacked this feature, so it was
added manually. The simulations are initialised using the
first applicable ship-launched sounding and forced using
geostrophic winds, ship-following advective tendencies for
temperature and humidity and the large-scale vertical veloc-
ity. These forcings were adapted for ICON based on the orig-
inal ones from McGibbon and Bretherton (2017). Further-
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more, the sea surface temperature is prescribed and used to
compute the surface fluxes in a version of the Louis (1979)
parametrisation. On top of that, we employ the same re-
laxation strategy as McGibbon and Bretherton (2017). We
nudge the horizontal mean wind towards the observed sound-
ing wind every 12h, whereas we nudge humidity and tem-
perature every 30 min, but only from 3 km upwards. In addi-
tion, McGibbon and Bretherton (2017) prescribed the cloud
droplet number concentration Ny based on ship measure-
ments of cloud condensation nuclei (CCN), which is not pos-
sible in a two-moment microphysics scheme, as both mass
and number concentrations are predicted. Instead, in ICON’s
two-moment scheme, a uniform background CCN concen-
tration is prescribed below 4 km, which decays exponentially
above this threshold. We choose the pre-existing interme-
diate concentration of 250 cm™> for all legs to simplify the
analysis, but conduct a sensitivity experiment addressing this
choice in Sect. 4.3.

It should be noted, that this ship-following setup is not truly
Lagrangian. With an average speed of 10ms~!, the ship
moves faster than the mean wind speed of 6.9ms™! iden-
tified in Lagrangian SCT trajectories (Eastman and Wood,
2016). This was explored in sensitivity experiments (not
shown), which used a reduced (halved) update frequency of
the large-scale forcing mimicking a slower-moving idealised
trajectory. Our results were not qualitatively affected, and our
conclusions remain unchanged.

2.2 Cloud droplet sedimentation

The original ICON two-moment microphysics scheme does
not contain the process of sedimenting cloud droplets due to
their low sedimentation velocity of a few cms™!, compared
to other hydrometeors like rain, snow or graupel that can
reach up to 10ms~! (Pruppacher and Klett, 1997). As Seifert
and Beheng (2006) is a standard microphysics scheme, we
only present a brief overview of the necessary equations for
sedimentation and refer to the paper for details.

Hydrometeor masses x are assumed to follow the gener-
alised I"-distribution

Jx)=Ax"exp(—rx"), &)

with the hydrometeor-specific shape parameters ., v and the
coefficients

My v+l
A= H2%0 )»/J; and A =
F(V_H)
m

r(&) My ]‘“ o

T(42) Mo

The latter depend on the first two moments M,, of the distri-
bution, which can be obtained by evaluating

M, = /xmf(x)dx 3)
0
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for m = {0, 1}. Since f(x) describes the hydrometeor mass
distribution, the m = 0 integration over the whole mass spec-
trum yields the number density N of the respective hydrom-
eteor species, i.e. M( := N. Analogously, the first moment is
written as the mass density L of the respective hydrometeor
species, i.e. My := L. In a two-moment scheme, both initial
moments N and L are predicted. Sedimentation is addressed
by solving the partial differential equation

My, d
=—— (UM, 4
a1 7z (Um - M) €]

with the mean sedimentation velocity v,, of each moment
m = {N, L} and species individually. v, itself can be ob-
tained by computing the respective velocity-weighted mo-
ment

B = Mim / V(X" f(x)dx 5)
0

using the sedimentation velocity v(x) of each hydrometeor
species. Apart from rain, the latter are assumed to follow a
power-law relationship

Y
v(x) >~ ax? (@> , 6)
P

with pg=1.225kgm™3, hydrometeor-specific constants
o, B,y and a density correction ~ p~! to account for the
change in atmospheric density. For cloud droplets, o =
3.75x10°ms~'kg™#, B =2/3 and y = 0.2, where the den-
sity correction exponent y is smaller than the original y =
0.4 for the other hydrometeors due to the considerably lower
mass.

The present formulation features two key differences from
Bretherton et al. (2007). Firstly, while Seifert and Beheng
(2006) assume a generalised I"-distribution for the hydrome-
teor masses (cf. Eq. 1), Bretherton et al. (2007) assume that
cloud water follows a lognormal radius () distribution. For
the terminal fall velocity, both approaches describe it via a
Stokes velocity, but Seifert and Beheng (2006) also intro-
duce a density correction ~ p~" to account for the change
in atmospheric density with height. Secondly, in the study of
Bretherton et al. (2007), cloud droplet number concentration
is prescribed at a constant value of Ng = 140 cm ™3, that fits
to their case study. In the two-moment microphysics of the
present study, Ny is prognostic, so it varies over the course
of the transect.

Transforming the velocity-mass relation from Eq. (6) to
a velocity-radius relation using the diameter D(x) = ax”
yields the same Stokes terminal velocity as reported by
Bretherton et al. (2007):

Y
v(r) = i_‘;‘ <@) P2=cr?. )
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Inserting a = 0.124mkg™# and b = 1/3 for cloud droplets
and an air density of p=1.110kgm™> yields ¢~ 1.0 x
108 m~! s~ in the present study. Comparing this to the value
¢ =1.19 x 103 m~!s~! from Bretherton et al. (2007) reveals
a deviation of about 19 %, implying that the fall velocity in
the latter is slightly higher than in this setup.

The ICON two-moment microphysics offers two options
to calculate hydrometeor sedimentation, a semi-implicit ap-
proach and an explicit approach. Apart from the different nu-
merical implementations, which we will not discuss here, the
main physical difference between them stems from the calcu-
lation of the sedimentation flux. In the semi-implicit scheme,
the sedimentation flux is calculated by taking into account
the updated inflow from all overlying levels within the cur-
rent time step. By contrast, the explicit scheme only consid-
ers the state from the previous time step and does not account
for the inflow from above (A. Seifert, personal communica-
tion, 2024). In the present study, we opted for the explicit
approach, as the impact of including inflow from the current
time step is very limited. Even for heavy rainfall, which is not
likely to occur in marine stratocumulus, a terminal velocity
of Umax = 10ms~! (Pruppacher and Klett, 1997) would lead
to a Courant number of

Umax - df

C= ~0.56 ¥

Az

with our settings df = 0.5s and Az = 9m, implying that even
fast settling rain would not be able to reach the next grid box.

For more technical details on the numerical implementa-
tion of the explicit scheme, we refer to Blahak (2020) or Bolt
and Omanovic (2026).

2.3 WTG correction

In order to keep the simulated inversion height close to the
observed one over the course of multiple days, McGibbon
and Bretherton (2017) employed a weak temperature gradi-
ent (WTGQG) correction based on Blossey et al. (2009). In the
WTG framework, it is assumed that horizontal temperature
gradients in the free troposphere are small. Thus, temperature
perturbations can be connected directly to vertical motion in
the atmospheric column. Blossey et al. (2009) achieved this
through a damped gravity wave approach. Treating the ob-
served temperature as the reference profile, it is possible to
calculate a correction ' to the vertical velocity w in pressure
coordinates using the partial differential equation:

d (fP+a% a0\ K*R4T,
(Ly)-oa
ap am  Op P

Here, T is the deviation of the virtual temperature from the
reference profile (analogously '), Rq is the dry gas constant,
k=2.4x10"°m~! is the wavenumber of the gravity wave,
f is the Coriolis parameter and ay = 1d~! p(1000hPa)~!
is the momentum damping rate. The reference virtual tem-
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perature is computed from the large-scale forcings. Further-
more, it is assumed that ’ vanishes at the surface and the
tropopause (Blossey et al., 2009). This yields a correction
term that acts to lower (raise) the LES inversion through in-
creased (decreased) subsidence, in case it starts to drift up-
wards (downwards).

In the setup of McGibbon and Bretherton (2017), this cor-
rection was calculated during the simulations to adjust the
vertical velocity dynamically. We cannot adopt this proce-
dure in our study, since we want to compare the outcome
of control and drop_sed targeting the cloud droplet sedimen-
tation mechanism. Applying a dynamical correction would
distort the sedimentation effect, as in both cases the simula-
tions would be drawn to the reference profiles. To neverthe-
less obtain results, that qualitatively fit to the observations,
we opt for an offline WTG correction. Before performing the
main runs that are presented in this study, we conduct con-
trol runs no_wtg for each leg with the original large-scale
forcings based on McGibbon and Bretherton (2017) (called
Isf_no_wtg), but without an application of the WTG correc-
tion during the runs. We do this in a low resolution setup on
a 4km by 4km domain with around 132 m horizontal resolu-
tion. Moreover, we only use 200 vertical levels with a layer
thickness of at most 25m below 3km and stretched above.
Lastly, we strictly nudge the simulation state to the refer-
ence temperature and humidity above 3km on a time scale
of 1 min to ensure that reference and simulation are correctly
synced above the boundary layer. Note that this coarser setup
produces results that are qualitatively similar to those ob-
tained at finer resolution.

Using the no_wtg outputs, we compute the WTG correc-
tion offline for all time steps based on Eq. (9), add it to the
original vertical velocity from the large-scale forcings and
obtain new large-scale forcings Isf_wtg_I. Using the latter,
we perform first iteration control runs wtg_I, completely
identical to before, but with the adapted vertical velocity.
Clearly, this approach will not work flawlessly, as changes
from previous time steps are not taken into account this
way and thus, overcorrections can occur in the later stages.
To account for this, we repeat our procedure and compute
the offline WTG correction for the wtg_1I runs, thus obtain-
ing Isf wtg_2. Using this, we perform second iteration runs
wtg_2, compare them to wtg_1I and choose the best fit iter-
ation for the forcings (i.e. Isf_wtg_1I or Isf_ wtg_2) for each
leg based on the development of the inversion height. This
(leg-dependent) forcing configuration is fixed and serves as
input for the main runs of both control and drop_sed, respec-
tively. The individual choices for the iterations can be found
in Table 1. This approach yields a consistent outcome for all
cases, exhibiting the characteristic deepening and the sub-
cloud layer cumulus evolution, which is the main point of
interest in our study (cf. Fig. A1).
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2.4 Case classification

Before we present the results, we provide a short overview of
the individual legs, collected in Table 1. As aforementioned,
our study contains cases from all seasons including a variety
of meteorological conditions. The broad majority of transects
was executed in warmer months, where the large lower tro-
pospheric stability leads to a stable situation, in which stra-
tocumulus decks can readily form under a strong inversion
(Klein and Hartmann, 1993; Wood, 2012). The third col-
umn demonstrates that while most of the cases begin close
to the North American coast, three start further offshore than
126° W (or 800km). Note that the distance in km is the great-
circle distance from Los Angeles (LA), which was computed
based on the ship’s geographical position, and is a solid ap-
proximation of the ship’s path (Zhou et al., 2015).

In the subsequent analysis, if not stated otherwise, we fo-
cus on the stratiform stages where a domain-averaged cloud
fraction f; of at least 40 % exists. We chose this particular
threshold to eliminate periods of non-existing stratocumulus
decks as well as to cut legs that have already completed the
transition and have broken up irreversibly. On the grid-scale,
[ is binary with either 100 % or 0 %, which is determined by
a cloud water mixing ratio threshold of 10~ 3kgkg™!. Note
that the cloud water hydrometeors and the rain water hy-
drometeors in ICON are separated by a mass threshold of
x*=2.6 x 10~ '%kg. In this study, liquid water content g,
liquid water path (LWP) and the subscript c refer to cloud
water, whereas rain water path (RWP) and the subscript r re-
fer to rain water, unless stated otherwise. The final location
of the stratocumulus deck in the control runs can be found
in the fourth column of Table 1, where legs that transitioned
before the end of the simulation are highlighted in bold font.
As the f, threshold is applied for each leg individually, this
can yield small time periods where one run is still in a strati-
form stage, while the other is not. To make the analysis more
comparable, we use the more conservative outcome for both
runs, as these events occur only infrequently.

We divide all 10 cases into two categories: optically thick
(or simply thick) and optically thin (or simply thin), respec-
tively. This classification is based on the amount of liquid
water in the cloud deck and targets the blackbody behaviour
of a cloud regarding its longwave emissivity. It is well-known
that a cloud’s longwave emissivity (and thus, its integrated
radiative cooling) is approximately constant at LWP 2 30—
50 gm_2 (e.g. Stephens, 1978; Turner et al., 2007; Williams
and Igel, 2021). However, at lower values, this emissivity
increases with LWP and so does the radiative cooling that
drives stratocumulus development. In the following, LWP
denotes the in-cloud liquid water path, which is computed by
weighting the domain-averaged liquid water path by the cor-
responding area cloud fraction based on f.. As summarised
in the last two columns of Table 1, eight legs fall in the thick
category, while two belong to thin with maximum liquid wa-
ter paths well below 50gm™~2 in the first 6h. Note also, that
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rain water contributes to longwave emissivity in principle,
however, its impact is negligible during the early stages of
the thin legs (e.g. Fig. 3). For consistency, Table 1 therefore
reports LWP without RWP, as including rain water would not
affect the outcome.

3 Results

3.1 Qualitative evaluation of the deepening evolution

Before we focus on the impact of cloud droplet sedimenta-
tion, we will briefly evaluate the quality of our simulations. In
doing so, we first compare control runs of two representative
legs of each category to MAGIC ship observations regarding
inversion height and cloud-base height, and assess the overall
development of the SCT. The simulated inversion height zjpy
in this study is determined by the height of maximum gradi-
ent of liquid water potential temperature 6 in the boundary
layer. It is computed at each time step and each grid cell and
averaged over the domain afterwards. The observed inversion
height is computed using profiles of potential temperature 6
instead of 6}, as no condensate was measured in the regular
ship radiosonde launches.

Figure 1 depicts the evolution of the domain-mean f; of
the thick Leg 16A as well as the thin Leg 11A, excluding the
6h spinup window. The expected course of the SCT is nicely
visible for the thick leg in panel (a). Starting with a low-lying
thick stratocumulus deck of high f, zijyy increases contin-
uously, until cloud breakup occurs in the very end. During
this process, the stratocumulus deck decouples from the sur-
face and cumulus clouds form below the main deck, indi-
cated by a low f. below the stratiform cloud deck. This be-
haviour is consistent with the initial stages of the deepening-
warming mechanism (Bretherton and Wyant, 1997; Wyant
et al., 1997), where the rise in sea surface temperature drives
decoupling from the surface. Analogous simulation results
for the initial stages of the SCT in MAGIC transects could
be obtained by McGibbon and Bretherton (2017) and Zheng
et al. (2020). The influence of the diurnal cycle is also identi-
fiable, with episodes of continuous cloud thickening and in-
version rise during night-times in contrast to cloud thinning
and inhibited growth during day-times during solar insola-
tion. The LES inversion tracks the observed inversion quite
well, apart from a bias during day-times, where the inversion
seems to decline in the observations. Moreover, the observed
first cloud-base from the ship ceilometer (hereafter cloud-
base) follows the stratocumulus base relatively steadily in
the beginning. Afterwards, it starts oscillating between the
stratocumulus base and the underlying cumuli, depending on
whether the ship passes under a cumulus cloud or only the
stratocumulus deck. Overall, the vertical extension and loca-
tion of the cloudy layer as a whole is captured well.

In panel (b), the thin Leg 11A is depicted. It is noticeable
that the cloud deck is absent at first, forming during the first
night. The simulated transect begins more than 1000km off
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the coast, leading to an immediately (semi-) decoupled stra-
tocumulus deck with underlying cumuli. The second obvious
difference to Leg 16A is the thickness of the deck accompa-
nied by a brief day-time breakup in the middle of the transect.
Apart from that, both the deepening process and the diurnal
cycle are similar. Furthermore, the observed inversion as well
as the observed cloud-base exhibit the same features as in
panel (a). They are tracked quite well by the simulated cloud,
apart from the day-time bias of the inversion. The cloud-base
also shows brief disruption episodes, pointing at the structure
of a thinner, more broken-up stratocumulus deck. At the end
of the second night, the observed cloud-base drops abruptly
to around 200 m, which is not reproduced by the LES. In to-
tal, our simulations successfully capture the initial SCT de-
velopment regarding the deepening of the boundary layer as
well as the decoupling from the surface together with the for-
mation of underlying cumuli.

Secondly, we want to evaluate the simulations by compar-
ing them to satellite observations. Figure 2 depicts the do-
main albedo for the same two representative legs, 16A for
thick and 11A for thin. The background plot shows a mid-
day snapshot of the broadband shortwave albedo from the
Fifteenth Geostationary Operational Environmental Satellite
(GOES 15), obtained using the techniques described in Min-
nis et al. (2002, 2008, 2011) at a pixel resolution of 4km.
The image during Leg 16A in panel (a) represents a prime
example of a subtropical SCT. It is by an extensive, contigu-
ous stratocumulus deck of high albedo, that starts to break
up at around 134°W and transitions into free ocean cumuli.
In contrast, the cloud deck during Leg 11A in panel (b) is
more fragmented, has lower albedo and breaks up earlier. The
small embedded rectangle shows the LES pseudo-albedo A
of the 8 km by 8 km domain at the time of satellite snapshot,
which serves as a proxy for the real albedo. We adopt the ap-
proach outlined in Kurowski et al. (2025) based on Meador
and Weaver (1980) to include the solar zenith angle. Note
that while Fig. 2 only displays a snapshot, we will briefly ad-
dress the albedo susceptibility in the discussion, where we
excluded angles > 80° when the sun is located near the hori-
zon. A is computed as

A=1~- f)oaste + fecAc, (10)

with the ocean albedo o =0.06 and the cloudy albedo
Ac. The latter is computed using the individual albedo of a
cloudy layer ajq (Stephens, 1984):
2
Ao = agq + Ll Q0 (an
1 — asfeoed

Furthermore, we calculate the optical depth t for o1g using
the approach of Stephens (1978):

’—Z /q,(z)p(z) ’ (12)

refft(z) Pw

summing over the individual contributions of cloud and rain
water. p represents the local air density, py = 1000kgm™3
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Table 1. Summarised information about the simulated MAGIC legs: The leg numbers, the simulation starting time, the ship’s location at the
starting time, the final location of the stratocumulus period in the control run depending on whether the simulation ended before the breakup
or the cloud deck broke up midway (bold), the season of the transect, the number of WTG iterations performed, the maximum liquid water
path (LWP) of the first 6 h of the control run with a horizontal mean cloud fraction of at least 40 %, as well as the resulting optical thickness
classification. The locations are given in both longitude and distance from Los Angeles.

leg starting time  starting location  stratocumulus end  season WTG LWP  optical
(UTO) [°W] ([km]) [° W] ([km]) iteration [g m_2] thickness
04A  2012-10-20, 18:00 120.2 (227) 137.4 (1958) autumn  second 18  thin
05A  2012-11-04, 00:00 120.1 (202) 137.6 (1910) autumn  second 124 thick
07A  2012-12-01, 17:30 119.2 (125) 131.9 (1387) winter first 85  thick
11A  2013-05-13, 18:00 129.0 (1091) 146.0 (2861)  spring first 36  thin
12A 2013-06-09, 17:15 128.8 (1077) 145.8 (2839) summer second 145  thick
13A  2013-06-22, 17:45 119.7 (198) 133.2 (1482) summer second 130 thick
14A  2013-07-08, 05:30 122.1 (405) 136.9 (1902) summer second 140  thick
15A  2013-07-20, 17:30 119.7 (179) 137.2 (1932) summer second 123 thick
16A  2013-08-03, 23:30 121.6 (354) 138.2 (2043) summer first 123 thick
17A  2013-08-18, 17:45 126.3 (827) 135.4 (1749) summer first 84  thick
Leg 16A Leg 11A
distance from LA [km] distance from LA [km]
600 800 1000 1200 1400 1600 1800 2000 1400 1600 1800 2000 2200 2400 2600 2800
3000 0 107
(@) @ 2z obs.
2500 — Zinv LES 2500
— first cloud base obs.
2000 —— stratocumulus base LES 2000
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0
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Figure 1. Domain-averaged cloud fraction f; of the control runs of (a) Leg 16A and (b) Leg 11A as a function of height z over the course
of the simulation. The bottom x-axis marks the respective time of the transect, while the top x-axis marks the distance from Los Angeles.
The blue line shows the LES inversion, while the teal line shows the lowest height of fi =40 %, if it exists. The black dots symbolise the
observed inversion height based on the ship radiosonde launches (Keeler et al., 2022), whereas the black line depicts the observed first cloud-
base based on the ship ceilometer (Zhang et al., 1996). The latter was resampled to a time step of 1 min for better visibility. Grey shading
marks local night-time.

represents the density of water, reff and g denote the effec-
tive radius and the mixing ratio of the respective liquid hy-

ual cumuli exceed observed albedo ranges. Furthermore, the
simulated cloud deck during Leg 16A seems to be a little

drometeor. refr is obtained directly from the ICON output
(parametrised after Eq. (32) of Seifert and Beheng, 2006).
For the sake of brevity, we refer to Appendix A of Kurowski
et al. (2025) for the details of the computation of oq.

The magnitude of the pseudo-albedo largely matches the
satellite in both cases. Similarly, both simulation domains
capture the qualitative differences in cloud morphology be-
tween the two cases described above. The thick Leg 16A
case exhibits a broad cloud deck covering most of the LES
domain, whereas Leg 11A is far less extensive and fea-
tures more isolated cumuli, consistent with conditions in the
breakup region. In both cases peak albedos inside individ-
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more broken than observed. However, it is important to be
aware of the scales. The LES domain corresponds to only two
by two pixels in the satellite image, which thus (by design)
cannot capture any scales of mesoscale organisation. Over-
all, it is encouraging that the individual simulations exhibit
analogous differences to those shown in the satellite images.
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Figure 2. GOES 15 broadband shortwave (sw) albedo snapshot of (a) Leg 16A and (b) Leg 11A around midday of the respective day. The
dashed black line shows the full MAGIC transect starting from the Los Angeles harbour, while the solid black line shows the simulated part
(enclosed by start and end). The midpoint (now) indicates the ship’s position during the snapshot. For comparison, the LES pseudo-albedo

of this time step is depicted in the small rectangle.

3.2 The impact on the inversion height

A common measure for analysing boundary layer growth is
the entrainment velocity

dziny
YT Ty

originally introduced by Lilly (1968). The calculation in-
volves the change in zj,y and the subsidence velocity wgyp at
the inversion. In the following, we decide against the usage of
we in illustrating plots and instead discuss zjny directly. The
reason is that w, oscillates considerably due to the temporal
derivative, requiring substantial smoothing to become inter-
pretable, whereas zj,y itself is smooth. However, we continue
to use the exact w. when comparing changes with values re-
ported in the literature, in order to enable a quantitative eval-
uation. Qualitatively, variations in zijpy mirror those in we,
as deviations in the subsidence velocity at the inversion are
small between drop_sed and control for the majority of the
time, and thus

— Wsub,inv » (13)

dZinv
We, drop_sed — We, control = Awe ~ A (_ 14)

dt
holds. In the following, all differences A are computed as
drop_sed — control.

To enable a more compact analysis, we distribute the legs
in the two categories as in Table 1. While the optically thin
category only consists of two legs, the optically thick one
contains eight legs, complicating an individual assessment.
Due to their similar behaviour, we opt for a composite anal-
ysis in the latter. We use the great-circle distance to Los
Angeles for each leg, bin the data in 25km intervals and
then average over all legs in the category in order to acquire
one distance-binned dataset. Obviously, the physical inter-
pretation has changed in this setup, as this results in average
quantities of all respective transects. However, for our pur-
pose, this is the preferred outcome, since we aim to com-
pare drop_sed and control, which consist of the same tran-
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sects. Thus, in the subsequent analysis, we deal with aver-
aged quantities in the thick category, while we stick to the
two thin legs individually, as also their distance overlap is
small.

The top panels of Fig. 3 show the development of zj,y in
both categories. In panel (a), the averaged inversion of the
eight thick legs follows the expected continuous increase in
the direction of the free ocean. However, there are two sharp
drops, one in the beginning and another at around 2000 km.
Both can be explained by the number of legs contributing to
these intervals. The former originates from Leg 07A, being
the only leg this close to the coast, but having a relatively
high stratocumulus deck, while the latter comes from Leg
12A, which starts very late compared to all other thick legs
and has a strong low-lying deck (see Fig. Al). Azjyy is be-
coming more negative, apart from the very beginning and a
considerable period around 2300km, indicating reduced en-
trainment in the drop_sed runs. While the initial increase is
an artifact of the averaging procedure, when new legs are
added (cf. the distribution above panel (a)), the sharp in-
crease in the later stage is a distinct feature of Leg 12A,
which will be discussed in Sect. 4.1. The increasing negative
divergence in the core region between 550 and 1900km (in-
dicated by the blue shading) corresponds to a mean reduction
in we of around 9 %, which is in good agreement with pre-
vious studies. The non-precipitating LES studies of Brether-
ton et al. (2007) and Hill et al. (2009) yielded a reduction in
we of around 7 %, while Ackerman et al. (2009) reported a
decrease of up to 25 % in their precipitating case. de Lozar
and Mellado (2017) and Pistor and Mellado (2025) found
even stronger reductions of 20% to 50 % in their DNS, as
these simulations generally observe more pronounced effects
through their fine resolutions. It is important to acknowledge
that the present value of 9 % is an average over different tran-
sects and also includes diurnal cycle effects, while the other
LES studies consist of one specific case in nocturnal con-
ditions. Here, we observe individual periods of reduced en-
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Figure 3. Binned distance plots of the inversion height zj,, (top panels) and the surface precipitation rate P (bottom panels), separated by
category. Panels (a) and (c) represent the thick legs, whereas panels (b) and (d) represent the thin legs. The former are combined into one
curve with the leg contribution depicted above the panels in grey, whereas the latter are depicted individually using dashed (solid) lines for
Leg 04A (Leg 11A). The left y-axis corresponds to the absolute magnitude of both control (blue) and drop_sed (orange), while the right
y-axis corresponds to the difference A (green). The light blue shading indicates the core region, where at least five legs are contributing. In

all panels save for (b), a rolling mean of roughly 75km was applied.

trainment that can be as large as 20 % in precipitating cases,
consistent with Ackerman et al. (2009).

In contrast, the thin cases in panel (b) show a different
behaviour. While the development of the deepening bound-
ary layer is the same for both Leg 04A (solid) and Leg 11A
(dashed), the behaviour of control compared to drop_sed dif-
fers crucially. For Leg 04A, Azj,y is constantly increasing
after 1000km, implying that entrainment is enhanced in the
drop_sed run. In this case, this even leads to a 60m deeper
boundary layer at the end of the simulation. In this period, a
mean entrainment amplification of 10 % is observed, which
is of comparable magnitude to the previously reported reduc-
tions in LES studies. For Leg 11A, this effect is not as pro-
nounced, but still noticeable. The inversion in the drop_sed
run starts roughly 10m below the control one after the de-
layed cloud formation (cf. Fig. 1b). After a brief increase of
this deviation, the trend is a slow, but steady decrease, which
can be quantified to a mean entrainment amplification of 2 %
in the drop_sed case. As soon as Azj,y reaches Om, an abrupt
drop occurs, that can be attributed to the sudden formation of
drizzle (cf. panel (d), details in Sect. 4.2). To our knowledge,
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enhancement of entrainment in stratocumulus due to cloud
droplet sedimentation has not been reported before.

The bottom panels of Fig. 3 depict the corresponding pre-
cipitation rates in both categories. The thick cases in panel (c)
develop relatively strong precipitation throughout the major-
ity of the transects, which is comparable to the heavy drizzle
rates of Immd~! in Stevens et al. (1998) and Savic-Jovcic
and Stevens (2008). The reason for the seemingly lower val-
ues and the oscillatory behaviour is the averaging over mul-
tiple legs, leading to a mix of day-time and night-time. It is
evident that the precipitation rates are considerably increased
in the presence of droplet sedimentation, in accordance with
Ackerman et al. (2009). In contrast, the precipitation rates
of the thin cases in panel (d) are very small. Leg 04A de-
velops almost no surface precipitation at all, independent of
the type of simulation. Leg 11A also shows very limited
precipitation, apart from the final stage of the simulation,
where a sharp enhancement can be observed. This increase
is greatly reinforced in the drop_sed case, directly affecting
Ziny in panel (b). From that, we can conclude that precipita-
tion is a strong factor in the boundary layer development of
the present cases.
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3.3 The turbulence feedback mechanism

The observations from the previous section raise two main
questions. First, how can droplet sedimentation lead to en-
hanced entrainment and second, why does this predomi-
nantly occur in the thin legs. In this section we aim to dis-
entangle the primary process chain by examining the tempo-
ral evolution of the sedimentation effect in two stages: the
short-term effect in the initial hours and the long-term effect
afterwards.

Sedimentation acts to remove cloud water from the cloud-
top layer and thereby reduces evaporation. This reduction in
evaporation impedes entrainment and directly leads to an in-
crease in LWP (Bretherton et al., 2007; Wyant et al., 2007,
Ackerman et al., 2009; Pistor and Mellado, 2025). The initial
reduction in entrainment is visible in all our simulations, not
only the thick ones, but also the thin ones. To quantify this,
we computed the mean Azjyy in the hours 2 to 5 for each leg,
except Leg 11A, where we used the hours 13 to 16 due to
the delayed cloud formation. This way, we discard only the
two initial hours as spinup, after which the simulations have
mostly stabilised. For Leg 04 A, the reduction occurs mainly
in the first 4h, which is not displayed in Fig. 3 due to the
discarded spinup window of 6h. To verify that the observed
effect is not an artifact of model spinup, we conduct another
simulation for this leg. In doing so, we start with the control
settings, but activate droplet sedimentation after 15h and let
the simulation evolve until the end. We chose this particu-
lar activation time step, as the cloud deck’s properties such
as thickness or LWP, are comparable to the initial hours. A
plot for the resulting z;,, for Leg 04A can be found in the
appendix Fig. A2.

The results for all legs are summarised in Table 2 with the
sensitivity result for Leg 04A in brackets. The first two rows
present the difference of two measures for the stratocumulus
top: ziny and the mean cloud-top height z;. The latter is cal-
culated from the maximum height of the cloud water mixing
ratio > 0.01 gkg™! in each column (Ackerman et al., 2009)
and is averaged over the domain afterwards. It serves as an
additional tool to check if zj,y behaves as expected in the ini-
tial hours of the simulation. Note that Az evidently leads
to larger differences than Az, as it is directly driven by
the sedimenting droplets. Both approaches yield an overall
negative difference for all legs, apart from Leg 12A (marked
in bold), confirming the reduced entrainment in the initial
hours. For Leg 12A, only z. confirms the reduced entrain-
ment, whereas ziny disagrees. However, in this case, the ther-
modynamic inversion clearly does not fit to the top of the
cloud in the early hours of the simulation (cf. Fig. A3), which
is further indicated by its actual high sedimentation velocity.
Considering this, we conclude that also in this case, entrain-
ment is indeed reduced in the initial hours.

Regarding the sedimentation velocity, it is clear that legs with
a low initial LWP also have substantially lower sedimenta-
tion velocities due to their smaller effective radii. Comparing
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LWP control to the LWP in Table 1, it is noticeable that some
of the optically thick legs (especially Leg 05A and Leg 15A)
would be categorised as optically thin. However, this is sim-
ply an artifact of the initial cloud formation, that vanishes
shortly. The expected increase in LWP in the drop_sed runs
(i.e. positive ALWP values in the fourth row) is not observed
uniformly for all legs. Instead, a decrease is observed for the
legs 07A, 12A, 16A and 17A. However, taking into account
the change in RWP in the sixth row, this deviation can be
readily explained by the considerable amplification of rain
water in these cases. The excess is at least 2.7 gm_z, while
the other legs have a maximum excess of 1.5gm™2. The rain
water depletes the cloud by collecting droplets and removes
them through precipitation, which is enhanced in drop_sed
by the sedimenting cloud droplets (Ackerman et al., 2009).
In the other cases, this enhancement does not (yet) dominate
and thus, the reduction in entrainment yields an increase in
LWP.

So far, we have seen that the initial stages indeed yield
the expected reduction in entrainment accompanied by an in-
crease in LWP, if the simultaneous increase in RWP is not
too strong. Rain formation in general is obviously crucial,
as drizzle in stratocumulus can have a substantial effect on
boundary layer dynamics by, among other things, depleting
the cloud of liquid water or reducing turbulent kinetic energy
(TKE) (e.g., Stevens et al., 1998; Savic-Jovcic and Stevens,
2008). For now, we will restrict our analysis to the general
cases, but we will treat the impact of precipitation in a sensi-
tivity experiment in Sect. 4.2.

Next, we focus on the impact of sedimentation after the
initial period, continuing with the amount of liquid water in
the cloud. Figure 4 shows the mean relative g profile, as well
as the mean relative radiative heating rate profile, split up into
the two categories. These profiles (and all subsequent ones)
were obtained as follows: For each leg at each time step after
the 6 h of spinup, the height coordinate was normalised by the
corresponding zi,y. After that, the corresponding legs were
merged and a normalised mean profile over all time steps was
computed in both categories. Starting with the thick legs, the
decline in LWP, which was already foreshadowed in Table 2,
is also visible in the overall mean in panel (a). The stratocu-
mulus region around the maximum of the profile shows a
clear decrease, while there is a slight increase in the sub-
cloud areas in the drop_sed runs. Moreover, the maximum
also dropped considerably due to the sedimenting droplets.
In contrast, the thin legs retain and even amplify their ini-
tial liquid water increase throughout the entire cloud layer.
One reason behind that is the lack of drizzle in the thin cases,
which only only forms towards the end of the simulation in
both legs (cf. Fig. 3d), and thus, does not drain the cloud of
liquid water.

This behaviour is also reflected in the radiative heating rate
in panel (b). The peaks in both drop_sed curves have shifted
to lower relative heights. In the thick cases, the peak cooling
rate declined substantially. However, most of it was simply
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Table 2. Leg-wise mean quantities of the first 3h after cloud formation, excluding 2h of spinup. The first row shows the inversion height
Ziny> Whereas the second row shows the mean cloud-top height z¢t, with the results for the spinup experiment of Leg 04A in brackets. The
third (fifth) and fourth (sixth) row represent the liquid (rain) water path (LWP; RWP) and its difference A, respectively, while the last row
lists the sedimentation velocity vgeq,75 of the drop_sed run in the 75 m below zjpy. Recall that Ax = xdrop_sed — Xcontrol for all variables x.

leg 04A 05A  07A  11A 12A°  13A  14A  15A  16A 17A
AZipy [m] —32(—1.9) —38 —486 —142 107 —-83 —58 54 —75 —198
Aze [m] —5.5(=3.7) —54 —520 —222 -153 —157 74 —11.7 —112 —252
LWPontrol [gm™2] 13.6 156 940 194 1005 129.8 797 545 1061  108.1
ALWP [gm 2] 2.8 13 —0.1 25 —158 38 08 49 —47 -137
RWPonol [gm™2] 93 x 1073 2.6x 1073 9.2 0.2 15 60 03 0.2 6.3 6.7
ARWP [gm™—2] 15x1072 1.6x1073 2.7 0.3 2.9 15 15 1.2 6.9 7.8
Used,75 [ems™!] 0.65 1.06 177 048 227 225 210 166 191 1.89
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Figure 4. Total mean relative profiles of (a) liquid water content ¢. and (b) radiative heating rate d7;,q/d¢. The profiles were normalised to
the inversion height zj,, at each time step before computing the mean. The thick (thin) legs are represented by solid (dashed) lines. Note that

the y-axis is cut at 0.5. Colours as in Fig. 3.

transferred to lower heights, where a comparable strengthen-
ing can be observed. In contrast, the thin cases show an am-
plification in longwave cooling across the full cloud layer,
consistent with the g, profile in panel (a). The reason for the
overall increase, instead of a shift as for the thick legs, is the
LWP dependence of the longwave cooling, which was the
mean criterion for our categorisation in Sect. 2.4. For the thin
legs, an enhancement in LWP still leads to an enhancement
in integrated longwave cooling, which is why the cooling rate
is amplified across the entire layer (Stephens, 1978; Turner
et al., 2007).

Figure 5 presents analogous profiles of selected turbulence
quantities. In the thin case, the overall increased ¢g., com-
bined with enhanced longwave cooling, is expected to am-
plify turbulent circulations in the boundary layer (e.g. Fein-
gold et al., 2015). Panel (a) shows the buoyancy flux, which is
indeed enhanced in the drop_sed case throughout the cloud
layer, while it remains relatively unchanged below. In con-
trast, the thick legs exhibit the opposite behaviour. Buoyancy
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production is considerably decreased in the upper cloud layer
and relatively constant elsewhere, apart from an increase near
the surface. The former decrease can be attributed to several
stabilising factors. The removal of liquid water from the top
due to the rain yields not only a decrease in longwave cool-
ing, but also in latent heat release and less cloud-top evap-
oration overall. Both categories consistently display a mini-
mum buoyancy of around 0.5cm? s~ in the sub-cloud layer,
which is characteristic of the decoupling process, that occurs
during the course of the SCT. Note that while no full buoy-
ancy flux reversal is visible, this is a mean profile of eight
cases over a period of 42h. Full individual decoupling repre-
sented by negative buoyancy fluxes does in fact occur in the
later stages of the simulation of each leg.

The corresponding minimum is also apparent in the verti-
cal wind variance w'” in panel (b), although less distinctive
in the thick category. The same overall observations can be
made here. While the thin legs show an increase in w’ 2 across
nearly the entire boundary layer, the thick legs display a con-
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Figure 5. Total mean relative profiles of the (a) buoyancy flux B, (b) vertical wind variance w’ 2, (c) third moment of the vertical wind w’
and (d) turbulent kinetic energy (TKE). Lines and colours as in Fig. 4.

sistent decline in w’ 2, indicating that turbulence is increased
in the former and reduced in the latter. Comparing the pro-
files of w'” and qc in Fig. 4, they follow the same trend. In the
thin cases, both quantities increase, while in the thick cases,
both quantities decrease in the stratiform cloud layer. This
correlation between ¢ and w’ 2 in the presence of cloud wa-
ter sedimentation was also found in other studies. Brether-
ton et al. (2007) and Pistor and Mellado (2025) simulated a
non-precipitating, low-LWP case and observed an enhance-
ment of both g, as well as w’ 2, aligning with the results of
our thin cases. On the other hand, Ackerman et al. (2009)
found a g, profile similar to that of our thick cases, along
with a reduction in w’” in their drizzling, high-LWP simula-
tion. This resulted in an overall increased LWP, in contrast to
the LWP reduction in our thick cases. However, this apparent
contradiction can be resolved by the respective amounts of
precipitation. In the case of Ackerman et al. (2009), surface
precipitation was around 0.2mmd ™", while almost all of our
thick legs reach precipitation rates of > 1 mmd~!, consistent
with the magnitude of Stevens et al. (1998) and Savic-Jovcic
and Stevens (2008). This much stronger precipitation quickly
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overwhelms the initial LWP increase, resulting in both re-
duced LWP and w'>.

In panel (c), the third moment of the vertical velocity
w’” is depicted. While the second moment of the vertical
wind characterises the strength of turbulent fluctuations, the
third moment describes the asymmetry between upward and
downward motions. Positive (negative) w’ 3 indicates strong
and narrow updrafts (downdrafts), in the presence of gener-
ally weak and broad downdrafts (updrafts). For both cate-
gories, w’ 3 s consistently positive throughout the boundary
layer, implying that there is an overall weak subsidence dis-
rupted by narrow updrafts. In the thin cases, it increases in
the presence of cloud droplet sedimentation across the cloud
layer, pointing at even stronger, more concentrated updrafts.
Together with w’ 2, we can confidently say that in drop_sed,
stronger updrafts drive vertical motions in the cloud. In con-
trast, w'> is only slightly enhanced in the thick cases, and
even unaffected in the upper levels of the cloud.

The full resolved TKE profile is presented in panel (d).
The sub-grid scale contribution is small and exhibits the same
behaviour, which is why it is omitted here. All profiles show
the characteristic peaks near the inversion and at the surface,
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where the impact of shear is the strongest. Overall, it rein-
forces all our observations regarding control and drop_sed
from before. In the thin cases, the TKE is considerably in-
creased in the entire boundary layer. In contrast, it is de-
creased in the cloud layer in the thick cases and slightly en-
hanced towards the surface.

Based on these previous findings, we can construct the fol-
lowing process chain to explain the differences in entrain-
ment outcomes among the two categories in the presence of
sedimentation. In the initial stages, cloud droplet sedimen-
tation leads to the expected and often observed result in all
cases: entrainment is lowered, as droplets are removed from
the inversion layer, reducing the potential for evaporative
cooling. Accordingly, this is accompanied by an increase in
LWP. After this initial period of a few hours, the individual
cases split.

In the heavily precipitating optically thick cases, the trend
of reduced boundary layer growth continues, as droplet sed-
imentation enhances rain formation. Rain acts to lower con-
vective intensity, as latent heat release near the top and la-
tent heat consumption below cloud-base impede turbulent
circulations. Furthermore, it drains the cloud of liquid water,
which overwhelms the initial increase in the present cases.
Thus, the initial weaker boundary layer growth is amplified
and continues until the end of the simulation (or the breakup
of the cloud deck).

In the optically thin cases without strong precipitation, nei-
ther the TKE reduction nor the liquid water depletion occurs.
Rather, the initial LWP increase induces additional longwave
cooling, which is not yet saturated due to the small overall
LWP. This leads to more potent turbulent circulations in the
boundary layer, especially stronger and narrower updrafts,
that can redistribute moisture from the ocean surface and
thereby enable more liquid water production. This turns into
a feedback loop of more liquid water leading to more cooling
leading to more turbulence leading to more liquid water, that
counteracts the weak stabilising effect of rain. Since the sedi-
mentation velocities in the thin legs are low due to their small
effective radii, the additional turbulence is able to transport
liquid water all the way to cloud-top. This re-enables stronger
evaporative cooling, which, in combination with the long-
wave cooling, adds to the total cooling. As long as rain for-
mation remains limited and the LWP is small enough for the
radiative cooling to be unsaturated, this turbulence intensi-
fication prevails. Altogether, the enhanced convective inten-
sity, supported by the evaporative cooling, promotes stronger
entrainment and allows it to persist over an extended period
of time.

4 Sensitivity tests
In our proposed mechanism, we identified drizzle formation

as well as the amount of liquid water with regard to longwave
cooling as the two crucial drivers. We now want to test the
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robustness and importance of these factors during individual
periods as well as additional sensitivity experiments.

4.1 Leg 12A, optically thin period

The previous investigations involving the averaged profiles
evidently resemble overall behaviour, however, certain pe-
riods of individual deviations can be shadowed. Since we
simulate two full days, the effect of the diurnal cycle is in-
cluded in our runs. Especially the day-time thinning of the
cloud deck in the thick legs can have a profound impact on
the LWP, and also potentially shift the leg from the thick
to the thin category. One example, which is even visible in
panel (a) of Fig. 3, is the period between 2200 and 2400km.
Here, the continuous decline of Aziyy is interrupted by a pe-
riod of strong increase, indicating enhanced entrainment. As
evident from Table 1, only Leg 12A contributes this far off
the coast, implying this is an individual feature of this leg,
that we can analyse.

For clarification, we displayed ziny of Leg 12A in this time
period in panel (a) of Fig. 6. The vertical dashed lines mark
the interval of increased entrainment in the drop_sed run, that
we analyse in the following. We decided to extend this in-
terval a little further than the extremes to also capture the
initial and final stages more accurately. The steady increase
between the two extremes of Azj,, corresponds to a mean
acceleration of we of 18 % over the course of 7h. This ac-
celeration is not only substantially larger than the previous
amplification of around 10% in the case of Leg 04A, but
also in the vicinity of the strongest individual reduction of
an individual leg of around 20 %. In panel (b), both LWP and
RWP in this period are depicted. The overall amount of LWP
is well within the range, where longwave cooling is not satu-
rated, until the beginning of the second night. The low values
are the result of the day-time thinning through solar insola-
tion. The RWP declines simultaneously and arrives at almost
no rain at the start of the chosen interval. While the LWP
was larger in the control run before, this flips and reaches
values more than twice as high in the drop_sed run. At the
end of the day, the overall magnitude of the LWP increases
again, supporting the rain formation in drop_sed. As soon as
the RWP is substantially increased in drop_sed, the corre-
sponding LWP declines and becomes once again lower than
in control, marking the end of the interval.

Following the analysis in Sect. 3.3, Fig. 7 shows the dif-
ferent relative profiles. The solid lines represent the relative
profiles for Leg 12A in the selected period marked by the
dashed vertical lines in Fig. 6. Furthermore, we added the
full thin profiles from Figs. 4 and 5 in fainter dashed lines
as a reference. Without repeating the details regarding indi-
vidual profiles, it is evident that all six Leg 12A profiles be-
have analogously to the thin cases. During this period, g,
longwave cooling as well as the turbulence quantities are
considerably increased. Especially the former two show an
even stronger amplification for Leg 12A than for the thin
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legs, which is possible thanks to the absence of rain. This
leads to a pronounced increase in TKE throughout the en-
tire boundary layer, promoting entrainment in the drop_sed
run. These results firmly support the proposed feedback loop
from Sect. 3.3, confirming that enhanced longwave cooling
is a main driver in regions of low LWP. Furthermore, this
demonstrates that the categorisation into optically thick and
optically thin is not rigid. Especially initially thick legs can
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become thin over the course of one diurnal cycle, when solar
insolation dries out the cloud deck during the day (as we saw
here for Leg 12A), highlighting the importance of the diurnal
cycle in the context of the SCT.

4.2 Non-precipitating cases

In order to further evaluate the proposed mechanism, we
conduct three more sensitivity experiments, the first one tar-
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geting precipitation. Precipitation in stratocumuli has a pro-
found impact on boundary layer dynamics. Stevens et al.
(1998) showed that heavy drizzle substantially reduces en-
trainment through a reduction in turbulent kinetic energy. As
drizzle forms, latent heat is released in the cloud through
condensation, warming the cloud layer. When the rain drops
sediment out of the cloud, evaporation leads to cooling in
the sub-cloud layer. This combination restrains deep circula-
tions and supports the formation of cumuli below the origi-
nal stratocumulus deck. These results were largely confirmed
in the large-domain LES study by Savic-Jovcic and Stevens
(2008), where also a reduction in TKE as well as boundary
layer growth was observed in the presence of strong drizzle.

In our simulations, all optically thick cases are strongly
drizzling for a certain period of time, whereas only very lim-
ited drizzle forms in the optically thin ones. This can be di-
rectly attributed to the differences in the amount of liquid wa-
ter in the clouds. The surface precipitation rates for the rep-
resentative legs can be found in panels (a) and (b) of Fig. 8,
respectively. Leg 16A features substantial drizzle rates from
the beginning, with a considerable drop during the first day
due to the day-time thinning of the cloud deck. Moreover,
in the drop_sed runs, precipitation formation is generally en-
hanced because of the sedimenting droplets, which was also
observed by Ackerman et al. (2009). In contrast, Leg 11A
only develops a sizeable amount at the end of the second
night, which is again substantially larger in the drop_sed run.
This strong increase is also responsible for the abrupt drop
in the drop_sed inversion shown in panel (d), since the rain
drops not only reduce the available TKE, but also simply de-
plete the cloud of liquid water (Stevens et al., 1998; Savic-
Jovcic and Stevens, 2008; Ackerman et al., 2009).

To rule out the possibility that the absence of drizzle alone
is responsible for the observed behaviour in the thin cases, we
performed two non-precipitating sensitivity runs for the rep-
resentative legs. The resulting ziny together with the precipi-
tating runs can be found in the bottom panels (c) and (d) of
Fig. 8. Comparing the impact during Leg 16A, there is a clear
difference after the first night. While the precipitating case
shows only a weakened divergence in Azj,y during the first
day, the non-precipitating case actually shows a weak, but
continuous, enhanced boundary layer growth in the drop_sed
case. After this period of faster growth, it roughly stabilises
until the end, leading to an overall lower boundary layer in
the non-precipitating drop_sed run. So after the strong ini-
tial decrease in entrainment, Azj,, in the non-precipitating
runs remains similar, with periods of slightly increased or re-
duced boundary layer growth. This reflects the counteracting
effect of the sedimenting droplets and the enhanced turbu-
lence, where the latter is now not affected by precipitation.
During the stronger entrainment phase, there is a lot more
liquid water near cloud-top (cf. Fig. 10b, green line) lead-
ing to enhanced evaporative cooling and thus, stronger turbu-
lence in the entrainment zone. Furthermore, during the day,
the LWP drops substantially into the regime of unsaturated
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longwave cooling, while still being considerably enhanced
in drop_sed (cf. Fig. A4). This way, the overall cooling is
not only redistributed, but also magnified and the amplified
turbulence can work against the sedimenting droplets. Af-
ter that period, the sedimentation balances out the increased
turbulence, as the cloud enters the thick regime during the
second night again and cloud water is not longer enhanced in
the cloud-top region. This situation can be seen as an unsta-
ble equilibrium of the sedimenting droplets reducing entrain-
ment and the enhanced LWP counteracting it by amplifying
turbulent circulations.

For Leg 11A, the situation is different. Both runs com-
mence around the same zjny, followed by two episodes of
strongly increasing Aziny, With an intermission of decreasing
AZiny. So even though almost no drizzle drops are present in
the beginning, the inclusion of rain processes alters the base
state of the stratocumulus deck. Furthermore, the lack of rain
enables even faster entrainment in the drop_sed case until the
middle of the first day, after which solar insolation dries out
the deck. The fact that the control inversion grows faster in
this period might by a consequence of the almost vanishing
cloud. After the reformation is complete, drop_sed entrains
faster again, resulting in a net raised cloud-top height after
the full 48 h.

In summary, the overall impact of precipitation can mask
and overwhelm the enhanced entrainment effect of sedimen-
tation in the thin cases, if substantial amounts of drizzle
form. However, we can infer from the analysis of Leg 16A,
that even though drizzle plays a large role in reducing en-
trainment, it is not solely responsible for reduced entrain-
ment in simulations with activated cloud droplet sedimenta-
tion. Rather, sedimentation reinforces drizzle that decreases
entrainment, while the non-precipitating thick case shows
that the additional liquid water can balance out the original
sedimentation-entrainment feedback after the initial period.
In contrast to the consistent entrainment increase in Leg 04A,
this outcome is unstable, since it lacks the amplification of
longwave cooling as an additional driver of turbulence.

4.3 Optically thin case with low background CCN

The second sensitivity experiment examines the influence of
the CCN background in the individual transects. CNN are
among the important factors regulating precipitation onset,
as the amount of cloud droplets is directly dependent on the
number of CCN. In general, higher CCN concentrations yield
more and smaller cloud droplets and thus, thicker clouds
(e.g., Twomey, 1977; Twomey et al., 1984; Albrecht, 1989).
In the Northeast Pacific, the CCN concentration declines to-
wards the open ocean, as the influence of continental pollu-
tion diminishes. This westward decrease has also been ob-
served during the MAGIC campaign (Painemal et al., 2015;
Brendecke et al., 2022). As mentioned in Sect. 2.1, we used
a background CCN concentration of 250cm™ for all legs,
which is a solid approximation for the thick legs in our 48h
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window (Painemal et al., 2015). Apart from Leg 12A, these
simulations either terminate or the stratocumulus deck breaks
up no later than 138.2°W (cf. Table 1). However, for parts of
Leg 04A and especially for Leg 11A, this value exceeds the
acceptable range. The latter leg starts outside the continen-
tal influence and is further a low CCN leg (Painemal et al.,
2015). To address this issue, we repeated the Leg 11A runs
with the ICON maritime setting of a background CCN con-
centration of 100 cm™3. We did this both in the precipitating
and the non-precipitating setup to observe possible changes
in both cases. Before discussing the results, it is worth noting
that CCN concentrations are not the primary driver behind
the observed thick and thin categories. The likely more im-
portant drivers are large-scale synoptic conditions impacting
temperature and humidity. Most of the thick legs form under
a strong inversion with cold and moist inflow from the North.
In contrast, this inflow is considerably attenuated in the thin
legs, yielding thinner cloud decks with weaker inversions.
The resulting z;,y can be found in Fig. 9. The precipitat-
ing case shown in panel (a) exhibits a similar evolution in
the low CCN scenario with a weaker growing zj,y in the
drop_sed case. However, on closer inspection, the period of
continuously stronger entrainment during the first day in the
drop_sed case of the standard CCN scenario is not distinctly
present in the low CCN one. Rather, an overall weaker grow-
ing boundary layer with brief intermittent bursts of stronger
entrainment is observed, resulting in a decreasing trend of
Aziny. It can also be seen from the disappearance of the
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dashed line in the second night, that the cloud fraction of
the stratocumulus deck drops below 40 % and does not re-
cover until the end. This development can be explained by
the altered precipitation behaviour. The maximum drop_sed
surface precipitation rate of below 1mmd~! is reached at
the end of the second night in the standard CCN scenario (cf.
Fig. 8b). In the new experiment, this value is surpassed at
the beginning of the second night and increases up to almost
1.5mmd~"! in both control and drop_sed (not shown). The
lower CCN concentrations facilitate rain formation due to the
larger droplets, which is in accordance with earlier findings
from e.g. Feingold et al. (1999). The resulting strengthened
decoupling leads to the observed reduced boundary layer
growth in the low CCN scenario. Additionally, the contin-
uous negative divergence of Azj,, can be explained by the
overall enhanced rain formation in the drop_sed case. As for
the thick legs, the reinforcement of rain in combination with
the sedimenting droplets is stronger than the amplified turbu-
lence and we observe overall less entrainment. It should be
noted that this effect is less pronounced than during the thick
legs, because drizzle formation is still suppressed in the be-
ginning due to the low overall LWP. Thus, the latter is still
periodically enhanced in drop_sed and the resulting stronger
circulations can (partially) balance out the slow sedimenta-
tion velocity combined with the weak drizzle.

In the non-precipitating scenario of the different CCN
cases in panel (b), the dashed blue and orange lines remain
close to the solid ones, in contrast to panel (a). This is be-
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cause rain is absent and cannot interfere with the cloud dy-
namics, which leads to a very similar development of the
dashed and the solid curves. Comparing Aziyy, the evolu-
tion of the dashed and the solid line is slightly different. In-
stead of the exchanging periods of increased and decreased
entrainment, there is an initial decline in entrainment in the
drop_sed run, followed by a continuous amplification and a
final decline. While less CCN clearly influence the quantita-
tive cloud development, the overall stronger entrainment in
the drop_sed run, even leading to a deeper boundary layer,
remains unchanged.

In general, we can conclude that the low CCN scenario
does not yield structurally different outcomes. It slightly
modified the course in the non-precipitating setup and rein-
forced drizzle formation in the precipitating one. This does
produce a considerably different outcome in the latter, but
this is not in conflict with our proposed process chain. It
rather shifts this leg into the regime, where precipitation-
induced stabilisation additionally works against the enhanced
turbulence feedback loop and takes over earlier.

4.4 Optically thick case with reduced sedimentation
velocity

The last sensitivity experiment targets the magnitude of the
sedimentation velocity. As sedimentation reduces entrain-
ment, higher sedimentation velocities should evidently lead
to a stronger reduction (Bretherton et al., 2007; Ackerman
et al., 2009; Pistor and Mellado, 2025). Table 3 summarises
the mean cloud droplet sedimentation velocities in the top
75 m of the representative legs. For Leg 11A, vgeq,75 is about
two thirds of Leg 16A in the precipitating case, and half
of it in the non-precipitating case. As the cloud in the non-
precipitating Leg 16A run contains much more liquid water
(cf. Fig. A4), the effective radii are larger and the sedimenta-
tion velocities are higher compared to the precipitating case.
In contrast, Leg 11A lacks this feature, as there is almost
no precipitation anyway. In general, the thin cases have sub-
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Table 3. Mean cloud droplet sedimentation velocities vgeq 75 in
the 75m below the inversion over the whole course of the individ-
ual transects. The subscript vgeq refers to the sensitivity experiment
where the sedimentation velocity was halved.

default ‘ non-precipitating
case 11IA  16A  16A,,, | 11A  16A 16Ay,
Vsed,75 [cm s 071 1.02 052 | 0.74 148 0.71

stantially smaller sedimentation velocities due to their lower
effective radii.

To emulate the impact of the sedimentation strength of an
thin leg on a thick leg, we conducted two sensitivity runs
(precipitating and non-precipitating) for Leg 16A. In these
simulations, we artificially halved the sedimentation velocity
in the ICON microphysics. The resulting mean sedimenta-
tion velocity can be found in the respective third columns of
Table 3. Clearly, the manual scaling by a factor of 0.5 does
not yield a precise halving of the individual sedimentation
velocities, as this introduces additional feedbacks. However,
on average, the overall mean reduction is around 50 %, which
is similar or even smaller than vgeq,75 of Leg 11A.

Panel (a) of Fig. 10 shows the corresponding Aziny, that
are each calculated with the respective control run (i.e. either
precipitating or non-precipitating). Comparing the precipi-
tating cases, the reduced sedimentation difference (orange)
follows the same course as the original one (blue). On closer
inspection, it is noticeable that this remarkably occurs at al-
most exactly half the value for the entire transect. Similarly,
the precipitation rate differences (dashed) are also roughly
halved, confirming the direct impact of vsg on drizzle pro-
duction (Ackerman et al., 2009). This further implies that,
even in the case of lower sedimentation speeds, drizzle dom-
inates boundary layer deepening in the thick cases and yields
a constantly slower boundary layer growth rate. However, the
amount of drizzle production seems to be directly determined
by the sedimentation velocity. The drizzle dominance is also
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visible, when comparing the precipitation curves to Agc 75 in
panel (b). All four main periods, where blue is clearly above
orange in the former, largely coincide with an inverse be-
haviour of the latter. This is the direct effect of strong drizzle
depleting cloud-top of liquid water.

For both non-precipitating cases (green, magenta), the
only consistent decrease of Agzj,, occurs during the ini-
tial period until the end of the first night. Analogously to
the precipitating cases, this is weakened in the halved vgeq
case (magenta), which roughly stabilises afterwards, imply-
ing that both runs entrain similarly. At the end of the sec-
ond night, the stable period is interrupted by a period of in-
creased entrainment in the drop_sed run, that even briefly
yields a higher net cloud-top height. Taking into account
panel (b), the latter can be explained by a sudden excess in
Agqc 75 during the second night, enabling stronger entrain-
ment in the drop_sed run through evaporation. Furthermore,
we can disentangle the other individual differences in the
non-precipitating simulations. Interestingly, until the end of
the first day, the simulation with the halved sedimentation
speed ends up at lower amounts of liquid water near cloud-
top (magenta below green) and also less LWP overall (cf.
Fig. A4, dashed green vs. dashed orange). We can infer from
this that the second-order liquid water reinforcement effect of
the sedimenting droplets seems to be more powerful than the
net loss of liquid water near cloud-top directly through sed-
imentation. In other words, even if vgq is higher and should
deplete cloud-top more efficiently, the increased g through
the turbulent moisture redistribution can overcome this in the
present thick case and yield a higher amount of liquid water
near the top, strengthening the potential for evaporative cool-
ing. These differences between green and magenta in panel
(b) account for the steady rise of the green curve and the rela-
tively stable magenta curve in panel (a). We can conclude that
the initial decrease in Azjyy is evidently driven by vgeq. After
the initial stages, its major impact on precipitation continues,
which drives the evolution in the drizzling simulations. In
contrast, in the non-precipitating runs, it seems that after the
initial period an unstable equilibrium is reached. This equi-
librium appears to be largely unaffected by the magnitude of
the sedimentation velocity in a direct way. It is, however, de-
pendent on the base states of cloud liquid water near the top,
which critically depend on the initial sedimentation speeds.

5 Discussion

In this study, we investigated the effect of cloud droplet sedi-
mentation on the initial deepening stage of the stratocumulus
to cumulus transition in 10 cases of the MAGIC campaign.
While we could confirm the previously known entrainment
reduction (Bretherton et al., 2007; Wyant et al., 2007; Ack-
erman et al., 2009; Hill et al., 2009; de Lozar and Mellado,
2017; Pistor and Mellado, 2025) in the initial hours for all
simulated legs, we found a different development on longer
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time scales. After the initial stage, the cases split into groups
of precipitating, high-LWP legs (optically thick) versus non-
precipitating, low-LWP legs (optically thin). The general
evolution throughout the transect for either category in the
drop_sed cases is illustrated in Fig. 11, with the inversion of
the respective control case shown in grey dashed lines for
comparison. It is assumed for simplicity that the thick (thin)
legs always (never) precipitate.

The top panels summarise the evolution of the thick legs.
In the initial stages after the activation of sedimentation,
the cloud droplets sediment away from cloud-top, leading
to reduced evaporative cooling and thus, reduced entrain-
ment compared to control. Furthermore, this enhances driz-
zle formation, which is why the expected increase in LWP is
turned into a net decrease. The drizzle production impedes
turbulent circulations, which further works against bound-
ary layer growth. In the intermediate to long-term stages,
this behaviour continues. The amplified drizzle reduces LWP
as well as turbulence and together with the sedimentation-
evaporation feedback, the entrainment rate is lowered. The
total longwave cooling is roughly unaffected, as the cloud
is optically thick in every stage. The course of the thin legs
in the bottom panels starts in a similar way. The sediment-
ing droplets naturally reduce entrainment, which in this case
yields an increase in LWP, as no drizzle is present. This in
turn increases the total longwave cooling rate, since it is not
saturated in these legs. From here, the initial phase smoothly
transitions to the long-term phase. The additional longwave
cooling introduces stronger turbulent circulations that main-
tain and also amplify the moisture supply from the ocean sur-
face. This enhances LWP production, which completes the
feedback chain of LWP, longwave cooling and turbulence.
The resulting amplification of TKE in the boundary layer
counteracts the sedimentation flux from the top and is able to
push liquid upwards, which increases the potential for evap-
orative cooling. Eventually, this yields increased entrainment
and can even lead to a higher boundary layer compared to the
control case. In our simulations, we observe that this cycle
can persist for more than one day and is strongly dependent
on the amount of liquid water in the cloud and the strength
of drizzle production.

In Fig. 11, the separation from the initial phase to the long-
term phase is denoted by a time scale 7 > #g. It is tempting
to quantify this time scale, which is terminated by the onset
of the turbulence feedback mechanism. Deriving a univer-
sal value proves difficult, as we only have two thin cases to
work with, one of which only starts to form a cloud late in
the simulation. Furthermore, it is clear that this time scale
is highly sensitive to various factors. The deciding factor
here is the thickness of the cloud at the time of the activa-
tion of sedimentation, as not only the sedimentation velocity
directly depends on it through droplet size, but also the in-
crease in LWP and longwave cooling indirectly through the
feedback mechanism. As evident from Fig. 9, the CCN con-
centration does not seem to interact with the initial decrease
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Shading as in Fig. 8.

window, but suppressing precipitation does in the standard
CCN scenario. Large-scale environmental conditions as e.g.
the strength of the inversion (Sandu and Stevens, 2011) are
likely to have an impact as well. With that in mind, we can
extract the observed time scale for both thin legs. For Leg
11A, the initial decrease in zjqy in the drop_sed run starts af-
ter the initial cloud formation at around 27 May, 06:00 and
ends at 27 May, 12:00, yielding a 6 h period (e.g. Fig. 8d). Re-
markably, this agrees pretty well with the spinup experiment
of Leg 04A (cf. Fig. A2) starting at 21 October, 09:00 and
roughly terminating between 21 October, 14:00 and 21 Oc-
tober, 15:00, yielding a 5 to 6 h period.

We identify this as the main difference from the simu-
lations of Bretherton et al. (2007) and Pistor and Mellado
(2025), both of which simulated active droplet sedimenta-
tion for 6h. Their case from the first research flight (RFO1)
of the Second Dynamics and Chemistry of Marine Stratocu-
mulus (DYCOMS-II) field campaign (Stevens et al., 2005)
also belongs to the thin category with a LWP of around
40gm~2. Note here that due to the specific setup, the DNS
study of de Lozar and Mellado (2017) does not belong to
the thin, but the thick category, even though they also took
DYCOMS-II RFO1 as a reference case (A. de Lozar, per-
sonal communication, 2026). As for Bretherton et al. (2007)
and Pistor and Mellado (2025), we would expect an increase
in entrainment in the presence of droplet sedimentation after
the initial period based on our results. The observed reduc-
tion in both studies is not in contrast to our findings, if we
take into account the identified initial phase of roughly 6h,
where entrainment is also reduced in our MAGIC simula-
tions. So given that droplet sedimentation yields increased
entrainment after a somewhat different time scale, it is likely
not yet visible in the above relatively short simulations. This
also serves as an explanation for the fact that Bretherton et al.
(2007) and Pistor and Mellado (2025) found a negligible in-
fluence of longwave cooling. The short simulations are not
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able to capture the period, where the initial dominant im-
pact of sedimentation is replaced by the turbulence feedback
chain, with longwave cooling as a main contributor. Apart
from that, there is also the third moment of the vertical wind,
that structurally differs to our cases. While the profile w’ 3in
Pistor and Mellado (2025) turns negative below cloud-base,
it is also mostly reduced in the presence of sedimentation.
In the present cases the mean w'” profile is always positive
and increased (cf. Figs. 5, 7), pointing to a different organisa-
tion of up- and downdrafts. In contrast, we would not expect
the LES result of Ackerman et al. (2009) to flip from the ob-
served reduced to strengthened entrainment, if one would ex-
tend the simulation time. These simulations are not only pre-
cipitating, but also based on a different research flight (RF02)
of DYCOMS-II with a LWP of around 100gm’2, which is
well in the saturated regime of longwave cooling.

Kurowski et al. (2025) also investigated the impact of
cloud water sedimentation in a sensitivity experiment. While
they did not directly study disabled sedimentation versus
enabled sedimentation, they conducted a low sedimentation
versus high sedimentation experiment in a precipitating case
(i.e. comparable to our thick cases). They found that stronger
sedimentation leads to a reduction in entrainment together
with an increase in rain water, which aligns well with our
findings in the optically thick category. We also observe in-
creased precipitation rates as well as reduced boundary layer
growth in our simulations, when comparing drop_sed to con-
trol (cf. Fig. 3a and c).

While cloud albedo susceptibility to aerosol perturbations
is not the primary focus of this study, we would like to
point out that the opposing changes in LWP between the two
regimes lead to a mean decrease of —6.6 % in the pseudo-
albedo when the cloud is saturated in the longwave, and a re-
spective increase of 13.2 % when the longwave flux at cloud-
top is not yet saturated. Even though this is only an overall
mean, it underlines again that the effects in the optically thin
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Figure 11. Schematic to illustrate to impact of droplet sedimentation on the two different idealised cloud categories (top: optically thick and
precipitating, bottom: optically thin and non-precipitating). Both show a similar initial effect regarding entrainment, but evolve structurally
different afterwards. The first stage is the baseline state at time #( before sedimentation is activated (indicated by vgseq). The middle stage is
the state in the initial hours and the last stage is the state after a longer period of time. The cloud thickness is a rough measure of the liquid
water path (LWP), the light blue arrows indicate longwave radiative cooling (LWRC), while the red arrows indicate turbulent circulations
(turbulent kinetic energy, TKE). The ocean surface is illustrated by blue waves (sea surface temperature, SST). Dashed lines represent the
inversion height z;,, under the dry free troposphere (FT), where entrainment occurs (marked by we), with the control inversion in grey for
comparison, while the arrow thickness represents the strength of the respective quantity. Note that the light blue arrows are intentionally

placed in the middle (bottom) of the cloud, if radiative cooling is saturated (unsaturated).

cases are opposite, but of similar strength as in the optically
thick cases. Thus, the mechanism suggested by Bretherton
et al. (2007) regarding droplet sedimentation impacts on the
LWP adjustment is still found to hold in more common thick
clouds on time scales exceeding 6h.

This time scale is consistent with the long time scales of
around 10h (Glassmeier et al., 2021) required for the full
LWP adjustment to manifest as based on multiple LES runs
of nocturnal stratocumuli. Also the processes identified here,
namely longwave cooling and evaporative cooling, which
impact entrainment and the response to droplet sedimenta-
tion, are consistent with identified leading processes driving
these LWP equilibrium states in Hoffmann et al. (2020) and
Glassmeier et al. (2021). The equilibrium states themselves
are governed by large-scale drivers, such as low-troposphere
divergence, surface fluxes, and the background aerosol con-
centration. The impact of droplet sedimentation may either
accelerate or decelerate the rate at which a given equilibrium
is approached. We do not quantify this here, as aerosol-cloud
interactions and the LWP adjustment are not the focus of this
study; instead, our primary objective is to examine the direc-
tion of cloud response induced by droplet sedimentation it-
self. Nonetheless, the impact on adjustment time scales is rel-
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evant to explore in future work, as characteristic time scales
of changing external parameters and the time scale of LWP
adjustments covary along the SCT. The impacts of which for
quantifying the LWP adjustment are discussed in Feingold
et al. (2025).

In addition, the diurnal cycle has been shown to drive
distinct responses in LWP under day-time and night-time
conditions (Smalley et al., 2024; Pugsley et al., 2025). In
Sect. 4.1 we also found non-monotonic responses in entrain-
ment speed to droplet sedimentation driven by shortwave
heating during the day. This demonstrates the necessity for
a more refined analysis of these processes with respect to the
diurnal cycle. This was not done here, as our simulation set
is too small to stratify for time of day in addition to their po-
sition along the SST gradient. While we can stratify for the
spatial dimension (i.e. similar conditions in surface forcing),
the legs do not coincide in time. For such analysis a much
larger set of simulations (or multiple diurnal cycles) would
be required.

Extending the discussion of high vs low LWP, we can
address the importance of the two categories in real-
ity. In doing so, we analyse one year of post-processed
GOES 15 retrievals (Minnis et al., 2002, 2008, 2011) dur-
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ing the MAGIC period in the Northeast Pacific between
[20°N, 35°N] and [117°W, 160° W]. We choose this region
to include the full MAGIC transects between Los Angeles
at [118.2°W, 34.1°N] and Honolulu at [157.9°W, 21.3°N].
Half-hourly day-time LWP data from 18:00 to 00:00 UTC
are filtered for stratiform low clouds using the ISCCP thresh-
olds of optical depth > 3.6 and cloud-top pressure > 680hPa
(Rossow and Schiffer, 1999). Separating them by the LWP
threshold of 50 gm™2 as in Table 1, we obtain roughly 23 %
in the thin category and 77 % in the thick category. This result
is in good agreement with the corresponding LWP distribu-
tion for the Northeast Pacific, as well as with those observed
in other subtropical stratocumulus decks (Murakami et al.,
2021). This highlights the prevalence of the thick category,
which also aligns with the present observation of eight thick
and two thin cases. Thus, the majority of studies focusing
on droplet sedimentation effects not only neglect longer time
scales, but also concentrate on low-LWP cases, which consti-
tute the minority of subtropical stratiform clouds (Bretherton
etal., 2007; Schulz and Mellado, 2019; Igel, 2024; Pistor and
Mellado, 2025).

Lastly, we can speculate about the impact of droplet sedi-
mentation on the complete transition of stratocumulus to cu-
mulus. The present 48 h runs are not enough to capture a full
SCT. However, there are some thick legs, where the stratocu-
mulus deck partially breaks up, indicated by its cloud fraction
dropping below the 40 % threshold, and does not recover (cf.
Table 1). As can be seen from Fig. Al, only for 07A, 13A,
14A and 17A this breakup occurs considerably before the
end of the simulation. While all drop_sed runs consistently
break up later, pointing at the enhanced sustainability of the
cloud at low LWP, the specific timing is only marginally af-
fected. The average delay of ~ 40km is strongly driven by
the unstable winter case 07A, that shifts roughly 100km,
while the three summer legs vary below 25 km. Regarding the
full deepening period of roughly 2000km, we observe only
little change. Extending this to a potential reformation of the
stratocumulus deck during night-times, we can use Leg 17A
as a proxy, where we also observe no considerable alterations
in drop_sed compared to the control run (not shown). We
cautiously interpret this as the aforementioned counteracting
effects of enhanced precipitation and enhanced turbulence
balancing each other, as soon as the cloud deck enters the
low LWP regime. In fact, the amplified drizzle through sed-
imentation is not enough to lead to a runaway precipitation-
driven SCT, as was observed by Yamaguchi et al. (2017).
Thus, we conclude that the impact of cloud droplet sedimen-
tation on the SCT in the thick legs regarding the qualitative
initial deepening period is insubstantial and likely remains so
in the later stages. There might be more substantial changes
in the thin legs, as they are more strongly affected by the
presented mechanism. However, this heavily depends on the
onset of drizzle, as found for Leg 11A. So while these ef-
fects might be more potent, we still expect them to be minor
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overall, also due to the powerful influence of the large-scale
conditions or the diurnal cycle.

6 Conclusions

This study addressed the impact of cloud droplet sedimen-
tation in stratocumuli regarding longer time scales in the
context of the stratocumulus to cumulus transition. We per-
formed 48h long large-eddy simulations in ICON along 10
selected MAGIC transects in the Northeast Pacific, conduct-
ing one control run and one with active cloud droplet sedi-
mentation parametrisation for each case. We found the well-
known entrainment reduction due to reduced evaporation in
the initial hours of all cases, after which they show contrast-
ing behaviour depending on their drizzle amount and LWP.
The boundary layer in cases with high LWP (optically thick)
and substantial precipitation continues to grow slower, rein-
forced by the stabilising effect of precipitation, while it rises
faster in cases with low LWP (optically thin) and no precip-
itation. In the latter, the initial increase in LWP serves as
the initiator for a feedback mechanism consisting of long-
wave radiative cooling, turbulent mixing and LWP. As the
low-LWP clouds are not yet saturated in the longwave, the
increase in LWP leads to an increase in net longwave cool-
ing, which amplifies turbulent circulations. Those sustain the
moisture supply for the cloud and further push liquid back
to the entrainment zone, counteracting the direct depletion
through the sedimenting droplets. As our simulations include
two full days, we could demonstrate that high-LWP cases can
transition to the other regime due to day-time thinning and
experience the same mechanism, pointing towards a more ro-
bust and fundamental mechanism.

Sensitivity experiments disabling precipitation revealed
that this effect is not solely a result of amplified drizzle in
the drop_sed case. The LWP increase in the high-LWP cases
does not have a strong impact on the already saturated long-
wave cooling, so that the feedback chain is suppressed and
both the control run and the drop_sed run entrain similarly.
Furthermore, we could show that the magnitude of the sedi-
mentation velocity only drives the initial entrainment reduc-
tion, but has little impact on the longer time scales. In a third
sensitivity experiment, we found that the background CCN
concentration does not change the qualitative process chain
either.

There are two important implications of our findings.
Firstly, it is difficult to generalise results from a limited
amount of cases, when studying the impact of a specific
process. Regarding droplet sedimentation in subtropical stra-
tocumuli, the majority of studies simulate one case with low
LWP, while neglecting that this regime only represents the
minority in reality. We acknowledge that the present 10 cases
are not a large sample either, however, we could include syn-
optic variability and provide some statistics, that revealed
clear regime differences. In general, it is important to in-
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corporate various cases in the analysis in order to capture
different mechanisms. Secondly, the common approach of
studying the impact of droplet sedimentation in simulations
of only a few hours obscures the long-term effect, which
we have shown can be profoundly different from the initial
hours.

Appendix A: Additional figures
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Figure A1. Domain-averaged cloud fraction f. of the control runs for all legs. Colours and shading as in Fig. 1.
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Fig. 3.

Code and data availability. The ICON model is open source and
can be downloaded from https://www.icon-model.org/ (last access:
29 June 2026). The specific version used in this study together with
the input can be obtained from the authors upon request. The ini-
tial conditions and the large-scale forcings are based on the orig-
inal forcings by McGibbon and Bretherton (2017) (https://github.
com/GdR-DEPHY/DEPHY-SCM/tree/master/MAGIC, Roehrig et
al.,, 2022) and were adapted for ICON. The data from the
MAGIC campaign are available at https://www.arm.gov/ (last ac-
cess: 30 October 2025), while the post-processed GOES 15 data
are available from armarchive@arm.gov upon request. The data
to create the plots are available from the Zenodo repository
https://doi.org/10.5281/zenodo.21132428 (Schnelke, 2026).
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