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A B S T R A C T

Stratocumulus clouds are climatically important because their widespread presence
over subtropical oceans and their high albedo help to cool Earth’s surface. Their struc-
ture and longevity are governed by turbulence dynamics, particularly the entrainment
of warm, dry air from the free troposphere. Microphysical processes, such as droplet
sedimentation, can modify these dynamics by reducing entrainment, though the mag-
nitude of this effect remains uncertain. Representing these turbulence-entrainment in-
teractions is particularly challenging due to the wide separation of length scales over
which turbulence operates. This dissertation addresses this challenge by quantifying
the effects of droplet sedimentation on turbulence and entrainment under varying
environmental conditions, including those associated with climate change, using di-
rect numerical simulations at meter-scale resolution that span the full boundary layer
depth.

In my first study, I show that at a vertical grid spacing of 1.1 m (reference Reynolds
number: Re0 = 12500), sedimentation reduces the mean entrainment velocity by at
least 20%. At this Reynolds number, sedimentation has a larger effect on entrainment
than further increases in Reynolds number, suggesting that turbulence and sedimen-
tation effects can be disentangled. Interestingly, turbulence intensity increases even as
mean entrainment decreases. To reconcile this apparent contradiction, I use the flux-
jump relation to decompose mean fluxes of the liquid-water static energy, showing that
as sedimentation strength intensifies, the magnitude of the sedimentation flux grows
faster than the turbulent flux, effectively compensating for the increase in turbulent
flux. To explain the increase in turbulence intensity, I show that sedimentation en-
hances the contrast between descending dry, warm air in cloud holes and moist, cold
air in cloud cores. This enhanced contrast intensifies evaporative cooling near cloud-
hole edges, accelerates downdrafts, and redistributes moisture more evenly between
the cloud and subcloud layers. These findings highlight the importance of resolving
meter-scale turbulence in both cloud and subcloud layers to understand how moisture
redistribution shapes turbulence organization.

In my second study, I explore how sedimentation interacts with low-cloud adjust-
ment mechanisms in the context of warming-related environmental changes, specifi-
cally: (i) thermodynamic warming, (ii) reduced downwelling longwave radiation, and
(iii) increased inversion strength. A moderate Reynolds number (Re0 = 5000) simula-
tion reproduces the sign and approximate magnitude of low-cloud responses reported
in existing large-eddy simulation (LES) studies (Bretherton et al., 2013), demonstrat-
ing its potential as a turbulence-parameterization-free modeling tool. Sedimentation
effects are comparable in magnitude to those of adjustment mechanisms, with the po-
tential for amplifying and compensating interactions. The relative low-cloud thinning
response is robust and independent of sedimentation strength, but the absolute cloud
amount depends on sedimentation strength, indicating that droplet sedimentation is a
non-negligible source of uncertainty in cloud feedbacks under warming scenarios.
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Z U S A M M E N FA S S U N G

Stratocumulus-Wolken sind klimatisch bedeutsam, da sie über Ozeanen weit verbrei-
tet sind und durch ihre hohe Albedo zur Kühlung der Erdoberfläche beitragen. Ihre
Struktur und Langlebigkeit werden durch turbulente Dynamik bestimmt, insbesondere
durch Entrainment warmer, trockener Luft aus der freien Troposphäre. Mikrophysika-
lische Prozesse wie Sedimentation können diese Dynamik durch eine Verringerung der
Entrainmentrate verändern, wobei das Ausmaß dieses Effekts ungewiss bleibt. Die Dar-
stellung dieser Wechselwirkungen zwischen Turbulenz und Entrainment ist aufgrund
der vielen Längenskalen, auf denen Turbulenz wirkt, besonders schwierig. Diese Dis-
sertation befasst sich mit dieser Herausforderung, indem sie die Auswirkungen von
Sedimentation auf Turbulenzen unter Einbeziehung verschiedenen Umweltbedingun-
gen, einschließlich derjenigen, die mit dem Klimawandel zusammenhängen, quantifi-
ziert. Dies geschiet mithilfe direkter numerischer Simulationen mit einer Auflösung im
Meterbereich, die die gesamte Grenzschicht abdecken.

In meiner ersten Studie zeige ich, dass bei einem vertikalen Gitterabstand von 1.1 m
(Referenz-Reynolds-Zahl: Re0 = 12500) die Sedimentation die mittlere Mitreißgeschwin-
digkeit (auch mittlere Entrainmentgeschwindigket) um mindestens 20% verringert. Bei
dieser Reynolds-Zahl hat die Sedimentation einen größeren Einfluss auf die Mitreiß-
geschwindigkeit als eine weitere Erhöhung der Reynolds-Zahl, was darauf hindeutet,
dass Turbulenz- und Sedimentationseffekte voneinander getrennt betrachtet werden
können. Interessanterweise nimmt die Turbulenzintensität sogar zu, wenn die mitt-
lere Entrainmentrate abnimmt. Um diesen offensichtlichen Widerspruch aufzulösen,
verwende ich die Flux-Jump-Beziehung, um die liquid-water static energy zu zerlegen,
und zeige, dass mit zunehmender Sedimentationsstärke die Größe des Sedimentations-
flusses schneller wächst als der turbulente Fluss, wodurch der Anstieg des turbulenten
Flusses kompensiert wird. Um die Zunahme der Turbulenzintensität zu erklären, zeige
ich, dass die Sedimentation den Kontrast zwischen der absteigenden trockenen, war-
men Luft in Wolkenlöchern und der feuchten, kalten Luft in Wolkenkernen verstärkt.
Dieser verstärkte Kontrast intensiviert die Verdunstungskühlung in der Nähe der Wol-
kenlochränder, beschleunigt die Abwinde und verteilt die Feuchtigkeit gleichmäßiger
zwischen der Wolke und den Schichten unterhalb der Wolke. Diese Ergebnisse un-
terstreichen, wie wichtig es ist, Turbulenzen im Meterbereich sowohl in der Wolke
als auch in den Schichten unterhalb der Wolke aufzulösen, um zu verstehen, wie die
Feuchtigkeitsverteilung die Turbulenzorganisation beeinflusst.

In meiner zweiten Studie untersuche ich, wie Sedimentation auf Anpassungsmecha-
nismen niedriger Wolken im Zusammenhang mit klimawandelbedingten Umweltver-
änderungen reagiert und mit diesen interagiert, insbesondere: (i) thermodynamische
Erwärmung, (ii) reduzierte nach unten gerichtete langwellige Strahlung und (iii) er-
höhte Inversionsstärke. Eine Simulation mit moderater Reynolds-Zahl (Re0 = 5000)
reproduziert das Vorzeichen und die ungefähre Größe der in bestehenden Large-Eddy-
Simulationsstudien (LES) (Bretherton u. a., 2013) berichteten Reaktionen niedriger Wol-
ken und demonstriert damit ihr Potenzial als turbulenzparametrisierungsfreies Mo-
dellierungswerkzeug. Die Auswirkungen der Sedimentation sind in ihrer Größenord-
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nung mit denen der Anpassungsmechanismen vergleichbar, mit dem Potenzial für ver-
stärkende und kompensierende Wechselwirkungen. Die Mechanismen selbst reagieren
ebenfalls nicht empfindlich auf Sedimentation. Wie in der ersten Studie gezeigt, nimmt
diese Empfindlichkeit bei höheren Reynolds-Zahlen wahrscheinlich zu, was darauf hin-
deutet, dass die Sedimentation von Tröpfchen einen nicht zu vernachlässigenden Bei-
trag zur Unsicherheit der Wolkenrückkopplung unter Erwärmungsszenarien leistet.
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Part I

U N I F Y I N G E S S AY





1
M O T I VAT I O N

The sensitivity of the Earth’s climate system to perturbations in its radiation
balance—whether driven by anthropogenic or natural variability—remains a cen-
tral focus of climate science due to its profound socio-economic implications
(Cooke et al., 2014; Rennert et al., 2022; Christensen et al., 2022; Bilal and Känzig,
2024; Kotz et al., 2024; Kallis et al., 2025). A central metric in this context is equilib-
rium climate sensitivity (ECS): the steady-state response in global surface temper-
ature in response to a doubling of pre-industrial atmospheric CO2 (Nuijens and
Siebesma, 2019). A key contributor to ECS is low-latitude stratocumulus clouds.
These clouds cover vast areas of the subtropical oceans and reflect a large portion
of incoming solar radiation, thereby exerting a cooling effect on Earth’s radiation
balance (Wood, 2012). Through various lines of evidence, researchers have sought
to quantify how changes in stratocumulus clouds can amplify or dampen climate
sensitivity (Sherwood et al., 2020; Christensen et al., 2022), showing that cloud cov-
erage is highly sensitive to environmental conditions like sea surface temperature
and large-scale subsidence. Their environmental sensitivity has sparked interest
in geoengineering approaches, particularly aerosol-based approaches like marine
cloud brightening, as a potential means for mitigating climate change (Latham,
1990; Feingold et al., 2024; Hoffmann et al., 2024).

Despite their critical role, the magnitude of stratocumulus cloud responses to
changing environmental conditions remains uncertain, largely due to the com-
plex, multiscale interactions that govern these clouds. A central constraint lies in
our ability to represent small-scale processes like turbulent mixing and cloud-top
entrainment, which together control boundary layer depth and cloud thickness.
This is especially true at the cloud-top interface, where sharp temperature, hu-
midity, and density gradients control turbulent mixing between the cloud and
environmental air (Wood, 2012). Further complicating matters, microphysical pro-
cesses like droplet sedimentation have been shown to meaningfully alter cloud
properties (Bretherton et al., 2007; Lozar and Mellado, 2017; Schulz and Mellado,
2019). Yet most existing studies rely on coarse-resolution models that use simpli-
fied parameterizations or are restricted to domains too limited to encompass the
full boundary layer. This gap in representation hinders our ability to predict how
stratocumulus clouds will respond to future climate scenarios.

To address these challenges, this dissertation investigates how droplet sedimen-
tation influences turbulence and entrainment in stratocumulus clouds, and how
these processes affect cloud adjustments under warming conditions. To quan-
tify these effects, direct numerical simulations at meter-scale resolution are used,
explicitly resolving both small-scale turbulent mixing and larger-scale moisture
transport processes.
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2
B A C K G R O U N D

This chapter provides the scientific background for this dissertation. It begins
with an overview of the structure and key processes of the stratocumulus-topped
boundary layer (STBL), followed by a discussion of how aerosol-cloud interactions
lead to sedimentation and entrainment feedbacks that vary cloud liquid water. I
then describe how process-resolving models, specifically direct numerical simu-
lations, can be used to better understand small-scale turbulent processes in the
STBL. The chapter closes by zooming back out to the large-scale perspective with
a brief review of stratocumulus adjustment mechanisms in a warming climate.
The subsequent chapters present the main findings of this dissertation, followed
by an overall summary.

2.1 stratocumulus-topped boundary layer

Stratocumulus clouds extend over nearly one-fifth of the globe, often forming
sheets over oceans that span hundreds to thousands of kilometers (Wood, 2012).
Their climatic importance arises from this vast horizontal extent and their strong
albedo (Hartmann et al., 1992), reflecting up to 60% of incoming solar radiation
back to space (Schween et al., 2022), far more than the darker ocean below, which
reflects only about 6% (Payne, 1972). Even small variations in coverage can offset
the warming expected from a doubling in atmospheric carbon dioxide (Randall
et al., 1984). Forming at low altitudes, stratocumulus clouds are of similar tem-
perature as the surface and therefore emit nearly the same amount of longwave
radiation, unlike higher, colder clouds that trap outgoing longwave radiation and
warm the planet through the greenhouse effect. Combined, these shortwave and
longwave properties allow stratocumulus clouds to effectively mediate Earth’s ra-
diation balance by cooling the global-mean surface temperature (Hartmann and
Short, 1980; Klein and Hartmann, 1993; Wood, 2012).

The environmental conditions conducive to stratocumulus cloud formation are
typically found in regions with pronounced thermal contrasts between the surface
and the atmosphere, such as coastal upwelling zones and storm tracks (Stevens,
2005). Under such conditions, the STBL is compressed to a depth of about 1 km,
with the cloud layer ranging from 200− 400 m in thickness (Wood, 2012). Evapora-
tion from the ocean provides a continuous source of moisture through boundary-
layer mixing, making stratocumulus clouds relatively uncommon over land. Strong
stratification in such environments helps preserve the large-scale structure of
the cloud deck intact, whereas equatorward advection over warmer waters and
weaker subsidence allows convective eddies to grow vigorous enough to pene-
trate the inversion, deepen the cloud, and gradually break up the cloud deck into
scattered shallow cumulus clouds (Nicholls, 1984; Bretherton, 1997; Bony et al.,
2004; Erfani et al., 2022). These favorable conditions are typically found along the
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Figure 2.1: Stratocumulus clouds over the Pacific Ocean near Baja California, Mexico.
Credit: NASA Goddard Space Flight Center, Terra satellite (NASA, 2012).

eastern ocean basins of the subtropical highs. In these regions, large-scale subsi-
dence from the descending branch of the Hadley circulation overlies coastal up-
welling regions, which produce cold sea-surface temperatures (SST) (Wood, 2012;
Muhlbauer et al., 2014). Structurally, the STBL consists of a cold, moist layer that
includes both a subcloud and a cloud layer, and is capped by a warm, dry free
troposphere (Wood, 2012).

Within the STBL, meter- and submeter-scale processes drive the turbulence that
sustains the cloud layer. Cloud formation begins when surface winds lift moisture
past the lifting condensation level, saturating air parcels and forming liquid water
droplets, which then immediately emit longwave radiation (Paluch and Lenschow,
1991). Inside the newly formed cloud, this radiation is nearly isotropic, resulting
in a net radiative flux close to zero. At the cloud boundaries, especially at the top
where incoming longwave radiation is low, the net flux causes substantial cooling
(Caldwell and Bretherton, 2009). Radiative cooling is most intense in the upper
meters of the cloud, with cooling rates on the order of 5− 10 K h−1 (Larson et
al., 2007). The resulting convective instability at the cloud top drives turbulent
mixing and condensation, which organizes into large eddies that act as conveyor
belts for moisture transport, ultimately sustaining the cloud layer with liquid wa-
ter (Moeng et al., 1996; Bretherton and Wyant, 1997). This feature of cloud-top-
generated turbulence distinguishes the STBL from other boundary-layer cloud
regimes, where turbulence is typically surface-driven. It also explains why stra-
tocumulus clouds are confined to low altitudes: at higher altitudes, the radiative-
cooling-driven turbulence can no longer sustain moisture transport throughout
the STBL (Bretherton, 1997).
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Figure 2.2: Schematic of the vertical structure and main processes in the marine
stratocumulus-topped boundary layer. In the cloud deck, darker blue shading
indicates higher liquid water content, based on DNS output from this study at
a Reynolds number of 12500. Figure adapted from Wood, 2012.

In addition to radiative effects, evaporative cooling creates convective instabil-
ity that generates turbulence and filamentary structures of varying sizes along
cloud boundaries (Lozar and Mellado, 2015a). Evaporative cooling is a small-scale
process that occurs when air containing water droplets mixes with unsaturated
environmental air. Through a process known as buoyancy reversal, this mixing
renders the resulting air parcel negatively buoyant relative to its surroundings,
setting it into motion (Mellado, 2010). The effective cooling rate depends on envi-
ronmental factors, particularly the humidity contrast and the mixing rate between
the two air masses (Deardorff, 1980). Historically, it was proposed that evaporative
cooling could trigger a feedback loop, termed cloud-top entrainment instability, in
which turbulence generated would lead to further mixing, more evaporation, and
eventually cloud desiccation (Randall, 1980). However, observational and model
support for this feedback is lacking (Albrecht et al., 1985; Kuo and Schubert, 1988;
Wang and Albrecht, 1994; Gerber et al., 2005; Yamaguchi and Randall, 2008). More-
over, evaporative cooling rates are typically an order of magnitude smaller than
radiative cooling rates, since they are limited by transport processes at the molec-
ular level, which tend to be slow. For this reason, cloud-top dynamics are not
controlled by evaporative cooling alone; nevertheless, it remains a key factor in
regulating turbulence at localized scales.

The STBL is best understood as a balance between processes such as cloud-top
radiative cooling, which generates turbulence that sustains the cloud by trans-
porting moisture upward, and entrainment, which introduces air from the free
troposphere, warming and drying the cloud. Entrainment is typically considered
a one-way mixing process at the cloud top, where it draws warm, dry air from the
free troposphere into the turbulent STBL (Mellado, 2017). This process is quan-
tified by the mean entrainment velocity we = dzi/dt − ⟨w⟩zi , where zi is the
inversion height and ⟨w⟩zi represents the background subsidence velocity (Lilly,
1968). It is a key determinant of boundary layer growth and cloud longevity. Com-
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bined with surface convective heating, in-cloud latent heating, and wind shear,
these processes modulate turbulence levels within the STBL (Hogan et al., 2009;
Mellado, 2010; Malinowski et al., 2013; De Roode et al., 2016; Kopec et al., 2016;
Haghshenas and Mellado, 2019; Schulz and Mellado, 2019; Fodor et al., 2022). The
vertical structure and key processes of the STBL are illustrated in Figure. 2.2.

One of the main challenges in understanding STBL dynamics lies in how turbu-
lence and other processes interact across the wide range of interconnected spatial
scales. For instance, turbulence is initiated by processes such as radiative and evap-
orative cooling, and then subsequently organize into larger coherent structures,
eventually forming boundary-layer eddies. Turbulence then promotes vertical mix-
ing and helps homogenize the STBL, producing well-mixed profiles of moisture
and energy that connect the surface to the cloud top. At any point in the devel-
opment of turbulence, energy continuously cascades back down to progressively
smaller scales, ultimately dissipating as thermal energy at the Kolmogorov scale
through viscous effects (Richardson, 1920). Particularly challenging are the sharp
gradients in temperature, humidity, and density that occur over a layer as thin as a
few tens of meters near the cloud top, where longwave radiative cooling strength-
ens the temperature inversion, also known as the capping inversion (Kurowski et
al., 2009; Wood, 2012; Mellado, 2017). In this way, the STBL encompasses motions
spanning several orders of magnitude: from kilometer-scale energy-containing
motions, to meter-scale turbulence, down to submillimeter dissipation scales and
micrometer droplet processes (Khain and Pinsky, 2018). Representing this range
of scales is further compounded by the experimental and practical challenges of
obtaining fine-resolution observational data. Taken together, the STBL is charac-
terized by the interplay between small-scale mixing and larger boundary-layer
dynamics.

2.2 aerosol–cloud interactions and links to sedimentation

The reflectivity of stratocumulus clouds is determined not only by macrophysical
properties, such as cloud horizontal extent and thickness, but also by microphys-
ical processes that unfold at the droplet scale. Microphysical processes govern
droplet formation and growth, and their sensitivity to ambient aerosol concentra-
tions introduces an additional layer of complexity to our physical understanding
of stratocumulus clouds. As a starting point, increases in aerosol concentrations
supply additional cloud condensation nuclei, leading to higher cloud droplet num-
ber concentrations and redistributing the same liquid water over more numerous
but smaller droplets (Twomey, 1974). By assuming cloud water amount and cover-
age remain unchanged, aerosol-driven increases in droplet concentrations increase
the total droplet surface area, thereby brightening the cloud. Therefore, changes in
mean droplet number and size directly alter the way clouds reflect and absorb sun-
light. This instantaneous effect, known as the Twomey effect, produces a negative
radiative forcing on the climate (Twomey, 1977). For decades, the aerosol imprint
on the atmosphere of the Twomey effect has been made visible in brightened
cloud lines appearing downwind of ship tracks, wildfires, and volcanoes. Obser-
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vational and modeling evidence suggests that anthropogenic aerosols, emitted by
human activities and dispersed globally through circulation, have contributed a
net global cooling of approximately –1.3± 0.7 W m−2 (Forster et al., 2023), with
low clouds responsible for about –1.0 W m−2 of this effect (Diamond et al., 2020).

This has motivated interest in deliberate aerosol seeding of clouds as a poten-
tial, albeit temporary, climate mitigation measure (Latham, 1990; Glassmeier et
al., 2021; Haywood et al., 2023; Hoffmann et al., 2024). One proposed method,
marine cloud brightening, involves spraying saltwater at the surface, where it
evaporates into fine particles by convection to the cloud layer. The economic fea-
sibility, risks, and social costs of these interventions are only beginning to be ex-
plored (Diamond et al., 2022; Feingold et al., 2024; Bronsther and Xu, 2025; Gristey
and Feingold, 2025). However, aerosol-cloud interactions extend beyond simple
brightening. They can also modify cloud liquid water, precipitation, dynamics,
and cloud lifetime in complex ways and sometimes competing ways. Therefore,
quantifying the anthropogenic effect on climate remains challenging, as cloud
amount adjustments can be positive or negative depending on regional meteo-
rological conditions. These interactions cause macrophysical and microphysical
signals to become intertwined (Coakley Jr and Walsh, 2002; Stevens and Feingold,
2009; Rosenfeld et al., 2019; Christensen et al., 2020; Toll et al., 2019; Wood, 2021).

Cloud liquid water adjustments that emerge through modifications to the droplet
size distribution are categorized as indirect aerosol-cloud interactions. These ad-
justments are difficult to constrain in measurements, as aerosol concentrations
vary greatly in space and time compared to greenhouse gases (Manavi et al., 2025).
Indirect effects are of particular interest because they can potentially offset the
Twomey effect on cloud albedo (Possner et al., 2020; Glassmeier et al., 2021). Stra-
tocumulus regimes are often distinguished by background aerosol number con-
centrations: precipitating clouds (pristine, ≈ 20− 50 cm−3) and non-precipitation
clouds (polluted, >130 cm−3) (Chun et al., 2023). In pristine precipitating regimes,
aerosol perturbations reduce the efficiency of rain droplet formation through
collision-coalescence and suppress drizzle, leading to positive liquid water adjust-
ments (Albrecht, 1989; Pincus and Baker, 1994; Xue and Feingold, 2006; Sandu et
al., 2008). If this were the only response, clouds would always thicken as aerosol
concentrations increase. Yet measurements in marine stratocumulus clouds, in-
cluding ship tracks, often show the opposite (Ackerman et al., 2000; Lebsock et al.,
2008; Christensen and Stephens, 2011; Toll et al., 2019; Diamond et al., 2020).

Cloud liquid water adjustments can be negative, especially in polluted, non-
precipitating regimes (Gryspeerdt et al., 2019). In such conditions, precipitation
suppression is weak, and the response stems from feedbacks tied to entrainment
events, particularly the accelerated evaporation of smaller and more numerous
droplets in the presence of dry air aloft. A multitude of mechanisms have been
identified. The first is the evaporation-entrainment feedback: higher aerosol con-
centrations increase the droplet number, producing smaller droplets with greater
curvature and shorter evaporation timescales (Wang et al., 2003; Xue and Fein-
gold, 2006). The resulting evaporative cooling generates negatively buoyant air
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at the cloud top, intensifying entrainment and thinning the cloud (Stevens et al.,
1998; Wood, 2007). A recent study on Arctic mixed-phased clouds also suggests
that smaller droplets shift the peak of radiative cooling upward, which in turn
increases cloud-top entrainment (Williams and Igel, 2021; Igel, 2024).

A third mechanism, referred to as the sedimentation-entrainment feedback, in-
volves droplet sedimentation, or the rate at which water droplets fall under gravity.
Larger droplets fall faster because their lower surface-area-to-weight ratios reduce
air resistance. For droplets with radii of 10− 30 µm, sedimentation velocities are
comparable to typical mean entrainment velocities, which have been estimated to
be in the range 3.9− 4.7 mm s−1 (Faloona et al., 2005; Stevens et al., 2003). Sed-
imentation acts as a proxy for aerosol concentration because, at higher aerosol
concentrations, droplets become smaller and lighter, causing them to fall more
slowly (Shaw, 2003). This increased suspension time makes them more suscepti-
ble to turbulent updrafts. As sedimentation velocities decrease, more liquid water
is retained near the cloud top in the form of smaller droplets, where mixing with
dry free-tropospheric air increases the likelihood of evaporation (Ackerman et al.,
2004; Bretherton et al., 2007; Ackerman et al., 2009; Hill et al., 2009; Lozar and
Mellado, 2014). Although small in magnitude, this downward flux of liquid water
due to sedimentation is dynamically important to the STBL because it can coun-
teract the upward flux associated with entrainment mixing (Lozar and Mellado,
2017). Indeed, Schulz and Mellado, 2019 showed that the strength of entrainment
reduction with increasing sedimentation strength is sufficient to offset the increase
in entrainment produced by wind shear. Diminished entrainment warming subse-
quently fosters a cooler, moister, and more coupled STBL (Hoffmann et al., 2020).

While there is consensus on the mechanisms through which sedimentation re-
duces cloud-top entrainment (Wood, 2012; Ackerman et al., 2009; Lozar and Mel-
lado, 2017; Schulz and Mellado, 2019), important gaps remain. Notably, the mag-
nitude of entrainment reduction by sedimentation, a question examined in detail
in Chapter 3. Another gap is the impact of sedimentation on turbulence within
both the cloud and boundary layer. One mechanism is precipitation suppression,
which limits the stabilizing effect in the subcloud layer by preventing evaporative
cooling during rainfall (Pincus and Baker, 1994; Stevens et al., 1998; Chun et al.,
2023). Another possibility is that sedimentation redirects evaporation into down-
drafts, resulting in generating turbulence in those regions (Stevens et al., 1998;
Bretherton et al., 2007; Lozar and Mellado, 2017). In this regard, simulations have
shown mixed results when it comes to commonly-used indicators of turbulence in-
tensity, such as the vertical velocity variance: some report an increase in variance
(Bretherton et al., 2007; Ackerman et al., 2009), while others observe a decrease
(Hill et al., 2009).

A thorough understanding of how sedimentation affects both the mean entrain-
ment velocity and turbulence is thus needed. These gaps motivate the use of mod-
els capable of resolving fine-scale turbulent processes across the full STBL domain.

10



background

2.3 process-resolving models : dns

This section outlines the challenges of modeling cloud-turbulence interactions and
introduces direct numerical simulations (DNS) as a well-suited tool for tackling
these complexities.

Since the advent of global circulation models (GCMs) in the 1960s, climate mod-
eling has matured considerably. While the fundamental scientific concepts related
to climate change, whether anthropogenic or natural, are now well established,
certain components, including cloud-aerosol interactions, turbulence and bound-
ary layer dynamics, storm-resolving models, and coupling of climate with human
systems for socioeconomic implications (Cooke et al., 2014; Rennert et al., 2022), re-
main in their relative youth. Reducing the physical and numerical uncertainties in
these areas is critical for preparing reliable climate projections, which would then
form the basis for effective climate mitigation and adaptation strategies. Even with
the current advances in computational power, as well as those anticipated in the
foreseeable future, the task of resolving the full spectrum of the scales involved in
cloud formation within a single model remains impossible. This does not mean,
however, that efforts to simulate and investigate clouds such as stratocumulus
are in vain. Rather, climate system models and process-resolving models occupy
distinct regions on the plane of spatial and temporal scales, with areas of over-
lap between them. While no single model can represent all scales simultaneously,
taken together they yield a more complete picture of the climate system.

At the larger end of the spatiotemporal spectrum, GCMs provide a global rep-
resentation of the climate system, making them useful for understanding and
predicting atmospheric motions across meso-, synoptic-, and global horizontal
length scales. However, many processes unfold at scales smaller than GCM grid
spacings, necessitating parameterization and motivating continued model devel-
opment. In the last decade, advances in high-performance computing have borne
a new generation of models, global cloud resolving models (GCRMs), which can
explicitly simulate the growth and evolution of cloud systems (Schär et al., 2020).
Their strength lies in their closer comparability to satellite observations and no
longer needing certain parameterizations, such as those for deep convection and
orographic drag (Satoh et al., 2019). Still, the spatiotemporal spectrum is long. At
kilometer-scale grid spacing, GCRMs leave unresolved variability in cloud prop-
erties associated with turbulent mixing, surface processes, radiation, and micro-
physics (Neumann et al., 2019; Richter, 2015).

In moving further down the spatiotemporal spectrum, high-resolution atmo-
spheric simulations such as large-eddy simulations (LES) were developed to ad-
dress boundary-layer-sized turbulent motions. This is particularly relevant for the
STBL, an incredibly turbulent, space-filling structure characterized by fractal-like
variability across scales. By resolving the dominant cloud-forming eddies, LES
largely account for the vertical transport of heat, moisture, and momentum within
the boundary layer, greatly aiding our understanding of boundary-layer dynamics
(Deardorff, 1972; Bretherton et al., 1999; Savic-Jovcic and Stevens, 2008; Ackerman
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et al., 2009; Yamaguchi and Randall, 2012). LES also serve as benchmarks for de-
veloping and validating subgrid parameterizations in coarser-resolution models,
including schemes for cloud-top entrainment and shallow convection.

Despite these strengths, LES faces limitations. Their high resolution often comes
at the expense of domain size, which is typically limited to O(10−100 km) (Schlem-
mer and Hohenegger, 2014; Schalkwijk et al., 2015; Ovchinnikov et al., 2022), with
larger domains possible in some cases (Heinze et al., 2017). Even with vertical
grid spacings as fine as 5 m, motions below the grid scale remain unresolved
and must be parameterized. These limitations in subgrid-scale variability are es-
pecially consequential for representing mixing at cloud boundaries. Observational
comparisons suggest that LES often introduce numerical dissipation, a bias that
leads to overestimated mixing rates and underpredicted cloud liquid water con-
tent (Stevens and Bretherton, 1999; Stevens, 2005; Stevens et al., 2005; Cheng et
al., 2010; Lozar and Mellado, 2017; Mellado et al., 2018; Hoffmann and Feingold,
2019; Schulz and Mellado, 2019). In practice, LES outputs often need calibration
or tuning to match observed cloud properties. Combined with the difficulty of ob-
taining reliable high-resolution measurements near the sharp cloud-top inversion,
this makes it challenging to evaluate how clouds respond to changes in environ-
mental conditions.

Direct numerical simulations (DNS) offer a means to reduce uncertainties of
subgrid-scale variability in stratocumulus clouds by explicitly resolving turbu-
lence at meter or sub-meter scales. In contrast to LES, DNS solve the governing
equations for mass, momentum, and energy directly, thereby avoiding the param-
eterization of turbulence altogether. This approach allows for repeated, controlled
experiments in which differences in outcomes can be attributed with greater con-
fidence to prescribed environmental conditions rather than to ambiguities in pa-
rameter tuning. DNS also help fill gaps where observational data are sparse and
assist in the interpretation of in-situ and remote sensing measurements. In the
context of sedimentation, LES and coarser-resolution models often suffer from nu-
merical artifacts that generate an upward flux of liquid (Krueger, 1993; Stevens
et al., 2000). This upward bias partially opposes the downward motion of falling
droplets and weakens the simulated effect of sedimentation on cloud-top entrain-
ment. DNS can reduce this diffusion-related bias.

One of the main constraints of DNS is the limited domain size, a direct con-
sequence of the high computational cost at fine resolutions. Nevertheless, DNS
is particularly well-suited for the STBL, as closed-cell stratocumulus clouds are
largely homogeneous in the horizontal, with variations occurring primarily in the
vertical (Feingold et al., 2010). This allows horizontal averaging to serve as a prac-
tical alternative to ensemble averaging. The resulting smooth vertical profiles of
mean quantities reveal deterministic properties from chaotic turbulence. Small do-
main sizes also mean that DNS do not directly interact with global-scale dynamics,
instead relying on idealized or simplified boundary conditions to represent the
surrounding environment. This approach is justified because small-scale turbu-
lence and boundary-layer processes evolve on much shorter time scales than larger
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Figure 2.3: Horizontal cross-sections of cloud liquid water for DNS at varying reference
Reynolds numbers (left to right: Re0 = 2000, Re0 = 5000, Re0 = 12500)
with corresponding grid spacings ∆x, illustrating reduced cloud-top mixing
as molecular viscosity decreases.

mesoscale motions. For reference, the temporal scales of the STBL are bounded by
the average turnover time of the largest eddies, about 20 min (Wyngaard, 2010).

The Reynolds number, Re = U0L0/ν, is the standard measure of hydrodynamic
instability, where L0 and U0 are characteristic length and velocity scales, respec-
tively, and µ is the molecular viscosity (Wyngaard, 2010). For subtropical STBL,
the Reynolds number typically reaches O(108), which is far above what current
computational capabilities permit, where models like DNS are limited to O(104)

(LeMone et al., 2019). For this reason, the problem must be scaled down to more
feasible Reynolds numbers, which then opens up two equally valid interpreta-
tions. One could view the system as a boundary layer with reduced length and
velocity scales, similar to a laboratory experiment scaled down to one or two me-
ters, or alternatively as a fluid with increased viscosity, but at the boundary-layer
length scales. In this second interpretation, the rate and total amount of dissi-
pation remain unchanged, while the energy cascade dissipates at larger length
scales. As a result, the range of length scales in the inertial cascade is shortened
while remaining fully resolved. In numerical simulations, this scaling shifts the
Kolmogorov length scale from millimeter-scale values characteristic of real stra-
tocumulus clouds to larger, domain-dependent values. In DNS, as the grid spac-
ings are tailored to the newly-scaled Kolmogorov scale, the reduction in the mix-
ing rate between fluid gradients is a physical consequence of reduced diffusion,
rather than being due to numerical effects. This distinction helps explain why
low-Reynolds-number models often overestimate cloud loss. As illustrated in Fig-
ure. 2.3, higher Reynolds numbers and lower molecular viscosities reduce mixing
in regions with strong gradients, such as the interface between cloudy and dry air
at the cloud top.

Given that the resolution in DNS in this case is still approximately 100 times
larger than the actual Kolmogorov scale, it raises concerns about the reliability
of DNS results. Fortunately, many key turbulence and statistical properties be-
come independent of Re once it surpasses a critical threshold. When a variable
reaches statistical convergence with respect to Re, this is referred to as Reynolds
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number similarity (Moin and Mahesh, 1998; Monin and Yaglom, 2013; Mellado
et al., 2018). Exploiting this self-similarity allows results from currently feasible
Reynolds numbers, like meter-scale simulations, to be extrapolated to higher Re,
potentially providing a reliable portrayal of atmospheric turbulence. It should be
noted that processes below the Kolmogorov scale, including cloud microphysics
and radiation, still require parameterization. These are typically represented using
bulk or bin schemes, or through clever Lagrangian frameworks such as the proba-
bilistic super-droplet model, which tracks the evolution of representative droplets
(Shima et al., 2009) and circumvents numerical diffusion distortions (Yin et al.,
2024). In the case of DNS, most of the computational resources are concentrated
on reducing uncertainties related to turbulence.

In combination with an efficient microphysics scheme, DNS thus makes a pow-
erful process-resolving tool for investigating the interactions of turbulent motions
across small and large scales of the STBL, and serves as the primary modeling
approach in this dissertation.

2.4 low-cloud feedbacks and climate implications

Building on the processes reviewed above, the climate relevance of stratocumu-
lus clouds lies at the confluence of meter-scale turbulence and microphysical
processes such as sedimentation. Their interactions with one another regulate
cloud-top entrainment, thereby controlling cloud amount and radiative proper-
ties. Representing these interactions is particularly pressing for climate modelers,
who must rely on high-resolution grids, such as those used in DNS, to represent
the multiscale dynamics and sharp capping inversions that define stratocumulus
clouds. In addition, while replicating present-day conditions is already demand-
ing enough, predicting and evaluating the behavior of stratocumulus clouds in
future warming scenarios inherently adds a degree of difficulty. In particular, in-
direct aerosol-related feedbacks that involve sedimentation and entrainment can
mimic the signatures of an external forcing, producing negative adjustments that
blur the distinction between intrinsic cloud dynamics and environmental pertur-
bations. How small-scale processes collectively shape low-cloud feedbacks thus
carries major implications for global climate sensitivity.

Enormous efforts have been devoted to quantifying equilibrium climate sensi-
tivity (ECS), defined as the amount of global surface warming necessary to offset
the initial radiative imbalance caused by a doubling of atmospheric CO2 rela-
tive to pre-industrial levels. Despite decades of research and new computational
technologies—including satellite observations from CERES (2000–present), radar-
lidar measurements from CloudSat and CALIPSO (2006–present), and most re-
cently EarthCARE (2024-present) with its Doppler cloud profiling radar—current
generation CMIP6 Earth system models have not been able to narrow the ECS
range of 1.5–4.5 ◦C over the last 45 years (Forster et al., 2023). Astonishingly, this
range remains close to the first prediction of 4 ◦C made by Swedish Nobel lau-
reate Svante Arrhenius over a century ago (Arrhenius, 1908). The most recent
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estimates, drawing heavily on non-model evidence, place ECS in the range of
2.3–4.7 ◦C (Sherwood et al., 2020; Meehl et al., 2020). Within this persistent uncer-
tainty, evidence strongly suggests that marine stratocumulus clouds remain the
leading-order contributor to the spread in climate sensitivity (Bony and Dufresne,
2005; Soden and Held, 2006; Sherwood et al., 2014; Ceppi et al., 2017; Zelinka et al.,
2020).

Despite substantial attention devoted to stratocumulus clouds through various
lines of evidence (Webb et al., 2006; Nuijens and Siebesma, 2019; Schneider et al.,
2019; Sherwood et al., 2020; Christensen et al., 2022), their precise contribution to
ECS remains poorly constrained, with simulated estimates often comparable to
intramodel variability (Pressel et al., 2017; Myers et al., 2021; Koshiro et al., 2022).
Quantification is notoriously difficult, owing not only to computational and ob-
servational limitations but also to the many ways in which clouds respond to
environmental conditions. In a warming climate, the response of stratocumulus
clouds depends on adjustment mechanisms that either amplify (positive feedback)
or dampen (negative feedback) the initial radiative imbalance (Siebesma et al.,
2020). Three dominant mechanisms have been identified for subtropical marine
low clouds (Bretherton et al., 2013; Blossey et al., 2013; Bretherton and Blossey,
2014; Bretherton, 2015; Nuijens and Siebesma, 2019). First, a thermodynamic mech-
anism, in which elevated sea surface temperatures enhance convective mixing
and increase cloud-top entrainment of dry free-tropospheric air, thereby reduc-
ing cloud amount. Second, a radiative mechanism, wherein a more emissive free
troposphere, due to elevated CO2 or H2O concentrations, weakens longwave ra-
diative cooling, reduces turbulence and vertical moisture transport, and thins the
clouds. Third, a stability mechanism, in which warming of the free troposphere
strengthens the inversion lid, suppressing vertical mixing across the inversion,
and promotes thicker clouds.

Although the relative importance of these environmental perturbations under
future climate scenarios remains speculative, some responses can be confidently
predicted. For example, the Hadley circulation is expected to weaken with climate
change, reducing subsidence in the subtropics (Held and Soden, 2006; Vecchi and
Soden, 2007; Dussen et al., 2016). With this in mind, a range of studies, includ-
ing satellite observations and LES, show the robustness of a positive low-cloud
feedback when the previously mentioned mechanisms are considered collectively,
leading to additional warming of the climate system (Qu et al., 2015; Klein et al.,
2018; Schneider et al., 2019; Scott et al., 2020; Sherwood et al., 2020; Myers et al.,
2021; Koshiro et al., 2022; Schiro et al., 2022; Forster et al., 2023). What remains
uncertain, however, is the extent to which these mechanisms are shaped by mi-
crophysical processes such as sedimentation, and how their coupling with meter-
scale turbulence affects cloud adjustment. DNS provide a reductionist framework
to probe these questions.
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3
PA P E R I : R E S O LV I N G D R O P L E T S E D I M E N TAT I O N E F F E C T S
I N S T R AT O C U M U L U S C L O U D S

There is broad consensus on the mechanism of sedimentation on entrainment in
stratocumulus clouds, namely, it restricts the amount of liquid water available
during entrainment events by moving droplets away from the dry, warm free tro-
pospheric air, thereby decreasing the potential for evaporation at the cloud top.
However, the magnitude of this effect remains uncertain. Various LES with bulk
and bin-microphysics models, using vertical grid spacings of 5− 10 m, have esti-
mated that sedimentation reduces entrainment rates by 7− 15% (Ackerman et al.,
2004; Bretherton et al., 2007; Savic-Jovcic and Stevens, 2008; Ackerman et al., 2009;
Hill et al., 2009). In contrast, local DNS studies focusing exclusively on the cloud-
top region, with much finer grid spacings of 20 cm, reported reductions of up to
40% (Lozar and Mellado, 2017; Schulz and Mellado, 2019). These DNS studies as-
sumed vertically infinite clouds as boundary conditions, which may have masked
feedbacks from sedimentation occurring within and below the cloud layer. Only
recently have advances in computing power and numerical algorithms made it fea-
sible to simulate the full vertical extent of the STBL at meter-scale resolution. This
now provides a means to investigate how microphysical processes such as sedi-
mentation alter the coupling between cloud-top entrainment and boundary-layer
turbulence, and, by extension, vertical moisture transport via large-eddy struc-
tures throughout the STBL. The motivation for this study, therefore, is to deter-
mine whether the sedimentation effects observed in idealized cloud-only DNS
also hold when the entire STBL is simulated at high resolution.

The first part of this dissertation summarizes work published in Pistor and Mel-
lado, 2025, which quantifies the effect that droplet sedimentation has on the STBL.
Building on previous works of cloud-top entrainment in stratocumulus clouds
(Lozar and Mellado, 2015b; Mellado et al., 2018), I use DNS to reduce uncertain-
ties associated with turbulence parameterizations and numerical artifacts related
to subgrid-scale diffusion. The analysis simulates the full vertical extent of the
STBL, thereby encompassing both ends of the length-scale spectrum relevant for
representing turbulence in stratocumulus clouds, from meter-scale motions at the
cloud top to large, energy-containing eddies comparable in size to the boundary
layer itself.

In particular, this study addresses the following research questions:

1. What is the magnitude of entrainment reduction by sedimentation in the
full STBL?

2. How does this mechanism depend on the Reynolds number?

3. How does the decrease in mean entrainment velocity link to changes in
the turbulence intensity?
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To answer these questions, I conduct sensitivity experiments to assess how vari-
ations in sedimentation strength affect the mixing rate between the cloud and
environmental air, quantified by the mean entrainment velocity. As a reference
case, I use conditions from the first research flight of the DYCOMS-II campaign
(Stevens, 2005). To simplify microphysics, I combine DNS with a one-moment bulk
microphysics scheme, as done in Lozar and Mellado, 2017; Schulz and Mellado,
2019. This simplification frees up computational resources for a more in-depth
study of turbulence processes and allows for direct comparison with earlier stud-
ies using the same scheme (Ackerman et al., 2004; Bretherton et al., 2007; Acker-
man et al., 2009). Among the several flux terms is the sedimentation flux, which
in this bulk scheme appears as the liquid water content multiplied by a single
parameter, the bulk sedimentation coefficient cs, which conveniently then encom-
passes a spectrum of microphysical parameters, such as the mean droplet size
and droplet number density. Since only cs needs to be modified, it simplifies the
setup and reduces the number of simulations. Three sedimentation strengths are
examined: none, reference (Sed-Ref), and 2×Sed-Ref. Because results also depend
on the Reynolds number, Re, I perform three sensitivity experiments varying Re

to evaluate Reynolds number similarity and explore the feasibility of extrapolat-
ing conditions from DYCOMS-II to those of the atmosphere. The domain size
remains constant across all simulations, while the dynamic viscosity varies by a
factor of 2 between the three Reynolds-number cases. For the largest Reynolds
number, Re0 = 12500, corresponding to a Kolmogorov scale of η0 = 0.7 m, the
dynamic viscosity is µg = 9.27× 10−2 kg m−1 s−1. For reference, grid spacings
for ascending Reynolds numbers are ∆x = 4.4, 2.2, 1.1 m.

3.1 sedimentation effects across reynolds numbers

The first part of my analysis is to understand how DNS simulations represent
the effect of sedimentation. For each combination of sedimentation strength and
Reynolds number, DNS solves the full governing equations, resolving the STBL at
the respective Kolmogorov scale at all points and times. I calculate the temporal
evolution of important bulk properties, such as the vertically integrated liquid wa-
ter content (LWP), and compare them to available observations and previous LES
studies. Consistently, the best agreement with the measurement-based estimate of
60 g m−2 is found for the highest Reynolds number case, η0 = 0.7 m. Increasing
the Reynolds number leads to higher LWP due to reduced mixing in the cloud-top
region, which then enhances longwave radiative cooling, strengthens turbulence,
and increases moisture transport. The agreement with measurements also holds
true for mean profiles, notably, DNS comes closest to matching the observed re-
gion of negative skewness in the upper boundary layer, a signature of downdrafts.
The DNS estimates of the mean entrainment velocity, we, lean toward the upper
bound of the observational range, 3.9− 4.7 mm s−1 (Faloona et al., 2005; Stevens et
al., 2003). These results give confidence that the DNS simulations can represent the
effect of sedimentation. Even at the intermediate Reynolds number (η0 = 1.4 m),
DNS results fall within the spread of previous LES studies.
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Figure 3.1: Dependence of LWP and mean entrainment velocity on sedimentation strength
and Reynolds number. Filled shapes: reference sedimentation strength from
DYCOMS-II; hollow shapes indicate no sedimentation. Dotted lines show
measurement-based estimates of LWP (blue) and we (orange), with we as the
mean of the estimated range 3.9− 4.8 mm s−1.

To quantify the magnitude of entrainment reduction by sedimentation, the time
series of LWP and we are temporally averaged to yield a single value per sim-
ulation, shown in Figure 3.1. For each Reynolds number, the sedimentation ef-
fect is indicated as the difference between the no-sedimentation and reference
cases, indicated by hollow and filled shapes, respectively. At meter-scale resolu-
tion (η0 = 0.7 m), sedimentation causes at least a 20% decrease in mean entrain-
ment velocity. This estimate lies between the 7− 15% range reported by LES stud-
ies and the 40% found in the local-cloud DNS studies. It should be noted that
the 40% reduction reported in Schulz and Mellado, 2019 corresponds to a strong
sedimentation case; our 20% estimate, which is based using the reference case, is
consistent with this trend and accounts for the lower magnitude.

While Reynolds number sensitivity is evident in bulk properties, convergence
begins to emerge at Re0 = 12500 (η0 = 0.7 m). The relative differences in LWP
and we between η0 = 2.8 m and η0 = 1.4 m are larger than those between
η0 = 1.4 m and η0 = 0.7 m. This convergence of LWP and we toward their respec-
tive measurement-based estimates as Re0 increases suggests Reynolds number
similarity. However, the sensitivity to Reynolds number differs between these two
quantities. While the effect of sedimentation on LWP remains relatively constant,
its effect on we grows with increasing Re. This is why the phrasing at least is used
in the previous paragraph. At higher Re, the sedimentation-induced reduction in
we becomes comparable to, or even exceeds, changes caused by Reynolds number
effects alone. Notably, at η0 = 0.7 m, sedimentation effects outweigh Reynolds
number effects on the mean entrainment velocity. This lends confidence that DNS
at this scale can begin to disentangle the interactions between sedimentation and
turbulence.
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Figure 3.2: Vertical profiles of the turbulent and sedimentation fluxes for the liquid water
static energy. The Kolmogorov scale is fixed at η0 = 1.4 m, and all profiles
are averaged both horizontally and temporally, with the standard deviation
indicated by shaded regions. The radiative and molecular fluxes are omitted
for presentation purposes.

3.2 turbulence and moisture organization

Turbulence intensity, measured by the variance of vertical velocity, increases with
sedimentation strength throughout the entire STBL. Counterintuitively, this occurs
alongside a reduction in the mean entrainment velocity, prompting the question:
how does turbulence intensity increase while the mean entrainment velocity si-
multaneously decreases?

To answer this, I decompose the mean entrainment velocity into its various
flux constituents. In DNS, we can be estimated by tracking a reference inversion
height, zi, such as the minimum turbulent flux of liquid-water static energy, h,
relative to large-scale subsidence. But, because computing the derivative of zi(t)
introduces unwanted noise, I use the analytically derived mean entrainment-rate
equation (Mellado, 2017; Mellado et al., 2018), which, to a good approximation,
can be simplified to:

we
(
⟨ϕ⟩zi −ϕbg,zi

)
≈ Fϕ,zi . (1)

Here, ϕ is a fluid property per unit volume, typically representing energy or mois-
ture. Fϕ is the average flux of ϕ and ⟨ϕ⟩zi −ϕbg,zi is the jump in ϕ across the inver-
sion as it ascends. It is also known as the flux-jump relation. The equation is exact,
as it is derived from integral analysis; the challenge lies in accurately measuring
the individual terms. As we is the most difficult term to measure, focusing on the
jump and fluxes allow one to infer we (Nicholls and Turton, 1986). For this study,
the entrainment rate equation is used to decompose we into contributions from
the various flux components: turbulent, molecular, radiative, and sedimentation.
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The decomposition of h fluxes in Figure 3.2 shows that both turbulent and
sedimentation fluxes increase with sedimentation strength. As the droplet size
distribution shifts towards larger, heavier droplets (Grabowski and Abade, 2017),
these droplets sediment farther from the cloud top and are less effectively trans-
ported upward by turbulent motions. This reduces liquid water near the cloud
top and removes ⟨h⟩ from the STBL, since water vapor contains more energy than
liquid water. Crucially, the turbulent and sedimentation contributions to the static
energy flux are similar in magnitude but opposite in sign. Because they can offset
each other, both are energetically significant. While the turbulent flux of h tends to
smooth the mean gradient, the sedimentation flux reinforces it. This suggests that
the two fluxes scale differently with increasing sedimentation strength. What mat-
ters is not their absolute values, but their incremental change. We now understand
that the mean entrainment velocity decreases because the sedimentation flux com-
pensates for the turbulent flux of h, with the former increasing more rapidly as
sedimentation strengthens.

As evaporative cooling at the cloud top weakens with sedimentation, the in-
crease in turbulence intensity calls for a deeper look into the underlying mech-
anisms. The first clue appears in the vertical velocity skewness profile (see Ap-
pendix A), which points to the organization of moisture between rising and sink-
ing motions (Tillman, 1972; Moeng and Rotunno, 1990). Positive skewness indi-
cates strong, narrow updrafts surrounded by weak and broad downdrafts, and
vice versa for negative skewness. As sedimentation increases, positive skewness
in the lower STBL decreases, suggesting that downdrafts are intensifying. To ex-
plore this further, I examine how liquid water and water vapor are vertically redis-
tributed with sedimentation. The idea is that, while total water content remains
fixed, since surface fluxes are prescribed, sedimentation alters the partitioning be-
tween liquid and vapor phases, which reshapes the organization of turbulence.

We begin the analysis at the cloud top, where entrainment brings warm, dry air
from the free troposphere down into the boundary layer; a process visible in the
temperature cross-sections (top row of Figure 3.3). Sedimentation weakens this
entrainment by pulling the cloud downwards, which reduces the evaporation rate
of water droplets near the inversion. As a result, cloud liquid water increases with
sedimentation (second row). Conditioning the vertical velocity into downdrafts
and updrafts reveals that, as sedimentation strength increases, the dry downdrafts
become even drier due to less evaporation at cloud top, while the cloud cores be-
come denser with liquid water (Figure A.8). This growing contrast between moist
cloud cores and dry downdrafts fuels evaporative cooling at the cloud edges, ac-
celerating the downdrafts and acting as a source of turbulence. At the same time,
reduced entrainment of warm, dry air results in more water vapor accumulating
in the subcloud layer (third row). These moisture-rich regions coincide with the
updrafts (bottom row). As turbulence intensifies, the downdrafts more forcefully
displace the warm, near-surface air, driving convective updrafts via the pressure
gradient force (Bretherton et al., 2007; Ackerman et al., 2009; Lozar and Mellado,
2017).
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Figure 3.3: Horizontal cross-sections of the temperature, liquid water and water vapor
specific humidity, and vertical velocity are shown from top to bottom, respec-
tively. Columns correspond to increasing sedimentation strengths: cs = 0.0,
cs = 2.7, and cs = 5.4 mm s−1/(kg m−3)2/3. All cross-sections are obtained
for Re0 = 5000 at t = 4 h. Specific heights at which each variable is evaluated,
listed from left to right: temperature at the cloud top at 847 m, 829 m, and 809

m; liquid water in the cloud layer at 793 m, 780 m, and 760 m; water vapor and
vertical velocity in the subcloud layer at 363 m, 386 m, and 365 m.
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Figure 3.4: Schematic showing how droplet sedimentation affects cloud amount (cloud
size), cloud-top height (dashed line), turbulence (yellow arrows), the mean en-
trainment velocity, we (size of the straight arrow connected to the cloud-top
height line), and vertical motions (blue/red arrows for downdrafts/updrafts).
Line thickness indicates intensity; green circular arrows indicate the entrain-
ment turbulent flux of ⟨h⟩.

Sedimentation therefore plays a key role in reshaping the vertical distribution of
moisture and the organization of turbulence into more coherent large-scale struc-
tures within the full STBL, influencing both cloud and subcloud dynamics. These
findings are summarized in Figure 3.4.

In summary, the first study yields the following key findings:

1. Sedimentation reduces the mean entrainment velocity by at least 20%, with
the magnitude growing with increasing Reynolds numbers.

2. A vertical resolution of 2 m is needed to capture this reduction and prevent
the overestimation common in LES studies.

3. Increasing sedimentation strength increases the sedimentation flux more
rapidly than the turbulent flux of ⟨h⟩, compensating the turbulent flux and
thereby reducing the mean entrainment velocity.

4. Sedimentation intensifies turbulence by increasing moist-dry contrasts, pro-
moting moisture redistribution; capturing these dynamics and their organi-
zation requires meter-scale resolution.
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L O O K

The previous chapter showed that sedimentation effects on cloud-top entrainment
and turbulence are sensitive to the effective Reynolds number. By simulating the
full vertical extent of the STBL using DNS, I found that localized evaporative cool-
ing events in the cloud layer can accelerate large-scale downdrafts, which in turn
intensify turbulence throughout the STBL. Notably, at vertical grid spacings near
1 m, the impact of sedimentation on cloud-top entrainment exceeded that of fur-
ther increases in the Reynolds number. These findings suggest that subgrid-scale
variability—often relegated to parameterization in coarse LES models—is dynam-
ically important and should not be overlooked in boundary layer studies.

While the previous chapter focused on viscosity-tied changes associated with
the Reynolds number, the environmental background conditions were held con-
stant. This raises a broader question: within the same DNS modeling framework,
to what extent do microphysical processes like sedimentation contribute to large-
scale stratocumulus adjustments triggered by environmental forcing? A natural
next step is to explore how sedimentation interacts with variations in environ-
mental conditions, particularly those anticipated under climate change. Known as
low-cloud adjustment mechanisms, these responses include: (i) thermodynamic
warming, (ii) reduced downwelling longwave radiation, and (iii) increased inver-
sion strength (Bretherton, 2015). While a myriad of studies has examined sedimen-
tation effects and low-cloud adjustment mechanisms separately, their interplay re-
mains largely unexplored.

This study is framed around the following research questions:

1. How does the magnitude of sedimentation effects compare to that of low-
cloud adjustment mechanisms?

2. What is the sensitivity of low-cloud adjustments to sedimentation?

As in the first study, I use DNS to simulate the full vertical structure of the STBL.
This time, I investigate how droplet sedimentation affects various adjustment
mechanisms of stratocumulus clouds. The reference control case (CTL) again fol-
lows the environmental conditions from the first research flight of the DYCOMS-II
observational campaign (Stevens, 2005), representing a non-precipitating, noctur-
nal marine stratocumulus layer over a warm subtropical ocean. Sedimentation
is modeled using the same one-moment bulk microphysics scheme. I test three
sedimentation strengths: none, reference (Sed-Ref), and 2×Sed-Ref, quantified by
the bulk sedimentation coefficient, cs (units: m s−1/(kg m−3)2/3). All simulations
use a DYCOMS-II-based reference Kolmogorov scale of η0 = 1.4 m, correspond-
ing to a Reynolds number of Re0 = 5000 and an isotropic grid spacing of 2.2 m.
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Figure 4.1: Temporal evolution of vertically integrated liquid water content (LWP) for CTL,
P2, P2FT and R10 cases under three sedimentation strengths. The gray shading
indicates the LES ensemble range from Stevens, 2005, and the dashed black line
indicates measurement-based estimates.

To test low-cloud adjustment mechanisms, I compare the CTL case to a set of
perturbed simulations designed to represent idealized climate change scenarios,
following Blossey et al., 2013; Bretherton et al., 2013; Bretherton, 2015; Nuijens
and Siebesma, 2019. These include: (i) P2, a uniform 2 K increase in SST with
moist-adiabatic warming throughout the air column; (ii) P2FT, the same warming
applied only to the free-troposphere; and (iii) R10, a 10% reduction in the radiative
flux profile above the cloud layer, mimicking increased concentrations of H2O or
CO2. Altogether, 9 sensitivity experiments are run to span combinations of sedi-
mentation strength and environmental perturbations.

4.1 validation and sensitivity to environmental forcing

To answer my research questions, my first step is to assess how well the CTL
simulation compares with previous LES-based modeling efforts. Fortunately, this
comparison has been made in the first study, as the same moderate-Reynolds-
number configuration is used here, with identical initial conditions, boundary
conditions, and domain configuration. Figure 4.1 shows the temporal evolution
of LWP for the CTL case across all three sedimentation strengths, along with the
perturbed simulations (P2, P2FT, R10). All simulations begin with a fully satu-
rated cloud deck and a measurement-based LWP of 60 g m−2. Compared to the
LES ensemble reported by Stevens, 2005 (gray region), the CTL simulations sit
closer to measurement-based estimates. This agreement lends confidence that the
moderate-Reynolds-number DNS captures the cloud evolution realistically, pro-
viding a trustworthy, parameterization-free baseline for further analysis.
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Figure 4.2: Time-averaged values (from the first hour onward) of: (a) mean entrainment
velocity we, (b) liquid water path (LWP) (c) vertically integrated turbulence
kinetic energy (TKE) and (d) inversion height zi, for the CTL, P2, P2FT and
R10 cases under three sedimentation strengths: cs = 0.0, cs = 2.7, and cs =

5.4 mm s−1/(kg m−3)2/3.

In addition to LWP, the temporal evolution of TKE, mean entrainment velocity
(we), and inversion height (zi) is computed for all simulations. However, the time
series alone makes it difficult to identify clear patterns across cases. To facilitate
comparison, I time-average each variable from the first hour onward, giving a sin-
gle value per simulation (see Figure 4.2). Consistent with findings from the first
study, increasing sedimentation strength, regardless of environmental conditions
(CTL, P2, P2FT, R10), leads to a reduction in we, an increase in both LWP and TKE,
and a lowering of zi. The largest responses are seen in we, LWP, and TKE, while
those in zi are comparatively smaller.

To analyze the sensitivity of adjustment mechanisms to sedimentation, I adopt
a relative change perspective. Figure 4.3 shows the percentage changes resulting
from sedimentation and environmental perturbations. The effects of environmen-
tal changes alone were computed as the difference between each perturbed case
(P2, P2FT, R10) and the CTL. These are shown by bar plots with different line
styles (dotted, solid, and dashed) representing increasing sedimentation strength.
Sedimentation effects alone are shown as symbols, calculated as the difference be-
tween no-sedimentation (cs = 0.0) and Sed-Ref (cs = 2.7) for each environment
(CTL, P2, P2FT, R10).
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Figure 4.3: Relative changes in time-averaged values of (a) mean entrainment velocity
(we), (b) liquid water path (LWP) (c) vertically integrated turbulence kinetic
energy (TKE), and (d) inversion height (zi) for CTL, P2, P2FT and R10 cases
under varying sedimentation strengths, cs (units: m s−1/(kg m−3)2/3). Sym-
bols show percentage changes from the no-sedimentation case to the Sed-Ref
case within each environment (color-coded). Bar plots show changes in the
perturbed environments relative to CTL. Black lines show results from LES
simulations in Bretherton et al., 2013.

What becomes discernible is that sedimentation effects (symbols) are of similar
magnitude to the low-cloud adjustment mechanisms (bar plots). Because the signs
of these responses sometimes differ, this similarity in magnitude suggests the po-
tential for compensatory interactions between them. It follows that sedimentation
should be accounted for when evaluating the sign and magnitude of low-cloud
feedbacks. To put this in perspective, consider the relative changes in LWP for the
three environmental perturbations. For all sedimentation strengths, the sum of
the LWP responses yield a net cloud thinning response, consistent with a positive
low-cloud feedback.

Figure 4.3 includes LES results from Bretherton et al., 2013 (described in further
detail in Bretherton et al., 2013; Ackerman et al., 2009), shown as black horizontal
lines superimposed on the bar plots. This study represents droplet sedimentation
using a bulk log-normal droplet size distribution, as it is done in my study. For
we, DNS and LES agree in the sign of relative changes, while in most cases, the
magnitudes are approximately consistent. This suggests DNS as a more reliable
modeling tool, especially now as moderate Reynolds number simulations become
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computationally feasible and reduce the need for tuned turbulence parametriza-
tions. My study can therefore be regarded as a feasibility assessment of using
DNS to address this question, with the results serving as a proof of concept for
DNS. The implications suggest that investing additional resources to reach higher
Reynolds numbers would be worthwhile, in order to better constrain and refine
the conclusions. Still, notable differences between DNS and LES remain: in the P2

case, DNS shows a reduction in we more than twice that reported in LES; similarly,
LES tends to overestimate the relative changes in LWP for P2FT and R10.

These discrepancies in magnitude point toward an underlying sensitivity of low-
cloud adjustment mechanisms to unresolved Reynolds number effects. This sensi-
tivity is shown in Figure 4.3 as differences between the bar plots within each per-
turbation case. For both we and LWP, the approximate magnitude and sign of the
relative response across all three perturbed cases (P2, P2FT, R10) remain largely
insensitive to sedimentation strength (i.e., small differences). Thus, regardless of
the environmental perturbation, the relative adjustments of we and LWP are pre-
served. The positive low-cloud feedback is therefore robust in relative terms with
respect to sedimentation strength, while the absolute magnitude of the response
scales systematically with sedimentation strength (and, equivalently, aerosol con-
centration).

As demonstrated in the first study, we is sensitive to the Reynolds number. At
grid spacings near 1 m, the sedimentation-induced reductions in we can reach up
to at least 20%, and more importantly, this reduction becomes increasingly pro-
nounced at higher Reynolds numbers. DNS, by resolving finer spatial structures,
offers better mechanistic insight, such as accurately representing localized evap-
orative cooling events that LES might smooth out. Given both the sensitivity of
adjustment mechanisms to sedimentation, and the Reynolds number dependence
of sedimentation effects, it is reasonable to expect the responses shown in this
study will increase at higher Reynolds numbers. In turn, this suggests that under
more realistic turbulent conditions, the interplay between sedimentation and low-
cloud adjustment mechanisms may play a more significant role in shaping STBL
dynamics.

To summarize, the second study has the following key findings:

1. Stronger sedimentation consistently increases LWP and reduces mean en-
trainment velocity across all environmental perturbations.

2. Sedimentation effects are comparable in magnitude to environmental adjust-
ments and can produce compensatory interactions that alter cloud response.

3. Positive low-cloud feedback remains robust in its relative response; the ab-
solute response, however, depends on sedimentation strength.
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The overarching goal of this dissertation was to quantify how droplet sedimenta-
tion influences turbulence and entrainment in the STBL, and how these interac-
tions shape cloud adjustments under climate warming conditions. The sensitivity
of cloud properties—including boundary-layer height, cloudiness, and turbulence
intensity—to sedimentation strength was examined across a range of Reynolds
numbers (up to Re0 = 12500) and controlled environmental setups. DNS were
used to resolve the full vertical extent of the STBL, capturing meter-scale turbu-
lence, the thin inversion layer at the cloud top, and the larger eddies that re-
allocate moisture between updrafts and downdrafts. Unlike traditional LES, this
DNS-based approach largely circumvents the ambiguity introduced by turbulence
parameterizations and unphysical moisture diffusion, allowing for clearer isola-
tion of sedimentation and turbulent effects.

Based on the first study, I found that increased sedimentation strength reduces
the mean entrainment velocity by at least 20%. This estimate comes from the high-
est Reynolds number tested (Kolmogorov scale: 0.7 m), and the phrasing at least
refers to the fact that this reduction increases with increasing Reynolds number.
At moderate Reynolds numbers (grid spacing: 2 m), the DNS results reproduce
LES-reported values of cloud liquid water, which is promising given that the DNS
simulations do not rely on any tuning of turbulence parameterizations. At reso-
lutions near 1 m, sedimentation effects on the mean entrainment velocity become
comparable in magnitude to those of varying the Reynolds number, suggesting
that sedimentation effects can be separated from purely turbulent ones. More-
over, the results converge towards measurement-based estimates, suggesting that
turbulence is sufficiently resolved at the relevant Reynolds numbers, such that
viscous forces do not overshadow the dynamics (Reynolds number similarity),
thereby supporting the extrapolation of sedimentation-turbulence interactions to
atmospheric conditions.

The apparent conundrum of increasing turbulence intensity as mean entrain-
ment velocity decreases is resolved through the entrainment-rate equation. This
framework allows me to decompose the mean entrainment velocity into its con-
stituent fluxes. Analysis of the vertical mean fluxes of liquid water static energy
at the cloud top shows that the sedimentation flux becomes similar in magnitude
to the turbulent entrainment flux, as it increases more rapidly with sedimentation
strength. Consequently, the change in sedimentation flux offsets the change in
turbulent flux, reducing the mean entrainment velocity despite the intensification
of turbulence. Importantly, this compensating effect is underestimated at coarser
resolutions.

31



In taking a closer look at the vertical distribution of moisture, I revealed the
connection between cloud-top entrainment and turbulence generation. This link
becomes apparent only when simulating the full depth of the STBL and resolv-
ing entrainment events at fine scales. In brief, sedimentation reduces cloud-top
evaporation, allowing cloudy regions to retain more liquid water, while concur-
rently promoting increased evaporation along the sides of downdrafts as air is
drawn through cloud holes. This process accelerates the downdrafts, which in
turn further drives additional turbulence. These findings demonstrate that resolv-
ing both the cloud and subcloud layers at meter-scale resolution is necessary to
fully understand moisture redistribution and the organization of turbulence. It is
not only the inversion-layer mixing that matters, but also the interactions occur-
ring at cloud boundaries and below.

In the second study, I set out to examine the interplay between sedimenta-
tion and low-cloud adjustment mechanisms. For the first time, sedimentation and
climate-relevant environmental perturbations are combined using DNS at a mod-
erate Reynolds number (Re0 = 5000, corresponding to a Kolmogorov scale of
η0 = 1.4 m). These perturbations represent variations in column temperature,
inversion strength, and incoming longwave radiation. I found that, within each
environmental setup, increasing sedimentation strength consistently reduces the
mean entrainment velocity, while increasing cloud liquid water. When the sed-
imentation strength is fixed and only environmental perturbations are applied
relative to the DYCOMS-II-based reference case, the DNS results reproduce both
the sign and approximate magnitude of the changes reported in previous LES
studies (Bretherton et al., 2013). This agreement motivates broader use of DNS, as
moderate Reynolds number simulations are now more computationally feasible
(≈5,600 node-hours per simulated hour) and allow ad-hoc turbulence parameter-
izations to be gradually phased out.

When considered together, the effects of sedimentation and low-cloud adjust-
ment mechanisms are comparable in magnitude, suggesting the potential for com-
pensating or amplifying interactions. Because sedimentation acts as a proxy for
aerosol concentration, omitting such microphysical processes risks mischaracter-
izing cloud responses to climate warming. I showed that the positive low-cloud
feedback is robust to changes in sedimentation strength in relative terms, but
not in absolute magnitude. Current global observations show that anthropogenic
aerosol emissions have declined in many regions, with clear trends evident in
satellite records since 2000, while natural aerosol emissions, such as from volcanic
activity, biomass burning, dust, and sea salt, remain highly variable and sensitive
to temperature and wind (Quaas et al., 2022). In addition, because sedimentation-
induced changes strengthen with the Reynolds number, the agreement between
DNS and LES at moderate Reynolds numbers may not hold at higher Reynolds
numbers. Overall, the sensitivity of stratocumulus clouds to climate-relevant per-
turbations and sedimentation materializes through complex interactions among
turbulence, entrainment, and moisture transport.
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summary, conclusions , and outlook

This dissertation demonstrates that sedimentation effects are as important as
turbulence- and environment-driven adjustments in shaping stratocumulus dy-
namics, and that meter-scale resolution is needed to resolve their combined in-
fluence. Extrapolating these findings to atmospheric conditions looks favorable,
given the convergence of multiple variables, such as cloud liquid water and mean
entrainment velocity, toward measurement-based estimates, suggesting Reynolds
number similarity. Given that marine stratocumulus clouds remain one of the lead-
ing sources of uncertainty in the spread of climate sensitivity estimates, achieving
more reliable predictions will require sustained advances in modeling techniques,
computational power, and observational efforts, along with improvements in the
physical realism of microphysical parameterizations, particularly the accurate rep-
resentation of droplet size distributions. Altogether, while this DNS approach has
limitations—such as the use of a one-moment bulk microphysics scheme for sedi-
mentation, simplified saturation-adjustment microphysics, and a one-dimensional
radiative transfer model—it nonetheless provides a clear pathway toward resolv-
ing uncertainties in stratocumulus dynamics and improving our ability to predict
cloud responses to ongoing climate change.
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abstract

We use direct numerical simulations to quantify the effects that droplet sedimenta-
tion has on the stratocumulus-topped boundary layer. Our analysis includes both
ends of the length-scale spectrum that are deemed important for representing tur-
bulence in stratocumulus clouds, spanning from meter scales at the cloud top to
large energy-containing eddies the size of the boundary layer. We conduct sen-
sitivity experiments that involve varying the droplet sedimentation strength and
the Reynolds number. Consistent with previous studies, we find that increasing
sedimentation causes a decrease in mean entrainment velocity, with an observed
effect of at least 20%. Interestingly, the turbulence kinetic energy and the turbu-
lent entrainment flux are enhanced by sedimentation. To reconcile the apparent
contradiction of turbulent flux increasing and mean entrainment velocity decreas-
ing, we quantify the various mean fluxes of the liquid water static energy in the
cloud-top region, as needed for the evaluation of the entrainment-rate equation.
As sedimentation strength intensifies, the magnitude of the sedimentation flux un-
dergoes a more rapid increase than the turbulent flux, effectively compensating
for the increase in turbulent flux. To explain the increase in turbulence intensity,
we show that sedimentation increases the contrast between descending dry, warm
air in cloud holes and the moist, cold air within cloudy puffs. This increased con-
trast intensifies evaporative cooling near the cloud hole edges, which accelerates
the downdrafts, drives turbulence, and distributes moisture more evenly between
the cloud and subcloud layers. Overall, we show that microphysical effects are as
important as turbulent effects at meter-scale resolution.

a.1 introduction

Stratocumulus clouds extend over vast areas of the subtropical ocean, inducing
a negative radiative forcing by reflecting incoming solar radiation and effectively
influencing the Earth’s radiation balance (Klein and Hartmann, 1993; Wood, 2012;
Schween et al., 2022). Even small variations in low cloud cover can offset the
warming effect of a doubling in atmospheric carbon dioxide (Randall et al., 1984),
therefore considerable efforts have been devoted to better quantify climate feed-
backs associated with stratocumulus clouds (Nuijens and Siebesma, 2019; Schnei-
der et al., 2019; Sherwood et al., 2020; Christensen et al., 2022). In addition to
their climatic importance, there are strong interests in further understanding the
potential of aerosol perturbations, specifically marine cloud brightening, as a cli-
mate mitigation measure (Latham, 1990; Glassmeier et al., 2021; Feingold et al.,



2024; Hoffmann et al., 2024). However, the complex, multiscale interactions that
govern the response of stratocumulus clouds to changes in environmental con-
ditions remain inadequately understood, leaving the fate of these clouds in a
warmer climate uncertain. This uncertainty is further underscored by observa-
tionally constrained estimates of low-cloud radiative feedback, which are three
times larger than model estimates (Myers et al., 2021), and inter-model variabil-
ity is as large as the mean (Pressel et al., 2017; Sherwood et al., 2020; Koshiro
et al., 2022). Quantifying the dynamics and interactions of small-scale phenomena
within a stratocumulus-topped boundary layer (STBL) is important for assessing
the macroscopic properties of these clouds. In this study, we focus on one specific
microphysical process that affects cloud lifetime—droplet sedimentation—and its
impact on entrainment and turbulence in stratocumulus clouds.

Ackerman et al., 2004 showed that enhanced sedimentation rates reduce the
mean entrainment velocity and, under dry inversions, increase the liquid water
path (LWP). Bretherton et al., 2007 extended this finding by stating that sedimen-
tation restricts the amount of liquid water available during entrainment events
by moving droplets away from the dry and warm free tropospheric air, thereby
lowering the potential for evaporation at the cloud top. As reported by Lozar and
Mellado, 2017, a second effect involves the generation of a positive buoyancy flux
induced by the descent of the droplets. Sedimentation also reduces the maximum
radiative cooling rate at the cloud top due to the formation of larger, less numer-
ous droplets, thereby decreasing entrainment (Williams and Igel, 2021). Dimin-
ished entrainment warming subsequently fosters a cooler, moister, and more cou-
pled STBL, enhancing the preservation of cloud water (Hoffmann et al., 2020). Var-
ious large-eddy simulation (LES) with bulk and bin-microphysics models showed
the magnitude of mean entrainment velocity reduction by sedimentation to be
between 7− 15% (Ackerman et al., 2004; Bretherton et al., 2007; Savic-Jovcic and
Stevens, 2008; Ackerman et al., 2009; Hill et al., 2009).

One question that remains open is the extent to which insufficient numerical
resolution might affect these estimates of entrainment reduction by sedimentation.
LES models typically use vertical grid spacings of 5− 10 m; however, higher ver-
tical resolution is needed to properly resolve the range of spatial scales related to
entrainment. This need arises because the environmental conditions of subtropical
highs prompt a very thin capping inversion of temperature, humidity, and den-
sity at the cloud-top interface, which can be as thin as a few tens of meters (Wood,
2012; Mellado, 2017). More specifically, the Ozmidov scale in the cloud-top region
is of the order of 0.5− 1 m (Mellado et al., 2018). The Ozmidov scale separates
the smaller turbulence-dominated scales from the larger gravity-wave-dominated
ones, with the latter being inefficient at mixing. Consequently, insufficient vertical
resolution typically results in a spurious upward flux that directly opposes the
downward motion of descending droplets. Because of this non-physical upward
transport of liquid water, the influence of sedimentation on entrainment strength
is weakened. Indeed, local direct numerical simulations (DNS) studies focusing
exclusively on the cloud-top region, with grid spacings of 20 cm, observed a 40%
reduction of the mean entrainment velocity due to droplet sedimentation, instead
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of 7− 15% (Lozar and Mellado, 2017; Schulz and Mellado, 2019). However, these
local studies assumed infinite clouds as boundary conditions, thereby potentially
masking feedbacks to changes in sedimentation within and below the cloud layer.
The motivation for this work is to determine whether those results also hold when
considering the entire vertical domain of the STBL, spanning from the surface level
to the free troposphere.

While there is consensus on the mechanism of sedimentation reducing cloud-
top evaporation (Ackerman et al., 2004; Bretherton et al., 2007; Wood, 2012; Acker-
man et al., 2009; Lozar and Mellado, 2017; Schulz and Mellado, 2019), the impact
on turbulence inside the cloud and the boundary layer, and thereby indirectly on
the mean entrainment velocity, remains less clear. While turbulence is primarily
generated at the cloud top, reduced evaporative cooling in that region due to sed-
imentation may not necessarily lead to decreased turbulence. For instance, more
available liquid water due to reduced cloud-top evaporation can alter the distri-
bution of moisture within downdrafts and updrafts. It has been suggested that
sedimentation redirects droplet evaporation into the downdrafts, resulting in tur-
bulence generation there (Stevens et al., 1998; Bretherton et al., 2007; Lozar and
Mellado, 2017). Furthermore, reproducing the observed second- and third-order
moments of the vertical velocity has posed difficulties, with some simulations
showing an increase of variance of the vertical velocity (Bretherton et al., 2007;
Ackerman et al., 2009), while others show a decrease (Hill et al., 2009). To the best
of our knowledge, previous works have not modeled the full vertical extent of the
STBL at a resolution fine enough to account for turbulent eddies in the cloud-top
region, whilst adequately representing the transfer of moisture within the vertical
column.

We quantify the effect of droplet sedimentation through DNS of the entire
boundary layer. In doing so, we aim to capture both the interactions of small-
scale processes that generate turbulence and the large-scale eddies that transport
moisture into the cloud. We consider the full STBL to discern the role of radiative
and evaporative cooling in entrainment reduction by sedimentation, as well as the
reallocation of moisture between updrafts and downdrafts. A systematic approach
is taken to test how varying strengths of droplet sedimentation affect the cloud dy-
namics and the mixing rate between the cloud and environmental air, quantified
as the mean entrainment velocity. While recognizing that sedimentation is often
studied alongside aerosol effects, here we focus exclusively on sedimentation by
designating the sedimentation flux in the governing equations to a one-moment
microphysics scheme. This simplification in microphysical modeling frees up com-
putational resources for a more in-depth study of the turbulence processes. The
research questions we address are the following: at meter-scale resolution, what is
the magnitude of entrainment reduction by sedimentation when the whole STBL
is simulated? How does the decrease in mean entrainment velocity link to changes
in the turbulence intensity? How does this mechanism depend on the Reynolds
number?
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We use DNS to reduce the uncertainty associated with turbulent models and
numerical artifacts. The disadvantage of DNS is that the Reynolds number of the
simulations cannot currently match the real values of the atmospheric and en-
gineering applications. One needs to understand the role of the lower Reynolds
number and the possibility of Reynolds number similarity in some turbulence
properties (Orszag and Patterson Jr, 1972; Rogallo and Moin, 1984; Moin and Ma-
hesh, 1998; Mellado et al., 2018). From dimensional analysis and the definition of
the Reynolds number, one can interpret the lower Reynolds number as a smaller
length scale and velocity scale, or as a larger molecular viscosity (and correspond-
ingly, the Kolmogorov scales in the simulation are larger than in the real applica-
tion that motivates the study). We adopt this latter approach and follow previous
DNS work on the topic of cloud-top entrainment in stratocumulus clouds (Mel-
lado, 2010; Lozar and Mellado, 2015b; Mellado et al., 2018). A thorough discussion
is presented in Section A.2 and Section A.3.

a.2 formulation

a.2.1 Governing equations

To evaluate the importance of droplet sedimentation to cloud-top entrainment, we
use DNS to simulate conditions representative of marine stratocumulus clouds.
For this, our reference case is taken from the first research flight (RF01) of the
DYCOMS-II field measurement campaign (Stevens, 2005). The environmental con-
ditions are characteristic of upwelling regions commonly found in the subtropical
highs at the eastward ends of ocean basins, where abrupt changes in temperature
and moisture occur along the boundaries between the cloud and the free tropo-
sphere. At the transition zone between the turbulence and non-turbulence regions,
referred to as the entrainment zone, the strong inversion counteracts convective
eddies, preventing them from deepening the cloud. We exclude the effects of the
diurnal cycle and shortwave radiation, and consider a cloud regime that is closed-
cell, warm, non-precipitating, and in a quasi-steady state.

The evolution equations for mass, momentum, and energy are formulated us-
ing the anelastic approximation, based on the rationale that the velocities within
the STBL and the density variations compared to the mean are typically small.
The detailed formulation can be found elsewhere (Mellado, 2010; Lozar and Mel-
lado, 2014; Mellado et al., 2018), but we summarize it here for convenience. The
governing equations can be written as

∇ · (ρrefu) = 0 , (2)

ρrefDtu = −∇p+ µg∇2u + g(ρref − ρ)k + ρrefω∂zu , (3)

ρrefDth = ∇ · [ρκh∇h− jµ(hl − h) − jr] + ρrefω∂zh , (4)

ρrefDtqt = ∇ · [ρκv∇qt − jµ(1− qt)] + ρrefω∂zqt , (5)

where the enthalpy and potential energy are nested in the liquid-water static en-
ergy, h ≡ [cd + qt(cv − cd)]T − qllv + gz. In line with common practice, Dt is the
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material derivative operator, ρref is the reference density profile (from a reference
hydrostatic balance), u is the velocity vector of the mixture of air and water, ω
is the large-scale subsidence velocity, qt the total-water specific humidity, ql the
liquid-water specific humidity, g the magnitude of gravitational acceleration, µg

the dynamic viscosity of the environmental air, κh the thermal diffusivity, κv the
diffusivity of water vapor in dry air, hl = cvT − lv + gz the static energy of liq-
uid water only, lv = l0v − (cl − cv)(T − T0) is the enthalpy of vaporization, and
cd, cv and cl are the specific heat capacities at constant pressure for dry air, wa-
ter vapor, and liquid water, respectively. We use saturation adjustment, i.e., we
assume instantaneous evaporation and condensation, ensuring continuous phase
equilibrium. The longwave radiative flux, jr, is computed using a one-dimensional,
vertically aligned radiative forcing model, following the approach of Stevens, 2005;
Larson et al., 2007. The explicit formulation of the radiative flux can be found in
Mellado et al., 2018.

For the sedimentation, we adopt a one-moment bulk microphysics scheme sim-
ilar to Ackerman et al., 2004; Bretherton et al., 2007; Ackerman et al., 2009, and
combine it with DNS as done in Lozar and Mellado, 2017; Schulz and Mellado,
2019. By using a simplified microphysical model, we concentrate all computational
resources on improving the resolution of turbulence. At the same time, using the
same microphysical model as in those earlier cases allows for a direct comparison.
If we consider the water droplets to be spherical, the bulk liquid water content
can be expressed as ρql = (π/6)ρlNdd

3
v , where Nd is the droplet number den-

sity and ρl the density of liquid water. The nth moment of the droplet size dis-
tribution (DSD) is denoted as dn = (d3)n/3 exp[n(n − 3)(σ2/2)], in which case,
dv ≡ (d3)1/3 is the volume-mean droplet diameter. If we ignore inertial effects in
a first approximation, the momentum balance of the droplets is equilibrated be-
tween their weight and the drag produced in a Stokes’ regime. The sedimentation
mass flux density of liquid water relative to the air becomes

jµ = −π(108µg)
−1ρ2l Ndd5gk . (6)

In the previous evolution equations, u is the velocity of the mixture instead of the
velocity of the air only, which explains the factors hl −h and 1−qt multiplying jµ
in equations (4) and (5), respectively. For convenience, we will refer to jµ simply
as the sedimentation flux, unless otherwise stated. Importantly, the sedimentation
flux depends on the fifth moment of the DSD, meaning that the number of large
droplets, or the extent of the DSD tail, plays a crucial role in determining the
strength of sedimentation.

Following the references above, we assume a log-normal distribution for the
DSD, such that an analytical solution exists for the moments of distribution in the
form dn = (d3)n/3 exp(n(n− 3)(σ2/2)). We can write the sedimentation flux as
jµ = −ρqlwsk, where the quantity

ws = gρld
2
v/(18µg) exp[5(logσgc)

2] (7)

can be interpreted as a bulk sedimentation velocity. The sedimentation flux is
thereby determined by the product of the liquid water partial density and the
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Figure A.1: Contour plots of (a) bulk sedimentation velocity ws as a function of the
volume-mean droplet diameter and the geometric standard deviation of a
log-normal distribution, and (b) bulk sedimentation coefficient cs as a func-
tion of the droplet number density and the geometric standard deviation. The
markers in the left panel illustrate how typical values of σgc at a fixed dv can
double the bulk sedimentation velocity.

bulk velocity. By expressing the sedimentation flux through a single parameter
like ws, we can efficiently encompass the spectrum of all other parameters, such
as the geometric standard deviation σgc ≡ eσ and the mean droplet size diameter
dv. Figure A.1a shows this functional relationship of ws, with markers indicating
fixed dv values at 20 µm as characteristic of the DYCOMS-II reference case. We see
that an increase in the tail of the DSD, through adjusting σgc from 1.2 to 1.5, as
estimated from the observations and considered in previous studies (Ackerman
et al., 2004; Bretherton et al., 2007; Schulz and Mellado, 2019), leads to a twofold
increase in the bulk sedimentation velocity.

In a one-moment bulk microphysics scheme, however, setting the droplet num-
ber density equal to a constant, Nd = N0, implies that dv = [6ρql/(πρlN0)]

1/3 and
N0 becomes the control parameter instead of dv. The sedimentation flux may then
be expressed as

jµ = −cs(ρql)
5/3k , (8)

where

cs =
gρl

18µg

(
6

πρlN0

)2/3

exp[5(logσgc)
2] (9)

is referred to as the bulk sedimentation coefficient. This formulation is convenient
because for sensitivity studies, we only need to modify cs rather than N0 and σgc

separately, thereby simplifying matters and reducing the number of simulations
we need to perform. The isolines in Figure A.1b represent various combinations
of N0 and σgc for a constant cs. For example, the case with N0 = 140 cm−3 and
σgc = 1.35 is roughly equivalent to the case with N0 = 100 cm−3 and σgc = 1.2,
as in both scenarios cs ≈ 2.7 m s−1/(kg m−3)2/3. From Figure A.1b, we choose
appropriate isolines for our sensitivity studies on sedimentation strength cs, as
discussed in the next section.
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a.2.2 Description of the simulations

Table 1: Table of experiments: Dependence of cloud properties on the Reynolds number,
Re0, and sedimentation strength, cs.

Re0
η0
(m) Ret,max

cs

(m s−1/(kg m−3)2/3)
LWP

(g m−2)
we

(mm s−1) CFmax

0 14.3 4.5 0.78

2000 2.8 413 2.7 17.3 4.3 0.82

5.4 20.3 4.1 0.82

0 34.9 5.4 0.97

5000 1.4 3075 2.7 41.5 5.0 0.97

5.4 47.4 4.5 0.97

0 55.3 6.1 0.99

12500 0.7 11186 2.7 59.5 5.0 0.99

η is the Kolmogorov scale, CFmax represents the maximum value of the height-
dependent cloud fraction, and Ret ≡ TKE2/(νϵ) the turbulent Reynolds num-
ber, where TKE is the turbulence kinetic energy and ϵ is the viscous dissipa-
tion rate. The grid spacing is ≈ 1.5 η0. DYCOMS-II based reference state is
the case η0 = 1.4 m and c0 = 2.7 m s−1/(kg m−3)2/3. LWP and we were tem-
porally averaged from the first hour onward. The grid dimensions (BxH) for
ascending Reynolds numbers are: 1536

2×384, 3072
2×768, and 6144

2×1536.

We now outline the key parameters used in our simulations, focusing on their
physical relevance and computational feasibility. In general, we use the bulk for-
mulation described in the previous section and test scenarios where the bulk sed-
imentation coefficient and Reynolds number are systematically varied.

Previous works have considered N0 = 140 cm−3 and σgc = 1.2 − 1.5 (Acker-
man et al., 2004; Bretherton et al., 2007; Schulz and Mellado, 2019). For a mean
value σgc = 1.35 within that interval of geometric standard deviations, we find
cs ≈ 2.7 m s−1/(kg m−3)2/3. Therefore, we examine the sensitivity to droplet sed-
imentation by evaluating three sedimentation strengths: a no-sedimentation case
(cs = 0), a reference case (cs = 2.7 mm s−1/(kg m−3)2/3), and a high sedimenta-
tion case (cs = 5.4 m s−1/(kg m−3)2/3).

The remaining parameters of the simulations are detailed in Mellado et al., 2018,
which considered the cases with no sedimentation. An additional difference in this
study is the slightly larger horizontal extent of the domain, with 6.7 km and a max-
imum of 6144 grid points per horizontal direction, instead of 5.6 km and 5120 grid
points. This modification was motivated by the parallelization requirements in
the supercomputer SuperMUC-NG at the Leibniz Supercomputing Centre, which
needed to be a multiple of 3.
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While we survey environmental conditions ordinary to the subtropical highs
and use dimensional analysis to match all parameters to observations, the Reynolds
number, Re, remains an exception. Current computational capabilities allow for Re
values of approximately O(104), which fall far below the actual O(108) values typi-
cal of a subtropical STBL. Fortunately, a number of important statistical properties
become independent of Re once it surpasses a critical threshold. When a variable
reaches statistical convergence with respect to Re, we call this Reynolds number
similarity (Monin and Yaglom, 2013; Mellado et al., 2018). We also conduct sen-
sitivity experiments on Re to evaluate Reynolds number similarity and explore
the feasibility of extrapolating our cloud conditions of DYCOMS-II to those in the
atmosphere. In total, we perform three sets of experiments, using the DYCOMS-II
case as the reference with c0 = 2.7 mm s−1/(kg m−3)2/3 and a reference Reynolds
number of Re0 = 5000. The simulation parameters that are relevant for the follow-
ing discussion are summarized in Table 2.

For convenience, the Reynolds number of our simulations will also be indi-
cated in terms of the Kolmogorov scale η0 corresponding to the conditions of the
RF01 in DYCOMS-II. To this aim, we use the relationship η0/H = Re

−3/4
0 , where

H = 840 m is the reference inversion height of the STBL. In case needed, the corre-
sponding dynamic viscosity can be obtained from the definition of the reference
Reynolds number Re0 = ρ0HU0/µg. For this, we first need a reference velocity U0,
which is obtained using the convective velocity scale defined by Deardorff et al.,
1970 as U0 = (B0H)1/3. Here, B0 ≡ g(ρ0c0T0)

−1Fr,ct is the buoyancy flux associ-
ated with the longwave radiative flux at cloud top, Fr,ct = 70 W m−2, according
to the one-dimensional model of Stevens et al., 2005. The different Re0 cases and
their associated grid sizes, detailed in Table 2, each correspond to unique values of
U0 and µg. For the largest Reynolds number, Re0 = 12500, and using T0 = 298 K,
c0 = 1007 J K−1 kg−1, and ρ0 = p0/(R0T0) = 1.169 kg m−3, where p0 = 105 Pa
and R0 = 287 J K−1 kg−1, we find U0 = 1.18 m s−1 and a dynamic viscosity of
µg = 9.27× 10−2 kg m−1 s−1.

The grid spacing is uniform across all directions, except where it is refined
vertically near the surface to resolve the viscous sublayer, and where it is ex-
tended in the free troposphere, all without incurring an excessive number of grid
points. Thanks to our use of compact, spectral-like numerical algorithms, we can
achieve a grid spacing of about 1.5η0 or less, allowing the Kolmogorov scale to be
η0 = 0.7 m. If ∆x ≫ η0, energy dissipation at small scales would be poor, leading
to energy accumulation and divergence of the DNS. For ascending Reynolds num-
bers, ∆x decreases from 4.4 m to 2.2 m to 1.1 m, and the time step ∆t shortens
from 1.4 s to 0.9 s to 0.5 s.

Scaling the problem to computationally feasible Reynolds numbers, O(104),
opens up multiple and equally valid interpretations. These could involve viewing
the system as a laboratory experiment with a boundary layer scaled to less than
a meter, or alternatively, increasing the fluid viscosity by several orders of magni-
tude, which would shift the Kolmogorov scale to 100− 1000 cm. Regardless of the
interpretation, the range of length scales in the Richardson cascade is shortened
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Figure A.2: (a) Temporal evolution of liquid water path (LWP) and (b) vertically inte-
grated turbulence kinetic energy (E) for three different Kolmogorov num-
bers (equivalent to changes in the Reynolds number, see Table. 2) and three
droplet sedimentation strengths. The gray region corresponds to the cen-
tral half of the distribution of the LES ensemble in Stevens, 2005, while the
dashed black line indicates measurement-based estimates. LES data for TKE
includes subfilter as diagnosed in Stevens, 2005, while the gray markers indi-
cate (⟨u ′2⟩+ ⟨v ′2⟩+ ⟨w ′2⟩)/2 averaged for each of the first 4 hours. (c) Tem-
poral evolution of mean entrainment velocity (we), or change in the inversion
height defined as the minimum turbulent flux of liquid-water static energy
h, and (d) the jump in h at the cloud-top inversion. For all cases, a running
average over a 10 min window is applied, with the standard deviation indi-
cated by a shaded region. The respective units in the legends are η0: m and
cs: mm s−1/(kg m−3)2/3.

but remains fully resolved. DNS solves the Navier-Stokes equations without tur-
bulence parameterizations or their ensuing uncertainties. Appendix A.8.1 shows
that for a fixed Reynolds number, the results for LWP and the vertically integrated
turbulence kinetic energy (E) are independent of the grid spacing.

Additional sensitivity studies concerning initial conditions and horizontal do-
main size are also provided in the Appendix A.8.1. We investigate how sensitive
the system is to its initial conditions by running simulations that start with a spe-
cific sedimentation strength, cs, and are then changed after 1.5 hours. We find
that LWP responds more slowly than E. This lag occurs because the moisture flux
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from the ocean surface into the boundary layer is fixed. Secondly, numerical ad-
justments from doubling the horizontal extent have no noticeable effect on either
the LWP or E, suggesting that our results are also robust to changes in domain
size.

a.3 comparison with observations and reynolds number effect

Before discussing the effect of sedimentation on STBL properties, this section com-
pares our DNS results to available observations and previous LES studies. The aim
is to understand how well the DNS data represents the effect of sedimentation,
given the different modeling assumptions that we need to make and, in particular,
the difference in Reynolds numbers between the simulations and the atmospheric
conditions. For this purpose, we consider the LWP, the turbulence kinetic energy
and the mean entrainment velocity, which are properties that we will also consider
later on in the discussion of sedimentation effects.

Figure A.2a shows the temporal evolution of LWP for different sedimentation
and Reynolds numbers. Following the initial spin-up phase during the first 20

minutes of simulation, we see that the sedimentation case η0 = 0.7 m, correspond-
ing to a grid spacing of 1.1 m, is quasi-steady over time and agrees particularly
well to the measurement-based estimate of 60 g m−2, without the need for pa-
rameter tuning. In contrast, LES studies (represented by the gray-shaded regions)
need to be tuned by considering a grid aspect ratio between 5:1 and 10:1 and typ-
ically underestimate LWP (Mellado et al., 2018). This illustrates an advantage of
DNS; the disadvantage is the high computational cost, as that particular simula-
tion required 44 million-core hours, using 24,576 cores in SuperMUC-NG at the
Leibniz Supercomputing Centre. As a result, the sedimentation case η0 = 0.7 m
could only be run up to 2.7 h due to constraints in the computational resources,
whereas the no-sedimentation case η0 = 0.7 m was also limited, running for only
1.1 h.

Figure A.2b shows that the temporal evolution of vertically integrated turbu-
lence kinetic energy (E) in the DNS sedimentation case with η0 = 0.7 m agrees
more closely with LES studies (gray-shaded regions) than the corresponding com-
parison for LWP. The DNS cases with η0 = 1.4 m have a significantly lower tur-
bulence kinetic energy than the LES cases. An argument for this mismatch of E

might be the horizontal domain size, as the LES used a domain measuring 3.36 km
horizontally, whereas our domain spans 6.76 km in each direction. It is possible
that certain domain sizes favor particular deep-convective structures. However, as
already pointed to above, our analysis in Appendix A.8.1 shows no discernible
difference from doubling the domain size in the DNS. The observed differences
between the LES and DNS is then likely attributed to the role of the subgrid
scale model and the LES tuning. To better understand this effect, we computed
E = (⟨u ′2⟩+ ⟨v ′2⟩+ ⟨w ′2⟩)/2 using only the LES resolved fields and plotted the
average for each of the first four available hours in Figure A.2b, where they fall
between the η0 = 1.4 m and η0 = 0.7 m cases. This indicates that the subgrid
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scale contribution to the turbulence kinetic energy is comparable to the Reynolds
number effect in the DNS, which is consistent with the idea that the subgrid scale
model in LES can be interpreted as a low Reynolds number effect (Mellado et al.,
2018). This analysis also shows that LES can capture some important properties
like the turbulence kinetic energy correctly at a much lower computational cost
than DNS, which is the goal and advantage of LES, but with the premise that it is
correctly tuned. This is where DNS can help by providing reference data for cases
where observations are not available.

The third property that we consider is the mean entrainment velocity. In accor-
dance to Lilly, 1968, we define the mean entrainment velocity as

we =
dzi

dt
− ⟨w⟩zi , (10)

where zi is the inversion height, angle brackets denote horizontal averages, and
the subscript zi indicates that the corresponding function is particularized at z = zi.
The mean vertical velocity is ⟨w⟩ = −ω, and ω = Dz is the subsidence velocity
with a constant divergence D = 3.75× 10−6 s−1. Different definitions of the inver-
sion height zi can be considered. Even if the total sum is less contingent on the
chosen zi when the cloud-top region is in a quasi-steady state, Schulz and Mel-
lado, 2018 showed that individual contributions to the mean entrainment velocity
from different physical phenomena depend on zi, making the specific choice of zi

important for comparing individual contributions across studies. In this study, we
define zi as the minimum turbulent flux of the liquid-water static energy, h.

To avoid the noise introduced when calculating the derivative of zi(t) in Eq. 10,
we calculate the mean entrainment velocity from the entrainment-rate equation.
Further details regarding this calculation will be provided in section A.5. Fig-
ure A.2c shows that, much like the LWP, the DNS case η0 = 0.7 m tends to best
reproduce observational data for we. Compared with measurements that estimate
we to be in the range 3.9− 4.7 mm s−1 (Faloona et al., 2005; Stevens et al., 2003),
our estimates lean towards the upper bound, with a value of 4.9 mm s−1 for the
sedimentation case η0 = 0.7 m (see Table. 2). To calculate we, we will see in sec-
tion A.5 that we require the increment in mean properties at height zi. Figure A.2d
shows the temporal evolution of the increment in liquid water static energy at
height zi, ∆h, which aligns with typical values for stratocumulus clouds ranging
from 5− 12 kJ kg−1.

The case η0 = 0.7 m shows the best agreement with measurements in the ver-
tical distribution of mean liquid water content (LWC) as seen in Figure A.3a, as
well as in the variance, ⟨w ′2⟩, and skewness, ⟨w ′3⟩, of the vertical velocity w in
Figs. A.3c-d. The positive buoyancy flux in Figure A.3b for the case η0 = 0.7 m
points to turbulence production in both the cloud layer and the subcloud layers.
Lower Reynolds number cases (with Kolmogorov scales η0 = 2.8 and η0 = 1.4 m)
tend to suppress ⟨w ′2⟩ within the STBL and show minimal to no regions of neg-
ative ⟨w ′3⟩. The case η0 = 0.7 m with a grid spacing of 1.1 m comes closest to
matching this region of negative skewness. LES simulations, by contrast, have
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Figure A.3: Vertical profile of (a) liquid water content, (b) buoyancy flux, (c) the variance,
and (d) the skewness of the vertical velocity, time-averaged from the first hour
onward. Markers indicate measurements reported by Stevens, 2005, with hol-
low triangles representing radar data. For all cases, shaded regions indicate
the standard deviation. The respective units in the legends are η0: m and cs:
mm s−1/(kg m−3)2/3.

consistently reported positive skewness throughout the STBL, which is more char-
acteristic of cumuliform convection.

Last, we consider Reynolds number effects. By comparing results at different
Reynolds numbers in Figure A.2 and Figure A.3, we observe that the effect of the
Reynolds number on all properties is substantial. In general, we find that increas-
ing the Reynolds number increases LWP and cloud fraction (see Figure A.6a for
vertical distribution of cloud fraction), which brings about stronger LW radiative
cooling and more turbulence. This effect of the Reynolds number can be inter-
preted as reduced mixing in the cloud-top region (further discussion is presented
in section A.5).
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Figure A.4: Dependence of the cloud liquid water content and mean entrainment velocity
on sedimentation strength and Reynolds number. Time averaged from the
first hour onward for all simulations. Filled-in shapes are simulations with
reference sedimentation strength from DYCOMS-II and hollow shapes with
no sedimentation. Measurement-based estimates for LWP (dotted blue) and
mean entrainment velocity we (dotted orange) are shown, with we taken as
the average of the estimated range of 3.9− 4.8 mm s−1.

Nevertheless, despite the substantial effect of the Reynolds number found in
all properties, we begin to observe convergence for the large Reynolds number
Re0 = 12500, or η0 = 0.7 m. For clarity, we integrated the LWP from the first hour
onward for each simulation to yield a single value per simulation, shown in Fig-
ure A.4. The same approach is applied to the mean entrainment velocity we from
Figure A.2c. We see that the relative change in LWP and we between the cases
η0 = 2.8 m and η0 = 1.4 m is larger than that between η0 = 1.4 m and η0 = 0.7 m.
For simulations with sedimentation included (indicated by filled shapes in Fig-
ure A.4), both LWP and we gradually approach their respective measurement-
based estimates as Re0 increases. This convergence pattern suggests a progression
toward Reynolds number similarity for LWP and more prominently for we, and
allows for extrapolation of the results to the higher Reynolds numbers that are
characteristic of atmospheric conditions.

Besides, we observe that the difference between simulations with and with-
out sedimentation (indicated by filled and hollow shapes) for we grows with
increasing Re0. For lower Reynolds numbers (η0 = 1.4 and η0 = 2.8 m), the
effect of sedimentation on we is less pronounced. But at meter-scale resolution
(η0 = 0.7 m), sedimentation causes at least a 20% decrease in mean entrainment
velocity. Arguably more important, at higher Reynolds numbers, sedimentation-
induced changes in we are comparable to or exceed those caused by Reynolds
number effects. At η0 = 0.7 m, the sedimentation effect outweighs Reynolds num-
ber effects for the mean entrainment velocity, giving us confidence that the DNS
data can disentangle at least part of the interactions between sedimentation and
turbulence.
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a.4 effect of sedimentation on bulk properties

The effect of sedimentation in Figure A.2a reveals a clear trend: increases in sedi-
mentation strength result in higher LWP. The reduction in cloud-top evaporation,
which was already proposed and observed by Bretherton et al., 2007; Ackerman
et al., 2009, allows for greater distribution of liquid water across turbulent eddies
throughout the STBL. Figure A.3a illustrates a thicker cloud deck and an increase
in the maximum of the vertical LWC distribution. Overall, sedimentation lowers
the mean cloud height and reduces the rate of evaporation at the cloud top.

The distribution of LWC within the STBL modulates buoyancy-driven and tur-
bulent processes. Our results align with those of Bretherton et al., 2007; Acker-
man et al., 2009, showing that convective intensity, measured by ⟨w ′2⟩, increases
with sedimentation strength across the entire STBL (Figure A.3c), and is correlated
with greater cloud liquid water content. Whether LWP increases or decreases with
sedimentation strength also depends on meteorological conditions, such as free-
troposphere humidity and STBL stratification (Ackerman et al., 2004; Ackerman
et al., 2009). In RF01, where the free troposphere was dry, LWP is maintained by
deep circulations that continuously supply moisture to the cloud layer. To coun-
teract the desiccating influence of the dry free troposphere, convective intensity,
driven by radiative cooling and the evaporation of liquid water, must at least
remain steady. In our simulations, convective intensity increases (see the time evo-
lution of E in Figure A.2b), which we interpret as contributing to the growth of the
boundary layer. Liquid water and water vapor are then redistributed throughout
the boundary layer, organizing turbulence into more coherent large-scale struc-
tures.

Cloud-top negative values in the buoyancy flux profile (Figure A.3b) can be at-
tributed to the downward entrainment of positively buoyant warm air. Near the
cloud base, the buoyancy flux approaches negative values in the no-sedimentation
case, suggesting a potential separation between the cloud and the subcloud lay-
ers (Nicholls, 1984; Bretherton and Wyant, 1997). In the sedimentation cases, by
contrast, the buoyancy flux is prominently positive, indicating a more coupled
state. This is consistent with Figure A.2c, which shows high sensitivity of the
mean entrainment velocity to increases in sedimentation strength. The reduction
in cloud-top entrainment in response to increased sedimentation strength sup-
ports a more coupled STBL, in agreement with previous local cloud-only studies
(Lozar and Mellado, 2014; Lozar and Mellado, 2017; Schulz and Mellado, 2019).
The somewhat surprising tendency of the mean entrainment velocity to decrease
as turbulence increases, however, is discussed further in the following sections.

The vertical velocity skewness (Figure A.3d) points to the organization of mois-
ture between ascending and descending motions, highlighting asymmetries around
the mean distribution (Tillman, 1972; Moeng and Rotunno, 1990). Positive skew-
ness signals strong and narrow updrafts, surrounded by weak and broad down-
drafts, and vice versa for negative skewness. Our results uncover two local max-
ima of positive skewness: one in the subcloud layer, associated with the surface
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Figure A.5: Vertical profiles of the various flux contributions according to Eq. 12 of (a-b)
liquid water static energy and (c-d) total water. In the left panels (effect of sed-
imentation), the Kolmogorov scale is set to η0 = 1.4 m, while in the right pan-
els (effect of Reynolds number), the sedimentation strength is kept constant at
cs = 2.7 mm s−1/(kg m−3)2/3. Different colors indicate flux contributions to
the energy (Eq. 4) and total water (Eq. 5) equations. Line style indicates var-
ious sedimentation strengths, and opacity indicates different Reynolds num-
bers. All profiles are horizontally and time-averaged from the first hour on-
ward, with the standard deviation indicated by a shaded region. The respec-
tive units in the legends are η0: m and cs: mm s−1/(kg m−3)2/3.

buoyancy flux, and another in the cloud layer, linked to latent heating from con-
densation. Between these, we observe a local minimum in the skewness, where the
radiative and evaporative cooling tend to promote narrow downdrafts that com-
pensate for the surrounding updrafts. Increasing sedimentation strength reduces
the positive skewness in the subcloud layer, and the minimum around the cloud
base becomes negative. This suggests that, as more moisture is available in the
STBL when sedimentation increases, the downdrafts are stronger in the subcloud
layer. Increasing sedimentation strength not only alters the intensity of turbulence
but also reduces the asymmetry of vertical motions. Thus, both the amount and
spatial distribution of moisture are important in driving mixing within the STBL.
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a.5 analysis of the entrainment-rate equation

While turbulence intensifies in the STBL, as indicated by the temporal evolution
of E in Figure A.2b and ⟨w ′2⟩ in Figure A.3c, it prompts the question of how
this is possible when the mean entrainment velocity simultaneously decreases. To
answer this, we look beyond the turbulent flux and use the entrainment-rate equa-
tion to understand the various contributions to the mean entrainment velocity.

The entrainment-rate equation provides an analytical expression for we and is
derived by integrating the evolution equation for the fluid property ϕ from zi

upward. The fluid property per unit volume ϕ can be any of the 5 prognostic vari-
ables indicated in Section A.2; commonly, one considers the energy variable, the
moisture content, or both. In this approach, the time rate-of-change of a control
volume, specifically the entrainment zone, is decomposed into sources and fluxes
— turbulent, molecular, radiative, and sedimentation. The fluxes tell how much
mass, momentum, or energy is entering and exiting the entrainment zone. Fol-
lowing the work of Mellado, 2017 and Mellado et al., 2018, the entrainment-rate
equation can be written as

we
(
⟨ϕ⟩zi −ϕbg,zi

)
= Fϕ,zi − Fϕ,z∞ +

∫z∞
zi

Sϕdz+
d

dt

∫z∞
zi

(
⟨ϕ⟩zi −ϕbg,zi

)
dz , (11)

where Fϕ is the average flux of ϕ at either the reference height of the inversion,
z = zi, or in the upper free troposphere where the properties correspond to a
background state, z = z∞. Sϕ serves as a source term. The final term measures the
deformation of the mean profile ⟨ϕ⟩ in a frame of reference that moves with zi, and
it becomes smaller than the other terms in the quasi-steady state, or the entrain-
ment equilibrium state (Fedorovich et al., 2004); this is tested in Appendix A.8.2.
The difference ⟨ϕ⟩zi − ϕbg,zi refers to the jump in the property ϕ at zi as it as-
cends or descends. With DNS, all the terms in Eq. 11 are known and the resulting
mean entrainment velocity has been shown in Figure A.2c. To a large extent, the
entrainment-rate equation can be simplified to the form:

we
(
⟨ϕ⟩zi −ϕbg,zi

)
≈ Fϕ,zi . (12)

The vertical fluxes of the liquid water static energy and total water are plotted
in the top and bottom rows of Figure A.5, respectively. The left panels show the
effect of varying cs while keeping the reference Kolmogorov scale held fixed at
η0 = 1.4 m. In Figure A.5a, the individual contributions to the static energy are
decomposed. As cs increases, the droplet size distribution function shifts towards
larger, heavier droplets that sediment further down from the cloud top. Since
heavier droplets are less effectively transported upward by turbulent motions,
sedimentation reduces the local liquid water content near the cloud top. Sedimen-
tation ultimately leads to the “removal” of ⟨h⟩ from the STBL, as the remaining
water vapor contains more energy than liquid water. In distinguishing the STBL
interior from the entrainment zone, the sedimentation flux of h cools the STBL
interior (∂t⟨h⟩ < 0, because −∂z⟨h ′w ′⟩ < 0) while warming the entrainment zone.
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Crucially, the magnitudes of the turbulent and sedimentation contributions to
the static energy flux are similar and opposite in sign. Given their potential to
offset each other, they are deemed equally important in the energetics of the sys-
tem. If the turbulent flux of h smooths the mean gradient of h, then the sedi-
mentation flux of h reinforces it. The turbulent flux decreases incrementally by
approximately −3 W m−2 between the no-sedimentation case and the sedimen-
tation cases with cs = 2.7 and cs = 5.4 mm s−1/(kg m−3)2/3, dropping from
−38 W m−2 to −44 W m−2. Meanwhile, the sedimentation flux of h gains from
0 W m−2 to 12 W m−2, and then to 25 W m−2, producing a greater average in-
crease in magnitude compared to the turbulent flux. This indicates that the turbu-
lent and sedimentation fluxes of h at zi scale differently with increasing cs. What
is important is not the total magnitude of each flux, but the incremental change as-
sociated with varying cs. We now understand that the mean entrainment velocity
decreases because the sedimentation flux of h compensates for the turbulent flux
of h, with the former increasing more rapidly as sedimentation strength increases.

Let us consider the turbulent flux of qt in Figure A.5c, representing the direc-
tional transfer of water vapor and liquid water combined. The turbulent flux of
qt decreases monotonically with increasing cs, starting in the cloud layer and sub-
stantially more near cloud base. The variation in the turbulent flux profile of qt

comes from an increase in available liquid water and reorganization of the ql and
qv components within the STBL. As sedimentation increases the availability of
moisture in downdrafts that enter the subcloud layer, the predominantly upward
turbulent flux of qt weakens. The newly-emerged maximum in the turbulent flux
of qt in the cloud layer in sedimentation cases suggests a change in the downdraft
component of the boundary-layer circulation, while conditions at the cloud top
remain relatively unchanged. It is also remarkable that the turbulent flux of qt

decreases as cs increases, even though E increases.

The effect of the Reynolds number is shown by fixing the sedimentation strength
at cs = 2.7 mm s−1/(kg m−3)2/3 (right panels of Figure A.5). For both static en-
ergy and total water, the molecular contribution in the cloud-top region is synony-
mous with the effect of the Reynolds number, as the molecular flux scales with
the Reynolds number and the mean gradient. However, the mean profiles show
weaker dependence on the Reynolds number. The most conspicuous result is the
substantial molecular contribution to entrainment warming and drying, consis-
tent with the strong dependence of LWP on the Reynolds number, as previously
reported. This behavior is also shown by the vertical profile of the cloud fraction
in Figure A.6a. The cloud reaches its peak fraction near the middle for the case
η0 = 1.4 m and increasingly occupies the regions toward the top and base with
higher Reynolds numbers. Despite the strong dependence of entrainment fluxes
on the Reynolds number, we observe that the molecular contribution diminishes
rapidly with respect to the turbulent contribution when comparing the three cases
with different Reynolds numbers. This further illustrates that we start to reach a
certain degree of Reynolds number similarity, as molecular effects become increas-
ingly small in some relevant properties of the system.
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Figure A.6: Vertical profile of the (a) cloud fraction, defined by a threshold ql = 3 ×
10−6 g kg−1 and (b) radiative heating rate, time-averaged from the first hour
onward, with the standard deviation indicated by a shaded region. The re-
spective units in the legends are η0: m and cs: mm s−1/(kg m−3)2/3.

a.6 turbulence and moisture organization

Why does turbulence intensity increase, if there is less evaporative cooling at the
cloud top? We look at two possible mechanisms to explain the increase in turbu-
lence, namely, cloud-top radiative cooling and the vertical distribution of moisture
within the STBL.

Convection in stratocumulus clouds is primarily driven by longwave radiative
cooling; however, as shown in Figure A.6b, the change in radiative heating rates
due to sedimentation is negligible. A plausible explanation might be linked to the
short optical length of cloudy air. While cloud thickness may increase with sedi-
mentation strength, a substantial part of the cloud behaves akin to a black body
for the case cs = 0, and there is little impact on the overall radiative cooling effect
when increasing cs. In agreement with Bretherton et al., 2007; Ackerman et al.,
2009; Lozar and Mellado, 2017, we rule out cloud-top radiative cooling as a mech-
anism for increased turbulence.

In analyzing the vertical distribution of moisture in the STBL, we first refer back
to the buoyancy flux profile in Figure A.3b. We see that increasing sedimentation
strength consistently reduces TKE buoyancy production in the cloud layer while
elevating it in the subcloud layer. This shift in buoyancy production is partly at-
tributed to reduced entrainment of warm and dry air into the cloud layer, which
reduces evaporative cooling at cloud top and favors it elsewhere. The remainder
of this section focuses on the latter — specifically, the vertical redistribution of liq-
uid water and water vapor. The underlying idea is that, although the total water
content in the system at a given time remains the same for different sedimentation
strengths (as we fix the surface fluxes), variations in its partitioning between liquid
water and water vapor can influence and reshape the organization of turbulence.
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Figure A.7: Horizontal cross-sections of the temperature, liquid water and water vapor
specific humidity, and vertical velocity are shown from top to bottom, respec-
tively. Columns correspond to sedimentation strengths of cs = 0.0, cs = 2.7,
and cs = 5.4 mm s−1/(kg m−3)2/3. All cross-sections are obtained for
Re0 = 5000, or η0 = 1.4 m, and at t = 4 h. Each variable is evaluated at a
specific height, which varies with sedimentation strength, listed from left to
right: temperature at the cloud top (defined by the inversion height zi) at 847

m, 829 m, and 809 m; liquid water in the cloud layer (height of maximum ql)
at 793 m, 780 m, and 760 m; water vapor and vertical velocity in the subcloud
layer (height of maximum ⟨w ′3⟩ below the cloud) at 363 m, 386 m, and 365 m.
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Figure A.8: Conditionally sampled vertical profiles of (a) vertical velocity, ⟨w⟩u,d, (b) liquid
water specific humidity anomaly, ⟨ql⟩u,d − ⟨ql⟩, and (c) liquid water static en-
ergy anomaly, ⟨h⟩u,d − ⟨h⟩, distinguished by updraft and downdraft regions.
Consistent with the vertical velocity profiles in the last row of Figure A.7,
blue lines represent downdrafts, while red lines indicate updrafts. Each sim-
ulation is conducted at a Reynolds number of Re0 = 5000, or η0 = 1.4 m.
Profiles were taken at one-hour intervals (shown in the first panel with re-
duced opacity) and then averaged together. The units in the legend are cs:
mm s−1/(kg m−3)2/3.

We begin the analysis at the cloud top, where entrainment draws warm and
dry air down from the free troposphere into the boundary layer; this process is
particularly visible in the temperature cross-sections at the cloud top (see top row
of Figure A.7). Sedimentation alters this process by reducing the entrainment of
warm and dry air, and thus reducing the evaporation rate of water droplets near
the temperature inversion.

The resulting increase in ql with sedimentation is shown in the second row of
Figure A.7 (and in Figure A.3a). This is further quantified by conditioning the
fields into downdrafts and updrafts, as shown in Figure A.8. Looking at the core
of the downdrafts inside the cloud, the second panel of Figure A.8 shows that, as
sedimentation increases, the downdrafts contain less liquid water compared to the
mean profile, ⟨ql⟩ (the dry downdrafts become drier), as there is less evaporation
at cloud top. While the puffy, cellular-like structure of the clouds remains con-
sistent across all sedimentation strength scenarios, the clouds themselves grow
denser with liquid water. The area of the cloud holes also remains largely un-
changed, as sedimentation at this height primarily impacts the cloudy regions.

The increase in the difference of liquid content between cloudy puffs and dry
holes with sedimentation strength is what fuels evaporative cooling at the sides
of the holes and accelerates the downdrafts. As liquid water accumulates near the
downdrafts and evaporates, the resulting negative buoyancy anomaly increases
the buoyancy flux near cloud base (Figure A.3b) and serves as a source of TKE.
This turbulence intensification is shown by the increase of the variance of w in Fig-
ure A.3c. Conditional analysis (Figure A.8a) shows that increasing sedimentation
strength enhances downdrafts and updrafts within the subcloud layer, with a visi-
bly larger effect on the downdrafts. The asymmetry in the vertical velocity profile
is reflected by the skewness from Figure A.3d. The skewness in the subcloud layer
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transitions from a predominantly positive distribution to a more neutral one (less
positive), further indicating a strengthening and acceleration of downdrafts.

Consistent with this turbulence intensification, the cloud holes, represented by
the downdrafts in the third panel in Figure A.8, tend to contain more energy than
the mean, ⟨h⟩. Overall, while the cloud layer cools due to reduced entrainment
warming, the downdraft regions become more concentrated and energetic, as
warm air is more effectively drawn in from the free troposphere through the cloud
holes. The large changes in the liquid water static energy anomaly, ⟨h⟩u,d − ⟨h⟩,
help explain why sedimentation increases the entrainment turbulent flux of ⟨h⟩ at
the cloud top (see Figure A.5a).

The reduction of entrainment drying and warming with increasing sedimenta-
tion strength results in an increase in water vapor in the subcloud layer (see third
row of Figure A.7). The regions that are rich in water vapor coincide with the up-
drafts in the cross-section of the vertical velocity (see bottom row of Figure A.7). In
particular, the cross-section of the vertical velocity taken at the subcloud layer orga-
nizes into a more connected configuration with increasing sedimentation strength,
forming sheets of upward motion that interconnect into a honeycomb-like ar-
rangement. As turbulence intensifies, the downdrafts more forcefully displace the
warmer near-surface air, driving convective upward motion through the pressure
gradient force (Bretherton et al., 2007; Ackerman et al., 2009; Lozar and Mellado,
2017).

These findings are summarized in Figure A.9. Droplet sedimentation pulls the
cloud downwards, more at the cloud top because it is where the larger droplets
are. This reduces entrainment and therefore the boundary layer is shallower. The
reduction in entrainment warming and drying leads to a moister boundary layer,
which manifests in more liquid water in the cloud and more water vapor in the
subcloud layer. The reduction of evaporative cooling at the cloud top with in-
creasing sedimentation also leads to a larger contrast in the cloud layer between
the descending dry, warm air in the cloud holes and the moist, cold air in the
cloudy puffs. This contrast enhances evaporative cooling at the boundary of the
holes, accelerating the downdrafts, which increases the turbulence intensity in
the boundary layer. Together, these dynamics help redistribute and circulate mois-
ture more evenly throughout the STBL, and thereby reinforce the coupling with
surface-driven buoyancy fluxes. Overall, sedimentation plays a key role in reshap-
ing the vertical distribution of moisture and the organization of turbulence within
the STBL, influencing both cloud and subcloud dynamics.

a.7 conclusions

This study quantifies the effects of droplet sedimentation in a stratocumulus-
topped boundary layer (STBL) using direct numerical simulations (DNS). Previ-
ous analyses reaching sub-meter scale resolution were confined to local cloud-top
studies, whereas boundary-layer studies generally reached vertical resolutions of
only 5 m, or potentially down to 2.5 m with lower-order numerics. Our evaluation
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Figure A.9: The schematic illustrates the impact of droplet sedimentation on cloud
amount (represented by cloud size), cloud-top height (dashed line), boundary
layer turbulence (yellow arrows), mean entrainment velocity, we (indicated
by the size of the symbol and the straight arrow connected to the cloud-top
height line) and vertical velocity (blue arrows for downdrafts and red for up-
drafts). Line thickness indicates intensity. The entrainment turbulent flux of
⟨h⟩ is depicted by green circular arrows.

of changes in liquid water content, and the subsequent changes in mean entrain-
ment velocity and turbulence, involves sensitivity experiments that test varying
sedimentation strengths and Reynolds numbers. Taking the first research flight of
the DYCOMS-II field campaign as a reference, we find that retaining the observed
bulk strength of droplet sedimentation reduces the mean entrainment velocity by
at least 20% and increases the liquid water path (LWP) compared to the simula-
tions without droplet sedimentation (as schematically summarized in Figure A.9).
The magnitude of entrainment reduction is seen to increase with the Reynolds
number and, for the Reynolds numbers tested here, falls between the values re-
ported in local DNS studies conducted at sub-meter scale resolution and those
from large-eddy simulation (LES) studies. We show that a vertical resolution of
about 2 m is necessary to capture the signal of entrainment reduction by sedimen-
tation with numerical algorithms of spectral-like resolution. Indeed, at a vertical
resolution of about 1 m and without being tuned, our results for LWP and mean
entrainment velocity start to match measurements.

Our findings challenge previous explanations of the mechanism behind reduced
mean entrainment velocity by sedimentation, particularly the claim that less evap-
oration at the cloud top leads to reduced turbulence in the STBL. In reality, our
experiments yielded a rise in both turbulence kinetic energy and the turbulent
entrainment flux when the effect of droplet sedimentation is added. By means
of integral analysis, we refer to the entrainment-rate equation which decomposes
the mean entrainment velocity we = dzi/dt into its constituent fluxes: turbulent,
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molecular, radiative, and sedimentation fluxes. From the vertical mean fluxes of
the liquid water static energy at the cloud top, we show that the sedimentation
flux is commensurate in magnitude with the turbulent entrainment flux, as the
former undergoes a more rapid increase with sedimentation strength. For Kol-
mogorov scales η0 = 1.4 and 0.7 m, the change in sedimentation flux compensates
the change in the turbulent flux, resulting in a lower mean entrainment velocity.
Coarser resolutions tend to underestimate this compensation.

Sedimentation also moderates vertical motions, affecting the vertical distribu-
tion of moisture in both the cloud and subcloud layers. By decreasing the en-
trainment of warm, dry air from the free troposphere into the boundary layer,
sedimentation reduces evaporation at the cloud top. This leads to a shallower and
moister boundary layer. By conditionally sampling the updrafts and downdrafts,
we show that the downdrafts become drier and warmer with increasing sedimen-
tation strength. The sharper contrast between the warmer, drier downdrafts (cloud
holes) and the cooler, moister cloud puffs promotes greater evaporative cooling
within the STBL. This process, in which droplet sedimentation reduces cloud-top
evaporation while concurrently permitting more evaporation at the sides of the
downdrafts, ultimately drives turbulence generation. In the absence of sedimen-
tation, cloud decoupling becomes more likely, as excessive evaporation during
cloud-top entrainment events can destabilize the large-eddy circulation responsi-
ble for transporting moisture from the surface to the cloud layer. Our results show
the importance of resolving both the cloud and subcloud layers at meter-scale
resolution to properly understand the vertical distribution of moisture and the
organization of turbulence.

Our findings show that microphysical effects—sedimentation in particular—
hold equal importance to turbulent effects, and that meter-scale resolution is
needed to correctly represent their influence on cloud-top entrainment. Extrapo-
lating these findings to atmospheric conditions looks favorable, given the trend of
multiple variables such as LWP and mean entrainment velocity towards Reynolds
number similarity. Accounting for droplet sedimentation is a key component in
understanding how stratocumulus clouds evolve over time, particularly in how
changes in turbulence and moisture dynamics influence cloud amount. Advanc-
ing this understanding requires increased computational and observational efforts
to improve droplet size distribution accuracy, particularly the distribution tail, due
to the sedimentation flux’s dependence on the fifth-order moment.

a.8 appendix to paper a

a.8.1 Additional sensitivity experiments

To estimate the sensitivity of the LWP and vertically integrated turbulence kinetic
energy (E) to sedimentation strength, we considered the fields at 1.5 h in the ref-
erence case (cs = 2.7 and Kolmogorov scale η0 = 1.4 m) and continued two new
cases with sedimentation strength cs = 0.0 and cs = 5.4. As seen in Figure A.10,
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Figure A.10: Sensitivity of (a) liquid water path (LWP) and (b) vertically integrated turbu-
lence kinetic energy (E) to changes in sedimentation strength. We consider
two cases cs = 0.0 and cs = 5.4 mm s−1/(kg m−3)2/3 after 1.5 h, initialized
with the simulation {η0 = 1.4 m, cs = 2.7 mm s−1/(kg m−3)2/3}.

the time response of LWP to return to non-adjusted conditions is slower than that
of E. This lag is attributed to the fixed moisture, or buoyancy, flux at the ocean
surface. While E attempts to draw more moisture into the system, the total wa-
ter flux, qt, remains constrained. The E response occurs within less than an hour,
while that of LWP takes until the remainder of the simulation. To ensure that the
statistical properties are independent of the grid spacing once the Kolmogorov
scales are sufficiently resolved, we examined the case {η0 = 2.8 m, cs = 2.7}
and halved the grid spacing from 4.4 m to 2.2 m. This new case corresponds to
a grid size 30722 × 768, instead of 15362 × 384. Figure A.11 shows that the new
paths of horizontally averaged and vertically integrated LWC (LWP) and TKE (E)
align closely with those from larger grid spacing. This outcome justifies the distin-
guishing property of DNS that results should be grid-spacing independent when
appropriate numerical schemes are implemented. We confirm that expanding the
horizontal domain size by a factor of 4 does not noticeably alter variables like
LWP and E. Figure A.11 compares two simulation runs at the Kolmogorov scale
η0 = 2.8 m, where one run has double the horizontal extent in both directions, re-
quiring twice the number of grid points in each horizontal direction (30722 × 384).
We see smooth trajectories of LWP and E when the horizontal length Lx is suffi-
ciently larger than the convective length scales, ensuring that the ratio between
the two remains independent of Lx. This result supports our choice in the domain
limits of our simulations, as increasing the domain size only marginally improves
statistical convergence.

a.8.2 Entrainment rate equation: deformation term

The calculation of the mean entrainment velocity in Eq. 11 includes a deformation
term (last term in Eq. 11) represented by a time derivative. As a first approxima-
tion of the mean entrainment velocity, we neglect this term. This simplification
allows us to solve Eq. 10 for zi(t) and compare it to the actual evolution of zi,
which is determined directly from the change of the minimum turbulent flux of
the liquid-water static energy (see Figure A.2c). Through this comparison, we in-
vestigate whether the deformation term becomes increasingly negligible over time,
potentially lessening the dependence on expensive DNS simulations for determin-
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using the entrainment rate equation without the deformation term (orange
lines) and directly as the change in the minimum turbulent flux of liquid-
water static energy, for three different Kolmogorov numbers (equivalent to
different Reynolds numbers, see Table. 2).

ing the inversion height, zi. Indeed, this simplification proves effective, as the dif-
ference between the two calculations decreases over time with increasing Reynolds
numbers. We also test the sensitivity to varying Reynolds numbers, showing that
the importance of the deformation term diminishes as the Reynolds number in-
creases. For the Kolmogorov scales η0 = 0.7 m and η0 = 1.4 m, the results align
particularly well.

data availability statement

Primary data and source code can be found at Pistor, 2025.
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abstract

We investigate how droplet sedimentation interacts with subtropical marine low-
cloud adjustment mechanisms, using direct numerical simulations at Kolmogorov
scales of 1.4 m. We conduct sensitivity experiments to isolate the effects of three
mechanisms: (i) thermodynamic warming, (ii) reduced downwelling longwave
radiation, and (iii) increased inversion strength. Responses are quantified as ab-
solute and relative changes in mean entrainment velocity (we), liquid water path
(LWP), vertically integrated turbulence kinetic energy (E), and inversion height
(zi). The simulations capture fine-scale structures, including the location of evap-
orative cooling events. Regardless of the environmental setup, stronger sedimen-
tation consistently reduces we, increases LWP and E, and slightly lowers zi. Sedi-
mentation effects are comparable in magnitude to the adjustment mechanisms.

b.1 introduction

The sensitivity of the climate system to perturbations in Earth’s radiation balance–
whether driven by anthropogenic sources or natural variability–remains at the
forefront of climate research, given the potentially profound socio-economic im-
pacts (Cooke et al., 2014; Rennert et al., 2022; Christensen et al., 2022). Particu-
larly deserving of attention are low-latitude stratocumulus clouds, whose ubiq-
uitous presence in the subtropical highs and strong albedo contribute to cooling
the global-mean surface temperature (Klein and Hartmann, 1993; Wood, 2012). In
a warming climate, the response of these clouds depends on adjustment mecha-
nisms that either amplify (positive feedback) or mitigate (negative feedback) the
initial radiative imbalance (Siebesma et al., 2020). For subtropical marine low-
clouds, three dominant mechanisms have been identified: (a) a thermodynamic
mechanism, wherein elevated sea surface temperatures (SST) enhance convective
mixing and increase cloud-top entrainment of dry free-tropospheric air, thereby
reducing cloud amount; (b) a radiative mechanism, wherein weaker longwave
(LW) radiative cooling reduces vertical moisture transport, similarly resulting in
less cloud; and (c) stability, where a stronger inversion promotes low-cloud for-
mation. (Bretherton et al., 2013; Blossey et al., 2013; Bretherton and Blossey, 2014;
Bretherton, 2015; Nuijens and Siebesma, 2019). Various lines of evidence, includ-
ing observations and large-eddy simulations (LES), show the robustness of a posi-
tive feedback when these mechanisms are considered collectively (Qu et al., 2015;
Schneider et al., 2019; Scott et al., 2020; Sherwood et al., 2020; Myers et al., 2021;
Koshiro et al., 2022; Schiro et al., 2022; Forster et al., 2023). However, the extent
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to which these mechanisms are shaped by microphysical processes remains un-
clear. This question is particularly pressing for climate modelers, who must rely
on high-resolution grids to represent the multiscale dynamics and sharp capping
inversions characteristic of stratocumulus clouds. While a myriad of studies has
examined microphysical effects and low-cloud adjustment mechanisms indepen-
dently, their interplay remains unexplored and constitutes the focus of this study.

Interpreting the macrophysical behavior of clouds requires an understanding
of their underlying microphysical processes. Among these, droplet sedimentation
refers to the rate at which water droplets fall under gravity; larger droplets de-
scend faster because their lower surface-area-to-weight ratios reduce air resistance.
Previous studies have shown that stronger sedimentation strengths reduce the en-
trainment of dry, warm free-tropospheric air into the cloud layer, thereby extend-
ing cloud lifetime (Ackerman et al., 2004; Bretherton et al., 2007; Ackerman et al.,
2009; Hill et al., 2009; Mellado, 2017; Lozar and Mellado, 2017; Schulz and Mel-
lado, 2019; Williams and Igel, 2021; Chun et al., 2023; Pistor and Mellado, 2025).
During this process, reduced evaporation at the cloud top leaves more liquid wa-
ter available for evaporative cooling elsewhere (Stevens et al., 1998; Bretherton
et al., 2007; Ackerman et al., 2009; Lozar and Mellado, 2017; Mellado et al., 2018;
Chun et al., 2023), particularly at the boundaries between warm, dry downdrafts
and cool, moist cloudy puffs. The resulting increased evaporative cooling accel-
erates the downdrafts and intensifies turbulence within the boundary layer and
increases the overall moisture content in the cloud (liquid water) and subcloud
(water vapor) layers (Pistor and Mellado, 2025). Given the impact of sedimentation
on cloud-top entrainment, turbulence, and cloud fraction, further investigation is
warranted—particularly regarding its interaction with the aforementioned adjust-
ment mechanisms in the context of a changing climate. Indeed, changes in cloud
properties induced by sedimentation can be of comparable magnitude to those
driven by low-cloud adjustment mechanisms, suggesting potentially dampening
or amplifying scenarios.

One recurring question in simulating low clouds is how to account for the uncer-
tainty that stems from subgrid variability. Studies investigating low-cloud adjust-
ment mechanisms often employ global climate models, cloud-resolving models,
or LES, while sedimentation studies typically rely on LES. All of these approaches
depend on turbulence parameterizations and, at best, achieve vertical resolutions
of 5 m. In regions with sharp property gradients, subgrid diffusivity can introduce
uncertainties of the order of one, affecting entrainment rates and cloud thickness
in simulations (Stevens and Bretherton, 1999; Stevens, 2005; Cheng et al., 2010;
Lozar and Mellado, 2017; Hoffmann and Feingold, 2019). The cloud-top temper-
ature inversion is a prime example, where down-gradient mixing parameteriza-
tions of turbulence tend to lead to overestimated entrainment. These parameteri-
zations can inadvertently transport liquid water upward, thereby counteracting
droplet settling (Mellado et al., 2018). The resulting purely numerical dissipa-
tion causes cloud loss, mimicking the effects of a positive low-cloud feedback.
Direct numerical simulations (DNS) offer a means to reduce these uncertainties
by avoiding turbulence parameterizations altogether and adopting grid spacings
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fine enough to resolve small-scale turbulent processes. DNS studies confirm that
meter-scale resolution is necessary to accurately represent turbulence at the cloud
top and within the boundary layer (Mellado et al., 2018; Schulz and Mellado, 2019;
Hoffmann et al., 2020; Pistor and Mellado, 2025). By leveraging DNS, we can quan-
tify the effects of sedimentation with reduced diffusion-related bias and advance
our process-level understanding of low-cloud adjustment mechanisms.

Our physically based, or ‘reductionist,’ approach (e.g., (Sherwood et al., 2020))
systematically tests dominant cloud-controlling factors under plausible boundary
conditions. While the specific environmental changes examined here may not be
the most relevant under future climate scenarios, this framework allows controlled
evaluation of each mechanism. If a mechanism produces a large modeled impact
but is unlikely to occur, its actual impact will be less than predicted. Put sim-
ply, the relative weight and proportion of different environmental perturbations
in a future climate scenario remain speculative. Despite these uncertainties, our
reductionist DNS framework provides a useful framework for interpreting cloud
feedbacks as computational power and model resolution continue to improve.

In this study, we investigate how droplet sedimentation affects the response of
stratocumulus clouds to adjustment mechanisms. By using DNS to explicitly re-
solve turbulent motions within the stratocumulus-topped boundary layer (STBL),
we evaluate whether these high-resolution results produce results consistent with
those of traditional LES, which rely on tuning. This study is motivated by recent
findings from Pistor and Mellado, 2025, which indicate that sedimentation effects
are on par with Reynolds number effects when grid spacings approach 1 m. To
our knowledge, the sensitivity of low-cloud adjustments to sedimentation has not
yet been systematically explored. Addressing this gap will improve our under-
standing in representing stratocumulus-cloud adjustments in climate models and
projections.

b.2 simulation setup

We investigate the effects of sedimentation and low-cloud adjustment mechanisms
using a DNS approach. The set of governing equations used here and the formu-
lation of the STBL is equivalent to Pistor and Mellado, 2025. The reference control
case (CTL) matches the environmental conditions of the first research flight (RF01)
of the DYCOMS-II observational campaign (Stevens, 2005). This case represents a
non-precipitating, nocturnal marine stratocumulus layer in a warm subtropical
region. Sedimentation is implemented in the model using a one-moment bulk
microphysics scheme that assumes a log-normal droplet size distribution. The
sedimentation flux, ρj—, embeds the liquid-water specific humidity, ql, as an inde-
pendent variable, while the sedimentation strength is expressed by a single bulk
sedimentation coefficient, cs (units: m s−1/(kg m−3)2/3). The advantage of using
a single coefficient is that it encompasses a range of parameter values, includ-
ing the droplet number density and the geometric standard deviation (σgc ≡ eσ),
thereby streamlining the number of experiments and cutting down on computa-
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tional costs. All simulations use a DYCOMS-II-based reference Kolmogorov scale
of η0 = 1.4 m, which corresponds to a reference Reynolds number Re0 = 5000

and an isotropic grid spacing of approximately 2.2 m. Using 6,144 cores on the
SuperMUC-NG at the Leibniz Supercomputing Centre, each simulation ran for
5 − 6 simulated hours and required approximately 5!−!6 million core hours of
computational time.

Low-cloud adjustment mechanisms are examined by comparing CTL to per-
turbed simulations representative of conditions expected in a warmer climate. Fol-
lowing the work of Blossey et al., 2013; Bretherton et al., 2013; Bretherton, 2015;
Nuijens and Siebesma, 2019, the idealized climate change scenarios are simulated
and categorized into three cases: P2, which involves a uniform 2 K increase sea-
surface temperature (SST) along with moist-adiabatic warming of the entire air
column above; P2FT, which applies an analogous warming to P2 but confines it
to the free-troposphere (FT); and R10, which represents a 10% reduction in the ra-
diative flux profile above the cloud layer due to increased concentrations of H2O

or CO2. While both P2 and P2FT are associated to the thermodynamic adjust-
ment mechanism, P2FT in reality acts as a stability mechanism; in contrast, R10 is
related to the radiative adjustment mechanism. Each perturbed case is uniquely
defined by different initial conditions, rather than by a set of imposed boundary
conditions that evolve over time. As an example, in P2, the initial state sees a to-
tal water amount within the STBL increase from 9 to 10 g kg−1, as expected due
to Clausius-Clapeyron effects. P2 and P2FT show no change in relative humidity
compared to CTL. The sensitivity experiments are outlined in Table 2.

b.3 results

b.3.1 Validation

Figure B.1 shows the temporal evolution of liquid water path (LWP), vertically in-
tegrated turbulence kinetic energy (E), and mean entrainment velocity (we) for all
sedimentation strengths and environmental perturbations (P2, P2FT, R10). Each
simulation is initialized with a fully saturated cloud deck and a measurement-
based LWP of 60 g m−2. After an initial spin-up phase, the LWP in Figure B.1a
gradually decreases from this value due to coarse-resolution induced cloud-top
mixing, even at the 2.2 m grid spacing used here. In a similar study, Pistor and
Mellado, 2025 showed that meter-scale resolution (Re0 = 12500) is necessary
to achieve a quasi-steady state of LWP. Comparing to the LES ensemble from
Stevens, 2005 (highlighted in gray in Figure B.1a), our CTL predicts LWP values
slightly closer to measurement-based estimates. This gives us confidence that our
moderate-Reynolds-number DNS simulations provide a trustworthy baseline for
our analysis, as they reproduce the LES results without the uncertainties affiliated
to tuning the models.

The temporal evolution of E (Figure B.1b) shows a spin-up phase followed by
a gradual increase. This growth pattern likely reflects the transition from an ini-
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Table 2: Table of experiments: Dependence of cloud properties on low-cloud adjustment
mechanisms and sedimentation strength cs.

Case
cs

(m s−1/(kg m−3)2/3)
we

(mm s−1)
LWP

(g m−2)
E

(m3 s−2)
zi

(m)
∆h

(kJ kg−1)

CTL 0 5.4 34.9 239 836 6.3

2.7 5.1 42.4 267 816 6.9

5.4 4.5 47.4 303 808 7.1

P2 0 5.0 29.9 231 825 6.4

2.7 4.8 36.5 256 809 6.8

5.4 4.3 41.3 267 804 7.2

P2FT 0 4.5 42.9 261 818 8.2

2.7 4.2 48.9 281 796 8.7

5.4 3.7 52.5 287 790 9.1

R10 0 4.8 29.0 176 817 6.4

2.7 4.5 36.0 204 804 6.8

5.4 4.6 47.4 278 805 7.2

For all simulations, the DYCOMS-II-based reference Kolmogorov scale η0 =

1.4 m, with a corresponding reference Reynolds number Re0 = 5000 and grid
spacing ∆x = 2.2 m. cs is the sedimentation strength coefficient; a value of
2.7 m s−1/(kg m−3)2/3 is representative of RF01 conditions from DYCOMS-
II. The inversion height zi is defined as the minimum turbulent flux of liquid-
water static energy. The mean entrainment velocity (we), liquid water path
(LWP), vertically integrated turbulence kinetic energy (E), inversion height (zi),
and jump in liquid-water static energy (∆h) are temporally averaged from the
first hour onward. The grid dimensions (BxH) are 3072

2×768.

tially unorganized, chaotic flow field to one characterized by coherent large-scale
updrafts and downdrafts. For this reason, turbulence levels are expected to level
off and approach a near-constant value if the simulations were extended further.
For the mean entrainment velocity (Figure B.1c), which is defined following Lilly,
1968 as

we =
dzi

dt
− ⟨w⟩zi , (13)

where zi denotes the inversion height, defined by the minimum turbulent flux of
liquid-water static energy, and ⟨w⟩ is the horizontally-averaged large-scale subsi-
dence velocity, expressed as −Dz with D = 3.75× 10−6 s−1. The simulations of
we generally approach a quasi-steady state, and tend to exceed the measurement-
based estimate of 4.4 mm s−1. The effect of sedimentation is captured at the mod-
erate Reynolds number used in this study (Re0 = 5000). While the magnitude
of this effect is already substantial, previous studies have shown that it increases
even more for higher Reynolds numbers (Pistor and Mellado, 2025).
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Figure B.1: Temporal evolution of (a) liquid water path, LWP, (b) vertically integrated tur-
bulence kinetic energy, E, and (c) mean entrainment velocity, we, defined as
the rate of change in inversion height based on the minimum turbulent flux
of mean liquid-water static energy, ⟨h⟩. Results are shown for the CTL, P2,
P2FT and R10 cases under two sedimentation strengths (see Table. 2). The
gray region corresponds to the LES ensemble in Stevens, 2005, while the
dashed black line indicates measurement-based estimates. For all cases, a run-
ning average over a 10 min window is applied, with the standard deviation
indicated by the respective shaded colored region. The legend units for cs:
mm s−1/(kg m−3)2/3.

To facilitate comparisons among LWP, E, and we, we compute time-averaged
values from the first hour of the simulation onward. We also include inversion
height (zi) as an additional variable. Figure B.2 shows that, regardless of the envi-
ronmental setup (CTL, P2, P2FT, R10), increasing sedimentation strength leads to
a reduction in we, an increase in LWP and E, and a lowering of the time-averaged
inversion height. These qualitative changes are consistent with findings from Pis-
tor and Mellado, 2025. The largest changes are observed in we, LWP, and E, while
those in zi are comparatively smaller.

Before analyzing the adjustment mechanisms, we switch from an absolute value
overview to a relative change perspective. Figure B.3 presents the percentage
changes induced by both sedimentation and the environmental perturbations.
Sedimentation-induced changes (shown as symbols) are calculated as the differ-
ence between simulations with and without sedimentation for each environmental
case. Effects of changing the environment are calculated by comparing each per-
turbed case to CTL, with results shown separately for simulations with and with-
out sedimentation (represented by lined and dotted bars, respectively). Note that
for any given variable, the difference between the CTL symbol (black circle) and
any other symbol corresponds to the sensitivity of the adjustment mechanisms
for that variable (i.e., the difference between the dotted and lined bars). At first
glance, sedimentation effects are considerable, with magnitudes similar to those
of the low-cloud adjustment mechanisms in this study. For this reason, compen-
satory effects between these two are possible. For example, comparing the LWP
of CTL and P2 shows that P2 with sedimentation is approximately equal to CTL
without sedimentation. Thus, neglecting microphysical processes such as droplet
sedimentation could skew the assessment of whether the net cloud response man-
ifests as thinning or thickening, and should be accounted for when evaluating the
sign and magnitude of low-cloud feedbacks.
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Figure B.2: Time-averaged values from the first hour onward of (a) mean entrainment
velocity, we, (b) liquid water path, LWP, (c) vertically integrated turbulence
kinetic energy, E, and (d) inversion height, zi, for the CTL, P2, P2FT and R10

cases with varying sedimentation strengths (cs; see Table. 2). The percentage
values to the right of each line indicate the change attributable to sedimenta-
tion.

b.3.2 Physical Mechanisms

In what follows, we outline and interpret the physical processes of the three adjust-
ment mechanisms in this study (P2, P2FT, R10). We then describe the sensitivity of
these adjustments to sedimentation, followed by an analysis of their magnitudes.

The thermodynamic adjustment mechanism (P2) is implemented by uniformly
heating the full vertical column by 2 K. The corresponding increase in total wa-
ter specific humidity, as expected from Clausius-Claperyon effects, is prescribed
directly by the initial conditions to ensure constant relative humidity throughout
the column. The absolute humidity increases more within the STBL than in the
FT, so that the moisture gradient is greater between the cloud top and overlying
air when compared to CTL. At the same time, the inversion strength remains un-
changed, meaning that vertical mixing is not suppressed. This combination of a
larger moisture gradient and an unchanged inversion strength increases cloud-
top evaporation (entrainment drying), and significantly reduces LWP (see also the
vertical profile of liquid water content in Figure B.4a). The radiative heating rate
(Figure B.4b) decreases proportionally to the reduced liquid water, suggesting that
the cloud remains optically thick.
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Figure B.3: Relative changes in the time-averaged values of (a) mean entrainment veloc-
ity, we, (b) liquid water path, LWP, (c) vertically integrated turbulence kinetic
energy, E, and (d) inversion height, zi, for the CTL, P2, P2FT and R10 cases
with varying sedimentation strengths (cs; see Table. 2). The bar plots show
changes in the perturbed environments (P2, P2FT, R10) relative to CTL. Dot-
ted bars indicate cases without sedimentation, while lined bars indicate cases
with sedimentation. Symbols denote percentage changes due to varying cs
within each environment (as shown in Figure B.2). The black lines show the
relative change of the multi-day mean for we, LWP, and zi with sedimentation
from LES simulations using the SAM model in Bretherton et al., 2013. Note,
the comparison for P2FT is not exact, as their LES study also includes a 10%
reduction in subsidence (P2SFT).

The altered thermodynamic structure of P2 also affect the entrainment dynam-
ics. How, then, does the mean entrainment velocity (we in Figure B.3) and the
turbulent entrainment of dry, warm air (not shown) decrease in P2 despite in-
creased cloud-top evaporation? While the larger moisture gradient at the cloud
top increases evaporation and the cooling of air parcels, this cooling is localized
uniformly across the whole cloud-top area. The negatively buoyant air parcels
that are produced on small-scales tend to slightly counteract the larger updrafts
responsible for the growth of the boundary layer. Therefore, a larger moisture
gradient between the STBL and FT can suppress entrainment by diffusing the
stronger vertical motions that typically promote mixing at the cloud top. Evidence
for this comes from the observation that cloud-layer turbulence levels decrease
(Figure B.4c) and that downdrafts weaken in P2 (as deduced from the skewness
of vertical velocity in Figure B.4d). Near the surface, turbulence levels increase
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Figure B.4: Vertical profile of (a) liquid water content, (b) radiative heating rate, (c) the
variance w ′2, and (d) the skewness w ′3, time-averaged from the first hour
onward. The legend units for cs: mm s−1/(kg m−3)2/3.

(Figure B.4c), which can be interpreted as the activation of thermals and a minor
shift in STBL dynamics from cloud-top-driven turbulence to one where surface
convection plays a larger role. Overall, the net turbulence (E) decreases mildly
compared to CTL.

For the stability adjustment mechanism (P2FT), the role of a strengthened tem-
perature inversion is tested by warming only the FT by 2 K. It bears mentioning
that comparisons to previous studies are not exact, as LES experiments typically
included a 10% reduction in subsidence (referred to as P2SFT), which is not ap-
plied here. Warming the FT air creates a more stable lid that suppresses vertical
mixing across the inversion, as reflected by the increased molecular flux of ⟨h⟩
(not shown). This stronger stability enhances moisture transport cycle within the
STBL. As LWP accumulates, LW radiative cooling becomes more effective at gen-
erating turbulence (see Figure B.4c). The less positive skewness of vertical veloc-
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ity further indicates the presence of stronger, narrower downdrafts (Figure B.4d).
High-resolution DNS modeling is critical here because the precise location of evap-
orative cooling matters for cloud dynamics. Unlike P2, where the largest change
in the moisture gradient spans the entire inversion, in this case the most evapora-
tive cooling occurs at the gradient between moist cloudy regions and downdrafts
containing dry FT air— accelerating those downdrafts and increases turbulence.
Finally, although both E and the turbulent entrainment of dry FT air into the
cloud layer increase, the strengthened inversion still slows we, thereby limiting
boundary-layer growth. Overall, the P2FT response resembles that produced by
increasing the sedimentation strength, with both showing a reduction in we along-
side increases in turbulence and LWP.

The radiative adjustment mechanism (R10) examines a more emissive FT, caused
by elevated CO2 or H2O concentrations, by imposing a 10 W m−2 reduction in the
radiative flux above the cloud layer. This perturbation primarily affects cloud-top
processes, while secondary effects propagate through the cloud and subcloud lay-
ers. First, the reduction in cloud-top LW radiative cooling decreases the generation
of buoyancy-driven turbulence, as indicated by the E bar plots in Figure B.3 and
vertical velocity variance in Figure B.4c. This turbulence reduction is substantial
compared to the other adjustment mechanisms, exceeding −20%, with indications
of cloud decoupling from negative values in the buoyancy flux profile (not shown).
Second, despite the unchanged inversion strength, less turbulent plumes cause a
slight decrease in the turbulent entrainment of warm, dry air, which reduces evap-
orative cooling and thus causes turbulence to lessen further. This is reflected in
the weakening of downdrafts caused by fewer convective instabilities forming at
the cloud top, as indicated by the increased skewness of vertical velocity (Fig-
ure B.4d). Lastly, with less turbulent mixing to drive the cloud layer upward, we

is reduced. The time-averaged inversion height is only marginally affected. The
upward transport of water vapor is also limited, culminating in reduced LWP and
cloud thinning. Although R10 yields LWP reductions similar to P2, it shows a
much larger decrease in E and in cloud-top radiative cooling (Figure B.4b), stress-
ing the nonlinear influence of initial environmental conditions on cloud dynamics.
Although well established, these small-scale processes require DNS modeling to
confirm their qualitative behavior and quantify their impacts without the uncer-
tainties of model tuning.

b.3.3 Sensitivity Analysis and Comparison with Prior Studies

The sensitivity of low-cloud adjustment mechanisms to sedimentation is particu-
larly discernible in Figure B.3, indicated by differences between the dotted and
lined bars. This sensitivity reveals whether the effects of these mechanisms are
dampened, amplified, or even reversed. On first impression, P2FT shows the
largest sensitivity to sedimentation, with clear dampening of LWP and E when
sedimentation strength increases. However, LWP (and to some extent E) may not
serve as the most reliable sensitivity metric, since the cloud saturates at approxi-
mately 60 g m−2. Once near this saturation threshold, additional increases in LWP
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are less impactful than in cases with a lower initial LWP. Given this limitation, we

serves as a more physically meaningful metric, as its time-dependent variability
better reflects changes in STBL dynamics that saturated, bulk-integrated measures
like LWP may obscure. We find that the reduction in we for P2FT is intensified
with sedimentation, while it softens for P2 and R10. Taken together, the sensitivity
of low-cloud adjustment mechanisms to sedimentation is generally modest, with
no indication of sign reversal. Nevertheless, for higher sedimentation strengths,
the magnitude of the response can still change substantially; in P2, it could even
be full offset. As discussed further below, the strength of this effect also depends
on the Reynolds number.

Figure B.3 also includes a comparison to LES results from Bretherton et al., 2013,
showing the magnitudes of relative changes for we, LWP, and zi, indicated by the
black horizontal lines. The comparison is made for simulations that include sedi-
mentation, consistent with the log-normal droplet size distribution setup used in
Bretherton et al., 2013; Ackerman et al., 2009. There is full agreement in the sign of
the relative changes, and in most cases, the magnitudes are approximate. All three
adjustment mechanisms produce a relative change in LWP of approximately 15%
when sedimentation is included (positive for P2FT; negative for P2 and R10). The
most notable difference is that our simulations predict smaller changes in LWP
and zi for R10, with magnitudes more closely resembling those of P2. One possi-
ble explanation is that the turbulence reduction reported by Bretherton et al., 2013

may have been overly strong, potentially due to insufficient resolution of eddies
smaller than 5 m. This could have caused excessive decay of turbulent motions,
resulting in an overestimated reduction in LWP in R10. The LWP in P2FT from
Bretherton et al., 2013 is also considerably larger than in our simulations, though
this is likely due to the 10% reduction in subsidence used in that study; without
this reduction, the cloud top would not rise as much, and LWP would likely be
lower.

A more relevant discrepancy appears in P2 for we, where our simulations show
a reduction more than twice that reported by Bretherton et al., 2013. Such differ-
ences may stem from variations in environmental conditions. In our CTL case, the
background conditions are fitted to RF01 observations from the DYCOMS-II field
campaign ((Stevens, 2005)) and are broadly consistent with those used in Brether-
ton et al., 2013, which represent prototype well-mixed stratocumulus clouds under
typical summer conditions in the northeast Pacific Ocean near California. In both
studies, major deviations from CTL should occur only in the adjustment mecha-
nism experiments (thermodynamic, stability, and radiation) or from microphysi-
cal changes such as sedimentation strength. Beyond these large-scale conditions,
cloud behavior is also sensitive to the Reynolds number, Re, and thus to model
resolution; for fixed reference length and velocity scales, the Reynolds number
is inversely proportional to the molecular viscosity. Increasing Re substantially
raises LWP in simulations, with convergence toward measurement-based values
typically reached at grid spacings of 1 m or finer. At such scales, sedimentation
effects become comparable in magnitude to Reynolds number effects (Pistor and
Mellado, 2025), and importantly, the sedimentation-induced reduction in we in-
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creases, reaching up to 20% at Re0 = 12500. It is reasonable to expect that the we

reductions in Figure B.3 would be further amplified at higher Re, implying that
both sedimentation effects and adjustment mechanisms exert an even stronger
force on STBL dynamics under more realistic turbulent conditions.

b.4 conclusions

This study explores how droplet sedimentation modulates adjustment mecha-
nisms in stratocumulus clouds. For the first time, sedimentation and adjustment-
mechanism effects are combined using direct numerical simulations (DNS) at a
moderate Reynolds number (Re0 = 5000, corresponding to a Kolmogorov scale of
η0 = 1.4 m). Our control case (CTL) and sedimentation parameters are based on
observations from the first research flight of the DYCOMS-II field campaign. Per-
turbations represent climate-change-relevant adjustments in column temperature
(P2), inversion strength (P2FT), and incoming longwave radiation (R10). We ana-
lyze temporal averages of liquid water path (LWP), vertically integrated turbulent
kinetic energy (E), mean entrainment velocity (we), and inversion height (zi) to
quantify absolute and relative changes across cases, including their sensitivity to
sedimentation.

Our DNS reproduces the sign and, in most cases, the magnitude of low-cloud
adjustment responses reported in LES studies such as Bretherton et al., 2013. DNS
becomes computationally feasible, while omitting the uncertainties of tuned tur-
bulence parameterizations. Summing the contributions from the adjustment mech-
anisms yields a net reduction in cloudiness, indicating a positive feedback. Corre-
spondingly, we, E, and zi all show negative relative changes, regardless of whether
sedimentation is included. By resolving fine spatial structures, DNS provides new
mechanistic insight; for example, the scale and location of evaporative cooling,
whether broadly distributed across the inversion or localized in sharp gradients,
affects the magnitude of the adjustment mechanisms.

Across all environmental setups (CTL, P2, P2FT, and R10), increasing sedimen-
tation strength consistently reduces we, increases LWP and E, and slightly lowers
zi. The magnitude of sedimentation effects is comparable to that of the thermody-
namic, stability, and radiative adjustment mechanisms, suggesting potential com-
pensation or amplification between them. For we, adjustment mechanisms are
moderately sensitive to sedimentation, but this sensitivity increases with sedimen-
tation strength; for example, strong sedimentation could neutralize the reduction
in we induced by a 2 K SST warming (P2). Given that these results depend on the
Reynolds number Re, further increases in Re are expected to amplify the reduc-
tions in we and the associated changes in LWP.
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