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ABSTRACT

Results of four Lagrangian stratocumulus-to-shallow-cumulus transition cases as obtained from six dif-
ferent large-eddy simulation models are presented. The model output is remarkably consistent in terms of the
representation of the evolution of the mean state, which is characterized by a stratocumulus cloud layer that
rises with time and that warms and dries relative to the subcloud layer. Also, the effect of the diurnal in-
solation on cloud-top entrainment and the moisture flux at the top of the subcloud layer are consistently
captured by the models. For some cases, the models diverge in terms of the liquid water path (LWP) during
nighttime, which can be explained from the difference in the sign of the buoyancy flux at cloud base. If the
subcloud buoyancy fluxes are positive, turbulence sustains a vertically well-mixed layer, causing a cloud layer
that is relatively cold and moist and consequently has a high LWP. After some simulation time, all cases
exhibit subcloud-layer dynamics that appear to be similar to those of the dry convective boundary layer. The
humidity flux from the subcloud layer toward the stratocumulus cloud layer, which is one of the major sources
of stratocumulus cloud liquid water, is larger during the night than during the day. The sensible heat flux
becomes constant in time, whereas the latent heat flux tends to increase during the transition. These findings

are explained from a budget analysis of the subcloud layer.

1. Introduction

Stratocumulus cloud layers are frequently found over
relatively cold parts of the subtropical oceans and in the
presence of large-scale subsidence. These conditions
favor the formation of a thermal inversion, which acts to
trap moisture, giving rise to extended fields of strato-
cumulus (Wood 2012). Although the depth of stratocu-
mulus layers is relatively shallow, typically on the order
of a few hundreds of meters, they strongly reflect
downwelling solar radiation. During the equatorward
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transport by the prevailing trade winds over increasing
sea surface temperatures, the subtropical stratocumulus
cloud fields gradually break up and are replaced by
shallow cumulus clouds. If a model is not able to capture
this stratocumulus-to-cumulus cloud transition (SCT),
this will lead to significant errors in the radiative fluxes
received at the ground surface. This is a critical problem,
as climate models disagree on the change of the sub-
tropical low-cloud amount under a global warming
scenario, which gives rise to a considerable amount of
uncertainty in projections of the future global-mean
temperature (Bony and Dufresne 2005; Webb et al.
2013; Tsushima et al. 2016).

To investigate the change of the low-cloud amount
under an idealized warming scenario, Zhang et al. (2013)
performed experiments with single-column model (SCM)
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versions of climate models and large-eddy simulation
(LES) models. The LES results point to a reduction of the
amount of subtropical marine low clouds in a warmer
climate (Blossey et al. 2013; Van der Dussen et al. 2015;
Bretherton 2015). The study by Zhang et al. (2013), and
follow-up studies by Dal Gesso et al. (2014) and Dal
Gesso et al. (2015) report a wide scatter in the change of
the steady-state subtropical low-cloud amount in the
SCM results. These results actually give rise to the
question of how large-scale forcing conditions like the sea
surface temperature, free-tropospheric temperature and
humidity, and the large-scale subsidence determine con-
trol the SCT.

The SCT has been the subject of several observational
(e.g., Albrecht et al. 1995; Bretherton et al. 1995; De
Roode and Duynkerke 1997; Sandu et al. 2010) and
modeling studies (e.g., Krueger et al. 1995; Sandu and
Stevens 2011; Van der Dussen et al. 2013). Chung et al.
(2012) studied a series of steady-state LESs in the SCT
regime, which can be interpreted as an Eulerian view of
the transition. These studies helped to develop a con-
ceptual view of this transition. According to this model,
the cloud breakup is fundamentally driven by the in-
creasing SST. Convective activity driven by surface
evaporation increases as the air advects over warmer
waters. The strengthening of convectively driven tur-
bulence enhances the entrainment of warm and dry free-
tropospheric air at cloud top, which leads to a higher
virtual potential temperature of the stratocumulus cloud
layer as compared to the subcloud layer. This stratifi-
cation prevents surface-driven thermals from reaching
the stratocumulus cloud, except if they become satu-
rated. In that case, latent heat release due to conden-
sation of water allows the plumes to rise as positively
buoyant cumulus clouds, which may penetrate the stra-
tocumulus cloud layer to inject it with moisture from
below (Wang and Lenschow 1995; Miller and Albrecht
1995; De Roode and Duynkerke 1996; Van der Dussen
et al. 2014). Meanwhile, the stratocumulus gradually
thins if entrainment of relatively warm and dry free-
tropospheric air dominates the longwave radiative cool-
ing at cloud top and the moisture supply from below. The
stratocumulus finally dissipates into thin and broken
patches, penetrated from below by cumulus clouds.

To assess whether LES models are capable of faith-
fully capturing the dynamics of low clouds, several mod-
eling intercomparison studies have been performed, some
of which focused on stratocumulus (Moeng et al. 1996;
Duynkerke et al. 1999, 2004; Stevens et al. 2005a; Ackerman
et al. 2009), while other studies were dedicated to shallow
cumulus (Siebesma et al. 2003; VanZanten et al. 2011) or
cumulus-penetrating stratocumulus (Stevens et al. 2001).
More recently, four Lagrangian stratocumulus-to-cumulus
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transition cases were proposed to evaluate how well
models do in terms of the transition between the two
regimes. This intercomparison study was performed in
the framework of the Global Energy and Water Cycle
Exchanges Project (GEWEX) Global Atmospheric
System Studies (GASS) and the European Union
Cloud Intercomparison, Process Study and Evaluation
Project (EUCLIPSE). Three of the transition cases
were based on the ““composite’ view of this transition
build using state-of-the-art reanalysis and satellite data
(Sandu et al. 2010), while a fourth one revisited the
SCM intercomparison case based on the ASTEX
campaign (Bretherton et al. 1999). While ASTEX of-
fers the opportunity to evaluate models against in situ
data, the set of composite transitions represents a more
idealized framework for model evaluation, which of-
fers the possibility of comparing the models for a va-
riety of SCT cases, which differ, for example, in terms
of amplitude or time scale of the transition.

This paper discusses the representation of the four
Lagrangian SCT cases in six different LES models. The
Lagrangian approach means that an air mass is followed
as it is being advected by the mean wind from the sub-
tropics toward the equator over an increasingly warmer
SST. Superposed to this change in the surface forcing,
the air mass is being heated by absorption of solar ra-
diation during daytime. The paper is organized as fol-
lows. In section 2, the cases and the LES models are
introduced. Section 3 discusses the LES results with an
emphasis on the development of the two-layer structure
of the boundary layer. This decoupled structure moti-
vates us to analyze the thermodynamic budgets of the
two layers separately. The contribution of various pro-
cesses, such as entrainment, turbulent fluxes at the cloud
base, and radiation to the stratocumulus cloud-layer
evolution is presented in section 4. Section 5 analyzes
the heat and moisture budgets of the subcloud layer and
explains the time evolution of the surface fluxes of heat
and moisture. Section 6 discusses and summarizes the
main findings.

2. Setup of the experiments

In this intercomparison case, a so-called Lagrangian
approach is applied, which means that an air mass is
followed as it is being advected by the mean wind,
allowing us to study the SCT in a single simulation
(Schubert et al. 1979). The horizontal advection term in
the conservation equations for heat and moisture may
be assumed to be zero in the simulations as the air
parcel is followed along its trajectory. This assump-
tion is acceptable as long as the vertical wind shear is
negligibly small.
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FIG. 1. Initial vertical profiles of (a) the liquid water potential temperature 6;, (b) the total water specific humidity ¢g,, and the horizontal

wind velocity components (c¢) U and (d) V for the ASTEX, fast, r

a. Summary of the Lagrangian stratocumulus
transition cases

Three composite cases representing SCTs of varying
speed were built based on the observational study of
Sandu et al. (2010). In that study, a large number of
Lagrangian trajectories of air parcels in four subtropical
oceans were computed using the wind fields provided
by reanalysis of past observations, and the evolution of
the cloud and of its environment along each of these
individual trajectories was documented from satellite
datasets and meteorological reanalysis [Moderate Reso-
lution Imaging Spectroradiometer (MODIS) level-3 data
for cloud properties and European Centre for Medium-
Range Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim; Simmons et al. 2007) for environmental
properties]. This study suggested that averaged forcings
can be considered as representative of individual trajec-
tories and can therefore be used to initialize numerical
simulations of the transition between the two cloud re-
gimes. Building on these findings, a composite of the
large-scale conditions encountered along the trajecto-
ries for the northeast Pacific (NEP) during June—August
2006 and 2007 were used to set up a case study of the
SCT that will be referred to here as the reference case
study and is further described in Sandu and Stevens
(2011). Two variations of this reference case corre-
sponding to a faster and to a slower transition, re-
spectively, in cloud fraction were also derived for the
intercomparison study [and are also described in Sandu
and Stevens (2011)]. For that, the transitions analyzed
for the NEP during June—-August 2006 and 2007 were
divided into three categories (fast, intermediate, and
slow) on the basis of the mean cloud fraction over the
first 48 h. The initial profiles and the large-scale condi-
tions for each of the three cases represent the medians of
the distributions of the various properties obtained for
the respective subset of trajectories.

eference, and slow cases. The line styles are according to the legend.

The setup of the fourth SCT case is described in detail
by Van der Dussen et al. (2013). This case is based on
observations collected during the first ASTEX La-
grangian experiment (Albrecht et al. 1995; Bretherton
et al. 1995; De Roode and Duynkerke 1997) and large-
scale forcing conditions as obtained from ERA-Interim.
Since the setup of the composite cases is somewhat
idealized, and because the ASTEX case particularly
differs from the composite cases in terms of precipita-
tion and its relatively cold and moist free troposphere,
we think it is useful to discuss its results along with the
results from the composite cases.

The initial vertical profiles of the liquid water poten-
tial temperature g, total water specific humidity g,, and
the horizontal wind velocity components (U and V, re-
spectively) for the four different SCT cases are shown in
Fig. 1. The ASTEX case has the smallest value for the
initial inversion jump in the liquid water potential tem-
perature, which gradually increases in magnitude for
the fast, reference, and slow cases, respectively. The
inversion jumps in the total specific humidities are also
different for each case, with the slow case having the
driest free atmosphere. The input files provided on the
EUCLIPSE website' include vertical profiles of quanti-
ties like temperature, humidity, and ozone up to the
stratosphere, which is necessary for radiative transfer
computations. The transfer of solar radiation is calcu-
lated on the basis of a fixed latitude and longitude.
Because the models applied their own radiative trans-
fer code, the radiative fluxes entering the top of the
LES domain differed among the models, despite all using
the same prescribed vertical profiles for the atmospheric
column above. The prescribed SST increases with time
for each case, which reflects the Lagrangian equatorward
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FIG. 2. Prescribed SST for the ASTEX, fast, reference, and slow
cases. The line styles are according to the legend.

advection of the simulated air mass (Fig. 2). The LES
models compute the sensible and latent heat fluxes (SHF
and LHF, respectively) from the prescribed time-
dependent SST and a fixed value for the surface
roughness length, zo =2 X 10™*m, but each model has
its own implementation of the Monin—-Obukhov sim-
ilarity theory.

For the ASTEX case, the large-scale divergence
gradually decreases with time, and the observed weak-
ening of the wind velocities is taken into account by a
time-varying geostrophic forcing (Van der Dussen et al.
2013). For the composite cases, the large-scale diver-
gence and the geostrophic forcing are constant in time,
where the geostrophic winds are the same as the initial
profiles of the horizontal wind velocity components
shown in Fig. 1. Although the trajectories for the com-
posite cases are simulated during the same period of
time, they have slightly different lengths, as their hori-
zontal wind speeds are not the same. The four Lagrang-
ians also assume a constant surface pressure (Table 1).
The ASTEX and the three composite cases last 40h and
3 days, respectively, as these are the time scales
during which the bulk of the transition in cloud cover
takes place.

b. Participating large-eddy simulation models and
data output

Table 2 lists the models and their acronyms, along
with contributors from each participating group, as well
as the main references for the models. The vertical grid
resolution in the lower 540 mis Az = 15m. To represent
the sharp inversion layer capping the cloud layer, the
vertical resolution is gradually refined only above this
height; between 645 and 2400m, Az = Sm. The hori-
zontal domain size is 4.48 X 4.48 km?, and the number of
grid points in the horizontal directions is N, = N, =128,
implying a horizontal grid spacing of Ax = Ay = 35m.

For each case, six large-eddy simulations, each per-
formed with a different code, are presented. Every code
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TABLE 1. Details of the simulations. “Div” represents the large-
scale divergence of the horizontal mean wind velocities, which is
constant in time and constant up to a height of zp;,, except for the
ASTEX case, in which the divergence varies with time.

ASTEX Fast Reference Slow
Pste (hPa) 1029.0 1015.9 1016.8 1017.6
Lat (°N) 34 25 25 25
Lon (°W) 25 125 125 125
Date 13 Jun 15 Jul 15 Jul 15 Jul
Div (10%s71) — 1.9 1.86 1.84
Zpiy (km) 1.6 2 2 2

includes a detailed parameterization scheme for radia-
tion and ice-free cloud microphysical processes, where
the latter uses a fixed value for the cloud droplet con-
centration number N; = 100cm >,

Because the lower-tropospheric stability, defined as
the difference between the potential temperature at the
700-hPa pressure level and the ground surface (Klein
and Hartmann 1993), is key for the evolution of the
SCT, a realistic tendency of the free-tropospheric tem-
perature is needed, in particular as the simulations were
performed for a period of 2 or 3 days. Therefore, in
contrast to many past studies, all models applied a full
radiation code.

To compare the modeling results, time series of sca-
lars and hourly mean vertical profiles according to the
data protocol proposed by VanZanten et al. (2011) were
provided by the modelers. Here it is important to note
that liquid water ¢, is defined to include cloud ¢. and
rainwater q,, q; = q. + q,, with rainwater being defined
as drops having a diameter of 80 um or larger. In the
computation of the cloud fraction and cloud cover (cc), a
grid cell is defined to be cloudy if g. > 10 Skgkg ..
Irrespective of whether a model includes rainwater in its
internal representation of the liquid water potential
temperature and the total specific humidity, rainwater
is included in the profiles of these variables and their
fluxes.

3. Evolution of the mean state and turbulence
structure

a. Time series

We start our analysis by inspection of the time evo-
lution of the boundary layer, cloud amount, and the
surface fluxes of sensible and latent heat (Fig. 3). The
time variable in the figure is set such that, at the first
occasion of local noon, ¢t = 0. Nighttime periods (de-
noted by N1, N2, and N3 at the top of Fig. 3h) are in-
dicated by the gray vertical bands in the plots according
to the simulation periods summarized in Table 3. For
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TABLE 2. Participating models and contributors.

LES model Expansion Institute References Participants

DALES Dutch Atmospheric Delft University of Heus et al. (2010) Van der Dussen
Large-Eddy Simulation Technology, Netherlands

MPI/UCLA  MPI/University of MPI Hamburg, Germany Stevens et al. (2005b) Sandu
California, Los Angeles

SAM System for Atmospheric University of Washington, Khairoutdinov and Randall (2003)  Blossey
Modeling United States

MOLEM Met Office Large Met Office, United Kingdom Lock (2009) Lock
Eddy Model

DHARMA  Distributed Hydrodynamic =~ NASA GISS, United States Vogelmann et al. (2015) Ackerman
Acerosol and Radiative
Modeling Application

EULAG Eulerian/Semi-Lagrangian ~ University of Warsaw, Poland  Prusa et al. (2008) Jarecka

each LES model, and for each daytime and nighttime
period, we calculated time-mean results. To get an ap-
preciation of the spread in the modeling results, Table 4
presents the overall LES means and standard deviations.
Note that, because during the first 2 h of the simulations
the turbulence has not fully developed yet, the results
during this spinup period were not used.

In brief, the results show that for all cases the cloud-
topped boundary layer is gradually deepening with time,
while the cumulus cloud-base height reaches an ap-
proximate steady state. The effect of the diurnal varia-
tion of the solar radiation is clearly found from the time
series of the LWP. Because of the absorption of solar
radiation in the cloud layer, the LWP has reduced values
during daytime. The cloud layer breaks up during the
second daytime period (D2) for the fast case, although it
tends to recover to a closed cloud deck during the sec-
ond night (N2), except for MOLEM. The slow case
appears to maintain an almost closed cloud deck during
the entire simulation period. For all SCTs, the entrain-
ment velocity is much larger during nighttime than
during the day. Finally, for the composite cases, the
surface evaporation gradually increases, whereas the
sensible heat flux remains rather small.

A closer inspection reveals that during local noon the
growth of the inversion height becomes very small for
the composite cases, which is because of a reduced
cloud-top entrainment rate, whereas the subsidence
keeps pushing down the boundary layer top (Figs. 3a—d).
The variation in the boundary layer depth as repre-
sented by the standard deviation o, computed from the
six model results also gradually increases with time (see
Table 4). Given the myriad of physical processes that
control the boundary layer depth (e.g., turbulence, ra-
diation, entrainment, and drizzle), the values of o, can
be considered as relatively small, with maximum values
of 100 m, except for the fast case, which gives a value of
200 m during the third nighttime period (N3). The height

of the lowest cumulus cloud base zypase 1S Very consis-
tently represented among the models, its standard de-
viation being less than 50 m. We find an overall relatively
small increase of z., pase during the first part of the sim-
ulations, and during the second part it becomes almost
constant in time.

By contrast, the intermodel spread in the cloud liquid
water path (LWP) is relatively large, particularly during
the night (Figs. 3e-h), similar to what was found in the
stratocumulus model intercomparison study by Stevens
et al. (2005a). The LESs agree fairly well in terms of the
representation of the diurnal variation of the LWP, although
the amplitude is larger in the MPI/UCLA, DHARMA, and
EULAG models. The latter model explains a significant
part of oLwp, Which is relatively large as compared to the
mean value, particularly during nighttime.

MOLEM and EULAG have a consistently different
longwave radiative forcing for the three composite
cases, as compared to the other LES models, for which
results are very similar. For example, during the first
night of the composite cases, the longwave radiative flux
divergence in the cloud layer is about 5 W m ™~ smaller in
MOLEM and about 10 W m 2 larger in EULAG. The
effect of the differences in the longwave radiative
cooling on the cloud-layer evolution is discussed in de-
tail in section 5. Figures 3i-1 show the time evolution of
the cloud cover. Only in the EULAG model is a solid
cloud maintained for all SCTs, which possibly results
from the imposed stronger cloud longwave radiative
cooling. In the other models, the stratocumulus starts to
break up some hours after sunrise because of the ab-
sorption of solar radiation in the cloud layer (Nicholls
1984). Most of the time, the stratocumulus is able to
recover to a closed-cell cloud deck after sunset. The
difference between the three composite cases becomes
clear as the cloud cover tends to reduce more rapidly for
the fast case compared to the reference or slow cases,
which is in a rough agreement with estimations of cloud
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FI1G. 3. Time series of the (a)-(d) lowest cumulus cloud-base height (lower solid lines without symbols) and the mean inversion height
(upper solid lines with symbols); (e)—(h) the domain-averaged LWP; (i)—(1) the cloud cover; (m)—(p) the entrainment velocity w,; (q)-
(t) the SHF; and (u)—(x) the LHF. (left)—(right) Results of the ASTEX, fast, reference, and slow cases. The line styles are according to the
legend displayed in (q). The filled black big circles in (i) indicate the cloud cover as derived from aircraft observations, and in (j)—(1) they
represent retrievals from the MODIS satellite along the trajectories of the composite cases and can be considered as an upper bound of the
real cloud fraction [see appendix A of Sandu et al. (2010)]. The gray shaded bands indicate periods of nighttime (see labels at the top of
Fig. 3h) according to Table 3.

cover from MODIS. However, the intermodel differ-
ences in the daytime cloud cover are rather large. For
example, for the fast and reference cases, the standard
deviation of the cloud cover has maximum values during
the third daytime period (D3).

The absorption of the solar radiation leads to the warm-
ing and the thinning of the cloud layer. The absorption of

solar radiation in the cloud layer counteracts the long-
wave radiative cooling at the cloud top. The stabilization
of the cloud layer during daytime tends to weaken the
buoyancy production of turbulence, which in turn causes a
reduction in the entrainment velocity. If we compare the
entrainment velocity for the four cases, we find smaller
values for a stronger thermal stratification as measured by
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TABLE 3. Summary of periods of daytime (D1, D2, and D3) and
nighttime (N1, N2, and N3), and the corresponding start and end
times in hours from the start of the simulations.

D1 N1 D2 N2 D3 N3

ASTEX —  0-6 721 22-30 3140 —
Composite cases 0-9 10-19 20-33 34-43 44-57 58-67

the inversion jump values of 6;. During the first night-
time period (N1), the entrainment rate is largest for the
ASTEX case and gradually becomes smaller for the fast,
reference, and slow cases, respectively. There is a good
agreement in the modeled entrainment velocity, with a
maximum standard deviation of about 1 mms ! (Figs. 3m—p
and Table 4).

The LES models give SHF values that are less than
10Wm ™2 (Figs. 3g—t). The LHF tends to increase with
time (Figs. 3u—x), except for the ASTEX case, for
which a flattening of the temporal SST increase and a
weakening geostrophic forcing yields lower wind ve-
locities and consequently lower LHF values. The com-
posite cases exhibit a gradual increasing trend in the
LHF, with an imposed diurnal cycle in which the flux
increases faster during the night than during the day.
The standard deviation of the LHF is within 10 Wm ™2,

Although the bulk features of the time variation of the
cloud structure and the differences between the four
cases are consistently represented, the variation in the
cloud cover and the LWP leads to a rather large value
for the standard deviation of the net shortwave radiation
at the surface, with a maximum value of 80 Wm 2 dur-
ing the third daytime period (D3) for the fast case.
During the entire simulation period, the standard de-
viation of the net longwave radiation at the surface is
within 10Wm ™~

b. Boundary layer decoupling

Hourly mean vertical profiles of 6, and g, obtained
from the fast case 48h from local noon are shown in
Fig. 4. The stratocumulus layer has a higher 6, and a
lower g, than the subcloud layer. The subcloud and
cloud layer each are rather well mixed vertically. The
lowest inversion height is found in MOLEM, and the
stronger longwave radiative cloud-layer cooling imposed
in the EULAG model causes a much higher inversion-
layer height because of a larger entrainment rate (Figs.
3m-p). At this time, all models show a broken stratocu-
mulus cloud deck, with the cloud fraction varying roughly
between 0.05 and 0.78, except for EULAG, which main-
tains an almost closed cloud deck for all the SCTs. The dif-
ferences in the horizontal wind velocity components across
the inversion are small. This is also the case for the slow and

reference cases, where the jumps are smaller than 2ms™".
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The different evolutions in #; and ¢, in subcloud and
cloud layers are illustrated in Fig. 5. We use the subscript
“ml” to denote the subcloud mixed-layer mean value. It
is computed from the mean between the first level above
the surface and the cumulus cloud-base height 4. Like-
wise, we use the subscript “‘cld” to indicate the strato-
cumulus mean value between its mean base and top
heights. As an easy reference, the values at the surface
and just above the inversion are also shown in the figure
and are indicated by subscripts “sfc” and “z/,” re-
spectively. The mean values of 6, in the subcloud and
stratocumulus cloud layers both increase in time, with
0;m1 roughly following the trend of the surface value and
0,4 increasing at a slightly faster pace. In contrast to
Gimi> qrcia Shows a drying trend, which implies that the
drying of the stratocumulus cloud layer by entrainment
and drizzle is stronger than the moisture input by the
updrafts from the subcloud layer.

After some simulation time, the vertical profiles of 6,
and ¢, all resemble a decoupled boundary layer struc-
ture, with a cloud layer that is relatively warm and dry
with respect to the subcloud layer (Nicholls 1984;
Bretherton and Wyant 1997; Stevens 2000; Wood and
Bretherton 2004). A convenient way to measure the
degree of decoupling is given by Park et al. (2004), who
defined the following decoupling parameter:

a = lpcli _lpml , (1)
v ¥(z") 1

with ¢ € {6;, q;}, and z;* the height just above the in-

version layer. The decoupling parameter is equal to zero

if the boundary layer is well mixed (i.e., §; and g, con-

stant with height).

Figure 6 compares the decoupling parameters «,, and
ay, as found from the LES results with a fit of «,,, that was
obtained from aircraft observations analyzed by Wood
and Bretherton (2004, their Fig. 5). Both the observa-
tions and the LES results suggest a stronger decoupling
for deeper boundary layers, as measured by larger
values of a,, and «y,. The results presented in Table 2 of
Wood and Bretherton (2004) appear to give a somewhat
smaller difference between a, and «p, than the LES
results.

Large values of the decoupling parameters indicate
that the cloud layer is relatively warm and dry with re-
spect to the subcloud layer. Because a high temperature
or a low total water amount in the cloud tends to reduce
the cloud liquid water content, we will now take a closer
look at the time evolution of the decoupling parameters.
In particular, we will inspect the results for the slow case,
which shows a rather large scatter in the nighttime LWP
values among the six LESs. The gradual deepening of
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TABLE 4. Mean values and their standard deviations during the daytime and nighttime periods according to Table 3. Standard deviation is
rounded to one significant digit. However, for compact notation, we express, for example, (10 = 2) X 10! as 100 = 20.

Time ASTEX Fast Reference Slow
Zewbase (M) D1 — 560 + 30 530 + 30 580 + 20
N1 260 + 20 710 = 40 720 + 20 670 + 20
D2 360 + 10 770 + 30 790 * 10 740 + 20
N2 500 + 20 750 + 40 820 + 30 880 + 30
D3 526 +9 810 + 50 870 + 20 890 + 30
N3 — 800 + 50 840 + 30 890 + 30
z; (m) D1 — 1038 + 6 968 + 7 902 + 6
N1 770 + 20 1260 * 20 1120 * 10 1010 * 20
D2 1060 *+ 50 1520 + 50 1310 + 30 1170 + 30
N2 1480 * 50 1700 = 100 1480 * 60 1320 =+ 40
D3 1770 + 60 1900 + 100 1650 = 80 1470 + 50
N3 — 2100 + 200 1800 * 100 1600 * 80
LWP (gm™2) D1 — 30 10 30 + 10 51+7
N1 210 + 20 80 + 30 90 + 20 80 + 10
D2 130 + 20 30 + 20 40 + 10 50 + 10
N2 80 + 20 50 + 30 50 + 20 90 + 30
D3 30+ 10 30 + 20 30 =10 40 + 20
N3 — 30 + 20 40 + 30 40 + 20
cc (0-1) D1 — 0.98 = 0.03 0.982 * 0.009 0.9989 + 0.0005
N1 1.0 + 0.0 0.99 + 0.02 0.998 + 0.001 0.9991 + 0.0004
D2 0.9994 + 0.0004 0.9 =02 0.95 = 0.03 0.98 + 0.01
N2 0.996 * 0.005 0.9 + 0.1 0.98 * 0.02 0.997 * 0.002
D3 0.8 +02 0.7 +02 0.89 = 0.08 0.96 = 0.02
N3 — 0.8 +02 0.93 + 0.06 0.97 = 0.02
we (cms™!) D1 — 0.65 = 0.06 0.49 * 0.04 0.39 + 0.04
N1 11+02 1.07 + 0.08 0.80 = 0.05 0.62 + 0.05
D2 1.21 +0.08 0.62 * 0.09 0.52 = 0.05 0.49 + 0.04
N2 1.49 + 0.04 1.0 + 0.1 0.83 = 0.05 0.74 *+ 0.02
D3 0.71 = 0.08 0.6 + 0.1 0.54 = 0.07 0.47 = 0.05
N3 — 0.9 + 0.1 0.9 + 0.1 0.79 + 0.08
SHF (Wm™?) D1 — 11 +1 7.1+ 09 1 +1
N1 7+1 9+1 6.2+ 0.7 10 +1
D2 14+1 7+1 6.6 + 0.7 9+1
N2 56+08 9+2 7+1 7+1
D3 21+02 8+2 8+ 1 6.6 0.9
N3 — 8§+2 9+2 8§+1
LHF (Wm™?) D1 — 104 =7 80=*3 90 + 4
N1 60 + 10 126 + 7 105 + 4 103 + 5
D2 100 * 10 138 + 7 119 + 6 110 + 6
N2 94 +7 151 + 7 130 + 6 121 + 6
D3 56+ 6 167 + 9 153 + 8 133+ 8
N3 — 169 + 8 159 + 8 150 + 10
SWoersie (Wm™?) D1 — —410 * 30 —420 + 40 —350 + 30
N1 0+0 0+0 0+0 0+0
D2 —230 + 30 —440 + 60 —410 * 40 —380 * 40
N2 0+0 0+0 0+0 0+0
D3 —510 *+ 80 —470 + 80 —450 *+ 60 —420 + 50
N3 0+0 0+0 0+0 0+0
LWoersie (Wm™?) D1 — 30+ 6 28+3 23 +2
N1 11.0 + 0.7 27 +5 225+09 2+2
D2 19 +2 40 + 10 36+ 4 31+2
N2 24+2 40 * 10 33+4 27.0 0.9
D3 40+ 10 50 + 10 46 + 7 39+ 4

N3 — 50 =10 41 7 37 £4
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FIG. 4. Vertical profiles of (a) the liquid water potential temperature 6;, (b) the total specific humidity g, (c) the liquid water specific

humidity ¢,, (d) the cloud fraction, (e) the east-west velocity U, and

(f) the north-south velocity V for the fast case. The lines represent

hourly mean horizontally slab-averaged values obtained 48 h from local noon. The line styles are according to the legend.

the boundary layer is reflected in the gradual increase of
ag, and a,, with time (Fig. 7). However, during the first
nighttime period the boundary layer gets back to a very
well-mixed vertical structure, while during the second
nighttime period a strong variation in the degree in the
decoupling is observed. For the latter period, the
DHARMA and MPI/UCLA models show an almost
perfectly vertically mixed boundary layer, whereas the
boundary layer remains rather strongly decoupled in
DALES. Inspection of the LWP values confirms its
strong correlation with the degree of decoupling, with
DHARMA and MPI/UCLA having the largest LWP
values and the smallest values for the decoupling
parameters.

c¢. Turbulence

The 6, and g, fields presented in Fig. 8 show a distinct
three-layer structure with a very sharp inversion layer
that separates the stratocumulus layer from the warm
and dry free troposphere. The top of the subcloud layer
itself is much more diffuse. The encircled numbers 1 and

2 are near rising subcloud plumes that become saturated
and ascend farther as cumulus clouds, thereby trans-
porting subcloud-layer moisture toward the stratocu-
mulus. Interestingly, area 3 is in an area above cumulus
clouds and shows sinking motions near two holes in the
stratocumulus cloud deck that resulted from evapora-
tion of cloud water by entrainment of free-tropospheric
air (Gerber et al. 2005; De Roode and Wang 2007; de
Lozar and Mellado 2015). Turbulence in clear air
patches above the subcloud layer was also detected
from aircraft observations during ASTEX (De Roode
and Duynkerke 1996).

The findings presented so far suggest that the inter-
model spread in the LWP during nighttime can be linked
to the various strengths of the decoupling between the
cloud and the subcloud layer. Stevens et al. (2005b) re-
ported similar findings for the DYCOMS II nighttime
stratocumulus LES intercomparison case. They found a
strong link between the buoyancy flux profile, the vertical
velocity variance, and the degree of decoupling. It is
therefore instructive to repeat their analysis by inspecting
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FIG. 5. Evolution of (a) the (liquid water) potential temperature
and (b) the (total) specific humidity just above the inversion z;,
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tocumulus cloud layer (cld) for the fast case. For easy reference, the
prescribed values at the surface (sfc) are also plotted. The line
styles are according to the legend in Fig. 4a. The gray shaded bands
indicate nighttime periods according to Table 3.

the turbulence profiles for the SCTs. Figure 9 shows
hourly mean vertical profiles of the vertical velocity var-
iance w'w’, the virtual potential temperature flux w'6’, the
vertical flux of total water specific humidity w'q/, and the
turbulent kinetic energy (TKE) for the slow case. Note
that the fluxes of the virtual potential temperature and
the buoyancy b are proportional, w'b’ = Bw'6,, with
B = g/by, g the acceleration due to gravity, and 6, a con-
stant reference temperature.

The surface buoyancy fluxes are positive. Toward the
top of the subcloud layer, the buoyancy flux decreases
and can even become negative, indicating that, on av-
erage, rising plumes are negatively buoyant. If the
plumes become saturated with water vapor, the latent
heat release due to condensation enables them to rise
farther as positively buoyant clouds. The negative
buoyancy fluxes just above the top of the cloud layer are
due to entrainment of warm free-tropospheric air.
Longwave radiative cooling in the cloud-top regions
leads to buoyancy production, and, as the cooled cloud
parcels become heavier than the surrounding air, they
start sinking, leading to a positive buoyancy flux.
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the aircraft observations of a,, presented by Wood and Bretherton
(2004, their Fig. 5). The symbols are according to the legend.

The imposed solar radiative heating of the cloud layer
during daytime has a distinct effect on the turbulence
structure of the boundary layer. In particular, the sig-
nature of a decoupled boundary layer structure is clearly
visible from the double-peak structure in w'w’ and the
rather low values for the TKE. As was observed at the
end of the ASTEX Lagrangian (De Roode and
Duynkerke 1996), the vertical profiles for the buoyancy
flux and the vertical velocity variance during daytime
and in the final stages of the composite SCTs become
similar to ones found in the dry convective boundary
layer (Stevens 2007). Although this decoupled two-layer
turbulence structure might be considered as a difficult
condition to be represented by the LES models, there
is a much better agreement in the turbulence profiles
during daytime than during the night. For example, the
differences in terms of w'w’ profiles and TKE are much
larger during nighttime. At first sight, this seems at odds
with the nighttime buoyancy fluxes, which appear to agree
pretty well. If we, however, zoom in on models that have
slightly positive buoyancy fluxes at the top of the subcloud
layer, for example MPI/UCLA and DHARMA, we find
that they have the largest w'w’ and TKE values. Stated
more precisely, at 36 h from local noon, their w'w’ profiles
have a single peak, in contrast to the other models that
tend toward a double-peak structure.
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Bretherton and Wyant (1997) argued that the buoy-
ancy flux at the top of the subcloud layer w’O’ is key to
the development of a decoupled boundary layer Be-
cause the sign of w6/ determines whether turbulence
will be diminished or amplified, Figs. 10a—d present the
time evolution of the flux ratio ry,, which defines the flux
at the top of the subcloud layer 4 normalized by its
surface value:

1Q’
_ w th
vowe

Vst

)

Table 5 shows the mean values of ry, for the daytime and
nighttime periods. In particular, during nighttime pe-
riods with positive ry, values, the boundary layer is found
to be vertically well mixed, whereas a negative r,, is
indicative of decoupling, as characterized by a double-
peak structure in the vertical velocity variance profile.
For the composite cases, all models quickly obtain a
small or negative ry, for the fast case, whereas, for the
slow case, two models return to a positive r,, during the
second nighttime period (N2). However, similar to
the daytime periods, at the end of the simulations, the
boundary layer becomes permanently decoupled, as
indicated by ry, , which remains negative during the third
nighttime period (N3), except for EULAG.
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Likewise, the flux ratio r,, is defined similarly to r,
and measures the fraction of the surface evaporation
that is transported out of the subcloud layer. Figures
10e-h and the conditionally sampled results in Table 5
show that r,, exhibits a clear diurnal cycle. During day-
time, r,, <1, which indicates that moisture accumulates
in the subcloud layer, whereas, during the first nighttime
period, the rate at which cumulus clouds transport water
out of the subcloud layer exceeds the surface evapora-
tion, leaving a drying of the subcloud layer. In general,
r,, 18 larger during nighttime relative to during daytime.

4. Stratocumulus LWP budget

To understand what controls the LWP evolution and
what leads to the LWP differences among the LES
models, we have assessed the effect of entrainment (Ent),
turbulent fluxes of heat and moisture at cloud-base height
(Base), radiation (Rad), precipitation (Prec), and large-
scale subsidence (Subs) on the LWP evolution, following
its budget analysis by Van der Dussen et al. (2014):

dLWP

= Ent + Base + Rad + Prec + Subs.  (3)

As noted by Ghonima et al. (2015), this budget equation
is analogous to the cloud-layer depth budget by Wood
(2007) and is derived from the conservation equations
for heat, water, and mass; and the terms are defined by

Ent = pw,(nAq, — I1ynA6, — hcldrq’),

Base = pn[WTIi(Zb) — yw'6(z,)],

Rad = [F ad(z ) rad(zb)]’
Prec = —p[P(z,) — P(z,)], and
Subs = —ph I’ W(z,), (4)

where p is the density of air, n and vy are factors that
include the Clausius—Clapeyron relation, ¢, is the spe-
cific heat for dry air, I'j, <0 is the lapse rate of the liquid
water specific humidity, I1 is the Exner function, P is the
drizzle rate, and the stratocumulus cloud-layer depth is
haa = 2, — 2p, where the heights of the mean stratocu-
mulus cloud base z;, and cloud top z, were diagnosed
from the heights between which the cloud fraction is
larger than 0.4. The thermodynamic factors arise be-
cause, if the cloud layer is moistened, the release of heat
because of condensation of water causes the temper-
ature to rise, which increases the saturation specific
humidity such that not all of the added moisture be-
comes liquid. A similar argument holds if heat is added
to the cloud layer, as its warming effect will act to
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encircled numbers.

evaporate some liquid water, causing a compensating
cooling effect.

The turbulent flux at the top of the cloud layer has
been substituted by the flux—jump relation (Lilly 1968),
which states that the flux of a quantity ¢ at the top of the
boundary layer is proportional to the entrainment ve-
locity and the jump of the quantity across an in-
finitesimally thin inversion layer: for example, for ¢,

WIQ;ZI = _WgAq[ N (5)

Application of this relation gives a more accurate esti-
mation of the flux of 6, at the top of the cloud layer, as
the diagnosed slab-averaged Reynolds-averaged flux
typically underestimates the entrainment flux because
the inversion layer has a finite depth. The inversion
jumps of 6, and g, are shown in Fig. 11. The LWP budget
analysis for the ASTEX case has been reported by Van
der Dussen et al. (2016) to investigate why a reduction of
the large-scale subsidence causes the stratocumulus
cloud deck to persist longer despite an increase in the
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entrainment velocity. This study also demonstrated that a
very good correspondence can be obtained between the
actual and the LWP tendency, as diagnosed from the rhs
of Eq. (4). Because our analysis is based on hourly mean
processed data of fluxes and mean quantities, the residual
in the LWP budget is larger than in Van der Dussen et al.
(2016). Nevertheless, some robust features emerge from
the dominant LWP budget terms shown in Fig. 12 and the
corresponding Table 6, which shows the mean results and
the standard deviations during a full daytime or nighttime

period. We note that model results were not used if stra-
tocumulus was not detected during some part of the se-
lection period. Specifically, for the fast case, stratocumulus
disappeared in MOLEM and DHARMA during pe-
riods D2 and D3, respectively, and did not recover, while
DALES and MPI/UCLA temporarily had no stratocu-
mulus during period D3. For the reference case, MOLEM
had no stratocumulus during D3. For ASTEX, no strato-
cumulus was present for DALES, SAM, MOLEM, and
DHARMA during period D2.
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The entrainment drying and warming effects are rep-
resented by Entyry and Entyey (the first two terms on the
rhs of Ent), and, likewise, the radiation (Rad) term has
been split in a longwave and a shortwave contribution,
Rad;w and Radgw, respectively. Longwave radiative
cooling and cloud-base moisture fluxes are the dominant
terms that support the increase of the LWP. During
daytime, absorption of solar radiation tends to diminish
the LWP. Its cloud-layer warming effect acts to stabilize
the cloud layer with respect to the subcloud layer, and,
as a result, the input of moisture from below the cloud
layer diminishes. Second, as the solar warming coun-
teracts the destabilization due to longwave cooling at
the cloud top, the cloud-layer thinning due to entrain-
ment of relatively warm and dry air also decreases. If the
cloud layer becomes sufficiently thin or broken, we find
that the longwave radiative cooling also strongly de-
creases. The EULAG model has the strongest longwave
cooling effect, which apparently prohibits the stratocu-
mulus cloud layer from breaking up for the composite
cases (Fig. 3). Note that the state of the atmospheric
column above the LES domain was prescribed for all
cases, and the differences in the downward radiative
fluxes at the top of the LES domain are therefore a result
of different radiative transfer schemes used in the
LES models.

The budget analysis indicates that the imbalance of a
couple of rather large contributions to the LWP ten-
dency determines the actual LWP tendency. It also
clarifies the role of entrainment. The fast case has the
smallest inversion jumps of 6, as compared to the ref-
erence and slow cases. Because of this relatively weak

thermal stability, it has the largest entrainment rates,
resulting in the largest cloud-thinning effects due to the
mixing of relatively warm and dry air from just above the
inversion.

The cloud-thinning effect due to precipitation is very
small, except for the ASTEX case during the first
nighttime period. The difference in drizzle between the
ASTEX and the composite cases can be understood
qualitatively from a drizzle parameterization at the cloud-
base height derived from observations by Comstock et al.

(2004):
> 1.75

which thus depends on the LWP and the cloud droplet
concentration number N, which is set to 100 cm ™2 in the
simulations. VanZanten et al. (2005) derived a similar
relation. The three composite cases have typical maxi-
mum LWP values on the order of 100gm ™2, for which
the parameterization above gives a drizzle rate of
11 Wm 2 For higher LWP values, such as those found
for the ASTEX case, the drizzle rate becomes more
significant too, with values of 38 and 77 W m ™2 for LWP
values of 200 and 300gm 2, respectively. The ASTEX
case is the only simulation that starts during nighttime,
during which the stratocumulus cloud tends to thicken.
It also has a rather cold and moist free troposphere,
which tends to weaken its capability to thin the strato-
cumulus layer by entrainment.

Van der Dussen et al. (2013) showed from additional
sensitivity experiments for the ASTEX case that the

LWP

N,

P, = 0.37( (6)
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TABLE 5. Mean values of the flux ratios ry, and r,, and their standard deviations during the daytime and nighttime periods according to

Table 3.
Time ASTEX Fast Reference Slow
Tp, D1 — —0.19 + 0.08 -02*0.1 0.1+02
N1 -02 04 -03 0.1 00=*+04 04+03
D2 —0.20 = 0.07 —0.17 = 0.05 —0.20 = 0.07 -02=*0.1
N2 —-0.20 = 0.09 -0.17 £ 0.07 -0.21 = 0.05 -0.1*=02
D3 —0.09 = 0.09 —0.14 = 0.07 —0.16 = 0.04 —0.19 = 0.06
N3 — —0.16 *= 0.08 -0.17 £ 0.07 -0.21 = 0.06
Tq D1 — 0.87 = 0.07 1.1+0.1 0.93 = 0.05
N1 1.09 = 0.09 1.04 = 0.07 1.26 + 0.08 1.09 = 0.05
D2 0.83 = 0.07 0.67 = 0.07 0.72 = 0.05 0.84 = 0.08
N2 0.92 = 0.05 0.95 = 0.03 0.97 = 0.05 1.1 x0.1
D3 0.7 02 0.79 = 0.05 0.70 = 0.07 0.67 = 0.05
N3 — 0.83 = 0.07 0.91 = 0.02 0.92 = 0.07

difference in the LWP is mainly attributable to differ-
ences in the precipitation rate. They also found that
stronger precipitating stratocumulus had less entrain-
ment of warm and dry inversion air at its top. During
daytime, model differences in LWP are also diminished
by solar radiative heating of the cloud layer. This
mechanism is particularly clear during the third daytime
period (D3) of the fast and reference case simulations by
EULAG. The LWP in this model is much higher than in
the others (Figs. 3f,g), which causes a much stronger
cloud-thinning tendency because of the absorption of
solar radiation (Figs. 12f,g).

5. Subcloud-layer heat and moisture budgets

The behavior of the surface SHF and LHF during the
transitions is very different in the sense that the SHF

ASTEX Fast Reference
121 i )
(a) (b) L\ | ©) | \ ‘"
of i y #‘ LLQ k& s LR
g { /’““ "’xﬁ\‘rw A AR N ‘:
g o e M NS

becomes approximately constant at about 10Wm 2,

whereas the LHF tends to increase with time during the
Lagrangian advection of the cloudy air mass (Figs. 3q—x).
A classical framework to explain the time evolution of
surface fluxes is the mixed-layer model (MLM), which
assumes a vertically well-mixed boundary layer (Lilly
1968; Schubert et al. 1979; Nicholls 1984). The values of
the decoupling parameters «,, and ay, indicate that this
assumption is not appropriate for relatively deep
boundary layers. On the other hand, since the subcloud
layer is vertically well mixed, the MLM framework may
be applied to this lower part of the boundary layer.

a. Evolution of the subcloud-layer height

Figures 3a—d show that the gradual increase of the
subcloud-layer height, which approximately coincides
with the cumulus cloud-base height, reduces significantly

() (9) (h)N1| D2 [N2| D3 [N3
‘TD) [ I [
4
2 e ] i
- AN s o s -
g5 f “T’-T%zf hgi’\wﬁfgé NP
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hours from local noon hours from local noon

F1G. 11. Time evolution of the inversion jumps of (a)—(d) A6, and (e)—

hours from local noon hours from local noon

(h) Ag,. The gray shaded bands indicate nighttime periods according

to Table 3. The line colors and symbols are as in the legend in Fig. 4a.
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FIG. 12. Time evolution of the dominant terms in the LWP budget, with the variables displayed on the vertical axes denoting LWP
tendencies (gm >h™') due to (a)-(d) longwave radiative cooling (Rad,y), (¢)-(h) the absorption of solar radiation in the cloud layer
(Radsw), entrainment of (i)—(1) warm (Entyco) and (m)—(p) dry inversion air (Entgy), (q)—(t) cloud-base fluxes of heat and moisture
(Base), and (u)—(x) the LWP tendency due to drizzle (Prec). The gray shaded bands indicate nighttime periods according to Table 3. The

line colors and symbols are as in the legend in Fig. 4a.

during the final stages of the simulations. The time evolu-

tion of the subcloud mixed-layer height / can be expressed

in terms of the mass budget equation (Neggers et al. 2006),
oh

—=E+W

where E is a positive term that represents the entrain-
ment process that mixes air into the subcloud layer from
above; w|, is the large-scale vertical velocity at the top of

the subcloud layer, which is negative for the cases con-
sidered here; and M >0 is related to the shallow cu-
mulus mass flux, which acts as a sink term. Because the
relative humidity (RH) in a vertically well-mixed layer
increases with height, an initial deepening of the
subcloud-layer depth £ will subsequently lead to higher
RH values at its top. This will trigger shallow cumulus
clouds whose mass flux will reduce the height of the
mixed layer and, hence, the RH at its top. In this way,
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TABLE 6. Mean values and their standard deviations (all in units of gm 25~ ') for some key LWP budget terms according to Eq. (4) during

the daytime and nighttime periods according to Table 3.

Time ASTEX Fast Reference Slow
Rady MY [(LWoe(20) = LWoet (20)] D1 — 54+9 54+9 57+6
C N1 62+ 1 60 + 8 615 59+ 6
D2 65+ 1 50 + 10 50 = 10 53+9
N2 67 x4 59+7 56 + 8 60 = 6
D3 577 60 = 10 50 = 10 50 = 10
N3 — 50 + 10 50 + 10 56+ 9
Radgw T [SWoet(z0) — SWaet (20)] D1 — -20*4 -19+3 -25+3
C N1 0.0 = 0.0 —-0.0 = 0.0 —-0.0 = 0.0 —-0.0 = 0.0
D2 -34x2 ~16 x4 -17 x4 -20=x4
N2 0.0 £ 0.0 —-0.0 = 0.0 —-0.0 = 0.0 —-0.0 = 0.0
D3 -19+1 -19+6 ~14+4 ~16 = 4
N3 — —-0.0 = 0.0 —-0.0 = 0.0 —-0.0 = 0.0
Entpea —pw IlynA8, D1 — -51%6 —45=+5 —41 %5
N1 —-70 = 10 -87 %8 ~74 %5 -63%5
D2 -70+6 -52+*6 —46 + 5 —48 + 4
N2 -93 x5 -89+ 7 -74+7 -72+3
D3 —43+5 -58+8 —48 x5 —44 %5
N3 — —-80 = 10 —-80 = 10 —-80 = 10
Entgry pwenAq; D1 — —44+5 —44+5 —38 + 4
N1 -28%6 -76 £ 6 ~72%4 —60 = 4
D2 —48 =5 —45+5 —45+5 —47 + 4
N2 -83 x4 —-80 = 10 -70 =5 -71%2
D3 -44+6 -53+6 —45+5 —44 + 4
N3 — -77 %7 —-70 = 10 -74 %8
Basenea —pnIlyw'6)(z») D1 — 11 +2 7+2 4+3
N1 10 =7 17 = 4 8+5 04
D2 21 + 10 +2 8+2 8+2
N2 16 =2 22 132 9+3
D3 0+1 15.0 + 0.6 12+3 7x2
N3 — 202 202 = 0.8 14 +1
Basemoist P qi(zp) D1 — 45+ 4 47+ 6 43 +2
N1 37 = T1+7 70 = 4 61 =4
D2 44 +3 43 + 4 44+ 6 48 * 4
N2 62 +3 70 = 10 69 =5 73+6
D3 34 =2 53+ 6 46 = 4 4 +5
N3 — 73+ 4 70 = 10 72+8
Prec —p[P(z:) — P(zp)] D1 — -1=1 -1=x1 -1=x1
N1 —40 = 30 -3x2 -3+2 21
D2 -18+6 —2+2 -2+1 —2=+1
N2 —4x2 -3+3 22 -3x2
D3 -13 * 04 -2=x1 —2+2 —2+2
N3 — —4x4 -3x2 22
Ent,, —pwehaal, D1 — 9+2 7+2 7.1+ 06
N1 41 %7 23+5 18 %2 15+1
D2 33 = 10 =2 9+2 9+1
N2 33+4 18+6 14 + 3 17 +3
D3 14 +2 11+ 4 8§+2 8§+2
N3 — 15+5 14+6 13+4

the cumuli act as a kind of valve that will maintain an This model assumes a quasi-steady state, which means
approximate constant RH at the top of the subcloud that temporal changes in conserved thermodynamic vari-
layer (Bretherton et al. 2004). ables are constant with height. This allows us to obtain
simple solutions for the vertical fluxes, which in this
framework only depend on the values at the bottom and

To study the behavior of the surface heat fluxes, we the top of the mixed layer, and the net effect of diabatic
will apply a mixed-layer model to the subcloud layer. processes. In fact, if we approximate the mixed-layer

b. Analysis of the results
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TABLE 7. Summary of the boundary conditions used for the
subcloud mixed-layer model, its time scales, and the definitions of

the constants C;, C,, and Cs.

Initial surface conditions SSTy
eu.sfc,O
qsal,sfg()
Initial mixed-layer 0y.mi0
conditions 1m0
dSST
Surface boundary Y= o
conditions 96
v,sf
Yo, = Tgc
Time scales = 7}!
Ty, =
" (1=19,)CqUnm
_ h
=
a (1 - rq:)CdUml
R,SST}
TCC=—F———
Lyyr
Constants C1 = 0v1sfc)0 - 79‘,(’)/9v - AhSO,,)
Co = Oumio — Ousico + 7o, (vo, — AiSe,)
C3 = Grmio — qsat,sfc‘[) _ Ahsq[ 'Tq

1 + (T‘]/ch)

height to be constant in time, and if we express the sea
surface temperature as a linear function of time, it is
possible to obtain analytical expressions for the ther-
modynamic evolution of the subcloud layer provided
that we close the system with use of the flux ratios r,, and
rq,, respectively. Table 7 presents the notation for the
initial conditions, the time-dependent surface boundary
conditions, the definitions of the time scales of the sys-
tem as derived in the appendix, and the constants C;, C;,
and Cs. In particular, we find that the mixed-layer values
for 0, and g, change in time according to

Oy =7, 1+C, +C, exp " and ®)
qsat sfc,0 1/ —tlr
1) =3V o Tcc +C. e i+ A S S
qt,ml( ) 1+ (Tq/TCC) Xp Jexp e 154, Tq

©)

where the operator A, gives the difference of the dia-
batic flux across the subcloud layer.

Table 8 presents the time scales for the SCT cases,
based on the average subcloud-layer values from all the
LES models. The tendency of the SST was obtained
from a linear regression. For all SCT cases, the mean value
of r,, is slightly less then unity, which reflects the fact that
the subcloud layer is moistening. For the three composite
cases, the mean depth of the subcloud layer is slightly less
than 800m, and the mean horizontal wind speed in the
subcloud layer Uy, is almost identical. As a result, the
subcloud-layer time scales 7¢c and 74, are also very similar.

For a sufficiently long simulation time, ¢ > 7y, the
memory term in the solution for 0, [i.e., the last term

VOLUME 73

in Eq. (8) that includes information about the initial
state] vanishes. Interestingly, it follows from Egs. (AS5)
and (A11) that

0

v,sfc

O = ('Vev - Ahsev)Tev

The constant difference between the subcloud and
surface values of 6, has an important consequence for
the surface buoyancy flux, which, according to Eq. (A3),
becomes constant in time:

— (v, =4S, )h
we, =-————"—.

ste 1-— r,

v

(10)

(1)

The equilibrium surface buoyancy flux value is thus
proportional to the depth of the subcloud layer and to
the horizontal gradient of the sea surface along the path
of the air mass. The values of the solution for the SCTs
are also presented in Table 8. The analytic solutions give
rather small values for w6/ and well explain the be-
havior of the SHF (Figs. 3q—t) The SHF can be ex-
pressed in terms of the surface fluxes of 6, and g, as

SHF ~ pcp(w/e,ﬁsrc —e0wq; ), 12)
with 0 the potential temperature just above the surface
and ¢, the specific heat of dry air. For w6, =
0.015mKs™!, the upper limit of the SHF is about
16 Wm 2. The surface moisture flux tends to diminish
the SHF. For example, if the LHF is 100 W m™2, it will
lower the SHF by about 7Wm 2.

With the aid of Egs. (A3), (A7), and (A14), we can

express a general solution for the surface humidity flux:

172 0
W =CcU qsat,sfc,() EXp e

— C. ex *[/T{/
L d = ml (TCC/T(]) + 1 3 p ’

(13)

which predicts that w'q/ q;,. will tend to increase expo-
nentially with time. Substltutlng the mean values from
the simulations displayed in Table 8 demonstrates that
the analytical results for the final hour of the simulations
give realistic estimates as compared to the LES results.
To put the results into perspective, Fig. 13 shows ana-
lytical solutions for several values of r,. We have ne-
glected the evaporation of drizzle, which for the three
composite cases is less than 1 W m ™2 across the subcloud
layer. We used the surface forcing and initial conditions
from the reference case, in addition to its mean
subcloud-layer properties. Because the flux ratio r,, is a
measure of the moisture flux divergence across the
subcloud layer, it controls the evolution of the moisture
in this layer. We notice that its value has a strong impact
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TABLE 8. Average values as obtained during the entire run and
from all the LES models, except for the surface fluxes, which
represent the analytical results at the end of the simulations.

Fast Reference Slow

yr (Kday ™) 1.7 1.9 1.7
ra 0.8 0.9 0.9
Up (ms™1) 5.7 53 5.1
H (m) 756 781 789

74, (h) 25.6 28.7 30.0
7, (h) 152 296 318

rcc (h) 227 202 218
w, [mKs™'; Eq. (11)] 0.012 0.014 0.013
LHF [Wm 2 Eq. (13)] 165 170 162

on the evolution of the LHF. Because the LHF is pro-
portional to the difference between g, ;m and Gt sico, @
stronger removal of subcloud moisture will trigger a
higher LHF. Furthermore, we note that r,, = 1 represents
a “zero-flux divergence’ of moisture in the subcloud
layer, which implies that all the moisture that is evap-
orated from the surface is transported out of the sub-
cloud layer by updrafts. This condition is equivalent to
q.m1 being constant in time, which follows directly from
74 = % according to Eqs. (A14) and (A15).

In summary, the MLM analysis of the subcloud-layer
evolution during its Lagrangian advection well explains
the LES results. For a decoupled boundary layer with a
constant subcloud-layer height and a fixed value for 7y,
we find that w6, becomes constant in time, while the
surface saturation specific humidity dependency on the
SST according to Clausius-Clapeyron forces w'q; —to
grow exponentially in time. An interesting difference is
found with the first Lagrangian MLM study on strato-
cumulus by Schubert et al. (1979). Their experiment 1
has a similar setup as our subcloud-layer MLM analysis,
with the SST varying linearly in time and constant values
for the wind speed and large-scale divergence. For a
vertically well-mixed stratocumulus layer, they found a
gradual increase in the surface value of w'6..

6. Conclusions

Four Lagrangian stratocumulus-to-shallow-cumulus
transition experiments were performed with six
different LES models. The cases differ predominantly
in terms of the amplitude and time scale of the
transition. The LES models agree remarkably well in
the representation of the evolution of the mean states.
For all cases, the structure of the boundary layer
transforms from a vertically well-mixed layer to one in
which the subcloud and cloud layers appear as two
separated mixed layers, with the stratocumulus layer
being warmer and drier relative to the subcloud layer, a
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FIG. 13. The latent heat flux as a function of time and for dif-
ferent values of r,,, which measures the ratio of the total humidity
flux at the top of the subcloud layer to its surface value. The line
styles are given in the legend.

situation that is referred to as decoupling (Nicholls 1984;
Bretherton and Wyant 1997). The difference in the
thermodynamic state of the subcloud and cloud layers
increases for deeper boundary layers, which is found to
be in a qualitative agreement with aircraft observations
analyzed by Wood and Bretherton (2004). The general
good agreement between the models in the represen-
tation of the boundary layer evolution can be partly
explained by drizzle and solar heating of the cloud layer.
Thicker cloud layers, such as those found for the AS-
TEX case, will produce more precipitation and will ab-
sorb more solar radiation during daytime, and vice
versa. In this way, both processes act to diminish inter-
model differences in the LWP. For the composite cases,
the earliest timing of the breakup of the stratocumulus
layer is found for the fast case, which is predominantly
because of a slightly stronger entrainment warming and
drying as compared to the reference and slow cases.

Superposed to this picture where the boundary layer is
deepening due to increasing SSTs, there is a diurnal
cycle associated with the absorption of solar radiation
within the cloud layer. The models agree well in terms of
LWP during the day, but less so in terms of LWP at
night. The opposite is true for the cloud cover, which
varies considerably among the LES models during
daytime. The EULAG model tends to maintain a closed
cloud deck that can be attributed to its radiation scheme,
which gives a somewhat stronger longwave radiative
cooling in the cloud layer. SHF is small and on the order
of 10Wm ™2, whereas the LHF tends to increase with
time for all cases.

The time evolution of the surface heat fluxes can be
well explained by means of a simple mixed-layer model
that is applied to the subcloud layer and that uses ge-
neric bulk features found from the LES results as
boundary conditions. Specifically, the model makes use
of the facts that the subcloud-layer depth becomes al-
most constant in time and that the buoyancy flux at the
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FIG. 14. Schematic showing the gradual breakup of a stratocumulus cloud layer during its Lagrangian advection
over an increasing SST. The vertical arrows represent the sensible and latent heat fluxes. During the night, tur-
bulence in the cloud layer intensifies, causing larger humidity fluxes at cloud base and cloud top.

top of the subcloud layer tends to approach a fixed
negative fraction of the surface value, similar to what is
found for the dry convective boundary layer and
cumulus-topped boundary layers. The critical quantity
that controls the magnitude of the change in the surface
evaporation is the moisture flux at the top of the sub-
cloud layer. The fact that the specific humidity in the
subcloud layer increases with time indicates that, on
average, the surface moisture flux is larger than the
value at the top of the subcloud layer. The LWP budget
analysis shows that, during periods with stronger tur-
bulence (i.e., during nighttime), a stronger injection of
subcloud-layer moisture into the stratocumulus cloud
base is accompanied by a stronger entrainment drying.

Figure 14 presents a schematic of the main findings of
the Lagrangian SCTs. The SHF remains rather small
during the equatorward advection of the air mass, while
the LHF gradually increases. During nighttime, the
longwave radiative cooling acts to destabilize the cloud
layer, which tends to generate more turbulence and a
higher entrainment rate at the cloud top. Because of
stronger turbulence in the cloud layer during the night,
subcloud-layer moisture is transported toward the stra-
tocumulus at a rate that exceeds the surface evaporation
during the first night of the three composite cases and

also during the second night of the slow case. This en-
hanced moisture flux feeds the stratocumulus with liquid
water, thereby competing against the cloud-thinning
tendency by increased entrainment of warm and dry
air from just above the inversion. Overall, we find that
the nocturnal stratocumulus cloud deck is able to re-
cover from a broken structure to a closed structure.
During daytime, the cloud layer is heated by absorption
of solar radiation. This stabilizes the cloud layer with
respect to the subcloud layer, which hinders the vertical
turbulent transport of layer moisture to the cloud layer.
The warming by the sun and the reduced moisture input
at the base of the stratocumulus causes it to thin and to
break up.

The representation of the moisture transport from the
top of the subcloud mixed layer to the stratocumulus
layer, and the entrainment of free-tropospheric dry air
at the top of the stratocumulus, are essential ingredients
to capture the SCT. In fact, in a study on the represen-
tation of the SCT in large-scale models by Neggers
(2015), it is found that SCMs favor a breakup of stra-
tocumulus for inversion conditions that are unique to
each individual model. The presence of such modes may
be indicative of a local hydrological cycle that is dis-
tinctively different among the models. The finding that
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the degree of decoupling has an important consequence
for the LWP suggests that the decoupling parameters
can be a helpful quantity in evaluating parameterization
schemes for cloud-topped boundary layers (Dal Gesso
et al. 2014). The 3D instantaneous LES (thermo-) dy-
namic fields may be further used to evaluate parame-
terizations used in global models.

SCT cases such as those discussed here have been
simulated to study the effect of changes in the large-
scale forcing conditions in the Hadley cell under climate
change conditions to assess its possible impact on the
pace of the transition. For example, Bretherton and
Blossey (2014) investigated and explained the effect of a
perturbed radiative forcing, the overall tropical warm-
ing, and changes in the inversion stability on the SCT.
Likewise, Van der Dussen et al. (2016) used the LWP
budget equation to investigate why a decrease in the
large-scale subsidence extends the lifetime of stratocu-
mulus despite an increase in the entrainment rate. In
addition, both studies investigated the effect of applying a
uniform insolation (constant in time) on the SCTs, which
showed that the bulk evolution of the SCT in terms of
boundary layer deepening is rather similar. Kazil et al.
(2015) investigated the effect of the wind speed on the
SCT. They found that a higher wind speed leads to a larger
entrainment rate and a faster growth of the boundary
layer, caused by an enhanced buoyant production of tur-
bulence kinetic energy (TKE) from latent heat release in
cloud updrafts.

Acknowledgments. These investigations were done as
part of the European Union Cloud Intercomparison,
Process Study and Evaluation Project (EUCLIPSE),
funded under Framework Program 7 of the European
Union. The setup of the composite transition cases and
the LES simulations with MPI/UCLA were supported
by the Alexander von Humboldt Foundation and the
Max Planck Institute for Meteorology. The simulations
with the Dutch LES model were sponsored by the Na-
tional Computing Facilities Foundation (NCF) for the
use of supercomputer facilities. DHARMA simulations
used resources of the National Energy Research Scien-
tific Computing Center, which is supported by the Office
of Science of the U.S. Department of Energy under
Contract DE-AC02-05CH11231, and the NASA High-
End Computing (HEC) Program through the NASA
Advanced Supercomputing (NAS) Division at Ames
Research Center. The simulations with SAM were
supported by NOAA MAPP Grant NA13OAR4310104.
EULAG simulations used resources of the National
Center for Atmospheric Research, which is sponsored
by the National Science Foundation. We thank Erwin de
Beus for his kind technical assistance and Chris Bretherton

DE ROODE ET AL.

2505

and three reviewers for their suggestions, which helped to
improve the manuscript.

APPENDIX

A Mixed-Layer Model for the Subcloud Layer

The budget equation for an arbitrary conserved ther-
modynamic variable ¢ in a horizontally homogeneous
atmosphere reads

dis owy/  9S,
e L S } (A1)
dt 0z 0z
where Sy, is a diabatic source term. A vertical integration
from the surface to the top of the subcloud layer £ gives
an expression for the vertical mean value ¢,;:
a('[jml = W/ll/sfc — W,l'l[/h + S‘/’src B S‘/’h
ot h h

(A2)

with the subscripts “‘sfc”” and ““4’* denoting the surface
and the top of the subcloud layer, respectively. Because
we will apply the budget equation to an air mass that is
being advected by the horizontal mean wind, the mean
horizontal advection terms can be neglected. The ver-
tical advection term due to large-scale subsidence dis-
appears because the assumption of ‘“well mixedness”
implies that the vertical gradient of  is zero.

In the following, we use the notation as presented in
Table 7. The surface flux is computed from a bulk
formula:

stc = Cd Uml(ljfsfc o l/Iml)’

with C, =0.0012 a bulk drag coefficient and U, the
absolute value of the mean horizontal wind speed in the
subcloud layer. To obtain analytical solutions, we will
assume that the sea surface temperature increases line-
arly with time:

(A3)

SST(t) = SST,, + y,t. (A4)
Likewise, we can express the surface virtual potential
temperature as

ev,sfc(t) =00t Vo ! (AS)

Since the change in 6, . is dominated by changes in the
SST, we will approximate y, =~ y7(1 + €/¢satsic0)/11, with
II the Exner function and ¢; = 0.608.

To compute the temporal variation of the surface
moisture flux, we will use an approximated form of the
Clausius—Clapeyron equation (Stevens 2006):
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L
exp | -2 (SST—SST)| .

SST) =
(55D =q R SST

qsat,sfc sat,sfc,0

(A6)

For a linear increase of the temperature with time
according to Eq. (A4), gsar st Will increase exponentially
with time:
— /
qsat,sfc(t) - qsat,sfc,Oe[ Tee, (A7)
Given this framework, the tendency for the virtual
potential temperature in the subcloud layer 6,,, is
governed by the turbulent flux divergence, which can be
expressed in terms of the flux ratio ry,:

0, wo, .
= (1=, ) S,

(A8)

with the source term representing the divergence of the
net radiative flux. For the composite SCTs, the net
longwave radiative flux varies between 1 and 2Wm 2
during nighttime and daytime, respectively, across a
vertical layer of 100 m below the clouds. The maximum
solar radiative flux divergence is about 3Wm 2
(100m) !, which leaves a negligibly small diurnal-mean
radiative forcing of the subcloud layer.

On the basis of the results presented in Fig. 3, we will
ignore variations of % in time. In addition, we take A;Sy,
constant with time. Using Eqs. (A3) and (AS), this al-
lows us to express Eq. (A8) as

oS 0
The solution of Eq. (A9) is given by
O, m(D) =7, 1+ C, +C, exp ", (A10)
with
Ci=0,40~ Yo, T, + AhSeu'reu. (A11)

The constant C, follows from the initial condition:

C,=0,.,,—C =0 0 —A,S, T

n6, "6,

(A12)

17 Oumio T usico T Yo, T,

The budget equation for g,, can be written as

aqt,ml _ _qt,ml + qsat,sfc,(]

e + AS .
ot T, T 9

(A13)

q

The term A,S,, represents the amount of rainwater that
evaporates in the subcloud layer, which we take constant
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in time. To allow for an analytical solution, we will ne-
glect diurnal variations in r,,, which gives a solution of
the following form:

_ qsal,s[c,() 1T e —tlT
qt’ml(t) =15 r (7 I )exp cc+ Ciexp "0 + AhSqqu,
q' " CC
(A14)
with
qsat,sfc,()
C, ~A,S,7,.  (A13)

= Qim0 1+ (Tq/’TCC)
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