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ABSTRACT

As part of the European Union Cloud Intercomparison,
Process Study & Evaluation Project (EUCLIPSE) project
five LES models were used to simulate four different
Global Atmospheric System Studies (GASS) model in-
tercomparison cases of a Lagrangian stratocumulus to
shallow cumulus transition. For each case the models
show a gradual increase in the boundary layer depth. The
stratocumulus cloud layer also rises with time, whereas
the temporal change in cumulus cloud base height is
rather modest. The degree of decoupling, as quantified
by the difference in the mean subcloud and cloud layer
total specific humidity and liquid water potential temper-
ature is compared to results from aircraft observations
as reported by Wood and Bretherton (2004). Like the
observations, the LES results exhibit a larger difference
for deeper boundary layers, although the differences are
somewhat larger in the LES fields. The dynamics in the
decoupled subcloud layer are found to be similar to the
dry convective boundary layer. A clear diurnal cycle in
the shallow cumulus moisture transport is found. During
the day moisture builds up in the subcloud layer, which
is being redistributed by the cumuli towards the stratocu-
mulus layer above during the night. Overall, the mean
humidity transport at the top of the subcloud layer is only
slightly smaller than the surface evaporation, thus being
close to a zero-flux divergence. Last, it is found that dur-
ing the night the boundary layer is close to a quasi-steady
state.

1. INTRODUCTION

The presence of a strong thermal inversion in the sub-
tropical part of the Hadley circulation efficiently traps the
moisture that is evaporated from the ocean. As a result
extended stratocumulus cloud fields persist in these ar-
eas. This cloudy air is transported equatorwards over in-
creasingly higher sea surface temperatures by the trade-
winds, and stratocumulus is gradually replaced by shal-
lowcumulus. The latter cloud type has a lower cloud frac-
tion, allowing a much higher fraction of the downwelling
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shortwave radiation to reach the sea surface. It is there-
fore important for weather and climate models to realisti-
cally represent this cloud regime.

To investigate the ability of both single-column model
(SCM) versions of global weather and climate models
and large-eddy simulation (LES) models to reproduce
the transition between marine stratocumulus and shal-
low cumulus four Lagrangian cases are proposed for an
intercomparison study of both SCM and LES within the
EUCLIPSE-GASS framework. The first case is a revis-
ited model intercomparison case based on the Atlantic
Stratocumulus to Cumulus Transition Experiment (AS-
TEX) field campaign (Albrecht et al., 1995; Bretherton
and Pincus, 1995; Bretherton et al., 1995; De Roode and
Duynkerke, 1997), which already served in the past for an
intercomparison of SCMs (Bretherton et al., 1999). The
increase in computational power allows us now to per-
form 3-D Large Eddy Simulations of this case as well.
The second case gathers in fact a set of three composite
transitions, based on the observational study of the tran-
sitions in boundary layer cloudiness described in Sandu
et al. (2010) and Sandu and Stevens (2011). While AS-
TEX offers the opportunity to evaluate models against in
situ data, this set of composite transitions represents a
more idealized framework for model evaluation, which of-
fers the possibility of comparing the models for a variety
of transition cases, which differ for example in terms of
amplitude or timescale of the transition.

2. DESCRIPTION OF THE INTERCOMPARISON
CASES

2.1 Large-scale and initial conditions

The ASTEX case is based on five subsequent sets of air-
craft observations collected during a two-day period over
the Atlantic Ocean. It differs from the SCM intercompari-
son case originally proposed by (Bretherton et al., 1999)
as its initial state is based on the second flight A209 of
the ASTEX Lagrangian and identical to a previous GCSS
LES model intercomparison case led by Peter Duynkerke
in 1995. However, due to the limited computational re-
sources at that time, the simulations lasted three hours
only and used a simple parameterization for the longwave
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radiative cooling at the top of the cloud layer and lacked
precipitation.

Sandu and Stevens (2011) present the setup of the
Reference case, which is based on a composite of the
large-scale conditions encountered along a set of indi-
vidual trajectories performed for the northeastern Pacific
during the summer months of 2006 and 2007. Both the
initial profiles and the large-scale conditions represent
the medians of the distributions of these various prop-
erties obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) Interim Re-Analysis
(ERA-Interim) for the analyzed set of trajectories. For the
study presented in this paper an additional ’Slow’ and
’Fast’ composite case are proposed, each of which has
a slightly different initial thermodynamic state.

The initial vertical profiles of the liquid water po-
tential temperature (θL) and total water specific humid-
ity (qT ) for the four different stratocumulus to shallow
cumulus experiments are shown in Figure 1. The AS-
TEX case has the smallest value for the initial inver-
sion jump in the liquid water potential temperature, 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 atmo-
sphere. The input files provided on the EUCLIPSE web-
site (http://www.euclipse.nl) provide the vertical profiles
up to the stratosphere, including the one for ozone.

Figure 2 shows that the sea surface temperature
(SST) increases with time for each case, which reflects
the lagrangian equatorwards advection of the simulated
airmass. The LES models compute the sensible and la-
tent heat fluxes with aid of Monin-Obukhov similarity the-
ory and the prescribed SST.

For the ASTEX case the large-scale divergence
gradually decreases with time, whereas a weakening of
the wind velocities is taken into account by a time-varying
geostropic forcing. For the composite cases both the
large-scale divergence and geostrophic forcing are con-
stant in time. Because the lower tropospheric stability is
key for the evolution of the SCT, a realistic tendency of
the temperature is needed in particular as the simulations
were performed for a period of two or three days. There-
fore, for a faithfull representation of the radiative transfer
in a cloudy atmosphere all models applied a full radiation
code. The simulations lasted 72 hours, except for ASTEX
which was simulated for 40 hours.

2.2 Participating LES models and numerical set-up

Table 1 lists the models and their acronyms, along with
contributors from each participating group, as well as the
main references to the models. The vertical grid resolu-
tion in the lower 540 m is ∆z = 15 m. To represent the
sharp inversion layer capping the cloudy boundary layer
the resolution is gradually refined above this height, and
between 645 and 2400 m ∆z = 5 m. The horizontal do-
main size is 4.48×4.48 km2 and the number of grid points
in the horizontal directions is Nx = Ny = 128, implying a
horizontal resolution ∆x = ∆y = 35 m.
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FIG. 1: Vertical profiles of the initial liquid water poten-
tial temperature θL, total water content qT , and the hori-
zontal wind velocity components U and V for the ASTEX,
Fast, Reference and Slow cases. The line styles are ac-
cording to the legend.



LES model Institution References Participants
DALES TU Delft Heus et al. (2010) Stephan de Roode and Jo-

han van der Dussen
MPI/UCLA MPI-Hamburg Stevens et al. (2005) Irina Sandu and Bjorn

Stevens
SAM U. Washington Khairoutdinov and Randall

(2005)
Peter Blossey

MOLEM UKMO Lock (2009) Adrian Lock
DHARMA NASA Langley Research Center Stevens et al. (2002) Andy Ackerman

Table 1: Participating models and contributors.
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FIG. 2: Prescribed sea surface temperature and large-
scale divergence as a function of time for the four stra-
tocumulus to shallow cumulus transition cases. The line
styles are the same as in Figure 1.

3. RESULTS

3.1 Mean state

Figure 3 shows the cloud boundaries that were diag-
nosed from the hourly-mean cloud fraction cf . The cu-
mulus cloud base zcu,base is defined as the lowest height
where cf > 0.005. Likewise, the stratocumulus cloud
base height zsc,base is defined as the lowest height where
cf > 0.9, and the same criterion is applied to find the
stratocumulus cloud top height zsc,top. No stratocumulus
data are plotted in the figures at times when these criteria
are not satisfied. During the last 24 hours of the simula-
tions of all cases the cumulus cloud base height appears
to reach a steady state, with zcu,base slightly below 1 km
for the composite cases.

The evolution of the subcloud mixed layer height zML

can be well explained from its budget equation (Neggers
et al., 2006)

∂zML

∂t
= E + w −M, (1)

where E is top entrainment velocity, w is the large-scale
vertical velocity at zML and M > 0 is the shallow cu-
mulus mass flux at zML. The term E > 0 represents
the process of air being mixed into the subcloud layer
from above. The cumulus mass flux M acts as a sink
term in the mixed-layer mass budget. In the cases con-
sidered here the subsidence rate w < 0. In summary,
a steady-state mixed-layer subcloud height implies a bal-
ance between entrainment growth and a decrease due to
cumulus mass flux and subsidence.

This evolution of the cumulus cloud base height is
in striking contrast with the evolution of the stratocumu-
lus cloud layer, which top exhibits a continous growth.
The rate of stratocumulus cloud top rise is well correlated
with the temperature jump across the inversion, where a
smaller value allows for more entrainment. The LES mod-
els show a remarkable good agreement in both the cu-
mulus cloud base and stratocumulus cloud top heights.
However, the stratocumulus cloud base height exhibits
some more intermodel spread.

Figure 4 shows that after some hours from sunset
the stratocumulus cloud layer can become sufficiently thin
leaving columns of clear air. However, well before sunset
the stratocumulus cloud deck can recuperate. The LES
models are rather well consistent in predicting the break
up and recovery of the stratocumulus, although the tim-



ing and cloud cover vary significantly. The LES models
agree well in the diurnal of the cloud liquid water path
(LWP), although the amplitude is larger in the MPI/UCLA
and DHARMA models. In the next section attention will be
paid to the precipitation rates at the stratocumulus cloud
base.

Figure 6 shows vertical profiles of θL and qT for the
50th hour of the Reference case. The cloud layer is
warmer and drier than the subcloud layer, both of which
are vertically well mixed. The LES results resemble a de-
coupled boundary layer structure as is assumed in the
conceptual model by Park et al. (2004). They defined de-
coupling parameters αθ and αq , respectively,

αθ =
θL(z

−

i )− θL,ML

θL(z
+

i )− θL,ML

, (2)

αq =
qT (z

−

i )− qT,ML

qT (z
+

i )− qT,ML

, (3)

where z+i and z−i are the heights just above and below
the inversion layer. The cloudy boundary layer is perfectly
well mixed if the decoupling parameter is equal to zero. To
evaluate the decoupling parameter from the LES results,
we calculated the mixed layer value between the surface
and cumulus cloud base height. Stratocumulus cloud-top
values were obtained by calculating the mean value be-
tween its cloud base and top heights. Figure 7 shows the
decoupling parameters αq and αθ for the cases where
stratocumulus have a cloud fraction larger than 0.9. The
figure also shows a fit of αq that was made on the ba-
sis of results from aircraft observations presented in the
Figure 5 by Wood and Bretherton (2004), where it should
be noted that this study took did not use a stratocumulus
cloud fraction criterion. The LES modeling results give
αq > αθ . This was also found by Wood and Brether-
ton (2004), although the results presented in their Table
2 appear to give a somewhat smaller difference than the
LES results. The question whether thin and broken stra-
tocumulus at the top of the boundary layer in the LES
models have a different degree of decoupling needs to
be explored further.

4. SUBCLOUD LAYER TURBULENCE STRUCTURE

The fact that the decoupling parameters are nonzero war-
rants investigation of the subcloud layer dynamics. In
particular, De Roode and Duynkerke (1997) questioned
whether the vertical velocity variance 〈w′2〉 in a decou-
pled subcloud layer can be predicted by the free convec-
tive similary relation proposed by Lenschow et al. (1980)

〈w′2〉

w2
∗

= 1.8

(

z

zML

)2/3 (

1− 0.8
z

zML

)2

, (4)

with zML the depth of the subcloud mixed layer which
we here define by the height of the minimum value of the
buoyancy flux. The convective velocity scale is defined by

w∗ =

(

g

θ0
〈w′θ′v〉|0zML

)1/3

, (5)
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FIG. 3: The cloud boundaries for the ASTEX, Fast, Ref-
erence and Slow cases as a function of time. For each
case and each model the lower solid line indicates the
lowest cloud base height in the model. Above the cumu-
lus cloud base, the dotted (solid) lines indicate the stra-
tocumulus cloud base (top), which is defined as the low-
est (highest) level where the cloud fraction exceeds 0.9.
The line styles are according to the legend. The vertical
dashed lines indicate the times of sunset and sunrise.
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FIG. 4: The cloud cover for the ASTEX, Fast, Refer-
ence and Slow cases. Line styles as in Figure 3.
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FIG. 5: The domain-averaged liquid water path for the
ASTEX, Fast, Reference and Slow cases. Line styles as
in Figure 3.
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FIG. 6: Vertical profiles of the liquid water potential
temperature and total specific humidity for the Reference
case. The dahsed lines represent a time-mean value dur-
ing the 50th hour of the simulation. Line styles as in Fig-
ure 3.

where θ0 = 300 K is a reference temperature. For the last
part of the ASTEX Lagrangian experiment this relation
was found to represent the aircraft data rather well. Also
LES results of the shallow cumulus clouds over land and
marine cumulus penetrating stratocumulus above con-
firmed this scaling behavior, except perhaps at the top of
the subcloud layer where latent heat release effects start
to produce positive buoyancy fluxes (Brown et al., 2002;
Stevens et al., 2001).

As a first step to scan the subcloud layer dynamics
we computed the buoyancy flux ratio rθv defined as the
ratio of the buoyancy flux at the top of the subcloud layer
to its surface value,

rθv =
〈w′θ′v〉|zML

〈w′θ′v〉0
. (6)

Figure 8 shows that after some simulation time this factor
becomes constant at about rθv ≈ −0.2, indicative of a
decoupled boundary layer and similar to the typical value
found in the dry convective boundary layer.

The vertical profiles displayed in Figure 9 exhibit a
clear scaling behavior. The virtual potential temperature
fluxes all fall approximately along a straight line connect-
ing the surface to the minimum flux value near the sub-
cloud layer top. The vertical velocity variance profiles
have a peak near z/zML ≈ 0.4. However, their mag-
nitude is a slightly smaller with respect to the similarity
relation.
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FIG. 7: Decoupling parametersαq and αθ . The dashed
lines indicate a fit using the aircraft observations of αq

presented in Figure 5 of Wood and Bretherton (2004).
The colors of the data points represent results from the
different LES models and are chosen according to the
color coding displayed in the legend of Figure 3.
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FIG. 8: The buoyancy flux ratio rθv defined according
to Eq. (6). Line styles as in Figure 3.
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5. BUDGETS OF HEAT AND MOISTURE IN THE
BOUNDARY LAYER

Here we will briefly discuss the main components con-
troling the budgets of heat and moisture in the boundary
layer. In particular, we will show the surface turbulent
heat fluxes, entrainment rates, and precipitation at the
cloud base. In addition we will discuss the moisture flux at
the top of the subcloud layer, as this quantity determines
the efficiency with which cumulus clouds can redistribute
moistere from the subcloud layer to the stratocumulus at
the top of the boundary layer.

Figure 10 shows the surface sensible and latent heat
fluxes. The sensible heat fluxes are rather small, and af-
ter some time tend to obtain a constant value near 10
W/m−2. The latent heat fluxes gradually increase with
time, except for the ASTEX value. Typically the surface
latent flux is proportional to a bulk drag coefficient and
the surface gradient,

LE = ρLvCdUML(qs,0 − qT,ML), (7)

where ρ is the density of air just above the sea surface,
Cd a bulk drag coefficient, UML is the wind velocity in
the subcloud mixed layer, and qs,0 is the saturation spe-
cific humidity at the sea surface. For the ASTEX case
the latent heat flux decreases as a result of a weaken-
ing geostrophic forcing yielding lower wind velocities. The
composite cases exhibit a weak diurnal cycle in the latent
heat flux, although their values generally tend to increase
with time.

The entrainment rate we determines the fluxes of
heat and moisture at the top of the boundary layer. Ac-
cording to the flux-jump relation the entrainment flux
w′ψ′

T of an arbitrary quantity ψ is given by

w′ψ′

T = −we∆ψ, (8)

where ∆ψ is the jump of ψ across an infinitesimally thin
inversion layer. The entrainment rates are the largest for
ASTEX and the Fast cases, with maximum values ex-
ceeding 1.5 cm/s during nighttime. The strength of the
temperature inversion jump seems to be the first-order ef-
fect controling the entrainment rate. During the night the
entrainment rates are maximum, and during the day they
diminish strongly as a result of absorption of shortwave
radiation in the cloud layer. The day-time entrainment for
the Slow and Reference case is less than 0.4 cm/s, which
is similar to the first entrainment results obtained from air-
craft observations in daytime stratocumulus cloud decks
off the southern Californian coast by Kawa and Pearson
(1989).

It is interesting to look at the moisture flux ratio rqT ,
which we define similar to the buoyancy flux ratio,

rqT =
〈w′q′T 〉|zML

〈w′q′T 〉0
. (9)

If rqT = 0, all the moisture that is evaporated from the
surface is trapped in the subcloud layer. On the other
hand, if rqT = 1, the cumulus cloud remove moisture out
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FIG. 10: The sensible and latent heat fluxes at the sur-
face for the ASTEX, Fast, Reference and Slow cases. For
all cases the sensible heat fluxes are in the group of low
flux values with end values of about 10 W/m−2. Line
styles as in Figure 3



ASTEX

0 20 40 60 80
hours from start

0.0

0.5

1.0

1.5

2.0

2.5

E
nt

ra
in

m
en

t r
at

e 
(c

m
 s

-1
)

day

Fast

0 20 40 60 80
hours from start

0.0

0.5

1.0

1.5

2.0

2.5

E
nt

ra
in

m
en

t r
at

e 
(c

m
 s

-1
)

day day

Ref

0 20 40 60 80
hours from start

0.0

0.5

1.0

1.5

2.0

2.5

E
nt

ra
in

m
en

t r
at

e 
(c

m
 s

-1
)

day day

Slow

0 20 40 60 80
hours from start

0.0

0.5

1.0

1.5

2.0

2.5

E
nt

ra
in

m
en

t r
at

e 
(c

m
 s

-1
)

day day

FIG. 11: The entrainment rate for the ASTEX, Fast,
Reference and Slow cases. The used colors are the
same as in Figure 3.

of the subcloud layer at the same rate as the evapora-
tion. This limit, sometimes refered to as the zero-flux di-
vergence assumption, has been used in the past in large-
scale models as a parameterization for the moisture flux
at the cumulus cloud base. Figure 12 shows a clear di-
urnal cycle in rqT . During daytime moisture is trapped in
the subcloud layer, but during the night the cumuli remove
more moisture from the subcloud layer than is evaporated
from the surface.

Last, we investigate the precipitation flux at the cloud
base. Comstock et al. (2004) found the following relation
from observations,

Pcb = 0.37

(

LWP

Nd

)1.75

, (10)

with Pcb the cloud base precipitation flux at cloud base
and Nd the cloud droplet concentration number. This re-
lation is shown in Figure 12 for comparison with the LES
results. The UCLA/MPI and DALES models give signifi-
cantly lower precipitation rates at the cloud base than the
parameterization.

6. ANALYSIS OF TIME SCALES IN THE SUBCLOUD
LAYER

The fact that the virtual potential temperature flux be-
comes constant at the top of the subcloud layer can be
used to obtain analytical solutions for the subcloud layer
evolution. We will perform a similar analysis as Schu-
bert et al. (1979). They solved the budget equations for a
cloudy boundary layer that is well mixed from the surface
to its top. In that case the heat and moisture budgets will
be determined by turbulent fluxes at the surface, entrain-
ment, precipitation and radiation. The LES results show
that the stratocumulus-topped boundary layer rapidly be-
comes decoupled from the subcloud layer. However, the
LES results give support for the notion that the subcloud
layer is vertically well mixed. In the following we will con-
sider the subcloud layer budgets of heat and moisture,
using the fact that the system can be closed with aid of
the buoyancy flux ratio rθv .

We will consider a Lagrangian air mass that moves
along with the mean flow. In that case there will be a
negligibly small large-scale horizontal advection. Further-
more, because the subcloud layer is clear, we neglect ra-
diation and precipitation. The latter assumption may be
questionable in case of the presence of deep precipitat-
ing cumulus clouds above the subcloud layer. For the
shallow boundary layer cloud convection studied here this
is an acceptable assumption. Given this framework, the
tendency for the virtual potential temperature in the sub-
cloud layer is governed by the turbulent flux divergence,

∂θv,ML

∂t
= −

∂〈w′θ′v〉

∂z
(11)

where θv,ML is assumed to be constant with height. If we
use the definition of the buoyancy flux ratio rθv according
to Eq. (6) the tendency equation becomes

∂θv,ML

∂t
= (1− rθv )

〈w′θ′v〉0
zML

. (12)
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FIG. 12: The moisture flux ratio rqT defined according
to Eq. (9). Line styles as in Figure 3.
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FIG. 13: The colors of the data points represent results
from the different LES models and are chosen according
to the color coding displayed in the legend of Figure 3.

To allow for an analytic solution, and on the basis of the
results presented in Figure 3, it will be assumed that the
cumulus subcloud layer height is constant with time.

This assumption may appear counterintuitive as the
nonzero value for the buoyancy flux at the top of the sub-
cloud layer suggests that air is entrained into the top
of the subcloud layer. Such a process should cause a
growth of the subcloud layer thickness. However, this
growth can be opposed by shallow cumulus clouds that
remove mass from the subcloud mixed layer. To this end
we will apply a bulk formula for the surface flux of any
arbitrary quantity ψ

〈w′ψ′〉0 = CdUML(ψ0 − ψML), (13)

to give

∂θv,ML

∂t
=

(

1− rθv
zML

)

CdUML(θv,0 − θv,ML)

=
θv,0 − θv,ML

τθ
,

(14)

where the last step defines a time scale

τθ ≡
zML

(1− rθv )CdUML
. (15)

For zML = 500 m, rθv = −0.2, Cd = 0.001, UML = 10
m/s, we obtain τθ = 11.6 h.

Now we allow the surface virtual potential tempera-
ture θv,0 to be time-dependent,

θv,0(t) = θv,00 + UML

(

∂θv,0
∂x

)

t = θv,00 + γt, (16)

with γ ≡
∂θv,0
∂x

the horizontal gradient of the sea surface
virtual potential temperature in the direction of the mean
flow. For UML = 10 m/s, and if the sea surface virtual po-
tential temperature changes by about 3 K/1000 km, then
γ = 0.11 K/h. The budget equation now becomes

∂θv,ML

∂t
+
θv,ML

τθ
=
θv,00 + γt

τθ
, (17)

which has the solution

θv,ML(t) = γt+ C1 + C2e
−t/τθ , (18)



with C1 = θv,00−γτθ andC2 = γτθ+θv,ML(t = 0)−θv,00.
For t >> τθ the memory term, i.e. the last term which
includes information about the initial state, vanishes. It is
also clear that the tendency of θv,ML becomes similar to
the sea surface. This has an important consequence for
the surface buoyancy flux, which becomes clear for long
time scales, i.e. t >> τθ,

θv,0 − θv,ML = γτθ. (19)

Thus according to the bulk surface flux equation (20) the
surface buoyancy flux becomes constant with time,

〈w′θ′v〉0 = CdUMLγτθ =
γzML

1− rθv
. (20)

The equilibrium surface buoyancy flux value is thus pro-
portional to the depth of the subcloud layer and to the
horizontal gradient of the sea surface along the path of
the air mass.

Likewise, we can write for the humidity in the mixed
layer qT,ML

∂qT,ML

∂t
=

(

1− rqT
zML

)

CdUML(qs,0 − qT,ML)

=
qs,0 − qT,ML

τq
,

(21)

where
τq ≡

zML

(1− rqT )CDUML
. (22)

Note that if all the moisture that is evaporated from the
surface is transported out of the mixed layer by cumu-
lus clouds, a situation which in some NWPs has been
assumed to generally hold for cumulus clouds over the
ocean and refered to as the ’zero-flux divergence’ as-
sumption, gives τq = ∞. This example illustrates that the
time scales for moisture and heat differ in the subcloud
layer.

The LES results indicate that the moisture flux ratio
exhibits a clear diurnal cycle. In the following we will as-
sume it is constant with time and its value can be loosely
interpreted as a diurnal mean value. It will be shown that
the time scales for the subcloud layer humidity are much
larger than diurnal time scales. We consider the situation
in which the sea surface temperature varies linearly with
time according to

T0(t) = T00 + γt, (23)

where T00 is the sea surface temperature at t = 0. By
using γ, we assume that differences in the tendencies for
the virtual potential temperature and temperature can be
neglected. To take into account changes in the saturation
specific humidity just above the surface we will use the
Clausius-Clapeyron equation, which reads

∂qs
∂T

=
Lvqs
RvT 2

, (24)

which can be approximated by (Stevens, 2006)

qs(T ) = qs,00 exp

[

Lv

RvT 2
00

(T − T00)

]

(25)

where qs,00 = qs(T00). If the temperature increases lin-
early with time, then the saturation specific humidity at
the surface will follow an exponential increase with time,

qs,0(t) = qs,00e
t/τc , (26)

where τc =
RvT

2

00

Lvγ
= 131 h. The differential equation to

be solved then becomes

∂qT,ML

∂t
+
qT,ML

τq
=
qs,00
τq

et/τc . (27)

The solution reads

qT,ML(t) =
qs,00

1 +
τq
τc

et/τc + C3e
−t/τq , (28)

with
C3 = qT,ML(t = 0)−

qs,00

1 +
τq
τc

. (29)

We can immediately see that for a zero flux divergence
assumption rqT = 0, the time scale τq = ∞, and conse-
quently the analytic solution gives a constant value with
time for the mixed layer humidity, qT,ML(t) = qT,ML(t =
0).

The solution can be expressed as a function of the
saturation specific humidity at the surface,

qT,ML(t) =
qs,0(t)

1 +
τq
τc

+C3e
−t/τq , (30)

Because τq/τc > 0, it can thus be concluded that the
specific humidity in the mixed layer increases at a lesser
rate than the saturation value at the sea surface. The
surface flux becomes

〈w′q′T 〉0 = CdUML

[

τqqs,00
τc + τq

et/τc − C3e
−t/τq

]

. (31)

7. CONCLUSIONS

The LES models are capable of reproducing the stratocu-
mulus to cumulus transition very consistently. They all
show that the stratocumulus cloud layer gradually grows
in time, and that the temporal variations in the shallow
cumulus cloud base are rather small. The subcloud layer
dynamics, in this case defined by the buoyancy flux and
the vertical velocity variance, exhibit a similar scaling be-
havior as the clear convective boundary layer. The mois-
ture flux in the subcloud layer shows a distinct diurnal cy-
cle. During the day moisture gets trapped in the subcloud
layer. However, during the night cumulus clouds are more
actively redistributing the moisture out of the subcloud
layer to the stratocumulus cloud layer. As a consequence
a broken stratocumulus cloud deck can recover to a full
cloud cover again.

The fact that the sea surface temperature increases
along the Lagrangians causes a gradual increase in the
surface evaporation. As a large fraction of the moisture
is being transported to the stratocumulus, an enhance-
ment of the surface evaporation tends to increase the life-
time of the stratocumulus. On the other hand, a warming
sea surface decreases the bulk stability of the system,



as both the lower troposheric stability and the difference
in the humidity between the boundary layer and the free
atmosphere increases.
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