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ABSTRACT

Results from simulations of the stratocumulus-topped boundary layer with one-dimensional versions of
general simulation models typically exhibit a wide range of spread in the modeled liquid water path (LWP).
These discrepancies are often attributed to differences in the modeled entrainment rate. Results from a
large eddy simulation of the First International Satellite Cloud Climatology Project Regional Experiment
I stratocumulus case are analyzed. The diagnosed eddy diffusivities for heat and moisture are found to differ
by about a factor of 3. Moreover, both have a much larger magnitude than the ones typically applied in
boundary layer parameterization schemes. Motivated by these results mean state solutions are analyzed for
the specific case in which the vertical fluxes of heat and moisture are prescribed, whereas eddy diffusivity
profiles are systematically varied by multiplication with a constant factor. The solutions demonstrate that
any value, ranging from zero to a maximum adiabatic value, can be obtained for the LWP. In the subtropical
parts over the ocean where horizontally extended stratocumulus fields persist, the surface sensible heat flux
is typically small, whereas surface evaporation and entrainment of relatively dry air from above the surface
can result in significant moisture fluxes. If the eddy diffusivity values are small, then the mean specific
humidity will tend to decrease quite rapidly with height in order to support the humidity flux. This results
in erroneous low humidity values in the upper part of the boundary layers causing low LWP values.

1. Introduction

The representation of stratocumulus cloud layers in
general circulation models (GCMs) is problematic. For
example, Duynkerke and Teixeira (2001) compared re-
sults from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA) re-
sults for July 1987 with stratocumulus observations for
the same period collected during the First International
Satellite Climatology Project (ISCCP) Regional Ex-
periment (FIRE). They concluded that in ERA the
cloud cover and liquid water path (LWP) are strongly
underestimated. These results inspired a recent model
intercomparison study in which one-dimensional ver-
sions of GCMs, or so-called single column models
(SCMs), were used to simulate the diurnal cycle of stra-
tocumulus off the coast of California as observed dur-

ing FIRE I (Duynkerke et al. 2004). Although the ini-
tial thermodynamic state, the sea surface temperature,
and the large-scale subsidence rate were prescribed, the
cloud LWP evolution differed considerably among the
SCMs. This discrepancy was attributed predominantly
to differences in the entrainment velocity, which is the
rate with which relatively warm and dry air from just
above the inversion is mixed into the cloud-topped
boundary layer.

Analyses of aircraft measurements indicate that the
entrainment velocity has typical values in the range be-
tween 2 and 20 mm s�1 (Nicholls and Turton 1986; De
Roode and Duynkerke 1997; Faloona et al. 2005). A
difficulty with prognosing the stratocumulus evolution
is that even small differences in the entrainment rate,
say on the order of just a few millimeters per second,
can lead to significant differences in the LWP. For ex-
ample, Stevens (2002) showed that different entrain-
ment parameterizations yielded solutions for the LWP
that differed almost by a factor of 3.

However, Stevens et al. (2005) conclude that differ-
ences in the entrainment rates cannot fully explain the
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variability found in modeled LWP results. They ana-
lyzed results from several large eddy simulation (LES)
models that participated in an intercomparison study of
a stratocumulus case based on observations collected
during the Second Dynamics and Chemistry of Marine
Stratocumulus field study (DYCOMS-II). Whereas the
simulated LWPs differed more than a factor of 5, dif-
ferences in the LWP of perfect mixed layers con-
structed using the mean thermodynamic properties of
the simulations would only differ by a factor of 2. Simu-
lations that produced the smallest LWPs had larger gra-
dients in moisture within the boundary layer. In other
words, the redistribution of moisture within the bound-
ary layer by turbulent transport is a vital factor control-
ling the LWP. A large spread in the LWP was also
found from various SCM simulations of the same
DYCOMS-II stratocumulus case (Zhu et al. 2005).
These differences were attributed to the sensitivity of
liquid water content to small changes in total humidity
and temperature induced by the different turbulent
transport and microphysics scheme employed.

In a GCM, the vertical turbulent transport w��� of a
scalar � can be computed with an eddy diffusivity ap-
proach,

w����z� � �K��z�
���z�

�z
, �1�

with z denoting the height. The flux is thus taken pro-
portionally to the product of an eddy diffusivity K� and
the vertical gradient of the grid-box mean value of the
scalar. The closure problem is then reduced to finding
suitable functions for K�, where it should be noted that
eddy diffusivities for momentum and thermodynamic
quantities usually differ, hence, K� is scalar dependent.
Since K� has dimensions of meters squared per second
it scales with the product of a turbulent velocity scale
and an appropriate length scale l characterizing the
dominant eddy size. In a (turbulent kinetic energy)
TKE-l scheme the eddy diffusivity is computed as

K� � �El. �2�

This approach requires an additional equation to solve
the TKE (E). Various length scale formulations for a
TKE-l scheme are proposed by Bougeault and Lacar-
rère (1989), Lenderink and Holtslag (2004), and
Sánchez and Cuxart (2004). Troen and Mahrt (1986)
and Louis (1979) present eddy diffusivity parameteriza-
tions that do not use the TKE but consider the local
stability of the boundary layer.

According to Stull (1988), “there has been no lack of
creativity by investigators in designing parameteriza-

tions for K�.” The question whether this actually mat-
ters is the major topic of this note. In particular, solu-
tions for the LWP are analyzed for different eddy dif-
fusivity profiles. We neglect precipitation and eliminate
effects due to differences in entrainment rates by using
fixed, prescribed vertical flux profiles for heat and
moisture.

2. Modeling results of eddy diffusivities for the
EUROCS stratocumulus intercomparison case

a. Large eddy simulation results

A large eddy simulation was performed as part of the
European Project on Cloud Systems in Climate Models
(EUROCS) stratocumulus intercomparison study,
which was designed on the basis of observations col-
lected in stratocumulus off the coast of California dur-
ing FIRE I (Duynkerke et al. 2004). The Dutch Atmo-
spheric LES (DALES) model used a large domain
(25.6 � 25.6 � 1.2 km3) with 256 � 256 � 80 grid points.

Figure 1 shows examples of vertical profiles of the
horizontal slab-mean values of the total specific humid-
ity qt and the liquid water potential temperature 	l and
their respective vertical turbulent fluxes, w�q�t and w�	�l .
Both quantities are conserved variables for moist-
adiabatic processes, 	l � 	 � (L
 /cp�)ql , where 	 is the
potential temperature, ql is the liquid water content, L


is the latent heat of vaporization of water, and cp is the
specific heat at constant pressure of dry air. The Exner
function � gives the ratio of absolute to potential tem-
perature. The jumps in the mean 	l and qt clearly mark
the inversion layer. The sharp jump in w�	�l results from
a strong longwave radiative cooling near the top of the
cloud layer.

Figure 2 shows an example of eddy diffusivity pro-
files K	l

and Kqt
. These results were diagnosed with aid

of Eq. (1) using the results shown in Fig. 1. It is clear
that the eddy diffusivities for heat and moisture are
different. In the lower half of the boundary layer K	l

can be well approximated by Kqt
multiplied by a factor

of 0.35.
Wyngaard and Brost (1984) and De Roode et al.

(2004) presented different vertical profiles for the eddy
diffusivities for bottom-up (sbu) and top-down (std) sca-
lars in the clear convective boundary layer and the stra-
tocumulus-topped boundary layer, respectively. A bot-
tom-up scalar has a surface flux |w�s�bu,0 | � 0 and a zero
flux at the top of the boundary layer due to entrain-
ment, w�s�bu,T � 0, and vice versa for the top-down sca-
lar. The application of the principle of linear superpo-
sition of variables enables to reconstruct any arbitrary
eddy diffusivity K�, provided that the scalar � is a con-
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served variable. To this end, let us consider the ten-
dency equation for the mean,

��

�t
� �

w���

�z
 S� , �3�

where we have collected terms like the mean advection,
radiation, precipitation, etc., into a single source term
S�. If we set the source term to zero, the above ten-
dency equation is linear in �. �his means that if at t � 0
� can be expressed as a linear superposition of the bot-
tom-up and top-down scalar fields, this will also be the
case for any t � 0 (Jonker et al. 1999). Let us write � as

� � asbu  bstd  d, �4�

where d is an arbitrary constant. From Reynolds aver-
aging the vertical flux w��� can be expressed as

w��� � aw�s�bu  bw�s�td, �5�

with constants a � w���0 /w�s�bu,0 and b � w���T /w�s�td,T .
Using Eq. (1), K� can be diagnosed from

K� � �

w�s�bu 
b

a
w�s�td

�sbu

�z


b

a

�std

�z

. �6�

The precise shape of K� will therefore generally depend
on the factors a and b, or, in other words, the entrain-
ment to surface flux ratio of �.

�lso note that the level where the w�	�l flux changes
sign does not depend on the cloud-top height. Because
w�	�l is negative at the top of the boundary layer due to
entrainment of relatively warm air from just above the
inversion, it will change sign if the surface sensible heat
flux is positive. The zero flux level may even be located
near the cloud top if the radiative cooling effect is
larger than entrainment warming. Using a downgradi-
ent relation, a zero eddy diffusivity will be diagnosed at
the level where the flux changes sign, provided that the
mean vertical gradient has a nonzero value.

b. Single-column modeling results

To give a flavor of eddy diffusivity profiles typically
applied in GCMs, results of six single-column model
versions of general and regional circulation models like
Action de Recherche Petite Echelle Grande Echelle

FIG. 1. Vertical profiles of the (a) mean and (b) vertical fluxes
of the liquid water potential temperature 	l and the total specific
humidity qt. The results represent horizontal slab-mean values
computed during the third hour of an LES of the FIRE-I stra-
tocumulus case. Line styles are explained in the legend.

FIG. 2. Vertical profiles of the eddy diffusivity for the liquid
water potential temperature K	l

and the total specific humidity Kqt

diagnosed from the LES results shown in Fig. 1. Also shown is the
Kqt

profile multiplied by a factor of 0.35. Line styles are explained
in the legend.
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(ARPEGE), ECMWF, the nonhydrostatic mesoscale
atmospheric model of the French research community
(MESO NH), Met Office (UKMO), Royal Netherlands
Meteorological Institute (KNMI) Regional Atmo-
spheric Climate Model (RACMO), and the High-
Resolution Limited-Area Model (HIRLAM) are pre-
sented in Fig. 3. A brief description of the diffusion
schemes used by these models (except for UKMO) is
given by Lenderink et al. (2004). The results represent
hourly mean eddy diffusivity values used for both heat
and moisture during the third hour of the simulation.

To facilitate direct comparison to the LES results,
the SCMs (except for UKMO) simulated the EUROCS
stratocumulus case with the precipitation scheme
switched off. In addition, to focus on the performance
of the eddy diffusivity scheme only the mass flux con-
vection scheme was not used, either. Clearly, the LES
and SCM results differ. For the SCMs the maximum
eddy diffusivity values range from 4 to 81 m2 s�1. In
particular the eddy diffusivities used in the SCMs for
moisture are therefore much smaller than diagnosed
from the LES results.

3. Eddy diffusivity profiles and liquid water path
solutions

Mean state solutions can be diagnosed from a vertical
integration of Eq. (1),

��z� � �0 � �
0

z w����z��

K��z��
dz�, �7�

where �0 is the surface value. Using this equation, we
are interested in solutions for 	l and qt as a function of
the eddy diffusivity profile.

Let us consider a set of experiments with prescribed
surface latent and sensible heat fluxes. Furthermore, to
exclude the effect of different entrainment rates on the
mean state solutions, we also prescribe the entrainment
fluxes of heat and moisture at the top of the boundary
layer. Last, we like to consider solutions for which the
boundary layer is in a quasi-steady state:

�

�z

��

�t
� �

�2w���

�z2 
�S�

�z
� 0. �8�

Thus, for a quasi-steady state, and in case the source
term S� � 0, the flux will vary linearly with height.
However, because the LES fluxes for heat and moisture
shown in Fig. 1 vary approximately linearly with height
we may directly use them to solve Eq. (7) for different
eddy diffusivity profiles. Note that using the LES heat
flux even takes into account the effect of longwave ra-
diative cooling at the top of the cloud layer. By using

fixed vertical flux profiles, all experiments have the
same tendencies for heat and moisture.

Different eddy diffusivity profiles Kc are constructed
from Kqt

and a constant multiplication factor c,

Kc � cKqt
, �9�

where the subscript c denotes the value of the multipli-
cation factor c. By changing the value for c we can
systematically vary the magnitude of Kc while maintain-
ing its vertical shape. We prefer to choose Kqt

as a base
profile because unlike K	l

it does not have a zero value
in the lower part of the boundary layer.

Examples of vertical mean profiles are presented in
Fig. 4 for 	l and qt. The results labeled “adiabat” indi-
cate constant 	l and qt, and may also be interpreted as
solutions for infinite values of the eddy diffusivity, K�.
In that case vertical profiles for nonconserved quanti-
ties like the temperature and liquid water content are
dictated by their respective moist-adiabatic vertical gra-
dients. Near-adiabatic stratocumulus cloud layers were
frequently observed during FIRE I by Albrecht et al.
(1990). The 	l solution for c � 0.35 has a similar shape
to the LES solution except near the top of the boundary
layer and close to the surface where K	l

has a zero
value. Because K1 � Kqt

the c � 1 solution for qt is
identical to the LES result depicted in Fig. 4.

The qt gradients are maximum near the surface and
the top of the boundary layer due to the minimum val-
ues of the eddy diffusivities at these heights. By con-
trast, for all c values shown, the vertical profiles for 	l

vary only weakly with height. With identical eddy dif-
fusivities for heat and moisture it follows from Eq. (1)

FIG. 3. Hourly-mean eddy diffusivity profiles applied to heat
and moisture from six different SCM versions of general circula-
tion models. The results were obtained from the third hour of
simulations of the FIRE-I stratocumulus case. Also shown for
reference is the diagnosed Kqt

from the LES results presented in
Fig. 2.
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that the ratio of the mean vertical gradients of qt and 	l

can be expressed as

�qt ��z

��l ��z
�

w�q�t

w���l
�

cpFqt

L�F�l

, �10�

where Fqt
and F	l

are the humidity and heat fluxes in
energy units of watts per meters squared, respectively.
Inserting typical fluxes observed in the subtropical
parts of the ocean that are covered by stratocumulus,
Fqt

� 100 Wm�2 and F	l
� 10 Wm�2, indicates that if

the change of 	l over a vertical layer with arbitrary
thickness equals 0.1 K, the corresponding change in qt

will be 0.4 g kg�1. The relative changes are therefore
much larger for qt than for 	l .

Also note the effect of the sign change for the vertical
flux w�	�l in the boundary layer. Because the flux is
downgradient, a relatively large decrease in 	l below
the zero-flux level will to some extent be compensated
by a relatively large increase with height above. Be-
cause at all heights in the boundary layer w�q�t is posi-
tive, qt decreases monotonically with a lapse rate con-
trolled by the multiplication factor c. The results illus-
trate that for small eddy diffusivities the total specific
humidity flux can be maintained only at the expense of
losing a vertically well mixed structure.

Figure 5 diagnoses the vertical profiles of the mean
liquid water content (ql) profile from solutions for 	l

and qt that were both calculated for identical c values.
This means that we implicitly assume that the same
eddy diffusivities can be applied to 	l and qt. Although
this clearly violates the results from LES, we are inter-
ested in these solutions because the SCMs discussed in
this note also apply identical eddy diffusivity profiles
for heat and moisture. It appears that the cloud depth
and the maximum liquid water content are affected
mostly by the magnitude of the mean vertical moisture
gradient in the lower part of the boundary layer. Be-
cause the qt solution for c � 1 equals the LES solution,
and because the 	l differences between the analytical
profiles and LES results are rather small, the ql solution
for c � 1 corresponds well to the LES results.

On the basis of vertical profiles of ql we computed
the LWP according to

LWP � �0�
zb

zt

ql dz, �11�

FIG. 4. Mean state solutions for (a) the liquid water potential
temperature 	l and (b) the total water content qt . The vertical
profiles were computed from Eq. (7) for the vertical flux profiles
presented in Fig. 1. Different eddy diffusivity profiles were used
according to Eq. (9), Kc � cKqt

, with Kqt
the eddy diffusivity

diagnosed from the LES results shown in Fig. 2. The line styles are
explained in the legend and represent solutions for different val-
ues for the multiplication factor c. The solutions labeled “adiabat”
indicate constant 	l and qt values with height. The fat gray line in
(a) indicates hourly mean values from the LES model results
during the third hour of simulation.

FIG. 5. The mean liquid water content ql as a function of the
eddy diffusivity multiplication factor c according to Eq. (9). The
results are diagnosed from the 	l and qt solutions presented in Fig.
4. Line styles are explained in the legend.
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where the integration is performed from cloud-base to
cloud-top height, and �0 � 1.14 kg m�3 is a constant
reference density. It is clear from Fig. 6 that the eddy
diffusivity profile has a dramatic effect on the LWP. Its
values range from zero for relatively low eddy diffusivi-
ties (c � 0.19) to a maximum value of 109 g m�2 dic-
tated by a moist-adiabatic stratification (c → �).

4. Discussion

In this study we analyze the mean vertical structure
of a stratocumulus-topped boundary layer that is in a
quasi-steady state, and for which the surface and en-
trainment fluxes of heat and moisture are assumed to
be known. It is shown that any value for the LWP,
ranging from zero to a maximum dictated by an adia-
batic liquid water content, can be expected depending
exclusively on the magnitudes of the eddy diffusivities
used. This means that even if a model is able to accu-
rately predict the surface and entrainment fluxes of
heat and moisture, there is no guarantee that the mod-
eled stratocumulus LWP will be in a good agreement
with observations. This can be explained by the way a
model distributes moisture and heat within the bound-
ary layer. In an eddy diffusivity closure model large
moisture gradients can be expected if low eddy diffu-
sivity values are used in combination with a significant
latent heat flux. A rapid decrease of the humidity with
height tends to diminish the cloud LWP. It should be
noted that in an LES model intercomparison study of
the DYCOMS-II stratocumulus case low LWPs could
also be partly explained by larger vertical total humid-
ity gradients, in addition to different entrainment rates
(Stevens et al. 2005).

The wide range of possible LWP solutions with an
eddy diffusivity model may seem surprising. It gives rise

to the question whether the analysis procedure uses a
realistic range of eddy diffusivities? Figure 7 presents
the hourly mean ECMWF eddy diffusivity profile, the
humidity flux, and the (total) specific humidity profile
from the ECMWF SCM simulation of the FIRE-I stra-
tocumulus case. The maximum value for the eddy dif-
fusivity is very small, K � 10 m2 s�1. Such very low
eddy diffusivity values are a persistent feature in the
lower part of the boundary layer in the ECMWF model
simulation. Above the turbulent boundary layer a
single-layer stratocumulus cloud is present. The mois-
ture flux varies between about 20 W m�2 at the surface
and 35 W m�2 due to entrainment of relatively dry air
across the inversion. Clearly, the total specific humidity
decreases by nearly 1.5 g kg�1 between the surface and
the top of the boundary layer, in accord with the eddy
diffusivity relation in (1). The low specific humidity val-
ues near the top of the boundary layer prevent the
formation of clouds. In a simulation with the opera-
tional version of the ECMWF SCM, in which precipi-
tation and convective mass flux transport were allowed,
the total specific humidity at 406 m is only slightly
larger with a value of 9.1 g kg�1.

The shape of the humidity profile shown in Fig. 7 is
also remarkably similar to the mean humidity profile
computed from 1 to 19 July 1987 in the paper by
Duynkerke and Teixeira (2001). They conclude that the
ERA model does not mix sufficiently into the cloud
layer to generate a realistic stratocumulus cloud. By
contrast, an analysis of the eddy diffusivity approach
shows that despite the presence of significant moisture
fluxes, the application of low eddy diffusivities results
in low LWP values. A possible explanation for the low
values for the ECMWF eddy diffusivities could be that
in the subtropics the trade winds cause a mean equa-
torward transport of air over gradually increasing sea
surface temperatures. As a result, the surface layer be-
comes only weakly unstable as indicated by small val-
ues for the sensible heat fluxes that are typically on the
order of 10 W m�2. In the ECMWF model the eddy
diffusivity in the mixed layer is proportional to a master
velocity scale that depends, in turn, on the friction ve-
locity u* and a convective velocity scale w* (Troen and
Mahrt 1986). Because the latter depends on the cubic
root of the surface buoyancy flux w�	�
 0 the convective
contribution to the master velocity scale will be small.

To make the vertical profile for 	l in stratocumulus
more well-mixed Lock et al. (2000) suggest the inclu-
sion of a nonlocal correction term �� according to
Holtslag and Boville (1993):

w��� � �K����

�z
� ���. �12�

FIG. 6. LWP solutions (solid line) and the cloud transmissivity
for broadband shortwave radiation (dashed line) as a function of
the eddy diffusivity multiplication factor c according to Eq. (9).
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This formulation was originally designed to account for
the countergradient transport of heat in the clear con-
vective boundary layer. Lock et al. do not apply the
nonlocal correction term to qt aiming at making its ver-
tical profiles less well mixed due to the entrainment
drying effect. Also, the nonlocal term �qt

can sometimes
lead to unrealistic humidity profiles that increase with
height (Stevens 2000). Note that in mass flux models a
nonlocal term appears for any quantity if the vertical
velocity distribution is skewed (De Roode et al. 2000;
Lappen and Randall 2001). However, in stratocumulus
the vertical velocity probability density function is typi-
cally rather symmetric such that the nonlocal term will
generally be small. In this context it is interesting to
explore the representation of stratocumulus with a
combined eddy diffusivity/mass flux approach (Soares
et al. 2004),

w��� � �K�

��

�z
 Mc��u � ��, �13�

where Mc is the convective mass flux, and the subscript
u indicates the updraft value of �.

To stress the importance of the LWP solution, Fig. 6
shows the cloud transmissitivity for broadband solar
radiation as a function of the magnitude of the eddy
diffusivity. The radiation results were obtained with aid
of a broadband delta-Eddington code that is described
by Duynkerke et al. (2004). It is obvious that for c � 1,
relatively small changes in the magnitude of the eddy
diffusivity can have a dramatic effect on the cloud
transmissivity. This strong sensitivity of the LWP on the
eddy diffusivity hinders an adequate assessment of the

indirect aerosol effect in stratocumulus with GCMs
(Johnson 2005).

This note demonstrates that the well mixedness of
the boundary layer is controlled by the eddy diffusivity
profile applied in a closure model. It can therefore be
concluded that a better understanding is needed about
the mechanisms that control the degree of well mixed-
ness of stratocumulus cloud layers in nature. In any
case, closure models should at least be able to represent
near adiabatic stratocumulus cloud layers that were ob-
served during FIRE I by Albrecht et al. (1990) and off
the coast of Peru by Bretherton et al. (2004).
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