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Abstract

A diagnostic equation for the tendency of the liquid
water path (LWP) of a stratocumulus cloud layer is
derived. This equation allows the total LWP tendency
to be split into the contributions due to entrainment,
cloud base turbulent fluxes of heat and moisture, ra-
diation, precipitation and large scale divergence. The
equation is used to analyse the results of the ASTEX
stratocumulus to cumulus transition as simulated us-
ing the Dutch Atmospheric Large Eddy Simulation.
It is shown that the contribution to the LWP of the
turbulent flux at cloud base, which is mainly due to
transport by cumulus clouds, increases during the
transition, thereby extending the stratocumulus life-
time. Entrainment fluxes at the inversion, however,
also increase, such that overall the cloud layer grad-
ually thins.

Sensitivity experiments are furthermore performed in
order to test earlier hypotheses, stating that a de-
crease of the large scale divergence leads to an ear-
lier break up of the cloud layer. The results confirm
recent research that contradicts the hypotheses, by
showing a delayed cloud break up for lower values of
the large scale divergence.

It is shown that, despite the higher degree of decou-
pling of the mean state vertical profiles in the cases
with lower subsidence, the contribution of cloud base
turbulent fluxes to the LWP tendency is higher com-
pared to cases with higher large scale divergence.

1. INTRODUCTION

As a result of the Hadley circulation, fields of stratocu-
mulus clouds typically form over mid-latitudinal oceans.
As these cloud fields are advected towards the equator
by the trade winds, they are subjected to increasing sea
surface temperatures, causing the atmospheric boundary
layer to deepen. Gradually, the stratocumulus clouds are
replaced by shallow cumuli, causing a significant drop in
the area averaged albedo. During the cloud transition,
both cloud types coexist, which makes their parametrisa-
tion particularly challenging.

The first field experiment particularly aiming at a better
understanding of these transitions is the Atlantic Stratocu-
mulus Transition EXperiment (ASTEX, Albrecht et al.,
1995), which took place in June 1992. During the ex-
periment, two Lagrangian measurement series were per-
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formed, the first of which contained an almost complete
transition from a shallow, relatively well-mixed stratocu-
mulus layer to a deeper boundary layer dominated by
shallow cumuli, with only a thin patch of broken stratocu-
mulus at the top (Bretherton et al., 1995; Bretherton and
Pincus, 1995; De Roode and Duynkerke, 1996, 1997).
Since then, the ASTEX experiment has been the topic
of many modelling studies. The GEWEX Cloud Sys-
tem Study (GCSS) working group organised two 3D
Large Eddy Simulation (LES) model intercomparison
cases based on the second (A209) and the third (RFO06,
Duynkerke et al., 1999) measurement flights of the first
Lagrangian. Both flights took place in a solid, relatively
well-mixed stratocumulus layer during the night. The sim-
ulations lasted only 3 hours, because of the limited avail-
able computational power. Additionally, in another GCSS
effort the entire first Lagrangian was modelled using sev-
eral 1D and 2D turbulence models (Bretherton et al.,
1999).

Svensson et al. (2000) used the set-up of this model in-
tercomparison case to perform several sensitivity studies
using a 1D turbulence model, from which they conclude
that the main driver of the transition is the increase in the
sea surface temperature. They furthermore show that,
when the large scale subsidence rate is decreased, the
stratocumulus life-time is prolonged and the liquid water
path is on average higher throughout the transition.

More recently, Sandu et al. (2010) analysed satellite data
of many Lagrangian trajectories in which stratocumulus
to cumulus transitions occur. They constructed three sets
of initial and boundary conditions by ordering the cases
on the basis of the transition pace. Owing to the increase
in computational resources, these cases could be simu-
lated using a LES model (Sandu and Stevens, 2011). The
results show that LES models are capable of represent-
ing the general features (such as the gradual deepening
of the boundary layer, the occurrence of cumulus under
stratocumulus and the thinning and eventually breaking
up of the stratocumulus cloud layer) of these cloud tran-
sitions very well.

A revised ASTEX Lagrangian 1 set-up has recently been
proposed (together with the three composite transition
cases) to be run by LES models and single column
models as a joint GEWEX Atmospheric System Study
(GASS)/EUCLIPSE (European Union Cloud Intercompar-
ison, Process Study & Evaluation Project) effort to fur-
ther advance the understanding of cloud transitions and
to evaluate the performance of models against observa-
tions. The comparison of the LES model results with the
observations for ASTEX is the topic of a paper by Van der



Dussen et al. (in preparation, DR12 hereafter).

The goal of this conference proceeding is, in the first
place, to introduce a tendency equation for the cloud lig-
uid water path (LWP) of the stratocumulus cloud at the
top of the boundary layer, which is then used to analyse
some of the important aspects of the ASTEX transition
as simulated using the Dutch Atmospheric LES (DALES,
Heus et al., 2010).

Secondly, similar to Svensson et al. (2000), several ad-
ditional simulations are performed, using different pre-
scribed large scale subsidence rates. The motivation
for these experiments originates in the uncertainty of the
available measurements (Bretherton et al., 1999; Ciesiel-
ski et al., 1999) and the large spacial and temporal vari-
ability of the reanalysis data for this variable. The LWP
tendency equation is then used to shed light on the cause
of the prolonging effect that a decrease of the subsidence
rate has on the transition (De Roode and Van der Dussen,
2010; Sandu and Stevens, 2011; Svensson et al., 2000).
The contents of this conference proceeding are as fol-
lows: Section 2 contains the derivation of the liquid water
path tendency equation, which is used in Section 3 to aid
in the understanding of the response of the transition to
a perturbed large scale divergence. Section 4 contains
a summary of the main conclusions as well as some dis-
cussion.

2. LIQUID WATER PATH TENDENCY EQUATION

In this section, an equation for the tendency of the lig-
uid water path of the stratocumulus cloud is derived. The
terms in this equation are then split in order to determine
the relative importance of each of the individual physical
processes on the evolution of the LWP.

At the basis of this analysis is the work of Randall (1984),
who derived an analytical expression for the combinations
of temperature and humidity inversion jumps, for which
entrainment acts to deepen the cloud layer, instead of
thinning it by drying and warming the layer. Here, a sim-
ilar analysis is applied to the stratiform cloud layer at the
top of the boundary layer.

Following the model of Park et al. (2004) and Wood and
Bretherton (2004), the stratocumulus layer is assumed to
be well-mixed, which is supported by the shape of the
hourly averaged total humidity ¢r and liquid water poten-
tial temperature 6y, vertical profiles during the ASTEX La-
grangian transition. Under this assumption, the liquid wa-
ter content at the boundary layer top qv10p can be related
to the depth of the stratocumulus cloud layer k., via a qr,
lapse rate ', :

0
qL jtop = % (zi — 2z) = g, he. (1)

For the rate of change of h., the following can then be
written:

8hc _ LaQL,top a < 1 ) (2)

ot T, o oy T,

The second term on the rhs describes changes in the
cloud thickness due to changes in the lapse rate of q;.

In a saturated environment, this lapse rate can be written
as: 5
Qs
"9z )
for which an expression is derived in Appendix B. A plot
of the variation of 9qs/0z with temperature and pressure
is shown in Figure A-1c.
The variation of I';, with time is assumed to be small,
such that Eqg. (2) reduces to:

g, =

Ohe _ LaQL,top
ot T, ot

(4)

Since the cloud layer is assumed to be well-mixed, ¢z, top
is a function of the humidity and liquid water potential tem-
perature in the stratocumulus layer, respectively qr qq and
0104, and of the inversion height z;:

qL.top = f(QT,cld7 9L,c|d7 ZL) (5)

The pressure at the surface is kept constant and hydro-
static equilibriumis assumed, such that there is no explicit
dependency of gr.10p On pressure. Note furthermore that
qr.10p 18 NO function of cloud base height z, explicitly, as
the depth of the cloud layer is fixed by its thermodynamic
state through I, .

Following Randall (1984), partial differentiation is used to
write:

Oqrop _ <5QL) qr cid
0r,2;

ot dqr a T

oqrL ) 001 cid <QQL ) 0z;
) =24 = (6
<80L or Ot 0zi ) g, 4 Ot
in which the variables in the subscripts are kept constant
in the derivative and all derivatives are implicitly assumed
to be evaluated at cloud top.

For the partial derivatives of qr, with respect to g and 6y,
the following expressions can be derived (see Appendix

A):
<%> = B (7a)

8qT 01,2
(%) ~ Ty, (7b)

89[, qT,Z4

Here, v is the change of the saturation specific humid-
ity with temperature, which can be evaluated using the
Clausius-Clapeyron relation in Eq. (A-6). Furthermore, IT
is the Exner function and n, defined by Eq. (A-9), can be
interpreted as an efficiency at which gr is converted to
qr. This efficiency is plotted as a function of temperature
for a relevant range of pressures in Figure A-1a. For the
stratocumulus layer as observed during ASTEX, n =~ 0.4.
The fact that an increase in ¢r leads to a significantly
smaller increase in g1, is mainly due to the heating of a
parcel as water condensates. Keeping 6, which is usu-
ally approximated as:

Ly
0 =0 —
L Tic, qr, (8)
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FiG. 1: Timeseries the LWP tendency for the ASTEX stratocumulus to cumulus transition as simulated using the Dutch Atmospheric
LES. The total tendency of the LWP as calculated directly from gy, profiles is indicated by the solid black line, while the solid
light grey line indicates the total tendency found by taking the sum of the contributions of each of the processes according
to Eq. (20). The terms in the legend refer to those introduced in Eq. (21).

constant, implies a balance between the change in qr
and the associated heat release/uptake, which results in
0<n<l.

Equations (7) and (B-1) can be used to substitute out the
partial derivatives in Eq. (6). For the tendencies of ¢r
and 6y, in this latter equation, the conservation equations
can be written as follows:

dp  w'y’  0S, 9

o0z oz ®)
The diabatic processes, for which a variable ¢ is not con-
served, are included through S,,. For the given choice of
variables, these processes are: longwave and shortwave
radiation and precipitation.
In case of a well-mixed cloud layer, the turbulent flux di-
vergence in Eqg. (9) can be written as follows:

- algz@ = _hic (w,@,top - w/@,base)
In this equation, r, is the ratio of the turbulent flux of
o at stratocumulus cloud base over that at the surface.
This cloud base is defined as the lowest height at which
the cloud fraction is greater than 0.7. This value is cho-
sen rather arbitrary, but the results are quite insensitive
to the choice, since the average cloud fraction decreases
rapidly with height at the base of the stratocumulus layer.
In order to rewrite the flux at cloud top in Eq. (10), the
flux-jump relation:

(10)

wlsoltop = _weAiQD7 (11)

in which Ajp denotes the inversion jump of variable ¢,
was used.

The tendency of z; in Eq. (6), is written as the sum of the
entrainment rate and the mean vertical wind w at z;:

L = we +W(2:). (12)

ot

After substitution of the above equations in Eq. (6) and
after some rewriting, the following expression for the ten-
dency in of the stratocumulus cloud depth can be found:

Ohec yn :
a Ty, he (TeLw 07 st + weAifL + ACS@L)
Ui -
+FqL he (quwlq/Tsurf + weAigr + ACSQT) (13)
+we — DZl

The diabatic terms have been rewritten by defining a dif-
ference over the stratocumulus cloud layer A¢, such that:

0S,  AcS,

5 = h (14)

The emission of longwave radiation and the absorption of
solar radiation can then be taken into account by writing:

1
AcSE = o (BoFsw + AcFiw), (15)
P

where Fsw and Frw denote net fluxes of shortwave and
longwave radiation respectively.

The removal of liquid water from the cloud layer in the
form of precipitation, influences not only ¢r but also 0;,,



as follows:

INSHA —i"LF” (16a)
Ay = —APCCF P, (16b)
P

In this equation, F,, is the precipitation flux, in Wm™2,
Equation (13) reveals an inverse dependency of the ten-
dency of the cloud layer thickness to the cloud layer thick-
ness itself. Using the definition of the LWP:

LWP = / pqrdz, (17)
2=0

Eq. 13 can be simplified slightly. As earlier, for this
case of a well-mixed stratocumulus cloud layer, a adia-
batic lapse rate is assumed for ¢q;,. When, furthermore,
the p is assumed to be constant with height, the definition
above reduces to:

LWP — %quLhi. (18)

Now taking the derivative of both sides of this equation
with respect to time gives:

WP _ 19
ot 20t

Ohe.
(pFQLhE) ~ PFthcE, (19)

in which the variation of p and I';,; with time is assumed
to be small. Substituting this in Eq. (13) greatly simpli-
fies the first two terms on the rhs slightly, but makes the
last two terms more complex. The contributions of these
latter two terms to the total LWP tendency, however, are
rather small.

Finally, Egs. (15) and (16) can be substituted into Eq.
(13) and through reordering, the effects of five processes,
namely cloud base turbulent fluxes (‘Base’), entrainment
(‘Ent’), precipitation (‘Prec’), radiation (‘Rad’) and diver-
gence (‘Div’), on the LWP tendency can be isolated to
give:

E)LaV;lP = Base + Ent + Prec + Rad + Div (20)
in which
Base = pn (quw’q’Tsurf —Ivyrg, w’Q’Lsuﬁ) , (21a)
Ent = pnwe (Aigr — IIvAifL) + pnhclg, we  (21Db)
- 1 _ Iy
Prec = nAcF, <Lv = ) ; (21¢)
Rad = Ci (AcFsw + AcFrLw) (21d)
P
Div = pnhcly, w(z). (21e)

Figure 1 shows time series of each of the terms in this
equation for the ASTEX transition as described by DR12.
The simulation was performed using DALES.

The total LWP tendency of the stratocumulus layer, cal-
culated from the instantaneous ¢, profiles at an interval
of 60s is indicated by the black line. The sum of the

individual terms in the LWP budget equation is given by
the solid light grey line. The budget equation result shows
excellent agreement with the actual tendency, which is
somewhat unexpected considering the uncertainty in the
determination of the inversion jumps of ¢ and 6. The
magnitudes of these jumps were diagnosed from the 60 s
instantaneous profiles, by determining the levels at which
the vertical gradient of the variable drops below a certain
fraction of the maximum gradient.

Figure 1 shows that the contributions of the entrainment
term and the term due to cloud base turbulent fluxes
of gr and 6. are large compared to the net tendency.
The correlation between these two terms is high, which
is not surprising, as increasing cloud base fluxes cause
additional latent heat release in the cloud layer, which
increases the production of turbulent kinetic energy and
subsequently the entrainment. Similarly, much of the
turbulent flux of moisture and heat at cloud base height
is caused by downdrafts induced by entrainment of air
from the free atmosphere.

As the sea surface temperature and consequently the
surface latent heat flux increases, the thickening effect
due to cloud base fluxes also increases. At the same
time, the thinning due to entrainment becomes stronger,
which is caused by the increase of the entrainment rate
and the magnitude of the inversion jumps.

During the first day, the radiative contribution, indicated
by the solid orange line in Figure 1, shows a clear
minimum, even becoming slightly negative. This direct
effect, caused by the heating of the cloud layer and the
subsequent evaporation of the cloud, is also visible in
the the total LWP tendency. As the liquid water path
of the cloud layer decreases, the amount of precipita-
tion also decreases rapidly, which acts as a buffering
mechanism for the LWP, as it counteracts the strong
change in the LWP tendency caused by shortwave
radiation. Furthermore, as a result of the decreased
turbulence intensity in the cloud layer during the day, the
entrainment rate decreases, such that the cloud thinning
due to entrainment stagnates, additionally buffering the
direct effect of radiation on the LWP.

Another interesting effect of the absorption of solar
radiation during the day is visible in the contribution of
the cloud base fluxes of ¢r and 6, to the LWP tendency.
The decoupling of the boundary layer during the day
(Bougeault, 1985; Turton and Nicholls, 1987) causes a
decrease in this cloud thickening process. It reaches
a minimum 15h into the simulation, approximately 2h
after local noon. The turbulence decoupling of the
boundary layer builds up slowly during the day, which
introduces a time lag as compared to the radiative effect.
Furthermore, due to this decoupling, moisture builds up
in the subcloud layer. During the night, this moisture is
transported to the cloud layer again, resulting in a peak
in the cloud base flux contribution. At the same time,
however, this additional transport also enhances the
entrainment.

As an effect of the boundary layer decoupling, the
contributions of the ¢r and 6, fluxes at cloud base and
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FIG. 2: The absolute LWP tendency caused by longwave
(solid black) and shortwave radiation (dashed grey, ab-
solute value). The calculations were performed using
the initial conditions of the ASTEX model intercompar-
ison case. By varying the boundary layer value of the
total humidity, well-mixed stratocumulus profiles are
obtained with a range of LWPs. The solar radiative
fluxes are calculated at local noon, 13 UTC.

of the entrainment flux, indicated by the solid grey line in
Figure 1, becomes negative and even though the cloud
base fluxes restore during the second night, the sum
remains negative. These results indicate that the cloud
thinning typical for stratocumulus to cumulus transitions
is lead by turbulence.

Nevertheless, the transport of moisture by cumulus
clouds is an important process causing the persistence
of the stratocumulus layer throughout the transition. This
is in line with the findings of Martin et al. (1995), who
conclude on the basis of observations made during the
ASTEX campaign, that the stratocumulus cloud layer is
thicker at locations where cumulus clouds are found.
During the second night of the transition (hour 25 is at
local midnight), the LWP tendency from radiation is back
at approximately the same level as the first night, at
about 50gm=2h~'. This value seems to be rather robust.
Figure 2 shows the absolute shortwave and longwave
radiative tendencies, calculated using Eq. (21d), for a
range of LWPs. This range is obtained by perturbing
the boundary layer total humidity of the initial profiles.
The radiative transfer calculations were done for the
location of the ASTEX experiment at local noon, when
the downwelling shortwave radiative flux is largest.

The figure shows that, as long as LWP > 25gm,
the contribution of longwave radiation is approximately
constant. This due to the fact that emission of longwave
radiation takes place in a very thin layer at the top of
the stratocumulus layer. Therefore, at higher LWP, the
cloud layer emits radiation approximately as a black
body, independent of the depth of the layer. For LWP <
25gm~, the cloud thickening tendency drops of quickly
and the stratocumulus cloud layer will rapidly vanish.
Absorption of shortwave radiation on the other hand,
takes place over a larger cloud depth, such that the total
amount of absorbed shortwave radiation decreases as
the cloud thins. Over the whole range, the LWP tendency
due to shortwave radiation decrease with LWP. For
ASTEX at local noon, shortwave and longwave contribu-
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FiG. 3: Divergence as a function of time for the reference and
the sensitivity simulations. The dashed lines are sen-
sitivity experiments. The numbers indicate the values
of the divergence at the end of the simulation.

tions fully cancel at a liquid water path of approximately
50gm=2.

In the second part of the transition, radiative cooling is
the main process counteracting the cloud thinning due to
turbulence decoupling (dotted dark grey line in Figure 1).
The remaining two effects in Figure 1 are those of pre-
cipitation and large scale divergence. The precipitation
contribution is only significant in the first part of the
transition, when precipitation fluxes are large. The thin-
ning of the cloud during the day prohibits rain formation
and causes its LWP tendency to become approximately
zero, thereby damping the decrease of the net tendency
caused by shortwave radiation.

The large scale divergence term, Eq. (21e), is small
compared to the influence of the other processes, but not
negligible compared to the net cloud thickness tendency.
As stratocumulus clouds typically form in regions with
large scale subsidence, D > 0, and the contribution
to the LWP tendency is negative. During the ASTEX
transition, it amounts to an average LWP decrease of
approximately 6gm=—=2h".

3. DIVERGENCE SENSITIVITY

In this section, the sensitivity of the ASTEX transition to
perturbations in the divergence are investigated. The rea-
son for performing these experiments is the uncertainty in
the actual subsidence rate during the transition (Brether-
ton and Pincus, 1995) and the large temporal and spa-
cial variability of the divergence in the ECMWF reanalysis
data.

Moreover, recent research (De Roode and Van der
Dussen, 2010; Sandu and Stevens, 2011) points out
that lowering the subsidence rate tends to delay cloud
break-up.  This effect opposes earlier hypotheses
(Bretherton and Pincus, 1995), stating that the decreas-
ing subsidence observed during ASTEX actually led to
the rapid break-up of the cloud layer, through the increase
of boundary layer decoupling.

Figure 3 shows the prescribed large scale divergence
as a function of time for all four of the simulations that
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FIG. 4: The total cloud cover o (top panel) as well as the inver-
sion height z; and minimum cloud base height z; min
(bottom panel) for the divergence sensitivity experi-
ments as defined in Figure 3. A running averaging
filter with a width of 30 min is used to slightly smoothen
the results.

were performed. All simulations start with a divergence of
5 x 10~%s™, but differ in the rate of change with time. Ex-
periment 's1' is identical to the reference simulation and
is indicated with a solid grey line. The dashed lines are
the sensitivity experiments. The darker the line color, the
higher the large scale divergence, i.e. the stronger the
subsidence. The vertical velocity w is calculated by:

w(z) = —Dz for z < 1600m (22)
and is kept constant above.

Figure 4 gives an overview of the simulation results by
showing the total cloud cover as a function of time in the
upper panel and in the lower panel the inversion height
and the minimum cloud base height as a function of time.
From the cloud cover plot, it is clear that the stronger the
subsidence (darker lines) the earlier the stratocumulus
cloud breaks up. The difference in transition time is sig-
nificant, up to 25 %.

The bottom panel in Figure 4, reveals a large difference
in the inversion height among the simulations. Minimum
cloud base height, on the other hand, is hardly influenced
by the divergence perturbation. The deeper boundary
layer in cases with a lower large scale divergence is of
course expected, since the subsidence rate is directly re-
lated to the inversion height via Eq. (12). For the cases
considered here, the direct effect of a decrease in the di-
vergence account for 50 to 70 % of the total increase in
z;. The additional increase of the boundary layer depth is
due to an increase in the entrainment rate w. during the
second part of the transition, which is shown in Figure 5a.
Intuitively, that would lead to a more rapid drying of the
cloud layer. That this is not the case is shown by Figure
5b. This could mean two things: 1) the additional entrain-
ment does not lead to larger entrainment fluxes, due to
differences in the inversion jumps of ¢r and 6, or 2) the
additional drying and heating due to larger entrainment
fluxes is compensated for by changes in the contribution
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FIG. 5: The entrainment rate (a) and the LWP (b), for each
of the divergence sensitivity experiments as defined
in Figure 3. A running averaging filter with a width
of respectively 2h and 30 min is used to reduce the
noise.

due to other processes.
The inversion jump of a variable ¢ is defined as the dif-
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FIG. 6: The humidity just above and just below the inversion
layer (respectively q; and g;) as a function of time,
for each of the divergence sensitivity experiments as
defined in Figure 3. The timeseries have been trun-
cated at the moment the total cloud cover drops below
70 %.

ference between ¢ just above (7) and just below (7) the
inversion:

Aip=¢" — ¢, (23)
the values of which were again determined based on the
level at which the vertical gradient drops to a certain per-
centage of the maximum gradient, at which the inversion
is located.



Tab. 1: The difference in LWP tendency of each case with respect to s5 (indicated by A), according to Eq. (20). The value shown is

an average over hours 16 to 22.

ABase ADiv AEnt ARad APrec | ATotal

s5 0 0 0 0 0 0

s3 +2 +1 +1 0 0 +4

s +7 +2 -4 -1 +1 +5

s-1 +10 +3 -3 -1 +2 +11
For ¢ = qr, these values have been plotted in Figure _ 0r 1
6. The increase of the boundary layer height by entrain- = .
ment, combined with the prescribed lapse rate of g7 in the ‘*E -50 + ) ; 1
free atmosphere causes ¢;: to decrease in time. Figure 6 g, et N
shows that the rate of this decrease is hardly affected by n_\ -100 t N 1
changing the divergence. =z N AN
The value of gr just below the inversion on the other 2150 - "t\-'._.‘-v;"' it J
hand, is significantly lower in the cases with lower sub- R T I /S S
sidence. This is an effect of the increased depth of the 0 10 20 30 40
boundary layer and the subsequent additional decou- time /h
pling, as was found from models and observations by (a)
Park et al. (2004) and by Wood and Bretherton (2004).
Due to this effect, the magnitude of the inversion jump of
gr (and similarly that of 6;) tends to be smaller at lower = 150 ¢ )
subsidence rates. <\f
The increase of the entrainment rate as the subsidence € 100 r 1
is decreased, dominates over the decrease in the mag- <
nitude of the inversion jumps, such that the entrainment % w 50 F - v .
fluxes, as defined by Eq. (11), increase. The first term on = © k
the rhs of Eq. (21b), therefore, causes additional cloud 0 ‘ ‘ ‘ ]
thinning in case of decrease of the divergence. The sec- 0 10 20 20 40
ond term on the rhs of this equation, on the other hand, fime /h

causes additional thickening of the cloud layer for a de-
creased divergence. Because of these competing effects,
the net change in the entrainment term is modest for the
performed sensitivity experiments. This is confirmed by
the plots of the time series of the entrainment contribu-
tions for the simulations, shown in Figure 7a. A similar
plot for the contribution of the turbulent fluxes of ¢ and
1, at stratocumulus cloud base height is shown in Figure
7b.

According to the LWP time series in Figure 5b, the period
in which the LWP differences develop is between hours
16 to 22. The average tendencies due to entrainment and
due to cloud base turbulent fluxes are indicated in Figure
7 by horizontal lines. Furthermore, Table 1 contains, for
each term of Eq. 21, the difference as compared to sim-
ulation s5, again averaged over hours 16 to 22.

In general, the differences between the cases are small.
The change in the cloud base flux tendency is largest for
all cases and constitutes most of the net change in the
LWP tendency.

More quantitatively, the average difference in LWP ten-
dency between case s-1 (lowest subsidence, light grey)
and s5 (highest subsidence, black) during the period
mentioned before is 11gm™2h~", resulting in an inte-
grated difference between the cases of over 60 gm™2.
Differences due to radiation and precipitation are small
during this period (see Table 1), since these processes

(b)

FIG. 7: The contributions of entrainment (a) and of cloud base
fluxes (b) to the liquid water path tendency, according
to Egs. (21b) and (21a) respectively. The horizon-
tal black lines indicate the average tendencies during
hours 16 to 22.

depend mostly on the LWP. Especially during the first
part of the period, the LWP differences are small. The dif-
ferences in the contribution of the divergence are slightly
larger, at about 3gm=2h".

4. DISCUSSION AND CONCLUSIONS

A more in-depth analysis is presented of the results of
the combined GASS/EUCLIPSE model intercomparison
case based on the ASTEX field campaign, which were
obtained using DALES. The set-up of this case and the
comparison of the results of several LES models with ob-
servations will be described in DR12.

A tendency equation is derived for the cloud liquid water
path. By reordering the terms of this equation, the ten-
dencies due to each of the following physical processes
can be extracted: entrainment, cloud base fluxes, diver-
gence, radiation and precipitation.



The magnitude of each of the terms of the LWP ten-
dency equation is diagnosed from the LES results. It is
shown that the contributions of the separate processes
cancel to a high degree, resulting in a relatively small net
LWP tendency. For larger scale models or single column
model versions of these models, which rely heavily on
parametrisation in this regime, this means that making a
small error in any of the processes leads to an unrealistic
tendency of the cloud layer thickness. The fact that the
terms cancel to such an extent, on the other hand, could
possibly be used to check the results of parametrisations
to find possible defects. It furthermore shows that the
links between the parametrised processes should be suf-
ficiently strong, in order for the net tendency to respond
correctly to changes in, for instance, the surface fluxes or
in precipitation.

In this respect, it is interesting to apply the LWP tendency
equation on the results of other LES models that par-
ticipate in the EUCLIPSE model intercomparison case
of which this research is part. This could shed more
light on questions regarding the influence of differences
in parametrised precipitation or radiative cooling/warming
rates on the LWP.

In addition to the standard LES simulation of the ASTEX
transition, three sensitivity simulations are performed, to
investigate the effect of changes to the large scale di-
vergence. The simulations show that a decrease of the
large scale divergence tends to slow down the pace of
the transition, resulting in a delay of the break-up of the
stratocumulus cloud layer. This confirms earlier results
by De Roode and Van der Dussen (2010) and Sandu and
Stevens (2011).

The LWP budget analysis is applied to each of the sen-
sitivity experiments, in order to get a better idea of which
of the processes is responsible for the difference in LWP
tendency.

Even though the differences in the different terms of the
LWP tendency equation among the cases are generally
very small, it is clear that most of the change of the LWP
tendency, resulting from a perturbation of the divergence,
is due to a change in the contribution of the turbulent
fluxes of ¢r and 6 at cloud base, i.e. the cloud base
fluxes have a stronger cloud thickening effect in the lower
divergence cases. Further research is required in order
to be able to answer the question of how the decoupling
of the boundary layer turbulence is linked to the develop-
ment of multiple layers in an initially well-mixed boundary
layer.

As a result of the decrease of the divergence, the en-
trainment rate is shown to increase significantly. The ad-
ditional drying and warming is, however, limited, as the
inversion jumps of ¢r and 6. tends to be smaller as a
result of the increased decoupling (of the mean state pro-
files), which is typically found in deeper boundary layers.
Therefore, the magnitude of the change in the LWP ten-
dency due to entrainment is approximately three times as
small as that of cloud base fluxes. The radiative and pre-
cipitative contributions change only little and the changes
are likely only a reaction to the differences in the LWP.
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A. PARTIAL DERIVATIVES OF LIQUID WATER CON-
TENT

Equations for the evaluation of the partial derivatives of
qr, with respect to ¢r and 6., can be found using the defi-
nitions of these variables. An expression should be found

for:
(E) and for (%)
9qr 01,24 90 aT,%;

A.1 Total humidity

(A-1)

Firstly, the definition of 0., is written in its differential form:
L,
d@L =df — H—dequ

where II = TI(p) is the Exner function. Now, because 6,
is kept constant, the lhs of Eq. (A-2) is zero, which, after
rewriting, gives:

(A-2)

a7 = Lo gy,
Cp
In a saturated environment g can be written as the sum
of the saturation specific humidity ¢, and the liquid water
content. In its incremental form, this can be written as:

dgr = dgs + dqr. (A-4)

Equation (A-3) can now be used to substitute out dqz, in
this equation, giving:

(A-3)

d :d5+c—”dT:<1+ C”)ds. A-5
qr = dgs + 7~ T,y ) % (A-5)

where ~ is defined as:
_0¢s _ Lugs (A-6)

T=%9T T RO
Here, the second equality is given by the Clausius-
Clapeyron relation. Using this expression to substitute
out dgs in Eq. (A-4) and rearranging the terms gives:

L,y
dgr=( ——)d d
qr (Cp +vay> qr + qL,

which can be solved for dgr. The partial derivative can
then be written as:

(A7)

8qL)
= =, A-8
( Par ), .. n (A-8)
where 7 is defined as:
_ Cp
= - . A'g
1= ¥ Loy (A-9)

This n can be interpreted as an efficiency at which in-
crements in gr are converted to q. Figure A-1a shows
the values of 7 for a relevant range of temperatures and
pressures.



A.2 Liquid water potential temperature

Using the definition of the potential temperature 6, the
incremental form can be written as:
_dT 19T

(A-10)

Furthermore, in a saturated environment, at constant ¢r:
dgs = —dqr. (A-11)
Now Egs. (A-10) and (A-11) can be used in Eqg. (A-2) to
give:
1 /1 L,
=gy (5 + 52 e
Then, the partial derivative of ¢r with respect to 6. can

be written: 5
qL
45 = —IIvn,

with n as defined by Eq. (A-9). Typical values for —IIyn
for a relevant range of temperatures and pressures are
shown in Figure A-1b.

(A-12)

(A-13)

B. SATURATION SPECIFIC HUMIDITY AS A FUNC-
TION OF HEIGHT

Since ¢; = f(T, p) the following can be written using par-
tial differentiation:

Oa. _ (9a:\ OT . (9a.) 0p _
RE _<8T)p8z+<8p)T8z (B-1)
Rewriting the first term gives:
dgs\ 0T _ i
() Zore e

where T'r is the lapse rate of temperature. Since Eq.
(B-1) should be evaluated incloud, I'r is the saturated
adiabatic lapse rate, approximated by:

(B-3)

in which g, in the partial derivative has been replaced by
gs-

To rewrite the second term on the right hand side, the
following equation can be used for ¢ (e.g. Stull, 1988):
E€s
P

qs ~ (B-4)
Here e, is the saturation pressure and ¢ = Rq/R., is the
ratio of the gas constant of water vapour to that of dry air.
Differentiating this equation with respect to p results in:

Jqs _ G
dp p

(B-5)

Furthermore, by assuming that the atmosphere is in hy-
drostatic equilibrium:

op _ Pg

5= 9 = TR (B-6)

Substitution of Egs. (B-2), (B-3), (B-5) and (B-6) into Eq.
(B-1) gives:

vLo) 945 _
<1+ Cp ) 0z

Rewriting finally results in:

97 99s
_9ry 98 B-7
Cp * RdT ( )

9gs S O

0z n RT ¢/
When Teten’s formula is used to approximate ¢s(7,p),
this equation can be evaluated at each pressure and
temperature. In the relevant temperature and pressure

range, the lapse rate is relatively constant at approxi-
mately —2gkg™ km™".

(B-8)
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