Quantification of the vertical moisture
transport in the sub cloud during
transitions of Stratocumulus into
Cumulus using LES-results

Coen Hennipman

Supervisors: Clouds, Climate and Air Quality
Dr. S.R. de Roode Department of Multi-Scale Physics
Ir.J. J. van der Dussen Faculty of Applied Sciences

and

Department of Geoscience & Remote Sensing
Faculty of Civil Engineering and Geosciences

]
TUDelft &z







Abstract

In this thesis the moisture transport in a decoupled cloud has been investigated. Decoupling in this case
means that the cloud topped boundary layer is not well mixed, and thereby some of the evaporated water at
the sea surface will not reach the cloud. This research has been done by comparing different Large Eddy Solving
models in the ASTEX-case and using DALES for 3 composite cases. LES-models solve the relevant equations on a
certain grid-size and add explicitly an effect for the sub-grid level. To get an easy interpretable variable of the
moisture flux profile, the moisture flux ratio is introduced. This ratio is defined as the moisture flux at a certain
height divided by the moisture flux at the sea surface. The mean moisture ratio over time is an important
parameter to use for the lifetime of the cloud. If not all the water that evaporates at the sea surface reaches
the cloud, the lifetime and thereby the cloud cover is reduced. The resulting ratios are in the ASTEX-case: 0.89
at minimum cloud base and 0.99 at mean cloud base. In the composite cases is the minimum cloud base 0.85
and the mean cloud base 0.78. The minimum ratio never drops below 0.07, so there is always some upward
turbulent moisture flux in the sub-cloud layer. Most important conclusion is the observable diurnal cycle. This
indicates a high dependence on the radiation of the sun. During day a build-up of moisture in the surface mixed
layer (SML) is observed, during night this moisture is transported till the cloud.
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1 Introduction

In recent times much research has been done to examine the transition from stratocumulus to cumulus in
the subtropical parts of the ocean. During this transition the cloud cover will decrease. This is due to the
different cloud cover for the different cloud types. Stratocumulus has a typical cloud cover of 100%, for
cumulus this is 10%. A typical example of stratocumulus can be seen in Figure 1, for cumulus there is a typical
example in Figure 2. An earlier transition would lead to in total lower cloud cover compared with a later
transition. More cloud cover prevents radiation to reach and thereby heat the sea surface. Therefore the
timespan of the transition will lead to changes in the total radiation that reach the earth, and thereby has
consequences on the greenhouse effect. By better understanding the leading processes, a better sensitivity
analyses can be done.

Figure 1 Stratocumulus Figure 2 Cumulus

One of the important processes is the entrainment at the cloud top. Entrainment mixes dry and warm air
from the thermal inversion layer above. This causes a gradual ascend of the cloud, partially compensated by
subsidence, and the cloud will dry and thin. On the other hand, moisture evaporation from the sea surface
could supply extra moisture which prolongs the lifetime of the stratocumulus cloud. Central objective of this
research is to quantify the amount of moisture flux that reaches the stratocumulus cloud. Therefore the
moisture flux ratio is introduced. This ratio, r,, is the turbulent moisture transport at the cloud base divided by
the moisture transport at the sea level.

The moisture flux ratio could be influenced by decoupling. Decoupling describes the case when the cloud-
topped boundary layer (CTBL) can be separated in two layers. These separation exist when two layers do not
mix and therefore evaporated water at the surface do not reach the upper part of the cloud. This separation
can happen if there is a negative buoyancy at the cloud base. In this area the rising thermals from the sea
surface will be damped. This negative buoyant area hinders the moisture flux from the sea surface to reach the
cloud. The cloud will dry up earlier, because there is less moisture flux coming in from below. Various papers
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(Bougeault, 1985, Turton and Nicholls, 1987, Martin et al., 1994) argue/assume that there is no moisture
transport at the cloud base if there is decoupling. For convenience the summarizing plots Bougeault (1985) and
Turtuon and Nicholls (1987) are added in Figure 3 and in Figure 4. The quote from Martin et al. (1994):'The
effect of decoupling on the stratocumulus cloud is to virtually cut off the cloud layer from the moisture source
of the sea surface’.

Due to decoupling the profiles of the conserved variables are not flat anymore. Therefore the Mixed Layer
Model (MLM), assuming the cloud well mixed, provides an inadequate description of the cloud. Therefore also
the simulations based on MLM are not valid anymore. So instead of using the computational very easy MLM, a
more advanced model has to be used. Turton and Nicholls (1987) use a 2 layer model instead. By using Large
Eddy Solving (LES) models even the assumption of a 2 layer model is not needed. These LES-models solve the
relevant physical equations on a certain grid-size and take explicitly the sub grid scale transport into account.
The used 5 LES-models use different parameterizations. By using multiple models the differences among them
can be acquired and also the common behavior. The differences can be used to construct a spread of the
predictions. This spread can be used as a measure whether the simulations are correct, because it is more likely
that if the models are close, the outcomes are correct.

The models are used to
simulate 4 different cases.
The first case is the Atlantic
Stratocumulus Transition
Experiment (ASTEX). This
experiment was held in June
1992. During two days the
transition of stratocumulus
to cumulus was observed. At

~15km

the start of the transition 0™

there is are stratocumulus

clouds beginning at an

height of around 500m. Equator ocean North
After a while the 0° 300N
stratocumulus ascend and Figure 5 The Hadley Circulation

cumulus  clouds  below

appear. At the end of the transition there are only cumulus clouds. The observational area is part of the so
called Hadley circulation. This circulation can be found in Figure 5. The ASTEX-case is simulated by 5 different
LES-models. An overview of these models is in Table 2.

The other 3 cases are based on the trajectories of almost 10.000 air parcels in four subtropical oceans.
These cases were combined into 3 composite cases. A selection was made based on the timescale of the
transition. The three composite cases are: slow, ref(erence) and fast. The similarity with the ASTEX-case is the
increase in the temperature of the sea surface and the transition from stratocumulus to cumulus. In the paper
of Sandu (2010) a more detailed description of these composite cases is given. The composite cases have been
simulated using the Dutch Atmospheric LES (DALES) model.



2 Theory

The description and modeling of clouds can be made much easier by introducing new variables and some
mathematical tools. Why and how this variables are used can be found in 2.1. The used mathematical tools are
Reynolds decomposition and Reynolds averaging. Both tools are widely used in cloud modeling. These tools are
explained in Appendix A.

2.1 Relevant Variables

To make the modeling much easier and faster some new variables have to be introduced. These variables
are conserved under different circumstances. To get the temperature independent of height and the
corresponding pressure, the potential temperature is introduced. To get this variable conserved under
different vapor amounts, the virtual potential temperature is added. The last added variable is the liquid water
potential temperature, this variable is conserved during phase changes. Almost all these variables depend on
the humidity, therefore first the specific humidity is introduced.

2.1.1 Specific Humidity

Water can appear in multiple phases. The sea consists of liquid water, directly above is water vapor
present and in the clouds are both liquid water and water vapor. In our case we neglect the presence of ice,
because the simulated cases are located near the equator and the considered clouds are not higher than 2,5
kilometer. The processes depend on the phase of the water, and therefore a distinction is made. This can be

done by introducing the specific humidity. This variable is defined as
LY 2.1)
m

Where i indicates water vapor, liquid water or total moisture, respectively by v, | or t. m; is the mass of
water in the specified phase and m is the total mass of the dry air and the water mass. The total mass is
expressed in kilograms and the mass of water in the specified phase is expressed in grams. Some choose to
express variable m; in kilograms instead of grams, which introduces a factor 1000. Typical values for g; are
around 5-15 g/kg. If the air is saturated the following equation can be used

G =qs +q- (2.2)

q; =

In which g is the saturated humidity.

2.1.2 Potential Temperature

It is a common knowledge that the air pressure at higher altitudes is lower. This is due the gravitational
force pulling molecules towards the earth. Through the gravitational force the pressure and the density of
molecules are dependent on height. The vertical pressure gradient is described by

dp
L 2.
D2 Py (2.3)

Where p is the pressure, z the height, p the density and g of the gravitational acceleration. A rising air
parcel will get a lower pressure. By using the ideal gas law it can be seen that a lower pressure leads to a lower
temperature if there are no further changes. Using the same reasoning for a sinking air parcel leads to a higher
temperature. The potential temperature is introduced to avoid temperature changes due to this effect.

To obtain the new variable the first law of thermodynamics has to be used, which is in incremental form

dh—Tds + 2. (2.4)
p

Where h is the specific enthalpy, s the specific entropy and p the density. If we assume that the process is
isentropic, and dh = c,dT, where ¢, is the specific heat at constant pressure, this equation simplifies to

¢, dT = . (2.5)
p

By assuming that the ideal gas law is valid, and using the specific gas constant for dry air, R, the following
equation is obtained

w _ Gpal (2.6)

Integrating both sides leads to
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Solving for T; shows that if the air parcel is moved adiabatically to the pressure level p;, the potential
temperature is given by

R/c,
T, =1, [ﬂ] 0. (2.8)

Po
This new variable has the disadvantage that it is obtained by using the assumption of dry air. Therefore
this variable is only conserved if there is no phase transition. To remedy this, some new variables have to be
introduced.

2.1.3 Virtual (Potential) Temperature

The previous derivation was based on the assumption of dry air. In most cases there will be water vapor
and possibly some liquid water present. The presence of water influences the density. The density of water
vapor is lower than the density of dry air. This can be seen by using the ideal gas low and knowing that H,0 has
a lower molecular weight compared to the weighted mean of the other main components of dry air, namely:
NO,, O,, Ar and CO,. The density of liquid water is higher, which could result in an overall higher density. To get
this in one variable, the virtual temperature is introduced. Parcels with a lower density are positively buoyant
and are less attracted by gravitational force compared with negatively buoyant parcels. Therefore positively
buoyant parcels are likely to rise and negatively buoyant parcels are likely to sink. The variable, T,, is defined as
the temperature a dry parcel of air would have if its pressure and temperature were equal to those of moist air.
Which in equation form means

p = pR)T, = pR,T. (2.9)

Where Ry is the gas constant for dry air and R, is the gas constant for the mixture. The gas constant of the

mixture can be expressed as

Ry, =(1—gq, —a)R +q,R, (2.10)
To achieve this equation the volume of liquid water is neglected, because this volume is insignificant

compared to the total volume. Substituting in eqn. (2.10) in (2.9) and rearranging terms gives the definition of
T,

T, =T (- Ja, —a) 211)

In which € = Ry/R, = 0.622. By simplifying the term in front of g, and dividing both sides by the left hand
side(lhs) of (2.7) provides the final definition for the virtual potential temperature,
0, = 0(1 + 0.61q, — q;). (2.12)

A more extensive derivation of this variable can be found in appendix D of Stull (1993).

This variable can easily be used for the buoyancy of a parcel. This can be seen the following derivation
starting with the ideal gas law,

T, =L (2.13)

Rewritten in its mean part and a deviation
(Tvﬁ_‘_Tvl)'_‘_ Tv'ﬁ_‘_Tv'p')Rd :ﬁ_‘_p" (214)
By neglecting the second order term on the |hs, and dividing everything by p, the following equation is
obtained

= ! T 1= !
L Sl el ig — 1 2 (2.15)
p p p p
The last term on the right hand side (rhs) can be neglected. The first term on the lhs cancels due to the
first term on the rhs. Leading to
v

ﬂ) ﬁ 91) .
Which perfectly shows that a variation of the virtual temperature is equivalent to a variation in density.

1 1 1
L p 0 (2.16)



2.1.4 Liquid Water Potential Temperature

The potential temperature is not conserved when phase changes occur. In that case there has to be a
correction term for the latent heat. The definition for the liquid water potential temperature, 6, is the
temperature a parcel of air would get if all the water would be in the vapor phase thereby consuming the
latent heat, and the parcel was brought adiabatically to a standard reference pressure. The liquid water
potential temperature is given by

o ~ 06—l (2.17)

Where |, is the latent heat of vaporization of water. This variable, 6, is conserved in case of phase
changes.

2.1.5 Summary of used Variables
The introduced variables are conserved under different conditions. The prior condition for conservation is
that air parcels that are vertically displaced do not exchange heat with their environment. To get an overview
of the introduced variables and their use see Table 1. Some others use also the ‘virtual liquid potential
temperature’. Because this variable is not used in the models, this variable will not be discussed here.
Table 1 Used Variables

Extended name Used for Symbol = Conserved for changes in
Potential Temperature Temperature (C] pressure

Virtual Potential Temperature Buoyancy e, pressure

Liquid Water Potential Temperature Heat 6, pressure and phase

Total Moisture Moisture g: pressure and phase

2.2 Governing Equations

In the previous section some new variables are introduced. The main goal was to get variables conserved
under different circumstances. Besides the conserved variables 6, and g;, the conserved variables mass and
momentum are taken into account.

2.2.1 Conservation of Mass
Conservation of mass can be written as
o Opu;
gp + pU;
The index j indicates the sum over all directions or flows, x, y and z or u, v and w. This equation can be
simplified by the assumption of incompressibility of air. The first term in (2.18) will be zero by that assumption.
The result is then

=0. (2.18)

ou Ov Ow
2 . 2.1
£ + By + P 0 (2.19)

2.2.2 Conservation of Momentum
Momentum is conserved in three directions. In the considered cases mainly the vertical component is of
interest. The conservation of momentum equation in the vertical direction is
ow ow 10p 0w
E+uj8_1zj_ —g—;a—l—yﬁ.
Where v is the kinematic viscosity. The last term is a diffusion term. The total derivative is introduced to
simplify this equation. The total derivative, sometimes called material derivative, is given by

(2.20)

d 0 0
e _ 9 A ) 2.21
AT (221)
Using the total derivative for equation (2.20) gives
dw 10p 0w
et - 2.22
dt g p Oz v 8:13? ( )

Splitting this in a mean part and a fluctuating part and neglecting subsidence gives
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dw' _ p' 18]) 0*w'

= + v .
dt D 9 0 0z 8:13?
Subsidence can be neglected because of the relatively small values of subsidence compared with the
vertical velocity fluctuations. The first term on the rhs can be changed by using (2.16). This leads to a more
used equation namely

(2.23)

' 6, 1dp' Oy
a9 5o Vot
The first term on the rhs relates the buoyancy and the flux. It can be seen that the sign of 8, is important.

If 8, is positive this leads to a positive tendency for the flux, if it is negative it is a sink term. A more detailed
description can be found in de Roode (2004).

(2.24)

2.2.3 Conservation of Moisture and Heat
The variables 6, and g; are conserved quantities. The general tendency equation of a conserved quantity is
given by
o1 1010 falts
— 4 u;— = —+S 2.25
v 8$j 8 2 ( )
Where v, is the molecular diffusivity of the conserved quantity @, and S, is the net source/sink term due
to processes for which the variable is not conserved. Equation (2.25) can be expanded into a mean and
turbulent part, ¢ = @ + ¢’ . After doing so applying Reynolds averaging gives
8_ . 8_ 62 8,“/‘1 1
- R .
This equation is very similar to the previous one. The difference is that the variables are averaged and one
term is added. This third term on the rhs represents the divergence due to turbulence. It is a correlation term
between the fluctuation in velocity and the conserved variable. The variable ¢ could be substituted by g; and
6, because both are conserved, leading to

(2.26)

oy 8_ 8 ou;'q;'
J J
and
00, _ 06, 9%, du; "0,
T Y + Sy — (2.28)
ot J Ox; o1 Ox;

2.3 Turbulent Fluxes

The relevant variables were defined and the governing conservations are derived. The presented
derivation is more or less a summary/description of the derivation in Stull (1993). The entrainment,
precipitation and radiation will not be discussed here. These processes are beyond the scope of this thesis,
although they effect the simulations. A more extensive description of these processes in the ASTEX-case can be
found in van der Dussen (2009).

2.3.1 Tendency equation for the Moisture Flux

The whole derivation of the moisture flux is too much to describe over here. Therefore the intermediate
steps of the derivation are explained by words, instead of a derivation in formula form. To come to the
moisture flux some previous equations have to be combined. The needed equations are the conservation of
momentum (2.22) and the conservation of moisture (2.25). Both equations have to be split in mean and
turbulent parts. Afterwards both equations have to be Reynolds averaged. These obtained equations have to
be subtracted from the previously split equation. The resulting equation for the momentum has to be
multiplied by the moisture perturbation and the resulting moisture equation has to be multiplied by the
momentum perturbation. The resulting two equations have to be added. The pressure diffusion term and the
molecular diffusion term are neglected because these are small compared to other terms. The resulting
equation is

8— — 0 ow ———0Jq 0 —— q'6," 1p'dg’
8tw g, 8 S W "¢ = —u, qtla_mj—w u __fw'“.j'qt'+g O_Ul +ﬁ o — 2g,-(2.29)

The index j indicates the sum over all directions or currents, x, y and z or u, v and w. This equation can be
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simplified by the assumptions of horizontally homogeneity and no subsidence. The second assumption of no
subsidence is in some cases not correct, but it is negligible in comparison with the moisture flux tendency. The
budget equation of the moisture flux by using the assumption of horizontally homogeneity and no subsidence
is

dz dz

In this simplified equation the first term on the rhs provides a moisture flux in upward direction if the
gradient is negative. A negative gradient means that the air above is dryer than below. This can be easily

d —dg 1\ g,
Ew'qt'z—wQﬁ——w'w'qt'—I—Oiqt'@u'—l—[?]p'%—%wqt. (2.30)

v

imagined, because if there is much turbulent flow, w? is high, and the gradient is negative, there will be an

upward moisture flux. The w? term is by definition always positive. The second term is for the turbulent
transport. The third term is a production term, the more correlation between wet and light parcels, the more
moisture flux. The fourth term is a redistribution term and this provides a flow to relatively dry spaces. The last
term is a dissipation term.

2.3.2 Liquid Water Potential Temperature Flux - Heat Flux
The derivation of the heat flux is similar to the moisture flux. The resulting expression, by using the same
assumptions is
d—— —5db d

g
Zw'e ' = = 2 ww'e ! =9|9/)| —
dtw ! v dz dzww ! +9 b +[p b

1 do, "
] =L 2. (2.31)
v Z
The terms have a similar interpretation as the moisture flux. A negative value for the heat flux can cause a
negatively buoyant area as can be seen in the next paragraph.

2.3.3 Virtual Potential Temperature Flux - Buoyancy Flux

To obtain the buoyancy flux equation, the definition of virtual potential temperature (2.12) has to be split
in its mean and turbulent part. Multiplying the obtained equation by w’, applying Reynolds averaging and
neglecting third order terms results in

w'0," = w'0'(14 0.61g, — ) + 0(0.61w'q,' —w'q"). (2.32)
If there is no liquid water present, for example below the cloud, g,is 0. The previous equation simplifies to
w'd," = w'0'(1+ 0.61g,) + 0.610w'q, " (2.33)

The mean potential temperature can be estimated and in unsaturated conditions is the potential
temperature equal to the liquid potential temperature. Using both leads to

w'd,' = Ayw'0,' + Byw'g,' (2.34)
Where A; = 1,01 and B, = 180K. Because there is no liquid water g;and g, can be exchanged.

If there is some liquid water present, the derivation is less straightforward. Therefore only the result of the
derivation in Roode(2004) is shown. In a saturated atmosphere the virtual potential temperature flux is given
by

w'd,'=A,w'0,'+ B,w'q,". (2.35)
Where A, = 0.5 and B,, = 1100K. A notable thing is the difference in coefficients for the saturated and

unsaturated case. In saturated conditions the moisture flux is more important compared with the heat flux. In
unsaturated conditions it is the other way around.

2.3.4 Turbulent Kinetic Energy
The turbulent kinetic energy (TKE) is defined as

1l .5 .=
e = §(u'2 +u? 4 w"?). (2.36)

In our case only the vertical component, w?, is important. To derive a tendency equation for the TKE the
same steps can be taken as for the moisture flux. The equation from the conservation of momentum (2.22)
have to be split in mean and turbulent parts. After that apply Reynolds averaging and subtract this equation
from the equation which is split in mean and turbulent part. Multiply this equation by w’ and again apply
Reynolds averaging. Smaller terms, such as diffusion, are neglected and after rewriting the following equation
is obtained
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dw? DY Byl ouj'w'
dt 0’1) v

— Eﬁw'—p' — 2. (2.37)
Oz, p Oz
The first term on the rhs is the buoyancy production term, an important term for decoupling. Because
when this term is smaller than zero, this is a sink term for the variance. The other terms are respectively:
turbulent transport, pressure transport and dissipation. The pressure and turbulent transport terms
redistribute, and the dissipation term is a sink term for the vertical turbulence.

2.4 Decoupling

The word ‘decoupling’, means there is separation between the sub-cloud layer below and the cloud layer
above. Different degrees of separation are covered by the word decoupling. In this case the word ‘decoupling’
is used for the case that the layers do not mix. Normally clouds mix due to the presence of linear and turbulent
flows. When there is decoupling, this is not the case.

In this paragraph the following equations are used:

e The buoyancy fluxin eq. (2.34) and eq. (2.35).

e The moisture fluxin eq. (2.30)

e The turbulent kinetic energy in eq. (2.37)

These equations are displayed below for convenience, without third order, redistribution and dissipation
terms these equations simplify to

B -
w'd,' = Aw'6,' + Bw'q; " %220%11)'9@'; %w'qt'z—wg%—l—a%qt'@,' (2.38)

Typically there is a dry SML and above there is a region with some cumulus clouds. In the dry region the
dry coefficients for the buoyancy flux have to be used and in the cloudy grid cells the wet coefficients. The
buoyancy flux is an important factor in the decoupling process because it is a production term for w”. If the
buoyancy flux is positive, positively buoyant air parcels rise. It is possible that the buoyancy flux becomes
negative below the sub-cloud layer, most of the times due to a negative heat flux. This negative buoyant area
leads to a decrease of w”. A decrease of the turbulence leads to a decrease in turbulent moisture transport,
because the gradient of humidity with respect to height is typically negative. Thermals rising from the sea
surface are hindered in the way up to the stratocumulus layer.

The decoupling can be observed in some different ways. Mostly the profiles of the different variables are
shown to see the decoupling. Both the profiles of the fluxes and the of the conserved variables can be chosen
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Figure 6 Typical example of Decoupling in DALES simulating ASTEX at 12h
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do display the decoupling. A typical example is in Figure 6. The most used indication is the profile of the
buoyancy flux. A negative buoyancy flux at the cloud base leads to a decrease in vertical turbulence. For a more
guantitative description of this profile the Buoyancy Integral Ratio is used. The description of this ratio can be
found in 2.5.3. A second indication of the decoupling is the profile of the moisture flux. From the sea surface
there is typically an upward moisture flux. Above the cloud there is a layer without turbulence, so w’ is 0,
therefore there is no turbulent moisture flux. Below this layer there will be a linear flux if there is enough
mixing. So if the flux is constant from the sea surface till the cloud top height the cloud is coupled. But if there
is decoupling the moisture flux will be lower in the area below the cloud base. The last used flux profile is the
variance. A same type of reasoning can be applied to this profile. In a mixed layer the vertical turbulence is
high. A source for this vertical variance can be the entrainment from above and the evaporating water from
below. Also radiation can cause vertical variance. In case of a mixed layer there will be one maximum of the
variance located around half of the cloud. When there is some decoupling, the top will be less pronounced. If
there is some more decoupling there arise a second top. For fully decoupled layers there is zero variance
between these tops. Because of the definition of variance will zero variance not be reached, however it can
reach approximately zero. Conserved variables will have the same value for different height through the whole
mixed layer, differences in 6, and g; will be mixed away. If there is decoupling the profile of the conserved
variable is no longer flat.

2.5 Relevant Observables

To describe the cloud some overall parameters can be given. These parameters can be used for analyzing
the cloud and compare clouds in different situations.

2.5.1 Cloud Fraction

Both the stratocumulus and the cumulus are low clouds and have a typical height ranging from 500m till
2km. The difference between them is the density of the clouds. The stratocumulus is very dense and lumped
together unlike the cumulus which is much more diffuse. Typical examples are shown in Figure 1 and Figure 2.
The cloud fraction is the area fraction on a horizontal plane of grid cells that are cloudy. Stratocumulus has a
typical cloud fraction of 100%. If the cloud fraction is much lower, there are cumulus clouds. These clouds have
a typical cloud fraction of 10%.

A related variable is the cloud cover. The cloud cover is the part of the atmosphere that is covered by
clouds. In models this is calculated by taking the fraction of columns in which there are one or more cloudy grid
cells. The cloud cover for stratocumulus is typically 100% and in case of only cumulus typically 10%. This
variable can therefore also be used to see if there is a breakup/transition.

2.5.2 Liquid Water Path
An second quantity for the clouds is the Liquid Water Path (LWP). It is defined as

Ztop
LWP = f pqdz. (2.39)
z=0
Where p is the density and g, is the liquid water content. If this value is high there will be more liquid
water in the cloud column, leading to a more dense cloud. And as said earlier this is the case for stratocumulus
clouds. A transition from stratocumulus to cumulus could be seen by a decrease of the LWP.

2.5.3 Buoyancy-flux Integral Ratio
The buoyancy-flux integral ratio (BIR) is introduced by Turton and Nicholls (1987). The BIR-value displays in
indicates the degree of decoupling. The ratio is defined as

w'6,'dz
z<zy at which
w'6,'<0
BIR = — : (2.40)
w'6, 'dz
all other z

where Wis the mean buoyancy flux. When BIR was introduced it was thought that it would give a
threshold value, and if the value was higher, decoupling will occur. At the moment this value was introduced a
threshold value of 0.4 was estimated. In 1997 Bretherton and Wyant showed that a threshold of 0.15 would be
better. They used a Mixed Layer Model, this model shows that if the BIR exceeded 0.15, the BIR-value will keep

14



growing. The drawback of this test is that they use a Mixed Layer Model even when the assumptions of a well-
mixed layer are not met. Later in 2000, Stevens showed that the boundary layer is unable to remain well mixed
for BIR >0, and for a BIR > 0.1 there will be a development of a two layer structure.

2.5.4 Moisture Flux Ratio

To get some more insight in the lifetime of the cloud a new variable, the ratio r,, is introduced. This ratio is
given by

[P}
W qt o height z

1,(2t) = (2.41)

(P}
W qt o surface

This ratio can be used to get some quantitative idea of the amount of moisture that flows into the cloud.
The ratio r, can also be used to linearize the moisture flux. The turbulent moisture flux can be linearized
with respect to height in the Surface Mixed Layer (SML). This is the area from sea surface till the minimum
cloud base, the lowest height where clouds are present. The used linearization is
(1, (cb) — l)z]
cb ’

Where cb is the cloud base height. This linearization can be very easily plugged in eq. (2.27). Removing the
diffusion term, assuming horizontal homogeneity and taking the total derivate in this equation gives

w0 ) = w'qt<ss>'[1 ¥ (242)

iy __ow'y
dt 0z

+8,. (2.43)

Substituting (2.42) in (2.43) gives

dt cb

The physical interpretation of the equation is if r, is below 1 at minimum cloud base, the amount of
moisture in the SML will increase. The mean cloud base height can be used to see the amount of moisture that
reaches the cloud. The lifetime and albedo of the cloud is very dependent on the amount of water that reaches
the cloud.

dg; _ W[Lq(c”)] L8, (2.44)

2.5.5 Buoyancy Flux Ratio

A similar analysis as the moisture flux ratio can be made for the buoyancy flux ratio. The turbulent virtual
temperature flux ratio is given by

w' 9'1) 'a,t height z
7*0“ (z’ t) = r. (245)

v at surface

Like the moisture flux it is linear below the minimum cloud base in a single column. Due to averaging over
the full grid some of the linear behaviour is smeared out in height and this will lead to a curved profile instead
of a sharp peak as can be seen in Figure 6. This curved profile can be recalculated to a linear profile by linear
extrapolation of the bottom 3/4 of the heat flux. The extrapolation is valid from the sea surface till the
minimum cloud base. The rest of the analysis is similar to the moisture flux ratio. The tendency in the SML is

d0, —————(1—1,(ch)
o = 0,(ss) [ > + Sp,- (2.46)

The buoyancy flux ratio can be used to quantify the decoupling. In a well mixed the ratio will not become
below 0. The lower the ratio the more decoupling there is.

2.6 Large Eddy Simulating

There are some different types and ways to calculate clouds and their behavior. The frequently used MLM
is based on the assumption of a vertically mixed layer. It is also possible to model the cloud solving directly the
Navier-Stokes equations. This can be done by Direct Numerical Simulation (DNS). DNS has a typical resolution
of mm. For clouds this is computationally to intensive and therefore LES is used. By using LES the processes on
the smallest scales scale that can not be solved are parameterized. On the larger scales LES solves the filtered
conservation equations, because this is computational less demanding.

The different models have different parameterizations. For example the parameterization for the
precipitation, radiation and subgrid-scale turbulence could be different. The models are run on a total grid size
of 4.48°km* and a grid cell size of 5m x 5m x 35m. DALES is also run with a different scale in the ASTEX case
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with the total grid size 25.6°km” and a grid cell size of 15m x 15m x 50m. In the composite cases only DALES is

used.
Table 2 List of the models participating and the modelers
Modeller Model References
A. Ackerman DHARMA Stevens et al. (2002)
P. Blossey SAM 6.8.2 Khairoutdinov and Randall (2003)
A. Lock MOLEM Shutts and Gray (1994) Abel and Shipway (2007)
I. Sandu UCLA LES Stevens and Seifert (2008)
J. van der Dussen & S. de Roode DALES Heus et al. (2010)
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3 Model results of cloud Transitions

3.1 Transition

3.1.1 Cloud Fraction
The cloud fraction can be used to see the characteristics of the transition. For the ASTEX case the cloud
fraction and the cloud contours are given in Figure 7. The red squares display the observations from ASTEX. The
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Figure 7 Cloud fraction and cloud contours in the ASTEX-case for different LES-models, the red squares are the
observations from ASTEX. The used color map is in Figure 8.

transition can be seen in the decrease of the cloud fraction. Like the observations all stratocumulus clouds rise
in time. Starting at an height of 700m the cloud top rise to approximately 1500m. Also the transition from
stratocumulus to cumulus is rather good captured by the models. Around the 18™ hour the cloud has a
temporary minimum in cloud thickness. There are small differences between the models in the sub-cloud layer
halfway the transition. At the end of the simulation the models differ in height and intensity of the clouds.

The composite cases are displayed in Figure 8. The composite cases also show an increase in cloud height.
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Figure 8 Cloud fraction in composite case
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Another interesting observation is the small cloud fraction around the 30™. Around the 55" hour there is a

similar pattern.

The cloud cover of all the cases is displayed in Figure 9. Especially in the ASTEX-case there is a cloud
breakup, only the moment of breakup is different. The composite cases show a clear diurnal pattern by the
lower cloud cover during the day, which indicates influence of radiation. The diurnal pattern can be best seen
in the fast-transition case. After the second diurnal decrease in cloud cover, full cover is not reached, indicating
the start of the breakup. The fast-transition case has the overall lowest cloud cover. Which is in agreement with
the expectations, because this indicates a more progressed break up.

ASTEX
1 = — !
\
0.8
Fm
z 06
O
E — DHARMA
o 041 —5AM
— MOLEM
0.2 UCLA LES
’ DALES(large)
DALES
U 1 1 1 1
0 10 20 30 40
time [h]

Cloud Cever

Composite Cases

1
0.8
0.6
04
0.2 — DALESfast
’ DALES-slow
— DALES-ref
U 1 1 L
0 20 40 60
time [h]

Figure 9 Cloud cover for all cases

As stated in the theory in 2.5.2, a transition of stratocumulus to cumulus is associated with a decrease in

the LWP. The LWP for both the ASTEX and the composite cases are displayed in Figure 10. All the models show
a decrease in LWP, therefore the transition is also confirmed by the LWP. The LWP is lower when the cloud is
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Figure 10 Liquid Water Path for all cases
thinner, the same holds for the cloud cover in the composite case. The correlation between LWP and cloud
cover is not directly observed in the ASTEX-case. Probably because LWP-values below 40g/m2 indicate a

breakup.

60
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3.2 Decoupling

3.2.1 Result of Profiles

As stated in 2.4 the decoupling can be observed in the profile of the different fluxes. The profiles at the
18" hour are displayed in Figure 12. This is in harmony with the profiles in 2.4. For the moisture flux this
relation is not so obvious. The moisture flux has no clear minimum at the negative buoyancy flux. To make it a

Fluxes in the cloud at the 18.00" hours of the TU simulation
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Figure 11 Relative low moisture flux during decoupling. Hourly main values of DALES. The horizontal lines indicate the
cloud contours.
bit more clear a profile plot at another moment is displayed in Figure 11. The buoyancy flux is still negative at
the minimum cloud base. Also the variance of the vertical wind is low, but the moisture flux is much higher
compared with the sea surface. There is no a clear minimum at the minimum cloud base and also an increasing
flux with height.

The conserved variables are g; and 6, . As explained in 2.4 would a non-flat profile indicate decoupling. The

height of the decoupling is starting at 400m and increases till a height of 500m. This height is equal to the
minimum cloud base height displayed in Figure 7.
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Fluxes in the cloud at the 23.00" hours of the TU simulation
2.2

2

1.8
1.6
14

1.2

height [km]
height [km]
height [km]

1

0.8
0.6
0.4
0.2

0 0.02  0.04 0.2 0.4 0 20 40 60
wh, [K m/s] w? variance of vertical wind [mz.-fsz] Total g, flux [x 1072 g'kg m/'s]

Figure 12 Relative high moisture flux during decoupling. Hourly main values of DALES. The horizontal lines indicate the
cloud contours.
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Figure 13 Profiles of the conserved variables in DALES for different times

3.2.2 Buoyancy Integral Ratio

The BIR-value can be found in Figure 14. Most of the models in the ASTEX-case show a fluctuating
decreasing value. Except for the first 5 a 6 hours when an increasing value is observed. This can be explained by
the initialization of the model. The first hours of the model are needed to initialize the model. In the composite
cases there are some differences between the models. The slow-case is from the 10" hour till the 20™ hour
totally coupled according the BIR-value. After this period there is a negatively buoyant area. This negatively
buoyant area is also observed in the reference-case. This very strong inversion layer would suggest a decoupled
profile. Therefore this period will get some more consideration in the turbulent moisture flux ratio analysis.

After 25 hours in the composite cases, and after 10 hours in the ASTEX-case the BIR-value stays more or
less constant or decreases in the transition, while there is decoupling observed. This provides support for the
idea that the BIR-value can only be used as a threshold after which MLM is not valid. But in case there is
decoupling more complex models have to be used to get a confident forecast.
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ASTEX Composite Cases
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Figure 14 BIR-value for all cases

3.2.3 Buoyancy Flux Ratio

The results for the buoyancy flux ratio are shown in Figure 15. In the first hour there are very high ratios in
the ASTEX-case. The explanation for these high values has to do with the initialization of the model. The
buoyancy flux in the first hour is mainly dominated by the initial conditions of the model. In the slow transition
case there is a similarity between the BIR-value and the buoyancy flux ratio. The ratio is high and the BIR-value
is 0, both indicating a fully coupled layer. The ratio of MOLEM is not displayed in the graph. The buoyancy flux
at the sea surface is very high and can be regarded as a outlier.
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Figure 15 Buoyancy Flux Ratio for all models except the MOLEM-simulation
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4 Turbulent Moisture Flux Ratio

4.1 Height dependence of the Turbulent Moisture Flux Ratio

The most important part of the analysis is the moisture flux. Therefore the moisture flux ratio defined in
2.5.4 is used. To apply the ratio in the analysis, the relevant height has to be chosen. There are different
options for the height at which this ratio is defined. To take into account the decoupling the height have to be
between the minimum cloud base and the mean cloud base. Between these two heights different criteria could
be chosen. Some interesting options are: minimum cloud base, mean cloud base, minimum vertical turbulence,
minimum buoyancy flux, minimum moisture flux, maximum moisture flux and halfway the mean and minimum
cloud base height. The minimum and maximum moisture flux criteria display, by definition, the lower and
upper bound of the ratio. In Figure 16 different criteria are plotted for the DALES-simulation. The difference
between the lowest and highest ratio is most of the time below 0.4. An interesting result is that the ratio
halfway the different cloud bases almost coincides with the minimum ratio. This points out that the minimum
moisture flux is in the middle of the mean and minimum cloud base. A second remark can be made about the
mean cloud base. The mean cloud base coincides most of the time with the maximum ratio. As shown in Figure
13 the SML is mixed from the sea surface till minimum cloud base height, also the moisture flux is linear in that
area. These two conditions are needed to use the tendency equation for the humidity in (2.44). Therefore the
minimum cloud base is chosen. The mean cloud base is chosen to see how much of the evaporated moisture at
the sea surface reach the cloud.
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Figure 16 Ratio for different criteria

4.2 ASTEXresults

The evolution of the surface fluxes is plotted in Figure 17. Both the moisture and heat flux change in time.
The moisture flux is much higher from the 10" hour till the 25" hour. The explanation for this result is the
increase in horizontal wind velocity. The heat flux at sea surface has a peak at the 10" hour.
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Figure 17 Evolution of surface fluxes in ASTEX
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The moisture ratio for the ASTEX-case is displayed in Figure 18. The first important observation is the
similar behavior for the ratio in the different models. During the first 20 hours the modes give similar ratios. In
the last 15 hours the models are significantly different. The overall form is in all models the same, that is to say
the ratio has a period oscillation. The frequency of this oscillation is around 24 hours, which indicates a high
dependency on the radiation of the sun. The last interesting observation is the mean ratio. The mean ratio at
minimum cloud base taken over different models is 0.89. At the mean cloud base, which by definition is located
higher, this ratio is 0.99. The lowest observed ratio is 0.07 in the UCLA LES model.
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Figure 18 Moisture Ratio in ASTEX-case

At the start of the simulation all the models contain the same amount of water as restricted by the initial
condition. At the start of the simulation the specific humidity at the SML and the cloud are almost equal,
indicating a good mixing from the sea surface till the cloud top. In time the humidity of the cloud and the SML
starts to differ. Both Ackerman and Lock show an increasing humidity after a period of decreasing humidity in
the cloud. This is likely to be linked to the breakup which is earlier in these models as can be seen in Figure 9.
An extra effect, not shown here is the precipitation leading to a decrease in the total water content in the CTBL.
In the first 10 hours there is a significant effect of the precipitation, after 10 hours precipitation is negligible. In
time the surface mixed layer (SML) becomes a bit wetter. This could partly be explained by the increasing sea
surface temperature. An increasing temperature leads to a higher saturation value and thereby an increasing
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Figure 19 Evolution of water content
humidity. The other important effect is the increase in evaporation at the sea surface as can be seen in Figure
17. The moisture flux from the sea surface partly reach the cloud above the SML, summarized in the moisture
flux ratio in Figure 18. Due to decoupling the SML will wet and the ascending stratocumulus cloud dry.
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4.3 Composite Cases results

The evolution of the surface fluxes is plotted in Figure 20. Both the moisture and heat flux change in time.
The moisture flux shows an increasing behavior. Besides this increasing flux there is a day-night pattern. During

the day, the surface fluxes are typically lower than during the night.
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Figure 20 Evolution of surface fluxes in composite cases

The ratios for the composite cases are displayed in Figure 21. Same as for the ASTEX-case there is a clearly
observable day-night pattern. So the ratio in all the cases is significantly dependent of the sun. As could be seen
in Figure 14 there was a relatively high value for the BIR around 25 hours. Especially the reference and slow
case show this high BIR-value. This coincides with a low ratio at the minimum cloud base. Also at the mean
cloud base there is a minimum. The mean ratio at minimum cloud base taken over different cases is 0.85. At
the mean cloud base the ratio is 0.78. The observed ratio drops never below 0.28 in the three cases.
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Figure 21 Moisture Ratio in composite cases

mean cloud base

20 40 60
time [h]

24



The development of the amount of moisture is displayed in Figure 22. At the start of the simulation the
humidity at SML and cloud are almost equal in the different cases. Equal humidity indicates a good mixing from
the sea surface till the cloud top. The cloud dries a bit and has a diurnal pattern. This pattern is anti-correlated
with the humidity in the SML. In time the surface mixed layer becomes a bit wetter. This could at least partly
explained by the increasing sea surface temperature. An increasing temperature leads to a higher saturation
value, thereby the surface flux will increase as shown in Figure 20. This is equal to the situation in the ASTEX-
case. Because the composite cases are run for 3 days, it is also possible to extract some linear effects, for
example the increasing sea surface temperature. The result is shown in Figure 23 . The similarity with Figure 21
is easily seen. The conclusion made on basis of these two figures is a buildup of moisture during the day in the
SML. During night this is released to the layers above.
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Figure 22 Humidity development in the composite cases
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5 Conclusions and Recommendations

5.1 Conclusions

The simulations capture the transition of stratocumulus to cumulus. The decoupling is observed through
the structure in the profiles of the conserved variables, g; and 6, the variance of vertical wind and the
buoyancy flux. The moisture flux profile does not show a clearly decoupled profile.

The BIR-value gives a rather good indication for the decoupling of the buoyancy and the variance profiles.
For the moisture flux the relation with the BIR-value is not so clear.

The moisture flux has a day-night pattern. This indicates a high dependence of the sun radiation. The
resulting moisture ratios are in the ASTEX-case: 0.89 at minimum cloud base and 0.99 at mean cloud base. The
lowest ratio is 0.07. In the composite cases is the minimum cloud base 0.85 and the mean cloud base 0.78. The
lowest ratio is 0.28. The ratio is always higher than zero in all the cases. There is a buildup of moisture in the
SML during day and during the night this is released to the layers above. A summarizing view is in Figure 24.
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Figure 24 An overview of the obtained results. The line width of the arrows indicate the amount of moisture transport.
The circled lines indicate the mixing.

5.2 Recommendations

To get decoupling there has to be a negative buoyancy flux. As can be seen in eq. (2.34) and in eq. (2.35)
the buoyancy flux is dependent on the moisture flux, the heat flux and on the presence of liquid water. As the
moisture flux will be positive most of the time, the heat flux has to be negative to get a negative buoyancy flux.
Therefore the whole system is very sensitive to fluctuations in the heat flux. It would be interesting to run the
case using different parameterizations for the heat flux at the sea surface because this boundary condition can
influence the whole system.

Because it takes some time for ‘information’ to travel through the cloud it would be interesting to see if
there is a time lag. For example between the ratio in the minimum cloud base and the mean cloud base. A
more negative buoyancy flux at the minimum cloud base could have a decreasing effect on the ratio at the
mean cloud base a bit later. In Stull (1993) it is suggested that a thermal needs 5 to 15 minutes to cycle
between the bottom and the top. It would be interesting to see whether LES-models support this idea.

To get a better insight in the results, a correlation between humidity in the SML and could be obtained. In
both the humidity and the ratio is a diurnal pattern. Maybe also a time lag can be found.

The amount of turbulent moisture transport from minimum cloud base to mean cloud base is time
dependent. The cloud fraction in this layer does not correlate with the turbulent moisture transport at first
sight. The difference in turbulent moisture transport is due to wetter clouds, more turbulent clouds or lies
outside the cloud. Sampling on cloudy grid cells and comparing with non-cloudy grid cells can be interesting.
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7 Appendix A

Reynolds Decomposition and Averaging

Reynolds decomposition is splitting a variable, ¢ in a mean, ¢, and a turbulent part, ¢’. Adding both parts
gives the original variable, ¢ = @ + ¢’. The idea behind this decomposition is to split the turbulent flow from the
total flow.

Reynolds averaging is taking the average of the variable. By taking the average over a decomposed
variable only the mean part remains. The average of the turbulent part is zero, ¢ ’= 0. Using these assumptions,
the following equations can be obtained

a+b=a+b (4.1)
i=@+a)=(a)+a' (4.2)
a-b=@+a)-b+bd)=a-b+a"d' (4.3)

These tools are based on a separation of length scale. ‘In practice, this means that if one makes a Fourier
transformation of a quantity, its spectrum is assumed to have a distinct minimum intensity at scales
between ~1 and ~10 km,’(Roode, 2004). For the vertical velocity fluctuations this spectrum gap can be
observed, but for other quantities this gap is not observed.
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