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Abstract

Cloud feedbacks remain the largest source of uncertaintgadel based estimates of climate
sensitivity. To narrow this uncertainty down it is importdan get a better understanding of how
stratocumulus clouds evolve over time. In this paper we ktakifferent simulations based on GCSS
ASTEX stratocumulus case using DALES v3.1. In these sinaulatthe model was initialized with
a solid stratocumulus cloud layer, but in the sensitivitydéts the initial values of the humidity and
the liquid water potential temperature jumps across thergion were systematically altered. Results
show that the change of the inversion height with time is vkgendent on the humidity jump and,
secondly the liquid water potential temperature jump. Tais be explained by a larger total water
flux at the cloud top by turbulent mixing. We were also hightyerested in the break up of the
stratocumulus cloud. We found that the buoyancy revers@riar plays a key role. This criterion
predicts positive buoyancy fluxes at the clouds top wheretleemore cooling due to evaporation in
relatively dry and warm air, than compensated entrainmanting. Our results show that all clouds
that pass the buoyancy reversal line will break up, howeVdrEES just tends to break up clouds as
they pass the buoyancy reversal line. From real world olsiers this should not always be true (B.
Stevens, 2003). Lock (2008) introduced a parameter R, whiahmeasure of the inversion strength.
He found that if R < 0.2 cloud covers of 80% or more seem to occur, while for> 0.5 only
shallow cumulus appear (with a cloud cover of 20% or less). data supports his results, however
our spread is bigger than that of Lock’s. Finally we foundt tt@ses with almost the same initial
value of R do not have a similar trajectory of cloud cover orveraime. There was however one
set of simulations that did have similar trajectories. Thé&s also the case where the values of R
were closest to each other. Further research has to be ddhenare grid points and a better way
to determine the jumps. Finally runs should be made on otluglefs than DALES to comfirm the
results.
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1 INTRODUCTION
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Figure 1: Figure on the left, the change in temperature because of cleddaek, snow and sea ice
feedback, water vapor + lapse rate feedback, basic Planck resgpnd®cean heat uptake. On the right
the normalized space standard deviation.

1 Introduction

Every day climate becomes a more and more important issue. Politicians areptakantions to en-
counter global warming. Many models are used to predict the climate chBag@. big uncertainty in
climate modeling are clouds. This can be seen in Figure 1. When the tempenatheeearth increases,
will the global cloud amount increase, block more sunlight and so, coolmgldnet? Or will there be
less clouds and such that more sunlight is led through, thus increasingrnpertgure on the Earth even
further? The problem for finding the answer to these questions is thatckre complex. And so the
outcome is not easy to predict. One way to find out what is going to happedasdifferent simulations
of a cloud over time, when changing some parameters in size and see how bitettt is on the cloud.
In this bachelor thesis there has been looked at changes of marinestnatas clouds over a time pe-
riod of 40 hours subjected to different external, environmental conditid&arlier research suggested
that the largest contributions to the variance of the LES-derived datzhéorges in the cloud-top jump
of the total water mixing ratioA¢;) and the net radiative flux (Chlond and Wolkau 1999). In this thesis
the humidity jump is also varied, together with changes of the liquid water potentigei@ture jump
across the inversion. To simulate the cloud the Dutch Atmospheric Large&ddyation (DALES) was
used. Finally the data will be compared to a paper posted by Lock in 200&0kKed at the buoyancy
reversal criteria, and how it effects the break up of clouds.



2 THEORY

Figure 2: A stratocumulus cloud off the coast of Oregon/California. Theyémaas acquired with
MODIS

2 Theory

Stratocumuli usually occur in large sheets. They belong to the low level glovtdch means they have
a low altitude and so are easily influenced by the conditions on the eartfécsulf the cloud does
not get a continuous supply of moisture it will dissolve. That is why stratadus clouds are mostly
observed above the sea (see Fidure 2).

2.1 The potential temperature

Before going into more detail on the stratocumulus cloud, it is important that panaeneters are in-
troduced. One of them is the potential temperaturdf a parcel of fluid is adiabatically brought from
pressure to a standard reference pressugehe temperature that the parcel would acquire is the poten-
tial temperature. It can be derived from the second law of thermodynamics

Tds = du+ pdv >0 1)

HereT is the temperature;, the specific entropy, the internal energy, the pressure andthe specific
volume. This equation can be rewritten using the specific enthalpy h:

h=u+pv — dh =d(u+ pv) = du+ pdv + vdp 2)
Filling this back in equatiofl1 we obtain:
Tds = dh — vdp 3)

The enthalpy can be written in terms of specific heat at constant pregsure

oh
& = () 4)
or),
Because the pressure never exceeds 1050hPa it can be assunadditblsves like an ideal gas. The
other termwdp can be rewritten using the ideal gas law:

pv = RJT (5)

2



2 THEORY

With p the density (in this case of air) ar¢); the specific gas constant of dry air. Now filling everything
back into equatiorf {3) and divide the whole equatior¥by

dT dp

dS = Cp? — Rd; (6)
For an isotropic process = 0 so:
dT _ Rydp 0
T Cp P

Integrating this from a reference poig, 6):

Rq
T
1 P1 T c T
/ dT:Rd/ dp_>:<p> T == (8)
o T Cp Jpo P 0 Po II

Now we have obtained an expression for the potential temperdiugecalled Exner function given by:

Rq

-(2)°

But this is for dry air. In real life, outside, the air is never dry, it's humitteTotal humidity is given by:

@=q+q (10)

Hereg; is the total humidityg, is the vapor water content amgdthe liquid water content. In order to
make the formulas above applicable again the specific gas coigtduats to change into the specific gas
constant for moist air. But it is more convenient to keep working vidth So instead of changing the
constantR,, the temperature of equatidd (8) is changed ifitpdefined as the temperature a dry parcel
of air would have if it's pressure were equal to those of moistZiiis given in Stull (1988):

T, = (1 tergi — %) T (11)

Wheree = % ~ 0.62 ande; = % — 1 = 0.608. This gives a virtual potential temperatutegiven by

T
When clouds form, condensed water releases heat into the surro@idisigbsequently warming it. To

compensate for this the liquid water potential temperature is introduced, lmvén

L
0=0—-—q (13)
Cp

With L the latent heat of water. Now equatiofs](11) dnd (12) can be usetii® a new expression for
0.
0, = (1 +oerg — @) 0 (14)
€
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Figure 3: The build up of a stratocumulus cloud

Now we writeq; as:
Q= qs + q (15)

Whereg; is the saturation specific humidity. This is only possible if supersaturation Igyiteg in the
boundary layers of the stratocumulus (see e.g. Albrecht et al., 1999)fitjow if Reynolds-averaging
is used (splitting it up in a average part and its fluctuations).

U (2,y,2,t) =¥ (2,y,2) + V' (2,9, 2,1) (16)

With U e {qs, g1, 0,,0,u,v,w}. The overbar represents the spatial average and the prime reptégents
fluctuation. Applying this Reynolds-averaging on equation (14) we gain:

0, =00 — 00 = (erg; —q;) 0+ (1 + €1 — @) 0/ (17)

Multiplying this equation with the vertical velocity equatiari and taking the average:

w'fl, = (qw’qg—w’q1’>9+(1+q@—@) w'e’ (18)
This is an expression for the virtual potential temperature flux which is lindkdgioyancy.

2.2 The build up of a stratocumulus cloud

A marine stratocumulus cloud can be divided into 6 regions. The sub-clged khe cloud base, the
cloud layer, cloud top, the inversion and the free atmosphere, see Bigure
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2.2.1 The sub-cloud layer

If we start from the sea surface and go up, we first arrive in thectulnd layer. Here the air is unsaturated
and so all the water in the air exist of cloud vap@r£ 0 — ¢; = ¢,). This reduces equation (18) to:

w0, = erw'ql0 + (1 + erq;) w'o’ (19)

Furthermore the potential liquid water temperature flux is now equal to thetftemperature flux:

L
w'f) = w6’ — c—w’qf = w6’ (20)
P

Thus equatior (19) becomes:
w0 = erw'ql0 + (1 + €1Go) w 9 = Adw’O’ + Baw'q, (21)

WhereA,; ~ 1.01 and By ~ 170 for dry convection.

2.2.2 The cloud base and cloud layer

The transition from the sub-cloud layer to the cloud base is poorly defifieid.is because there is no
stability and there is a large variation in cloud base height. Inside the cloudrtisengell mixed. The
total humidity now exists again of liquid and vapor water. Using equaltion (15).

€1gs —q = (1 +er)gs —q = % —q (22)
Now equation[(118) becomes:

! Al
—ar wq
w'f! = 2

€

Using the Clausius-Clapeyron equation a expression.foan be derived

—w’qé)@—l—(l—&-%—q,;)uﬂﬁ’ (23)

dqs Lqs
= 24
dT’  R,T? (24)
Now because., is a fluctuation we can sayy; = ¢, anddT = T".
dQS ds dq$
/ / ;o A8 oy T3S
Substituting this back into equatidn (23)
_ - 0dgs\ ——
Wl = —Guw'q, + (1 +L& gy q) W (26)
e dl’
Now again using equatiof (R0), but now withnot equal to zero.
_ — Ts 0 dgs — (L 0 dqs —
w'dl, = w'o, (1 +—=—q+ dT) +w'q (q}) (1 +—=—q+- car ) Ow'q; (27)

5
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The last thing that has to be done is substitutingz@Ty{. Therefore we write:

w/ql — w/q/ _ w/qg — w/qg qs 19!
T
/ dqs / / (28)
v~ p (“"QZ * cpw'ql>
So:
w'q, FQ{ (C(li%j)
=y T @9
() e (%)
Substituting this back into equatidn (27) we gain.
w'dl, = Ayw'8) + Byw'q; (30)
With coefficients: 3
1+ %L g+ Q
A, = L ( ) ~0.5 (31)
and I
By = Ay— — 0 =~ 1100 (32)
Cp

If we now look at the profiles ofv’6; and@ we can see that that’6/ is really built up like this (See
Figure[4). In the subcloud layer’d; dominates thé, flux, because (even with factd?; ~ 170) w'q;

is still relatively small compared t@. In the cloudw’q; starts to dominate, because now with factor
By, ~ 1100 it is bigger thanw’0;.

2.2.3 Cloud top, inversion and the free atmosphere

If we go further up we will reach the cloud top, inversion and finally the fatmosphere. In the free
atmosphere the region is relatively warm and dry, compared to the clouithéogir is stable and there is
little turbulence. The inversion resides between the cloud top and the frespiare. The temperature
profiles show a strong vertical gradient, because of the big differeeivecen the cold wet air from the
cloud and the relatively dry warm air above. This strong temperaturéegrtagchakes the air stable. In
this part the local perturbations are strongly damped, so the cloud is faitlyTthis strong gradient can

be seen back in the profiles @f, 6, and their fluxes (see Figurgk 4 ddd 5). The jumps they make in the
inversion are indicated asq; andA#d,

2.3 Time dependency

All objects radiate energy, so also the liquid water droplets inside the clmgide the cloud the net
longwave radiation is zero, but on the edges it isn’t. Because the Eadti@ce is more hot than the
cloud. The cloud is warmed from underneath. At the cloud top more radigtiemitted than absorbed,
the radiation is in the infrared regime and therefore called cloud-top lorgveairative cooling. The air

6
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Figure 6: A@ profile. With moistening at the base and drying at the top

parcels at the top cool and start to sink down, creating downdraftshwani¢heir turn create turbulence.
This turbulence enables moisture from the bottom to reach the cloud top, Whokens the cloud.
Turbulence also causes air from above the cloud to enter to cloud. Thiséntrainment. Because the
air above the cloud is warmer and dryer the air just below the inversion wamchdries out. During the
day the cloud-top longwave radiative cooling is compensated by soldnpamsave radiative warming.
This will generate less turbulence, and so less entrainment. This will causéotid to thin during the
day. The rate of change ¢f andf, can be defined as:

da _ _Ow'q;

— 33
dt 0z (33)
and - L
o,  ow'ty OF
PR P (34)
Here F is the net radiation flux,
1
F = e, (F, 1 —Fp | +Fs T —Fs |) (35)
P

Here I}, is the longwave radiation anBs the shortwave radiation. In the subcloud layer only the flux
divergence within the cloud is of importance. The arrows indicate the direofithe radiation. If we
take the changes in height in equations| (33) (34) between the gaadnithie inversion height we
gain:
d@ w,qéo - w/qllfz-
Y i 36
dt Z5 ( )
and
c@ B w'0], — wl@{Zi N Fy— F,,
dt Z; Z;
Here z; indicates the inversion height and the subscript O indicates sea level §). The effect of
moistening and drying have been made more clear in Figure 6. For an infiniigsinmainversion layer

(37)
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the flux at the boundary top can be expressed as.

!4/ — -
W'y, = —wAg

_ _ (38)
w’QEZi = —w.Af;
Herew, is the entrainment velocity. Putting this back into equation (36) land (37) waobta
4y _ 'ty + weATy (39)
dt Zi
and — _
0 /
do, N wlglo + we A0 (40)

% N Z
Equation [(3D) tells us that if there is an increasing entrainment, the liquid waéert will decrease
(keep in mind thatAg; is negative, see Figuté 5). The entrainment of dry air at the top is act effe
imposed by radiation. In general the entrainment is a function of:

We = f (AQt7 Agla w’Q£|07wef|Ua DFR7 Zb, Zt) (41)

Herez, is the cloud basey is the cloud topD Fr is a the change in radiation between the inversion and
the ground.
DFgr = FRrl.i — Frlo (42)

A simple version for the entrainment rate is introduced by Moeng (CM) diyen

0'2[)00;)?9”0 + DFR 2.5 — 26—%\/@
- (43)

e Pocy A6,
Herepy is a reference density of air aibg, a constant with value 0.9. In equati¢n 48y, is the liquid
water path. The liquid water path is given by

Wy = / Pairq dz (44)
Zp

Here p,; the density of air. Normally,;. also depends on the heighi) (out for convenience this is
chosen to be a constapy;, = 1.14kg m~3 . In this thesis the trapezoidal method is used to calculate
this integral. A change in the inversion height is also influenced by the emteain

dzi
dt
Herew is the large-scale velocity, which is typically negative in the stratocumulusdaoytayers due to

a large scale divergence of the mean horizontal winds. This equationénajelescribes the entrainment
versus the subsidence. Depending on which factor is bigger the clowditdgll or rise.

=We +W (45)

2.4 From stratocumulus to cumulus

An important part is to determine when a stratocumulus cloud breaks up intmalusi There are
different ways of doing this. We start of with the most important one: Booyaeversal.

9
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2.4.1 Buoyancy reversal

The buoyancy flux is the dominant production term in of the turbulent kinagegy/(TKE) in the bound-
ary layer. The TKE per unit mass is given by
TKE 1/— — —5
—— (u/Q + V2 + wl2> —e (46)
m 2
With « the speed in the direction,v the speed in thg direction andw the speed in the z-direction. If
we use the index notation:

w2 = u? 402 40 (47)

The TKE budget equation can be written as follows

oe T oe o T 0U; Ouje 1 9(uip)
o + Upy = disy (U;%) Wl T @ T g am T € (48)
I 11 11 v 14 Vi Vi

Here

Term | storage or tendency of TKE
Term Il advection of TKE by mean wind

Term Ill  buoyant production or consumption term. Mind the which indicates that only the vertical
velocity is used 0!, = w'¢’). And g is the gravity constant.

Term IV mechanical or shear production/loss term.
Term V turbulent transport of TKE
Term VI pressure correlation term

Term VIl viscous dissipation of TKE

According to equatior (30) the buoyancy flux at the top of the cloud caewetten into:
W', = —we (ApAb + ByAg) (49)

If now warm and dry air from above the inversion is entrained and mixediteloud layer, the parcel
will cool down due to evaporation of cloud droplets. This cooling can mae tompensate the warming
due to entrainment. The parcel will become negative buoyant with regpéstenvironment. This is

called buoyancy reversal and occurs if:

— By
AG; < —A—Aqt (50)

w

Here, if we takeAg; in g/kg thenZx = LW&o — 2.2, The negatively buoyant parcels will start to

sink, because they are more heavy than their environment. This will crebtéemice, which will lead

10
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to more entrainment. Which will lead to the break up of the cloud (see equaB8harfd [(45)). In Lock
(2008) a parameteRr is introduced, given by
A
L/cpAq
According to Lock this parameter gives some measure of the buoyanoy pétbels of air formed from
mixtures of cloudy air and so determines the cloud cover of the cloud.A hiss some offset compared
to the buoyancy reversal criteria. In equatiénl (51), the equivaletengial temperature is introduced

(6.). The equivalent potential temperature includes the additional heatirsgdday release of latent
heat when air condenses and is approximately given by:

(51)

Lq,
O, ~ 0 52
can (%) 52)
The exponential function here is sufficiently small so this can be rewritten to:
Lq,
0, ~ 0+ 2 (53)
Cp

Now combining this with equation (13) we gain:

L
96 ~ el + —aq (54)
Cp
Placing this back into equation (51):
NG+ £ Ag,
R=—7"— (55)
A

Now this can be used to write equati@nl(51) in the same form as the buoyawrgal criterion only now
for when R becomes bigger than 0.
Al < —£A@ (56)
Cp

This is almost the same as equatibnl (50) except the factor is different.uktieq [50) the factor was

~ 2.2 for Ag; in g/kg, here the factor |§ which is 2.5, if we takeAg; in g/kg. To be able to
compare the results with Lock, in this the3|s the R criterion is also used. Lock tathe conclusion
that for R < 0.2 cloud covers of 80% or more seem to occur, while for> 0.5 only shallow cumulus
appear (with a cloud cover of 20% or less). This can be seen in Higure 7.

2.4.2 Saturation vapor specific humidity

Now we are going to at the saturation vapor specific humidify;). Which is given by:

T'sat
= 57
qsat 1 + T sat ( )

Wherer,,; is the saturation mixing ratio which depends on the saturation vapor préssuyre

& €sat

58
R, p— esat ’ ( )

Tsat =

11
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Figure 7: Lock’s findings on the cloud cover versus parameter R
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Figure 8: They,,: andg; profiles. With on the left overlap, so there is cloud and on the right ndagver
and so no cloud, however, because these values are horizontal aleas at some places,: < ¢; and
therefore cumulus still can be present.

The saturation vapor pressure is given by:

17.2694T—-273.16

€sqt — 610.78¢ T-3586 (59)

Now if the g5, profile and theg; profile have overlap (see Figuré 8) then in that part there is a cloud,
however, if they do not overlap it does not have to mean that there is nd.dBecause these values are
horizontal mean values at some plaggs < ¢; and therefore cumulus still can be present.

12
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Figure 9: Summary of physical processes important to the developmetmaitiicsimulus (S. Nicholls,
1986)

2.5 Summary

The stratocumulus cloud is a low level cloud with a high cloud cover percentadrigurd ® a summary
is given of most of the mechanisms that have an effect on the cloud. Antamponechanism for break
up of the cloud is the radiative heating and cooling and the turbulence thatis$ed by it. The TKE
budget with a coordinate system aligned with the mean wind is:

o _ —r —— 00 du'e 1 9(w'p’)
% = % (wo,) — vwg - FE - b0z € (60)
I II7 1A% %4 VI VII

The mean advection term vanishes because of the cyclic horizontal dryuwrwhdition. Term 11l in this
equation is called the buoyant production or consumption term. This termegawsitive or negative and
so can have a damping or increasing effect on the TKBAf < —%Aqt then term Il has a increasing
effect on the TKE (For a derivation see equatiod (48)[l (50)). Thismsenore entrainment of dry and
warm air, more turbulence, which will lead to the break up of the cloud.

13
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Figure 10: The five flights of ASTEX First Lagrangian in 1992 (de Roade van der Dussen,2010)

3 Experimental setup

3.1 Setup

In this Bachelor end project the Dutch Atmospheric Large Eddy SimulatiohfE®) model was used.
There were no changes made to this model. Instead, just the initialization td ®Aas been altered. In
this chapter this initialization is discussed. The initialization is based on the GCEBEXSiratocumulus
observations. The Atlantic Stratocumulus Transition Experiment (ASTEXg iree flights that took
place from 1 June through 25 June 1992 off the northwest coastrafaAfiear the Azores, Madeira
and Canary Island groups. The experiment area extended from 18B5Ndatitude and 40W to 10E
longitude, see Figuife 10. A schematic of the flights can be found in HiglrBddause they flew from
north to south the sea surface temperature increased with 4.3 K. This is@lsteith in the model used
here. In the initialization a slight alteration is made betwééa5 < z < 712.5 m. The idealized
profiles ofg;, 8; and the velocities in the andy-directions are as follows

14
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Figure 11: A schematic of the five flights of ASTEX. The gray bar on the bottwlicates the increasing
sea water temperature (de Roode and van der Dussen,2010)

u=—-0.7 ms !
T =-10.0 ms™?
0 < z < 662.5m T — 288 K
7 = 10.2 gkgt
T = —0.7—0.026 (z — 662.5) ms™!
662.5 < z < 712.5m { o= 100 ms”! 61)
: : 0, = 288 + A9, — 5.5+ 0.11(z — 662.5) K
G =10.2+ Ag — 1.1 — 0.022(z — 662.5) gkg™*
u = —0.7—0.026 (z — 662.5) ms !
7= —10.0 ms!
# > Tiz.5m 0, = 288 + A, + 6x10 (2 — 712.5) K
G =10.2 + Agy — 2.8x1073(z — 712.5) g kg™t
The initial inversion height is located around 687.5 m. The initial profile of T&&ven by:
0<2z<687.5m €=1m?s2 (62)
The subsidence is computed from:
w=—-Dz (63)

Where D is a time dependent variable (de Roode and van der Dussé), 20 values ofAg; andAg;

in (61) were changed for different runs. The values for these canse found in Tabl@]and Figure
[I3. R in Tablél is based on equatiénl(51).[In (61)£or 712.5 m, ¢; would become negative if thg
jump is bigger than-3.1 g/kg, which is physically impossible. So there is an extra restrictiog;omf

q: becomes smaller than zero, then from that pajnis equal to zero. The resolution of the used grid is

“Exp 1 holds the samg@ andd, jumps as the original GCSS case
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3 EXPERIMENTAL SETUP
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Figure 12: the initial profiles of the radiation, with on the left the longwavéataxh up and on the right
the longwave radiation down.

50 x 50 x 30m? with a gridbox of64 x 64 x 96 grid points. This gives a total domainsize of 3.2 x 3.2
x 2.8 km3. The forcing that were applied can be found in tdBle 2. The initial profilebenlongwave
radiation can be found in Figute]12. DALES solves the budget equatiofy fand ¢; and the navier
stokes equation:

0
p<5£+v-Vv>:—Vp+V-a+f (64)

Wherep the densityy the flow velocity,o the stress tensor aiidhe body forces. The simulation follows
an air package as it is advected equatorwards over increasing fzegemperature by tradewinds. All
time dependent data that comes from DALES will be hourly averaged.

16



3 EXPERIMENTAL SETUP

Table 1: Initial values fol\g; and A6,

Ag (g9/kg ) DG (K)| R
ExpO | -1.1 4.5 -0.64
Expl | -11 5.5 -1.01
Exp2 | -11 6.5 -1.37
Exp3 | -21 5.5 -0.05
Exp4 | -3.1 5.5 0.29
Exp5 | -3.1 7.0 0.09
Exp6 | -3.1 8.5 -0.10
Exp7 | -3.1 10.0 -0.30
Exp8 | -5.1 8.5 0.33
Exp9 | -5.1 10.0 0.21
Exp 10| -5.1 11.5 0.09
Exp11| -5.1 13.0 -0.02
Exp12| -7.1 11.5 0.35
Exp 13| -7.1 13.0 0.26
Exp14| -7.1 14.5 0.18
Exp 15| -7.1 16.0 0.10

Table 2: The forcings of DALES

Ug 20 ms !

Vg -10.0 m st

D -0.5 x107° 571
20 0.2 mm
Psury 1029.0 hPa

Us 0.3 ms !

3.2 Determining the jumps

This thesis focuses on the effect of changes in the jumpgsaridd; on the evolution of a stratocumulus
cloud. An example of the jumps can be seen in figure 5. The determinationsef jiln@ps has to be
done carefully. The problem is that the jumps are not always well defilbd levels which are used
to diagnose the jumps have to be similar §pandd;. The jump forf;, was easier to determine then the
jump for ¢;. After a process of trial and error and looking at poststamp plots the jurspdefined as
followed:

If the gradient of9;, for a height abov®.92 times the inversion (provided by DALES), becomes bigger
than0.022 g/kg m~1 it defines the inversion base height. When the gradient becomes smaller than
0.022¢g/kg m~1 it defines the inversion top.

The result of this method of determining the jump can be found inside appendir fis appendix
poststamp plots are given for one of the runs.
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3 EXPERIMENTAL SETUP

—— —R-lines
=1r Buoyancy Reversal Line
\\\\\ o Starting points
2+ |
_3 [ i

A q, (9/kg)
|

o o
%
—6- % =
0‘7
-7 2 o o o *
-8+
9 3
~10 ! ! ! ! ! ! ! ! ! !
0 2 4 6 8 10 12 14 16 18 20 22
A OI (K)

Figure 13: The initial jumps of the experiments (circles) with respect to thganey reversal line (red
line) and the value of R (blue lines)
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4 RESULTS
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Figure 14: The course of the jumps. In the Legend the starting jumps anedefi

4 Results

4.1 The simulation

In this chapter a guide through the course of the simulation is provided. durse of the inversion
jumps are indicted in figure_14. Here the open circles indicate the initial jump &ndpn triangles
the value of the jump after 40 hours of simulation. In the leg&ddis in K andAg, is in g/kg. This
applies for all figures unless mentioned otherwise. The jumps are chargimgime, because the sea
surface temperature and the inversion height is increasing with time. Téwt effthe inversion height
can be seen in Figukel5. In this figure the profileg;afre plotted against the height for the three cases
with 6, = 0.5 K. In red the initial profiles of the three cases at the beginning of the simulatidina
green, black and cyan the profiles after 40 hours of simulation. A totabghidugh the simulation is
provided below. Starting with the first 6 hours between 0:00 and 6:00 thdinghéay between 6:00 and
18:00, the night between 18:00 and 6:00 and then the last hours 6:00 till 16:00

4.1.1 The first 6 hours 0:00-6:00

Figure[16 shows the course of the inversion height with time. In the firstaixshthe inversion height

is very dependent on the starting liquid water potential temperature jump. WMestldg; of each of
the sets of runs with the sant®ey; (the solid lines) have the highest inversion height. We know from
equation[(4b) that the change in the inversion is given by the entrainmeed $¢pee Figule 17) and the
subsidence. So this can be qualitatively understood from the entrainer@meterization proposed by
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Figure 15: The profiles of; with in red the initial profiles and in the other colors the profiles after 40

hours.
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Figure 17: The entrainment velocity over time
100

———A0=45 Ag=-1.1
90+ - - -00=55  Agq=-1.1

v A0=65  Ag=-1.1

80~ - - A=55  Aq=-21

70 - A0=55  Ag=-3.1

-~ -M0=7  Ag=-31

60 + AO=85  Aq=-3.1

o -~ - A0=10 Aq=-3.1

S s0f o C

V] ——A0=85 Agq=-51
v a0+ -~ -A0=10  Ag=-5.1
+ AOF115  Aq=-5.1

301 -~ A9=13 Ag=-Sa
200 —A6|:1 1.5 Aqt:—7.1
---M0=13  Aq=-7.1
10+ + AO=145  Ag=-7.1

- - A0=16  Aq=-7.1

O L L L L L L
0 10 15 20 25 30 35 40

time(hours)

Figure 18: The cloud cover
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Figure 19: The Liquid Water Path
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Figure 20: The change in longwave radiation between inversion andgrou
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Figure 22: The change in radiation
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Figure 23: They, flux at the top.
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Figure 24: They, flux at the top against thg flux calculated by equatioh (B8)
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Figure 25: The parameter that indicates buoyancy reversal (R) vs time

Moeng (equation(43)). The entrainment becomes smaller for largersvafuks;. This would explain

why they are divided by thé jump. For simulations that started far below the buoyancy reversal line, the
cloud cover has dramatically decreased in this first 6 hours (see fiuréte cloud of theAg, = —7.1

g/kg, A9, = 11.5 K simulation only has a cloud cover of 30% left after 5 hours. Followed by the
Ag; = —5.1g/kg, A9; = 8.5 K simulation, that goes below 30% after 7 hours. This conforms the idea
that below this line, stratocumulus clouds do not exist. They only startedesatmulus, because they
are initialized as stratocumulus.

4.1.2 The first day 6:00-18:00

The effect of the sun and it's shortwave radiation (Fidure 21) is visildenfFigure[ 2P for the cases
with starting|Aq;| > 1.1. Here the shortwave radiation starts to compensate the longwave radiation,
which means that the net radiation goes down. This should mean that thenmetnarate would go
down (which is true, see Figurel17) and that means the inversion ris€s/tesh is also true, see Figure
[18). The inversion height is now more dependent on the humidity jump. Thiswe\er obviously
not included in Moeng’s parameterisation. However this can be unddrbtolmoking at equatiori (38).
The A9, = 4.5 K, Aq; = —1.1 g/kg case has the highegt flux (see Figuré 23) and smalleAly;
(and smallestAf;) and so the highest entrainment (Figlré 17). Therefore it has theshigiversion.
Followed by theAd; = 5.5 K, Aq; = —1.1 g/kg case, then thé&\¢;, = 6.5 K, Aq; = —1.1 g/kg and
so on. To check if equatiof (B8) can be used it has been plotted aganstfliax at the top provided
by DALES. This can be seen in Figurel 24. It follows thatdilly;, = 3 kg kg~' ms~" it holds. For

higher values szi there is a slight ofset. During the day it is possible for turbulence in the cloud
layer to become decoupled from turbulence in the bottom of the subcloud(lfByeon and Nicholls,
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Figure 26: They (kg) andgs.: (kg) profiles at the 8th hour of simulatiahg, = —3.1g/kg, A9 = 55K

1987). In Figuré 25 we can see that during the day some simulations go tieldwoyancy reversal
line, which means that there is this extra turbulence. More dry and warm eitigined from above
the inversion, which leads to break up from the cloud. Figuie 18 suptiosts All the cases that go
below the buoyancy reversal line lose their 100 percent cloud covddALES a cloud tends to break
up if the buoyancy reversal criteria is satisfied. This is not alwaysdanrobservations (B. Stevens,
2003). Around 15:00 the effect of the sun’s shortwave radiation isdyreveakened (see Figure] 21).
From this time the entrainment starts to increase and the clouds are starting Adststhe cloud cover
increases again. The cases furthest below the buoyancy reveesatéimow almost shallow cumulus
clouds. Between 8:00 and 9:00 the cloud of th¢g = —3.1g/kg, A9, = 5.5K case has disappeared.
This can be made more clear by looking at fidurk 26 here we can seg #matq,,; don't have a overlap
with each other at the 9th hour.

4.1.3 The night 18:00-6:00

Now the longwave radiation dominates againid¥r (see Figure§ 20 arfld21). This means that the
entrainment speed increases and the cloud top goes up (see[Eigur[I#) aihe inversion height of
the different cases is not as ordered&; as it was 18 hours ago. The simulation with a smajléamp

the ordering is still the same (the red, purple and the green lines in FEiguréi&rases with the largest
q: jumps cluster together at the same height. For those cases the cloud holds tétié¢sea Figurg 19),
which means the cloud radiates less longwave radiation, which means |legsraetit and so finally this
means they do not go much higher. This effect probably also causeaghedicases (except for the red
one) and the case indicated by the blue plus to lose their cloud cover afie{sg Figuré_18 arid P0).
Because the simulations with the smallgsjump (red and lines in Figuife 1L6) still have a 100 percent
cloud cover they still emit a lot of longwave radiation and so still rise fast.uAdofour (28 hours of
simulation) the sun starts to shine again and shortwave radiation starts to pleydagain. At this time
only the cases with the smallegtjump did not pass the buoyancy reversal line.
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4.1.4 The last few hours 6:00-16:00

The shortwave radiation compensates the longwave radiation and turbisesreated inside the cloud.
Finally after 33 hours of simulation th&q, = —1.1g/kg, A9; = 4.5K andAq; = —1.1g/kg, Af; =
5.5 K cases go below the buoyancy reversal line and lose their 100 pefoadtaover. The inversion
heights of the simulations with the initial smallest twpjumps are still ordered byAd, like in the
beginning.

4.2 Buoyancy reversal
4.2.1 Cloud cover and buoyancy reversal

As can be seen from the previous result, buoyancy reversal is antamp@rocess for determine the
break up of the cloud. In Figufe R7 the cloud cover above the buoyaaveysal line is visible higher
than below. These results have been binned and averaged and plottatenifandard deviation in
Figure[28. This is a figure comparable to that of Lock’s (Fidure 7). ¢obees clear from this figure that
the cloud cover starts to drop (almost linear with R) wiighecomes smaller than1. This is not a big
surprise. The buoyancy reversal criteria is met at R equal to 0.1 (geseEL3). Figuré 28 also supports
Lock’s conclusion. FoiR < 0.2 cloud covers of 80% or more seem to occurRI£> 0.5 only shallow
cumulus appear (with a cloud cover of 20% or less). However the sjmethd result from this thesis
is bigger than the spread from the result of Lock’s paper. Locksltesll fall nicely into almost one
curve, but even if the results from this thesis are averaged per tilsespread can be seen (Figlreg 29).

4.2.2 Entrainment and buoyancy reversal

In Figure[30 the entrainment is plotted against value R. In the left figureawelearly see that at night
the entrainment velocity is higher. This is due to the fact that at night is mdiatirge cooling. The
right figure shows that the entrainment speed goes up@smes closer t0.1. At R = 0.1 the standard
deviation i50.0045 (m/s), which is relatively big. This might be because for some cases the cloud might
already be decoupled, while for some cases the cloud is not decoupletisy® now becomes bigger,

for more cases the clouds are decoupled and so the entrainment goes dow

4.2.3 Liquid water path and buoyancy reversal

The results here should be coherent with the results of the cloud covet.aécording to Figure 31,
they are. Aroundk = 0.1 the LWP rapidly decreases. This is most clear from the night time results.
Interesting to see is that that drop already occurrefd at 0, for the daytime results.
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Figure 28: The cloud cover vs parameter R, binned and averagedsth@ifiee hours excluded
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Figure 29: The cloud cover vs parameter R, binned and averagedgerthe first three hours excluded
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Figure 30: The entrainment rate versus parameter R, binned and edekdh on the left a distinction
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Figure 31: Parameter R vs the LWP. binned and averaged, the firstibuez excluded

4.2.4 The virtual potential temperature flux

The virtual potential temperature flux{p!) is driving turbulence and entrainment, thats why it would
be interesting to take a better look. Below three cases will be shown. Therfess a case for which the
cloud did not break up and was furthest above the buoyancy rélieesarheAd;, = 6.5 K, Aq; = —1.1
g/kg case. In Figure (32)'6! is plotted against the time and height. The second case is one that started
above the buoyancy reversal line and ended op below it after arobifbdrs. TheA#d, = 8.5 K,
Aq: = —3.1 g/kg case. This one is plotted in Figurel33. The third case started furthest tiedow
buoyancy reversal line. Thag, = 11.5 K, A¢s = —7.1 g/kg case, plotted in Figure 84. During
the day the flux at the top is almost zero. Which is not surprising, becaulsataime the absorbs the
most shortwave radiation (see Figlre 21). At night the turbulent flu dlecomes much higher (more
negative). This will generate turbulence witch moistens the cloud. Thendexase (which crosses the
buoyancy reversal after approximately 15 hours) clearly has a flak zexo during the day. It has a
minimum around noon (for the first day). At night the cloud moistens and highlaes forw’¢ can
be detected. The cloud almost goes back to a 100% cloud cover (see[E®)urn the cloud layer the
highest buoyancy fluxes can be found. This is caused by the warniéa ef the condensation of water
vapor, that rises from the surface. And because at night thereiaivadcooling, higher fluxes can be
found inside the cloud layer at night. During the day the buoyancy flux iclthed layer is much lower.
There also needs to be a cloud in order to have radiative cooling andigbex buoyancy flux in the
cloud layer. This is what happens in the third case. The third case begmsteatocumulus cloud, but
after 4 hours the cloud is already almost vanished. A cloud cover of 8ins (Figure18). Almost no
turbulant flux ofé,, can be seen from Figukel34. The same happens after 28 hours in das@ge two
and three we should have seen a positive flux at the cloud’s top, asdhiepdss the buoyancy reversal
line. A reason why this might not be seen is these values are horizontabaga
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Figure 32: A contourplot of the turbulent flux é6f in Wm =2 as a function of height and time for the
A0, =6.5 K, Aqs = —1.1 g/kg case. The black lines indicate the cloud top and minimum cloud base
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Figure 33: A contourplot of the turbulent flux 6f in Wm~2 as a function of height and time for the
A0, = 8.5 K, Aq = —3.1 g/kg case. The black lines indicate the cloud top and minimum cloud base
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Figure 34: A contourplot of the turbulent flux é6f in Wm~2 as a function of height and time for the
A, =115 K, Aqs = —7.1 g/kg case. The black lines indicate the cloud top and minimum cloud base

4.2.5 Cases with the same initial R

In this thesis some simulations were done with (almost) the same value of R. It Wweuideresting
to look how far they ended from each other. If they end up close sometloinlgl be said about the
development of a cloud if the initial value R is know. The following cases willliseussed:

Table 3: Cases with almost the same initial values, With in K andAg; in g/kg

Case 1] A9, =5.5,Aq = —2.1 ~—0.05 | A, =13.0,Aqs = 5.1 R~ —0.02
Case2| A0, =55Aq=-31 R=~029 |A0=130,A¢=-71 R=~026
Case 3| Ag;=7.0,Aq =—-31 R=~009 |Af=115A¢g=-51 R~0.09
NG, =16.0,Aq; = —7.1 R=~0.1
Case4| Ag =85 A =-51 R~033 |Ag=115A¢=-71 R=~035
Case 5| Ag;=10,Aq = —51 R=~021 |Af =145 Aq=-71 R=~0.18

Itis clear that nothing can be said over the inversion height, by only lo@tipgrameter R. The inversion
height is, as concluded before very dependenf\gnh Much more than on\6;. So let’s focus on the
cloud cover and R over time. These are plotted again in Flgure 35 _andt3towumatched per case, to

get a clearer view. At first sight case one is not a match. During the oidydiverge from each other.

But what is interesting is that their cloud covers start to fall at the same timavevés, this is after

27 hours, exactly the time the sun starts to shine again. The cloud coversifrthkation with starting
valuesAf; = 5.5 K, Ag; = —2.1 g/kg also decreases further. The second case is also not a match. The
cloud cover hugely differs (at hour 20 it differs 37%). They clustgetber at the end, but that is only

32



4 RESULTS

100 —R=-0.05
R=0.029
90 ——R=0.09
——R=0.33
80 R=0.21
- - -R=-0.02
- - -R=0.026
70 - - -R=0.09
R=0.35
60 R=0.18
,\a + R=0.1
2 50
O
O
40
30
20
10
O L L L L L L L
0 5 10 15 20 25 30 35 40

time(hours)

Figure 35: The cloud cover as a function of time, with cases matched together

because they are both almost dissolved. Finally at case 3 we find amagtdgetween two simulations.
The simulation with starting? = 0.1 does not match, but the only two simulations we had with the same
intial R follow each other closely. The biggest difference they make is 5% .two simulations in Case

4 also stay close to each other, but both clouds are dissolved quite fabe énd all cases with high R
values will be close to each other. The same for small values of R as fortttieeahoud cover is always

a 100%. The last case is also not hopefull. A difference of almost 65¢beapotted after 22 hours of
simulation. In Figuré_36 the R value of the cases have been plotted againsfTiinsegives the same
image as the cloud cover did. Both simulations with= 0.09 do not differ much from each other. After
15 hours of simulation the simulations of Case 2 have almost the same R. The,eawever, can be
that both clouds have been (are almost) dissolved around that time.
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Figure 36: The cloud cover as a function of time, with cases matched together
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5 Conclusion and recommendation

This chapter will be split up into two parts. The first part will show the cosidiis made on basis of the

results of previous chapter. The second part will be a recommendatibovethis research can evolve
further.

5.1 Conclusions

5.1.1 Inversion and entrainment

(i) The values of the starting humidity jump¢;) and the liquid water potential jumpX#,;) have a
great impact on the height of the inversiofhe height of the inversion is dominated by the size
of Ag:. The smaller the humidity jump is, the higher is the entrainment and so the higher the
inversion will be. This can be explained by a larger total water flux at thedctop by turbulent
mixing. The same accounts fdtd;, however these changes are smaller and are explained by the
parameterisation of Moeng.

5.1.2 Buoyancy Reversal

(i) According to DALES, the buoyancy reversal line is a good indicatorhieck if stratocumulus
clouds can exisBelow the buoyancy reversal the clouds start to break up. Howewgionais

advised as DALES tends to let clouds break up as they passed this lings fibtsalways found in
observations (B. Stevens, 2003)

(i) Data from DALES supports the findings of A.P. Lock in his paper "Fafafluencing cloud area
at the capping inversion for shallow cumulus clouds” in 2008ck found that forkR < 0.2 cloud
covers of 80% or more seem to occur, while #r> 0.5 only shallow cumulus appear (with a

cloud cover of 20% or less). DALES supports this, however the sprethe data from DALES is
larger than that of A.P. Lock.

(iii) The entrainment rate increases when getting closer to the buoyaneysa criteria. An increas-

ment of0.02 m/s can be detected when going from R=0.4 to R=-0.1. After that it drops signifi
cantly.

(iv) Cases with almost the same initial value of R do not have a similar trajgctocloud cover or R
over time.In five comparisations, where within each comparisation the initial R of two simaoktio
didn't differ more than 0.03, only one comparisation was similar. This wasrgadsation of two
cases with both approximately an R value of 0.09.

(v) From contour plots of the turbulent fl# the buoyancy reversal criterion can not be se&his
might be, because the values presented there are horizontal averaged
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5.2 Recommendations

There are three important recommendations for further research to ke mad

One: More grid points should be used to get a better detailed look at the resdlts age if it then still
supports our results.

Two: A better way of determining the humidity and liquid water potential temperature juspohiae
found. This research is very dependent on this two values and smalitiitfe inAg; and Ag; can lead
to big change somewhere else.

Three: Other models could be used for the same simulations, because DALES tdwdakaip clouds
after they pass the buoyancy reversal criteria, this is not alwayslfourbservations (B. Stevens, 2003).
At last it could also be interesting to research more case with exact the sdueeof R. The two simu-
lation with the same value of R that was represented in this report showed Rigtilés each other by
looking at the cloud cover and their distance to the buoyancy reversal line
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A POSTSTAMP PLOTS

A Poststamp plots
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Figure 37: Poststamp plots &6, for the first 20 hours of th&\d; = 4.5 K,Aq, = —1.1 g/kg case
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Figure 38: Poststamp plots af; for the second 20 hours of thed; = 4.5 K,Aq; = —1.1 g/kg case
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Figure 39: Poststamp plots df; for the first 20 hours of thé&\d;, = 4.5 K,Aq; = —1.1 g/kg case
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Figure 40: Poststamp plots &g, for the second 20 hours of thef; = 4.5 K,A¢q; = —1.1 g/kg case
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