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ABSTRACT
STRATOCUMULUS CONVECTION OFF
THE WEST COAST OF SOUTH AMERICA

The stratocumulus regime off the South American coast is investi-
gated using a horizontally inhomogeneous version of Lilly's (1968) cloud
topped mixed layer model. This model is coupled with a longwave radia-
tion model devised by Cox (1973) and Cox et al. (1976). Computed are
the mixed Tayer temperature and moisture structure and convective fluxes
as the marine layer air moves equatorward along trajectories calculated
from the mean surface wind field. By the calculation of many such
trajectories, two dimensional fields of the model parameters were
derived for the region bounded by 75°W and 100°W, and 2.5°S and 27.5°S.
Model runs were made for mean July and August conditions, and sensi-
tivity tests were performed to show the effects of solar absorption and
different initial divergences. Variations in the mixed layer temper-
ature and moisture structure, and convective fluxes are described for

each of these experiments.
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One month averaged 00Z July and August temperature
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profiles for Guayaquil, Lima, and Antofagasta.
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July and August downward longwave radiative flux for
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Method used for the trajectory computation. (See
explanation in text.)

The July input variables of a) sea surface temper-
ature, b) surface wind speed, and c) large-scale
divergence. Heavy lines indicate trajectories.
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trajectory beginning at 76.5°W, 27.5°S is marked
every 300 km with the time in hours from
initialization.
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divergence. Heavy lines indicate trajectories.

August a) cloud top, b) cloud base, and c¢) depth
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August turbulent flux of virtual dry static energy
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above cloud base, and d) layer top.
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surface and b) top of the layer for the July case
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energy at cloud top for the July case with no solar
absorption.
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1.0 INTRODUCTION

One of the most constant features of the general circulation of the
atmosphere are the stratocumulus clouds which occur in the descending
branches of the Hadley circulation of both the northern and southern
hemispheres. These clouds, which are seasonally a semi-permanent atmo-
spheric feature covering a considerable portion of the subtropics, have
recently come under theoretical (Lilly, 1968; Deardorff, 1976; Schubert,
1976; Schubert, Wakefield, Steiner and Cox, 1977) and observational
(Wakefield and Schubert, 1976) study. Stratocumulus are prevalent in
the eastern oceans as a result of the large-scale oceanic and atmospheric
conditions there. Figure 1.1 shows the four year (1967-70) average
cloud brightness for January and July. The most striking examples of
stratocumulus occur in July off the coasts of California, Peru and
Chile, and Southwest Africa. Equatorward of the stratocumulus there
exists the trade cumulus regime, characterized by small fractional area
of cloudiness, and the cumulonimbus regime, characterized-by its narrow
band of intense Tow level convergence. In this paper, we investigate
the stratocumulus regime using a horizontally inhomogeneous version of
LiTly's (1968) cloud-topped mixed layer model. By solving the model
equations along trajectories, we model the modification of the marine
layer air as it moves equatorward, circling around the subtropical high.
The specific case covered is that of stratocumulus off the South American
coast.

A schematic dfagram of stratocumulus is presented in Figure 1.2.
Stratocumulus are Tow level clouds which usually increase in height and
depth away from the coast. They exist below the trade inversion,

capping a marine layer mixed in moist static energy, h, (=cpT+gz+Lq)



Figure 1.1 Four year average (1967-1970) of cloud brightness
for January and July (from Miller and Feddes, 1971).
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Figure 1.2 Schematic diagram of a stratocumulus topped mixed layer. Shown are the

total water mixing ratio, q+&, the saturation mixing ratio, gq*, and the
moist static energy, h, for the case of the air temperature slightly
warmer than the sea surface. Very near the surface the air is saturated
at sea surface temperature and pressure so h and q are equal to their
surface saturation values, h¢* and qc*. Above a shallow nearly saturated
layer, h and g+2 become m1xe§ (hy and { (q+2) ). At the top of the mixed
layer, the warm, dry air resu1ts in d1scont1nu1t1es of h, g+%, and g*.



and total water content, g+2. Thus, they rarely rain. In this model,

the trade inversion is considered to be infinitesimally thin, resulting

in "jumps", or discontinuities of h, q+2, and radiative flux at cloud top.
In Chapter 2, we review the governing equations and in Chapter 3

the computational procedure. Results of model runs for mean July and

August conditions are presented in Chapter 4.



2.0 GOVERNING EQUATIONS

In this chapter we present a brief summary of the governing
equations of the model. A more complete discussion can be found in
Lilly (1968), Schubert (1976) and Schubert, Wakefield, Steiner and Cox
(1977).

The turbulent fluxes of moist static energy, h, and total water

mixing ratio, q+2, at the bottom of the mixed layer are given by

(WhT)g = CV(he* - hy), (2.1)
wi{gTe ) = CpV(ag* - (ate)y), (2.2)

where CT is the transfer coefficient, V is the surface wind speed, and
hM and (q+SL)M are the mixed layer moist static energy and total water
mixing ratio, respectively. hs* and qs* are the saturation values of h
and q at sea surface temperature, TS’ and pressure, Pg- Henceforth, the
subscript "S" will denote values at the surface, the subscript "B" will
denote values at layer top, and the subscript "M" will denote mixed
Tayer values. Thus, the turbulent fluxes at the bottom of the layer are
directly proportional to the surface wind speed and the difference
between the surface saturation and mixed layer values of h and q+g.

The mixed layer budgets of moist static energy and total water are

given by

oh dh

_M Mo 3 R

it T Ve 5z (Wh'), (2.3)
and

3(q+2)M 3(q+Z)M

= - 9
~ +V X o7 w (g™ ), (2.4)



where V is the component of wind in the downstream x-direction. Since
the layer is mixed with respect to h and gq+2, the turbulent fluxes of h
and g+2 must be Tinear functions of height. Therefore,

wh = (1 - -E) (WHT) + EE-(WT“T)B, (2.5)

wi(g+e') = (1 - %E) wi(g'+2” 5 w(g'+2"),, (2.6)

where zp represents mixed layer depth (i.e. cloud top height). Differen-
tiating (2.5) and (2.6) with respect to height and substituting into
(2.3) and (2.4) yields

sh 5h [Wh"). - Wh"),]
M M _ S B
5t ¢t Ve < Zg i (2.7)
a(q+e)y a(gre)y  [wi(q'+eT)g - wi(q'+27)p]
a-t + v ax = ZB . (2-8)

These equations indicate that the advective plus local time change of hM
and (q+2)M is directly proportional to the divergence of the turbulent
fluxes of these quantities.

Integrating the budget equations for h and g+% in the inversion
layer at cloud top and taking the 1limit as the depth of that layer goes

to zero yields

BZB 3ZB AFR
(W*’VF"WB) Ah""(Wh )B = T, (2.9)
(E— +V 'ax_ - wB) A(q+£) tw (q +.Q: )B = 0’ (2‘]0)

where Wp is the large-scale subsidence at the top of the layer, given by

-divergence - Zps Ah and A(g+e) are the "jumps" of h and g+¢ at



cloud top (that is, their values just above cloud top minus their mixed
layer values), and AFR is the jump of radiative flux at the top of the
layer. For the computation of AFR, we need to know the temperature just
below cloud top. The dry static energy just below cloud top is given by
the dry static energy at cloud base plus the change that occurs when

following a moist adiabat from cloud base to cloud top, i.e.
- 3s -
s(zB-) = S(ZC) + (az " (zB ZC) . (2.11)
Since it can be shown that

s (2.12)

x|o

where H is the scale height, RTS/g, and y and b are defined in (2.19),

and since S(ZC) is hy - L(q+2)M, we can rewrite (2.11) as

T(zB-) = %— [hM - L(q+1)M + T%;» %'(ZB'ZC) - ng]. (2.13)

p

The net mass flow into the mixed layer per unit horizontal area per unit

BZB

32
B . .
i Vo - wB), where p is the density. Such a

mass flux can be due to a local increase in mixed layer depth with time,

time is given by pf

a horizontal flow across the top of the mixed layer when it deepens in
the downstream direction, a large-scale subsidence, or a combination
of these three effects.

In order that (2.9) and (2.10) predict cloud top consistently, we

can combine them to give

AF

_____B_ -(Wlh') - wl(q'i'_'_g‘i'y

p B . B (2.14)
Ah Alg+e) )




Cloud base, Zcs is given by

ZC (Y'H) [qs* = (q+2)M] '%‘ [hs*r‘ hM]

= = 5 . (2.15)

Equation (2.15) indicates that cloud base will rise as the mixed layer
warms or dries.

A weighted average of Lilly's (1968) maximum and minimum entrain-
ment conditions discussed by Schubert (1976) is

Zg

k_ ale 1 ]_ T 1 =
2 f wisyTdz + 5 (1-k) (W'sy") s =0 0 <k<l, (2.16)
0

where k is the entrairment parameter and w'sv' is the virtual dry static
energy flux. k=1 corresponds to Lilly's maximum entrainment condition
and k=0 corresponds to his minimum entrainment condition.

Including the effects of both vapor and 1iquid water on buoyancy,

virtual dry static energy is defined

sy = s+tel (sq - 2). (2.17)

Letting L w'q" = —'~ w'h" when z. < z < z,, the turbulent virtual dry
v+1 C B

static energy flux can be expressed as

BWh' -eL wiqg+e) 20 <z <1zp
w'svi = (2.18)
wh' - (1 - es)L w'q" 0 <z« Ze.

The remaining variables in (2.15), (2.17), and (2.18) are given by

* %* ag*
b= 05 + gD, =P,
p T P
(2.19)
= 0.608 _%'s - 1+ ye(et)
§ = . ) e = T B T+ .



Carrying out the integration in (2.16) gives

zC2 Z¢ 2,

g+(1-8) — (w h')B + p+(1-8) EE‘(Z' EE) (w h')s
z

B

2
Z z Z
- e+(1-e(61)) L5 LTI e (I-e(e4))g A2 22 LA
z B
B

B(WR")g-cLw (q¥2 Ty | \

(

—
=i
=~

z L 2C\ o % ]
min [(1- ;%)(W)s%(w‘h')%—(I-ss)L.[(l- Q)(w q )S+-ZE CH T ‘5 = 0.

| /
(WhT)g - (1-e8) L(w'q")g
(2.20)

w‘sv' is linear in both the subcloud and cloud layers, with a positive

jump across cloud base. Therefore, (w'sv') must occur at cloud top,

min
just below cloud base, or at the surface; these possibilities are
indicated in (2.20).

Equations (2.1), (2.2), (2.7), (2.8), (2.9), (2.14), (2.15) and
(2.20) form a closed set of eight equations in the eight unknowns, Zps

Zps hys (q+2)M, (w'h')s, (w'h')B, (w'qﬁ)S and W'(q'+z'5B.
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3.0 PROCEDURE

3.1 Summary of the Governing Equations

The following is a 1list of the equations needed to compute the

model's outputs:

(WR)g = CIhg* - hy]

(Wq")g = CVlag* - (a+e)y]

1]

b
Ah = h0 + %E-ZB - hM
Mate) = gy * 23 zp - (a+e)y
T(zg-) -%;MM-M¢UM+ﬁ;%(%a&-g%]

MFp = oT'(zg-) - F4(zgt) + AFg

I
a3y (W'h')g by
3 Ay CHCIEZADX \ by

_TTTT m (w'hTV
oy oy L) - M)

ot X zB

slarsly elarly  WT@HTg - W]

V =
ot 3X zB

AFR
8zp 8zp = - (W),

——— —— —4 — p
3t * v oX D ZB * Ah

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)
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These equations are solved in the following order:

(1) Compute the surface fluxes from (3.1) and (3.2),

(2) Compute cloud base from (3.3).

(3) Compute the cloud top jumps in h and gq+& from (3.4) and (3.5).

(4) Using (3.6), compute the cloud top jump in net radiation flux from
(3.7).

(5) Solve the two by two system (3.8) and (3.9) for (WTFT)B and
THGKTM

(6) Predict hy s (q+z)M and zg from (3.10), (3.11) and (3.12).

o Ls Cpo

g, o, an entrainment parameter k, and a reference temperature and pressure

To perform these calculations, we need the constants R, ¢

from which to compute H, p, ¢, v, 8 and b. In addition to these, the
input parameters required for this procedure are wind speed V, sea
surface temperature TS, sea surface saturation mixing ratio and moist
static energy qs* and hc*, the temperature and moisture structure above
the mixed layer (i.e., ho, %2 » 9> %gﬁ, the downward longwave flux just
above cloud top, FL+(zB+), the cloud top jump in short wave flux, AFg,
and the large-scale divergence, D. The input parameters are discussed
in section 3.2, and the calculation of trajectories along which
solutions to the equations are computed is discussed in section 3.3.

Of steps 1-6 above, only step 5 is not straightforward. In order
to determine the correct coefficient matrix and inhomogeneous terms to
use in the system (3.8) and (3.9), it is necessary to find where
Wrsy "y

three possible places (at cloud top, just below cloud base, or at the

occurs. To do this, we assume (w'sv') . is at one of the

in min

surface) to obtain coefficients for the fluxes at cloud top from (2.20).
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Then solving (3.8) and (3.9) simultaneously, and using (2.5), (2.6), and
(2.18) to calculate WTEVT'at all three points, we can check our assump-
tion. Stepping through‘this procedure three times assuming the minimum
at a different point each time, we can determine where the minimum
occurs and whether it is unique. Equations (3.10), (3.11), and (3.12)

0 _ = 0, using the fourth

were solved for the steady state case, that is, T

order Runge-Kutta scheme.

3.2 Input Parameters

The sea surface temperature data were monthly averages tabulated by
Washington and Thiel (1970) on a 2.5° square grid mesh. For the wind
velocity field, we used data compiled by Wyrtki and Meyers (1975) on a
2° latitude by 10° longitude grid mesh, and interpolated it onto a 2.5°
grid mesh. qs* and hs* are calculated from the sea surface temperature
field and a surface pressure of 102 kPa, and the large-scale divergence
was calculated from the wind velocity. In order to compute H, p, v, €,
B, and b, we used the sea surface temperature as the reference temper-
ature. The constants used were R = 287 J/(kg°K), Cp = 1004.5 J/(kg°K),
L = 2.453 x 106 J/kg, C; = .0015, g = 9.8 m/secz, and o = 5.673 x 10'8
J/(mzsec°K4). A11 calculations were done for an entrainment parameter
of k = 0.2. Although this parameter actually may be a function of some
of the other input variables, Schubert (1976) has shown that varying it
between 0.1 and 0.3, wkich are probably reasonable bounds, makes Tittle
difference in the results.

The model requires h(zB(x)+) and q(zB(x)+) in order to compute Ah
and A(g+2). For this we used averaged 00Z July and August temperature

and moisture data supplied by R. Jenne for the stations Guayaquil (2.15°S,
79.88°W), Lima (12.02°S, 77.13°W), and Antofagasta (23.42°S, 70.47°W).
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The data had at least 5 kPa resolution and were one month averages for
the years 1958 for Guayaquil and 1967 for Lima and Antofagasta (Figure
3.1). To eliminate the low level inversion and marine layer apparent in
the soundings for Lima and Antofagasta, we extrapolated 1ines of T and q
to the surface. The reason for this is that we need T and q above our

computed mixed layer. From this modified data we obtained

h ='a—Z-Z+h0,

q = 2 z+4q,.

Using Tinear interpolation, we derived a Tatitudinal dependence for

ah
V4

. hys 33, and qy. Figure 3.2 shows the s, h, and h* profiles, both
actual and modified, for the three stations. The higher h values at
Guayaquil above the stable layers of the other two stations are accounted
for mainly by Guayaquil's greater moisture.

It is revealing to compare the temperature and moisture profiles
for Guayaquil, Lima, and Antofagasta. Since Guayaquil is near the
equator, it just borders the edge of the stratocumulus regime as shown
in Figure 1.1. Consequently, it doesn't come under the strong sub-
sidence of the descending Hadley cell as do Lima and Antofagasta, and
there is no strong inversion at Guayaquil as there is at the other two
stations. Also, the air is not as close to being saturated in the Tower
levels at Guayaquil. That these features show up in one month averages
at Lima and Antofagasta demonstrates the persistence of the strato-
cumulus clouds there during July and August.

As we expect, Guayaquil is warmer than the other two stations at

Tevels below their stable layers. In contrast, Lima and Antofagasta are
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relatively close in temperature and moisture although they are
approximately 10° latitude apart, as are Guayaquil and Lima. Note
also the strong drying out of the air above the mixed Tayers at Lima
and Antofagasta; such drying is absent at Guayaquil. For all three
stations, there are only slight differences in temperature and
moisture from July to August.

The model also requires

- _ 4, - +
AFR = AFL + AFS = ¢T (zB ) - FL+(zB ) + AFS. (3.13)

oT4(zB') is compu%ed using the temperature determined from (3.6). To

find FL+(ZB+), we used a longwave radiation model devised by Cox (1973)
and Cox et al. (1976). The input parameters for this model were the
modified T and q profiles for Guayaquil, Lima, and Antofagasta, as well
as a carbon dioxide mixing ratio value of 0.486 gm/kg and an ozone
mixing ratio value of 0.0 u gm/kg, which were prescribed for lack of

other information. The FL+ profiles for the three stations are shown in

BFL¢

9z
station, and used linear interpolation to determine Tatitudinal
oF ¢

L
dependence for ——— and (FL+)0.

Figure 3.3. As for h and g, we found F ¢ = z + (FL+)O for each

We chose to neglect any latitudinal or z dependence of AFS
because the variations of that term are so small compared to the
others. Instead, we used another of Cox's models which gave us the
daily integrated shortwave radiation throughout the atmosphere for
the days July 15 and August 15. The input parameters were the same
as those for the longwave case. We assumed 7% absorption by the

cloud {Neiburger, 1949) at an estimated cloud top height of 80 kPa for
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Guayaquil and 86 kPa for Lima and Antofagasta and averaged the result
for the three stations. Thus, we found the daily averaged shortwave
absorption at cloud top to be 17.8 watts/m2 in July and 19.8 watts/m2 in

August.

3.3 Trajectory Calculation

Given an initial latitude and longitude, a downstream distance
increment, and a wind field, it is possible to compute a trajectory and
determine the time elapsed between points traveled along it. Figure 3.4
illustrates this procedure. Suppose from an initial latitude and longi-
tude (¢1, Ai) we move an increment d in direction o, which is the
direction towards which the wind is blowing, to a new latitude and
1ongitude‘(¢i+], ki+l)‘ The three great circles connecting the pairs of
points (¢i’ Ai) and (¢1+1, Ai+1)’ the north pole and (¢i’ Ai), and the

north pole and (¢i+1’ K1+1) form the sides of a spherical triangle given

by g-, %—— ¢55 and %-- 547> respectively, where a is the radius of the
earth. The cosine law for sides states that the cosine of a side of a
spherical triangle is equal to the product of the cosines of the other
two sides plus the product of the sines of those two sides multiplied by
the cosine of their included angle. Applying the cosine law to side

u

5 - ¢i+1 we obtain

sin ¢. sin ¢, cos(g) + cos ¢ sin(go coS a. (3.14)

i+l

Applying the cosine law to side g-we obtain

d _ . .
cos & = sin gusing g ¥ €0545€084544c0s(55 - 354)5 (3.15)
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Figure 3.4 Method used for the trajectory computation. (See
explanation in text.)
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which can be written

d . .
cos(=) - sin¢.sing.
cos(h; - Ajyy) = —2 LA LR (3.16)

C0S¢;C0S¢: 4
The time elapsed in traveling distance d is

4
-t. = Tl (3.17)

where Vi is the wind speed at (¢i’ Ai). Thus, using (3.14), (3.16), and
(3.17), we can compute the Tatitude and longitude of successive down-
stream points and the time increment between each point.

In the manner described, we can see how air is modified as it moves

equatorward over the two dimensional fields of TS’ V, and D described in

3
ax?

section 3.2. Since we examine only steady state solutions, %E'= v
where the positive x-direction is the direction downstream along a
trajectory in a natural coordinate system. Therefore, "time" and
"downstream distance" are interchangeable in our terminology, and we
have chosen to specify the distance, moving 6 km downstream at each step
and computing the time increment from (3.17).

To insure against the possibility of our having chosen poor initial
conditions for Zp> hM, or (q+£)M, we allow the model to reach a horizon-
tally homogeneous steady state before doing any calculations along
trajectories. Therefore, we run the model "in place" for 1501 time
steps, which is many days of simulated time. Mathematically, that is
simply letting V %§-= 0 and %f'= %f # 0.

Between 40 and 50 trajectories were calculated for each of the four

cases discussed. Values along the trajectories were interpolated onto

0.5° square grids so that they could be contoured. A1l trajectories



21

were begun on the eastern or southern edge of the field bounded by 75°W
and 100°W and by 2.5°S and 27.5°S, using an initial divergence of

4.5 x 10'6 sec'1. This initial divergence affects the steady state
values the model reaches. It was chosen because it yielded fairly
reasonable results, considering the absence of data with which to
compare them, whereas allowing the model to stabilize using the small
computed divergence for those regions resulted in cloud tops that were
far too high. We must emphasize, therefore, that the contour fields
presented in Chapter 4, particularly the cloud height and depth fields,
express relative rather than absolute values. Experiments were done
changing the initial divergence to show that the same relationship
exists between the contours though their numerical values may differ.
In section 4.4, we discuss the July case using an initial divergence of

3.0 x 10'6 sec'].
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4.0 RESULTS

4.1 Results of the July Case

The movement along the trajectories over the input fields of TS’ v,
and D are shown in Figure 4.1. The South American coast is in the upper
right hand corner. Because of the northerly component of the wind, no
trajectory could be started at 27.5°S west of 95°W. Thus, there is no
data in the southwestern corner of the field. That area is denoted by
a dashed 1line along the westernmost trajectory.

The zg field (Figure 4.2a) clearly depends upon the divergence more
than any of the other input variables. The convergence and high cloud
tops just off the coast are indications of the ITCZ rather than strato-

cumulus. The low of 1000 m in the z, field centered at 77.5°W, 15°S is

B
shifted just north of a region of high divergence, while the rapid

increase of Zp towards the west in the lower half of the field corre-
sponds to a region of Tow divergence. Zps however, is also linked to
the p(w'h')B, AFp, and ah fields (Figures 4.5b, 4.10a and 4.10b), and a

comparison with those yields interesting and unexpected results. From
oy
3X

feedback of zp into Ah is such that Ah becomes high off the coast and

(3.12), we see that V is inversely proportional to ah, yet the

towards the southeast in the same regions where Zp becomes high, and ah

is Tow where g is Tow. Evidently the divergence field and the

AF
(w'h‘)B and —EB- fields are of sufficient magnitude to counteract this.

Another interesting feature is that Ah becomes negative in the middle of

the field. Along the zero lines of ah, Zp mathematically becomes

AF
infinitely large unless —EB---(w‘h')B also vanishes. We find that
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Figure 4.1a July input variable of sea surface tempera-
ture. Heavy lines indicate trajectories.
The trajectory beginning at 76.5°W, 27.5°S
is marked every 300 km with the time in
hours from initialization.
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Figure 4.1b July input variable of surface wind speed.
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25

D, 10°sec”’
t I/J [ 1 1 1 \l-:3)| 1
- .0 gb\-f ~5S
PR |
- 3 A\ _ -IOS
|
MA
I~ | ‘ -
- SOoS—X s
2 O S
1 3 4 NN O\
|
' Q 208
l \* \
S —2 '
| I ! ) 255
Sra —
~4‘*! ‘ 14 T T T T |
OOW 95W  90W  85W  EOW 75W

Figure 4.1c July input variable of large-scale
divergence. Heavy lines indicate
trajectories.



26

the model can handle the transition from Ah positive to negative, and
the Zp field remains smooth. A negative Ah at cloud top is character-
istic of the trade cumulus regime. Zp continues to inczgase in the
portion of the field where Ah is negative. Therefore, —EB--(GFFT)B
must become negative. If it did not, a negative mass flux at cloud top
would be implied, as would be a negative WTTaTiiTTE from (3.9). Those
situations are physically impossible, and a comparison of Figures 4.10b
and 4.17a shows the model does produce an exact correspondence between

the negative regions of aAh and the negative regions of AFR-p(w'h')B.

AFR itself decreases northward as FL¢(zB+) increases. The actual mass

dz
flux into the layer, given by p(aEE- - wB), is shown in Figure 4.11b.

That field increases to the west.

Zc will sink as the mixed layer cools or moistens. Figure 4.2b
shows Ze decreases to the north. Since TS increases to the northwest,
the decrease of Ze is primarily caused by the rising equatorward values
of (q+£)M (Figure 4.3b). Ze decreases most rapidly in the bottom half
of the field where the gradient of (q+z)M is also slightly stronger.

The depth of the cloud layer, Zp-Z¢s (Figure 4.2c) follows very
closely the contours of g and thus is equally dependent upon the
divergence. The minimum cloud depth to the east is nearly coincident

with the minimum Zps and z increases most rapidly towards the west

B~%C
in the Tower half of the field as does Zp- Lilly has estimated that a
cloud 125 m to 150 m thick can be considered a blackbody. Since Zp-2¢
is nearly always thicker than that, our estimation of blackbody radia-
tion has been valid (allowing that that assumption has not "forced" the

condition).



27

N\

2400

2000

LIMA

- 1600 400 1200 1000 -15S
%20

- 2259 Ao -208
— 2400) 2000
/:/—\_/

_—

I00W

T
95w

) ] ] ] ]
90w 85W 80w 5w

Figure 4.2a July cloud top.



L]
I00W 95w 90w

Figure 4.2b July cloud base.



29

L

LIMA

1

1000

x 600 4oo '53
1400 -20S
IOOO

\“‘*-—2oo

\

'Y

{olo})

95W QOW 85W 80W W

Figure 4.2c July depth of the cloud layer.



T(Z -),°C

: | X|37
12

\_—-\/\_Iss

- 10S

_\ 8
b—__ 2 7
-\3 6 l-205
/\—N—/4
1] ) D\
~
N
- \S\w’///’ﬂ_///,,,/’ 255
\
l\> ¥ L} ] ) ) |} L
IoOwW 95W SOwW 85w 8oOwW /W

Figure 4.2d July cloud top temperature.



31

The increases of hM (Figure 4.3a) and (q+2,)M towards the equator
can be compared to TS. hM has a northwestward gradient while (q+2)M has
an almost northward gradient. Thus, hy in particular reflects the
warmer water towards the northwest. In the model equations, hM and.
(q+2)M are independent variables which differ by a third variable,
(s-LJL)M = hM - L(q+z)M, where s represents the dry static energy
(=cpT + gz). Since any two of these variables is sufficient to uniquely
determine the third, a plot of (s - LJL)M was not included. That field,
however, was found to increase very slowly towards the northwest,
indicating that hM increases slightly faster than L(q+z)M, or that there
is a slight increase of temperature in the mixed layer towards the
northwest. That increase is not strong enough to insure an increase in
ze.

Our temperature data do not have enough resolution to show the
mesoscale features of cold water upwelling along the coast, but as we
have seen, the equatorward movement along the trajectories takes the air
over increasingly warmer water. This advection over warmer water can be
seen in the sequence of vertical profiles of ow'h' and Low'(q'+&')
(Figures 4.4 and 4.5). These profiles were plotted every 300 km along
the trajectory beginning at 76.5°W, 27.5°S as indicated by the small
circles in Figure 4.1c, and labelled with the time in hours from initial-
ization. At the initial time are the horizontally homogeneous steady
state profiles with p(WTET)S = p(WTFT)B and LpEFTEF3§77§ = LpWTTﬁT¥ITTB.
The turbulent fluxes jump to zero at ZB+' As the air moves equatorward,
the fluxes at the surface exceed the fluxes at the top of the layer,
resulting in a convergence of h and (q+%&) in the mixed layer. That
convergence is directly responsible for the equatorward increase in hM

and (q+2)M.
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The .(w‘h')S and Low'(q"+2" fields (Figures . .a and 4.7a) are
extremely similar; the only diff ace is that pr'Zq'+2‘§s is slightly

higher ir most places. Since, L. :finition, wh' = cp wT' + Lw'q',

and since Lw'&" is zero at the surface, a small negative sensible heat
flux is implied throughout most of the field. Figure 4.12, which shows
T

-T , supports that conclusion (T =

S air at surface air at surface

(hM - L(q+2)M)/cp). Both p(WTET)S and LpRFY?F?§775 are very well
correlated with the V field.

Vertical profiles of pWTEJT are shown at the same points as those
of pw'h' and Low' (q'+%") (Figure 4.8). At the initial time the profile
of pWTEVT is the horizontally homogeneous steady state profile with
p(WTEJT)S < 0. Downstream, p(WTEVT)s becomes positive and the slopes of
pi??ﬂfr both in the cloud and subcloud layers become negative due to the
same convergence of h and q+2 evident in the pw'h' and Low' (q'+2')
profiles. Since the area under piFEQT'near the surface is almost always

positive, the positive water vapor flux is enough to compensate for the

negative heat flux.

The two dimensional fields of p(w'sv')s, p(Wisy™), _> o(W'sy"), +,

C
and p(w'sv')B are shown in Figure 4.9, where (w'sv')ZC+ =
z; 20 ze Ze
BL(1- 52) (WhT)g + = (WThT)p] - eL[(1- =) W{g ¥ ) + = w (g +eT )]
B B B B

Except for the initialization at the southern and eastern edges of the
field, p(w'sv')S remains mostly positive. p(w'sv')z _ varies most

C
slowly of the four fields, decreasing towards the west and always
remaining negative as required by (2.16). We have found (W'§V-) ;
min
always to occur at z.-. p(w'sv')B has a strong decreasing gradient in the

northern part of the field while p(w'sv')z 4 varies rapidly and increases
C
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towards the west. Similar gradients appear in the pw'h' and
-~ Low'(q'+%") fields of which pWTEVT is a linear combination.

Since the scale height, H, and density, p, are functions solely of
TS’ they were not plotted. The ¢ field is not shown either because it
is so flat. e and H increase with increasing TS and p decreases.
Typical values for H, p and ¢ letting TS = 20°C, are 8585 m, 1.212
kg/m3, and 0.120, respectively. The B8, vy, and b fields are shown in
Figure 4.13. A1l three fields have isolines paralleling those of TS'
g decreases slightly to the northwest, while both y and b increase by
more than 50%. b is particularly important in the computation of Zcs
the increase of b towards the north corresponds to the decrease of ze.

Most of the model results agree well with reasoning from an
intuitive standpoint. The increases of hy and (q+z)M towards the
equator, for example, are what we expect from the warmer sea surface
temperature there. In terms of cloud top, base, and depth fields, the
model has produced Tow level, fairly shallow clouds with both cloud
depth and height increasing away from the coast. Ideally, the cloud top
temperature field (Figure 4.2d) should be compared to monthly averaged
satellite data, but unfortunately such data were not readily available.
It is easy to make direct comparisons between some of the fields (such
as zp or the surface fluxes) and the input fields, but with others (such
as the fluxes at the top of the layer) it is more difficult to pinpoint
the cause of any particular feature. In one sense, those fields are the
most interesting since they are difficult to predict from a physical

standpoint. Assuming the model is reasonable based upon results that do
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seem feasible, we can gain information about those fields whose
structure may not otherwise be as obvious. In any case, none of the
fields (with the exception of the H, p, ¢, v, B and b fields) are
perfectly correlated with any of the input fields; rather, they all show
the influence of complicated interactions with other model variables as
well. It is regrettable that there is no data from this part of the
globe with which to compare the model results.

There are some reservations to be kept in mind when interpreting
the results. Some of the fields (such as the flux fields) reflect to a
degree the starting place of the trajectories at the southern and
eastern edges. One implicit assumption of the model is that all the air
in the northwestern regions, that is, downstream along the trajectories,
has been modified in the same manner as the air upstream along the
trajectories. There is, however, a discontinuity arising because some
of the trajectories were begun on the eastern edge and some on the
southern edge. This discontinuity has been smoothed by the interpolation.

In section 4.2, we discuss the results of the August case, in
section 4.3 we investigate the July case with no solar absorption, and

in section 4.4 we discuss the July case with a Tower initial divergence.

4.2 Results of the August Case

The movement along the trajectories over the input fields of TS’ v,
and D for August is shown in Figure 4.14. The other variables that are
different for August than for July are the temperature and moisture
structure above the mixed layer, the downward longwave radiative flux
above the mixed layer, and the shortwave absorption. A1l these are

similar to July's. Since it is reasonable to assume the same physical
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processes at work in August, our purpose in presenting the August case
is primarily to compare it to the July case.

The strong western gradient sd pronounced in the July Zp field is
nearly absent in August (Figure 4.15a). This difference can be traced
to the divergence field which is about 1 x 10'6 sec'] higher in this
region than that of July's. In relative terms, that is almost a 100%
increase. Overall, the August zp field is lower.

z; (Figure 4.15b) is 100 m - 200 m lower in August. Since TS is
about the same for both months, the difference is most Tikely the result
of the (q+2)M field (Figure 4.16b) which is about .5 gm/kg - 1 gm/kg
higher in August. hM in August is higher as well (Figure 4.16b), but a
comparison of the (s - LJL)M fields reveals the August subcloud Tlayer is
somewhat cooler throughout most of the region, also contributing to the
Tower z.

Though both z, and z; decrease in August, zp-2¢ is shallower down-
stream (Figure 4.15c). As in the July case, the contours of the August
zp-z field resemble those of the zg field.

Because V is comparable in both months, the higher hM and (q+2)M in
August are accompanied by smaller p(WTFT)S and LpWTTETiiT)S fields while
p(WTﬁT)B and prTTET?_ET7é are both lower and flatter (Figures 4.17 and
4.18). The linear combination of these fields given by the pGFEVT
fields is shown in Figure 4.19. p(i??ﬂfr)B in August does not have as
marked a western gradient near the middle of the field as does July,
because those gradients in the p(WTFT)B and Lpiﬁ?ﬁTiiTTB fields are
weaker.

Although the input variables for August are much the same as for

July, there are still noticeable differences in their output fields.
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Figure 4.15a August cloud top.



62

802’;/—§
950
10 B
' . hn | os

L ] L ] L] L L] LD L]
100w o9SwW o0 W 85w 8OwW ™ww

5Q0 B
550 L 10S
600

LIMA
650 B
762r\\-‘\\\\\--\______\\-|5S
750

~J

Figure 4.15b August cloud base.



Z

Z

63

|

_y

e

\lzo

00 1000 800 60Q 400

- 10S
UMA_
- 155
o0

. 20S
;;QE;‘ - 258
¢——’200
|} 1 ) N | § 1 | )
IOOW 95w 90w 85W 8OW 75W

Figure 4.15c August depth of the cloud layer.



64

~ 10S

- 158

-
306\
] L] L4 ¥ L] ) ]
100w oSwW o0wW 85W 8OW

Figure 4.16a August mixed layer moist
static energy.



65

1 1 1 1 1 1 ] 1
-_\_/B’"'/ -5
..——-—-—’________12 -

- | | = IOS
— ,
_ LIMA_
[ 10

~ - 158
-/ 9 /‘\-
""" -208S
-/ 7-\—//\-

5 —6
= - - 25S

~
\R
=T ¥ T n T T | T T
100w 95w S0W 85w 80W 5W

Figure 4.16b August mixed layer total
water mixing ratio.



66

plw! h')S _watts/m?2

- 10S
LIMA
-

- 15S

= 4

] )
IO0OW o9SwW 90w 85w

s8OowW oW

Figure 4.17a August turbulent flux of moist
static energy at the surface.



67

p (w! h')B , watts/m?

IO0OW oOSwW

85w 8ow 5w

o0ow

Figure 4.17b August turbulent flux of moist
static energy at the top of the
Tayer.



68

Lp w'(q'+{2')s,wm1s/m2

~5S
- 10S
- 15S
-20S
s
4+ ==\ e0 - 258
RN \
~
1 ' ] ‘17 L LJ | J ]
IoOW  95W 90W 85W 8owW 75W

Figure 4.13a August turbulent flux of total
water at the surface.



69

Lp w'ia +£),

 watts/m?

\ »

140 120 100

%

80 60
\/-zos

LIMA

60, -258
\\%
I L) s ‘l ] LS ] 1] §
[oJod") 95w S0owW 85W gow 5W

Figure 4.18b August turbulent flux of total
water at the top of the layer.



p(w s:\,')S,wcﬂ'rs/m2

[ [ | 1 / [ | [ [ ] 1 1
X -58
_
4 —5 2.5 .
7.5
'\
- | ~10S
] LIMA_
5 2.5
- - 15S
- -20S
ﬂs\f' 255
~“f:7~2.5 ___,//
~ . /'————/_-o
| ] ] | | | ] L] | | )
iIOOwW 95w 90W 85W 8ow 75W

Figure 4.19a August turbulent flux of virtual
dry static energy at the surface.



71

p(w s,/ L - ,watts/m?
C 1 ] |} 1
\\\\____o._a//r 4)
- ~5S
- =
- = 10S
- LHWA_
_ /T 158
-2.5
- -20S
/
- = — (‘\\\_-2.5 -258
~ ~ .
LS 1 ] 1 | 4 13 N ] 11
[o]oR" 95w 90w 85W - 80OW 75W

Figure 4.19b August turbulent flux of virtual
dry static energy just below
cloud base.



P (w! s,/ )z + »watts/m?

1 d 1 1 Cl ] 1 | - |

s~

= IS 20 225 L. 258
~\
¥ ¥ U = ‘> > L L) | /'25\
ioow oSW o0w 85W 8ow 5W

Figure 4.19c August turbulent flux of virtual
dry static energy just above cloud
base.



73

plw'sy)g, watts/m?

R

¥ 1) 1 H 1
I0O0OW o9SW 90w 85wW - 8OW ™SsW

Figure 4.19d August turbulent flux of virtual
dry static energy at layer top.



VAN FR . watts /m?

10(1:1. 9?1.

-~

/

1 | 8 1 i 1
IOJ 20

0

\
~
~ 1

-

- 10S

- 158

-20S

—-25S

ioow

L

oOSwW

Figure 4.20 August jump of total radiative flux

] L 1

o0ow 85w

at cloud top.

8Oow

L

W



75

Thus, the model is sensitive to the complex intesractions between slight

changes in these parameters.

4.3 Results of the July Case with No Solar Absorption

The input fields for the case of July with no solar absorption are,
of course, the same as those for July with solar absorption. Also, H,
ps €5 Ys B, and b are the same since they simply depend upon TS' This
case is easier than the August case to discuss because only one input
parameter has been changed; therefore, any difference between these
fields and the fields for July with solar absorption are due only to the
absence of absorption. Clearly, all the fields in the no absorption
case react the same way to TS’ V, and D as in the absorption case.

Thus, the shape of the contours is very much the same, and the differ-
ences are primarily those of magnitude. Which fields differ the most,
that is, in which fields does solar absorption play a greater role, is
one question we shall explore in this section. The AFR field for the no
absorption case is presented for reference (Figure 4.25a).

The primary field in which we expect to see a difference, and an
increase, is the zg field (Figure 4.21a). zg is indeed 200 m - 400 m
higher in the absence of solar absorption, with a Tow of 1200 m rather
than 1000 m, and a high of over 3800 m. 3800 m is higher than the tops
of typical stratocumulus, so perhaps another type of cloud regime
dominates this region. The same may be said for the regions of very
high cloud top (above 2600 m) in the case with solar absorption.

Because g is higher, the entrainment in the no absorption case (Figure
4,22) is also greater.
The Ze field too, rises in the absence of solar absorption (Figure

4.21b). In the no absorption case, (q+2)M is lower, accounting for the
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higher Ze. In turn, the drier mixed layer may be due to greater
entrainment of dry air at cloud top. Since Zg=2Z¢ (Figure 4.21c) is
deeper in the no absorption case, we can conclude that the greater
radiative cooling at cloud top is more effective in raising zg than-zC.
Though hM as well as (q+2)M is Tower without solar absorption, one
surprising model result is that (s-Lz)M is slightly higher. Because of
greater cloud top radiative cooling, we initially expect the mixed layer
to be cooler; however, the temperature is modified by the depth of the
Tayer as well as other variables, and these lead to a slightly warmer
subcloud Tayer. Correspondingly, there is a larger negative surface
T

heat flux, given by T . in the no absorption case

sea air at surfac

(Figure 4.26).

The higher p(WTFT)S and LpWTTﬁT?E77§ fields correspond to the
smaller hy, and (q+2)y, while their fluxes at zz are similar though
somewhat higher downstream in the no absorption case (Figures 4.23 and
4.24). The pw's, " fields are much alike in both cases, with a higher
jump across cloud base in the absence of solar absorption.

Finally, the higher Zp and Tower hM give rise to a significantly
different ah field (Figure 4.25b), with aAh more than 2 kj/kg higher in
many places. The zero Tine of Ah also begins farther to the west.

We can speculate that if we were to increase the solar absorption
at cloud top to a maximum "high noon" value, we would see the same
trends as in our no absorption and daily averaged absorption situations.
That is, the cloud layer would sink and become shallower as the mixed

layer would moisten.
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4.4 Results of the July Case with a Different Initial Divergence

An additional experiment was performed initializing the July model

with a divergence of 3.0 x 1070 sec™!

, which 1is closer to the average
value of the divergence field. The fields principally affected by the
lower divergence were the Zg and z2p-2¢ fields (Figures 4.27a and 4.27c),
which were raised 200 m - 400 m. zZe is also slightly higher with the
Tower initial divergence (Figure 4.27b), and the ah field (Figure 4.28)
which requireSeh(zB(x)+) rose as a result of the higher cloud tops. The
remaining fields showed only slight increases or decreases, giving

credence to their values as computed from the input parameters, rather

than as functions of the initialization.
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5.0 CONCLUSIONS

We have modeled the cloud-topped mixed layer as it moves towards
the equator in the eastern South Pacific. The warmer equatorward sea
surface temperatures cause increases in hy and (q+z)M, while cloud top
height and depth are most strongly dependent upon divergence. In
addition, we have gained information about the heat and moisture fluxes
which are not as easy to determine observationally.

The August mixed layer was found to be Tower and moister than that
of July, as a result of only slight differences in the input parameters.
In the July case with no solar absorption, that is, greater radiative
cooling at cloud top, we found higher cloud tops and a thicker cloud
layer.

Though the contour fields are relative, it is of some interest to
examine their absolute numerical values. The cloud top and depth fields
are somewhat higher than expected in view of data about stratocumulus in
other regions of the globe, where average values of cloud top are
500 m - 2600 m and cloud depth from 200 m - 1000 m. Since cloud base
itself is relatively high, mainly as a result of the temperature and
moisture of the mixed layer, we might infer that the stratocumulus off
the South American coast are, on the average, somewhat higher and deeper
than stratocumulus observed in the northern hemisphere (Wakefield and
Schubert, 1976; Neiburger, et al., 1961). Such a phenomenon may be
related to the warmer sea surface temperatures off the South American
coast. Though July and August are winter months in the southern hemi-
sphere, the sea surface temperatures associated with the stratocumulus

regime are several degrees higher than those associated with California
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stratocumulus prevalent in the northern hemisphere summer. These warmer
temperatures exist because the South American stratocumulus occur so
much closer to the equator, a result of the northward shifted Hadley
cell. It is likely that had our sea surface temperature data shown
upwelling, the cloud top heights (near the coast, at least) would have
been somewhat Tower. It would be interesting to see if our hypothesized
higher South American stratocumulus is verified by data.

The handling of the radiation also has an effect upon the model.
Figure 3.3 was derived for clear conditions. It is also possible to
impose an upper level cirrus on the soundings for the three stations;
this increases the downward longwave radiative flux and thus decrease§
the radiative cooling through the atmosphere below and at stratocumulus
top, suppressing mixed layer growth. However, another effect of the
cirrus is the decrease of the large-scale subsidence (Albrecht and Cox,
1975). This 1is because in the dry, nonturbulent air above the mixed
layer, the subsidence warming balances the radiational cooling. With a
decrease in subsidence, the mixed layer will grow faster. Thus, two
opposing effects are at work when the radiation profiles are charged as
a result of upper level cirrus. There is no feedback in our model
between the radiative cooling and the surface divergence. However,
since the divergence is obtained from an average of many days, with and
without cirrus, this effect is implicitly included.

Another assumption that has bearing on our results is that all the
solar absorption and longwave radiative cooling occurs in an infinites-
imally thin layer at cloud top. If the solar absorption were spread
throughout the cloud, AFR would become larger, resulting in faster cloud

top growth. If the longwave cooling were spread throughout the cloud,
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AFp would decrease, resulting in slower cloud top growth. Since the
longwave term is of greater magnitude than the shortwave term, the net
effect of confining all radiative processes to the very top of the cloud
probably leads to an overestimation of AFR and hence, cloud top growth.
The assumption, however, is probably not a bad one. It has been
theoretically determined that a large portion of both the solar absorp-
tion and longwave cooling occurs in about the upper 50 m of the cloud,
and drops off (quite rapidly in the case of longwave cooling) with cloud
depth. If we were to change the radiation assumption, we would have to
change other model equations as well for consistency, and cause needless
complication.

This model could further be pursued by imposing a diurnal
oscillation upon it. If there were data with which to make comparisons,
we might have a better idea of how to initialize the model to yield
better absolute numerical results. Also, it might be possible to

couple our boundary layer model to an oceanic boundary layer model.
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