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ABSTRACT

The ocean and atmosphere are driven by the Muxes of momentum, heat, and
waler mass. The importance of the Muxes of momentum and heat is well recog-
nized by both meteorologists and occanographers. The hydrological cycle is,
however, anly given considerable altention in atmospheric models since the latent
heat release is an important source of the almospheric general circulation. The
hydrological cycle is given less attention in ocean models although it is realized
that evaporation and precipitation arc contributors to the surface buoyancy MMux
which determines the depth ol mixing and drives the thermohaline circulation.

The cloud and the occan mixed layer are highly coupled by bolh the heat and
moisture fluxes across the air-ocean interface. Two time scales are found in this
paper: a sea surface temperature (SST) time scale, 74, that is virtually controlled
by the oceanic planetary boundary layer (OPBL), and a cloud-SST coupling time
scale, 7, p . These two time scales depend on the stability of the marine atmo-
spheric boundary layer (MABL).

An air-ocean model is developed in this paper lor the coupled system ol an
unstable atmosphere overlying a stable ocean. The model results demonstrate
that the exchanges of heal and water lluxes across the sca surface leads to both
growing and decaying modes of oscillation on 3-6 day and 20-30 day time scales.
These oscillatory solutions are entirely thermodynamic and do not require wave
dynamics for their cxistence.

1. Introduction

Since 1970 significant progress has heen made both in our ability to carry out
air-sca interaction field work and in our understanding of many of the processes
found on both sides of the air-sea inlerface. Many studics, both observational and
theoretical, have shown thatl the surface wind and the SST are two important el-
ements in the air-sea coupled system (Chu, 1989). Since clouds have significant
elfects on the large-scale atmospheric circulation through the transfer of heat and
maoisture, and on the OPBL through the attenuation ol the solar radiation at the
occan surface, there may be strong leedback between the clouds and the OPBL.
Fig.l shows the main physical processes (heat, mass, and momentum [luxes) at
the two adjacent boundary layers: the OPBL and the marine atmospheric
houndary layer (MABL). Fip.2 illustrates the feedback pathways between the
clouds and the ocean mixed layer.
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Fig.| Main physical processes al the two adjacent boundary layers.

-

Large-Scale
Muoisiure Covergence

Pr

Met Radiation
al the Ocean
Surface

Surface |leat I‘Surl‘act Buoyancy|,_ | Surface Salinily
Flux Flux Flux

L
[Ocean Mixed Layer [

Ocean Surface 4@3

Evaporation

IFig.2 Feedback paths between OPBL and clouds.

The feedback mechanism between clouds and ocean mixed layer in the buoy-
ant forcing regime (upward buoyancy lux at the occan surface) was illustrated
by Chu and Garwood (1989). However, the TOGA (Tropical Ocean Global Al-
mosphere Program) observations have shown the warm pool regions of the west-
ern Pacific Lo be in the buoyant damping regime (downward buoyancy flux) for
the OPBL duc to fresh water influx caused by an excess of precipitation over
cvaporation. The OPBL is usually stable, and the MABL is generally unstable.
Therefore, the feedback mechanism in this coupled system (unstable MABL -
stable OPBL) should have different form from the buoyant forcing case.

Although our coupled model is one-dimensional, we arc aware of the impor-
tance of the horizontal advection and the limilation of one-dimensional models.
However, the intent of this work is to develop a lormalism o examine
thermodynamic feedback between the two fluids. Beeause we wish to concentrale
on the thermodynamic interaction, harizontal adveetion is ignored initially.



2. Similarity Functions in the MABL

According to the similarily theory it is assumed that il a variable (wind, tem-
perature, or moisture, elc.) is appropriately scaled, then its profile follows a uni-
versal function whose form, in gencral, is delermined cmpirically. For the
barotropic atmosphere the appropriate scales for wind and height are

o {1

U=U, hy=—2

s i

where U, is the geostrophic wind speed, which is assumed here to be 10m/s | u,

is the atmospheric [riction velocity. The geostrophic drag coefTicient C, is defined
by Yamada (1976) as

(1)

ye h 2 2,-1)2
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where x is the von Karman constant, 0.4. The roughness parameter, z, is ap-
proximately 1.5x 10 %n. The ratio h/z, is 0.6 x 107 for an MABL height,
h, = lkm. The heat and moisture transfer cocfficients arc determined by

w0 Iy e v lo
w0 —0(z)] el — 4(z0)]

where w, 01, g arc the vertical velocity, potential temperature, and specific humid-
ity, respeclively. The superscript © *  mcans the disturbance, and “ » ” indicates
the valucs being taken at the top of the MABL. The heat transfer coclTicient is
further computed by Yamada (1976) as

Cp==pe=[In(-) - €T @)

Cy=- ()

where Pry is the turbulent Prandl number for neutral stability, having a value of
(.74 according to Businger et al. (1971). Based on the Wangara data, the simi-
larity Tunctions A4, B, C arc experimentally determined by Yamada (1976) for the
stable atmosphere:

A= 1855 —038h,/L, (0<h,/L,<35),
A=-294(h L, — 1994)* (35<n]L);
B=302+03n)L, (0<h]L,<?35),
B =2.85(hJL, - 1247)'* (35<hJL):
C =3.665—0.829,/L, (0<h,]L,<IR),
"= —4.23(h /L, - 11.21)'* (18 <h L) (5a)
and for the unstable atmosphere (h,/L, < 0)

A = 10.0 — 8.145(1 ~ 0.008376h,/L,)~"?,

B =3.02(1 — 3.29,/L,)""P,




C = 12.0 — 8.335(1 — 0.031064,/L,) " (5h)

where £, is the atmospheric Obukhov length scale. The computation for the
moisture transfer coefMicient is not very clear yet. In this paper we assume Lhal
Cr=Cy (6)
Substitution of (5 a,b) into (2) and (4) lcads Lo the apparently strong dependence
of C,, Cy, Cp on the atmospheric stability parameter h,/L,, as shown in Fig.3.

Thesc paramelers have much larger values for the unstable than for the stable
atmosphere, i.e.,

Cy~0.0316, Cp Cp~0063 (h,/L,<0)
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Fig.3 Dependence of G, C,. C; on the atmospheric stability
parameter (h,/L,).

3. Time Rate of Change of the Cloud Cover

The time rate of change of cloud cover is assumed to be proportional to the
moisture supply divided by the amounl of water vapor necessary to produce the
model cloud. The main processes causing the cloud dissolution are precipitation
and mixing with the environmental air. The cloud evaporation duc (o mixing with
ambient air is a complicated problem, and is neglected for the sake ol simplicity
here. Thus the equation for cloud cover is

on _ (Mg+ E=P)
a h,

(%)

where &, is the total amount of water vapor needed Lo create the cloud over a unil
arca. From mean distributions ol lemperature and mixing ratio in the environ-
mental air outside the cloud and inside a deep cumulus cloud (Kuo, 1965), we
estimate that i, ~ 5 em. The large-scale horizonlal moisture convergence in the
column ol atmosphere per unit arca is denoted M,
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4. Relationship between Precipitation Rate and Cloud Cover

By lincar regression of hourly rain amounts and satellite IR brightness data
obtained during Phases I, 11, and 11l of GATE, Albright ct al. (1985) presented
a lincar rclationship between average precipitation rate P, in boxes 1.5° (168 km)
on a side and cloud cover n of the boxes by clouds with tops colder than —36° C:

P(ms™")=(0.472 + 8.333a) x 107’ (9)

This result conlirms Arkin’s (1979) carlicr analysis for the GATE B-scale array.

5. Ocean Mixed Layer

Much of the one-dimensional theory for the OPBL or mixed layer is depend-
ent upon the validity of two crucial hypotheses. The [irst of these is that vertical
mixing within the turbulent houndary layer and entraiment mixing at its basec
occur in response to the local atmospheric forcing - the surface wind stress and
the buoyancy fux at the sea surface. The second hypothesis is that the mechan-
ical energy budget is the key to the understanding and prediction of mixed layer
dynamics (Garwood, 1977, 1979).

The buoyancy flux is attributable to heat Mux, evaporation, and precipitation,
The shear production of turbulence is attributable to surface wind stress. In the
western Pacific warm pool regions, the excess precipitation efTect prevails over the
buoyancy effect of heat lost at the ocean surface, causing the net buoyant Mux to
be downward. The mixed layer depth equals the Obukhov length scale:

e,
hy=Ly=—3 (10)

where L, is the oceanic Obukhov length scale. The oceanic friction velocity is

l'.l"-

Pa }I n

H“.s = [IT“:

and B is the downward surface buoyancy Mux

apF
P’ pw

B=fgS(P, — E) - (11)

where p,, p, arc the air and sea waler densitics, « is the sca water thermal ex-
pansion cocfTicient, and fI is the salinily contraction cocfTicicnt. Becausce the
OPBL is in the buoyant damping rcgime, the mixed layer heat and salinity
budgels include no entrainment:

arT,,

>4, (12)
L .""uli"?,lﬁlII hw

s (E-P)S

T (13)

W

where " is the specific heal under constant pressure. The parameters A, and Ag
are the horizontal advection lor temperature and salinity. respectively.,




The efTects of clouds on the buoyancy Mux at the ecean surface are (wo-fold:
(1) decreasing B, through the increase in the net heal loss at the ocean surface, F
, by reducing the incoming solar radiation, and (2) increasing B, duc lo precipi-
tation. The net heat loss from the occan surface is given by

F=R,—R; + Fnrpn{"guﬁfﬂ[?.w =) H] + f*ﬁanlf(FCF-.'[q.m{Tu'] = 'ﬁ] (14)

where ¢(T) is the saturated mixing ratio. The incoming solar radiation absorbed
by the ocean surface is R, and R, is the net energy loss from Lhe ocean surface
by longwave radiation, L is the latent heat of vaporization of water, and /7, is the
sensible heat flux to the air. The standard bulk formulae are used to caleulate the
surface cvaporation:

E = p,CUCilaT) — allp,, (15)

6. Cloud Effects on the Net Radiation at the Ocean Surface

Clouds reduce the solar radiation incident at the ocean surface by scallering
and absorption, which is computed by Budyko's (197R) formula

'R.T = I_I = f,f = a.‘i“[' =x ﬂ}]R_“-l l:l(:]

Here R, (340 W m %) is the solar radiation absorbed by the ocean surface layer
under a clear sky. The paramcters a, and o, represent albedos of the earth-
atmosphere system with complete clowd cover and a cloudless sky, respectively,
and have the following values:

X, = U4ﬁ, Ip= 0.2

The ocecan surface emits longwave radiation to the atmosphere and lo space.
However, clouds, as well as dry air, partially absorb the radiation and re-emil
longwave radiation back Lo the ocean surface. Thus the net upward energy loss
by longwave radiation at the occan surface, R, is corrected for the downward
radiation by the clouds and the air. From longwave radiation data, Budyko
(197R) derived a semi-emprical formula:

Rh=ﬂ + !"'T— [ﬂ'| S f’l]” {I?]’
The dimensional cocfTicients a, b, a, , and b, arc
a=—377.6 W2, b=22Wm K™,

ay = —389.8 Wm ™2, by = 1.6 Wm 2K~

7. Basic Equations for Perturbations

When the coupled system is perturbed from its cquilibrivm state, the
thermodynamic feedback mechanism between the cumulus clouds and the oceanic
mixed layer makes the perturbation cither grow (positive feedback) or dampen
(negative feedback). The principal purpose here is to study thermodynamic
feedback mechanisms belween clouds and the oceanic mixed layer. Hence the
energy exchange al the air-ocean inlerface is a primary focal point. Therelore,
we shall neglect initinlly the perturbations of those variables which are not di-
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rectly related to the exchange at the air-occan interface. From the basic equations
of the coupled system (R), (10), (12), and (13), the perturbations satisly the fol-
lowing equations:

an’ 1 , JE ar, .
c g T, v ™) (1%)
h w E B = E [:{ .ﬂw(,'pw 'ijw +ﬂg3 aTw }Trw
BeS(P. — E)S' + (—2 e 19
8- ( v ."}urpw ﬁh‘ £ }”] ( )
ar,, '\, oF . oF Fh:.,
a P, - On o -3 e i, ) (20)
a5’ s {E—-E] § “_)r_EJE r
g = 5 . [E'—P",.}J—T—h 2 (21)
8. Three Basic Time Scales
Three time scales arc found from (18)-(21):
Clowd time scale
1 9P
T - h, an (22)
Using (9) and taking h, = 5em, we have
1, ~ 0.6 day (23)
SST variation time scale
r}' R | . ar (24)

M’ r-; Tw aT,

The net heat loss from the ocean surface is computed by (14). Assuming that 0
and g are determined by the large-scale atmospheric motion, we have

2

oF L'g,
B - o 3 W
f}T‘_ 'F“'FP“I K‘I f‘ R ? 2 (_, - ]'C (-H
thercfore
2
-1 Maf r:Ug L i
T = — R0 T C. Lye,cp (25)
Pwﬂpwhll' F"R ?I.i

Clond and SST coupling time scale




—1 | r'LF HET H’Tjr

= _,r;w.-fjmlh_] . dn AT, / dn 29)
Substitution of (22) into (26) leads to
1 TrrU{FL'?.? %
Tar =1 = 1G,Cy, (27)
Pwﬂp“j;!“frf'R?Tﬂ'

Using (16) and (17) we have

aF _ (R, — R

-2
~ | ST
fn i 4t

Among these three time scales, 7, is the shortest. The other (wo, tpand 1,4,
largely depend on the parameters €, €y, and €, , which are functions of the at-
mospheric stability. Fig.4 shows the dependence of ©; and T, 0n the atmospheric
stability. For the unstable atmosphere (/L < 0), T,7~3—06 days, and
Ty~ 20 — 30 days. For the stable atmosphere (h,/1., > 0), T~ 03 =1 years,

and 1y~ | — 3 years.

|{i'-—|

-

day
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ﬂ T T T ] T
===l
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IFig.4 Dependence of 7, and 1, on the atmospheric stability
parameter f1,/1.).

9. Solutions

Since the Lime scale for cloud feedback is so much shorter than that for SST
fecdback, i.c., t,<€1q, the cloud cover perturbation, n’, almost instanta neously fol-
lows the SST for the temperature feedback:

AE[IT,,
n=————- T’”. {23}
AP ldn

Eq.(9) shows that

g
i) ~ 833 % 10 s
i
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and for T, = 25°C, 1. = 0.1m]s,

dE dq,lzy)
aT, = CHle~gp

(15

~4.63x 10 " ms 'k

Therefore, a 1°C change in SST implics a 0.56 change in cloud cover.

Neglecting the small terms in the prognostic equations lor 7', and 5 and
climinating three among the four variables »', 77, S* , and i, from (19), (20),
(21), (28), we obtain the second order differential equation,

1 2
Y 2u—y . ;. ny = =
arz = }r — # {TH.T + TT i'"“f o { ]] [TH.T 5 T'I'Ilz"’ = ﬂ {29}
. Y=n

where ¢ represents o', T, %, and /', There arc two nondimensional parame-
ters,

_ AagFlp sy, _ 4pe(P,— E)S
CBRS(r ) BeghuS (b )
that indicate the relative importance of mean heat and mean salinity Muxes in the
mean surface huoyancy flux (11). The general solutions of (29) have the form:
b = Cy explay1) + C; exp(ayf) (31)

where C, and G, arc integral conslants, and o, and a, are the cigenvalues which
are the roots of the second-order algebraic cquation

It (30)

2p—Y 5. = ny’ = &
Oy Cartret o e =0 (32)
Yy—u

10. Instability and Oscillation Criteria

The instability criteria for the thermodynamically coupled air-occan system
arc

<0 decaying
Re(a) =0 neutral,
>0 growing (33)

where @ is o, or a,, the rool of the second-order equation (32). The oscillatia cri-
terion for the coupled system arc

=0 nonoscillatory

Im(7) {
# 0 oscillatory (34)
The roots o, and o, are
i, P T S
T12 =5 Far+ o) £ JO = w2 -y (35)
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The condition for the gencration of grnwing,fdccnying maodes, which can be de-
duced from (38), is:

<) decaying

2p—y

T { =0 neutral,

>0 growing (36)
and the condition for oscillatory/nonoscillatory modes is:

>t nonosci llatory

2u 2
(|~'—.,,.'] \

< p ascillatory (37)

Separation of different modes in the y — ¢ planc is shown in Fig.5. For the
buoyant damping regime (B >0, ic,y > 1= 0) which corresponds Lo the weslern
Pacific warm pool regime, the relative importance of the mean surface heal and
salinity fluxcs in the mcan buoyancy (ux B is a key factor controling the modes
of the coupled air-occan system. The mean surface salinity Mux, measurcd by v,
makes the upper ocean morc buoyant (stabilizing factor), however, the mean up-
ward heat Mux, measured by #, makes Lhe upper occan less buoyant (destabilizing
factor). The larger the paramcler y (1) , the stronger the ncgalive (positive)
feedback mechanism. Combining (36) and (37) lcads to the same resulls:

2
Y>> - = Nonascillatory Damping
V=
2
£ >y > 2 = Oscillatory Damping
| —Jnu
2
u>y> e —Oscillatory Growing
1 + J T
2
> Sy>n — Nonoscillatory Growing (3R8)
¥y y

| +Jn
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11. Conclusion
The feedback between the cloud and OPBL in the coupled MABL and stable

OPBL systcm is investigated by a coupled model. The time scales largely depend
on the stability of the MABL. For the stable atmosphere, the two time scales are
quite long: t; ~ 100-300 days, and 7, ~ I-3 yr. For the unstable atmosphere,
however, the two time scales are much shorter: 1, ~ 3-6 days, and ¢, ~ 20-30
days. In the western Pacilic warm pool regions, the MABL is usually unstable.
Therefore, this theory may provide some explanation of the two time scales (3-6
and 20-30 days) of intense convection in the western Pacific.

In the coupled system, the lresh water influx at the ocean surface due Lo the
excess precipitation over evaporation is a damping factor (negative leedback).
However, the surlace cooling is a forcing faclor (positive leedback). The relative
strengths of these two surface fMuxes determine the mode type: decaying or grow-

ing, oscillatory or nonoscillatory.
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