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CLOUD-OCEAN MIXED LAYER FEEDBACK

P.C. Cho and Roland, W, Garwood, Jr,
Maval Postgraduate School

Monterey, California

1. Intredluction

A cloud-ocean planetary boundary layer (OPBL) feedback
mechanism is presented and tested in this paper:  water vapor,
evapomied rom the ocean surface o transported by the large-
scale air flow, often forms convective clouds under a conditionally
unstable lapse rate, The vanable clond cover and rainfall may have
positive and negative feedhack with the ocean mixed layer tem-
perature and salinity strueture, First, dlouds reduce the incoming
solar radiation at the ocean qurface by scattering and absorption,
which cools (relatively) the ocean surface layer by inereasing
mixed layer enteainment, The cooling of the ocean mixed fayer
Iowers the evaporation rate, which will diminish the clouds, This
is a negative foedback mechanism, Second, precipitation dilutes
the =urface salinity, stabilizing the upper accan and reducing mixed
layer decpening. The mined layer may even be caused (o shaliow
if the downward surface booyancy Tux iz seMiciently enhanced by
the precipitation, The reduction in mised layer depth will increase
the sea surface temperature (S5T) by eoncentrating the net radi-
ation plus heat Muxed downward across the sea sudace into a
thinner layer. The increase of 85T augments the surface cvapo-
ration, which in turmn produces more clowds.  This 13 8 positive
feedback mechanizm,  Tig ! shows the main physical processes
{heat, mazs, ad momentem Tuges) at the two adjacent houndary
layers: the OPBL and the marine atmoespheric boundary layer
{MADT. Tig2 iMustrates this positive/negative feedback mech-
Anis.

Since clouds have significant effects on the large-scale atmo-
sphenc circulation through the transfer of heat, moisture, and
mamentum, and an the ocean mixed laver through the atten-
uation of =olar radiation at the ovean surface, and since the 85T
i an important factor for the development of clouds, the eedback
mechaniam mentioned abave has & potentailly significant impact
on the air-gea interaction, weather and ocean prediction

I'he coupled madel is one-dimensional. We are aware of the
importance of the harizontal advection and the limitation of one-
dimensional models. However, the intent of this work i3 1o de-
velop a formalism Ao examine this thermodynamic fecdback
hetween the two fluids
thermodynamic interaction, honzontal adveetion is ignored ini-
tiahly

Hecause we wish Lo concentrate on the

elondeaver (1)
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Fig.2 Feedback mechanism between OFRL and clouds,

2. The Oceanie Mixed Layer

2.1 Busic equations )
Much of the one-dimensional theory for the OFRL or mized

layer i dependent upon the validity of two cmucial hypotheses.
The first of these s that verfical mixing within the turbulent
houndary layer and entraiment mixing at its base ocour inore-
spomse to the local atmospheric forcing - the surface wind stress
and the buoyancy flux at the sea surface, The second hypothesis
is that the mechanical energy budget 12 the key to the under-
standing and prediction of mixed layer dynamics (Garwood,
1579,

The huoyancy flux is attributable 1o heat Qux, evaporation,
and precipitation, and  the shear production af tirbulence is at-
tributahle tn surface wind stress. The mized layer temperature T,
salinity 5, and depth b are predicied by a simplified form of the
Garwaad {1977) mixed layer model, It s essentially a “ealibrated”
Kraus and Turner (1967) mode]l which is modified 10 inclode
salinity and advection:
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where h is the mized layer depth, ¢ is the water specific heat
under constant pressure, o, is the charactesistic water density, B
is the surface evaporation (m/s), P, is the precpitation rate (m/s),
and w, iz the entranment velocily parameterized as (Chu and
Ciarwood, 198E):

(G — Gy
Mo T ghla(T, — T_p) — (S, ~ 5_p)]

(3)

where . is the water surface Triction velocity, which 3= computed
by

v Pa oo
w=(Cop ) @

where O, 15 the drag coeflcient, taken as 0000, [FF] 1= the wind
gpecd at o 10om height, p, 1= air density near ocean surface, and
p. 15 the sea water density.  For a wind speed of 100 mfs,
ti ~ 1.1 emmfs, For the case of an ocean surface without ice (low
and middie latitudes) the surface buovaney flux, K, has two
cOmponents:
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Here o is the water thermal expansion coeflicient, and f iz the
salinity contraction coefficient.

The effects of clouds on the buoyancy flux at the acean sur-
face are two-fold: (1) decreasing 8 through the increase in the
nel heat loss at the ocean surface, Fi1,_; |, by reducing the incoming
solar radiation, and (2} increasing & duc to precipitation,

The surface heat flux &yl (upward positive), is computed
by

Fﬂz:ﬁ = Rn‘.! = R:r + L A7 4 ”_1 [6)

Here R, i= the incoming solar radistion absorbed by the ocean
surface, &, is the net energy loss from the ccean sueluee through
longwave radiation, 1. is the latent heat of vaporization of water,
H, is the sensible heat flux to the air. The vardables 7, and S,
are the temperature and salinity of the water immediately below
the mixed layer that is to be entrained into the mized laver, The
standard bulk formulae are used to calevlate the surface evapo-
raton;

E = poCplVa a1 — anlle. (7a)

and the sensible heat flux from the ocean sudace:
Hy= patf Ol VENT, — 1) (76)

where ¢{T} is the saturated mizing ratio, and T, is the air tem-
perature near the oeean surface.
The time rate of change in mixed layer depth s computed by

F i (8
where w , is the upwelling velocity al the bottom of the mixed
laver. In arder to solve these equations, we should compute each
term in the surface heat and salinity fluxes

2.2 Clowd effeets on the net radiation al the ocean surface

Clonds reduce the solar rmdiation upon the ocean surface by
scatlering and absorption, which is computed by Budyka's [1978)
formula

'Rr =[1- Zp— gl — R}]R.m {9}

Tere Ry (340 W 2} is the solar eadiation absorhed by the ooean
surface layer under a clear sky. The parametets «, and «, repre-
sent albedos of the earth-atmasphere system with complete cloud
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cover and a cloudless kv respectively, amid have the following
values:

n:‘l.“=|'|.f1'.‘:|r agy =2

The ocean surface emits longwave radiation to the atmos-
phere and to space.  However, clouds, as well as dry air, partially
ahzorh the radiation and re-emit longwave madiation back 1o the
ocean surface. Thus the net upward energy Ioss by longwave ra-
diation al the ccean surface, R,, 15 corrected for the downward
rcfintion by the couds and the mir. From lengwave madiation
data, Hudyko (1978} derved a semi-emprical formula

fy=a+ 8T — (o + 8 (1
The dimensional coeflicients a, f, 9, and by are
g =376 Wm™ =22 WK,

iy = ~389.8 Wm 2, by = L6 Wm K

3. Time Rate of Change of the Cloud Cover

The time rate of of change of cousd cover 5 assumed to be
proporional 1o the moisture supply divided by the amount of
water vapor necessary o produce the model clord.  “The main
processes causing the cloud dissolution are precipitation and mix-
ing with the environmental air. The cloud evaporation due to
mixing with ambienl air 15 a complicated problem, and neglected
for the sake of simplicity in this paper. Thus the cquation for
clowd cover is

T W an

where IV is the total amount of waler vapor needed to create the
clowd over a unit area. The large-scale horzontal moisture con-
vergence in the column of atmosphere per unit area is denoted
My From mean distributions of lemperature and mizing ratio in
the envirnnmental air and inside a decp cupmlus cloud (Koo,
1965y, we estimate that W~ 5 e Bqso (1, (20, (3, (B amd (11
are the hasic equations for the air-ccean coupled system,

4. Relationship between Precipitation Rate and Clomd Cover

By linear regression with wse of hourly rain amounts and
satellite TR brghiness measured duerng Phaze 1, 17, and 11T of
GATE, Albright et al. (1985 presented a linear relationalnp be-
tween average precipilation rate P in boxes 1.5 (168 km) on a
side and clowd cover noof the boxes by clouds with teps colder
than — 36 " The relatinnship is

Py = (0472 + B.333 ) % 1077 (12}

This result coincides with Ackan (197975 eardier analysis during
GATE ower the R-scale army.

5. Mean State and Perturbativns
Mean state of the coupled cloud-OPRI system

the prognostic equations (13, (2), (8), and (11}.  The mean
entrainment velocity W, can be abtained from (3)
. oE-GRA :
i S (13
hah

where
A= glaAT - 1AS)

is the reduced geavity, and AT and AS are the mean emperature
and salinity jumps at the hottom of the mised layer

AT=T,—T; AS=5-5,



When the coupled system is perlsrhed from its mean state,
the thermodynamic feedback mechanism between the cumulus
clouds and the seeanic mized Tayer makes the perturbation either
grow {positive feedback) or dampen {negative feedback).  The
principal pumpose here is oo study  hermodynamic fecdback
mechanisms between elonda and the oceanic mixed layer. [lence
the encrgy cxchange at the air-ccean inteiface is a primary focal
point, Therefore, we shall negleet initially the perturbations of
thase vanahles which are not dircetly refated (o the exchange at
the air-pcean interface. Wyrtki (1981) estimated that the mean
upwelling in the equatonial Pacific is around | mfdap.  Climatic
data also indicates that the mean evaporation and precipiiation
rates are on the order of 1 miee (307 = 10 "me '), The direct
contributions of evaporation and precipilation Lo the change of
mixed Tayer depth are neglected, compared o the contribulicns
due to upwelling and entrainment,

The perturhations satisfy the following equations:
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Eliminating &, w’,, &, ™, From {14)-{18) and neglecting 1he small

terms, we get the following ourth order equation for each vari-
ahle:
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_+ﬂ'_+ _+ﬂ'_+ ilninu I
! ﬂ:q | ﬂ.l'" @y ;'_I;] 1 ] A e [ (1%
where
¥ =f8, —aT,
N .. .
N e Rin YW
i e L G wp®, €y
iy = — 4 (£ + m }A+—m?'rw +{ e Rir, ) s
i § Gml O mis, 3y
=- b e e iy ol
4 TwTa kG Rir,r; i fir, T, W ! W
f:l [ Ty Tl = T, ¥ -
oy = = i s —= ==
i Tes:] T L i o R C))

Here three constants +,, 7, 7, are time-acales of internal motion,
noean furthulence, and suface evaporation defined by

h k h
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The constants 5 and wm are defined by

ar, F
Sy mE—= RS (23a)
Llging {11y we have
=833 % 107 ! (23)
Riis the Richardson number
Rfaﬁ (23¢)

In this paper 87 is taken as 1(#. The two model parameters 4, and
x are defined by
1

AEKW an

(24a)
which iz the dependence of the surface buoyancy flux change on
elaud cover, and

agAT
A

which is the fraction of the mixed laver hase density jump induced
by temperature to the total density jump,

(2d8)

&, Instability and Oscillation Criteria
The general solutions of (19 have the [ollowing forms:

B0 =Ediexplafl, w0 = Depeaplayl) {25

where d, e (j= 1,234} are the integral constants, and o, &y, 0,
amid oy are the eigenvalues which are the roots of the fourth-order
algehraic equation,

gt .11471 + .ralu.-r2 + gt gy =1 {28)

For the purpose of a preliminary sensitivity analysis only « and 1
are allowed to vary, depending on nhservations. Other parameters
are given constant values listed in Table | By the definition of 4
(24a) and the estimations of y {236} and Budyko's farmulae (8,9
we can estimate the value of 4 as

1~0.45% 105! (27

which indicates that 1 has an order of 10 %" Therefore in this
paper, 4 vares from — 105" to 100 % 1 I s reasonable to 1ot «
vary between — 1 to 10, The case of « = 1 means that salinity is
homogeneous actoss the mixed laver hase.

The instability eriteria for the thermodynamically coopled
air-ooean system an

=<0 decaping
Re(a)

=} neutral,
=0 growing {28

where = 15 the root of the fourth-order equation (26). The
oscillatin eriterion for the coupled system are

=0 noneseillatory
fin{m)
#0 aaeillatery {25

We compute all roots of (26) for different values of the pa-
rameters k and 4, and obtain four roots at each points of the pa-
rameter space (x, 4 ). T'wa moots among the four have negative real
paris throughout the whole parameter space, representing the
damping modes, in which we are not interested here. The other
twa roots, o and my, have positive real parts somewhere in the
parar_ncrcr space, representing the existence of growing modes in
Certain parameter ringes.



Tahle | The vahwes of the model parameters

py 1.29kglm’ B ) A9 10 mys
i A
ay 1035 kgim G 0z T, 2A°C
« b2x107k Cp 1077 5 aSgkg
g 0Ex107 W Sem Fooosm
mo D3 W, | mjday

Fig.3 shows the isolines of (a) Reia,) amid
{b) |frme, )l in the (x, 4} plane. Figd indicates the isalines of ()
Relny) and (b) |femim)| in the {x, ) plane. Roth the real part
{growth rate) and the absolute value of the imamnary par
{perindicity) of the mols my, &y show sddle-type distributions.
Several interesting results from Tigs.d and 4 are summarized as
frallorws:

I. A necessary condition for the generation of grovwing maodes,
which can be seen from these figures, is:

xd =0 (31

This implics that if the surface water is warmer (cooler) than
the deep water, ie, x>0 (x <), the growing modes ane
excited, In this case that the surface buoyancy flux increases
with increasing (decrensing) cloud cover.

2. If the damping maodes are ignored, the two eigenvalues o
and o, exhibit the similar properties. The growing modes,
a, and oy, are further separated inio axillatory  and
nonpscillaiory modes. The condition for this separation is
approximately given by

< A Chciffarory

K
=d Nanmscillawory {3l)

where A is a positive number of about 2 10 %7
Combining (30) with (31} and using (24z), the neces-
sary conditinn for ascillatorily growing modes is
K 0 % *{Rfr — R
A :"""H_,- an [FSP— T
Pulp

I s=0 (2

and the condition for the nonoscillatorily growing modes is

o B = L
X L pEe - lg g O
W an p.,,r.; 1 Tnm

The properties of thermodynamic instability of the coupled
aystern depend largely on the relationship hetween precipi-
tation P, and the cloud cover, and on the relationship be-
tween net radiation et the ocean serface and the cloud cover,

3. The product of the two parameters & and 4 represents the
relative strength of positive to negative feedback, When x4
iz larger than the critical value A, the positive feedback
greatly exceeds the negative feedback. The coupled system
becomes nonoscillatory and growing. When wd is positive
and smaller than the critical value A, the positive feedback
slightly exceeds the nogative feedback, The coupled system
is oscillatory and growing. When =1 is negative, the nega-
tive feedhack cxceeds the positive feedback. The eoupled
system becomes damping, Comparing Figd with Fig.3, we
firnd that for the oscillaterily growing modes the two roots
have the same growth rate and frequency, [lowever, for the
nonoscillatorily growing modes the growth rate relating to
the cigenvalue s, is much larger than that relating to =

4, For the oscillatorily growing modes, the growth rate o, has
the order of 0.5% 107", and |o] has the arder of 10750,
The comesponding period far the oscillation is
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7. Sensitivity of &, |=,| to 4 and »

In order to investigate the dependence of =, and || on the
parameters w and 1, we plot o, o, ;) |22 vorses 4 oat Give dif-
feremt values of w (k=1,5, 10, =5, <10}, and taking the same
values for the parameters ns in Table 1 The resulls are listed be-
L.

I. lTis..'i_ represents the case for w = |, ie, the case with na
salinity jump at the mized layer base, The identity of

Co g |mfh 1o {emg,, o]} means the two eigenvalnes are com-

plex conjugates. Fig.5 shows that the growth rate o, is a

linearly increasing funclion of 1 from @, =—0.5x 10 77 !

[damping mode} for 1=~ 0% " 40 & =05x10 T

(growing mode) for 1= (L3 10 % ' The frequency | g

decreases almost lncarly with 1 from | = 1.7 = 10 7

1 1.2 year period) for 2= — 10 %7 o [ ] = 0.8 11 7!
(2.3 year penod) for 4 =005 = |6 40

2 The dependence of growth rates &, oy, and frequencies
lery L, loy| on 4 for s = 5 and % = 10 is depicted in Fig.6. The
value of oy, monotonically increases with 4, whereas »,, has
b smglnl peak  which i5 around 0.5 =10 "5, and
asvinplotically tends to 7er0 as —oa. The necessary con-
ditien for the growing oscillation is

Fed=d, (15)
where 1, = -‘f-. ig & critical value for A4 .
8. Sensitivity of m_, fm)] to W,

T understand the dependence of « and |r, on the mean
vertical velocity at the mixed Taver base, & ,, we compute the roots
of (26) by using the same values Tor the parameters as previous
two sections exeept for W, which 15 changed o two alternate
values: i, = 0.2mday {weak upwelling ease) and W, = Imjday
{strong upwelling case).

The main results are that the growth rate and the frequency
of the coupled system are steongly affected by the vertical
advection, and the larger the %, , the higger the value of o, and

the higher the frequency, |a)
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9, Conclusions

A coupled coud-OPBL thermodynamic model has been
presented,  This model demonstrates the positive/negative feed-
hack mechaniams between clouds and ocean mixed layer, includ-
ing salinity ¢fferts. The theory predicts the generation of biennial
growing oscillations at typical ranges of initial states in the tropical
peean and atmosphere, which may provide a new explanation for
the low frequency oscillation in the atmosphere and oceans.
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