=

el g —

2 S5 s ]

o

=
L

e LTSN T ey (e D A N A BN T Sy L e e s

CLOUD-OCEAN MIXED LAYER FEEDBACK

P.C. Chu and Roland, W. Garwood, Jr.
Naval Postgraduate School
Monterey, California

1. Introduction

A dioud-ocean planctary bouwndery layer (OPBI ) fredback

mechanism is prosented amd tested in thes paper waler vapor,
evaporated from the occan mwface o transporiad by the large-
scale air flow, ofien forms convedtive diouds under a conditionally
unatable lapse mie. The varsable clood cover and rinfall may have
positive aml negative feodback with the occen mived layer teme
peratore and salimity strochire. Fiest, domds reduce the incoming
solar rdintion al the occan surfce by scaltering and absorption,
which cools (relatively) the ocean surfice layer by increasing
mined layer entrainment. The enofing of the ocean mixed layer
lowers the evaporation mte, which will diminish the clouds. This
i & negative feedback mechanisn. Second, precipitation dilutes
the surface salinity, stabilizing the upper ocean and reducing mined
layer deepening.  The mized layer may even be cased 1o shallow
il the downward surface buoyancy Tux i sulficiently enhanced by
the precipitation, The reduction in miged Tayer depth will inerease
the sea sorlace temperature (S5T) by eoncententing the net rdi-
ation plus heat Muxed downwand across the sen surdies into o
thinner layer, The increase of 85T augments the surface evapo-
ration, which in tum produces more clouds. This @5 a8 positive
feedbnek mechanism,  Tig.| shows the main physicnl processes
(hent, mass, al momentem Muges) at the two adjacent houndary
layers: the OPAL and the marine smospheric boundary layer
(MARLY. g2 illustrates this positive/negative feedback mech-
anism,
Since clonds have significant offects om the larpe-scale stmo-
sphenc circulation throogh the tmansfer of hem, moisure, and
momentum, and on the occan mized Inyer through the atten-
uatiomn of selar rdiation al the ocoan sorface, and since the 85T
it an important faclor for the derclopment of douds, the feedhack
mechamem mentioned ahove has 2 potentailly sgnificant impact
om the air-sea inleraction, weather and occan predaction.

Ihe cropled mindel s rme-dmmen=somml We are sware of the
importanae of the horoontal sdvection and the Emitation of one-
dimensonal models. llowoeo, the miont of this work & to de-
welop o fnrmalivm o coamme ths thermodyname feodhack
betucen the ten flukk  PBosrse = wish 10 concenirste on the
thermodynams: mteraction, horroatal advertion B gnored -
tiadly

Vig ! Main physieal processes at the two adjacent boundary lay-
e,
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2. The Ocranic Mived Layer

1.1 Basic equations

Ausch of the one-dimensionsl theory for the OPRI. or mized
huhdqmﬁmﬂ:fﬂlrdhnn-ﬂhm
The first of these i thet vertical mining within the turbulent
houndary Eayer snd entmiment mixing 3t its base ocour I e
sponsc to the local atmospheric forcng - the surface wind stress
and the booyancy flux at the wa naface. The second hypothess
is that the mechanical cnorgy badgel b the key to the umder-
danding and prediction of mized layer dynamies (Garwood,
1979}

The buoyancy flux is attribotable 1o heat fux, evaporation,
and precipitation, and the shear penduction of furbulence is a1-
tributahle to surface wind stress. The mized layer temperature T,,
safinity 5, and depth h are peedicied by a simplified form of the
Garwood (1977) mined layer model. It s essentially a “calibrated”
Kraus and Tomer (1967) model which is modified 1o inclode
salinity and advectinn:
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where h is the mized layer depth, ¢ is the water: specific heat
under constant pressure, o, is the charactesiatic water density, |
is the surface evaporation (m/s), 7 is the precipitation rate (m/s),
and w, is the entrainment velocily parameterized as (Chooand
Crarwood, 198E):

L (Cw - Gl
Mo T gh[a(T, ~ T_g)— (S, - 5_g1]

i

where w, i5 the water surface Triction velocity, which ix computed
by

o Ky
e = (f»n ';::'_ )n ey ()

where (), 15 the drag coeflicient, taken as 0000, [FF] 15 the wind
gpecd at o L0om height, p, 15 air density near oecan surface, and
p. i the sea water density.  For s wind speed of 100 mfs,
e ~ L1 eemfs. Tor the case of an ocean surface without jee (low
and middie latitudes) the surface buovaney flux, K, has two
cOMmponents:

aplil g
By=-—

[

= felE = PS5, {3}

Here a is the water themmal expansion coefficient, and § i the
salinity eontraction coefficient.

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

The surface heat flus &y (upwand positive), is computed
by

Fleiy= Ry — B+ Lp B4 ()

Here K, i= the incoming solar radigtion absorbed by the ocean
surface, &, is the net energy loss from the ccean suelce through
longwave madiation, L. is the latent heat of vaporization of water,
4, is the sensible heat flux to the air. The varables 7, and S,
are the temperature and salinity of the water immediately below
the mixed Iayer that is to be entrained into the mized laver. The
standard bulk formulae are used to calevlate the surface evapo-
ranon;

F = paCpl Vi ILad T — aollo (7a)
and the sensible heat flex from the ocean sudace:
He= gt Col VEMT, — ) (78)

where ¢(T) is the saturated mizing ratio, and T, is the air tem-
perature near the ocean surface.
The time rate af change in mixed layer depth s computed by

Ta e Ml (8)
where w , is the upwelling velocity al the hottom of the mixed
layer. In arder o =alve these equations, we should compute each
term in the surface heat and salinity fluxes

2.2 Clowd ¢fTeets on the net radiation al fhe scean surface

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

'Rr =[1- ol —ag( | — R}]-R.m {9}

Tere Ry (340 W 2 is the solar eadiation absorhed by the ocean
surface layer under & clear sky. The parametess «, and o, repre-
sent albedos of the earth-atmasphere system with complete cloud
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cover and a cloudless skv respectively, amd have the following
values:

ey = n.46, agy =32

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

Ry =+ bT—{a + Byin (1

The dimensional coeflicients a, f, o and by are
gm =376 W2, b= 22 WK,

iy =389.R W2, by = L6 Wm K

3, Time Rate of Change of the Cloud Cover

The time rate of of change of doud cover 5 assumed (o be
proporional 1o the moisture supply divided by the amount of
water vapor necessary 0 produce the model clond,  “The main
processes causing the cloud dissolution ane precipitation and mix-
ing with the environmental air. The cloud evaporation due to
mixing with ambient air 12 a complicated problem, and neglected
for the sake of simplicity in this paper, Thus the cquation for
cloasd cover is

Mo+ E— )
e tyeet an

where 1V iz the total amount of waler vapor needed to create the
cloud over a unit area. The large-scale homzontal moisture con-
vergence in the column of atmosphere per unit area 15 denoted
Ma From mean distnbutions of lemperature and mixing matio in
the environmental air and inside a decp cupmlus cloud (Koo,
1965y, we estimate that W~ 5 e Bqs. (13, (2, (3, (B amd (11
are the basic equations for the air-occean coupled system,

4. Relationship between Precipitation Rate and Cloml Cover

By linear regression with wse of hourly i amounts and
satellite TR brghiness measured doerng Phaze 1, 17, and 11T of
GATE, Albright et al (1985 presented a linear relatiomalnp be-
tween average precipilation rate 7, in boxes 1.5 (168 km) on oa
side and eloud cover noof the boxes by cloods with tops calder
than — 3¢ (" The relatinnship is

P!y = (0472 + £.333 8 % 1077 (12}

This result coincides with Arkin (197915 earlier analysis during
GATE over the R-scale army.

5, Mean Stade and Perturbations
Mean state of the coupled cloud-OPBI. system

the prognostic equations (13, (2}, (8), and (11}, The mean
entrainment velocity W, can be ahtained fram (3]
=3 TR T
ik — Caflph
W,‘-—"]"?—'"j (3

hah
where
Ah=glaAT = A}

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—8,



When the coupled system is pertisched from its mean atate,
the thermodynamic feedback mechanism between the cumulus
clouds and the seeanic mized Tayer makes the perturhation either
grow {positive feedhack) or dampen {negative feedback).  The
principal pumpose here is o study  ihermodynamic fecdhack
mechanisms between clouds and the oceame mixed layer. Hence
the encrgy cxchange at the air-ccean inteface is 2 primary focal
point, Therefore, we shall negleet initially the perturbations of
thase varahles which are not dircetly refated (o the exchange at
the air-ocean interface.  Wyrtki (1981) estimated that the mean
upwelling in the equatonial Pacific is around | mfdap. _Cll'mu.tic
data also indicates that the mean evaporation and precipiiation
rates are on the order of 1 rmfpe (307200 e 'y The direct
cantribotions of evaporation and precipilation Lo the change of
mixed Tayer depth are neglected, comparad o the contribulicns
due to upwelling and entrainment,

The perturhations satisfy the following equations:

T 1"z

== W T — W AT - ", {14}
bl .l"m'"}:w
ol e - s
f i W, — W A 4 (I — PS4+ SE — ) (15
r
a1 e
TR i (16}
A
=W (17
@
W AR = — g (2T, = B = ﬁ;hf

| =8 =
Mty

Eliminating &, w’,, &, ™, From {14)-(18) and neglecting 1he small
terms, we get the following foorth order equation for each vari-
able:

+ FRS(E = ) + Pl — Fr}S';] (18)

i a’ ._PF a
(4=t +ay—=—+ W=D 1
Lot Tt m Tttt ald =0 (19)
where
=G, el
S .. [ 7
N YR, W
B 20, mps €y
:t;:— [{‘l-s- }A+H“rr +i T;-~+Rh']d_
i (-ﬁﬂl mﬁ.‘i‘ ¥
=_ o S K Lkl b
7 TT, ke Rit,r; RIr.. i Th ) ¥
-
| w W X
= - 4 A — H
4 Rfr"ri, [ T L3 W] (20)

Here three constants +,, 1, 7, are time-acales of internal motion,
eean turbolence, and surface evaporation defined by

s = W g
WEST W W (20
where
' T i =
L L OE,_ _ paCplVi dadTy) _ .
i ol Filo o Pt U LU t2m

Man
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The constants ¥ and m are defined by

A, e
¥ m-—-E—Eﬁ (22er)

Llzing {11y we have

y =833 10 Ty (238)
Ri s the Richardson number
Ri= M’T’ (23¢)

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

1g L OB
gW am

(24a)

which iz the dependence of the surface buoyancy flux change on
elaud cover, and

‘ s%‘ﬂ (24h)
which is the fraction of the mixed laver hase density jump induced
by temperature to the total density jump,

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

B0 =Tdexpla),  #'{1) = Seyexplay) (25)

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

gty .11471 + .rllu.-r2 + gty =1 {28)

For the purpose of a preliminary sensitivity analysis only « and 1
are allowed to vary, depending an observations. Other parameters
are given constant values listed in Table |, By the definition of 4
{24u) and the estimations of p {23b) and Budyko'=s farmulae (8,%)
we can estimate the value of 4 as

1045w 1075 {27

which indicates that 1 has an order of 10 %' Therefore in this
paper, 4 varies from — 10-%" 1o 10050 1 0 js rensonable o 1k
vary between — 1 ta 10, The case of « = 1 means that salinity is
homageneous: across the mixed laver hase.

The instability eriteria Tor the thermodynamically coupled
Alr-ooean system are

<0 decaying
Re(a)

=} neutral,
=0 prowing {2R)

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

=0 moneseillatory
fn{m)
=1 areiilatory {25

We compute all rovts of (26) for different values of the pa-
rarmeters k and 4, and abiain four roots at each points of the pa-
rameter space (x, 4 ). T'wo moots among the four have negative real
paris throughout the whole pammeter space, representing the
damping modes, in which we are not interested here. The other
twa ronts, e and oy, have positive real parts somewhere in the
parameter space, representing the existence of growing modes in
Certain parameler ringes.
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Fig.3 shown the Bolmes of (a) Rele,) and
fofer )l i the (w, &) plane. Mg d indicates the isolines of (i)

Refey) and (B) [fmie)| in the (k, 3) plane. Both the real part
{growth rate] amid the absolute value of the imaginary parl
{perindicity) of the mols o, #; show saddie-type distibutions,
Several interesting results from Fige 3 and 4 are summanzed as
follows:

L

A mercssary condition for the gemeration of growing modes,
which can be seen from these figores, &
xi>0 o)

This implics that if the surface m:tﬁmmlmnh'}lhm
the decp water, ic., x =10 [x <), the muodes are
excited. In this case that the surface buayancy flux increases
with incrensing (decreasing) cloud cover,

If the damping maodes are ignored, the (wo eigenvalues -,
and e, exlubil the similar propertics.  The growing modes,
a, and e, arc further separsted inip  oscillaiory and
approumately gven by

wd {
=A Nomaseilfatory {31

where A §s a positive number of about 2= 10 %7,
Combining (30) with (31} and using (24a). the neces-

< 4 (hcillatory

sary conditinn for asa growing modes i
a>Hd ISP - '{R"d:'l Jes=t 03
and the condition for the aonmcillatonly growing modes
= = a{fy - Ry

The properties of thermodynamic uuubilitml’ the coupled

d on the relatio ween -
tiﬁuna"",lnﬂlh:dwdmm- and on the relationship be.
tween net mdintion at the ncean surface and the doud cover.

Tl:_;ndmdﬂtmmuudiwm
feedback. When «J

tive feedback, The coupled sgmm
is oscillatary nn:I growing, When =4 s negative, the
tive feedback exceeds the positive feedback. The coup ad
becomes damping. Comparing Fig.4 with Fig3, we
orily growing modes the
have the same growth rate and frequency. However, for the
scnoscillatonly prowing modes the growth rate relating 1o
the cigerrvalue o, is much largey than that relating 10 =,
For the oscillatosidy modes, the raie o, has

Eowing
the onder of 0.5 x 10-"r, ﬂiinrjhll:mﬂn-nfm T,
Th:mnmpmwdiﬂ ascillation s

Fo
T-——:-_-I_'pr (RE1]
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7. Sensdtivity of o, o to 4 and «

In ander to investigate the dependence of @, and |a| on the
parameters « and A | we plot oy, ag, | ), foa) verses 4 st five dils
ferent values of w (k= [, 5, 10, =5, 10}, and tuking the same
vitlues for the pasameters as in Table 1. The results are listed be-
I,

I Flg.5 represenin the case for w= 1, je., the case with no
salinity juenp at the mised layer base. The identity of

(e mul) 10 {erg,, oo )) means the two eigenvalues .
mﬂwujumr; l‘u 5 shows that the growth m:':T.
ly increasing o of 4 from m,=—0.5x 10 7 !
E:I“mp_ul'li m:ﬁ;}hﬁlr d==I1%" 10 o, =0%5x10 4"
wing made A=05x10"%", The uency
mﬁmﬁmﬁﬁhIMInj:Iﬁﬁ in r'i“'rlI
(1.2 year penod) for J=— 10 c ¥ por for,| = 086 % 10 7 !
(2.1 year perod ) for 4 =05 10 % *
The dependence of growth =ics o o and froquencies
fo. o on 4 for x = 5 and x = 10 is depicted in Fig$. The
ug of =, monolonically inceases with 3, whereas »,, hae
= singe which 5 aound 05x10 'r', and
tends tn 72010 as koo The necesary
dition for the growing oscllation s —
Bod<id %5

.h,;,.f.,;..uiﬁulnh:hz_

B Semitivity of =, [o ] 10w,

I understand the dependence of = and |o, on the mean
vertical velocity at the mined layer base, W ,, we compute the roots
of [26) by wsing the same valoes for the paramelers a8 previous
two sections except for & ,, which & changed o two allernate
values: & , » 0. 2mjday (weak npwelling case) and @ , = dm|day
(strong upwelling case).

The main results are that the growth rate and the lrequency
of the coupled systemn are steongly affected by the vertieal
pilvection, and the largee the % , , the kigger the value of o, and
the higher the frequency, |o)),
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9. Conclusions

A coupled cloud-OPBL. thermodynamic model has been
presented.  This mode] demonstrates the positive/nogative feed-
back mechanisms betwern clowds and ocean mixed layer, includ-
mﬂﬁﬂlﬁpﬂlmdmﬂmhﬂihﬂpﬂl
ocean and atmosphere, which may provide a new explanation for
the low frequency oscifstion in the atmosphere and oceam.
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