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. INTRODUCTION

Almaost all the theories about the phenomenon
of El Nino and Southern Oscillation (ENSO)) as-
sume a positive-only eorrelation in the ocean heat
equation between the time rate change of sea sur-
face temperature (SST) anomaly (37,/d1) and the
upper ocean thickness fluctuation (A). I is very
important to justify the validity of this positive-only
correlation before developing complicated coupled
ocean-atmosphere models.

Based on classical Kraus-Turner lype ocean
mixed layer (OML) theory, it is found that (he
positive-only correlation bebween :ﬁ_‘,fﬂ.f and .ﬁ i5
due to overlook of an ultimately nmporiant featore
in the OML: non-upward turbulent heal Nux al the
OML base when the OML temperature is higher
than the temperature below the OMIL, as il usually
is in the tropics. With consideration of this leature,
both positive and negative correlations between the
lime rate change of 55T anomaly and OMIL depth
Muctuation have been found. Furthermaore, il initial
OML depth is greater than the Monin-Obukhoy
length-scale (). the OML quickly shallows to the
Monin-0Obukhov  length-scale. and the negalive

correlation exists; however, if initial OML depth is
smaller than the Monin-Obukhov length-scale, the
positive correlation appears.  Shilt of positive-only
correlation to positive/negative correlation will lead
io a new ENSO theory.

2. §ST EQUATION IN CURRENT ENSO THE-
ORIES

In the current ENSO theories conlaining
ocean  thermodynamics, almost  all imply 2
positive-only correlation between time rale change
of 88T anomaly and OML depth Muctuation. Let
us investigate the (we typical (Hirsi-type and
Zebiak-Cane type) heat equations,
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2.1 Hirst tvpe heat equalion

An oceanic heat equation often appeared in
simple coupled ocean-atmosphere models (e.g.,
Hirst. 1986; Hirst and Lau, 1990) was first pre-
sented by Hirst (1986)

at,

—t=—Th+ Koh —a,T, (1)
where Z'-:', hfi are perturbations of SST, upper
ocean Lhickness, and zonal currents: T, is the mean
zonal temperature gradient; o, i5 thermal dissi-
pation coefficient; and K,( = 0) is S5T-thickness
coupling coefficient. The positive value of K,
caused by the only appearance of one of the (wa
cases of the OML (i.e., the OML thickness less than
the Monin-Obukhov length-scale), guaraniees the
positive-only correlation between 27/t and h.

As pointed by Xie el al (1989), the 55T
equation of Anderson and McCreary (1983)s cou-
pled air-ocean model also belongs 1o this calegory.

2.2 Zebiak-Cane type heal equalion

In several coupled numerical models (eg..
Zebiak and Cane 1987; Bautisti, 1988; Battisti and
Mirst. [1989; Neelin 1991}, the following SST
anomaly equation is oflen used:

o, it~ T
".1.'_ s e A iz Tsub
& = Co—AGF + w) 7

— [A¥ + @) — AW} % T — a, T, (2)

where € is the horizontal temperature advection;
H, is the mean upper layer thickness; iv, v are mean
and fMuctuation of vertical velocily; and 7., 15 the
subsurface temperature, which is determined em-
pirically by
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Teur = Tyl tanh Eﬁ,fﬁ } f;]l —tanhibyin)l. h>0
Teay= Tol tanh [hyli — Y] — tanh(hyii)l. B <0
[ 3ar)

where the coellicients in Zebiak-Cane model take
the following values: r=07 . T, =28,
T,=—40°C . b=(R0m)*' , and A=033m)"'.
Battisti (1988) and Battisti and Hirst (1989) used a
little different Form lor T,

1Ih

allh,  alh) =0 (3

nuh

Recently, Neelin (1991) adopted a linear form for
y R

Tm}l =&y + I’ll‘l i’.trf
where o; and 2| are lwo empirical constants. The
function Alx) in (2) is defined by

Alx) =0,

Ax)=x,

Utilization of any one of (3ab.c) u—ilh_{l} leads 1o
a positive-only correlation between a7,/ and 5,
i.e.. the increase (or tltcl;enﬁe] of & causes the in-
crease {or decrease) of d7,/dr. 15 this positive-only
corvelation corvect?  The answer is no.  Recently,
Chu (1991a., ¢) pointed out the possibility of ex-
istence of negalive correlation between r‘f_,"ﬂr anl
k. base on the surface wind condition. In this nole,
a further investigation of thermodynamical and
dynamical structure of the OML explores the
oceanic condition for the negative correlation.

r=q

x=0 (4)

3 OCEAN MIXED LAYER MODTL

Both  atmospheric and  oceanic  planetary
boundary layers arc ultimately imporant  for
ocean-almosphere inleraction since fMuxes of mo-
menium and buoyancy across the air-ocean inler-
face are major driving forces (or dampening
lactors) for the two Muids. Therefore, before de-
sipgning any ENSO madel (either thearelical or nu-
merical), whether the boundary laver physics is
reasonable or nol should be first checked up.

Kraus and Tumer (1967) developed a OMIL
maodel by considening the layer 1o be verfically ho-
mogeneous: heal inpuls to the layer and mass en-
trained  al  the bottom of the layer are
instantaneously mixed uniformly through the layer.
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Turbulence in the upper occan is strong lo main-
tain a verically uniform lemperature down o a
certain depth, . The OML temperature (7)) and
depth (h) are important variables predicted by
OML models. Below the depth i, there is a rapid
decrease in temperature across what is called the
entrainment zone. The thickness of entrainment
zone « is assumed infinitesimally small. Turbulence
15 assumed to be zero below the entrainment zone,
where the vertical velocity w is determined by the
dynamics of the ocean interior. The model OML
is depicted in Fig.l. Vertically uniform temperature
in the OML (therefore, no vertical advection in (he
OML) and no turbulence in the deeper laver below
the entrainment zone lead to three dilferent forms
of heat equation for three parts of the ocean:

¢ 4
S +—|: wi)= m: s z2—h (5a)
I 8l o S BP S s
3 e Faz{u?} A fizzz—h—=
(5h)
dl ET — dF
i i — T = = —— "i
a1 it ﬁz dr ° = (¢)

where w'T° is vertical turbulent heat flux; p,, is the
characteristic value of sea waler density: ¢, is spe-
cific heat of sea water under constant pressure, and
F s downward Mux ol solar radiation in the ocean

computed by
o

1
Fnﬂrrlr { ﬂ

F=Fpe™, Fy=
where I,y are the solar radiation incident on the
oeean surface and the average extinelion coelficienl.
Vertieal integration of heat equation (5} from the
ocean surface to the OML base leads (o

t;l';?._‘}_* e [l??h + F", iB F_ h t?]

. o
At the ocean surface, the turbulent heat Mux must
equal the net heat transfer through the air-ocean
interface, i.e.,

Ry+ M + LE

R
Fuilrru- { ]

(W' Ty =
where R, is the nel heat loss by longwave radiation

from the sea surface; and /, and LE are the upward
sensible and latent heat fluxes across the air-ocean



interface,  Vertically integrated turbulent kinelic
energy (TKE) equation is given by (Kraus and

Turner, 1967}

1
[ WTids=— (G — I (%i7)
v hy

where D denotes Lhe dissipation within the OMI.
and & the TKE inpul from the wind, The simples
parameterization for (G — D) is (Denman, 1973)

T3
fnl:{"”,ﬂ””fﬂlm‘,l V)
—!‘.{& —_— (9]

G— =
where 1V, s the horizontal wind al 10 m height; g,
is the characteristic value of surface air density; ),
is the drag coelTicient; g is gravity: e is thermal ex-
pansion coefficient of sea waler; and o 15 propor-
lionality. Integration of the heal cqualion (5) wilh
respect lo z from a depth = inside the OML
z = =) 1o the aocean surface leads (o
ar

5

(W T — (0T, = Fy— L) (1)

bl

Further integration of (10} with respect (o 2 fram
the OML base to the ocean surface gives rise 1o

o i i
h;! ﬁ'.lfT e SRTET l ;
— = | wW'Tdz— hw'T)+ MFy+ = | Fdz)
2 ot i i
s ]
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Fig.l. Ocean mixed layer model.
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Elimination of a7 /d¢ Trom (5) and (11} and utili

zation of (9a) leads to a relation for computation

of turbulent heat fux al the OML hase

2

= e G- D)
T == Ty =
1
F : I =t
Lol r'_m}—v—;:lfl —e ™1 (1)

Il the penetration depth of solar radiation is much
smaller than the OML thickness, fe. phE1, Lthe
exponent o™ 15 negligible against |, and therefore
Eq.{12) can be simplified as

(G =) | |

—_ =
(W= ---E[?(H' Ty I _Fn[?_ﬁjl

(13)

The turbulent heat flux at the OML base is either
downward or zera, never upward, Le.,

(WT)_ <0 (14)

due to higher OML temperature { ) versus deeper
layer temperature (Fig.l),  With consideration ol
this constrain, a betler Torm is recommended to
replace (13)

Gy =

W T e =— PCpus i

! (15}

where (3, is the nel downward heat MMux plus radi-
ation at the ocean surface;

O = ol Foy = (0" 171 (16)

which is generally positive in the tropics when the
low frequency mode is concerned; and £ is Monin-
Obukhov lenglh scale delined by

200 — D - Fafy
Pt of) (17)
l;]'”fﬂw”f'lrm,

Inlegrating the heal equation (5h) across (he
entrainment zone Trom
taking the limit as o0, a jump condition has been
obtained (Denman, 1973)

s=—hh—=r to 2=k andl

=t i
(' T _py=— AMw_;, + i

3 (Te=T)  (18)

where w_,, T, are vertical velocity and temperature
at the base of the entrainmenl zone, respectively,



In lact,

W, =w_y + %
i5 called the entrainment velocily which were used
in some ENSO models containing the OML (e.g
Anderson and McCreary, 1985 Hirst, 1986; Xie el
al, 1989). Since the OML temperature is higher
than the temperature below the OML, the function
Alx) also guaraniees non-upward turbulence heat
fMux at the OML base. Il w , + Jhfdt = 0, there is
entrainment mixing {causing downward turbulent
heat Mux) at the base of the entrainment zone. 1T
W, +ahfdr <0, there is no entrainment mixing
(causing zero turbulent heat Mux) at the base of the
entrainmeni zone. Eqgs.(T7). (15). (17). and (18} are
basic equations for Kraus-Tumer type OML mnd-
els. Eq.(15) is used to compuie turbulent heat Mux
(0T EqdT) is used 1o determine the OML
temperature T, and Eq.(I8) is used 1o caleulate

time rate change of OML depth dhfdr in
entrainment mixing case, ¢.g.
oh (w1 Yo
S L <) (19
ar Wl T th<£) (I

From Wyriki's (1981) estimation, the mean upwell
ing velocity at the base of the Ekman layer (
z=—d; ) i5 nearly | mfday. Theoretically, the
Fkman depth al the equator is infinity. I
dp= 2000 s thought to be a reasonable estimation
of Ekman layer thickness, the mean vertical velocity
al thc mean mixed layer depth can be roughly
evaluated by

W o 'ﬁi- w =01 mifday
L1 h‘
where the mean mixed layer depth, taken as 24 m,
is from the data collected durmg Hawani-to-Tabiti
Shuttle Experiment (Schneider and Muller, 1990).
Fig.2 indicates the OML deepening rate
caused by the turbulent heat Nux at the OML base
for five dilTerent values of the temperalure jump al
the OML base (T, — 7,1 For k nol very close 1o
£, in the righthand side of (19) the second term is
much larger than the lirst term, which means that
the change of OML depth is more likely by (he
strength of turbulent heal Mux al the OMIL hase
rather than by the Ekman pumping. Eq.{9h) wmdi-
cates that an increase of surface wind speed leads
to an increase of G — D, which in turmn augmenis
the OML deepening rate through the increase of
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the downward turbulent heat flux at the OML base,
— (W) 08l < £ [see(13)] ; or increases the OML
depth as h=/{ [seel1T)].  In other words, the in-
crease of surface wind speed generally increases the
OML depth,

16.0
14.0
12.0
10.0

5.0

B.0-

I;'-f'_,aj-; T,= T.g) lmfelan)
&

2.0+

oo

L

Fig2. Dependence of OML deepening rate (for
f <) caused by the turbulent heat flux at the
OML base, (w'T")_ T, — T_), on hjf Tor different
values of (7, —7,) : (a) I°C, (h) 2°C. (c) 3°C, (d)
4°C, and (e) 5°C.

4, AN IMPORTANT FEATURE
LOOKED IN THE ENSO THEORIES

OVER-

Another form of OML heal equation can be
oblained hy the substitution of (15) into (7):

1 T, —
i Yo | ! ‘=_'-’£.||_ﬂ{£.h_h}“2m
ﬂ-ﬂ'}fr ar L

Here, A is the characteristic OML thickness. The
time rale change of SST is determined by the
Monin-Obukhov length-scale ¢ and OML depth A

An ultimately important fealure has been
overlooked in the current ENSO theories is the ex-
istence of two different analytical forms of the
OML heal equation depending on the initial OML
depth. If the initial OML depth is greater than the
Monin-Obukhov length-scale (k> 7). the computed
value of the turbulent heat flux at the OML base
(w'T7),. which is only determined by the ocean
surface wind loreing (G — D), OML depth (#), and
the surface nel heat Nus [seel 1], will be positive,
which is against the physical law that there is no
wpward turbulent heat flux at the OML base when
T,> T., . Morcover, the function AllY — h)fh] =0,
which makes



(W7 =0
and turns the 85T equation (207 into

g
I"]'l'lrff":.'!al."#ﬂ

| ﬁ?:i M

ar — h

(=) (21a)

which shows that the lime rate change of 88T (
AT /i) monotonically decreases with the increase
af #t (Fig.3). 1 is easy to find in this case that the
increase of the OML depth /i causes the decrease
ol the time rate change of 55T, which implies a
negative correlation between the time rate change
of S5T anomaly and OML depth Muctuation, which
was overlooked in the currenl EMNS(Y madels,

5.0
4.0
Sk
A 3.0
furl £ e
1.0-
-\"1_\_‘_\_‘-‘__\__\__
0.0 -— " i T === —,
0.0 i.o 2.0 3.0 4.0 5.0
Tl
Fig. 3 Tt » e eht:
B3 Time rale f_fmngc of 85T versus OMI. (hick-

ness for fy < /.

As the OML depth is smaller than the
Maonin-Obukliov length scale (= /) ien the fur
bulent heat fMux at the OML bhase is negative

W7, =0
and the OML heal equation (2(1) hecomes
RN .

—Q{J—~ e fl—L}, (i = O)21A)
ﬁuﬂf'lrmf it h - I

which shows that the time rate change of S5T (
dT 00 monotonically increases wilh the increase
of i (Fig.d), This leads to a posilive correlalion be-
tween the time rate change of 55T anomaly and the
OML depth Mucluation, which hag been well re-
presented in the current EMNSO theories,
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Fig.d, Time rate change of SST versus OMIL
ness for fi >, -

thick-

5. GENERATION OF TWO TYPES OF UMN-

STABLE MODES -

Since the OML heat equation has two dilTer-
ent forms (21a) and (210 due to initial OML depth
versus the Maonin-Ohukhoyv length scale, it is antic-
ipated that the features of unstable modes pener-
ated Dy coupled air-ocean  system  should  be
different,

The tropical subclouwd layer is usually domi-
nated by mean easterlies.  The fow-level atmo-
spheric convergence and convection ("Convection
A7) are generally associated with the warm waler
(Gill, 1980). In the cast {or wesl) of the warm water
region, the surface wind speed is enhanced (or re-
duced), and therefore, the OML depth ft is in-
creased (or decreased). There are bwo main coases
which are illustrated as Tallows.

5.1 Small initial OML thickness (h < ()

In  this case, the SST equation is given by
(2lb), showing a positive correlation  bhetween
a7, /it and the OMIL depth (Fig.3). Therefore, a
positive OML Muctuation (I = M leads to a positive
time rate change of 85T anomaly (37/dr = ). In
the east (or wesl) of Convection A, the QML depith
fMucluation is positive (or negative), which in turn
gives tise lo a posilive (or negalive) time rale
change of SST anomaly (Fig.5). Thus, positive SST
anomaly and  associaled unstable convective dis-
turbances (denoled by "Convection B%) will appear
in the east of the initial warm water region.  Ap
plymg the same argument to Conveclion B, positive



55T anomaly and associated unstable convective
disturbances (denoted by "Convection C7) will ap-
pear in the east of Convection B (Fig.6) due Lo the
further increase of OMIL depth cansed by the en-
hanced surface easterlies (sum of the background
casterlies, easterlies associaled wilth Conveclions A
and B). Unstable convective disturbances are vn-
likely to appear between Conveclion A and Con
veclion B due lo the opposite directions ol the
surface winds associated with A and B, Therelore,
as i = £, the unstable mode is generated in the east
of the initial warm waler region and propagales
eastward.

Fara typical La Nina conditinn, atmospherie
deep convection (Convection  A) develaps aver 1he
weslern pacilic warm water. A shallow and cool
OML. water occupies the castern Pacific. The OML
thickness 15 generally satisfied the condition < £,
The warm SS5T disturbances and pssociated almo-
spheric canvection are generaled in the east of
Convecltion A and propagale castward, which leads
to a eastward propagation of the surface westerlics
{weslterlies associaled wilh Convections A, 13, and
C). AL the same time, the OML thickness & in-

creases. The whole process fealures the teansition
from La Nina to EI Mino,

— -
42
i ol <
L= I
ll'_ | R
D W Wiy
—_— 2 -
T A e R R e
-”".-'-'-r = |1f,.'|=r <im0
11
OM L thickness 1k
drreases ML thickness
increases
Fip.5. Positive SST anomaly  and  associated

convective disturbances (Convection B) generated
in the east of Convection A (< /).
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Fig.6. Eastward propagation of posilive  S§T

anomaly and associaled convective disturbances (
=), I

5.2 Large initial OML thickness (I = /)

In this case, the OML quickly shallows to the
Monin-Obukhov length-scale. The OML shallowing
time scale is estimated by (Garwood, [977)

where F is the mean TKE in the OML. If
< =W [0 emrfs and b~ 100m, the OML shal-
lowing time scale (1) is nearly 1000 seconds, which
i5 s0 short comparing 1o the ENSO time scale.
Thus, it is reasonable (o assume that the OML in-
stantly shallows (o the Monin-Obukhowv lenglh scale
£ when the initial OML depth is preater than 7.
The 88T equation is given by (21a), showing a
negative correlation between a7,/d¢ and the OML
depth (Fig.2), which means that a negative OML
fluctuation (i < () leads o a positive time rale
change of 85T anomaly (37,/dr = 0).  In the wesl
far east) of initial Convection 12, the OML depth
Muctuation is negative (or posilive), which in tuem
pives rise {0 a posilive (or nepative] lime rale
change of 88T anomaly (Fig.7). Thus, positive S5T
anomaly and associated unstable convective dis-
turbances (denoted by “Convection E") will appear
in the west of Conveclion 1. Applying the same
argument 1o Convection E, posilive S5 anomaly
and associated  unstable convective disturbances
{dennted by "Convection ") will appear in the wesi
of Convection E (Fig.8) due to the further decrease
of OML depth caused by the reduced surface
easterlies (the background easterlics counterbal-
anced by westerlies associated with Convections 12
and E). Unstable convective disturbances are un-



likely to appear between Convection 1 and Con-
vection E due 1o the opposite directions of the
surface winds associated with D and E. Thercfore,
as & > 7, the unstable mode is penerated in the west
of the initial warm water region and propagates
westward,

For a typical El Nino condition, a deep and
warm OML water occupies the eastern Pacific,
where the atmospheric deep convection (Con-
vection 1)) develops. The large OML thickness is
quickly adjusted to the Monin Obukhov length-
scale, = ¢. The warm SST disturbances and asso-
ciated aimospheric convection are penerated in the
west of Convection D and propagate westward,
which leads to a westward propagation of the sur-
face westerlies (weslerlies associated with Con-
vections D, E, and F). At the same time, the OML.
thickness i decreases. The whale process fealures
the transition from El Nino to La Nina.

- >
£i*2 .
b -+
~p = i) &
'r - .:' Wloas O iy
et -
“..._,.._.v-,.wvvuuvvvvvuvvvvvvwvvuvmm

piple k=0

1Y

O e
] DML sk
INTERN

#Hp=-b<cn

Fig.7. Positive SST anomaly and associaled
convective disturbances (Convection E) generaled
in the west of Convection D (h=1).
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Fig®. Wesiward propagation of positive SST
anomaly and assnciated convective disturbances (
h=1{).

6. SUMMARY

(1} Both eastward and westward propagating
unstable modes described here is produced purely
by the SST-OML thickness feedback. Positive (or
tegative) correlation between J7./0r and i will
penerate eastward (or westward) propagating un-
stable mode.

(2) Shift from positive-only E-ni'!;flﬂliﬁﬂ to
positive/negative correlation between a7,/d1 and
leads to a discovery of a new mechanism of La
Nina and El Nino transition based on the magni-
fude of OML thickness (#) relative to the Monin-
Obukhov length-scale (7). 1t also indicates the
existence of an OML switcher for this transition.

{3) The vertical advection lerm can not ex-
plicitly appear in the OML heal equation because

it only affects the turbulent heat Mux at the OML
base through the jump condition (18). As h <. the
verlical advection changes the OML (emperature
through the change of OML thickness. As A= 1,
the OML quickly shallows to the Monin-Obukhov
length-scale and the turbulent heat Mux at the OML
base becomes zero. Therefore, in this case the ver-
tical advection no longer affects the OML.
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