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ABSTRACT

The data analyses in the first part of this study have shown that the sea surface temperature anomalics
(S5TA) in the eastern equatorial Pamfic are significantly correlated with the preceding anomalous
convergence of the meridional wind stress near the equator, In order to understand the dynamical role of the
convergent meridional wind stress anomalies in the El Nifio occurring, an idea! wind stress which converges
about the equator is set up based on the observations revealed in the first part. A simple dynamical model of
tropical ocean Is used to study the response of the tropical ocean to the convergent meridional wind stress,
The results show that the convergent wind stress in the eastern equatorial Pacific is favorable for the occur-
rence of El Nifio, When the convergent wind stress exerts on the tropical ocean, the westward propagating
Rossby wave ws excited, which, on the one hand, makes the mixed layer near the equator become thicker, On
the other hand. the westward oceani¢ currents associated with the Rosshy wave appeur in the vicinity of the
equator. The oceanic currents can drive the upper layer sea water to transfer to the west, which is favorable
for the sea water to ple up in the western equatorial Pacific and 10 accumulate energy for the upcoming
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1. Introduction

In the first part of this study (Zhang et al,, 2001}, by using the correlation and singular
value decomposition (S VD) methods, the relations between the SSTA in the equatorial Pacific
and the preceding meridional wind stress anomalies near the equator were diagnosed. It is
found that prior to El Nifio events by more than half a year, the meridional wind stress anom-
alies converge near the equator in the eastern equatorial Pacific. And 1t is inferred that the
convergence of the meridional wind stress anomalies may be important in the occurrence of
El Nifio events. In order to investigate if there exists intrinsic relation between convergent
meridional wind stress anomalies and the occurrence of El Nifio events, in this paper we study
the dynamical role of the convergent meridional wind siress anomalies over the tropical ocean
by using a simple tropical oceanic model, In Section 2 the dynamical oceanic model is given,
Sections 3 and 4 discuss the stationary and non—stationary responses of the tropical ocean to
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the convergent meridiona) wind siress anomalies, respectively. Summary and discussion fol-
low in Section §,

2. A simple dynamical model of the tropical ocean

A shallow water model on the equatorial f—plane is utilized in the present study. If only
the meridional wind stress is considered, the model can be given as below:

] oh
YU opypt o8 = .
P By £7, Au | (la)
dv oh ¥
Ly pyut gl = — v+
y + fyu+ g By Ay oH, (1b)
ch du | év )_ _
3 + H, (_@x + )" Bh {ic)

where g” is reduced gravity, H, is the undisturbed thickness of the oceanic mixed layer, p is
the sea water density, 7’ is the meridional wind stress, 4 and B are the Rayleigh friction and
Newtonian cooling coefficients, respectively, and the others are the same as the general defini-
tion,

By introducing the characteristic time scale (2fc)™' > and space scale (¢ / 28)' 2, where
¢= (g'H,Y ", the non—dimensional form of Eqgs.(1) can be written as

%z{-'lyv+€—h= —tu . (2a)
cr X

the non—dimensional Rayleigh friction and

where o= 4(2fc)' * and 5= BQfe)' 2,
Newtonian cooling coefficients, respectively. Y= ¢ /[pH, (2&3 )] 12]‘ he non~dimensional

meridional wind stress. Eqs.(2) are the basic equations for the following analysis,
3. Stationary response of the equatorial ocean to convergent meridional wind stress

At first, in this section we will consider the simplified case, i.e,, assuming that the equator-
ial ocean is stationary and the convergent meridional wind stress is zonally distributed evenly,

3.1 Simplification and resolution

As pointed by Charney and Flierl (1981), the dissipation terms — &, — & and — 7/ are
important in the formation of stationary oceanic cutrents. Yamagata and Philander (1985) dis-
cussed relative importance of the Rayleigh friction and Newtonian cooling, It is peinted out
that the Newtonian cooling — 7/ is of central importance in the formation of stationary
oceanic currents in the {ropical ocean, Therefore, we reserve the dissipation terms slalionary
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oceanic currents in the tropical ocean. Therefore, we reserve the dissipation terms and, for sim-
plicity, assume £= y in Eqs.(2). By dropping the time—dependent terms in Eqs.{2), we get the
equations for stationary oceanic response to the meridional wind stress as below:

1 éh
£u 2yv+ Ee 9, {3a)
1 &h
L2 ch _ N
et 2yu+ By Y, {(3b)
Cu | v _
eht _@_x + ay =0. (3c)

In the resolution of Eqs.{3). we take the natural boundary conditicns in both x and
y directions. According to the analyses in the first part of this study (Zhang et al., 2001), the
meridional wind stress ¥ can be simply considered as

¥Y=-D,(), (31

where D, (y) is the Ist—order parabalic cylinder function and D, ()= yexp(— y* / 4) (Wang
and Guo, 1979). We can see that the meridional wind stress expressed by Eq.(3") is limited
near the equator, In the north of the equator, there exists northerly wind stress (Y < () and in
the south of the equator, it is the southerly wind stress (¥ > 0), Obvicusly, Eq.(3) represents
the meridional wind stress which converges about the equaior. The analysis of the
observational data revealed in the first part of this study (Zhang et al., 2001) shows that the
convergent center of the anomalous meridional wind stress is located a little north of the equa-
tor, not exactly along the equator as expressed in Eq.(3"). For simplicity, we take Eq.(3') as
the wind stress. Anyway, the form of the meridional wind stress taken here in Eq.(3") mainly
resembles the observations prior to the onset of El Nifio,

By expanding variables in Eqs.(3) in terms of the parabolic cylinder function, we obtain
the resolution of Eqs.(3) as below:

l 2 _.l),l
- et b 4a)
26+ 3 (
2 L
== e 4 4b
! 2%+ 3 ' )
] 2 —lyz
h= 2—y 4 4
PYER 3( ¥4 (4c)

3.2 Analvses of the solution

Eqs.(4) show the solution of Egs.(3) in response to the convergent meridional wind stress
as expressed in Eq.(3). We can see that the meridional oceanic currents v are anti—symmetric
about the equator. It is southward to the north of the equator and northward to the south of
the equator. The meridional current converges about the equator and, obviously, is the direct
response 10 the convergent wind stress. The oceanic zonal currents ¥ are symmetric about the
equator. They flow westward in the region both to the south and to the north of the equator,
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Fig. 1. The latitudinal cross—sections of the zonal current w (open circle in a), meridional current
v {closed circle in a) and thickness disturbance i (b) of the tropical ocean in response to the
meridional wind stress converging about the equator.
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and vanishes at the equator, The zonal currents are the reflection of the Ekman drift of the
meridional oceanic currents, The thickness disturbance # is symmetric about the equator too,
In the vicinity of the equator are the positive thickness disturbances with the largest at the
equator. Away from the equator, ie., to the north of y= 2" ? and to the south of
y=—2"7 ure the negative thickness disturbances. By taking the parameters =228
% 107577 m™ £=0.05 and ¢ =2.89 m /' s, we show w1, v and 4 in the tropical ocean in Fig, 1,

The physical reasons for the distributions of w,v and /s shown in Fig. 1 arc apparent. If
the meridional wind stress which converges about the equator is exerted on the tropical ocean,
the sca water driven by the converging wind stress moves toward the equator and piles up
there. The downwelling near the equator and upwelling away from the equator lead 10 the mi-
xed laver near the equator becoming thicker and that away from the equator thinner.
Furthermore. because of the Ekman drift of the meridional oceanic currents, the westward
oceanic currents are formed on both sides of the equator, which transfer the surface sea water
westward, Such distribution of the oceanic currents is shown in Fig. 2.

4, Non—stationary response of the equatorial ocean to convergent meridional wind
stress

In the above section, the convergent meridional wind stress is considered 1o be evenly dis-
tributed in the zonal direction and acts on the whole zonal area. In fact, as revealed in the first
part of this study (Zhang et al.. 2001), observations show that the convergent area concen-
trates in a certain area in the eastern equatorial Pacific prior to the onset of El Nific events,
Moreover, in the stationary response of the tropical ocean to the wind stress, there is no wave
process and the evolution features of the oceanic response cannot be identified. Therefore, n
this section we study the non—stationary response of the tropical ocean to the meridional
wind stress converging about the equator in a limited zonal width,
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Fig. 2. The currents of the wopeal occan in response 1o Lthe meridional wind stress converging
about the equarar,



1058 Advances in Atmospheric Sciences Vol. 18

4.1 Simplificarion and resolution

By introducing the long wave approximation (Gill, 1980} to Eqs.(2), we can write Egs.(2)

as
fu 1 ch

L NE SE-SLu IR :

Py 2)1 o T 0, (5a)
1 oh
v+ =

Fyu 3y Y. (5b)

+ 2+ =10, (5¢)

According to Gili (1980), by introducing new variables

g=h+u , (ba)
r=h—u (6b)
then we have
u=(g—r)/2 . (7a)
h=(g+ /2. {7b)

Substitute the new variables in Eqs.(6) into Eqs.(5) and then expand the variables 4,r,v and
Y by the parabolic cylinder function D, (v). ie.,

(g Y Xx 0= Y Aq, .ty ¥ o Hx D (3) {8)
m=0
For the meridional wind stress which converges about the equator, same as last section, we set
Y,.,= 0 (m# 1). Considering that the wind stress is confined in a limited zonal width, ¥, can
be taken as

— ¢coskx | x|< L
n=i, ] 2

and thus the meridional wind stress can be expressed as
Y=Y,D,(). (10)

where k= n/ 2L, Here we can see that in the forcing area the meridional wind stress ¥ in
Eq.(10) converges about the equator with the strongest convergence at x= 0 and is confined
in a limited zonal width between the interval [— L, L]

The solution of Eqs.(5) for the non—stationary response of the tropical ocean to the fore-
ing of the convergent meridional wind stress expressed in terms of Eq.(10) is as follows:

= Q2D2(y)_ roDy (1)

3 {11a)

v=v,D,0) , (11b)
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_ 4, D5+ 1y Dy ()

h 3

The expressions of ry 7, and v, are as below.
1) When x> L, ie., to the east of the forcing area,

rp=g:=v =0, {124)
2) When'ixl< L. ie., within the forcing area,
4ke 3v— L) 4ke . 6c° + 247
=— l— ——= —sinky— —————coskx
27 g Ty 957 + &* 9¢ + K
+ = lakasink(x+ L)+ 66+ 2 coskix+ D B - HG- 1+ D)
9t + K 3 3 3 3
fo= 24, 2Y | = 2¢4,+ 2coskx .
4%q; ¢ aCY, 4%, 2 2, .
A + I -2 = — 2
M= Tt T R T Ay g oskx 3/csmf’uc : (12b)
3) When x< — L, ie. to the west of the forcing area,
= 4[\8 e+ ) + L Jefe~ 1) _ _{
ga 9-—s:+ X {C H{x+ L 3 +e H{x— L+ 3)
TR S [(2k2+ 62 Joostx+ £ )+ 4kasink(x + i)}
O+ k- 3 3

A He+ L %)— H(x— L+ %):l .
ro= 245 .
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o f
~

=
In the above expressions, Hix) is the Heaviside function,

4.2 Solution analysis

According to the characteristics of the parabolic cylinder function D, (3) (see Wang and
Guo. 1979), from the solutions (11) we can see that the meridional oceanic current v is
anti-symmetric about the equator. The zonal current » and the thickness disturbance /r are
symmetric aboui the equator, So the symmetry of the solutions is the same as that in the sta-
tionary response discussed in the last section.

By examining Eqs.(11) and (12), we can find that the sclutions of the oceanic response
mainly depend on the form of ¢, except within the forcing area where there also exists the ef-
fect of the wind stress ¥ | . Therefore, the evolution of the cceanic disturbances under the for¢-
ing of the convergent meridional wind stress can be discussed through analyzing the expres-
sionofg,.

From the expression (12a), we can see that in the east of the forcing area (x> L),r,.4-
and v, all vanish. The ocean is not affected by the wind stress and there are no oceanic dis
turbances in this area. This is simply because the meridional wind stress cannot excite the
eastward propagating Kelvin wave in the ocean, so that no disturbances exist in the east of
the forcing area.

In the forcing area ([ x| < L), ¢, in(I2b}consists of both the stationary and the non—sta-
tionary parts. The non—siationary part represents the westward propagating Rossby



1060 Advances in Atmospheric Sciences Vol. 18

wave with the width of 21, Beginning at t= 0 when the forcing exerts, the Rossby wave starts
to move westward and finally moves out of the forcing arca into the west of the forcing area.
Al time 7,. the area with the width [— L, L— 1, #3]in the force area is aficcted by the
Rossby wave. while in the interval [Z— ¢, 7 3.L] il becomes stationary, When ¢> 6/, the
Rossby wave completely moves out of the forcing area and the non—stationary part does not
exist. In the forcing area the oceanic disturbances become stationary and ¢, can be expressed
as
Gkt ueon Sk o 6" + 27

4o = —sinky— —5——-coskxy . (13)

o’ + & 9+ k7

In the west of the fercing area (x< — L), the solutions are shown in (12¢). At time 7, the

last part of g, moves westward at the non—dimensional speed | /3 and exists in the area with

the width 27 at the interval [— L— ¢/ 3.L— 1/ 3]. Obviously, it is the Rossby wave excited

by convergent meridional wind stress in the forcing area. Because of the dissipation, its

amplitude reduces by the factor exp{— ¢r). In the interval [~ L—r 73, L— 1 3] the 4. can
be expressed as

_ 41“; N+ Lo
4, = ———
P ool gt
+ _?%[(5,5% 2k Yoosk(x+ £+ dkesinklx+ 1)} _ (14)
Qg+ k- 3 3

After 1= 6L when the Rossby wave moves out of the forcing area, ¢, becomes stationary
and exists in the west ol the forcing area at the interval [{.— 1 3.— L]. It can be expressed as

g,= 24A'C - |te_1,'(x# i} . e’\f.lt— L‘] ) US)
9"+ k7

By taking non—dimensional width of the forcing area to be 2L = 8.8, which corresponds
to dimensional width of about 20 degrees longitude, Fig, 3 shows the distributions of the
oceanic disturbances at non—dimensional time 9 (Fig. 3a). 27 (Fig. 3b), 534 (Fig. 3c) and 81
(Fig. 3d). respectively, We can see clearly from Fig. 3 that the Rossby wave is excited by the
convergent meridional wind stress in the forcing area. 1t then mowves out of the forcing area
and keeps on propagating westward as the time increases, In Fig. 3a. the Rossby wave has not
moved out of the forcing arca completely and within the forcing area the stationary response
has not been reached, In Fig. 3b, the Rossby wave has almost moved out of the forcing area
and it becomes stationary in the most part of the forcing area, In Fig. 3¢ and Fig. 3d. il is obvi-
ous that there exist three different kinds of the disturbance patterns distributed zonally. With-
in the forcing area in the interval [~ L,L], there arc two negative centers of the thickness dis-
turbance / on both sides of the equator, They are two lows and are symmetric about the equa-
tor. Accompanying the two lows there appear cyclones of oceanic current fields, In the west of
the forcing area, there are two parts of the disturbance fields. Within the interval
[— L= 3. L—1¢/3). it is the non-stationary Rossby wave which moves westward
continuously. Corresponding to the Rossby wave, there are two positive centers of the thick-
ness disturbance /t on both sides of the equator, They are two highs and are symmetric about
the equator. Accompanying the two highs, anticycloncs of oceanic current fields appear. With-
in the interval [L— ¢/ 3,— L] between the Rossby wave and the forcing area, the disturb.
ances are stationary. Al the equator and on both sides within about 3" latitude, there
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Fig. 3, The distribution of the oceanic disturbances ut the non—dimensional time 1= Y {a), 1= 27
(b), 1= 54 () and r= 81 (d) Arrows are the oceanic currents, Real and dotied lines are the pos-
tive and negative thickness disturbances, respectively,

exist strong oceanic currents which flow westward, On both sides of the equator, the positive
thickness disturbance /1 exists. Because of the effect of dissipation, the amplitudes of the dis-
turbances aftenuate gradually as the disturbances move westward,

Figure 4 shows the time—longitudinal cross—sections of the thickness disturbance /4 (a)
and zonal current ¢ (b) along the equator, respectively. From Fig. 4 we can see that because
of the westward propagation of the Rossby wave, both # and v expand westward along the
equator as the time increases. The evolution of & in Fig. 4a shows that the Rossby wave
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Fig. 4. Tume—longitudinal cross—sections of the thickness disturbance /i (a) und zonal current u (b}
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negative disturbances, respectively.

makes the oceanic mixed layer become thicker along the equator. Due to the effect of the dissi-

pation,

the amplitude of the positive thickness disturbances gets smaller gradually as the dis-

turbances move westward, Therefore, the oceanic mixed layer becomes thicker in the west
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than in the east, In Fig. 4b, we can see that there exist oceanic currents which flow westward
along the equator. As the lime increases, the scope of the westward currents expands to the
west because of the westward propagation of the Rossby wave, Also due to the effect of dissi-
pation, the amplitude of the oceanic currents weakens graduvally as the oceanic currents ex-
pand to the west,

5. Summary and discussion

In this paper, based on the observations (Zhang et al,, 2001}, an ideal meridional wind
stress which converges about the equator s set up. By utilizing a shallow water model in the
tropical ocean, we investigate the dynamical processes of the tropical ocean in response to the
wind stress. The main conclusions are as follows,

For the stationary oceanic response when the forcing of the convergent meridional wind
stress is zonally distributed evenly, the meridional oceanic currents on both sides of the equa-
tor flow toward the equator. The piling up of the sea water near the equator makes the
oceanic mixed layer near the equator become thicker. Correspondingly, the westward oceanic
currents exisl near the equator.

For the non—stationary oceanic response when the forcing of the convergent menidional
wind stress is limited within a certain zonal width, the westward propagating Rossby wave
symmetric about the equator is excited. [n the west of the forcing area, the Rossby wave
makes the oceanic mixed layer become thicker. And the westward oceanic currents appear
near the equator, The scope of the thickened mixed layer and westward oceanic currents ex-
pands westward as the time increases because of the westward propagation of the Rosshy
wave, Due to the dissipation, the amplitudes of the positive thickness disturbances and the
westward currents atlenuaie westwards.

The analyses of the observational data in the first part of this study (Zhang et al,, 2001)
reveal that prior 10 the increasing of SSTA in the eastern equatorial Pacific by more than half
a year. there appears convergence of the anomalous meridional wind stress in the eastern equa-
torial Pacific. In this paper, we can sec that when the meridional wind stress converging about
the equator exerts on the tropical ocean, the oceanic Rossby wave can be excited. The west-
ward propagating Rossby wave makes the oceanic mixed layer near the equator become thick-
er and the most prominently thickened region is near the forcing area due 1o the effect of dissi-
pation. Especially when the forcing of the convergent meridional wind stress is within the east-
ern equatorial Pacific, the climatological mean state of the thin mixed layer there can be thick-
ened. which is favorable for the El Nifio occurring, On the other hand, the westward oceanic
currents in the vicinity of the equator can transfer the sea water in the mixed layer from the
eastern tropical Pacific to the west. According to the theory of Wyrtki (1975}, the westward
oceanic currents near the equator are favorable for the upper layer sea water to pile up in the
western tropical Pacific and thus to accumulate the energy for the following warm event. Here
we can see that prior to an El Nifio, the sea water in the upper layer tropical Pacific can be
driven to the west not only by the easterly wind stress anomalies associated with the strength-
ening of the trade winds as proposed by Wyitki (1975), but also by the convergent meridional
wind stress anomalies which appear in the eastern equatorial Pacific,
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In the past, the researches emphasized the importance of the zonal wind stress anomalies
in an El Nifio event, Compared Lo the zonal anomalies, the data analysis in the first part of
our present study {(Zhang et al., 2001) shows that the convergent meridional wind stress anom-
alies appearing in the eastern equatorial Pacific prior to an El Niflo have a comparable contri-
bution to the increasing of the 88TA in the eastern equatorial Pacific, The convergence of the
meridional wind stress anomalies can lead 1o an El Nifio through increasing the mixed layer
depth and transporting more sea water 1o the west to accumulate the energy for the following
warm event. The westerly anomalies can induce castward propagating downwelling Kelvin
waves which are also favorable for the subsequent warming in the central and eastern Pacific
(e.g.. Wyrtki, 1975; McCreary. 1976: Busalacchi and G Brien, 1981; Zhang and Huang, 1998:
Huang et al.. 1998). Our results here suggest that both the westerly anomalies in the western
tropical Pacific and the convergence of the anomalous meridional wind stress in the eastern
equatorial Pacific play an important role in the occurrence of El Nifio events,

In the present study, a simple tropical oceanic model is used o investigate the response of
the tropical ocean to the converging wind stress, For fully understanding the dynamics and
thermodynamics of the response of the tropical ocean to the converging wind stress, it 1 neces-
sary lo use 4 more complicated oceanic model. In fact, the data analysis in the first part of this
study (Zhang et al,, 2001) shows that besides the converging meridional wind stress anomalies
in the eastern equatorial Pacific, another significant correlation area appears in the tropical
western Pacifi¢ to the northeast of Australia, The role of the leading meridional wind anoma-
lies in this area in the occurrence of El Nifio events is worth to be studied in the future investi-
gation.
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