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Abstract

A general circulation model of the ocean is developed for the study of dynamical
response to the wind stress change. The model is idealized in the horizontal dimension
having a rectangular shape with flat bottom topography. The purpose of the present report
is to describe the model developed and to present the results in detail.

The numerical model extends over 100° in the east-west direction from 30°S to 54°N in
the meridional direction with 8 levels in the vertical direction and 2° (N—S) x2.5° (E—W)
horizontal grid spacing. Zonally uniform wind stress and heat and salt fluxes imposed on the
sea surface drive the steady normal general circulation in 140 years of integration.

Anomalies of wind stresses corresponding to (1) relaxation of the easterly winds in the
equatorial region and (2) intensification of the trade winds in the tropical/subtropical region
are imposed for 90 and 180 days, respectively. Temperature anomalies defined as the
difference between the results for anomalous and normal wind stresses are traced for a few
years.

Separation of the response into the baroclinic mode and the surface mode is apparently
recognized. The surface mode anomaly is mainly advected by the background quasi-zonal
steady circulation. Temporal variation of SST is very sensitive to the horizontal structure
of the normal temperature field, due to the advection of temperature by anomalous horizon-

tal currents associated with the Ekman pumping or subsurface temperature anomaly.
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1. Introduction

Since the 1960’s, world general circulation models of the ocean have been developed for
the purpose of simulation of the climatological general circﬁlation and SST pattern. On the
other hand, basin scale models that were started from barotropic models in the 1960’s are
mainly intended for the study of simple dynamics with nonlinear effects. - Recent increase of
scientific interest in dynamic and thermodynamic mechanisms for the long term variation of
the upper general circulation has led to more sophisticated basin-scale level models which
explicitly deal with thermodynamic processes.

The purpose of the present report is the full description of the idealized and useful
numerical model for the study of variation of the general circulation of the upper ocean.
After introducing the model, a series of response experiments to the anomalous wind stresses

will be described in detail.
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2. Description of the Model
2. 1 Governing equations

The model is based on the primitive equations formulated in spherical coordinates A, ¢,
and z, where A is longitude, ¢ latitude, and z height. The vertical coordinate z is positive
upward, with the ocean surface z¥0. The hydrostatic and Boussinesq approximations are
used. Hence, the variation of density is neglected in the momentum equations everywhere
except in the buoyancy force. The subgrid-scale processes are parameterized by down-
gradient mixing hypothesis, where the exchange coefficients are assumed to be constant.
Let u, v, and w be the zonal, meridional, and vertical velocity components, respectively.

The equations of horizontal motion are

du u __ou , v ou au uvtang —20vsing

9% T acost A Taod TV a
__—1 o (1—tan’¢) _ _2sing v Fu ~
= poacosd A T4 o Vi AT, Zcos’ 3/1}+K” FEa @D

ov u_Ov, v v v
ot T acosd oA Ta o TV

2
+—z~t%-mé+2.§2usin¢

_—10p { (1—tan®¢) |, 2sing au} v ~
" pea 09 o6 TA vt a* ot a’cos®d oA +Kn ozt x
and the hydrostatic equation is
g—§= —pg, (2-3)

where ¢ is time, g the earth’ s radius, £ the angular velocity of the earth’ s rotation, oo a
constant reference density, p the pressure, A» the coefficient of horizontal eddy viscosity, Kn
the coefficient of vertical eddy viscosity, o the density, g the acceleration of gravity, and V?

the horizontal Laplacian operator,

2_ 1 0 1 0 _
v a’cos®d OA* Tt atcosd 0 (COS¢ 3¢) @0

The equation of continuity is

1  ou 1 9 ow _
acosd oA | acosd of (veos#)T =0 2-5)

The equations for the conservation of heat and salt are

oT U 8T,118T 3

+ K, 0°T
ot ' acos¢ A a op

s 0z%’

——A;.V T+

(2-6)
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S “ 9SS , v dS 3S _ K. 32S
ot acosd A T a ag T Wor —ARVISH S, -7

where T is the temperature, S the salinity, A, the coefficient of horizontal eddy diffusivity,

K. the coefficient of vertical eddy diffusivity, and the coefficient ¢ is defined as

0 00 -
o= 1 for Z§0. (2-8)

0 is introduced for the convective overturning when the stratification is unstable.
As the equation of state, Eckart’s approximation formula (Bryan, 1969b) is used. If o,
00, g and z are given in cgs units, T in degrees Celsius, and S in parts per thousand, the

formula reads

_ P'+P ‘
#=1.000027[A+0.698(P" + Po)] * 2-9

where P’, P, and A are defined as follows :

. poglz]
P =T013%10° 10>

Py=5890+387—0.375T%+3S , ‘ (2-10)
A=17795+11.25T—0.0745 72— (3.8+0.017)S .

2. 2 Model domain and boundary conditions

The model ocean is bounded by two meridians, 100° of longitude apart, and extends from
30° S to 54° N. It has a flat bottom of 5km depth. This domain is considered as the size of
the Pacific Ocean. - Fig. 2-1 schematically represents it.

The boundary conditions on the velocity are zero normal velocity and no slip at the
western and eastern walls, and zero normal velocity and free slip at the southern and

northern walls, i. e.,

u=v=0 at A=0°, 100", : 2-1D
o _  _ =—30°. 54° @2-12
W——Z)—O at ¢—v 307, .

There is neither heat flux nor salinity flux through the lateral walls, i.e.,

oT  _  3S . PV ‘ )
acos¢ol  acosgpol =0 at A=0", 100", (2-13)
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54N TaE

;

100

Fig. 2-1 The model domain.

oT _ 3S _ _ape £g° -
a8¢_aa¢_0 at $=-30, 54°. -1

At the ocean bottom, the vertical velocity, heat flux and salinity flux are taken to be

zero ; thus
w=0,
A )
' at z=—H . (2-15)
Km%z th/00 ,
ng—gz 78/ 00 .

The bottom stress vector (74, 7% is determined on the assumption that the bottom
Ekman layer is embedded in the lowest layer of the model ocean in such a way as to satisfy

the no-slip condition at the bottom, i.e.,
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Z')é:v .QSin¢Km(uB_UB)

(¢=0),
tb=vQsing Kn(us+uvs)

or (2-16)
th=v—0sing Kn (us+vs)

(6<0),
tb=v—82sing Kn(— us+vs)

where #s and vp are the horizontal components of the velocity at the lowest layer or at the

top of the Ekman layer.

At the ocean surface, the rigid-lid approximation is made to filter out external gravity

waves, and the wind stress (7%, %), heat flux (Qr), and salinity flux (Qs) are specified, i. e.,
w=0,
ou _
Kn oz Tt/ Qo ,

v _ — _
Kmaz—r/po, at z=0, @2-11

Kh%%= Qr/poC ,

where ¢ is the specific heat of the sea water. 7%, 7*, Qr, and Qs will be described in section
2.5.

2.3 Prognostic equations

Using the hydrostatic relation (2-3), the pressure at any depth z is given by
0
p=ps+Lgpdz, (2-18)

where ps is the pressure at the ocean surface. In terms of ps, Eqs. (2-1) and (2-2) can be

rewritten as

ou _ 1 aps

ou_ L1 0Ps i 2-19
ET peacosd A + U +28vsing ,

v _ 1 0ps _ ; (2-20)

T ped 00 + V—2Qusing, ,
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where ;
T R R
+Am{V2u+(1_taa2n2¢) —azzzi)‘;fgs g;’}ﬂ{,,,% : (2-21)
Ve g B0 O S 3 a0
+An{vro+ UTtE0R), | FSing Gul g, &0 (2-22)

To integrate the above equations without ps equation, the horizontal motion (#, v) is

decomposed according to Bryan (1969a) as

u=u+u, (2-23)
v=v+0v, (2-24)

where # and 7 are the vertically averaged velocity components, and #” and v’ the deviations
from them. By the horizontal nondivergence of the vertical mean current (i, 7), stream

function ¥ can be defined such that

__ 1 1 0¥ _
U= H[Hudz— Ha o6 (2-25)
_ 1 v R
7= f 002 = Frcosd AT . (2-26)

A prediction equation for ¥ is obtained then by taking the vertical averages of Egs.

(2-19) and (2-20) and eliminating ps. The result is

1 i( 1 azgr) 19 <cos¢ azqr)
a*cos*d OA\ H 0Adt a’cos¢p 0p\ H 0pot

- y a%{% I V—252usin¢)dz}

__ 1 0 [cosg [° ) .
acosé 3¢{ H IH(U+ZQ”SIn¢)dZ}- (2-2D

When H is cornstant, this equation becomes the Poisson equation :

100 . 1
Vi "~ acos¢ 8/1{ _[ (V- 2~Qusm¢)dz}
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- ac<1)s¢ 5%{ C(E¢ j::( U +2Qusing )dz } . (2-28)

From Egs. (2-19) and (2-20) prediction equations for the vertical shear current are

obtained :

ou 1 o o
Y~ U—r [ Udz+200'sing, (2-29)
o 1 o o
2~V [ Viz—20u'sing . (2-30)

The temperature and salinity are predicted from Eqgs. (2-6) and (2-7), namely,

T _ _w 0T v oT _ oT 2, Kn 0°T .
ot acosd oA a op Yoz AV TS g (2-3D)
OS___u S _v3S__ S K, & )
ot~ acos¢ oA a o6 "oz TARVESHE (2-32)

2.4 Grid system and finite difference equations
The finite difference methods used to solve the equations follow those of Semtner (1974),
and partly Han (1975). In the following section, the subscripts 7, j and %, always represent

the longitudinal, latitudinal and vertical indices, respectively.

2.4.1 Grid system

The ocean is composed of KM layers, and the grid points are irregularly spaced in the
vértical direction. The horizontal spacing of the grid points corresponds to the increments
4 A and 4 ¢ in the longitudinal and latitudinal directions, respectively.

The arrangement of the variables in the vertical direction is shown in Fig. 2-2. The
horizontal velocity components # and v, temperature 7, salinity S, density o and pressure p
are located at the levels denoted by z. (<0) (=1, -, KM).

The intervals between the levels are defined as

Adziy=—21,
AdZp12=Zr-1— 30 (k=2, oty KM), (2-33)

4 zrm12=2xkm+H .

The thickness of the layers is defined as
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>— Z, . (2=0)
V2 —lazy— ———eo ———— /2
Y.
— Y2 A ZZ3/2
—VAZZV——_ f. —_—— — 2
Y . Z

AZKMA/2

ZyM-1/2

1AL — —®— — — —ZkM

. X (Z=-H)
ZKM-.+1/2

Fig. 2-2  Vertical placement of the variables. Dots are for «, v, T, S, o, and p;
crosses are for w. -

Az =dz1+1/24 23,
A2,=1/2(4 zr-12+ 4 Zps1i2) (k=2,-, KM—1), @-30

Azxn=1/24 zxr—12+ 4 Zrrrirsz -

The vertical velocity w is carried at the intermediate levels

Zk+l/2(k:0y oy KM) )

where

z12=0,

Zk+1/2=1/2(2k+2{k+1) (kzl,“’, KM—l), A (2"35)

— 10 —



Tech. Rep. Meteorol. Res. Inst. No. 24 1989
RKM+1/2= — H .

A staggered grid system in the horizontal plane is shown in Fig. 2-3. The temperature
T, salinity S, density p, pressure p, and stream function ¥ are located at integer grid points
G, 7 G=1, -, IM, j=1, ---JM), where IM and JM are the total numbers of grid points in
the longitudinal and latitudinal directions, respectively. The horizontal velocitly
components # and v are located at half-integer gI"id points (:+1/2, j+1/2) (G=1, -, IM—
1, j=1,+-, JM—1). The vertical velocity in the prognostic equations for T and S is
evaluated at (7, 7), while that for » and v is evaluated at (:+1/2, j+1/2). The coastlines
of the model ocean are placed on (4, 7) points, that is, (2, /), (UM —1, ) (G=2, -, JM -1,
and (4, 2), (7, JM—1) G = 2, -, IM—1). The grid points outside the coastlines are only

used for specifying boundary conditions. The horizontal grid distances 4 x;, 4 x;j+1/2, and

4y are defined as

Fig. 2-3 Horizontal placement of the variables. Dots are for T,'S, o, p, ¥, and w in the T
and S equations; crosses are for #, v, and w in the % and v equations. '
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dx;=acosg; 44,
Axie12=1/2(A x;+ A x;41), : , (2-36)
4dy=ad¢.

where ¢; is the latitude of 7 point. The trigonometric functions at j +1/2 point are given

using cos¢; at j point by

cos@i+12=1/ 2(cosd;+cosd;1),
Sing;+12= (COS¢j—COS¢j+1)/A vy, . 2-37D

tang;+1z =sing; 412/ cosPsiisz .
The area elements I1; and I7;+.,; are defined as

Iy=4x;4y,

(2-38)
Hivi2= A4 %5014y .

2.4.2 Time differencing

The principal time differencing utilized in the model is the leapfrog scheme. Eyery ten
time steps, however, a forward séheme is applied to suppress the fime splitting associated
with the leapfrog scheme. The friction and diffusion terms are always evaluated with a
forward scheme. In addition, a trapezoidal implicit scheme is used for the Coriolis terms in

order to render inertial oscillations stable with a long time step.

2.4.3 Momentum equations ,

. The finite difference analogs of the equations of motion for the vertical shear current are
obtained by rendering Egs. (2-29) and (2-30) in the finite difference form. In this subsec-
tion, notation ¢ is used to denote either # or v.

(a) Pressure gradient

The pressure gradient forces at the kth level relative to those at the first level are

written as

(PA )i+1/2,j+1/z,1 =0,
. (2-39)

1 1%
(PA)i+1/2,j+1/Z.k= -2 (pz’+1,j+l,H—1/2+pi+1,j,l+1/2 T 04,41, 1412 04,4, 1+1/2
2 o i=1

— 12 —
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'gAZHl/z/AJCjH/z (kzz,'“, KM),

and

(Pg)ir1s2,5+12.1=0,

11k (2-40)
(P¢ )z‘+1/2,j+1/2,k_ 7 g (pi+1,j+1,L+1/z+.0i,j+1,z+1/z _pz’+1,j,L+1/2_pi,j,L+1/2)
AZL+1/2/Ay (k:Z, ) KM),
where 0;,;,z+12 is defined as
_1 2-41)
pi,j,k+1/2“7(pi,j,k+pi,j,k+l) ’ ‘ (

and the density o1, « is calculated from the equation of state (2-9) with 7% ;% S j,» and 2.

(b) Horizontal advection

It is convenient to define the following volume fluxes per unit depth in advance (Fig. 2-4

@):

1
(FUC)i,j,kZTA y( Ui-1/2,j-1/2, 2+ Uivriz,j-1/2, 2T Ui-1/2,5+1/2, 6T ui+1/2,j+llz,k) y

[ ] [ J
(i, }+1,k) ir1, jr1k
. N 2T I
(i-7.57K g (i3, +L k)
(FU)IJ+
X
(i j+ 5K . (FUT)i+ %, j k
EVO,, | FV) ] -
LK TL A gk (340
(ijok)  (FUC); (i+1,j,k)
(5.4 K) (i+3,5- 5.0
x ' x
(a) (b)

Fig. 2-4 Location of the horizontal volume fluxes defined to obtain finite-difference forms of

the horizontal advection terms in (a) the momentum equations and (b) temper‘ature
and salinity equations.

— 13 —
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(FVC)i,j,k:‘i—{A Xio12(Virs2, 5126+ Viwrizos—1/2,5)

+ A xj+1/2(vi—1/2,j+1/2, k+ Vi+1/2,5+1/2, k)} »

(2-42)
(FU )i,j+1/2,k:%{(FUc)i,j,k+(FUC)i,j+1.k} y
(FV)i+112,j,k:%{(FVC)i,j,k+(FVC )i+1,j,k} .
Then the horizontal advection terms are given by
_ 1 2
(MA )i+1/2,j+1/2, = T T —{( uu)i+l,j+l/2, e (Us) s, 51102
L3
+(u0)ivrsz, 541, 8= (U0 iv112, 5,2}
+%{( uc)i+1,j+l,k_(uc)i‘j,k
+(2c)i, e, ( uC)i+1,j,k}] ’
(2-43)
_ 1 2
(M¢)i+112,j+1/2,k__7 ‘{(vu)iﬂ,nl/z,k—(l)u)i,j+1/2,k
2L 3
+(1/11)f+1/2,j+1,k—(vv)i+1/z,3,k}
+%{(Z)C)i+1,j+1,k“(UC)i,j,k
"‘(vc)i.jﬂ,k— (v¢ )it k}] ,
where
(a'u )i,j+1/2,kzé(az‘~1/2,j+l/2,Iz+ a’i+1/2,j+1/2,k) (FU)i,j+1/2,k ’
(a’v)i-ﬂlz,j,k:%(aii-llz,j—llz,k"_ai+112,j+l/2,k) (FV )i+1/2,j,k s
(a’C)i+l,j+l,k:%(a’i+1/2,j+1/2,k+ai+3/2,j+3/2,k){(FUC)z‘+1.j+1,k+(FVC)i+l,j+l,k} y
(2-44)

(@c), s, kz%(ai—-llz,j—llz,k+ai+1/2,j+1/2,k){(FUC)i,j,k+(FVc)i,j,k} ,
(a’C )i,j+1,k:%( a’i+uz,j+1/2,k+a’i—l/2.j+3/2,k){_(FUC)i,jﬂ,k"‘(FVC)i,jﬂ,k} s

(QC)H~1,J’,k:%(a’i+1/2,j+1/2,k+ai+3/2,j—ll2,k){_(FUC)i+l,j.k+(Fvc)i+l,j,k} .

(¢) Vertical advection

Using the equation of continuity (2-5) and the upper boundary condition (2-17), the
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vertical velocity at (i+1/2, j+1/2, k+1/2) is given by

Wi+1sz,5+1/2,12=0,

(2-45)

k
Wi+1/2,5+1/2, k+1/2 = H 2{(FU)i+I,j+1/2,l_(FU)i,j+l/2,l+(FV)i+1/2,j+1,l

i+1/2 =1

‘—'(FV)H-UZ.J',L}AZL (k:l’---’ KM)
Then the vertical advection terms are written as

( WA )z’+l/2,j+1/2, R {( uw )i+1/z,j+1/z, R—1/27 ( uw )i+1/2,j+1/2, k+1/2)}/ 4z, @ 46)
( Wé )i+1/2,j+l/2.k= - {(UW)£+1/2,.:'+1/2, k—1/27 (m)i+1/2,j+1/2, k+1/2 )}/ 4z,

where
(a'w )i+1/2,j+1/2, R+1/2 =7 (0’i+1/2,j+]/2, et @iviiz, g1z, 001 ) Wi+1/2,5+1/2, k+1/2 « (2”47)
(d) Horizontal friction

The finite difference analogs of the horizontal friction terms are

(1 —tan22¢,~+ vz )

(F/i)i+112,j+1/2,k:Am{(Vzu)i+1l2,j+llz,k+ a

Uit1/2,j+1/2, R

_ Sing;+1/2 . Z)i+3/2,j+1/z,k_0i—1/2,j+1/2,k}
a*cos’@;rrz A xjvuz ’
(2-48)

(1— tanz¢j+ uz)

Vit1/2,j+1/2, &
a

(F¢ )i+1/2,j+1/2,k:14.m{( V20)it1z, 54102, 6+

sing;+12 L Uirsiz, g1z, Ui-1/2,5+112, - }
2 2 -
a’cos’djriz 4 %5112 ’

where
( Via )i+ll2,j+l/2,k: {(a’i+3/z,j+1/z, T Qit+1/2,5+1/2, k)_ (a'i+1/2,j+1/z, E ai—l/z,j+1/2,k)}/ 4 ’Cj+1/z2

+ {COS¢j+1(a’i+1/2,j+3/2,k— a’i+1/2,j+1/2,k)

—COS¢j(a/i+1/2,j+1/z, T Ai+1/2,5-1/2, k)}/ oS24 yz - (2-49)

(e) Vertical friction

The vertical friction terms are written in the following finite difference form :

(GA )i+1/2,;’+1/2, = {(Du)i+1/2’j+1/2,k_l/z_(Du)i+1/2,j+1/2,k+ll2}/ 4z, (2-50)

(G¢)i+llz,j+1/2,k: {(Dv)i+1/z,j+uz,k-uz—(Dv)f+1/z.j+1/z,k+uz}/ 4z,
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where

(Da’)i+1/2,j+1/z,k+1/z=Km(a’z‘+1/2,j+1/z,k—a'i+1/2,j+1/2,k)/ 4Zns1s2. (2"51)

From the above, the finite difference analogs of Egs. (2-29) and (2-30) for «” and v at

the time level n+1 are

7(n+1) — o (n—-1)
U iv1i2,5+1i2, — U (i+1/2,j+112,k -U

24¢

KM ’
n-1 1 n—1
(z'r-li-?l2,}+112,k_ > U(z"i;zlz,}ﬂ/z, 14z
H&

+2025in¢;412(B0 R, s vz, e+ 70 R 41z k) (2-52)

/(n=1) 7(n—1 KM
Vit1/2,5+12,2 0V i+1/£,j+1/z,k _ nn—1 1 nn-1
=V i s — H 121 Ve, 4 2

24t

— 28280412080 BKH, jrsz, s+ 72U T3, 54128) (2._53>
where

U(l"i,{llz.l.gi-llz, R (PA )(i’—zi-)lIZ,j-l—l/Z, k + (M/I )(i{zk)lIZ,j+ 1/2,k _'_ ( W/1 )(in+)1/2,j+112, k

+ tang;+iz

n n
2 u(z’i}ll2,j+1/2,k * v(i+)1/2,.i+1/2,k

F(EaB, ser2 e (GBI, w1z, 2 (2-54)

V(iﬁ'ﬁz,l}nlz, = (P¢ )(iﬁ-)IIZ,jJrl/Z, k + (M¢ )(i’-’(»)llz,j—F 1/2,k + ( W¢ )(1‘73-)1/2,j+ 1/2, &

tang;
—J;ﬁ—”z( u(i'}i-)llz,j+llz, & )2

+(FS)al, sz, 2+ (G, jw1i2,5 (2-55)

and superscript # indicates the time level # of the variable, and 4 ¢ denotes a time increment.
Eqgs. (2-52) and (2-53) are solved simultaneously for # %%} ;412 and o'%i 54012, The
coefficients 8 and y are taken to be 0.5 so that inertial oscillations are computationally
neutral.

When the forward time difference is applied, the variables at time level #-1 in Egs. (2
-52) and (2-53) are replaced by those at time level », and the denominator 24t on the

lefthand side is replaced by 4¢.

— 16 —
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2.4.4 Temperature and salinity equations

As the temperature equation (2-31) and salinity equation (2-32) are similar td'each
other, only the finite difference analog of the temperaturé equation is written here.
(a) Horiiontal advection

It is convenient to define the following volume fluxes per unit depth (see Fig. 2-4 (b)) :

(FUT)i+1/2,j,k:_%—A _’V( Uitrje,j-1i2, kT ui+1/2,j+1/2,k) s
(2-56)

1
(FVT)i,j-f—l/z,lz:_A xj+l/2(0i~l/z,j+1/2,k+ Ui+1l2,j+1/2,k) .
2

Then the horizontal advection terms are given as

1

(Mz)i 5=~ 1T {(Tw)errz s, e— (Tt i-112,5,+ (T0)i 54126~ (T0)i, i-112 8} (2-57)

where

( Tu)i+1/2,j,k:%( Tiint Ti+1,j,k) (FUT)z‘-HIZ,j,k , ‘
(2-58)
(Tv)i,jﬂ/z,k:’%( Tiset Tz‘,j+1,k) (FVT)i,j+ll2,k . ‘

(b) Vertical advection

The vertical velocity at (4, j, £+1/2) is given by

wi,inz=0,

1 k (2_59>
Wi, 5, e+1/2— 1 2 {(FUT)i+112,.i,l_.(FUT)i—IIZ,j,l

;=1

H(FVT)isorz— (FVT )ijoap} 4z (R=1, -, KM).
Then the vertical advection term is written as
(Wo)ise=—{Tw)t, 5,012~ (Tw)iss.ex12} 4 2, ; (2-60)
where
(Tw):.., Mz:%( Tivsoat Tigonen) Wi menz - ” 2-61)

The vertical velocity wisiss,j+1/2 2412 €valuated by Eq. (2-45) is related to w;, ;, 5+1/2 Dy the

following ‘equation :
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1
COSPj+1/2 Wit1i2,5+1/2, k+1/2= I{COS ¢j(wi,;‘, ez T Wit s, k+uz)

+COS¢j+1(wi,j+ 1La+12 Wikt j+1, 2112 )} . (2-62)

(c) Horizontal diffusion

The finite difference analog of the horizontal diffusion term is

(Fr)isoe=An{Tisr, 56— Tersoe)— (Tis6— Ticr5,0)} 4%5°
+{cosdsirz( Tiier,a— Ti5,)
—coSPi—1/2(Ti 50— Ti,j—l,k)}/ cos¢; 4 yz] . (2-63)

(d) Vertical diffusion

The vertical diffusion term is written as

(Gr)esw={(DT )i shmre— (DT iss errie}/ 4 2, ‘ (2-64)
where
(DT)i,j.kH/z:Kh( Ti s Ti,j,k+l)/ AdZriri2. (2-65)

T and S at time level #+1 are obtained from

TEIN— TR n b
’J’ZAL‘ L= (M) at (W) a+ (Fr)5 R+ (G )R+ (80 )8R, (2-66)

SEL=SUIR () o (Wb (N0 (G (8002, 267
where (Ms):,5,5, (Ws)i 55, (Fs)is.x and (Gs),j,» are counterparts of (Mr):i,6, (Wrdi s,
(Fr)e ;e and (Gr)i ;e respectively. (8r)VY and (85)¥*}¥ represent time rate of change
due to the convective adjustment. If the new density field, which is calculated from the
temperature and salinity field without & terms, contains a statically unstable stratification,

(n+1) >p(n+1)

eV >0y the temperatures T "#%-, and T /% and salinities S %Y., and S ;¥ are

replaced by the respective weighted mean values.

2.4.5 Boundary conditions
The lateral boundary conditions only for the western boundary (i=2) and southern

boundary (j=2) are given, since the eastern boundary (¢=IM —1) and northern boundary

— 18 —
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(G=JM —1) are treated similarly.
The condition of zero normal velocity is maintained by imposing antisymmetric condi-

tions on the normal velocity component :

ug’/zz) it k= T u(572),j+ 112,k 5
) ) (2-68)
Ui+1/2,312, k= — Vi+1/2,5/12, % -
For the tangential velocity component, symmetric conditions are imposed :
U(sl L, it1/2, k= 0(5'/1'4;,;41/2,13 ,
(2-69)

n — n
u(i+)112, 312,k — u(i+)1/2, 52,k «

In the friction terms, the no-slip condition at the western boundary is satisfied by the

antisymmetric conditions :

Ut vz = — Ui Periz ke
1 2-70)
Ug'/lz_.j)i»llz, = 2)(5’/12_,})+1/2, k.

The free-slip condition at the southern boundary is satisfied by the symmetric conditions

ui B s = 1R 52k

@-7D
ViR ae e =0 s s
On the temperature and salinity, the following symmetric conditions are imposed both in

the advection and diffusion terms :

— — — 1
T e=TShs, TUR=TER, TO=TW., TEIR=TER,

— = -1
SCLe=SGhe, STER=SEY, SWL.=SU., SUR=S¥:%.

(2-72)

The conditions at the ocean bottom are, referring to Egs. (2-51) and (2-65), satisfied by

setting as follows' :

wE"} KM+1/2— w(z"i)uz,ﬂ !lZ,KM+1/2:0 ’
- — (A -1
(Du)al sar xa12= (TB)ETR, 5412/ 00 . (2-73)

(Do), vz k12 = ( B4R s+12/00

(«DT (?J,}()M+1/2_ (DS )(,;,12M+1/2—

At the ocean surface, the following conditions are imposed :
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wﬁ") 1/2= w(i’i)uz,jﬂlz, 12=0,

(Du)?38, sevz 2= (e )il seu2/00

(Do)l svz 2= (2?4113 4112/ 00 , ‘ 2-74)
(DT )59:=(Qr )5 /0oc,

(DS)5:82=(Qs)¥7 /00 .

2.4.6 Vorticity equation

The finite difference analog of Eq. (2-28) for the stream function is

L(qi,j): ZTDi,j

1
24 P i+1/2,j+1/2+ VMH-I/Z,J'—IIZ— VMi—l/Z,j+l/2_ VMi—lIZ,J'—UZ)

"m {cos@;r12(UM;—vp2, 5012+ UM i1z, 54172)
—c08@;—12( UMi-1s2, j—12+ UM;s112,5-112)} (2-75)

where L denotes the finite difference analog of the Laplacian operator V2,

L(q: J) (q:+1 J+ql 1,5 2(11',]')

1
+—COS¢jAyZ {COS¢j+1/z(qi,j+1—Qi,j)—COS¢j—1/z(CIi,j"(Ii,j—l)} , (2-76)
and

U il 2

Gi=T o4 tH

1 &M _ .
UMi+1I2,j+1/2 :ﬁzl( U(iri’?/z,l}ﬂ/z, T 29811’1¢j+1/z * U(i'i)uz,jﬂ/z, k)A Rk, (2‘77)

VM2, 5+12=5F H 2 ( Vzr-lr;l/zlﬁx/z r—28sing; 12 * u(z"i)uz,jﬂlz,k)d Rk

The difference equation (2-76) is solved together with the boundary conditions, g:,;=0 élong

the lateral boundaries.

In the present model, the following Fourier direct method (Williams, 1969) is used to
solve the Poisson equation. Let
5 Qu s U=DG=D) ) e
‘E@@% m—-3 (2-78)



Tech. Rep. Meteorol. Res. Inst. No. 24 1989

then Eq. (2-75) may be written after a little manipulation as

__E)WSJ—-UZEQM—H'[ 2 cos{ (i=2) }_1]QL,J'+M+”22QLJ+1

Ricosd; 4y Rid x2S\ —3" Ricosd; 4y
9 ms2 ((1=9)(i—2) \ ZTD;.; .
=3 = S‘n{ IM—3 ”} R, @19
where
L 2 0 COSP;-12F+COSPj+172 _
R;= Ax cosd; 4 v? : (2-80)

The equation (2-79) is solved for the Fourier coefficient @: ;. Then the stream function

tendency ¢:,; can be obtained from @;,; through Eq. (2-78).

2.4.7 Programming

The computer program for the model is coded according to the program flow of Semtner
(1974), and changed to take advantage of the array processor.

To check the coding of the'program, volume integrals over the entire basin of the terms
in the temperature and salinity equations (2-66) and (2-67) are taken on a certain time step.
The integrals of the advective terms and of the horizontal diffusion terms should be essential-
ly zero. The integrals of the vertical diffusion terms should also be zero except the surface
flux terms. Thus the time changes of the volume integrals of temperature and salinity must
be equal to the surface fluxes to within truncation error.

A further check is made as to the energy balance. The time change of the volume
averaged kinetic energy of the vertical shear current is derived from Eqs. (2-29) and (2-30)

as
1 [0 (u+v?\, _ 1 , / —SE | -
Tl am =g [ U Vdam =SB ey

where V' denotes the total volume of the model ocean. For the time change of the kinetic

energy of the vertical mean current, the following equation is derived from Eq. (2-28) :

e

1 {'1 v 18 .
s” lacos¢ 04  acos¢ o

cos¢ U )}a’s
—SE, _ (2-82)
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where S denotes the area of the ocean and ZTD the righthand side of Eq. (2-28). E’; and
E, represent the contributions associated with the horizontal pressure gradient E’, and E,
horizontal advection E’, and E;, vertical advection E’; and E;, horizontal diffusion E’, and
E,, vertical diffusion E’s and E;, wind stress E’; and E;, and bottom friction E’; and E;,
respectively. The contribution associated with the metric terms is included in E’, and E,.
E, and E; should be zero. The equality (2-81) must hold except for a small residual, which
comes from the semi-implicit treatment of the Coriolis terms. Furthermore, the following
relations which represent the transformation of kinetic energy from the vertical shear
component to the vertically uniform component and the transformation of potential energy
to shear kinetic energy must hold :

, . W du v du _Zi_u____
B2t Es= V/;{u( acos¢ oA a b P oz +=, tand)

U 0v v v v  u’tand
+/( acos¢ oA a op Wz a )}dm

__ 1 {_( u ou v Ju ou | uv
v

14 “acosd A a o Yoz | TtanqS)
_ u_ov v v ov u’tang
+o(= acos$ oA a 0p Wz a )}dm

=—(E.+Es), (2-83)

1= Vf{ poacos¢ 6A[pgdz>+v(_p—aﬁ pgdz)}dm

-1 [ ogw _
74— am . (2-84)
2.4.8 Notes

(1) To maintain the no-slip boundary condition at the western and eastern walls, the
antisymmetric conditions are imposed on the horizontal velocity in the friction terms.
Nevertheless, the symmetric conditions are imposed on the tangential velocity component in
the advection terms. Otherwise the mass may not be conserved. This is because the
boundary condition on the vertically integrated current (i.e., ¥ =constant along the lateral
walls) guarantees no normal flow, but does not mean no tangential flow.

(2) The boundary conditions on vertical velocity — w =0 at the ocean surface and bottom

— 92 —
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— can not be thoroughly satisfied at the same time. Let w =0 at the ocean surface, then w
at the bottom is calculated from Eq. (2-45) or Eq. (2-59). In the present calculations,
vertical velocities at the bottom are less than 107 of those in the interior. Therefore, the

condition at the bottom is satisfied to within truncation error.

2.5 External forcing

The model ocean is driven by wind stress and heat and salinity fluxes through the sea
surface. The forcing functions used to obtain a steady state are steady in time and constant
in longitude. »

The wind stress has no meridional component, t?=0. The zonal component 7* is taken
from the annual mean zonal wind stress for the Pacific Ocean given in Wyrtkib and Meyers
(1976) for 30°S—30°N and Kutsuwada and Sakurai (1982) for 30°N—54°N (Fig. 2-5 (a)).
The tropical westward stress is minimum at 1°N.

The thermal forcing is given by the approximate formula proposed by Haney (1971).

The heat flux through the surface is calculated from
Qr(A, ¢, )=Q{T*(3)—Ti(A, ¢, 1)}, (2-85)
where 7.* is apparent atmospheric equilibrium temperature,

T ($)=13.0+17.0cos( 52, (2-86)
(Fig. 2-5 (b)), T the calculated temperature of the top layer of the model ocean, and @ a
coupling coefficient. In this study, @ is taken to be a constant of 50 cal/cm?+day*K. This
value indicates that the temperature of the uppermost layer (60 m) is adjusted to 7.* on a

time scale of about 120 days.

The salinity flux through the surface is calculated from
Qs(4, 8, 1)=S:1(4, ¢, ) {E(¢)—P(4)}, ' (2-87)

where S, is the calculated salinity of the top layer, E the evaporation, and P the precipitation.
E(¢) is taken from the zonal mean annual evaporation for the Pacific Ocean estimated by
Wyrtki (1965), Weare et al. (1981), and Saiki (private communication, 1981). P (¢) is taken
from the zonal mean annual precipitation for the Pacific Ocean estimated by Dorman and
Bourke (1979). The meridional profile of (P —E)(¢), with addition of some constant value
for zero total (P—E), is shown in Fig. 2-5 (c).

— 923 —
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2.6 Vertical resolution of the model ocean and initial conditions
The model ocean is divided into eight layers in the vertical, with boundaries at 0, 60, 190,
380, 590, 850, 1450, 2700, and 5000 m. The depth of the levels z is given in Table 2-1.
The initial state of the model is a horizontally uniform stratification with no motion.
The vertical distributions of temperature and salinity are given in Table 2-1. Except for the

-upper two levels, they are taken from hydrographic data in the western tropical North

(MM/DAY)
-4-2 0 +2+4

—] 54N

A
T Y 30w

(a)

_____ _ -} 0

— — 305

0 102030 -1 0 4
(DEG.) (DYNE/CH=CH)

Fig. 2-5 The prescribed external forcing
function: (a) the zonal wind
stress z*, (b) the apparent atmos-
pheric equilibrium temperature
Ta*, and (c) the precipitation
minus evaporation (P—E).

— 24 —
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Fig. 2-6 shows the corresponding density profile.

2.7 Computation and parameters

The convergence of the solution to an equilibrium is accelerated by two ways, in addition

to the numerical and programming techniques mentioned in the previous sections.

Table 2-1 Depth of levels z, and initial values

of temperature and salinity.

No. Depth T S
(m) o) %o
1 20 9.2 34.515
2 100 9.1 34.52
3 280 9.0 34.525
4 480 7.2 34.54
5 700 5.9 34.52
6 1000 4.55 34.545
7 1900 2.35 34.62
8 3500 1.55 34.68
3

(g/cm™)

1.026 1.028
1 l O
.\
‘e,
. ‘.‘
N
B ° 1000
\\
\

A}

\

e

1
\
\
A}
¥
1
\
1 5000 m

Fig. 2-6 Initial density stratification.
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is to separate the integration into two stages, stage I and stage II, where the zonal grid
spacing in stage I is twice as large as that in stage II. The other way is to use 4¢/a
(@>1) as the time step for integration of the barotropic vorticity equation. The latter
treatment is equivalent to taking a shorter time step for the rapidly adjusting barotropic field
than for the baroclinic field. This is justified when all local time derivatives vanish.

The values of all parameters used in the model are given in Table 2-2. The magnitude
of An ié determined so that the frictional width of the western boundary current is marginally
resolved by the zonal grid spacing 4 A(Takano, 1974). For A., a much smaller value is
chosen than that required for An», because the horizontal diffusion and surface flux will
nearly balance if the same value is chosen, especially in stage I. But a further decrease of
An excites a computational mode.

As noted above, external gravity waves are filtered out by employing the rigid-lid
assumption, and inertial oscillations are handled by treating the Coriolis terms implicitly.

Hence, the maximum time step which can be used in this system is determined approximately

Table 2-2 Values of parameters used in the model.

parameters stage I stage 11
a 6375 km radius of the earth
7.292 X10"5sec™! rotation rate of the earth
g 980 cm/sec? acceleration of gravity
Oo 1.025 g/cm? reference density of sea water
Cp (pocp=1.0 cal/cm?®+K) specific heat of sea water
KM 8 number of levels in vertical
H 5000 m total ocean depth
M 45 number of 7', S points in latitude
4¢ 2.0° meridional grid separation
M 23 43 number of T, S points in longitude
42 5.0° 2.5° zonal grid separation
Kn 1.0 cm?/sec vertical eddy viscosity
K, 1.0 cm?/sec vertical eddy conductivity
An 2.0%x10°, 3.0 X108cm?/sec horizontal eddy viscosity
An 2.0 X107 cm?/sec horizontal eddy conductivity
4t 48 4.0 hr time step
a 10 (4 t/a:time step for the vorticity equation)
Q 50 cal/cm?+day-K coupling coefficient

— 26 —
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by the phase speed of internal gravity waves. We set ¢=10. If a=1, that is, if the same
time step is taken for the vertical mean current as for the vertical shear current, 4 ¢ must

be reduced to about one hour in order to suppress computational instability.
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3. Normal State
3.1 Time integration

As already indicated in section 2.7, the calculation was carried out in two stages. The
integration of stage I, in which 41=5.0°, was made over a period of 100 years, starting from
the initial state given in section 2.6. Then, instantaneous fields at the end of stage I were
interpolated linearly to the grids of stage II, in which 41=25", and the stage II was
calculated for another 40 years. '

Fig. 3-1(a) shows the time history of the overall mean kinetic energies. The total
kinetic energy reaches its maximum value at the beginning of each stage, the 220th day of
stage I and the 60th day of stage II. Then, it begins to decrease until the 6th year of stage
I and the 220th day of stage II. For the rest of each stage, the total kinetic energy

stage I stage II
: - 40 (cm/sec)
i Mo ) 30
- N 20
j//"“" 110
(b) 0
1.5
T.K.E.| (cnf/sec?)
- 1.0
K.E.
(a) &= : 0.5
K.E.
0 20 40 60 80 100 120 140 0-0

(year)

Fig. 3-1 (a) Time history of the overall mean kinetic energies per unit mass. K .E., K.E’.,
and 7.K.E. mean the kinetic energies of the vertical mean current, vertical shear
current, and total current, respectively.

(b) Time development of the western boundary current at (33°N, 2.5°E) during -
stage I and at (33°N, 1.25°E) during stage II. The curves correspond to the north-
ward velocities at level 1 (top) through level 8 (bottom).
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continues to increase very slowly. Almost 95% of the kinetic energy is contributed by the
vertical shear current. The kinetic energy of the vertical mean current is almost constant
except for the first 100 days of each stage. (It should be reﬁqembered that the rate of change
of the vertical mean current was reduced to one tenth in the present model.) The available
potential energy (not shown here) increases from zero at the initial time to 415(cm/sec)? at
the end of the 140th year. The northward component of the western boundary current is
shown as a function of time in Fig. 3-1(b). The current continues to speed up in the upper
ocean except for a short term at the beginning of stage II.

The thermal response is rapid near the surface, and the temperature averaged over level
lis almosf constant during the last 60 years. On the other hand, the mean temperatures of
levels 5 and 6 increase at the rate of 0.01~0.02°C/year in stage II. This reflects that the
thermocline given as an initial state diffuses with time. The overall mean temperature -
continues to increase slowly throughout the computation. An inspection of the time develop-
ment of the temperature and salinity patterns in a meridional plane along the central
longitude shows that their main features are developed during the first 50 years.

In this chapter the final state of stage II, which is defined as the normal state in the
subsequent studies, is deécribed briefly. Overall characteristics are similar to the numerical

soluﬁons of Bryan and Cox (1968), Haney (1974), and Takano (1981).

3.2 Horizontal distributions

Fig. 3-2 shows the stream function of the vertically integrated transport. Five circula-
tion gyres are developed in the model ocean. The general characteristics of the pattern, such
as the latitudinal extent, relative strength, and rotating direction of each gyre, are basically
identical to those predicted by the Stommel-Munk theory of a wind-driven ocean. But there
are some discrepancies. The maximum poleward transport, for example, by the anticy-
clonic subtropical gyre in the northern ocean occurs at 28°N, while the wind stress curl is
maximum at 30°N. The maximum transport of 44.8 X102 cm?®/sec is smaller by about 20%
than that computed according to the Sverdrup relation, 55.4 X102, These discrepancies are
mainly caused by the smoothing effect of the large eddy viscosity used in the model. In fact,
the transport given by the Sverdrup relation is 29.8 X10'? at 26°N, 36.2X10'* at 28’N, 38.4X
10'2 at 32°N, and 12.8 X102 at 34°N (cf. Fig. 3-13, which shows a result for a weakly viscous
model).

The fields of temperature, salinity, density, and horizontal velocity at level 1 are shown
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STREAM FUNCTION
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Fig. 3-2 Stream function of the vertically integrated transport.
The contour interval is given at the top left. Thick lines
are drawn every five intervals. 1 SV =10°m®/sec.

in Figs. 3-3(a) through (d). Although the general patterns of isotherms and isohalines are
zonal and are principally governed by the external parameters T.* and (P—E), several
features dynamically produced are clearly seen. In particular, a cold water band is
developed along the equator where T.* is maximum. This is a result of the strong diver-
gence of the wind-driven Ekman currents, which builds up a narrow band of strong upwelling
(w is 5X107® cm/sec at the bottom of the uppermost layer) along the equator. In addition,
there is a warm tongue extending northward along the western boundary in the north
subtropical latitudes. This feature is due to the horizontal temperature advection in the
anticyclonic gyre. The model analog of the subtropical front can be seen in the temperature
field between 25°N and 30°N, which shifts northward in the easternk part of the ocean
(Takeuchi, 1984).

The density distribution is primarily determined by the temperature. The salinity acts
to strengthen the density front around 20°N, and to weaken it north of about 25°N.

The current vectors clearly show the model analogs of the Kuroshio, the North Pacific

Current, and the Subtropical Counter Current. The western boundary current attains a
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TEMPERATURE

C.1.=1 DEG. LEVEL 1 (20 M)
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Fig. 3-3 (a) Temperature, (b) salinity, (c) density, and (d) horizontal velocity vectors at
level 1. Velocity vectors are plotted only at every 10° of longitude. The arrows are
scaled by the vectors given at the top left.

— 31 —



Tech. Rep. Meteorol. Res. Inst. No.24 1989

DENSITY IN SIGMA T

c.1.=0.2 LEVEL 1 (20 M)

o ey oy e e e e T e

N S A

(ﬁfﬁ

i

—”_’/:
—

HORIZONTAL VELOGCITY
— : 10 —» : 20 CM/S LEVEL 1 (20 M)

N R

T

[N S R A

P R T T S S A

Fig. 3-3 - Continued.
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maximum speed of 40 cm/sec at 31°N. The model analogs of the North Equatorial Counter
Current and the North Equatorial Current, on the other hand, are very weak. In the tropical
latitudes the currents have a discernible poleward componént, of which the dominant part is
the Ekman current driven by the easterly wind stress. As a result the zonality of currents
in the tropics is very poorly reproduced. The analogs of the California Current and
westward subarctic currents are completely missing at level 1.

Figs. 3-4(a) and (b) show the temperature and velocity fields at level 2. The cold water
along the equator is much less extensive than at level 1, and a warm water pool is developed
in the western part of the tropics. The flow pattern near the equator is a reversal of that
at level 1. The model analog of the Equatorial Undercurrent is produced, though it has a
considerable equatorward component. (It should be noted that velocity vectors are plotted at
every fourth grid in the longitudinal direction.) The subsurface extension of the model’s
North Equatorial Counter Current at 7°N is merged with the equatorial undercurrent. The
subtropical gyre of the northern ocean is clearly seen at level 2 since the model’s North
Equatorial Current is stronger than at level 1. But the eastward transport in the gyre is
much larger than the westward transport. A large part of the eastward flowing mass bumps
against the eastern boundary and sinks to deeper layers there. Weak westward currents are
seen along the northern boundary. The model’s Equatorial Undercurrent is almost zonal at
level 3 (not shown here).

Figs. 3-5(a) and (b) show the temperature and velocity fields at level 4. The tempera-
ture is relatively low in the tropical region, and warm water pools are developed in the
subtropics. In the equatorial region, noted are the eastward currents symmetrically located
about the equator. In the eastern half of the equator, they are separated by westward
currents centered on the equator. The eastward currents are the model analog of the
Equatorial Subsurface Counter Currents. The most unrealistic feature of level 4 is a warm
tongue extending west-southwestward from the eastern boundary near 30°N. The warm
water is supplied by strong downwellings in the vicinity of the eastern boundary, and it is
advected along the southern flank of the subtropical gyre. (The realistic temperature pattern
is a westward intensified pool of warm water, like that produced in the southern ocean.)
The same unrealistic feature is also seen at level 3, where a warm tongue is generated around
25°N.

The fields at the lower four levels are not shown here. The warm tongue extending

from the eastern boundary is also seen at level 5 and level 6 around 38°N and 44°N, re-



Tech. Rep. Meteorol. Res. Inst. No.24 1989

TEMPERATURE
C.1.=1 DEG. LEVEL 2 (100 M)

P A U U S i A B 54 N

S

HORIZOBNTAL VELOCITY
—: 5 — : 10 CM/S LEVEL 2 (100 M)

‘11||||||llILI||||||I|||IIIII~IIII\IIII\IV 54N
. - - - - - . - . z I
- - - - - - - - - A
1~ — — — — — — — — -
] —> —> — — - — — — -
177 — — —_— —_ — - — — — -
— —_— —_— —_— — —> - —_ —_ /"_
1 = — — - - - - - -
] —_— —_— — — — — - - - T
_ ~ -—> - —> —> g g - - -
i — - - - - - - - +
- -> -~ ~ ~ e - - - _3ON
I~ ~ ~ ~ ~ - - - - -
1 f N ~ ~ - - - - -
. - ~ - - - -~ -
] ' ~ ~ - - - - - -
b . ~ - - ~ ~ ~ X
T P
3 <« <« <« <« - “ - - - N
47 <« < <« <« <« “« <« - -
& — <« « - « <« « - - -
1, - - - - . - . .
i ~ ~ ~ ~ ~ ~ ~ N
_\ —~ ~ ~ ~
- -~
3o N N A R R K
i AN N N N A i
RS -~ -~ -~ -~ ~ ~ A
~ ~ ~ ~ ~ N N \ \
N N N N N . )
1 o~ - - -~ -~ -~ ~ ~ ~ Y
e A -~ - -~ -~ - ~ ~
N — *— -— - - -~ -~ ~ ~ Al
N - - - - ~ ~ ~ ~
1IN -~ - N ~ < < N N N
~ N .
h - e - - - .
T el - - - - - -
:L/7 — — — — - - - - F
—_> —d - e - —> - - -
....... i . S R S S 30 S

Fig. 3-4 - (a) Temperature and (b) horizontal velocity vectors at level 2.
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Fig. 3-5 As in Fig. 3-4 except for level 4.
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spectively. At level 7 warm temperatures are produced in the vicinity of the northern

boundary.

3.3 Vertical sections

The three-dimensional structure of physical property is almost uniform in the zonal
direction except near the western and eastern boundaries. Figs. 3-6(a), (b), and (c) show
the distribution of temperature, salinity, and density in a cross-section along the central
longitude. (Note that in the following vertical sections, the uppermost one kilometer of the
ocean is shown in an expanded scale.) The temperature section shows a tendency for the
thermocline to be shallow in the equatorial region. Near &N the thermocline bifurcates into
an upper and a lower portion. The upper one gradually shallows poleward and surfaces at
about 25°N. It is associated with the model’s Subtropical Counter Current. The lower one,
which slopes down toward the north, is associated with the westward flowing branch of the
subtropical gyre. The water below 1 km has no outcrop at the surface, since the convective
overturning adjacent to the northern boundary penetrates only to 1 km. (In the vicinity of the
eastern boundary the convective overturning penetrates down to about 2 km. See Fig. 3-8
@)

In the salinity section, relatively high or low salinity water is extended downward from
the sea surface with the latitude where the imposed (P—E) takes a minimum or maximum
value.

The salinity-minimum layer at an intermediate depth extending southward from the
subarctic, which is one of the most salient features observed in the North Pacific, is not
reproduced. The density field is quite similar to that of temperature.

.Fig. 3-6(d) shows a cross-section of the eastward velocity component. The vertical
profile is complicated at the equator where eastward and westward currents alternate
between level 5 and level 8. The eastward velocity corresponding to the model’s North
Equatorial Counter Current is only slightly discerned and merges with the model’s Equatorial
Undercurrent kas described above.

In the northern extratropics there are three maxima of eastward current speed. One at
23°N corresponds to the model’s Subtropical Counter Current. The other two are caused by
the latitudinal profile of the imposed wind stress curl (cf. Fig. 3-12).

The temperature section along the equator is shown in Fig. 3-7. The model reproduces

two interesting features which are also seen in the observed temperature sections (Moore and
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Fig. 3-6 Vertical sections of (a) the temperature, (b) salinity,

velocity component. (a), (b), and (c) are along 50°E,
Westward motion is shaded. The vertical scale is exa

kilometer.
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Fig. 3-7 A vertical section of the temperature along the equator.

Philander, 1977). The first is the thermocline which slopes upward to the east. The second
is a relatively homogeneous layer near 400 m in the eastern equatorial region. (The model’s
Equatorial Subsurface Counter Currents described in the preceding section are located at the
poleward ends of this thermostat.) The degree of similarity, however, is not satisfactory.
The thermocline in the observed sections is sharper and shallower in the eastern region.
Furthermore, the thermostat is located at a shallower depth of 200—300 m. It is also noted

that the model does not produce the correct zonal gradient of surface temperature. In
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observations, the zonal temperature gradient is large in the eastern region and relatively
isothermal warm water is located in the western region. In the model, on the other hand, the
gradient is relatively large near the western boundary (see Fig. 3-3(a)). This discrepancy
can be partly attributed to the zonal structure of the wind stress. A zonally uniform stress
is imposed in the model, while several analyses of the tropical wind field (Wyrtki and
Meyers, 1976) indicate that the annual mean wind stress significantly varies in the zonal
direction and the westward wind is strongest iﬁ the central Pacific Ocean.

Now the vertical thermal structure associated with the warm tongue seen in the southern
flank of the northern subtropical gyre is described. Fig. 3-8(a) shows the vertical temper-
ature section along the eastern boundary. It indicates that, north of 20°N, surface warm
water penetrates to a greater depth with latitude. The zonal temperature section along
30°N, which cuts through the center of the subtropical gyre, is shown in Fig. 3-8(b). The
isotherm pattern is not realistic in the easteérn part where strong downwelling takes place.
In observed sections, isotherms generally slope upward to the east except in the western

boundary current region.
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A Fig. 3-8 Vertical sections of the temperature along (a) the éastern boundary (100°E)
and (b) 3°N. - .- : , :
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3.4 Meridional circulation and meridional heat transport

Integrating the continuity equation (2-5) from the western to the eastern boundary, the

following equation is obtained:
1007/180 iu}_ 1007/180 a _
L7 cose 2 aa+ fo 25 (veos)dA=0. -1

From this relationship the meridional circulation integrated over the zonal extent of the

ocean basin can be specified in terms of a transport stream function @, such that

1007/180
j(: acos¢-wdﬁ=%,
3-2)
1007/180 . _@
j‘: acos¢ v di= %%

The streamfunction is shown in Fig. 3-9. A direct meridional cell of basin-wide scale
dominates in the northern ocean. The general sinking motion, which primarily occurs near
the eastern boundary, extends deep to the north. This thermohaline circulation is confined
to the upper 2 km, and the abyssal part of the basin is isolated. The isolated water, whose
temperature and salinity gradually change from each initial value mainly due to vertical
diffusion, is heavier than the dense water formed by the model cooling. The shallow cells in
the equatorial region are primarily wind-driven.

Fig. 3-10 shows the heat flux throﬁgh the ocean surface. Major heating occurs in the
equatorial region, and major cooling occurs in the western boundary region of the northern
subtropics and in the northern boundary region. Weak cooling and heating occur in the
northern interior region bétween 13°N and 25°N and between 25°N and 40°N, respectively. In
an equilibrium state, the heat absorbed in the tropics must be transported poleward to
compensate the upward heat flux in the higher latitudes. The total meridional heat trans-

port is given by

0 1007/180 i
H=pocP[Hfo (vT—Ah%%)acosqi ddz

oT
" add

0 1007/180 _
ZPOCp[Hj; (0T+v T —A Yacos¢ dA dz , (3-3)

where the overbars indicate the zonal averages, and the primes the deviations from them.
The first term represents the heat transport associated with the mean meridional circulation
shown in Fig. 3-9. The second term is the effect of correlations between deviations from

zonal averages, and represents the heat transport associated with horizontal gyres. The last
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term represents the contribution of the northward diffusion of heat. The total heat trans-
port and three components are shown in Fig. 3-11. The heat transport associated with the
mean meridional circulation dominates except in the vicinity of the northern and southern
boundaries where the effect of horizontal diffusion becomes significant. The total transport

has a maximum value of 9 X10"W at 15°N.

3.5 Comments
We describe here two aspects of the general circulation which the model fails to
reproduce.

The first is on the North Equatorial Counter Current. The second is on the southward

MERIDIONAL CIRCULATION

oM

1000

5000

54N 30N 0 305

Fig. 3-9 Total transport in the meridional plane.
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Fig. 3-10 Downward heat flux through the ocean surface.

54

30

30 S

currents in the eastern part of the northern subtropical gyre and the associated density

structure.

They are both one of the salient elements in the observed upper ocean structure.

Although these defects do not cause any significant errors in the response studies given

in the next chapter, they would give quantitatively inaccurate results.

(1> In the tropics, currents are generally zonal and narrow in the north-south direction.

It is supposed, therefore, that the lateral viscosity coefficient used in the model is too large
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Fig. 3-11 Northward heat transport. Hi, H,, Hs, and H indicate the contributions of the

mean meridional circulation, horizontal gyres, horizontal diffusion, and their sum,
respectively.

to resolve the equatorial current pattern. From this viewpoint, a weakly viscous model, in
which A4,,=3.5%X107 cm?/sec and 4 A=1.25°, was integrated over a period of 10 years, starting
from the initial state of rest given in section 2.6. In this model, the salinity was held
constant, i e., S=34.5, because salinity has only a minor effect on the density structure in the
low latitudes.

Fig. 3-12 shows a meridional section of the eastward velocity component at the end of the
10th year. The model’s North Equatorial Counter Current is clearly produced, with a core

at the surface. It thus appears that the meridional grid distance of 2° would marginally
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Fig. 3-12 As in Fig. 3-6 (d) except for the weakly viscous model and along 50.625°E.

resolve the equatorial current pattern if the viscosity -coefficient is small enough. In the
figure, an eastward cell, which is a south equatorial counter current, is also seen at 9°S. This
is attributed to the imposed wind stress curl, having maxima at 2°S and 10°S. -Fig. 3-13
shows the stream function of the vertically integrated transport. The southern tropical gyre

and the northern subtropical gyre have both split into two gyres as a result of the reduction
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Fig. 3-13 As in Fig. 3-2 except for the weakly viscous model.

of viscosity (cf. Fig. 3-2). The split patterns reflect the curl ¢ pattern.

(2) In the eastern subtropics, the same feature, that is, a warm tongue extending
westward from the eastern boundary, appears more or less in the results as previously
reported, for example, by Haney (1974) and Takano (1981). (It is also seen in the result of
an eddy resolving model by Han (1975), in which the calculation was started from the
quasi-steady state obtained with a coarse grid model.) '

This feature is due to the heat-driven circulation, as shown in Takano (1981). The
upper boundary condition on temperature forces the temperature of the upper ocean to take
a southward gradient in the eastern subtropics where horizontal currents are weak.

Therefore, a baroclinic current normal to the boundary is developed near the eastern
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boundary, where the vertical mean current has no normal component. (The warm tongue
feature apparently does not appear in Semtner and Mintz (1977). The gradient of the
apparent air temperature is not parallel to the eastern boundary in their model, but it is not

clear how this condition affects the dynamics near the eastern boundary.)
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4. Response Studies
4.1 Introduction

In this chapter, numerical experiments are presented which examine the generation and
evolution of large-scale oceanic anomalies in response to anomalous wind forcing, on time
scales of a month to a few years. Anomalous winds corresponding to a relaxation of the
easterly winds in the equatorial region (section 4.2) and an intensification of the trade winds
in the tropical and subtropical region (section 4.3) are imposed for several months. These
wind anomalies are known as one of the atmospheric phenomena involved in ENSO (e. g.,
Rasmusson and Carpenter, 1982). Also is presented an additional experiment which demon-
strates the evolution of an existing temperature anomaly under no anomalous wind forcing.

The experiments are summarized in Table 4-1-1. The corresponding anomalous winds
and initial temperature anomaly are also shown in Fig. 4-1-1. Case 101 ahd case 201, whose
normals are horizontally uniform and motionless, are the counterparts of case 100 and case
200. |

Before anomaly experiments are carried out, the model is integrated over two years,
starting from the state at the 140th year described in Chapter 3. During this integration and
the following anomaly experiments, the heat and salinity fluxes through the ocean surface
are kept to be the same as those at the end of the 140th year. This condition is chosen
simply in order to isolate the effects of anomalous wind forcing and the ocean’s internal
adjustment mechanisms on anomaly development. The heat flux calculated according to
Eq. (2-85) has a tendency to damp the temperature anomalies. The effects of anomalies in
the surface heat and salinity fluxes on the genération and evolution of oceanic anomalies are
not studied here.

The following description refers mainly to the temperature anomalies. The anomaly of
a variable is defined as the deviation from its normal which is obtained by the integration for
the same period under no anomalous forcing. Since the normal run is almost steady except
in the deeper layers, the state is similar to that described in Chapter 3. The definition is
employed because the temperature of the deeper layers changes slightly due to the vertical
diffusion even in the absence of anomalous forcing. The prediction equation for a tempera-

ture anomaly can be written as

oT _ ., oT , oT o 9T 9T __oT ., oT

ot % acospar Y aog ﬁacos;bz?/l_v a0 Y oz W oz T " acospar
(A) (B) « (D) (E> (F) (&
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Table 4-1-1 Description of the experiments, (a) response to anomalous wind
forcing and (b) evolution of an initial temperature anomaly. ¢*
indicates the normal wind stress. Period means the term for
which anomalous winds are imposed. The normal state (%) is
almost identical to the quasi-steady state described in Chapter
3, while that k%) for case 101 and case 201 is horizontally
uniform and motionless.

€))
case anomalous wind stress Ié’g;;os n(s)trggl
100 0.35 - sin( A_615'25 ). %{ 1+‘cos(%n’)} 90 *
101 1.25=1<66.25 90 *3k
-9=¢=9
110 |z3(é)| 1.25<A<28.75 90 *
—9=¢=9
120 |74(#)| 36.25<A=<63.75 90 *
—9=¢=<9
130 |73(4)| 71.25=<A1<098.75 90 *
—9=¢=9
200 —0.35- sin(—/l%g'ﬁﬂ') . %{ 1+cos( ¢ 1-515 )} 180 *
201 33.75= 1 =98.75 180 * %k
1=46=529
210 —|r*(¢)| 51.25<A1=98.75 90 *
1124529
®
case initial temperature anomaly ng{;‘: !
L A=B0 . $—14 .
250 3+ cos( % )« cos( P )
37551625
8=¢=20
—380=2z=0
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Fig. 4-1-1 Location and structure of the anomalous zonal wind stress,
(a) ¢. 2100 and case 101, (b) case 110, case 120, and case 130,
(c) case 200 and case 201, (d) case 210 and (e) location and
structure of the initial temperature anomaly of case 250. The
zonal and meridional structures, unless they are zonally
uniform, are shown along the longitude and latitude through
the centers of the anomalously forced regions. The initial
anomaly of case 250 uniformly extends from the surface to
380 m depth.



Tech. Rep. Meteorol. Res. Inst. No.24 1989

o

. — 54°N

— 30°N
OO
| » 30°S
0° 50° 100°E
(c)
T 54°N
- '30°N
Oo
y | | 30°S
0° 50° 100°E
(d)

Fig. 4-1-1 Continued.
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Fig. 4-1-1 Continued.
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where the overbars denote the normals, and primes the anomalies. Terms (A), (B), and (E)
denote the effect of advection of normal temperature field by anomalous currents, terms (C),
(D), and (F) the effect of advection of anomalous temperature field by normal currents, and
terms (G), (H), and (I) the effect of advection of anomalous temperature field by anomalous
currents. Terms (J) and (KD are the diffusive change of anomalous temperature. If the
normal state is horizontally uniform and motionless, as in case 101 and case 201, terms (A),
(B), (C), (D), and (F) are always zero, and term (E) plays the most important role in the
initial development of temperature anomalies.

It would be helpful for describing the oceanic response to tabulate the characteristics of
the vertical normal modes in the model ocean in advance. Typical values for the first three
barodinic modes are given in Table 4-1-2 for a few typical stratifications. % is the equiva-
lent depth associated with the given mode. c=+/gh is the phase speed of the corresponding
gravity wave. Lg, the Rossby radius of deformation, is a characteristic horizontal length

scale. ¢z is the westward phase speed of the non-dispersive Rossby wave :

CRZ—%-«/th%c (for an equatorial mode with meridional mode number 1) ,
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Table 4-1-2 Characteristics of the first three baroclinic modes in the model ocean, ‘
(@ 0, 50°E), (b) (6°N, 50°E), and (c) (18N, 50°E). d and y in the last
line indicate that the unit is day and year, respectively.

(@ (b) ©
mode 1 2 3 1 2 3 1 2 3
hcm 133 40 18 132 42 18 140 37 17
ccm/s 361 198 132 360 203 134 371 191 128
Lrkm 397 294 240 236 133 88 -82 42 28
crcm/s 120 66 44 127 40 17 15 3.9 1.8
Tx 107d 195d  294d 101d 318d 2.0y 2.3y 86y 19.1y
= Bj‘%’f‘ (for an off-equatorial mode) . ‘ 4-2)

where £ is the northward gradient of the Coriolis parameter f ( =280sing ). The eastward
phase speed of the equatorially trapped Kelvin wave is equal to ¢. Tk indicates the time
required for the Rossby wave to propagate from the eastern to the western boundary at each
latitude. Fig. 4-1-2 shows the eigen modes of temperature change associated with the first
three baroclinic modes. These changes arise through term (E) in Eq. (4-1). If we project
the wind stress which acts as a body force in the uppermost layer into the vertical normal
modes for the equatorial region, the second baroclinic mode is shown to have a slightly larger
projection than the first. (Figures appearing in sections 4.2 and 4.3 are summarized in Table
4-1-3)

4.2 Response to anomalous forcing in the equatorial ocean
4.2.1 Anomalous eastward wind (cases 100 and 101)

In case 100, anomalous eastward winds are imposed in the western two-thirds of the
equatorial region (10°S—10°N) for 90 days (day 1—day 90) (Table 4-1-1(a), Fig. 4-1-1(a)).
The maximum wind stress-anomaly of 0.35 dyne/cm? nearly cancels the normal westward
wind stress on the equator. There are no oceanic anomalies at the initial time. This
experiment is intended to examine the oceanic response to an abrupt relaxation of the easterly
winds in the western equatorial ocean.

Case 101 is an experiment which employs the same anomalous winds as case 100, whereas

the initial state is horizontally uniform and motionless. The initial temperature and salinity
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(a) (b)

e

T

5000 —
m

Fig. 4-1-2 Vertical structre of the temperature changes associated with the first three
baroclinic modes, (a) (0%, 50°E), (b) (6'N, 50°E), and (c) (18°N, 50°E). Horizontal
scale is arbitrary.

are those obtained by averaging the initial state of case 100 over:the region from 10°S to 10°N
and from 0° to 100°E. In this section, the results of case 100 are described first, then they are

compared with those of case 101.
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Table 4-1-3 List of figure numbers given in sections 4.2 and 4.3. A, ¢, z, £ and ¢ are longitude, latitude, height, level,
and time, respectively. Units of (A, ¢) and ¢ are degree and day, respectively.

Anomaly | T'(4, 8) T4, ¢) T'(A 8) T'A 6) T'(4 ¢) T'(A, ¢) T'($,2) ¢, 2) T'(A 2) T4 2) T'(A z) T4, 2) T4 1) T/ t) T'At) T'$ t) w(A t) Others
Case =90 t=120 (=180 (=300 =360 (=720 =90 (=180 =0 - $=6 ¢=14 ¢=18 $=0 $=6 $=18 k=1  $=0
00 | 422 4-2-6 4-2-7 4-2-3 424 425 4-2-8 4-2-10  4-2-9  4-2-1
(k=1 (k=1 (k=1 (@1=15 (@)A=15 (a)t=90 (k=1 (@A=0 (k=1
(k=2 b)k=2 (b)k=2 (b)A=85 (0)A=85 (b)¢=180 (b)k=2 A=10 (k=2
101|421 4-2-12
' (a)k=1 (@k=1
(b)k=2 (k=2
10 | 4-2-13 4-2-13 4-2-14 4-2-14
(@)k=1 (k=1 (@)k=1 (k=1
(k=2 (k=2 (b)ke=2 (k=2
(e)k=6
120 4-2-15 4-2-15
(k=2 (Dk=1
130 | 4-2-17 4-0-17 4-2-16 4-2-16
(@k=1 (k=1 (k=2 (k=1
(k=2 @er=2
200 4-3-1 434 4-3-5 4-3-3 4-3-3 437 4-3-6 4-3-2
(a)k=1 (k=1 (k=1 (b)¢=180 ()t=180 @k=1 (k=1
(b)k=3 (b)k=3 (b)k=3 k=3 bk=3 4-3-8
201 4-3-9
(k=1
k=3
250 4-3-10 4-3-12 4-3-11
(k=1 (a)k=1 £=120
(b)k=4 (b)k=4

686T 72 ON "ISUJ 'S9Y "[010939IN 'doyg YOIL
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The relaxation of the easterly winds results in an eastward acceleration in the upper
ocean because of the initial eastward pressure force balanced with the normal westward wind
stress.

Therefore, the westward equatorial current of the uppermost level decelerates, and then
reverses its direction. This is evident in Fig. 4-2-1, which shows the evolution of the surface
currents along the equator (see also Fig. 4-2-9(a)). As a result, the westward advection of
the cold water upwelled on the equator weakens, and then an eastward advection of the warm
water pooled in the western equatorial region takes place.

In the meridional section, anomalous equatorward convergent currents are induced in the
surface layer, which are compensated by downwelling on the equator, upwelling on both sides
of it, and poleward divergent motion at depth. This anomalous meridional circulation tends
to raise the surface temperature along the equator by means of suppression of the equatorial
upwelling, and also by horizontal heat advection since the normal temperature is maximum
at &N and 8S(Fig. 3-3(a)). Due to the combined effects of the anomalous horizontal and
vertical advections of normal temperature field (terms (A), (B), and (E) in Eq. (4-1)),
anomalous temperatures initially develop in the forced region. Moreover, unforced regions

may be affected by Kelvin and Rossby waves or advection of anomalies by normal currents.

ZONAL VELOCITY CASE 100
LEVEL 1 (20 M) LAT.=0
C.1.=1 CM/S DAY

400

300

L LY

_Tnnming
SR RN

SN

200

|

AN

Fig. 4-2-1 Zonal velocity variations along the equator at level 1 in
case 100. Shaded areas indicate westward flow.
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Fig. 4-2-2 shows the temperature anomalies of level 1 and level 2 on day 90 when the
anomalous winds are instantaneously turned off. A warm anomaly is formed along the
equator at level 1. The anomaly is extended poleward élong the eastern boundary. On
either side of the equator, cold anomalies are formed along 8N and 8S. The anomaly
pattern of level 2 is widely different from that of level 1. Anomalously cold water is
developed under the surface warm anomaly in the western part of the forced region.

In the unforced equatorial region and along the eastern boundary warm anomalies
develop at both levels. Magnitudes of the anomaly near the eastern boundary are larger at
level 2 than at level 1. The cold anomalies of both level 1 and level 2 are centered at the
latitudes where the normal temperature is maximum, i. e., 8N and 8°S at level 1 and 4°N and
4°S at level 2. The pattern of level 2 is fairly similar to that of Fig. 6.6 in Leetmaa et al.
(1981), which shows the adjustment of the model thermocline topography after a weakening
of the westward trade winds in a longitudinally and latitudinally confined region.

Meridional sections within and east of the forced region are shown in Figs. 4-2-3 and
4-2-4, There is considerable difference in the development of anomalies between the forced
and the unforced region. The anomaly pattern at 15°E on day 45 (not shown) is similar to
that on day 90. At 85°E, on the other hand, the pattern changés between day 45 and day 90,
which reflects the appearance of a deep cold anomaly after day 45.

The longitudinal dependence of the vertical structure is also evident in Fig. 4-2-5(a).
The warm anomaly seen in Fig. 4-2-2(a) is confined to the uppermost level in the western
half of the forced region, while it extends down to level 3 in the eastern half. Near the
eastern boundary the warm anomaly penetrates to a deeper level and has a maximum value
at level 2.

When the anomalous winds are turned off, the normal westward wind stress causes
westward acceleration in the upper ocean since the normal eastward pressure force has
already collapsed during the first 90 days. A much faster jet than the normal westward
equatorial current appears for a certain period due to the acceleration (see Figs. 4-2-1 and
4-2-9(a)).

The temperature anomalies on day 180 are shown in Fig. 4-2-6. The cold and warm
anomalies of level 1 that existed in the equatorial region on day 90 have moved away from
the equator. Along the equator, cold anomalies are newly formed both at level 1 and level 2.
Changes in meridional sections are seen in Figs. 4-2-3 and 4-2-4. (The warm anomalies

centered at 20°N and 20°S in Fig. 4-2-4(b) are due to the convective adjustment.) The
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TEMPERATURE ANOMALY CASE 100
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Fig. 4-2-2 Temperature anomalies on day 90 in case 100. (a) Level 1 and (b)
level 2. Negative anomalies are shaded. C./. indicates the interval
of thin lines, while the interval of bold lines is five times C.I.. +
and L indicate maximum and minimum in positive anomalies,
and — and H indicate maximum and minimum in negative
anomalies, respectively.
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TEMPERATURE ANOMALY CASE 100
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' Fig. 4-2-3 Meridional cross-sections of the temperature anomalies on
day 90 in case 100. (a) Along 15°E and (b) along 85°E.

— 59 —



Tech. Rep. Meteorol. Res. Inst. No. 24 1989
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Fig. 4-2-4 As in Fig. 4-2-3 except for day 180.
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Fig. 4-2-5 Zonal cross-sections of the temperature anomalies along
the equator in case 100. (a) Day 90 and (b) day 180.
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Fig. 4-2-6 As in Fig. 4-2-2 except for day 180.
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section along the equator shown in Fig. 4-2-5(b) is entirely different from that on day 90.

It is not easy to identify which terms in Eq. (4-1) are responsible for the development of
anomalies after day 90, since the anomalies produced dﬁring the first 90 days are large
enough to change the normal state significantly. However, advection of anomalies by
normal currents can presumably explain the anomaly development along the equator to some
extent. At level 1, after anomalous forcing was switched off, the upwelling of cold water
and poleward advection of warm water tend to diminish the existing warm anomaly, and then
to generate a cold anomaly. At level 2, the normal equatorial motion converges the cold
water on the equator and advects to the east.

Fig. 4-2-7 shows the temperature anomalies on day 360. The newly produced cold
anomaly of level 1 is also split into two centers. At level 2, the cold anomaly along the
equator is almost stationary.

Fig. 4-2-8 shows the temperature anomaly variations along the equator at level 1 and
level 2. At level 1, anomalous water, both warm and cold, develops in the anomalously
forced region. At level 2, the relatively fast eastward movement of a warm anomaly center
and slow movement of a cold anomaly center are seen.

Fig. 4-2-9 shows the variations of the zonal velocity anomalies. At level 1, velocity
anomalies are produced in the anomalously forced region. However, the phase of the
velocity anomalies does not coincide with that of the temperature anomalies. The zonal
velocity anomaly #  basically develops as a result of imbalance between pressure force and
wind stress. The anomaly #" produced strongly affects the temperature anomaly develop-
ment through the term #'97/dx in Eq. (4-1). As long as «  does not change sign, the
contribution of #'d7/dx to the anomaly development 87"'/¢ has the same sign. It results’
in a delay of the phase of the temperature anomalies. At level 2, both eastward and
westward displacements of anomalies are seen. When the easterly winds relax, the east-
ward current anomalies develop and the eastward equatorial undercurrent accelerates.
Then the undercurrent decelerates (except near the western edge) due to weakening of the
eastward pressure force in the upper ocean, and subsequently dies out in the eastern forced
region. For a short period after day 90, westward currents appear. Then the equatorial
undercurrent reappears.

As seen in Figs. 4-2-6 and 4-2-7, anomalies drift or extend poleward along the western
boundary. The northward movement of the anomalies formed to the north of the equator is

obvious from Fig. 4-2-10 , which shows the surface temperature anomaly variations near the
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Fig. 4-2-7 As in Fig. 4-2-2 except for day 360.
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Fig, 4-2-8 Temperature anomaly variations along the equator in case 100.
(a) Level 1 and (b) level 2.
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Fig. 4-2-9 As in Fig. 4-2-8 except for the zonal velocity anomalies.
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Fig. 4-2-10 Temperature anomaly variations at level 1 in case 100.
() Along the western boundary and (b) 10°E
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western boundary. The movement, 25° in latitude in 100 days at the western boundary (Fig.
4-2-10(a)) and 20° in 600 days at 10°E (Fig. 4—2—10(b)),‘ is equivalent to speeds of about 30
cm/sec and 4 cm/sec, respectively. They are nearly equal fo the normal current speed at the
uppermost level (cf. Fig. 3-3 (d)). The cold anomaly which is seen at the western boundary
north of 40°N after day 500 is partially due to surfacing of the cold water advected northward
at level 2. The anomalous water north of 30°N at 10°E is advected eastward from the
western boundary region.

Now, compare case 101 with case 100 in order to clarify the role of the normal tempera-
ture and currents on the anomaly development.

The results of case 101, the horizontal temperature anomaly distribution on day 90 and
the temperature anomaly variations along the equator, are shown in Figs. 4-2-11 and 4-2-12.
The largest difference between Figs. 4-2-2 and 4-2-11 is in the intensity and extent of surface
warm anomaly in the anomalously forced region. In case 101, fhe warm water is only
slightly seen on the equator. This difference in the anomaly development on the equator is
also evident from Figs. 4-2-8(a) and 4-2-12(a).

In case 100, the surface warm anomaly in the forced region continues to grow until
anomalous winds are turned off. In case 101, on the other hand, it ceases to grow halfway,
and then begins to diminish except near the eastern edge. Vertical currents induced by the
anomalous winds generate a warm anomaly on the equator in both cases. In case 101,
however, once cold anomalies are generated by upwelling on both sides of the equator, the
equatorward advection by meridional circulation comes into play. In case 100, as explained
above, the eastward advection of normal temperature field by longitudinal circulation plays
an important role in generating the warm anomaly. This process, further, is able to explain
a relatively large magnitude of the warm anomaly near the eastérn boundary in case 100
compared to case 101.

The anomaly distribution at level 2 is not so different as that at level 1. However, two
differences between Figs. 4-2-8(b) and 4-2-12(b) are noted. One is that the warm anomaly
in the forced region grows more rapidly in case 101 than in case 100. The other is that the
eastward expansion of the cold anomaly region is swifter in case 100.

The evolutions after day 90 are very different between the two cases. All anomalies

simply diminsh to zero in case 101.
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TEMPERATURE ANOMALY CASE 101
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Fig. 4-2-11 As in Fig. 4-2-2 except for case 101.
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Fig. 4-2-12  As in Fig. 4-2-8 except for case 101.

4.2.2 Effect of the difference in the longitude of the forcing anomaly (cases 110, 120
and 130)

In this section, three experiments are described, in which anomalous eastward winds are
imposed in the western, central, and eastern thirds of the equatorial region (10°S—10°N),
respectively (Table 4-1-1(a), Fig. 4-1-1(b)). The purpose of the experiments is to see how
the generation and evolution of anomalies depend on the longitudinal location of the
anomalously forced region. The anomalous winds are introduced by stopping the normal
westward winds in each region for 90 days.

Figs. 4-2-13 and 4-2-14 show the results of case 110. They are qualitatively similar to
the results of case 100, but there are some differences caused by the change in the anomalous
wind forcing region (cf. Figs. 4-2-2, 4-2-6, 4-2-8, and 4-2-9).

Firstly, the cold anomalies on both sides of the equator on day 90 are centered at
latitudes further poleward. Secondly, the warm anomalies in the unforced region are
smaller. Thirdly, Kelvin and Rossby waves are more clearly discernible. The reason for
the last difference is that the western and eastern edges of the anomalous winds are more
sharply defined in case 110. When the anomalous winds are imposed or turned off, Kelvin
and Rossby waves are excited at each of the edges.  In addition to these waves, Rossby

waves are excited at the eastern boundary due to the reflection of the initially excited Kelvin
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Fig. 4-2-13 Temperature anomalies in case 110. (a) Level 1 and (b) level 2 on day 90,
and (c) level 1 and (d) level 2 on day 180.
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TEMPERATURE ANOMALY CASE 110
LEVEL 1 (20 M) LAT.=0
C.1.=0.1 DEG. DAY

400

300

200

100
T T T 0
50 100
(a)
TEMPERATURE ANOMALY CASE 110
LEVEL 2 (100 M) LAT.=0
C.1.=0.04 DEG. DAY
D57 400
-
300
200
100
e L T T 0
0 50 100
(b)

Fig. 4-2-14 Evolution of the conditions along the equator in case 110. The temperature
anomalies at (a) level 1 and (b) level 2, and the zonal velocity anomalies at (c)
level 1, (d) level 2, and (e) level 6. The dashed lines and the dotted lines
correspond to Kelvin and non-dispersive Rossby waves of the first baroclinic
mode and the second baroclinic mode, respectively.
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Fig. 4-2-14 Continued.
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waves, and Kelvin waves are excited at the western boundary due to the reflection of the
initially excited Rossby waves. The dashed lines and dotted lines in Fig. 4-2-14 correspond
to the first baroclinic mode and second baroclinic mode Kelvin and non-dispersive Rossby
waves. The horizontal velocity components (not shown here) of the first mode have a node
between level 6 and level 7, while those of the second baroclinic mode have maximum
amplitudes at level 1, level 6, and level 8. Hence the second mode kis dominant in the
horizontal motion at level 6, which is seen in Fig. 4-2-14(e). Rossby waves due to reflec-
tions at the eastern boundary are not clearly seen, especially in the temperature changes.
Figs. 4-2-15 and 4-2-16 show anomaly variations in case 120 and case 130. In the
anomalously forced region, the response is qualitatively similar within the three. To the
east of the forced region, temperature anomalies are produced as far as the eastern boundary,
whereas to the west, significant anomalies are confined to the vicinity of the forced region.
Velocity anomalies, in contrast to temperature anomalies, propagate westward as well as
eastward, although westward propagating signals are generally weak. Thus, the equatorial
region west of the forced region is less affected compared with the region to the east. The
reason is related to the presence of the eastward undercurrent (Philander, 1981). Fig.

4-2-17 shows the temperature anomalies of case 130. The pattern in the forced region on

ZONAL VELGBCITY ANOMALY CASE 110
LEVEL 6 (1000 M) LAT.=0
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y o 400
300
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0 50 100

Fig. 4-2-14 Continued.
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Fig. 4-2-15 Evolution of (a) the temperature anomalies at level 2 and (b) zonal velocity
anomalies at level 1 along the eqautor in case 120.
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Fig. 4-2-16 As in Fig. 4-2-15 except for case 130.
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Fig. 4-2-17 As in Fig. 4-2-13 except for case 130.
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day 90 -is almost the same as that of case 110 (Figs. 4-2-13 (a) and (b)) except near the
eastern and western edges. The cold anomalies generated on either side of the equator

propagate to the west in contrast to the temperature changes along the equator (see Fig.
4-2-17 (@).

4.3 Response to anomalous forcing in the extra-equatorial ocean
4.3.1 Anomalous trade wind increase (cases 200 and 201)

In case 200, anomalous westward winds are imposed in the eastern two-thirds of the
tropical and subtropical ocean (0°—30°N) for 180 days (day 1—day 180) (Table 4-1-1(a),
Fig. 4-1-1(c)). The maximum wind stress anomaly of 0.35 dyne/cm? increases the normal
westward stress at 15°N by about 50%. The purpose of the experiment is to see how the
thermal field evolves in response to an abrupt intensification of the trade winds.

The anomalous westward winds induce anomalous northward Ekman currents in the
surface layer. The Ekman currents converge on the north side of 11°N and diverge on the
south side. (Due to the meridional variation of the Coriolis parameter, the maximum Ekman
currents are induced on the south side of the latitude of the maximum wind stress anomaly.)
The horizontal convergence and divergence induce anomalous vertical advection of heat.
Consequently, a pair of anomalous warm temperature and cold temperature develops in the
forced region. The nofthward advection of normal temperature field by the anomalous
Ekman currents (up to about 2 cm/sec) amplifies both the warm and the cold anomalies at
level 1 because warm water is located along 8N (Fig. 3-3(a)). Moreover, horizontal
advection of normal temperature field by the aﬁomalous geostrophic currents associated with
the anomalous temperatures plays a significant role in the anomaly development at upper
levels, especially at level 1.

Fig. 4-3-1 shows the temperature anomalies of level 1 and level 3 on day 180 when the
anomalous winds are instantaneously turned off. A warm anomaly is generated to the north
of 12°N and a cold anomaly to the south. The anomaly distribution is different between level
1 and level 3. The anomalies of level 1, centered at (20°N, 62.5°E) and (6°N, 70°E), are
mostly confined to the forced region, while those of level 3 are displaced westward. The
displacement of the cold anomaly is larger than that of the warm anomaly. Fig. 4-3-2 shows
the time development of anomalies at two stations where the warm and cold anomaly centers
of level 1 are located on day 180. It is evident that anomaly development in the forced region

is predominant at level 1. Horizontal advection of normal temperature field is the most
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Fig. 4-3-1 Temperature anomalies on day 180 in case 200. (a) Level 1 and (b) level 3.
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-1.0

Fig. 4-3-2 Time development of the temperature anomalies at two stations, (20°N, 62.5°F)
and (6°N, 70°E), in case 200. The dotted, dashed, and solid lines show the profiles
on day 60, 120, and 180, respectively.

important factor in generating anomalies at level 1, which will be discussed later in connec-
tion with case 200.

The small-scale anomalies close to the western boundary in Fig. 4-3-1 are due to the
meridional advection of normal temperature field by intensified western boundary currents.
Although anomalous Winds are imposed in the northern ocean, the anomély distribution in the
western equatorial region is symmetric about the equator. Cold anomalies are also
symmetric along the eastern boundary.

Dividing the wind stress anomaly imposed in the equatorial region into a symmetric and

an antisymmetric part with respect to the equator, the response in linear dynamics can be
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considered as a sum of responses to the symmetric part and to the antisymmetric part. The
latter response is confined to the equatorial region (McCreary, 1976). The warm anomalies
on both sides of the equator of level 1 are due to the édvection of warm water by the
anomalous currents associated with the subsurface cold anomalies.

Fig. 4-3-3 shows zonal vertical sections through the warm and the cold anomalies in Fig.
4-3-1. There are two remarkable differences between the anomaly patterns. The first is
that the warm anomaly penetrates to a greater depth than the cold anomaly. The second is
that the’subsurface center of the cold anomaly is displaced further westward than that of the
warm anomaly. The western edge of the cold anomaly has already reached the western
boundary at the subsurface (see Fig. 4-3-7 (b)). These differences are also obvious in Figs.
4-3-1 and 4-3-2. The latter difference can be attributed to the different phase speeds of
Rossby waves. At 18N, the fastest baroclinic Rossby wave propagates only 18° in longitude
for 180 days, while at 6°N even the non-dispersive Rossby wave of the third baroclinic mode
can propagate about 25° in longitude (Table 4-1-2).

Figs. 4-3-4 and 4-3-5 show the anomalies on day 360 and day 720, and Figs. 4-3-6 and
4-3-7 show the evolution of the temperature anomalies along 18N and 6°N, respectively.
The warm anomaly north of 12°N of level 1 expands to the west and drifts northward as a
whole between day 180 and day 360. Thenvthe anomaly is split into two parts as shown in
Fig. 4-3-5(a). One of them moves east-northeastward, and the other moves westward.
The propagation speed about 3 cm/sec of the eastern anomaly center is comparable to the
normal current speed (Fig. 3-3(d)). Once the western anomaly arrives in the western
boundary region, it moves northward along the boundary. The warm anomaly of level 3
drifts westward as a whole, then it extends northward along the western boundary.

Fig. 4-3-6 shows tﬁat the western edge of the warm anomaly of level 1 rapidly expands
to the west, while the anomaly center itself slowly drifts to the west. The expansion speed
is almost equal to that of the western edge of level 3, and also the propagation speed of the
warm anomaly center of level 3 after day 180. This speed is approximately identical with
the phase speed of the non-dispersive Rossby wave of the first baroclinic mode. The zonal
component of the normal currents at 18°N, eastward at level 1 and westward at level 3, is far
slower than the expansion speed.

The cold anomaly south of 12°N of level 1 is shown to have drifted northwestward as a
whole between day 180 and day 720. Its center moves northward at first, then northwest-

ward. The propagation speed is comparable to the normal current speed of 3—5 cm/sec.
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Fig. 4-3-3 Zonal cross-sections of the temperature anomalies on day 180 in case

Along 18N and (b) 6°N.
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Fig. 4-3-4 As in Fig. 4-3-1 except for day 360.
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At level 3, on the other hand, the cold anomaly drifts westward, and anomalously warm
temperatures newly develop in the region where the cold anomaly was initially generated.

Fig. 4-3-7 shows that the cold anomaly of level 1 is nearly stationary in the east-west
direction, while that of level 3 drifts westward. The reason why the western edge of the cold
anomaly at level 1 does not expand to the west is that the anomalous horizontal advection
of the normal temperature field generates warm anomalies (see Fig. 4-3-1(b)). The
anomaly center of level 3 propagates at the phase speed of the non-dispersive Rossby wave

of the third baroclinic mode.

-0.5 0 +0.5°C

T 1

(D)

1000 M

Fig. 4-3-8 Vertical structure of the temperature anomalies on day 360 in case 200. Full line -
anomaly (A) at (22°N, 62.5°E), two dots and dashed line: anomaly (B) at (10°N,

" 65°E), dashed line: anomaly (C) at (20°N , 37.5°E) and dotted line: anomaly (D)
at (8°N, 32.5°E).

— 86 —



Tech. Rep. Meteorol. Res. Inst. No.24 1989

Fig. 4-3-8 shows the vertical structure of anomalies (A), (B), (C), and (D) marked in
Fig. 4-3-4. The eastern two anomalies, warm anomaly (A) and cold anomaly (B) of level
1, have a maximum value at the surface. On the other Hand, the western two anomalies,
warm anomaly (C) and cold anomaly (D) of level 3, have significant signals at the subsur-
face. The subsurface signals are comparable with or larger than those at the surface.
Another point to be noted is that the warm anomalies (A) and (C) penetrate deeper than the
cold anomalies (B) and (D). Anomaly (D) has a higher mode structure than the tempera-
ture changes associated with the first baroclinic mode (see Fig. 4-1-2(b)).

The same anomalous winds as those for case 200 are used for case 201, the normal state
of which is horizontally uniform and motionless. The initial stratification is that of case 200
averaged over the region from the equator to 30°N and from 0° to 100°E.

Fig. 4-3-9 shows the results on day 360. Between Figs. 4-3-4 and 4-3-9, the following
two differences are remarkable. First, the anomalies at level 1 are much smaller in
magnitude in case 201 than in case 200. In case 201, anomalies are essentially produced by
anomalous vertical motion (Ekman pumping) (term (E) in Eq. (4-1)). In case 200, on the
other hand, they are produced by anomalous Ekman currents (The difference in the
magnitudes at level 3 is chiefly due to different vertical structures of normal temperature
field.) The second is that the westward expansion of the warm anomaly of level 1 is slower
in case 201 than in case 200, and the westward displacement of the warm anomaly center of
level 3 is also slower. Anomalous horizontal advection of normal temperature field, in this
case mainly by anomalous geostrophic currents associated with subsurface anomalies, can
explain a large part of this difference. Differences arising from the effect of advection by
normal currents (terms (C) and (D)) become clear after day 360. Neither a northward
displacement of surface anomalies nor a splitting of a surface anomaly center as in Fig. 4-3

-5(a) are seen in case 201.

4.3.2 Variation 1 (case 210)

In this experiment, anomalous westward winds are imposed in a narrower region and for
a shorter period than in case 200 (Table 4-1-1(a), Fig. 4-1-1(d)). A warm anomaly
centered around 18—20°N is formed to the north of 14°N, and a cold anomaly is formed
around 10°N. Their evolution after day 90 is essentially the same as that in case 200. Inthe
equatorial region no significant anomalies appear except at the western boundary, though

small amplitude signals are discerned to propagate eastward along the equator.
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» Fig. 4-3-9 As in Fig. 4-3-1 except for day 360 in case 201.
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4.3.3. A warm anomaly (case 250)

This experiment is intended to exmaine the evolution. of existing anomalies. A warm
anomaly is introduced in the central tropics at the initial time (Table 4-1-1(b), Fig. 4-1-1
(e)). No anomalous wind forcing is introduced. The initial anomaly is uniform from the
surface to a depth of 380 m and none below 380 m. The initial field is not in geostrophic
balance because no anomalous currents are imposed at the initial time. The current in the
model rapidly adjusts to the specified density structure (1/f~0.3 days at 14°N). Only the
low frequency transient behavior of the model ocean after the initial adjustment is concerned
in this experiment.

Fig. 4-3-10 shows the anomalies of level 1 and level 4 on day 120. A pair of cold and
warm anomaly under the imposed warm anomaly as shown in Fig. 4-3-10(b), is formed in the
lower five levels within 10 days. The cold and the warm anomalies continue to intensify for
about half a year and a few months, respectively. The warm anomaly imposed in the upper
three levels rapidly elongates westward, although the movement of its center is very slow.

Fig. 4-3-11 shows a zonal vertical section through the anomaly center. The warm
anomaly center of level 5 which is located at 25°E on day 120 moves westward at the speed
of the non-dispersive Rossby wave of the first baroclinic mode. Along with the movement
of this deep anomaly, the warm anomaly in the upper levels extends westward. After it
arrives in the western boundary region, it extends further northward and southward along the
western boundary. The northward extension, which is obvious in the upper two levels, is due
to advection by the boundary currents. On the other hand, the southward extension and
subsequent eastward extension along the equator occurs as a result of the propagation of

Kelvin waves. The anomalies on day 300 are shown in Fig. 4-3-12.

4.4 Summary and remarks

Numerical experiments to investigate the formation and evolution of large-scale thermal
anomalies in the upper ocean were presented in this chapter. The experiments were
performed with prescribed anomalies in the zonal wind stress. The anomalies, constant in
time, were imposed in the equatorial and in the tropical and subtropical region for 90 or 180
days. Integrations were carried out for a few years.

The results show that temperature anomalies, both surface and subsurface, are initially

generated by anomalous winds through wind-induced anomalous advection of normal temper-
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Fig. 4-3-10 Temperature anomalies on day 120 in case 250.
(a) Level 1 and (b) level 4.
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Fig. 4-3-11 A zonal cross-section of the temperature anomalies along
14°N on day 120 in case 250. :
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Fig. 4-3-12 As in Fig. 4-3-10 except for day 300.

— 91 —



Tech. Rep. Meteorol. Res. Inst. No.24 1989

TEMPERATURE ANOMALY CASE 250
C.1.=0.02 DEG. LEVEL 4 (480 M) DAY 300
e rf 54 N
Z 7 -| 30 N
oy (gypn i e /4
: . ..'/ Mr_‘?
) O / i g A
152 * °
T T A : 30 §
0 50 100

(b)

Fig. 4-3-12 Continued.

ature field. Horizontal advection (terms (A) and (B) in Eq. (4-1)) plays the most impor-
tant role in the surface anomaly generation, and vertical advection (term (E)) in the
subsurface anomaly generation. Once temperature anomalies are generated, all the other
terms in Eq. (4-1) come into play. The horizontal advection of anomalies by normal
currents (terms (C) and (D)) is one of the dominant processes in the upper ocean.

In the extra-equatorial ocean, an initiallyvgenerated anomaly separates into a surface
mode anomaly and a baroclinic mode anomaly. The surface mode anomaly is confined to
the uppermost level, and is mainly advected by normal currents. The baroclinic mode
anomaly has a significant subsurface signal, and may be accompanied with a surface signal
“generated due to the advection of normal temperature field by anomalous geostrophic
currents associated with the subsurface anomaly. The baroclinic mode anomaly propagates
westward at a speed comparable to that of a low baroclinic mode Rossby wave. However,
the speed depends on the latitude of anomalously forced region and possibly on the duration
and zonal extent of anomalous forcing. When the deep mode anomaly arrives in the western
boundary region, a new surface mode anomaly is formed along with Kelvin mode anomalies.
The Kelvin mode anomalies propagate equatorward and further eastward along the equator.

The new surface mode anomaly tends to propagate or extend poleward through the effect of
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advection by the ‘western boundary currents.

In the equatorial ocean, surface mode anomalies are formed in the anomalously forced
region, whereas baroclinic mode anomalies rapidly reach the eastern boundary region.
Furthermore, new anomalies develop even after anomalous winds are turned off. This is one
of the striking differences between responses in the equatorial ocean and the extra-equatorial
ocean. The relative importance of each term in Eq. (4-1) depends not only on the latitude
but also on large-scale features of the model ocean, such as current pattern and temperature
gradient.

The results from this study must be verified and modified using improved models
because the present model has a lot of limitations. The normal currents are far slow in
éomparison with observed currents. The thermocline is not always reproduced properly.
The seasonal variation of the normal state is not included. Moreover, the dissipation of
anomalies can not be examined with this model because of its highly diffusive nature. The
attenuation of baroclinic waves is an important problem for remote forcing.

In spite of the above limitations, however, the results presented here seem to be
qualitatively supported by some observational studies.

Favorite and McLain (1973) showed an example of movement of sea surface tempera-
ture anomalies in the direction of the North Pacific Current. . Gill (1982) analyzed bathyther-
mograph data from the equatorial Pacific during the period 1971—73, and described the
éhanges in subsurface thermal structure associated with the 1972 E1 Nifio. He showed that
the changes in the central Pacific and along the eastern boundary were quite distinct. For
example, subsurface temperatufe anomalies did not correlate well with surface temperature
anomalies in the central Pacific, but they did along the eastern boundary. Gill (1983)
indicated that horizontal advection of normal temperature field by anomalous zonal currents
was the primary cause of the surface temperature anomalies in the central Pacific and that -
near the eastern boundary both anomalous horizontal advection of normal temperature field
and upwelling of anomalously warm water significantly contributed to produce surface
temperature anomalies. He noted further that once the surface temperature anomalies were
created, advection of anomalies by normal currents became significant in spreading the
anomalies over a wide range of latitudes.

White et al. (1985) investigated variability in both sea surface temperature and vertically
averaged upper ocean (0—400m) temperature over the Pacific from 20°S to 50°N. They

observed that vertically averaged temperature anomalies off the equator propagated
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westward at baroclinic Rossby wave speeds, and those at the equator propagated eastward
at Kelvin wave speeds. They further observed that sea surface temperature anomalies
propagated in the direction of normal surface currents.

Input in the present experiments were anomalies in the zonal wind stress, which are only
a part of the anomalous atmospheric forcing responsible for the generation of temperature
anomalies. The importance of anomalous surface heating and anomalous vertical mixing
due to surface-generated turbulence was pointed out by Haney (1980), who attempted to
simulate numerically observed behavior of large-scale thermal anomalies in the central
North Pacific.

Elsberry and Garwood (1978) examined sea surface temperature changes at Ocean
Weather Station Papa, and demonstrated that synoptic-scale atmospheric disturbances are
important for the development of upper-ocean temperature anomalies. The anomalies
produced by different forcing would have different vertical structure, so that their evolution
is considered to be different. Further experiments using more realistic atmospheric forcing
are needed. In the present study, changes in a model ocean induced by local atmospheric
forcing were traced down for a few years, but ocean-atmosphere interactions were not
included. In nature, anomalies in the sea surface temperature have great impact on the
large-scale atmospheric circulation. Subsequent changes in the atmospheric circulation, in
turn, tend to modify or newly generate sea surface temperature anomalies. This effect can

be studied only by ocean-atmosphere coupled models.
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