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The oceanic response to cross-equatorial winds 
(with application to coastal upwelling in low latitudes) 
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ABSTRACT 
Sea surface temperature variations observed in the eastern equatorial Atlantic and Pacific 
Oceans on seasonal, and possibly interannual (El Niiio) time scales, may to a large extent be 
due to the variability of the local meridional winds. In a numerical model of the ocean, southerly 
winds cause low sea surface temperatures in the southeastern part of the basin because the 
coastal upwelling zone is extended far westward by (1) advection and (2) Rossby wave 
propagation which is important on time scales greater than a month. North of the equator sea 
surface temperatures are high. The thermocline has a trough near 3" N where there is an intense 
eastward jet. A relaxation of the southerly wind causes a warming in the southeastern part of the 
basin primarily because of a zonal redistribution of heat by the South Equatorial Current and 
Countercurrent. 

1. Introduction 

Winds parallel to a coast can cause intense 
coastal upwelling (Charney, 1955) which is con- 
fined to the neighbourhood of the coast only on 
time scales short compared to the period of Rossby 
waves. The propagation of these waves away from 
the coast, into the oceanic interior, widens the 
upwelling zone enormously and makes it a nonlocal 
phenomenon (Anderson and Gill, 1975). Since 
internal Rossby waves are possible at periods as 
short as a few months in the tropics, it follows that 
the seasonal upwelling off the coasts of Peru, north 
and southwest Africa, and northeast Africa cannot 
be simulated as local phenomena. 

In addition to Rossby waves, advection by 
currents perpendicular to  a coast will modify the 
coastal upwelling on long time scales. This is a 
particularly important factor in low latitudes 
because cross-equatorial winds (which induce 
upwelling along north-south coasts) are partially 
responsible for the eastward North Equatorial 
Countercurrent (north of the equator) and the 
westward South Equatorial Current observed south 
of the equator (Moore and Philander, 1977; Cane, 
1979). 

This paper is a numerical study of the oceanic 
currents and the temperature field, induced by 
variable cross-equatorial winds. The simulated sea 
surface temperature changes induced by gradually 
varying winds are remarkably realistic when 
compared to the seasonal variations observed in the 
eastern equatorial Atlantic and Pacific Ocean 
where the winds are predominantly from the south. 
This result suggests that a weakening of the 
meridional winds can be an important factor in the 
occurrence of some El Niiio events in the eastern 
equatorial Pacific Ocean. 

Section 2 of this paper describes the numerical 
model to be used here. Section 3 concerns the 
response to a sudden intensification of southerly 
winds, Section 4 the response to periodic winds. 
The results are summarized and discussed in 
Section 5 .  

2. Themodel 
The equations of motion (the primitive 

equations) are simplified by making the Boussinesq 
and hydrostatic approximations and by assuming 
an equation of state of the form 

p=p,(l -m  
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where p is the density, T is the temperature, 
(I= 0.0002/°C is the coefficient of thermal expan- 
sion and po= kg/m3. The coefficients of 
horizontal (v,) and vertical (vJ eddy viscosity, and 
the thermal diffusivity (K) are assumed to have the 
constant values 

v,  = lo-) m2/s; 

Philander and Pacanowski (1980) discuss the 
sensitivity of the model to the values of these 
parameters. The equations are solved numerically 
by using the method described by Bryan (1969) 
who discusses the finite differencing schemes in 
detail. 

The model-ocean is a rectangular box with a 
longitudinal extent of 4800 km, a latitudinal extent 
of 2800 km (with the equator in the center) and a 
depth of 3000 m. In a horizontal plane the 70 x 70 
grid points are spaced at regular intervals (of 40 
km and 70 km in the latitudinal and longitudinal 
directions respectively). In the vertical there are 16 
grid points. The first 11 are spaced irregularly as 
shown in Fig. 1. 

Motion is forced at the ocean surface (z = 0) by 
imposing a meridional windstress r Y  and a heat-flux 
(TJ .  The zonal component of the windstress is 
zero. 

vv, =o; vv,= r y ;  w = o ,  
T ,=  10-4 ( T -  25OC) 

v, = 2 x 10) m2 s; 
K, = 10-4 m2/s; K" = 103 m2/s 

At the vertical walls each of the velocity compo- 
nents and the heat flux is zero. The ocean floor is 
stress free and has a temperature of 4 OC. 

The initial temperature (and Brunt-Vaisiila fre- 
quency) is shown in Fig. 1. Since ours is a diffusive 
model, the temperature will immediately start to 
evolve to a linear profile even in the absence of any 
forcing. This diffusive change, with which no 
motion is associated, is a very slow one so that the 
thermocline only disappears on a time scale long 
compared to a decade (see Philander and 
Pacanowski, 1980). Here we concern ourselves 
with periodic phenomena with much shorter time 
scales. We do not address questions concerning the 
maintenance of the thermocline, but confine our 
attention to the manner in which it is deformed by 
different forcing functions. The imposed heat flux 
at the ocean surface reduces the diffusive cooling 
there and causes only a very slight warming of the 
deep ocean. 
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Fig. 1. The initial temperature and associated Brunt- 
Vaisala frequency in the upper 500 rn of the model. The 
positions of grid points are shown along the ordinate. 
Below 500 m the temperature decreases linearly to 4 OC 
at a depth of 3000 m. 

3. The response to the sudden onset of 
southerly winds 

Moore (see Moore and Philander, 1977) first 
studied the generation of zonal currents by cross- 
equatorial winds in a linear shallow-water model. 
The important parameters are the following: the 
gravity wave speed c = (gh)'/*; the equatorial 
radius of deformation 1 = (c//3)'/*; and the inertial 
period T =  272/(pC)l/* at a distance 1 from the 
equator. (Here g is the gravitational acceleration, h 
is the equivalent depth of the model and /3 is the 
latitudinal derivative of the Coriolis parameter f.) 
Moore showed that, within a time T of their onset, 
winds from the south generate an eastward current 
north of the equator, and an equal and opposite 

Tellus 33 (1981), 2 



THE OCEANIC RESPONSE TO CROSS-EQUATORIAL WINDS 203 

current south of the equator. The cores of these 
currents are at a distance 1 from the equator. This 
is about 300 km for oceanographic values of the 
parameters. After a time T (approximately 1 week) 
equilibrium conditions are attained because a 
meridional pressure gradient exists to partially 
balance the wind stress. These results are valid in 
the absence of meridional coasts. In the presence of 
these coasts the response to constant southerly 
winds rY is a different equilibrium state in which the 
ocean is motionless and a meridional pressure 
gradient Py  balances the wind: 

1 
-hPy = rY 
Po 

The zonal currents generated initially disappear 
completely! Cane and Sarachik (1979) describe the 
evolution of this new equilibrium state lucidly. 
Initially Rossby waves are excited at  the north- 
south coasts. Those that propagate eastward are 
unimportant because their group velocities are so 
small that they remain in the vicinity of the western 
coast for a long time. The long nondispersive waves 
excited at the eastern coast propagate rapidly (with 
speed c/5, cl9, c/13 . . . ) and leave in their wake a 
state of no motion and the pressure gradient given 
by (1). 

If the effect of nonlinearities are taken into 
account then the final equilibrium state can be 
completely different because the currents generated 
initially persist in modified form (Cane, 1979). In 
response to winds from the south the eastward jet 
north of the equator is intensified, the westward 
flow south of the equator is weakened. This result 
suggests that the observed North Equatorial 
Countercurrent may in part be due to the southerly 
component of the wind stress. It is intriguing that 
seasonal changes in the intensity of this current 
(Wyrtki, 1974) are in phase with seasonal changes 
in the intensity of the southerly winds at the 
equator: amplitudes are small in the spring when 
the ITCZ (Intertropical Convergence Zone) is 
close to the equator, and are large in the autumn 
when the ITCZ is in its northernmost position. 

The various studies referred to above do not 
resolve the vertical structure of the motion because 
the investigators used either one- or two-level 
models. Such models also make it difficult to infer 
the sea surface temperature changes induced by 
variable winds. The multi-level model described in 

Section 2 simulates the continuous stratification of 
the ocean and thus overcomes these problems. 

Fig. 2 shows the evolution of the zonal currents 
in our nonlinear model in response to the sudden 
onset of winds of intensity 0.05 N/m2 from the 
south. The flow changes rapidly within the first 
week, but changes only gradually thereafter. The 
initial adjustment is associated with the establish- 
ment of a meridional pressure gradient to partially 
balance the wind. During this stage, the flow is 
independent of longitude so that the meridional 
circulation is closed: northward motion in the 
surface layers is compensated by an equal 
southward transport in the thermocline. The 
associated advection of momentum causes the 
westward motion of the surface layers in the 
southern hemisphere to penetrate into the northern 
hemisphere. 

The structure of the oceanographic fields after 
the intitial adjustment is shown in Fig. 3. The 
eastward jet north of the equator is practically the 
only feature common to a linear and nonlinear 
model. This jet is associated with downwelling 
which causes the thermocline to be suppressed and 
pinched to the north of the equator. South of this 
region upwelling causes isotherms to slope 
upwards. The slope implies westward geostrophic 
flow north of the equator, but eastward geostrophic 
flow south of the equator. Hence the various 
currents in Fig. 3 appear to  be in approximate 
geostrophic balance. The subsurface eastward 
current south of the equator is an intriguing feature. 
Calculations with a more realistic wind stress 
(which has a zonal component) are necessary to  
determine whether this is a simulation of the 
subsurface eastward “countercurrent” observed in 
the Pacific and Atlantic Oceans by Tsuchiya 
(1975) and Hisard, Citeau and Morliere (1976). 

Over most of the ocean basin the flow is initially 
independent of longitude and has the charac- 
teristics described above. Along the northwestern 
and southeastern coasts, however, the winds induce 
upwelling. Rossby waves excited at  the coasts, and 
advection by the zonal currents described earlier, 
extend the upwelling zones into the oceanic interior. 
The gradual changes that occur in Fig. 2 after the 
first week are associated with coastal effects that 
penetrate into the oceanic interior. The extent of 
these changes after 200 days is evident in Fig. 4. 
Note that the entire southeastern part of the basin 
now has low temperatures. By contrast there is 
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Fig. 2. The evolution of the zonal velocity component along the central meridian of the basin in response to winds 
from the south. The contour interval is 0.1 m/s at 12.5 m and 0.02 m/s at 112.5 m. Areas of westward flow are 
shaded. 
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Fig. 3. A meridional section of the zonal velocity and 
temperature at day 200 along the central meridian of the 
basin. Contours are at intervals of 0.1 m/s; shaded areas 
designate westward flow. 

only a relatively small tongue of cold water that 
extends eastward from the northwestern coast. (We 
remarked earlier that the long nondispersive 
Rossby waves excited at the eastern coast propa- 
gate into the oceanic interior much more efficiently 
than the short dispersive Rossby waves from the 
western coast.) 

The cross-equatorial temperature differences in 
the eastern part of the basin are striking and 
suggest that the meridional component of the wind 
is responsible for similar differences in the eastern 
equatorial Pacific and Atlantic Oceans (see Fig. 5). 

The stream function in Fig. 4 shows that an 
intense western boundary current, which is con- 
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fined to the neighborhood of the equator, is fed by 
the western equatorial current, and in turn feeds the 
eastward surface current north of the equator. The 
cold “eddy” near 5 O  N is not unlike a similar 
feature observed off the east African coast. (For a 
more detailed study of the motion near the 
northwestern coast in a nonlinear shallow water 
model see Hurlburt and Thompson, 1976.) 

The currents generated during the first 10 days 
are permanent features of the final equilibrium 
state. Rossby waves affect them to a far smaller 
degree in a nonlinear than in a linear problem. 
After the rapid adjustment during the first 10 
days-this is essentially the time scale 27@~)-”~ 
mentioned earlier-the currents accelerate 
gradually (see Fig. 2) until the flow becomes 
unstable. Loss of energy through instabilities then 
permits an equilibrium. The unstable waves have a 
wavelength of approximately 1000 km, a period of a 
month and cause the meandering evident in the 
isotherms near the equator in the eastern part of the 
basin in Fig. 4. The instabilities are associated 
primarily with the latitudinal shear between the 
eastward and westward surface currents in Fig. 3 
and have been discussed by Philander (1978). 

4. The response to fluctuating winds 

The previous section concerned the attainment 
of equilibrium conditions after the sudden onset of 
southerly winds. Here we study the response to 
periodic winds. The southerly component of the 
observed winds have a particularly large amplitude 
over the eastern part of the equatorial Atlantic and 
Pacific Oceans. We therefore confine winds to the 
eastern part of the basin to determine to what 
extent those winds affect conditions in the west. 

r y  = 0.05[ 1 + sin (2nt/T)lH(x) N/m2 

where 

H ( x )  = 0.5 + 0.5 tanh [ ( X  - 2400 km)/100 kml 

Numerical integrations are continued for seven 
cycles of the periodic winds. Initially the ocean is 
motionless. We find that differences between the 
sixth and seventh cycles are very small compared 
to the differences that occur during a cycle. We 
therefore regard the seventh cycle as representative 
of a steady-state periodic solution. 
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Fig. 4. The left-hand panels show horizontal velocity vectors at depths of 12.5 m (top) and 62.5 m (bottom). The 
right-hand panels show the temperature at a depth of 12.5 m and the vertically integrated transport stream function y. 
(Contours are in units of lo6 m3/s.) These are instantaneous values at day 200. 

Fig. 5. Sea surface temperatures in the tropical oceans when the meridional component of the southeast trade winds is 
small (March) and when large (July). Isotherms are at intervals of 1 "C. After Hastenrath and Lamb (1977). 
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Since the currents in Fig. 3 are established within 
approximately 10 days, winds that oscillate with a 
period T smaller than 10 days will primarily excite 
(inertia-gravity) waves rather than currents. At 
periods longer than 10 days currents similar to 
those in Fig. 3 are of central importance in the 
oceanic response. The extent to which this response 
is influenced by Rossby waves excited at the 
eastern coast depends on the period T. No 
(antisymmetric) Rossby waves are possible at 
periods much shorter than 50 days, at longer 
periods these waves become increasingly more 
important. The Rossby waves affect the adjustment 
of the ocean to a change in wind conditions. Hence 
the longer the period T the closer is the ocean to an 
adjusted state. If the wind changes very 
gradually-on a time scale long compared to the 
adjustment time of the ocean-then the ocean is 
always in an adjusted state and is at each moment 
in equilibrium with the wind at that moment. On 
these long time scales the ocean has no “memory” 
of earlier winds. If the winds vary rapidly-n a 
time scale short compared to the adjustment time 
of the ocean-then the oceanic response is likely to  
be composed of two parts: a steady response 
induced by the mean winds plus a fluctuating 
component due to  the oscillating winds. At these 
high frequencies the ocean “remembers” the mean 
value of the wind. These considerations explain 
why, in our numerical experiments, the amplitude 
of oceanic variability increases as the period T of 
the wind increases from 50 to 200 days. We find 
that the upwelling zone off the southeastern coast, 
as measured by the extent of water at a tem- 
perature of 18OC or less, varies relatively little at a 
period T of 50 days but at a period of 200 days 
(Fig. 6 )  changes are considerable. 

A low frequency equilibrium response should be 
in phase with the forcing (because the ocean has no 
memory). It is evident from Fig. 6 that the response 
at a period of 200 days is not yet an equilibrium 
response. Although the currents vary practically in 
phase with the winds, changes in the density field 
lag. The area of the region in which the temperature 
is 18OC (or less) continues to grow after the winds 
reach their peak (at day 50) and continues to 
diminish after the winds are zero at day 150 (see 
Fig. 6). It is evident from the westward tilts in Fig. 
7 that Rossby wave propagation is important in 
these fluctuations. The other important factor is 
advection. It is noteworthy that the westward flow 
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south of the equator weakens when the winds relax, 
and that the eastward current south of the equator 
in Fig. 3 surfaces when the winds are very weak. 

A comparison of the response at periods of 150 
and 200 days reveals only small differences. The 
approach to the perfect equilibrium response 
mentioned earlier is apparently a very gradual one. 
Instabilities do not occur in our calculations 
because large shears are maintained for an in- 
sufficient length of time. (Our calculations were for 
periods less than 200 days. At longer periods 
instabilities are likely to be important, but only 
during the intense phase of the wind.) 

Although the winds blow over the eastern half of 
the basin, significant motion, but only small 
temperature changes, are induced in the western 
unforced region (Figs. 6 and 7). The currents, 
which are due to westward propagating Rossby 
waves, are westward near the equator, and are 
eastward near 4O N (Fig. 6). The curl of the wind 
stress is such that, according to linear Sverdrup 
theory, there should be southward transport in a 
narrow meridional strip in the centre of the basin, 
northward transport along the western coast. It is 
evident that nonlinearities alter the stream function 
pattern significantly. Coastal currents such as those 
along the eastern coasts of Brazil and Africa, 
including the Somali Current, could be affected by 
the non-local meridional wind-stress component. 

5. Summary and discussion 
After the sudden onset of southerly winds over a 

motionless ocean, zonal currents with the structure 
shown in Fig. 3 are generated within 10 days. The 
eastward surface jet centred on 4ON is the most 
intense current. Motion at and south of the equator 
is westward but the subsurface flow near 3 O S  is 
eastward. The associated density field is consistent 
with a geostrophic balance: the thermocline is 
suppressed near 4ON (where the flow is conver- 
gent) and rises towards the surface in northward 
and southward directions. Upwelling is intense 
along the southeastern coast of the basin. Rossby 
wave propagation, and advection, extends the 
region of cold water far westward (Fig. 4). In the 
northwestern part of the basin a tongue of cold 
water (advected by the eastward current) extends 
eastward from the coast along approximately 5 O  N. 
A similar feature is associated with the Somali 
Current in the Indian Ocean (Bruce, 1980). 
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LONGITUDE (km) - LONGITUDE (km) - 
Fig. 7. Temperature and zonal velocity fluctuations along the equator when the periodic northward winds are 
confined to the eastern part of the basin. 

If the winds are fluctuating then the amplitude of 
the variability increases as the period of the winds 
increases. At periods longer than 10 days the 
structure of the currents is essentially that shown in 
Fig. 3. The currents and wind vary almost in phase, 
but the density field lags: warming continues for a 
while after the wind has passed its weakest phase 
(Fig. 6). When the winds intensify, the upwelling 
zone in the southeastern part of the basin expands 
because of advection and Rossby wave pro- 
pagation, as explained earlier. When the winds 
relax, the reverse happens. (The westward current 
south of the equator weakens, and the eastward 
current there surfaces when the winds weaken.) 
Consequently during one cycle there is a zonal 
redistribution of heat in the southeastern part of the 
basin. This is the primary cause of the sea surface 
temperature variations observed there, a cross- 
equatorial redistribution of heat is of less 
importance. 

On the basis of the results described above we 
propose that variations in the intensity of the 
meridional winds (which prevail over the eastern 
equatorial Atlantic and Pacific Oceans) contribute 
significantly to  the variability of sea surface 
temperatures in those regions, and are primarily 
responsible for the observed seasonal changes in 
sea surface temperature (compare Figs. 4 and 5). 
Over the Gulf of Guinea for example the southerly 
winds are weak in March, intensify from April until 
July and weaken gradually thereafter. According to 

our results sea surface temperatures south of the 
equator will be at a minimum a month or two after 
the winds are most intense. This is consistent with 
the data analysis of Merle et al. (1979) who, 
furthermore, show that the annual cycle of the sea 
surface temperature is associated with 
northwestward phase propagation. 

If the meridional winds are seasonally important, 
then they are likely to be important on interannual 
time scales too. El Nifio events, during which sea 
surface temperatures in the eastern equatorial 
Pacific Ocean are anomalously high, are indeed 
correlated with a weakening of the meridional 
winds (Hickey, 1975). This, however is only one 
factor that contributes to El Niiio. A weakening of 
the zonal winds can be at least as important 
(Wyrtki, 1975; Barnett, 1977). 

The available data are inadequate for a stringent 
test of the hypothesis that variations in the 
meridional winds significantly affect sea surface 
temperatures in the eastern equatorial Atlantic and 
Pacific Oceans. Of particular value will be an 
observational study of the seasonal cycle to  
determine how changes in the meridional winds, 
changes in the westward South Equatorial Current 
and eastward South Equatorial Countercurrent, 
and changes in the heat content are correlated. 
Further theoretical studies are necessary to take 
into account (i) more realistic spatial variations of 
the meridional winds, and (ii) the non-zero zonal 
component of the wind stress. 
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OTKnkiK OKEAHA H A  BETPM, AY€OI4kiE ZIEPE3 3KBATOP 

ki3MeHeHHR TeMnepaTypbI n0BepXHOCTH MOpa, Ha- 
6nEOAaeMbIe B BOCTOYHbIX 3KBaTOpHWIbHbIX YPCTXX 
ATnaHTHKH H THxoro OKeaHa C Ce30HHbIMH H, 
BOSMOXHO, MeXKTOAHWbIMH (3nb-HHHbO) MPClUTa- 
6 a ~ ~  BpeMeHH, MOrYT 6bITb B 6onbmolt CTeneHll 
H3-3a H3MeHSHBOCTH JIOKWIbHbIX MePHWOHWIbHbIX 
BeTpOB. B ¶HCJIeHHOg MOAeJIE OKeaHa EOXHbIe BeTpbI 
Bb13bIBaEOT HH3KHC TeMnepaTypbI nOBepXHOCTH MOPX 
B WTO-BOCTOYHblX YaCTSX Bacceha, nOTOM)' YTO 
3 o ~ a  6epe ro~oro  anBennmra npocrupaeTca AaneKo 

H a  3ana4 non neltcTmieM (1) aABeKmx H (2) pacnpo- 
CTpaHeHIUr BOnH POCC~H, ST0 BaXHO Ha MaCIIITa6aX 
BpeMeHH, 6 o n b m ~ x  MeCXUa. K CeBePy OT 3KKBaTOpa 
TeMnepaTypbI nOBepXHOCTH MOpff BbICOKII. Te- 
pMOKnHH H M e T  n o ~ 6 u s y  ~ 6 n ~ 3 ~  3"C.m., rAe 
HaXOAHTCII HHTeHCHBHU 3allaAHaX CTpyn. Ocna6ne- 
HHe EOXHbIX BeTpOB BbI3bIBaeT HarpeBaHHe B HXO- 
BOCTOYHOg YaCTH 6acceP~a  B OCHOBHOM U3-3a 
30~anb~oro nepepacnpenenema Tenna K ~ H J J M  
3KBaTOPIIWIbHbIM TeYeHHeM H npOTHBOTeYeHHeM. 
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