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The tropical Pacific basin allows strong feedbacks among the trade winds, equatorial 
zonal sea surface temperature contrast, and upper ocean heat content. Coupled at- 
mosphere-ocean dynamics produce both the strong Pacific cold tongue climate state 
and the El NiAo-Southern Oscillation phenomenon. A simple paradigm of the tropical 
climate system is presented, capturing the basic physics of these two important aspects 
of the tropic Pacific and basic features of the climate states of the Atlantic and Indian 
ocean basins. 

Although solar heating is zonally uniform, 
the sea surface temperature (SST) in the 
tropics is far from zonally symmetric. In par- 
ticular, the tropical Pacific features the larg- 
est zonal contrast in SST alone the eauator. 

0 

with a warm pool in the west and a cold 
tongue in the east, and the stroneest SST - " 

interannual fluctuations in the cold tongue 
region. This interannual variability is domi- 
nated by the well-kuown El Nifio-Southern 
Oscillation (ENSO) phenomenon, which af- 
fects much of the global climate (1). Great 
progress has been made over the past decade 
in understanding and predicting ENS0 (2- 
7) and in understanding the Pacific cold 
tongue (8). However, comprehending these 
two intimately related aspects of tropical cli- 
mate svstem in one unified ~aradiem remains 
a challenge. In this report,La simile concep- 
tual cou~led inodel that reoroduces the basic 
features of both aspects is presented. 

Bjerknes (9)  first hypothesized that a 
positive feedback of tropical ocean-atmo- 
sphere interaction can amplify SST per- 
turbations of the cold tongue to sustain 
either a warm or a cold phase of ENSO. 
On  one hand, the easterly trade winds 
force the thermocline depth, representing 
the layer of sharp vertical temperature 
gradient that separates the upper ocean 
from the abyssal deep ocean, to be shal- 
lower in the equatorial eastern Pacific 
than in the western Pacific. The trade 
winds also induce the equatorial Ekman 
upwelling because of Coriolis effects, 
which effectively brings the cold water 
from the subsurface to the surface laver to 
generate a cold tongue in the eastern Pa- 
cific. On  the other hand, the atmos~heric 
zonal pressure gradient caused by the east- 
west contrast of the SST drives an eaua- 
torial zonally asymmetric circulation 
(Walker circulation), which enhances the 
surface easterlies over the Pacific basin 
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and thus strengthens the cold tongue. 
Two decades later, the essential phase- 

transition mechanism of ENS0 was added 
to this coupled positive-feedback hypoth- 
esis. It was found that during warm (cold) 
ENS0 phases, the equatorial heat content 
is often draining out (building up) as a 
result of the mass exchange between the 
equatorial belt and off-equatorial regions 
by means of ocean dynamical adjustment 
(2 ,  10). This discharge and recharge of the 
equatorial heat content, which is out of 
phase with the SST anomalies of ENSO, 
was proposed ( 2 ,  10) as the cause of ENS0 
phase transitions. This recharge-oscilla- 
tion mechanism is at the heart of ENS0  
theory, pointing to the instability of the 
tropical Pacific climate state, which sup- 
ports a delayed oscillator (1  I ) ,  or more 
generally, a mixed SST-ocean dynamics 
mode (7,  12). While the ENS0 research 
has been focusing on anomalies of the 
tropical coupled system, it has become 
clear that the positive feedback hypothesis 
of Bjerknes also offers an explanation for 
the zonal asymmetry in the mean (time- 
averaged) climate state of the tropical Pa- 
cific (8) .  Several decades of research, 
therefore, has brought us to the point 
where the two important aspects of tropi- 
cal climate system, ENS0 and the Pacific 
warm pool-cold tongue climate state, can 
be understood in a unified manner as first 
envisioned by Bjerknes (9) .  

A coupled two-box model was used to 
depict the positive feedback of the tropical 
ocean-atmosphere interaction and the 
ocean dynamic adjustment. The equatorial 
Pacific basin was divided into an eastern 
and a western half to distinguish the cold 
tongue and the warm pool. The tempera- 
ture of the well-mixed surface layer of the 
eastern basin is then controlled by 

where 

The first term on the right side of Eq. 1 
represents the net heating due to radiative, 
sensible, and latent heat fluxes through the 
ocean surface. This net heatine is narame- " L 

terized by a collective feedback parameter 
E,, which measures the rate at which the 
SST (T,) is restored to a zonally uniform 
radiative-convective eauilibrium temoera- 
ture (T,). The second term represents dy- 
namical cooling due to the upwelling of the 
cold subsurface water (at temperature T,,) 
into the surface layer. Upwelling velocity is 
denoted by w, H,, is the mixed layer depth 
(about 50 meters), and the function M(w) 
results from upstream vertical differencing. 
The poleward surface Ek~nan currents, 
which compensate for the equatorial up- 
welling, do not alter the equatorial SST, 
and relativelv small zonal advection, which 
may have some impact on the western Pa- 
cific SST. is ignored 113). The SST in the " 

western Pacific is assumed at radiative-con- 
vective equilibrium (T,) as the first-order 
approximation, although the mechanisms 
that limit the warm pool temperature to 
about 30°C are subject to debate (14). Nev- 
ertheless, neglecting ocean dynainical cool- 
ine is consistent with the observation that " 
there is little net heat flux through the 
warm-no01 ocean surface 11 5) and that the , , 

atmosphere 017er the warm pool is nearly 
neutral 116) with adiabatic cooline from 
the ascending motion of Walker circilation 
largely balanced by latent heating. 

The equatorial upwelling is largely at- 
tributable to Ekrnan pumping, which is 
mainly proportional to the zonal wind 
stress 7 

where a denends on the latitudinal varia- 
tion of the Coriolis parameter and the mo- 
mentum mixing rate in the upper ocean [for 
example, a can be determined from equa- 
tions A8 through A10 in (3)]. The equato- 
rial zonal wind stress in Eq. 2 has two parts. 
The first part (7,) represents a zonally sym- 
metric Hadley circulation resulting from 
the meridional differential heating of the 

u 

atmosphere. The second part represents the 
Walker circulation, which ascends over the 
western Pacific warm pool and descends 
over the eastern Pacific cold tongue, driv- - 
ing an easterly surface wind over the equa- 
torial Pacific. The approximate balance be- 
tween the adiabatic warming as a result of 
the descending motion of the Walker cir- 
culation and the heat loss to the underly- 
ing cold surface implies that the intensity 
of the Walker circulation is closelv related 
to the zonal contrast of atmospheiic heat- 
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ing. The parameter (J, is a feedback coef- 
ficient that measures the efficiency of the 
zonal differential heating in driving the 
Walker circulation. 

The subsurface temperature depends 
strongly on the thermocline depth. By con- 
sidering a typical vertical temperature pro- 
file of the tropical Pacific, it can be param- 
eterized as (1 7) 

where T,, is the temperature beneath the 
thermocline, he is the departure of thermo- 
cline depth in the eastern equatorial Pacific 
from its reference depth H, is the depth 
at which w takes its characteristic value, 
and h* measures the sharpness of the ther- 
mocline. 

The Sverdrup balance (5) between the 
pressure gradient force and wind stress over 
the equator constrains the east-west con- 
trast of the thermocline depth 

where h, denotes the departure of the ther- 
mocline depth in the western equatorial 
Pacific from the reference depth H and ~ L T  
is proportional to the zonally integrated 
wind stress in the equatorial region: L is the 
ocean basin size, and b measures the effi- 
ciency of wind stress in driving the thermo- 
cline tilt. Thermocline depth h, adjusts 
slowly to the zonally integrated Sverdrup 
meridional mass transport resulting from 
the wind-forced equatorial Rossby waves 
and follows 

Parameter r measures the basin-wide dy- 
namic adjustment rate; rbL~/2 represents 
the zonally integrated Sverdrup meridional 
mass transport, and the factor 1-12 constrains 
the zonal mean thermocline depth at the 
equilibrium state to be the same as the 
reference depth. Conceptually, this equa- 
tion simply describes the slow dynamic re- 
newal of the warm pool heat content. It can 
also be derived from shallow-water dynam- 
ics with proper eastern and western bound- 
ary conditions for equatorial oceanic Kelvin 
and Rossby waves (18) and approximations 
for the filtering out of wave propagating 
processes. 

Equations 1 to 5 form a simple coupled 
conceptual model for the tropical Pacific. 
Given an easterly surface wind driven by 
the Hadley circulation ( T ~  < O), the cou- 
pled system has a unique steady-state solu- 
tion representing a strong cold tongue cli- 
mate state at the eastern Pacific (Fig. 1). 
This equilibrium state is determined by the 
balance between the net heat flux into the 

surface layer and the dynamical cooling of 
the SST as a result of the upwelling of the 
subsurface cold water. In the equilibrium 
state for the Pacific basin, the cold tongue 
temperature is about 24.5OC, and the net 
heating rate is about 2.3"C every 2 months, 
which is equivalent to a net surface heat 
flux of about 60 to 85 W/m2 for a mixed 
layer depth of 35 to 50 m. Both of these 
values agree well with observations (15). 
The zonally asymmetric coupled dynamics 
are essential for cold tongue formation; 
without the coupled dynamics, the SST in 
the climate state is nearly zonally uniform. 
The intensity of the cold tongue is also 
sensitive to the SST restoration rate ( E ~ )  A 
moderate change in restoration rate 
(change in the slope of the black line in Fig. 
1) can shift the cold tongue SST by a few 
degrees. The strong sensitivity of the Pacific 
cold tongue to the asymmetric coupled dy- 
namics and the restoration rate is likely 
responsible for the scatter of the results in 
the simulations of tropical Pacific climate 
by coupled ocean-atmosphere general circu- 
lation models (6, 19). 

Basin size is also crucial to zonally asym- 
metric coupled dynamics. This becomes 
clear when the Atlantic is compared with 
the Pacific. The basin size L of the Atlantic 
is about one half that of the Pacific. With 
equally intense trade wind forcing, he in the 
eastern Atlantic is about one half that in the 
eastern Pacific because the east-west con- 
trast of the thermocline depth depends on 
the integrated stress over the basin. The 
dynamical cooling, which is sensitive to he, is 
thus significantly weaker in the eastern At- 
lantic than it is in the Pacific. This effect 
brings the intensity of the Atlantic cold 
tongue down to about half of that of the 
Pacific (Fig. I) ,  although other factors not 
included in the model, such as the effects of 
land masses on atmospheric circulation, may 
also contribute to the differences of the cold 
tongue intensities of the two ocean basins. 

The component of wind stress that is 
unrelated to the SST zonal contrast, T ~ ,  is 
another factor affecting 'the cold tongue. If 

Fig. 1. Graphical solutions to the coupled model for the 
three tropical ocean basins. Net heating (reversed sign, 
black straight line for all the three basins) and dynamical 
cooling (colored curves) are plotted versus T, under 
ocean dynamic equilibrium. Model climate states for the 
three ocean basins are indicated by the intersection 4 h 
points. The radiative-convective equilibrium tempera- 
ture and warm pool temperature were set to T, = 30°C. 
The other model parameters were chosen as 8, = 
1/(150 days), r = 1/(300 days), T, = la°C, H = 100 m, 
z, = 75 m, h' = 50 m, kalH, = (0.15/2)°C/month, pbL 
= 12.5 m/"C, and r d p  = -1 'C for the Pacific basin. 

4f 22 22 22 22 30 32 

For the Atlantic, @L was reduced by half, and for the 1. W)  I - 
Indian Ocean, rdp. was in addition changed to 1 "C, whereas the other parameters for the Atlantic 
and Indian oceans were kept the same as those for the Pacific. 

Time (years) 

Fig. 2. Time series of (dashed curve) departure of 
the thermocline depth from the reference depth in 
the western Pacific and (solid curve) SST in the 
eastern Pacific. 

T~ = 0 (which represents the absence of the 
Hadley circulation), then the system has 
two equilibrium solutions: an unstable sym- 
metric state and a weaker cold tongue state. 
Thus, the Hadley circulation suppresses the 
zonally uniform warm state and strengthens 
the cold tongue, although this condition is 
not essential for cold tongue formation in 
the Pacific Ocean. For the equatorial Indi- 
an Ocean, T~ can be positive as a result of 
the westerly wind of the Walker circulation 
associated with the western Pacific warm 
pool. The climate state of the Indian Ocean 
maintains a zonally uniform SST (Fig. 1) 
because of this small positive T, as well as its 
small basin size, suggesting that asymmetric 
coupled dynamics play little role in the 
basic climate state of the Indian Ocean, the 
only basin without an equatorial cold 
tongue. 

The equilibrium solutions of the coupled 
conceptual model (Fig. 1) describe the basic 
features of the tropical climate states of the 
three different ocean basins. Stability anal- 
yses by linearization of the model with re- 
spect to these steady states of the three 
basins indicate that climate states of the 
Indian and Atlantic oceans are stable, 
whereas the strong cold tongue state of the 
Pacific Ocean is unstable and bifurcates to 
an oscillatory solution. A typical oscillatory 
solution (Fig. 2) has a period of about 4 
years. The deepening of the western ther- 
mocline depth leads the warm SST in the 
eastern Pacific by over a quarter of the 
cycle. This oscillatory solution for the Pa- 
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cific basin agrees well with the observed 
ENS0 (Fig. 3) during the decade from 1980 
to 1990. The observed ENS0 exhibits ir- 
regularities that are not captured by the 
simple model but are believed to be related 
to stochastic agitation by abundant "weath- 
er noise" and interaction of the annual 
cycle of the climate state with the ENS0 
cycle (17, 20) .  Nevertheless, the funda- 
mental features of ENS0 variability, the 
periodicity and the phase relation between 
the SST in the eastern Pacific and the 
thermocline depth or the sea level [highly 
related to heat content ( 1 0 )  of the western 
Pacific], are captured by the simple oscilla- 
tion that a&es from the unstable cold 
tongue state. 

The instability and oscillation mecha- 
nisms of the ENS0 associated with the 
Pacific cold tongue state can be highlighted 
by the linearized conceptual model 

where 

Overbar and prime in Eqs. 6 and 7 denote 
the steadv state and derivations from the 
steady state, respectively, E is the ratio 
between the Hadlev and Walker circula- 
tion of the steady state, y denotes the 
sensitivity of the subsurface temperature to 
the thermocline depth, and R collectively 
represents Bjerknes feedback processes for the 
SST growth. The frequency at a neutral 

Year 

Fig. 3. Time series of (dashed curve) the observed 
sea-level anomaly over the western Pacific aver- 
aged from 1 O0N to 10"s and from 1 20°E to the 
dateline and (solid curve) SST averaged from 5"N 
to 5"s and from 90°W to 15O0W for the years 
1980 to 1990. A 13-month running mean was 
applied twice to the monthly data after the mean 
annual cycle was removed. The sea-level data are 
from the University of Hawaii Sea-Level Center, 
and the SST data from the Comprehensive 
Ocean-Atmosphere Data Set (GOADS) of the Na- 
tional Center of Atmospheric Research. 

growth rate (R = r )  is 2/rybLk/2 - r2, which 
depends heavily on rybLpI2, a term that 
combines the thermocline feedback ( y )  and 
the recharge mechanism (rbLpI2). The Pacif- 
ic cold tongue state is unstable when R is 
positive and overtakes the damping rate ( r )  in 
the ocean adjustment. The strong thermo- 
cline feedback is crucial for such an instability 
because Ekman pumping feedback alone is 
unable to overcome the restoration damping. 
If a cold tongue is too strong or too weak, this 
thermocline feedback will be reduced, and 
ENSO-like oscillations cannot be sustained. 
Thus, the weak Atlantic cold tongue has no 
vigorous ENSO-like interannual variability 
(21 ) .  The unstable mode of the system in Eq. 
6 is the maximum sim~lification to the mixed 
SST-ocean dynamics mode captured by a 
more complicated framework for the tropical 
interannual variability ( 1  2 ) .  The out-of- 
phase relation between an SST anomaly of 
the eastern Pacific and a thermocline depth 
anomaly of the western Pacific results from 
the recharge and discharge of the equatorial 
heat content associated with slow ocean dy- 
namic adjustment, which is fundamental to 
the cyclic behavior of the ENSO. 

An ENS0 cvcle can be illustrated bv 
starting with, fo; instance, an initial posi: 
tive SST anomaly in the eastern Pacific. 
This initial SST anomaly induces an anom- 
alous equatorial westerly wind, which re- 
duces the upwelling and deepens the ther- 
mocline in the eastern Pacific, thus leading 
to less dynamical cooling. The warm SST 
anomaly also results in less net heating. 
When the reduction in dynamical cooling 
is more than the loss of heating, the initially 
warm SST anomaly is further amplified. 
Such a positive feedback process brings the 
svstem to a mature warm ENS0 ohase 
bounded by nonlinearity. At the same time, 
the thermocline deoth in the western Pa- 
cific and the zonal mean thermocline depth 
gradually adjust to the westerly wind anom- 
aly by the anomalous discharge of the heat 
content in the equatorial ocean into off- 
equatorial regions. In the aftermath of the 
warm event, the zonal mean thermocline 
denth becomes shallower across the Pacific. 
while the equatoria! ocean takes time to 
refill. This anomalous shallow zonal mean 
thermocline depth at the transition allows 
anomalously colder water to be pumped 
into the surface layer and leads the SST 
anomaly to a cold phase, which is then 
similarly amplified through the coupled 
positive-feedback process. The recharging 
of equatorial heat content during the cold 
phase with anomalously strong trade 
winds leads to an anomalously deep zonal 
mean thermocline depth. By the time the 
cold event diminishes, the deep zonal 
mean thermocline initiates the next warm 
phase. 

This conceptual model of the tropical 
ocean-atmosphere system provides a para- 
digm that unifies our understanding of both 
the ENS0 and the climate states of the 
equatorial ocean basins. Other aspects of 
the tropical climate-such as north-south 
asymmetry and monsoor~ circulation, which 
involve feedback between the Hadley cir- 
culation and meridional SST gradient and 
atmosphere-ocean-land interactions-are 
not captured in this model. Our under- 
standing of the climate state of the global 
tropics and its variability will be enriched as 
a more comprehensive paradigm comprising 
all of these fundamental aspects of the trop- 
ical climate emerges. 

REFERENCES AND NOTES 

1. E. M. Rasrnusson and T. H. Carpenter, Mon. Weath- 
er Rev. 11 0, 354 (1 982); M. A. Cane, Science 222, 
1189 (1983); E. M .  Rasrnusson and J. M. Wallace, 
ibid., p. 1195; S. G. H. Philander, Nature 302, 295 
(1 983). 

2. M .  A. Cane and S. E. Zebiak, Science 228, 1085 
(1985); M. Cane, S. E. Zebiak, S. C. Dolan, Nature 
321, 827 (1 986). 

3. S. E. Zebiak and M. Cane, Mon. Weather Rev. 11 5, 
2262 (1 987). 

4. T. Barnett et a/. , Science 241 , 192 (1 988). 
5. S. G. H. Philander, Ei Nifio, La Nina, and the South- 

ern Osc~liation (Academic Press, San Diego, CA, 
1 990) 

6. J. D. Neelin eta/. , Ciim. Dyn. 7, 73 (1992). 
7. J. D. Neelin, M. Latif, F -F. Jin, Annu Rev. fluid 

Mech. 26, 61 7 (1 994). 
8. H. A. Dijkstra and J. D. Neel~n, J. Ciim. 8,  1343 

(1 995). 
9. J. Bjerknes, Mon. Weather. Rev. 97, 1 63 (1 969). 

10. K. Wyrtki, J. Geophys. Res. 91, 7129 (1 986). 
11. P. S. Schopf and M. J. Suarez, J Atmos. Sci. 45, 

549 119881: D. S. Battisti and A. C. Hirst. ibid 46. 
168f (I 989). 

12 F -F. Jln and J. D. Neelin, J. Atmos. Sci. 50, 3477 
(1993), J. D. Neel~n and F.-F. Jn,  ibid., p. 3504; F.-F. 
Jin and Neelin, ibid., p .  3523. 

13. A separate calculation has shown that inclusion of 
the horizontal advection mod~fies the results only 
quantitatively. 

14. V. Rarnanathan and W. Collines, Nature 351, 27 
(1991); R. Fu, A. D. Del Genio, W. B. Rossow, W. T. 
Liu, bid. 358, 394 (1992); J. M. Wallace, ibid. 357, 
230 (1 992); D.-Z. Sun and Z. Liu, Science 272,1148 
(1 996). 

15. S. K. Esbensen and Y. Kushnir, Ciim. Res. inst. Rep. 
No. 29 (Department of Atmospheric Science, Ore- 
gon State University, Cowallis, 1981). 

16. K. A. Ernanuel, J. D. Neelin, C. S. Bretherton, 0. J. R. 
Meteorol. Soc. 120, 11 11 (1 994). 

17. F.-F. Jin, J. D. Neelin, M. Ghil, Physica D, in press. 
18. M. Cane and E. S. Sarachik, J. Mar. Res. 39, 651 

(1981). 
19. C. R. Mechoso eta/. , Mon. Weather Rev. 123, 2825 

(1 995). 
20. F.-F. Jin, J. D. Neelin, M. Ghil, Science 264, 70 

(1994); E. Tziperman, L. Stone, M. A. Cane, H. 
Jarosh, ibid., p. 72; P. Chang, B. Wang, T. Li, J. Lin, 
J. Atmos. Sci. 52, 2353 (1995). 

21. S. E. Zebiak, J. Ciim. 6, 1567 (1993). 
22. This work was supported by NSF grant ATM- 

9312888and NOAAgrant GC95773. I thank D. Nee- 
lin, T. Schroeder, and anonymous reviewers for vau- 
able comments that improved the manuscript, D. 
Henderson for her careful reading of the manuscript, 
and the University of Hawaii Sea Level Center for 
providing the sea-level data. School of Ocean and 
Earth Science and Technology contribution 4134. 

3 June 1996; accepted 20 August 1996 

SCIENCE VOL. 274 4 OCTOBER 1996 




