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ABSTRACT

Although the distribution of sunshine is symmetrical about the equator, the earth’s climate is not. Climatic
asymmeltries are prominent in the eastern tropical Pacific and Atlantic Oceans where the regions of maximum
sea surface temperature, convective cloud cover, and rainfall are north of the equator. This is the result of two
sets of factors: interactions between the ocean and atmosphere that are capable of converting symmetry into
asymmetry, and the geometries of the continents that determine in which longitudes the interactions are effective
and in which hemisphere the warmest waters and the intertropical convergence zone are located. The ocean—
atmosphere interactions are most effective where the thermocline is shallow because the winds can readily affect
sea surface temperatures in such regions. The thermocline happens to shoal in the eastern equatorial Pacific and
Atlantic, but not in the eastern Indian Ocean, because easterly trade winds prevail over the tropical Atlantic and
Pacific whereas monsoons, with a far larger meridional component, are dominant over the Indian Ocean. That
is how the global distribution of the continents, by determining the large-scale wind patterns, causes climatic
asymmetries to be prominent in some bands of longitude but not others. The explanation for asymmetries that
favor the Northern rather than Southern Hemisphere with the warmest waters and the ITCZ involves the details
of the local coastal geometries: the bulge of western Africa to the north of the Gulf of Guinea and the slope of
the western coast of the Americas relative to meridians. Low-level stratus clouds over cold waters are crucial to

the maintenance of the asymmetries.

1. Introduction

Although the time-averaged solar radiation has a
maximum precisely at the equator, the earth’s climate
has asymmetries relative to the equator that are most
pronounced in the eastern tropical Pacific and Atlantic
Oceans. Figure 1 shows that in those regions the inter-
tropical convergence zone, where cloudiness of con-
vective origin and rainfall have maxima, is several hun-
dred kilometers north of the equator. The surface winds
converge onto the ITCZ so that both zonal and merid-
ional components of the winds have asymmetries. The
ITCZ is located over the warmest surface waters that
are associated with an eastward oceanic current, the
North Equatorial Countercurrent, that has no counter-
part south of the equator (Philander 1990). These cli-
matic asymmetries must be a consequence of the asym-
metries of the continents relative to the equator. But
which aspects of the continental geometries favor
asymmetries in some longitudes rather than others, and
why is the Northern rather than Southern Hemisphere
favored with the warmest surface waters and the heav-

iest rainfall? The answer to these riddles is composed
of two parts: The first involves physical instabilities and
feedbacks that amplify an initial perturbation to a sym-
metric state so that that state becomes asymmetric. This
part of the argument favors neither hemispheres; the
instabilities can cause the ITCZ to be either north or
south of the equator. The second part of the argument
involves specific aspects of the continents that deter-
mine why the instabilities and feedbacks are effective
in some regions and not others and why they keep the
ITCZ north rather than south of the equator. The results
in this paper demonstrate how both the global distri-
bution of the continents and the details of local coastal
geometries in certain tropical regions influence the cli-
matic asymmetries.

Previous steady-state studies of the location of the
ITCZ assumed axisymmetry. Pike (1971) showed that
cold surface waters at the equator, associated with oce-
anic upwelling, prevents the ITCZ from being located
there. Charney (1971) and Waliser and Somerville
(1994) argue that the off-equatorial position of the

N




DECEMBER 1996 PHILANDER ET AL. 2959

equator even when sea surface temperatures have a The reason for spatial variations in the depth of the
maximum at the equator. This paper is concerned pri- tropical thermocline is the different wind systems that
marily with the reasons for the off-equatorial ITCZ in  prevail over the different ocean basins. If there were no
the eastern tropical Pacific and Atlantic where sea sur- continents, on a water-covered globe easterly trade
face temperature has a minimum at the equator. The winds would prevail everywhere in the Tropics. The
Fprfnm.rgmnamt-m vmmg%jwq*daw inflnanpe nf_cnntipents \SH{J&]NL in the Indian
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(a) Rainfall, cm/month
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prediction scheme described by Wetherald and Man-
abe (1988).

The model, when forced with seasonally varying so-
lar radiation (that has no diurnal variation ), reproduces
the seasonal cycle, that of the surface winds and pre-
cipitation for example, realistically when the observed
sea surface temperature patterns are specified as lower-
boundary condition. However, the model does not offer
a realistic simulation of low-level stratus clouds.

In section 3 we force the atmospheric model with
idealized sea surface temperatures—they are symmet-
rical about the equator and correspond to those along
the date line—and regard the model as a tool to explore
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mospheric GCM, the forcing function is the annual-
mean solar radiation, and the specified sea surface tem-
peratures are symmetrical about the equator, are inde-
pendent of longitude, and correspond to those observed
in the Northern Hemisphere along the date line. Hess
et al. (1993) report similar calculations that explore the
effects of different parameterization of convection. On
a water-covered globe they find that the position of the
ITCZ is over the warmest water, even when the sea
surface temperature gradient is weak, provided the
model employs the convective adjustment scheme. Our
model employs that scheme and would have an ITCZ
over the warmest waters, with all fields symmetrical
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off the (straight) western coast of the Americas. There
are anticyclonic winds around high pressure zones to
the north and south of the equator in the eastern tropical
Pacific. The high pressures are over the water that is
colder than the land. The associated southeast and
northeast trades meet along the equator. This result re-
mains unchanged when sea surface temperatures to the
south of 20°S are lowered. (Larger amounts of cloud-
iness over the southern oceans, associated with the
greater expanse of water there, contribute to lower sea
surface temperatures but, in this model, has little effect
on the Tropics.) Apparently the climatic asymmetries
of the eastern tropical Pacific are not attributable to the
greater land area of the Northern Hemisphere. (It is
conceivable that the inclusion of a seasonal cycle could
change this result.)

Next we explore whether the local coastal geometry,
specifically the inclination of the coast to meridians,
can contribute to asymmetries. When the western coast
of the Americas is altered to become a straight line
inclined to meridians (Fig. 2¢), then comparison of the
wind distributions shown in Figs. 2a,c indicates that the
change in coastal geometry has very little effect on the
coastal and offshore winds. The anticyclonic systems
are hardly affected so that the minimum of the surface
pressure (and the position of the ITCZ) remains essen-
tially on the equator. From a meteorological point of
view the change in coastal geometry is of little conse-
quence. From an oceanographic point of view, how-
ever, a significant change has occurred: The trade
winds north of the equator are now perpendicular to the
coast and those south of the equator are parallel to the
coast. We can anticipate that the winds will induce
alongshore oceanic currents that are more intense south
than north of the equator. Such alongshore currents are
associated with offshore Ekman drift and, hence, with
coastal upwelling. The resultant lowering of sea surface
temperatures will be more pronounced south than north
of the equator because of the inclination of the coast to
meridians. In other words, the ocean is of central im-
portance to climatic asymmetries in the eastern tropical
Pacific. We explore this possibility by using the cou-
pled model described in section 2.

Results from the relatively simple coupled ocean—
atmosphere model of Chang and Philander (1994) in-
dicate that ocean—atmosphere interactions can rapidly
amplify modest initial perturbations into realistic cli-
matic asymmetries relative to the equator in regions
where the thermocline is shallow. In our more complex
coupled GCM, the winds of Fig. 2¢ produce asymme-
tries in sea surface temperature, but they remain dis-
appointingly and unrealistically modest. The 1initial
oceanic state was generated by driving the ocean model
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temperatures and continental geometries are specified.
Then the ocean model is forced with those heat and
momentum fluxes. Finally, the coupled run starts from
realistic initial conditions for the ocean and atmo-
sphere, but gradually the realistic asymmetries are de-
graded as sea surface temperatures south of the equator
in the eastern Pacific and Atlantic increase. An example
of such a simulation will be presented in section 5 (see
Fig. 7a). The principal flaws of these simulations are
sea surface temperatures that are far too high in the
southeastern tropical Pacific (and Atlantic) Oceans.
Temperatures are so high that deep convection occurs
over those regions. As a consequence there is a ten-
dency for each hemisphere to have an ITCZ. At the
moment, this problem—surface waters that are too
warm off the coast of Peru—afflicts not only our cou-
pled model but practically all coupled GCMs. Mechoso
et al. (1994) review the performance of some 11 dif-
ferent coupled GCMs and find that, in essentially all
available coupled models, the winds parallel to the
South American coast create sea surface temperatures
slightly, but not realistically, lower than those to the
north of the equator. The cold surface waters due to
coastal upwelling are too confined to the coast for the
asymmetry relative to the equator to be amplified by
the ocean—atmosphere interactions mentioned earlier.
These model deficiencies could partially be attributed
to inadequate simulation of coastal currents and the
horizontal spreading of the cold water in the upwelling
zones. Apparently the relatively simple coupled models
in which asymmetries readily appear [those of Chang
and Philander (1994) and of Xie (1994) for example]
exaggerate the importance of air—sea interactions. If
we accept that the coupled GCMs are more realistic in
the role they assign to ocean—atmosphere interactions,
then those coupled GCMs must be missing an impor-
tant feedback that complements the air—sea interac-
tions and that significantly lowers sea surface temper-
atures to the south of the equator. In the next section
we propose that the missing feedback involves stratus
clouds.

4. The tropical stratus clouds

The atmospheric circulation in the Tropics corre-
sponds primarily to direct thermal circulations in which
moist air rises over the regions of maximum surface
temperatures. Two examples include the Walker cir-
culation, whose rising branch is over the Maritime Con-
tinent of the western tropical Pacific, and the Hadley
circulation, whose rising branch is the ITCZ over the
band of high sea surface temperatures to the north of
the equator in the Pacific and Atlantic. The principa
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FiG. 3. The fractional stratus cloud cover, on the basis of ISCCP climatology, for January, April, July,
and October; contour interval is 0.1.

prevents the moist air from rising to significant eleva-
tions. A thin layer of stratus clouds form at the base of
that inversion. Radiative (longwave) cooling just be-
low the cloud tops drives convection in a layer below
the clouds and causes entrainment that maintains the
inversion. [See Klein and Hartmann (1993) for a re-
cent discussion of these clouds.] In the discussion of
clouds in climate models, the focus is usually on deep
convective clouds because they represent important
heat sources for the atmosphere. Stratus clouds, from a
strictly atmospheric point of view, are of secondary sig-
nificance, important primarily because they increase
the surface albedo. However, they are so reflective—
they can reflect more than 30% of the incident solar
radiation—that they are of prime importance in phe-
nomena that involve ocean-—atmosphere interactions.
They both influence and depend on sea surface tem-
peratures because those temperatures affect the atmo-

spheric temperature profile and, hence, the inversion
that controls the. thickness of the cloud layer. This
means that the clouds participate in a positive feedback:
lower sea surface temperatures strengthen the atmo-
spheric inversion and hence favor more stratus clouds,
which lower the temperatures even further. Such feed-
backs affect the seasonal variations in sea surface tem-
peratures and cloudiness in those regions where stratus
clouds are prominent.

In Fig. 3 stratus clouds are seen to be prominent off
the western coasts of the Americas and Africa. The data
in that figure are from the Stage C1 dataset produced
by the International Satellite Cloud Climatology
(ISCCP) for the 1983-90 period. The details of the
ISCCP cloud detection algorithms are documented by
Rossow and Schiffer (1991). Cloud pixels correspond-
ing to cloud tops below 680 mb and optical thicknesses
exceeding 3.6 are assumed to represent stratus clouds.
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FiG. 3. (Continued)

The fractional cover by stratus is obtained by dividing
the number of pixels identified as stratus cloud ele-
ments by the total number of pixels being analyzed.
Rapid progress is being made in the simulation of
stratus decks in studies with very high resolution two-
dimensional models. A major challenge is the transition
from stratocumulus to trade cumulus as the winds ad-
vect air in the marine boundary layer from regions of
low sea surface temperature and high cloud fraction
toward warmer waters with much lower cloud fraction
(Bretherton 1991; Bretherton 1996, manuscript sub-
mitted to J. Atmos. Sci.). Such issues are dealt with in
a very crude manner, or not at all, in climate models
because of their coarse vertical resolution; the layers
are so thick that the relative humidity is never suffi-
ciently large in a layer for clouds to form. These mod-
els, with sea surface temperatures specified, do how-
ever succeed in reproducing reasonably well the con-
ditions that lead to the appearance of the stratus clouds:

realistic large-scale fields of subsidence and tempera-
ture inversions that determine where and when the
clouds form. Confirmation that those are key factors
comes from a comparison of (time averaged) maps of
atmospheric stability near the surface (not shown) and
maps of the stratus cloud cover, such as the one in Fig.
3. The regions of high stability essentially coincide
with the regions of stratus cloud cover. A further in-
dication that the atmospheric stability is indeed a key
parameter that controls the extent of cloud cover comes
from the seasonal fluctuations of these clouds. At first
it appears that those fluctuations have a surprising fea-
ture: the clouds are at a maximum during the local sum-
mer off California, but during the local winter off the
coasts of Ecuador, Peru, and Angola. Sea surface tem-
peratures alone cannot dictate the cloud cover because
those temperatures are at a maximum during summer
and at a minimum during winter. The explanation for
the cloudiness off California in summer, in spite of rel-
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atively high sea surface temperatures, is the strong ver-
tical stability of the atmosphere at that time, as shown
on Fig. 4. Close to the equator, the temperatures aloft,
at 850 mb say, do not have much of a seasonal variation
so that surface temperatures control the temperature
profile. Matters are different at higher latitudes, such as
those of California. There the seasonal change in tem-
peratures aloft exceeds that at the ocean surface. Off
the coast of California local sea surface temperatures
are close to their maximum in July, but temperatures
aloft are also at a maximum and so is the stability of
the atmosphere.

To parameterize stratus clouds in an atmospheric
GCM it is necessary to establish, on the basis of mea-
surements, correlations between the cloud cover and
atmospheric variables such as subsidence and vertical
stability. [Slingo (1980) pioneered this approach.]
Correlations between the seasonal changes in low-level
clouds (as given by the ISCCP dataset) and a measure
of atmospheric stability [defined as the temperature at
850 mb (from NMC analysis) minus the SST (from
COADS)] are shown in Fig. 5. These correlation co-
efficients have been computed using long-term-aver-
aged values of stratus cloud fraction and atmospheric
stability for the 12 calendar months and, hence, portray
the relationships between the climatological annual cy-
cles in these two variables. The correlations are seen to
be high in the regions that have extensive cloud cover.
However, the correlatioris are also strongly positive
over parts of the western equatorial Pacific that have
little stratus cloud cover (see Fig. 3). This is a problem
associated with measurements from satellites. Because
of their vantage point, above the clouds, they under-
estimate low-level clouds beneath another layer of high
clouds. Such high clouds frequently cover much of the
western equatorial Pacific. A negative correlation thus
exists between the satellite-derived high- and low-
cloud covers over this region. The large positive cor-
relations between atmospheric stability and stratus
clouds over the western equatorial Pacific are hence
partially attributable to the anticorrelations between
high and low clouds, and between high-level cloudi-
ness and atmospheric stability.

An additional factor that needs to be considered is
the effect of subsidence. Maps of the subsidence, esti-
mated from the divergence of the surface winds as mea-
sured by the Active Microwave Instrument on ERS-1
(the European Remote Sensing Satellite), confirm that,
in the Tropics, the regions of stratus cloud cover and
subsidence coincide (Halpern et al. 1994). It may seem
desirable, in a regression formula for the clouds, to in-
clude a term that represents the effects of subsidence.
However, the correlations between variations in sub-
sidence (from ERS-1 data) and cloudiness are poor. In
other words, subsidence influences where stratus
clouds form but does not strongly influence the thick-
ness of the cloud layer. We therefore use subsidence
(as inferred from the wind divergence) only to restrict
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F1G. 4. Sea surface and 850-mb temperatures along 125°W (upper
panel) and 85°W (lower panel). The solid lines show the annual-
mean values; the dashed lines show averaged values for January and
July. The surface data are from COADS; the 850-mb data correspond
to the climatology of the NMC analyses.

the regions where stratus clouds can form. That restric-
tion eliminates unrealistic stratus clouds over the west-
ern tropical Pacific.

On the basis of the results described above we de-
veloped a simple empirical model for stratus cloud
cover C, whose value is between zero and one. Cloud
cover enters the model only to reduce the shortwave
radiation (SW) into the ocean:

SW = SW*(1 — 0.62C),

where SW * is the shortwave radiation at the top of the
atmosphere. [ This formula is taken from Reed (1977).
It is, however, worth noting that Norris and Leovy
(1994) recently reported a lower sensitivity of SW to
C.]J Our parameterization of the clouds is strictly a flux
correction for the ocean. The low-level clouds do not
appear in the atmospheric GCM in any form and there-
fore do not affect the atmospheric radiation budget.
This implies an absence of interactions in which radi-
ative cooling near the top of the clouds can promote an
increase in cloudiness.
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FiG. 5. Distribution of the correlation coefficients between low-level stratus cloud fraction and a measure
of atmospheric stability (850-mb temperature minus SST). The correlation values are computed using
monthly mean ISCCP stratus cloud data and the monthly averaged temperature data also used in Fig. 4.

Contour interval is 0.2.

The cloud model has the following formulation:
C=aS+0b.

In this regression formula the cloudiness C depends on
the temperature difference S between the sea surface
and 850 mb. The constants a and b have the values a
= (0.031 and » = 0.623. The straight line is the best fit
to the data shown in Fig. 6. The stratus clouds are al-
lowed only over the ocean and only in regions where
there is descending motion at a height of 600 mb.

5. Effects of stratus clouds in a coupled ocean—
atmosphere model

We now examine the impact of the stratus cloud pa-
rameterization as formulated in section 4 on the per-
formance of a coupled model. A more detailed descrip-
tion of this model and the experimental procedure have
been given at the end of sections 2 and 3. The intro-
duction of stratus clouds cannot create an asymmetry
about the equator; it can only amplify a preexisting

asymmetry. The modest initial asymmetry, as ex-
plained earlier, is associated with winds whose com-
ponent parallel to the coast is stronger to the south than
to the north of the equator (see Fig. 2¢). It is therefore
not surprising that the coupled model, when the coastal
geometry corresponds to that of Fig. 2a, gives results
that are symmetrical about the equator in the Pacific
even when stratus clouds are taken into account. When
a realistic coastal geometry is used, with the western
coast of the Americas sloping relative to meridians,
then the presence of clouds enables the same model to
produce the realistic asymmetries relative to the equa-
tor shown in Fig. 7. Comparison of sea surface tem-
perature patterns in the model without (Fig. 7a) and
with (Fig. 7b) clouds indicates that it is primarily the
southeastern tropical Pacific that cools off, to such an
extent that convection and rainfall over that region is
now inhibited. It is also noteworthy that the SST at the
warm pool in the western equatorial Pacific in Fig. 7b
is cooler than that in Fig. 7a, possibly as a result of the
strong surface winds in the experiment that incorpo-
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FIG. 9. The zonal currents (top panel) and temperature (bottom panel) as a function
of latitude and depth along 140°W, as simulated by the coupled model. Contour intervals

are 10 cm s ! and 2°C.

metries. However, further numerical experiments are
necessary to determine exactly how much they con-
tribute. Those experiments will have to take into ac-
count factors neglected in this paper, factors such as
boundary-layer processes, mountains, and the sea-
sonal cycle.

D. Battisti (1994, personal communication) has
investigated the effect of mountains in the NCAR
Community Climate Model (CCM1 T42) when sea
surface temperatures are specified to be symmetrical

about the equator. When the mountain slopes relative
to meridians, then the winds to the west of the moun-
tain are such that they would favor oceanic upwelling
and lower sea surface temperatures south of the equa-
tor. Battisti treats the surface of the mountain as a
water surface and prescribes the lapse rate of the tem-
perature on the mountain so as to represent primarily
a mechanical forcing. The relative importance of the
land—sea contrast (included in this study) and of the
Andes (in Battisti’s study ) in creating an asymmetry
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of the western coast of the Americas remains to be
evaluated. It is noteworthy that atmospheric and oce-
anic conditions off the coast of Angola in the Atlantic
are similar to those off the coasts of Peru and Chile,
even though the one coast has towering mountains
and the other none.

Efforts to understand atmospheric and oceanic
phenomena usually rely on theoretical studies with
a hierarchy of models. The most complex models
are capable of the greatest realism, but their results
are difficult to analyze and explain. It is therefore
important to have simpler models that by excluding
certain processes, sacrifice realism, but in return al-
low detailed analyses and yield physical insight into
the retained processes. The simplér models there-
fore assist with the interpretation of measurements
and data from complex models. This study demon-
strates that the complex models can identify unex-
pected shortcomings of the simpler models. For
example, the simple coupled model of Chang and
Philander (1994) suggests that ocean—atmosphere
interactions are sufficient to create climatic asym-
metries relative to the equator. This study reveals
that, in a model sufficiently complex to assign an
appropriate weight to air—sea interactions, those in-
teractions are inadequate, and some additional pro-
cesses are needed.

The results in this paper describe the time-averaged
atmospheric and oceanic condition in response to the
time-averaged solar radiation. The seasonal cycle has
been suppressed so that the question of the effect of
seasonal forcing on time-averaged conditions has gone
begging. This matter will be addressed in subsequent
studies.

Acknowledgments. This paper is dedicated to the
memory of Stanley Hayes, whose intelligence, gener-
osity, good humor, and dedication inspired all of us.
During the course of this work we benefitted from nu-
merous discussions with Drs. S. Manabe, R. Stouffer,
R. Wetherald, and M. Spellman. The detailed com-
ments by the official reviewers were very helpful in the
revision process. The calculations were performed on
the computer of GFDL/NOAA. This work was sup-
ported by the National Oceanic and Atmospheric Ad-
ministration (NA26G0102-01) and the National Aero-
nautics and Space Administration (NASANAG 5-
2224). DH’s work was performed at the Jet Propulsion
Laboratory, California Institute of: Technology, under
a contract with NASA. is

‘f
REFERENCES >

Bretherton, C., 1991: Lagrangian development of a cloud-topped
boundary layer in a turbulence closure model. Proc. Conf. on
Cloud Physics, San Francisco, CA, Amer. Meteor. Soc., 48—
55.

——, 1996: A turbulence closure model of marine stratocumulus
clouds. Part I: The diurnal cycle of marine stratocumulus during
FIRE 1987, J. Atmos. Sci., submitted.

PHILANDER ET AL.

2971

Chang, P., and S. G. H. Philander, 1994: A coupled ocean—atmo-
sphere instability of relevance to seasonal cycle. J. Atmos. Sci.,
51, 3627-3648.

Charney, J. G., 1971: Tropical cyclogenesis and the formation of
the intertropical convergence zone in Mathematical Prob-
lems of Geophysical Fluid Dynamics, Lectures in Applied
Mathematics, Vol. 13, W. H. Reid, Ed., Amer. Math. Soc.,
355-368.

Deser, C., J. J. Bates, and S. Wahl, 1993: The influence of sea surface
temperature on stratiform cloudiness along the equatorial front
in the Pacific Ocean. J. Climate, 6, 1172-1180.

Halpern, D., M. H. Freilich, and R. S. Dunbar, 1993: Evaluation of

two January—June 1992 ERS-1 AMI wind vector data sets. Proc.

First ERS-1 Symp., Cannes, France, European Space Agency,

135-139.

, W. Knauss, O. Brown, M. Freilich, and F. Wentz, 1994: An
atlas of monthly mean distributions of SSMI surface wind speed,
ARGOS buoy drift, AVHRR/2 sea surface temperature, and
ECMWEF surface wind components during 1992. JPL Publ. 94-
4, Jet Propulsion Laboratory, Pasadena, CA, 123 pp.

Harrison, E. F., P. Minnis, B. R. Barkstrom, V. Ramanathan, R. D.
Cess, and G. G. Gibson, 1990: Seasonal variation of cloud ra-
diative forcing derived from the Earth Radiation Budget Exper-
iment. J. Geophys. Res., 95, 18 68718 703.

Hartmann, D. L., and M. L. Michelsen, 1993: Large-scale effects on
the regulation of tropical sea surface temperature. J. Climate, 6,
2049-2062.

Hess, P. G., D. S. Battisti, and P. J. Rasch, 1993: Maintenance of the
intertropical convergence sones and the large-scale tropical cir-
culation on a water-covered earth. J. Atmos. Sci., 50, 691-713.

Klein, S. A., and D. L. Hartmann, 1993: The seasonal cycle of low
stratiform clouds. J. Climate, 6, 1587—-1606.

Levitus, S., 1982: Climatological Atlas of the World Ocean. NOAA
Prof. Paper No. 13, U.S. Govt. Printing Office, 173 pp.

Lindzen, R. S., and S. Nigam, 1987: On the role of sea surface tem-
perature gradients in forcing low-level winds and convergence
in the Tropics. J. Atmos. Sci., 44, 2240—-2458.

Manabe, S., and R. F. Strickler, 1964: On the thermal equilibrium of
the atmosphere with a convective adjustment. J. Atrmos. Sci., 21,
361-385.

——, and D. G. Hahn, 1981: Simulation of atmospheric variability.
Mon. Wea. Rev., 109, 2260-2286.

Mechoso, C. R., A. W. Robertson, N. Barth, M. K. Davey, P.
Delecluse, P. R. Gent, S. Ineson, B. Kirtman, M. Latif, H. Le
Treut, T. Nagai, J. D. Neelin, S. G. H. Philander, J. Polcher,
P. S. Schopf, T. Stockdale, M. J. Suarez, L. Terray, O. Thual,
and J. J. Tribbia, 1994: The seasonal cycle over the tropical
Pacific in general circulation models. Mon. Wea. Rev., 123,
2825-2838.

Moore, D. W., and S. G. H. Philander, 1977: Modeling of the tropical
oceanic circulation. The Sea, Vol. 6, E. Goldberg and Co-Edi-
tors, Wiley-Interscience, 319-361.

Neelin, J. D., 1991: The slow sea surface temperature mode and the
fast-wave limit: Analytic theory for tropical interannual oscil-
lation and experiments in a hybrid coupled model. J. Atmos.
Sci., 48, 584—606.

——, F.-F. Jin, and M. Latif, 1994: Dynamics of coupled ocean—
atmosphere models: The tropical problem. Annu. Rev. Fluid
Mech., 26, 617-659.

Norris, J. R., and C. B. Leovy, 1994: Interannual variability in strat-
iform cloudiness and sea surface temperature. J. Climate, 7,
1915-1925.

Pacanowski, R. C., and S. G. H. Philander, 1981: Parameterization
of vertical mixing in numerical models of tropical oceans. J.
Phys. Oceanogr., 11, 1443-1451.

Philander, S. G. H., 1990: El Nifio, La Nifia, and the Southern Os-
cillation. Academic Press, 289 pp.

, R. C. Pacanowski, N.-C. Lau, and M. J. Nath, 1992: Sim-

ulation of ENSO with a global atmospheric GCM coupled to

a high-resolution, tropical Pacific Ocean GCM. J. Climate,

5, 308-329.




2972 JOURNAL OF CLIMATE

[l BT, TR SRR

—amiaal g

VS e 1 )

VOLUME 9

ﬂ:ﬁf B M O T T T —

i

an interacting atmosphere and ocean model. Mon. Wea. Rev.,
99, 469-477.

Ramanathan, V., R. D. Cess, E. F. Harrison, P. Minnis, B. R. Bark-
strom, E. Ahmad, and D. L. Hartmann, 1989: Cloud—radiative
forcing and climate: Results from the Earth Radiation Budget
Experiment. Science, 243, 57-63.

Reed, R. K., 1977: On estimating insolation over the ocean. J. Phys.
Oceanogr., T, 482-485.

Reynolds, R. W., and T. M. Smith, 1994: Improved global sea surface
temperature analyses. J. Climate, 7, 929-945.

Rossow, W. B., and R. A. Schiffer, 1991: ISCCP Cloud Data Prod-

algorithms for the ERBE mission. Rev. Geophys., 24, 407~
421.

Spencer, R. W., 1993: Global oceanic precipitation from the MSU
during 1979-91 and comparisons to other climatologies. J. Cli-
mate, 6, 1301--1326.

Waliser, D. E., and R. C. J. Somerville, 1994: Preferred latitude of
the intertropical convergence zone. J. Armos. Sci., 51, 1619—
1639.

Wetherald, R. T., and S. Manabe, 1988: Cloud feedback processes
in a general circulation modcl. J. Atmos. Sci., 45, 1397
1415.



