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Twentieth-Century Sea Surface
Temperature Trends
Mark A. Cane,* Amy C. Clement, Alexey Kaplan,
Yochanan Kushnir, Dmitri Pozdnyakov, Richard Seager,
Stephen E. Zebiak, Ragu Murtugudde
An analysis of historical sea surface temperatures provides evidence for global warming
since 1900, in line with land-based analyses of global temperature trends, and also
shows that over the same period, the eastern equatorial Pacific cooled and the zonal sea
surface temperature gradient strengthened. Recent theoretical studies have predicted
such a pattern as a response of the coupled ocean-atmosphere system to an exogenous
heating of the tropical atmosphere. This pattern, however, is not reproduced by the
complex ocean-atmosphere circulation models currently used to simulate the climatic
response to increased greenhouse gases. Its presence is likely to lessen the mean
20th-century global temperature change in model simulations.

Amidst the often contentious debate on
global warming, there are areas of general
consensus. There is agreement that Earth’s
surface temperature has increased over the last
100 years by between ;0.3° and 0.6°C (1).
There is, however, disagreement as to the
causes of this temperature increase. It may be
a response to anthropogenic forcing, a part of
the climate system’s innate natural variability,
or a combination of the two. There is also
general consensus that the radiative effect of
increased atmospheric concentrations of
greenhouse gases will cause Earth’s temperature to rise. The direct warming effect of these
gases is rather small, but there is a potential
for amplification by positive feedbacks within
the climate system. Understanding of these
mechanisms is incomplete, and the strength
of the amplification is uncertain, as evidenced
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by the fact that, when loaded with twice the
modern concentration of atmospheric CO2,
state-of-the-art climate models give mean
global changes varying from 1.5° to 4.5°C (1).
Until quite recently, simulations of the
climatic response to increasing concentrations
of greenhouse gases gave temperature changes
that exceeded the observed increase by about
a factor of 2 (1, 2). It was then suggested that
the discrepancy might result from the neglect
of the cooling effect of sulfate aerosols (3).
Inclusion of this effect brought simulations
into better agreement with observations (1,
2). Unfortunately, the radiative effects of
aerosols are poorly understood. It is quite possible that the influence of the values currently
used in simulations is considerably larger than
the true influence (4) and is substituting for
natural moderating mechanisms that are absent or underrepresented in present models.
Here we point out a pattern in the
changes of sea surface temperature (SST)
over the course of the 20th century—an
increase in the zonal gradient across the
equatorial Pacific—that has been missed in
simulations performed with comprehensive
climate models [general circulation models
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(GCMs)]. Recent theoretical studies (5–8)
have predicted this pattern as a response to
exogenous heating of the tropical atmosphere. If the theory is correct, it would
provide evidence that the coupled atmosphere-ocean dynamics are delaying, and
possibly regulating, global warming. The
absence of this mechanism in the GCM
simulations may account in part for the
discrepancy between the observed and
modeled global mean temperature rise.
The theoretical ideas we invoke (5–8) follow the line of argument first proposed by
Bjerknes (9), which forms the foundation of
our present understanding of the El Niño–
Southern Oscillation (ENSO) phenomenon
(10). Suppose a uniform external heating is
imposed on the tropical Pacific. The SST will
tend to rise, leading to increased evaporative
cooling until a new, warmer equilibrium is
reached. This change would be the only response in the absence of a decisive contribution from ocean dynamics. In the eastern
equatorial region, however, vigorous upwelling brings up cold waters from below,
counteracting the warming tendency. Thus,
initially, the SST increases more in the west
than in the east, enhancing the temperature
gradient along the equator. The atmosphere
responds with increasing trade winds, which
in turn will increase the upwelling rate and
the thermocline (11) tilt, cooling the surface
waters in the east and further enhancing the
temperature contrast. As a consequence of
this dynamical feedback, the mean temperature will increase less than it would with the
purely thermodynamic response.
To test the mechanism, we imposed a
uniform forcing on a simplified model of the
ocean-atmosphere system in the tropical
Pacific, the Lamont model used to forecast
El Niño (12). The forcing was chosen so
that in the absence of ocean dynamics, SST
would increase by 1°C everywhere. In the
model’s mean annual response (Fig. 1), not
only does the eastern equatorial Pacific
cool, consistent with the mechanism described above, but the dynamics of the coupled ocean atmosphere system spreads the
influence of the upwelled waters throughout the tropical Pacific, such that the mean
increase in temperature is only 0.5°C.
A number of objections to this theory and
model demonstration may be raised. The theory relies on colder upwelled waters balancing
some of the imposed heat input, but the simple ocean model used specifies a fixed thermocline temperature. In reality, the waters of
the equatorial thermocline originate at the
surface at higher latitudes. If these source
waters were to warm up, then equatorial thermocline temperatures would eventually increase; the cooling effect would then be reduced on a time scale set by the renewal time
for the equatorial thermocline. Some recent
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studies place the origin of equatorial thermocline waters in the subtropics, which suggests
a renewal time of a few decades (13). However, there is persuasive evidence that the
waters of the high-latitude Southern Hemisphere are a significant source (14), implying
a longer renewal time.
Because the origin of equatorial thermocline waters and this renewal time are not
well determined by observations, we turn to
numerical simulation. An ocean GCM was
run with a realistic SST-dependent heat flux
formulation to which a uniform heating of
10 W m22 was added (15). In contrast to the
previous model (Fig. 1), the wind stress was
fixed at climatological values. Even so, while
the eastern equatorial Pacific warmed slightly, the western Pacific warmed more (Fig. 2).
This increase in zonal gradient persisted over
the duration of the run; it is thus not a
transient effect. Even without the feedback
to the winds, the overall warming from 30°N
to 30°S was reduced to two-thirds of that in
the absence of ocean dynamics (15).
The smallness of the eastern equatorial
thermocline warming (;0.3°C) is due in part
to the very strong mixing in the equatorial
thermocline: waters flowing in from the subtropics are strongly diluted, including waters
in the lower thermocline originating at high
southern latitudes (14). Even apart from the
equatorial zone, these flows are at depths too
shallow not to be affected by mixing. These
“leaks” in the subtropical to equatorial pipeline delay the adjustment of equatorial thermocline temperatures. Moreover, the amplitude of the adjustment is limited by the SST
changes at the source latitudes. These changes
are smaller than those in the tropics because
stronger winds allow the latent heat fluxes to
balance the imposed heating with smaller
SST increases. By moving heat poleward, the
ocean redistributes it to regions where it can
more easily be lost to the atmosphere and
ultimately to space. The global consequence is
a reduction in the mean warming. For the
equatorial ocean, it means that the thermocline warming is too small to overcome the
cooling effect of the coupled dynamics.
Another objection to the above argument
is that its prediction is in conflict with doubled CO2 simulations performed with complex coupled GCMs, in which the eastern
equatorial Pacific was found to warm more
than the west (16, 17). The GCM results
Fig. 1. Annual mean SST
anomaly (in degrees Celsius)
generated by the Lamont intermediate coupled oceanatmosphere model (12)
when forced by an imposed
uniform heating. [Adapted
from (7 )]
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were attributed to the lower mean SSTs in the
east, which, in view of the Clausius-Clapeyron relation, require larger temperature
changes to generate the same evaporative
cooling as in the west (16). This effect is
absent in the Lamont model but is present in
the ocean GCM simulation (15) described
above. In the latter simulation, these local
thermodynamic effects are overwhelmed by
equatorial upwelling (18).
We believe that the discrepancy between
the results presented here and the coupled
GCMs is explained by the difference in the
strength of the dynamic coupling between
the equatorial ocean and atmosphere (19). If
the coupling is strong, then the Bjerknes
feedback operates (5), resulting in the stronger gradient of Fig. 1. If the coupling is weak,
then the thermodynamic equilibrium solution will hold, as with the low-resolution
coupled GCMs used in greenhouse warming
simulations (1, 16–18). That the interannual variability of these models is weaker
than the observed ENSO cycle and has different patterns (20) supports the inference
that the effective coupling strength of these
models is weaker than in nature.
The most likely reason is that in global
warming simulations, the ocean components
of coupled GCMs are run at resolutions too
coarse to resolve the equatorial oceans (16).
Consequently, vertical velocities at the
equator are too weak and the equatorial
thermocline is too diffuse; both effects reduce the amplitude of vertical heat fluxes in
response to wind changes. In addition, many
atmospheric GCMs produce overly weak surface winds in response to SST gradients.
In order to find out which effects dominate
in the real system, we analyzed observational
SST data to determine whether the equatorial
Pacific SST gradient has strengthened or
weakened in the past century, a period in
which anthropogenic greenhouse gases are
known to have increased. We rely on a new
analysis (21); both statistical theory and empirical example indicate that it provides the
best estimate to date of monthly mean global
SST anomalies. A least squares linear fit to
the trend from 1900 to 1991 (22) was performed at each point of the analysis (Fig. 3A).
There is a warming almost everywhere, the
notable exceptions being much of the North
Pacific, a region south of Greenland, and the
eastern equatorial Pacific. All of these cooling

areas and most of the neutral (warming
,0.1°C) areas are significantly different at the
95% level from the global mean warming
trend of 0.4°C per century. Although the
match is far from perfect, the tropical Pacific
part of this pattern is more similar to the
Lamont model result in Fig. 1 (23) than to
the enhanced eastern warming of the GCM
experiments. The tropical Pacific cooling
has not been noted previously. It is centered
in a region with very few observations, and
our analysis procedure (21) fills holes by
making statistically optimal use of the covariance structure of the global SST field.
Compared with earlier procedures used to
create SST products, it is a more effective
and unbiased way to compensate for secular
changes in sampling.
It is notable that the eastern equatorial
Pacific shows a cooling trend despite the
strong and frequent El Niño events in the
period after 1975. According to one point of
view, the unusual period after 1975 is a consequence of the century-long warming trend
(24). Another point of view is that the frequent El Niño events at the end of the period
may be a chance occurrence due to natural
variation (25) and should be excluded in
reckoning trends. Doing so results in an even
stronger cooling in the eastern Pacific (Fig.
3B), enhancing the resemblance to Fig. 1.
For our argument, the most salient feature
of these trend estimates is the enhanced
zonal gradient in the equatorial Pacific (26).
To see if it is an artifact of the analysis
procedure, we computed the change in zonal
SST gradient from two other data compilations: GOSTA (27), which corrects for systematic measurement errors in bucket temperatures, and COADS (28), which does

Fig. 2. Results from an ocean GCM simulation
(15) with fixed winds and a realistic surface heat
flux formulation to which a uniform heating of 10 W
m22 has been added. Changes in SST gradient
along the equator from the initial state is shown for
years 2, 5, 10, 20, 40, and 70. Most of the adjustment takes place in the first 2 years, and the
steady state is closely approached by year 40.
SCIENCE
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Fig. 3. (A) The trend in monthly mean SST anomalies for 1900 to 1991 in
degrees Celsius per century. The SST fields are from an optimal smoother
analysis (21). (B) As in (A), except that the influence of the large number of
ENSO warm events at the end of the record was screened out before the

not. As an index of zonal gradient, we used
the difference between climatically important regions in the western (WP) and eastern (NINO3.4) equatorial Pacific. Although
trends in the three data sets differ strongly
within each region (Fig. 4), the trend in the
gradient WP-NINO3.4 is more consistent.
All three data sets show a strengthened gradient over the 20th century. In degrees Celsius per century with 95% confidence limits,
the trend in the gradient is 10.66 6 0.14 for
our analysis, 10.11 6 0.15 for GOSTA, and
10.28 6 0.14 for COADS (29). All three
versions of the SST data support the predictions for strong atmospheric coupling (5–8)
over the enhanced eastern warming of the
greenhouse models (16–18). In addition, the

trend was calculated. This was done by removing the ENSO mode, defined
as the leading empirical orthogonal function of the variability in the 2- to
7-year band. The projection of this pattern onto the data was subtracted from
the record, and the trend in the remainder was computed.

most relevant previous study (8), which included an analysis of trends since 1949,
found an enhanced SST gradient as well as
strengthened trade winds in both an atmospheric GCM and observational data.
Equatorial Pacific SST variations have a
substantial impact on the global atmospheric
circulation (30). The NINO3.4 region is
thought to be the area of the tropical Pacific
where SST anomalies have the strongest
influence on the global atmosphere. Although we do not know how an atmospheric
GCM would respond to the equatorial portion of the SST anomaly patterns of Fig. 3,
the evidence suggests that atmospheric dynamics and thermodynamics would amplify
the coupled negative feedback of the equa-

Fig. 4. Time series of (top) the average SST anomaly in the WP region (120° to 160°E, 5°N to 5°S),
(middle) the average SST anomaly in the NINO3.4 region (120° to 170°W, 5°N to 5°S), and (bottom) the
difference, a measure of the anomalous zonal SST gradient. Data from (solid curve) optimal smoother
analysis (21), (open circles) GOSTA (27 ), and (closed circles) COADS (28).
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torial Pacific. First, the patterns have the
general features of an ENSO cold event (La
Niña), which is accompanied by a reduction
of mean global atmospheric temperatures.
Second, a recent report (31) examines the
climate change associated with doubled atmospheric CO2 as simulated by an atmospheric GCM coupled to an ocean mixed
layer. In one experiment, the SST was computed everywhere, and in another, the SST
was held artificially fixed in the eastern
equatorial Pacific. The global surface air
temperature change was 22% less in the
second experiment.
A scenario consistent with data and theory is that the pattern of 20th-century SST
warming combined with eastern equatorial
Pacific cooling is a consequence of anthropogenic greenhouse gases. Dynamical coupling between the atmosphere and the tropical Pacific is delaying and regulating global
warming. State-of-the-art models, which do
not simulate this feedback fully, reproduce
the observed temperature rise only if they
compensate by assuming a very high value
for the poorly known radiative effect of
sulfate aerosols. The long-term consequences of the two processes, one an internal
feedback and the other a temporary radiative forcing, would be quite different. It is
thus important to determine how each contributes to the observed 20th-century temperature rise. Although equatorial Pacific
ocean dynamics may delay and reduce global warming, the associated SST changes in
the tropical Pacific would engender changes
in regional climate and climate variability
over much of the Earth that would be likely
to have substantial social and economic
consequences.
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Potential Involvement of Fas and Its Ligand in
the Pathogenesis of Hashimoto’s Thyroiditis
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The mechanisms responsible for thyrocyte destruction in Hashimoto’s thyroiditis (HT )
are poorly understood. Thyrocytes from HT glands, but not from nonautoimmune thyroids, expressed Fas. Interleukin-1b (IL-1b), abundantly produced in HT glands, induced
Fas expression in normal thyrocytes, and cross-linking of Fas resulted in massive
thyrocyte apoptosis. The ligand for Fas (FasL) was shown to be constitutively expressed
both in normal and HT thyrocytes and was able to kill Fas-sensitive targets. Exposure
to IL-1b induced thyrocyte apoptosis, which was prevented by antibodies that block
Fas, suggesting that IL-1b–induced Fas expression serves as a limiting factor for thyrocyte destruction. Thus, Fas-FasL interactions among HT thyrocytes may contribute to
clinical hypothyroidism.

The interaction of Fas (CD95/APO-1) with
its ligand (FasL) regulates a number of physiological and pathological processes of cell
death. Triggering of Fas contributes to the
regulation of the immune response and tissue
homeostasis, as well as to the immunological
clearance of virus or tumor cells (1).
Hashimoto’s thyroiditis (HT) is an autoimmune disorder in which destructive processes overcome the potential capacity of thyC. Giordano, G. Stassi, M. Todaro, P. Richiusa, A. Galluzzo, Laboratory of Immunology, Endocrinology Section, Institute of Clinica Medica, University of Palermo,
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roid replacement, estimated as about 5- to
10-fold in a lifetime (2). Apoptosis has
been occasionally observed in histological
section of normal thyroid (3). However,
apoptotic cell death is abnormally accelerated during the pathologic phases leading
to clinical hypothyroidism (4).
The mechanisms responsible for thyrocyte destruction remain elusive (5). Normal
thyrocytes do not express Fas (6). However,
Fas is inducible in some cell types upon
appropriate stimulation (1). To determine
the possible involvement of Fas and its ligand in autoimmune thyroid destruction, we
first analyzed Fas expression in thyroid specimens from active HT and from nontoxic
goiter (NTG) patients. Immunohistochemistry of frozen thyroid sections and two-color
flow cytometric analysis of dispersed thyroid
follicular cells, obtained by enzymatic digestion, revealed that HT thyrocytes, identified
for cytokeratin (Fig. 1A) and thyroperoxi-
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