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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 contentio~~s debate on 
global cvarmi~lg, there are areas of general 
consensus. There is agreement that Earth's 
surface telnperature has increased over the last 
1L?L? years by betn9een -0.3" and L?.G°C ( I ) .  
There is, however, disagreement as to the 
causes of this temperature increase. It may be 
a response to anthropogenic forcing, a part of 
the clllnate system's innate natural variability, 
or a combination of the two. There is also 
general consensus that the radiative effect of 
l11creased atlnospherlc concentrations of 
greenhouse gases ~ ~ 1 1 1  cause Earth's tempera- 
ture to rise. The dlrect cvar~ning effect of these 
gases is rather small, but there is a potentla1 
for a~npliflcation by posltlve feedbacks within 
the climate system. Understanding of these 
mechan~slns is incomplete, and the strength 
of the amplification is uncertain, as evidenced 
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Pozdnyakov, R Seager S. E Zeblak, Lamont-Donerty 
Eartn Obsewatop~. Palisades, NY 10964-8000, USA 
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'To ivnom corres~ondence snould be addressed 

by the fact that, cvhen loaded with twice the 
model-tl concentration of atmospheric C02, 
state-of-the-art climate models give mean 
global changes varying from 1.5" to 4.i°C (1 ). 

Until quite recently, simulations of the 
climatic response to increasing concentrations 
of greenhouse gases gave temperature changes 
that exceeded the obserl~ed increase by about 
a tactor 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 agreelnent with observations ( 1 ,  
2). Unfortunately, the radiative effects of 
aerosols are poorly understood. It 1s qulte pos- 
sible that the Influence of the values currently 
used In silnulations is colls~derably larger than 
the true influence (4) and is substituting for 
11atc1ral ~lloiierating mechanisms that are ab- 
sent or ullderrepresented 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 performecl u.ith comprehensive 
climate models [general circulation lnoclels 

~ o u t h e r n  Oscillation (ENSO) phenomenon 
(1 0). Suppose a ~lniforln external heating is 
imposed on the trop~cal Paclfic. The SST will 
tend to rise, leading to increased evaporative 
cooling until a new, warmer equilibrium is 
reached. This change would be the only re- 
sponse in the absence of a decisive contribu- 
tion from ocean dynamics. In the eastern 
equatorial region, however, vigorous up- 
welling brings up cold waters from belocv, 
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 
respo~lds with increasing trade winds, which 
in turn will increase the upwelling rate and 
the thermocline (1 1 ) tilt, cooling the surface 
waters in the east and further enhancing the 
temperature contrast. As a consequence of 
this dyllamical feedback, the mean tempera- 
ture will increase less than it would with the 
p~~re ly  thermodynainic response. 

To  test the mechanism, we imposed a 
unifor~n forcing on a simplified model of the 
ocean-atmosphere system in the tropical 
Paciflc, the Lamont model used to forecast 
El Nifio (12). The forcing cvas chosen so 
that in the absence of ocean dynamics, SST 
cvould increase by 1°C evervwhere. In the 
model's mean annual response (Fig. I ) ,  not 
onlv does the eastern eiluatorial Paclfic 
cool, consistent lvith the'mechanism cle- 
scribed above, but the dynamics of the cou- 
pled ocean atmosphere system spreads the 
ln f l~~ence  of the uplvelled cvaters through- 
out the tronical Paclfic, such that the mean 
increase in temperature is only O.j°C. 

A number of objections to this theory and 
model demotlstratloil may be raised. The the- 
ory relies on colder upwelled waters balancing 
some of the ~lnposed heat input, but the sim- 
ple ocean model used specifies a fixed ther- 
mocline temperature. In reality, the waters of 
the equatorial therinocline originate at the 
surface at higher latitudes. If these source 
waters were to nTarm up, then equatorial ther- 
mochne temperatures cvould eventually in- 
crease: the coolllle effect .ivould then be re- 
duced on a time scale set by the renewal time 
for the equatorla1 thermocline. Some recent 
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studies place the origin of eauatorial thermo- were attributed to the lower meall SSTs In the 
L 

cline waters in the subtropics, which suggests 
a renewal time of a few decades (13). H o w  
ever. there is persuasive evidence that the 
waters of the high-latitude Southern Hemi- 
sphere are a significant source (14), inlplying 
a longer renewal time. 

Because the orlgin of equatorial thermo- 
cline lvaters and this rene~\,al time are not 
lvell determined by ohservations, we turn to 
numerical simulation. A n  ocean G C M  was 
run lvith a realistic SST-dependent heat flux 
formulation to which a uniform heating of 
10 \Xi m-' was added i 15). In contrast to the , , 

previous model (Fig. I ) ,  the wind stress was 
fixed at climatoloeical values. Even so, while 
the  eastern equatorial Paciflc warmed slight- 
ly, the  western Pacific warmed more (Fig. 2).  
This Increase in zonal gradient persisted over 
the duration of the run; ~t is thus not a 
transient effect. Even without the feedback 
to  the winds, the overall warming from 30°N 
to  39"s was reduced to two-thirds of that in 
the  absence of ocean dynamics i 15).  

T h e  snlallness of the eastern equatorial 
thermocline ~varming (-9.3OC) is due in part 
to the very strong mixing in the equatorial 
thermocline: waters flowing in from the sub- 
tropics are strongly diluted, including waters 
in the lower thermocline originating at high 
southern latitudes 11 4). 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 pipe- 
line delay the adjustment of equatorial ther- 
mocline temperatures. Moreover, the ampli- 
tude of the adjustlnent is lilnited by the SST 
changes at the source latitudes. These changes 

u 

are slnaller than those in the tropics because 
stronger minds allow the latent heat fluxes to 
balance the imposed heating with smaller 
SST increases. By moving heat poleward, the 
ocean redistributes it to reelons where ~t can 
inore easlly be lost to the atmosphere and 
ultimately to space. The  global consequence is 
a reductlon in the mean warming. For the 
equatorial ocean, it means that the thermo- 
cline warmlnn is too small to overcome the 

L- 

coolmg effect of the coupled dvnam~cs. 
Another ob~ection to the above argument 

is that its prediction is in conflict with dou- 
bled CO, simulations performed with corn- 
plex coupled GCMs, in which the eastern 
equatorial Pacific was found to warm more 
than the west (16, 17). The  G C M  results 

Fig. 1. Annual mean SST 
anomaly (In degrees Celsius) 
generated by the Lamont in- 
termedlate coupled ocean- 
atmosphere model (12) 
when forced by an imposed 
uniform heating. [Adapted 
from (711 

east, which, in view of the Clausius-Clapey- 
roll relation, requlre larger temperature 
changes to generate the same evaporative 
coollng as 111 the west (16). This effect is 
absent in the Lamont model but is present in 
the ocean G C M  simulation (15) described 
above. In the latter simulation, these local 
thermodynamic effects are overwhelmed by 
equatorial upwelling (1 8). 

W e  believe that the  discrepant!; between 
the  results presented here and the coupled 
GCbls  is explained by the difference in the 
strength of the dynamic coupllng between 
the equatorial ocean and atmosphere (1 9).  If 
the coupling is strong, then the Bjerknes 
feedback operates (5 ) ,  r e s ~ l t ~ n g  in the stron- 
ger gradient of Fig. 1. If the coupling is weak, 
then the  thermodvnamic eauilibriuln solu- 
tion \vill hold, as with the  lo\\-resolution 
coupled GCbls  used in greenhouse warming 
simulations (1 ,  16-18), Tha t  the  interan- 
nual \,ariahilit\- of these models is weaker 
than the  observed E N S 0  cvcle and has dif- 
ferent patterns (20) suppoAs the inference 
that the effective coupling strength of these 
models is weaker than in  nature. 

T h e  inost likely reason is that in global 
warming siinulations, the  ocean components 
of coupled GChfs  are run at resolutio~ls too 
coarse to resolve the equatorial oceans (1 6). 
Consequently, vertical velocities at the 
equator are too weak and the equatorial 
thermocline is too diffuse: both effects re- 
duce the amplitude of vertical heat fluxes in 
response to wind changes. In addition, many 
atmospheric GChfs  produce overly weak sur- 
face lvinds 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 em- 
pirical example indicate that it provldes the 
best estimate to date of monthly mean global 
SST anomalies. A least squares linear fit to 
the trend from 19OG to 1991 (22) was per- 
formed at each point of the analysis (Fig. 3A) .  
There is a warming almost every\vhere, the 
notable exceptions being lnuch of the North - 
Pacific, a region south of Greenland, and the 
eastern equatorial Pacific. All of these cooling 

Longitude 

areas and most of the neutral (warming 
<G.l°C) areas are sinnlf~cantlv different at the 

L- 

95(?% level from the global mean warining 
trend of 9.4OC per century. Although the 
match is far from perfect, the tropical Pacific 
part of this pattern is more siluilar to the  
Lamont model result In Fig. 1 123) than to  - .  
the  enhanced eastern warining of the  GCbl 
experiments. T h e  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 
lnaklng statistically optlinal use of the  co- 
\,ariame structure of the  global SST field. 
Cornpared 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 eauatorial 
Paciflc shows a cooling trend despite the 
strong and frequent El Nifio events In the 
perlod after 1975. According to one point of 
view, the unusual period after 1975 is a con- 
sequence of the century-long wariuing trend 
(24). Another point of view is that the fre- 
quent El Nifio 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 reseinblance to Fig. 1. 

For our areument, the  most salient feature 
of these trend estimates is the  enhanced 
zonal gradient in the  equatorial Pacific (26).  
T o  see if it is a n  artifact of the  analysis 
procedure, we computed the change in zonal 
SST graciient from two other data compila- 
tions: GOSTA (27),  which corrects for sys- 
tematic measurement errors in bucket tem- 
peratures, and C O A D S  (28),  which does 
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Fig. 2. Results from an ocean GCM s~mulatlon 
(15) with flxed wlnds and a reallstlc surface heat 
flux formulaton to whch a unlform heatlng of 10 W 
m-2 has been added Changes In SST gradlent 
along the equator from the n ~ t a  state 1s shown for 
years 2 5, 10, 20, 40, and 70 Most of the adjust- 
ment takes place In the flrst 2 years, and the 
steady state IS closely approached by year 40 
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Longitude Longitude 

Fig. 3. (A) The trend In monthly mean SST anomalies for 1900 to 1991 In trend was calculated. Ths was done by removng the ENS0 mode, defned 
degrees Cesus per century. The SST fields are from an optlmal smoother as the leadng empirlca orthogonal function of the variability In the 2- to 
analysis (27). (B) As in (A), except that the Influence of the large number of 7-year band. The projecton of ths pattern onto the data was subtracted from 
ENS0 warm events at the end of the record was screened out before the the record, and the trend in the remainder was computed. 

not. As an index of zonal gradient, we used 
the difference between climatically impor- 
tant regions in the western (WP) and east- 
em (NIN03.4) equatorla1 Paciflc. Although 
trends in the three data sets differ strongly 
within each region (Fig. 4), the trend in the 
gradient KIP-NIN03.4 is more consistent. 
All three data sets show a strengthened gra- 
dient over the 20th century. In degrees Cel- 
sius per century with 95% confidence limits, 
the trend in the gradient is +0.66 t 0.14 for 
our analysis, +@.I 1 t 0.15 for GOSTA, and 
+0.28 t 0.14 for COADS (29). All three 
versions of the SST data support the predic- 
tions for strong atmospheric coupling (5-8) 
over the enhanced eastelm 'rvarming of the 
greenhouse models (1 6-1 8).  In addition, the 

most relevant previous study (8), which in- 
cluded an analysis of trends since 1949, 
found an enhanced SST gradient as well as 
strengthened trade wlnds In both an atmo- 
spheric GCM and obser~~ational data. 

Equatorial Pacific SST variations have a 
substantial impact on the global atmospheric 
circulation (30). The NIN03.4 region is 
thoueht to be the area of the tro~ical Pacific " 

where SST anomalies have the strongest 
influence on the global atmosphere. Al- 
though we do not knoxv how an atmospheric 
GCM would respond to the equatorial por- 
tion of the SST anomaly patterns of Fig. 3, 
the evidence suggests that atmospheric dy- 
namics and thermodynamics would amplify 
the coupled negative feedback of the equa- 

- Analysis o GOSTA COADS 

torial Pacific. First, the patterns have the 
eeneral features of an ENS0 cold event (La " 
Nifia), which is accompanied by a reduction 
of mean global at~nospheric temperatures. 
Second, a recent report (3 1 ) examines the 
climate change associated with doubled at- 
mospheric CO1 as simulated by an atino- 
spheric GCM coupled to an ocean mixed 
layer. In one experiment, the SST was com- 
puted every\vhere, and in another, the SST 
was held artificially fixed in the eastern 
eauatorial Pacific. The global surface air - 
temperature change was 22% less in the 
second exoeriment. 

A scenario consistent with data and the- 
ory is that the pattern of 20th-century SST 
warming combined with eastern equatorial 
Pacific cooling is a consequence of at~thro- 
pogenic greenhouse gases. Dynamical cou- 
pling between the atmosphere and the trop- 
ical 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 ;he poorli known-radiative effect of 
sulfate aerosols. The long-term consequenc- 
es of the two processes, one an internal 
feedback and the other a temporary radia- 
tive forcing, would be quite different. It is 
thus important to determine how each con- 
tributes to the observed 20th-century tem- 
perature rise. Although equatorial Pacific 
ocean dynamics may delay and reduce glob- 
al 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 likelv 

-2 
WP - NIN03.4 1 to have substantial social and economic 
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1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 consequences. 
Year 

Fig. 4. Time series of (top) the average SST anomaly In the WP regon (1 20" to 1 60°E, 5"N to 5"S), REFERENCES AND NOTES 

(middle) the average SST anomaly in the NN03.4 region (1 20" to 1 70°W, 5"N to 5"S), and (bottom) the 
J, Houghton et a i , ,  Eds,, Climate Change 7995- 

dlfference. a measure of the anomaous zonal SST gradient. Data from (sold curve) optimal smoother The Sclence of Climate Change (Cambr~dge Unv. 
analysis (27), (open circles) GOSTA (27) and (closed circles) COADS (28). Press, Cambridge 1995). 
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Potential Involvement of Fas and Its Ligand in 
the Pathogenesis of Hashimoto's Thyroiditis 

Carla Giordano,* Giorgio Stassi,* Ruggero De Maria,* 
Matilde Todaro, Pierina Richiusa, Giuliana Papoff, 

Giovina Ruberti, Marcello Bagnasco, Roberto Testi,? 
Aldo Galluzzo 

The mechanisms responsible for thyrocyte destruction in Hashimoto's thyroiditis (HT) 
are poorly understood. Thyrocytes from HT glands, but not from nonautoimmune thy- 
roids, expressed Fas. Interleukin-1 p (IL-1 p), abundantly produced in HTglands, 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-1 p induced thyrocyte apoptosis, which was prevented by antibodies that block 
Fas, suggesting that IL-1 p-induced Fas expression serves as a limiting factor for thy- 
rocyte destruction. Thus, Fas-FasL interactions among HT thyrocytes may contribute to 
clinical hypothyroidism. 

T h e  interaction of Fas (CD95/APO-1) with 
its ligand (FasL) regulates a llumber of phys- 
lological and pathological processes of cell 
death. Triggering of Fas colltributes to the 
regulation of the immm~ne response and tlssue 
homeostasis, as well as to the irnrnunological 
clearance of virus or tumor cells ( I ) .  

Hashimoto's thyroiditis (HT) is an  auto- 
IrnmLme dlsorder in which destructive nro- 

roid replacement, estimated as about 5- to 
10-fold in a lifetime (2 ) .  Apoptosis has 
been occasiollally observed 111 histological 
section of norrnal thyroid (3) .  IHowever, 
apoptotic cell death is abnormally acceler- 
ated during the  pathologic phases leadmg 
to  clinical hypothyroidism (4) .  

T h e  lnechanisrns responsible for thyro- 
cvte destruction relnaln ehsive (5). Normal , , 

cesses overcome the p ten t i a l  capaclty of thy- thyrocytes do not express Fas (6). However, 
Fas is inducible in some cell tvpes upon , & 

C G.ordano, G. Stassi, M Todaro, P Rlchusa, A Ga-  appropriate stilllulation (1).  T~ L -1 eterrnine 
uzzo. Laboratory of Immunology, Endocrinology Sec- 
tion, nstltute of Cn ica Medica. Unlverstv of Palermo, the possible of Fas and Its li- 
Palerrno, talv oand in autoimmune thvroid destruction. we 

D 

R. De Mara and R Testl, Department of Experilnenta first analyzed Fas expression in thyroid spec. 
Medcine and B~ochem~cal Scences, Unversty of Rome 
'Tor Vergata," Rome, Italy lrnells from active HT and from llontoxic 
G Papoff and G Ruberti, Department of lmm~~nob~oloqy. goiter ( N T G )  patients. Immm~nohistochem- 
I n s t t ~ ~ t e  of Cell Biology, CNR, Rome, Italy istry of frozen thyroid sections and two-color 
M Bagnasco. Allergology and ClLn;cal immunology, Un -  
versty of Genova, Genoa, t a y  flow cytometric analysis of dispersed thyroid 

follicular cells, obtained by enzymatic diges- 
'These authors contrbuted equally to th:s work 
-ITo wholn correspondence should be addressed. E~~~ tion, revealed that HT t l~yroc~ tes ,  identified 
tesrob@flashnet it for cytokeratin (Fig. 1,4) and thyroperoxi- 
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