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Tropical Origins for Recent  
North Atlantic Climate Change  

Martin P. Hoerling,' James W. ~ u r r e l l , ~Taiyi XU' 

Evidence is presented that North Atlantic climate change since 1950 is linked 
to a progressive warming of tropical sea surface temperatures, especially over 
the Indian and Pacific Oceans. The ocean changes alter the pattern and mag- 
nitude of tropical rainfall and atmospheric heating, the atmospheric response 
to which includes the spatial structure of the North Atlantic Oscillation (NAO). 
The slow, tropical ocean warming has thus forced a commensurate trend toward 
one extreme phase of the NAO during the past half-century. 

Large changes in the climate of the extra- nal to the atmosphere. For instance, the ob- 
tropical North Atlantic have occurred since served spatial pattern and amplitude of the 
1950. Decadal variations, superimposed on a NAO (Fig. 1)  are typically well simulated in 
trend, are especially evident in the leading atmospheric general circulation models 
spatial structure of variability in atmospheric (AGCMs) forced with fixed climatological 
pressure (Fig. l), known as the NAO. The annual cycles of solar insolation and sea sur- 
trend toward its positive phase is described face temperature (SST), as well as fixed at- 
by a strengthening of the middle latitude mospheric trace gas composition (6, 7). Such 
westerly flow with anomalously low (high) variability exhibits little temporal coherence, 
pressure over the subpolar (subtropical) and it has been argued that the observed NAO 
North Atlantic from the surface into the time series cannot be easily distinguished 
stratosphere (1,2). This change in atmospher- from a random stationary process (8). A pos- 
ic circulation has contributed substantially to sible exception to this interpretation is the 
the observed surface warming of the North- strong trend toward the positive index polar- 
ern Hemisphere (NH) in recent decades (I- ity of the NAO over the past 50 years (Fig. 1). 
3), coherent large-scale changes in precipita- Multi-century climate simulations with fixed 
tion over Europe and the Middle East (1, 2), climatological forcing, for example, do not 
and important changes in both terrestrial and reproduce North Atlantic interdecadal chang- 
marine ecosystems (4, 5). Yet in spite of es that compare in magnitude to those recent- 
these large impacts, the physical mechanisms ly observed (9). One possibility, therefore, is 
that govern these decadal and longer term that slow changes in the state of the world 
atmospheric variations are poorly under- oceans are necessary conditions for forcing 
stood. We present evidence that concomitant the North Atlantic atmosphere on these long- 
changes in rainfall and atmospheric heating, er time scales. 
associated with the progressive warming of Evidence for this viewpoint comes from 
the equatorial oceans, have played a central ensemble AGCM experiments where the 
role in producing the observed climate chang- model is forced with the known global evo- 
es over the North Atlantic. lution of SST and sea ice concentrations over 

It is well established that much of the the past 50 years (10, 11). One example of 
atmospheric circulation variability in the such a Global Ocean Global Atmosphere 
form of the NAO arises from processes inter- (GOGA) result is shown in the lower panel of 

Fig. 1 (12). It is clear that the low-frequency 
behavior in the simulated NAO time series. 
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and indicates that North Atlantic climate vari- 
ability is not merely stochastic atmospheric 
noise, but rather contains a component that is a 
response to changes in ocean surface tempera- 
tures andlor sea ice (10, 11). But what portion 
of the world oceans is dnving the North Atlan- 
tic atmosphere? 

One working hypothesis has been that the 
North Atlantic basin itself is the most rele- 
vant (10, 14, 15). A key and long-standing 
issue in this regard, however, has been the 
extent to which anomalous extratropical SST 
and upper ocean heat content anomalies feed 
back to affect the atmosphere. Most evidence 
suggests this effect is quite small on interan- 
nual time scales compared with internal at- 
mospheric variability (1 6 ) .  

Another possibility is that changes in trop- 
ical heating force a remote atmospheric re- 
sponse over the North Atlantic that, in turn, 
drives changes in extratropical SSTs and sea 
ice. Simple linear regressions between global 
SSTs and the low-frequency observed and 
simulated NAO time series during boreal 
winter suggests the recent North Atlantic cll- 
mate changes might originate from the trop- 
ics (Fig. 2). The regressions reveal a coherent 
pattern of tropic-wide warm SSTs associated 
with the positive NAO phase. In fact, the 
tropical loadings resemble the pattern of SST 
trend since 1950, the principal feature of 
which is a warming of Indo-Pacific waters 
(17 ) .  

To isolate the role of changes in tropical 
SSTs, another ensemble of simulations was 
performed. In these experiments, the time 
history of observed SSTs was specified over 
tropical latitudes (30"s to 3OoN) since 1950. 
but the AGCM was forced by a repeating 
annual cycle of monthly climatological val- 
ues of SST and sea ice at higher latitudes 
(18). These experiments are known as Trop- 
ical Ocean Global Atmosphere (TOGA) in- 
tegrations. The observed wintertime trends in 
Northern Hemisphere 500 hPa height are 
contrasted with those from the GOGA and 
TOGA simulations in Fig. 3. 

It is evident that the observed NAO trend is 
part of a hemisphere-wide change in circulation 
that is also characterized by lower heights over 
the central North Pacific and higher heights 
over western Canada. The GOGA ensemble 
reproduces the spatial pattern of the trend re- 
markably well, but perhaps most striking is that 
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much of the 500 hPa height changes are recov- 
erable from tropical SST forcing alone, thereby 
establishing that wintertime North AtlanticIEu- 
ropean climate changes since 1950 are consis- 
tent with changes in tropical SSTs. It also fol- 
lows that changes in extratropical SSTs are not 
generating a strong feedback in the GOGA 
integrations, and in fact a significant fraction of 
the NH extratropical SST changes appear to be 
a response to local changes in the wintertime 
atmospheric circulation that are tropically 
forced on long time scales. Similar arguments 
have been made for the role of tropical air-sea 
interactions in producing decadal climate vari- 
ability over the North Pacific (19. 20), but Fig. 
3 presents the strongest evidence to date that 
North Atlantic variabilitv since 1950 also con- 
tains a tropically forced component. 

It is well established that changes in trop- 
ical SSTs impact tropical rainfall and, thus, 
latent heating, which in turn drives changes 
in atmospheric circulation at higher latitudes. 
The best-known example is the anomaly in 
tropical eastern Pacific SSTs and rainfall as- 
sociated with the El Nifio-Southern Oscilla- 
tion (ENSO) phenomenon, which produces 
climate anomalies across the globe on inter- 
annual time scales (21). The trend in rainfall 
derived from the TOGA runs (Fig. 4) reveals 
increased precipitation over the equatorial In- 
dian Ocean that extends eastward toward the 
central Pacific, a response that is physically 
consistent with the warming trend of the un- 
derlying sea surface. This pattern has some 
features in common with the interannual 
ENS0 signal in rainfall, but also has appre- 
ciable differences including the large zonal 
scale of enhanced rainfall and the strong re- 
sponse over the Indian Ocean. There are rea- 
sons to believe that these rainfall trends are 
realistic and are associated with an intensified 
hydrologic cycle (22), although limitations in 
observational data throughout the tropics do 
not permit a definitive verification (23). 

Key questions concern the dynaniical 
mechanisms by which changes in tropical 
rainfall and their associated heat sources and 
sinks influence the North Atlantic, and which 
changes in tropical rainfall are most relevant. 
Of particular interest is the appreciable dry- 
ing over the equatorial Atlantic and South 
America, the amplitude of which is compa- 
rable to that of the increase in rainfall over 
the Indo-Pacific (Fig. 4). In other AGCM 
experiments, it has been suggested that vari- 
ations in tropical and subtropical Atlantic 
SSTs affect convective activity over South 
America, which in turn produce a remote 
response over the North Atlantic (14,15) akin 
to the atmospheric bridge mechanism operat- 
ing over the Pacific during ENS0 (24). There 
is also some observational evidence of a sta- 
tistical link between the NAO and tropical 
and subtropical South Atlantic SSTs (25). 

To explore the role of the tropical Atlantic 

in producing the observed, low-frequency 
North Atlantic climate variations (Fig. I), a 
third ensemble of AGCM experi~nents was 
examined. In these simulations, observed 
SSTs since 1950 force the model over the 
tropical (20"s to 20°N) Atlantic, but fixed 
climatological SSTs and sea ice are specified 
everywhere else (26). Simulated (five-mem- 
ber) ensemble mean rainfall changes of the 
same sign to those in the TOGA experiment 
occur over the equatorial Atlantic and South 
America (Fig. 4). but they are extremely 
weak (27). Moreover, the tropical Atlantic 
SST sin~ulations exhibit no appreciable win- 
tertime trend in 500 hPa heights (27). and the 

simulated ensemble mean NAO time series 
has little correlation with the observed time 
series (Fig. I ) .  These results suggest that the 
tropical Atlantic heating anomalies evident in 
the TOGA experiment occur primarily in re- 
sponse to tropic-wide changes in circulation 
associated with warming surface waters over 
the Indo-Pacific region. It is also interesting 
to note that, although there is no theory that 
predicts how the North Atlantic circulation 
might respond to forcing from the Indo-Pa- 
cific region, a recent case study points to 
unprecedented interannual warming of these 
waters during 1998-2000 in forcing winter- 
time extratropical climate anomalies that bear 

Fig. 1. The leading empir- 
ical orthogonal function 
(EOF) of observed North 
Atlantic 500 hPa height 
(top) for the domain 
100°W to 80°E, 20°N to 
70°N. The EOF explains 
28% of the height vari- 
ance over the region. 
The spatial pattern of the 
height EOF describes the 
North Atlantic Oscilla- 
tion INAOI, and the 

0.5 height 'field reflects con- 
OBS VAO ditions during its "posi- 

tive" phase. An identical 
0 analysis of the CCM 

yields a near-identical 
leading EOF (27). The 
monthlv principal com- 

-0.5 4 I I I I I I I I I 
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 

I ponent- time ieries of 
this EOF for 1950-1999. 

0.2 
CCM NAO I smoothed w i h  a 7%: 

month running filter, for - 
observations (middle) 
and the COCA ensemble 
mean (bottom). 

CCM 
60N 

30N I 

OBS Fig. 2. The linear 
regression of winter 
season (December to 
February) SST onto the 
73-month filtered ob- 
sewed (top) and fil- 
tered ACCM ensemble 
(bottom) NAO time 
series. Amplitudes are 
the change in SST 7 per one standardized 
change in the fil- 

4 tered NAO time series. 
Warm SST amplitudes 
are linearly related to a 
positive NAO phase. 
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Fig. 3. The linear trend of the winter season 
(December to February) 500 hPa height field 
based on observations (top), the COCA ensem- 
ble (middle), and the TOGA ensemble (bot- 
tom) over 1950-1999. The model results have 
been multiplied by a factor of 2. Height increas- 
es (decreases) are indicated by solid (dashed) 
contours, and the contour increment is 20 m 
per 50 years. 

considerable resemblance to those shown in 
Fig. 3 (28) .  We are currently working to more 
firmly establish the dynamics of these tropi- 
cal teleconnections and their possible impact 
on North Atlantic climate variability. What is 
clear is that the most germane analysis must 
consider the role of the whole tropics in 
producing North Atlantic climate variability, 
not just the Atlantic sector. 

We have argued, largely through atmo- 
spheric GCM experiments, that the observed 
wintertime trend in North Atlantic climate 
since 1950 is intimately linked with a gradual 
warming of tropical SSTs, in the sense that 
the latter is forcing the former. This leads to 

Fig. 4. The linear trend of the winter season (December to February) total precipitation (1950- 
1999) from the TOGA ensemble. Wet (dry) trends shown are shown in solid (dashed) contours, and 
the contour increment is 2 mm per 50 years. 

the question of the origin of the tropical SST 
changes themselves. Although the possibility 
cannot be dismissed that the oceanic behavior 
is purely due to intrinsically coupled ocean- 
atmosphere interactions, it is plausible that 
the oceans may also be responding to an 
external forcing. Solar forcing, for instance, 
appears to play a role in multi-century global 
surface temperature change since 1000 A.D. 
(29) ,  but it appears to have little influence 
since 1950 (30). A more likely candidate over 
recent decades may be changes in the atmo- 
sphere's chemical composition due to human 
activities. Recent coupled ocean-atmosphere 
experiments, for instance, have shown at least 
part of the warming over the tropical oceans 
can be attributed to the influence of increased 
greenhouse gases ( 1  7 , 3 1 ) .  Furthermore, such 
experiments also produce changes in tropical 
rainfall in response to anthropogenic SST 
warming that are similar to those in Fig. 4 
( 32 ) .  On the basis of our results, it is thus not 
unreasonable to claim that the North Atlantic- 
European climate change forced by the im- 
posed slow warming of tropical SSTs consti- 
tutes an anthropogenic signal that has just 
begun to emerge during the last half-century. 
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