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Simulations of Atmospheric Variability Induced
by Sea Surface Temperatures and
Implications for Global Warming

Arun Kumar,” Ants Leetmaa, Ming Ji

An atmospheric general circulation model was forced with observed interannual changes
in the global sea surface temperatures (SSTs) for the period 1982 to 1993. The simulated
seasonal surface air temperature patterns over land areas closely resemble the observed.
Over most of the globe, the patterns also resemble those associated with El Nifio events
and are also reproduced in simulations with weak warm tropical SSTs near the date line.
An exception is northern Asia, where the mechanisms for the observed warming are
unclear. The results suggest that enhanced air-sea interactions resulting from recent,
more persistent warm oceanic conditions in the tropics contributed to the observed global

warming trend during this period.

Dominant interannual changes in the SST
in the tropical Pacific Ocean are related to
the quasi—periodic evolution of El Nifio phe-
nomena. These changes can have apprecia-
ble impact on the tropical and mid-latitude
atmospheric temperatures (1). Although the
impact of tropical SSTs on the tropical at-
mosphere has long been well simulated in
atmospheric general circulation models
(AGCMs) (2, 3), the impact on the mid-
latitude atmospheric flows is only beginning
to be realized (4, 5). Recent advances in the
AGCMs have reached a stage where the
impact of tropical SSTs on the global atmo-
spheric flows can now be simulated.

To assess the capability of the National
Meteorological Center (NMC) climate
AGCM for seasonal prediction, we carried
out several extended-range integrations
forced with observed SSTs. This AGCM has
a spectral triangular truncation at horizontal
wave number 40 (T40) and has 18 levels in
the vertical direction. The grid resolution of
T40 is about 3° in latitude and longitude. It
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is a-lower resolution and differently tuned
version of the AGCM used routinely at
NMC for global short-range weather fore-
casts (6). We consider four model integra-
tions. Integration (i) is 20-year integration
with a climatological annual cycle of SSTs;
the SSTs are an average of those observed
for the period 1950 to 1980 (7). The atmo-
spheric statistics resulting from this integra-
tion serve as the reference state from which
anomalies in the other integrations are cal-
culated. Model (ii) combines nine integra-
tions all starting from 1 February 1982 with
slightly different initial conditions and ex-
tending to 31 December 1993 in which the
observed global SSTs (7) serve as the bound-
ary conditions. Multiple runs are necessary
to minimize the influence of atmospheric
internal variability, which for a single run,
can dominate the SST influence. Integra-
tion (iii) is a 20-year integration in which
the global SST anomaly for the month of
January 1992 was superimposed on the cli-
matological annual cycle of SST used in (i).
This represents conditions at the height of
an El Nifio. Integration (iv) is a 10-year
integration similar to case (iii) but with SST
anomalies as the mean of those for January,
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February, and March 1991 reduced in ampli-
tude by a factor of 2. This represents a weak
tropical warming in the vicinity of the date
line similar to that generally preceding a
mature warm event.

All other boundary conditions—for ex-
ample, ground wetness and snow depth—
were treated as prognostic variables. All
integrations used a CO, content of 330
parts per million. The monthly mean statis-
tics for all the runs were generated by aver-
aging the respective month over all years of
integration. For example, the January mean
for (i) would be the mean of 20 Januarys
resulting from 20 years of integration.

The observed temperature anomalies av-
eraged from December to May for the years
1982 to 1992 show regions of warming lo-
cated over North America, Africa, Austra-
lia, northern Europe, and Asia (Fig. 1A) (8).
Regions of cooling are located over Green-
land, Mexico and the southwestern United
States, northern India, and southeast Asia.
The winter and spring period were chosen
for the averaging because this was the period
that shows warming as documented in the
Intergovernmental Panel on Climate
Change (IPCC) report (9). Globally, the
AGCM-generated response in integration
(ii) (Fig. 1B) closely resembles the observed
anomalies. Although the match is not per-
fect, the comparison implies that the ob-
served continental air temperature anoma-
lies result from anomalous air-sea interac-
tions because the only externally specified
forcing in this simulation was the SSTs.

The main interannual climate variation
associated with air-sea interactions is the El
Nifio-Southern Oscillation (ENSO) phe-
nomenon. It is thus relevant to ask whether
the observed global air temperature anoma-
lies (Fig. 1A) are in response to this. To
estimate the ENSO-related signal, we com-
posited the observed air temperatures for
those years between 1950 and 1993 when
either major warm or cold events occurred.
This period included a total of 18 events,
nine of each sign. The air temperature
anomalies for the cold ENSOs were almost
everywhere of the opposite sign than those
for the warm ENSOs. The structure of the
composite anomaly, the average for the
warm minus the cold ENSOs (Fig. 1C), is
almost everywhere identical to that of Fig.
1A. The main discrepancies are the region
around and poleward of 60°N in central
Asia—where in contrast to Fig. 1A, the El
Nifio composite shows anomalies of opposite
sign—and the northeast region of North
America, which is not as cold. A similar
compositing for integration (ii) indicates
that the model response resembles the ob-
served composite in Fig. 1C except (i) it is
too strong in the tropical eastern hemisphere
(10) and (ii), poleward of 70°N, it has tem-
peratures that are too high. The anomaly
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Fig. 1. (A) Geographical distribution of observed surface air temperature
anomalies (in kelvin) for the period 1980 to 1993 relative to 1950 to 1980. (B)
Surface air temperature anomalies for the AGCM forced with the observed
SSTs of 1982 to 1993 relative to the climatological SST integration. (C) Sur-
face temperature anomaly for ENSO composite relative to 1950 to 1980. The
nine warm events are 1958, 1966, 1970, 1973, 1977, 1978, 1983, 1987, and

pattern for integration (iv) (Fig. 1D) with
weak warming at the date line also is quite
similar to that in Fig. 1C and implies that a
major ocean warming in the eastern Pacific
is not required to produce an atmospheric
response similar to one triggered by a major
El Nifio.

The IPCC report also indicates that the
observed warming in the recent decade was
confined to the winter and spring seasons.
During the fall, a cooling was observed (9).
A compositing of the observations (similar
to that in Fig. 1C) shows the same to be true
for the observed ENSO response. Similar
results are obtained in integration (iii) (Fig.
2). The remote atmospheric response in mid-
latitudes results from the teleconnection re-
sponse to the tropical heating anomalies
forced by the tropical SST anomalies (11),
and this remote response is sensitive to the
atmospheric mean state (12, 13). Thus, the
mid-latitude impact of a fixed tropical
ENSO SST anomaly of one sign depends on
the season (Fig. 2).

Global surface air temperatures since
1981 have markedly changed with a strong
seasonal and regional dependence (9). These
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changes are very similar to the observed
response of an ENSO composite (Fig. 1, A
and C). The AGCM results, both for the
strong ENSOs and weak warming in the
vicinity of the date line, also have a global
response similar to the observed ENSO com-
posite. Since 1981, three major El Nifios, as
well as a persistent warming near the date
line from 1990 onward, have occurred. How-
ever, only one major and one smaller cold
event took place during this period. Hence,
events in the tropics during this period were
biased toward the production of the spatial
and seasonal pattern of continental air tem-
perature anomalies that would resemble the
response of the ENSO composite. If the trop-
ical SST warm bias was a consequence of
natural variability, then most of the observed
warming trend during this period could be
explained as the natural variability of the

Fig. 2. Seasonal dependence of the surface air
temperatures anomalies (in kelvin) for AGCM inte-
gration with January 1992 SST anomaly superim-
posed on the climatological seasonal cycle. Anom-
alies are averages for (A) January and February
and (B) October. The contour interval is 1.0 K.
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1992, and the nine cold events are 1950, 1951, 1955, 1956, 1971, 1974,
1976, 1985, and 1989. (D) Same as (B) but for AGCM integration with the
mean of January, February, and March 1991 SSTs reduced uniformly in am-
plitude by a factor of 2 and superimposed on the climatological seasonal cycle.
The anomalies are averages for December to March. The contour interval is

ocean-atmosphere system on the decadal or
longer time scale (14). The regions where
this does not appear to be the case are north-
ern Asia and the region surrounding Green-
land where the trends could not be ex-
plained in terms of an ENSO-related signal
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alone. However, all of the model simula-
tions, which used global SST anomalies, did
produce these (Fig. 1, B and D). It is likely
that the model responses in these regions are
the result of extratropical anomalies. Results
from a subsequent suite of numerical exper-
iments performed to separate the effects of
various tropical and extratropical SST
anomalies also suggest this connection.
This investigation does not preclude the
possibility that the observed warming of the
tropical oceans is the end result of global
warming itself. If so, our results imply that
the spatial and temporal characteristics of
the global warming trends are manifested as
a bias in the frequency of occurrence of one
of the modes of the natural variability of the

ocean-atmosphere system, that is, ENSO.
As a corollary, the AGCMs that do not
simulate these modes of natural variability
for the present climate may also misrepre-
sent the spatial and temporal characteristics
of predicted global warming.
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Causes of Decadal Climate Variability over the
North Pacific and North America

M. Latif* and T. P. Barnett

The cause of decadal climate variability over the North Pacific Ocean and North America
is investigated by the analysis of data from a multidecadal integration with a state-of-
the-art coupled ocean-atmosphere model and observations. About one-third of the low-
frequency climate variability in the region of interest can be attributed to a cycle involving
unstable air-sea interactions between the subtropical gyre circulation in the North Pacific
and the Aleutian low-pressure system. The existence of this cycle provides a basis for
long-range climate forecasting over the western United States at decadal time scales.

The origins of decadal climate variability
over the North Pacific Ocean and North
America, characterized by anomalous sur-
face temperatures and surface pressures (1—
4), are uncertain. A recent example of the
impact of such decadal climate variability is
the multiyear drought over the southwest-
ern United States. It has been speculated by
some researchers that unstable air-sea inter-
actions over the North Pacific and changes
in the large-scale ocean circulation might
force the decadal climate variability (5, 6),
while other studies suggest that tropical
forcing is a stronger influence (2, 4, 7). In
this report, we develop a consistent physical
picture of how decadal climate variability
over the North Pacific and North America
may be generated.

To study the decadal climate variability,
we used a state-of-the-art coupled model of
global ocean-atmosphere general circula-
tion (ECHO) (8), which was forced by
seasonally varying insolation and integrat-
ing for 70 years. The coupled model simu-
lates well the mean climate and observed
short-term interannual variability. In par-
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ticular, it simulates realistically the El Ni-
fio~Southern Oscillation (ENSO) phenom-
enon. An earlier version of this model was
also applied successfully to predict the be-
havior of ENSO (9). The coupled model
simulates pronounced decadal variability
over the North Pacific and North America
during the course of the 70-year integration.
One example (Fig. 1A) of such variability is
the anomalous sea surface temperature
(SST) in the western Pacific in the region
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of the Kuroshio extension. Simulated SSTs
in this region exhibit a distinct irregular
oscillatory behavior on a decadal time scale
with maximum anomalies of slightly less
than 1°C. There are three manifestations of
the decadal mode.

To determine the spatial coherence of
the decadal-scale SST variability, we com-
puted the associated SST regression pattern
(Fig. 1B). It is dominated by a large-scale
positive SST anomaly centered near 35°N
and extending from the Asian coast almost
across the entire Pacific. The orientation of
this positive anomaly coincides approxi-
mately with the position of the model Ku-
roshio current and its eastward extension.
The positive SST anomaly is surrounded by
negative anomalies, most prominently in
the south. The space-time structure of the
SST anomalies can be represented as a
combination of a standing wave pattern and
a propagating pattern, with the latter com-
ponent dominating in the region of the
Kuroshio and its extension. The spatial
structure of the SST anomalies affects the
meridional temperature gradient in the Pa-
cific, which has important consequences for
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Fig. 1. (A) Time series of the coupled model's anomalous SST (°C) averaged over the region from 150°E
to 180°E and 25°N to 35°N. The time series was smoothed with a 9-months running mean filter. (B)
Spatial distribution of linear regression coefficients between the index time series shown in (A) and SST
values. The pattern was scaled so that the maximum SST anomalies were to 1°C.

SCIENCE e« VOL.266 <« 28 OCTOBER 1994






