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ABSTRACT

The dominant pattern of atmospheric variability in the North Atlantic sector is the North Atlantic
Oscillation (NAO). Since the 1970s the NAO has been well characterized by a trend toward its positive
phase. Recent atmospheric general circulation model studies have linked this trend to a progressive warm-
ing of the Indian Ocean. Unfortunately, a clear mechanism responsible for the change of the NAO could
not be given. This study provides further details of the NAO response to Indian Ocean sea surface
temperature (SST) anomalies. This is done by conducting experiments with a coupled ocean–atmosphere
general circulation model (OAGCM). The authors develop a hypothesis of how the Indian Ocean impacts
the NAO.

1. Introduction

The North Atlantic Oscillation (NAO) is a large-
scale alternation of atmospheric mass with centers of
action near the Icelandic low and the Azorian high. It is
the dominant pattern of atmospheric variability in the
North Atlantic sector throughout the year, although it
is most pronounced during winter and accounts for
more than one-third of the interannual winter total
variance in sea level pressure (Cayan 1992; Hurrell et
al. 2003, and references therein). The NAO has shown
strong interannual and decadal variability during the
last century and has exhibited a strong upward trend
since the 1970s and a reverse trend in the 1950s and
1960s (Hurrell 1995). Different hypotheses were put
forward to explain the low-frequency changes of the
NAO. Internal atmospheric dynamics were suggested
by James and James (1989). Saravanan and McWilliams
(1997) linked the low-frequency variability to a stochas-
tic forcing by the atmosphere driving low-frequency

changes in the ocean that feed back on the atmosphere.
In atmospheric general circulation model (AGCM) ex-
periments, Rodwell et al. (1999) and Latif et al. (2000)
found an oceanic control of decadal North Atlantic sea
level pressure variability in winter. Using atmospheric
general circulation models Hoerling et al. (2001, 2004),
Bader and Latif (2003), and Hurrell et al. (2004) re-
cently showed that the progressive warming of the In-
dian Ocean (see Fig. 1) may be a principal contributor
to the recent change of the North Atlantic Oscillation.
This study puts forward a hypothesis of how the Indian
Ocean sea surface temperature anomalies may affect
the North Atlantic Oscillation. Since we are using a
coupled ocean–atmosphere model in which the SSTs
are interactively calculated in the Atlantic sector we are
able to account for ocean–atmosphere feedbacks in this
sector.

2. Model and experiments

The model used in this study is the Max Planck In-
stitute (MPI) global ocean–atmosphere–sea ice model
MPI-OM/ECHAM5. A detailed description of the at-
mosphere model ECHAM5 is given in a technical re-
port (Roeckner et al. 2003). The ocean model is de-
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scribed in Marsland et al. (2003). First applications of
the coupled model are studies of Latif et al. (2004) and
Pohlmann et al. (2004). The atmospheric model is run
at T31 (�3.75° � 3.75°) horizontal resolution with 19
vertical levels. The ocean model, MPI-OM, is run at a
horizontal resolution of �3° � 3° with 40 vertical levels.
The model does not employ flux corrections. A 200-yr-
long control simulation is performed, initialized at year
140 of another control integration to eliminate the
spinup. Additionally, two sensitivity experiments are
performed. In these experiments the ocean tempera-
ture of the first layer in the tropical Indian Ocean (from
East Africa to �120°E and from �30°S to the south
coast of Asia) is prescribed using climatological SST of
the control integration and a trend is superimposed. In
the first 75 years, the climatological values are en-
hanced/reduced by 1.5 K in the tropical Indian Ocean.
Thereafter the SST in the Indian Ocean is kept constant
(Fig. 2). Please note that the trend is much stronger
than the interannually produced variability in the con-
trol integration. In all ocean areas other than the tropi-
cal Indian Ocean the SST is calculated interactively.

The model simulates realistically the North Atlantic
Oscillation pattern and captures the essential feature of
the observed NAO, that is, the mass exchange between
the high and midlatitudes (not shown).

Additionally, sensitivity experiments are performed
with the atmospheric general circulation model
ECHAM4.5 (Roeckner et al. 1996) run in stand-alone
mode. The model forced by the observed SSTs from
1951 to 1994 simulates the observed low-frequency
NAO index variations reasonably well (Latif et al.
2000). The climatological second Atmospheric Model
Intercomparison Project (AMIP2) SSTs (Taylor et al.
2000) are used for the control experiment. Two sensi-
tivity experiments are performed: In the first sensitivity

experiment the climatological SSTs in the whole tropi-
cal Indian Ocean are reduced by 1 K (from East Africa
to �120°E and from �30°S to the south coast of Asia).
In the second sensitivity experiment the SST anomalies
are restricted to the western tropical Indian Ocean
(from East Africa to �80°E and from �30°S to the
south coast of Asia). (The climatological AMIP2 SSTs
cover the period from January 1979 to February 1996.
We reduce the SSTs in the Indian Ocean to go back in
time since the observed Indian Ocean SSTs show a
positive trend.)

Results for the AGCM experiments are obtained
from a set of 21-yr-long SST sensitivity experiments.
The results are averaged over the last 19 years and only
the mean December–February (DJF) response (sensi-
tivity run minus control integration) is shown here.

3. Results

Figures 3a and 3b show the mean DJF sea level pres-
sure response for the two individual OAGCM sensitiv-
ity simulations (mean of the sensitivity experiment mi-
nus mean of the control integration; the means are com-
puted over the whole integration length). The sea level
pressure response to a warm/cold Indian Ocean shows
a meridional seesaw pattern with low/high SLP anoma-
lies north of approximately 55°N and high/low SLP
south of this latitude. A warm Indian Ocean produces a
stronger NAO (Fig. 3a) and a cold Indian Ocean a
weaker NAO (Fig. 3b). To first order the response is
almost linear. The response patterns are very similar to
the first EOF loading pattern of the simulated winter
sea level pressure of the control integration. These
coupled atmosphere–ocean experiments confirm the
findings that slow changes in the state of the ocean

FIG. 1. Observed annual tropical Indian Ocean SST index (°C),
based on the Reynolds SSTs, averaged from 30°S to 30°N from
the east coast of Africa to 120°E. The dotted–dashed curve de-
notes the annual means, the solid curve the linear trend.

FIG. 2. Annual SSTs (K) averaged over the tropical Indian
Ocean for the control integration (solid curve), for the SST sen-
sitivity experiments “warm Indian Ocean” (dashed curve) and
“cold Indian Ocean” (dotted curve).
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force the NAO on longer time scales (e.g., Rodwell et
al. 1999; Latif et al. 2000) and, especially, show a clear
Indian Ocean impact on the NAO. This is in agreement
with the findings of Hoerling et al. (2001, 2004), Bader
and Latif (2003), and Hurrell et al. (2004) who analyzed
AGCM experiments.

Key questions concern the mechanisms by which
changes in the tropical Indian Ocean SSTs can influ-
ence the NAO. It is well established that tropical SST
anomalies impact tropical rainfall and, thus, latent heat-
ing, which in turn drives changes in atmospheric circu-
lation at higher latitudes (Hoerling et al. 2001). A
prominent example is El Niño (see, e.g., Trenberth et
al. 1998). How does the Indian Ocean affect the North
Atlantic sector? The study by Branstator (2002) shows
that disturbances in the vicinity of the mean jets, espe-
cially the South Asian jet, lead to covariability between
widely separated points. He shows that the NAO is
likely to include contributions from the circumglobal
waveguide pattern. Based on this study we would like
to show that the circumglobal teleconnection associated
with the South Asian jet stream may be the link be-
tween the Indian Ocean warming and the recent trend
of the NAO, which was also suggested by Lu et al.
(2004) as a topic for future study.

First, we show that this type of circumglobal wave is
simulated in our model. We begin our analysis by con-
sidering the 300-hPa meridional wind in our control
integration of the coupled model. To show covariability
between points in the South Asian jet and distant re-
gions, the correlation between the winter (DJF) 300-
hPa meridional wind averaged over the area from 25°
to 35°N, 55° to 65°E—indicated by the black box in Fig.
4—and the DJF meridional wind in the Northern
Hemisphere in our control integration is calculated.
Figure 4 reveals an anomaly pattern with alternating
signs that is meridionally confined to the vicinity of the
jets and consists of anomalies that are zonally oriented,
extending over the whole Northern Hemisphere. This
circumglobal covariability is confirmed by the first EOF
of the winter 300-hPa meridional wind in the control
run (Fig. 5). Our findings are in agreement with the
more comprehensive analysis of Branstator (2002) who
found the largest teleconnectivity in the jet stream
waveguide both in simulations and observations. In the
following we test whether there is any connection be-

FIG. 3. Mean DJF sea level pressure anomaly (hPa) relative to
control integration for the SST sensitivity experiments (a) “warm
Indian Ocean” and (b) “cold Indian Ocean.”

FIG. 4. Correlation of winter (DJF) 300-hPa meridional wind averaged over the black box
and winter 300-hPa meridional wind in the Northern Hemisphere.
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tween the NAO and this circumglobal pattern in our
control simulation. Figure 6 shows the correlation be-
tween the NAO index—the first principal component
(PC1) of winter sea level pressure in the Atlantic sector
(computed over the domain from 1.856° to 87.159°N,
78.75°W to 18.75°E)—and the winter 300-hPa meridi-
onal wind. To show the similarity in the correlation and
in the circumglobal pattern in Fig. 5 the crosses in Fig.
6 mark the centers of the ten lobes of the circumglobal
pattern. In agreement with Branstator (2002) we find
that the NAO is likely to have contributions from the
circumglobal pattern.

Next, we investigate whether the circumglobal pat-
tern in Fig. 5 is associated with zonal wind anomalies.
Figure 7 shows the correlation coefficients between the
circumglobal pattern index—PC1 of the winter 300-hPa
meridional wind—and the zonal wind in the control
integration. We find a wavelike pattern spanning the
whole Northern Hemisphere and that the circumglobal
pattern is associated with zonal wind anomalies in the
area of the South Asian jet (Fig. 7). The pattern in the
South Asian region (between the equator and 45°N and
eastward from 0° to 120°E) is characterized by positive
correlation coefficients in the western part of the South
Asian jet and negative ones over the northwestern In-

dian Ocean. Additionally, we show the relationship be-
tween the NAO and the zonal wind anomalies. Figure
8 shows the correlation between the NAO index—the
PC1 of winter sea level pressure in the Atlantic sector
(computed over the domain 1.856°–87.159°N, 78.75°W–
18.75°E)—and the winter 300-hPa zonal wind in the
control simulation. We find typical NAO wind anoma-
lies in the Atlantic sector and a similar correlation pat-
tern in the South Asian jet region as that in Fig. 7. On
the one hand, Figs. 7 and 8 show that the circumglobal
wave pattern has structural similarities to the NAO
over the North Atlantic sector; on the other hand, there
are some differences between these two phenomena.
This suggests that the circumglobal wave pattern may
be contributing to changes in the NAO but that other
mechanisms also play an important role.

We have shown that changes in the NAO are asso-
ciated with changes in the South Asian jet via the cir-
cumglobal pattern. An amplified (reduced) NAO is
connected with a stronger (weaker) South Asian jet,
especially in the area around 60°E. Hence, we shall test
next if similar changes of the South Asian jet as those in
Figs. 7 and 8 are produced in our sensitivity experi-
ments.

Figures 9a and 9b show the simulated winter zonal

FIG. 5. The leading EOF of Northern Hemisphere 300-hPa winter (DJF) meridional wind
(m s�1 per std dev).

FIG. 6. Correlation of winter (DJF) 300-hPa meridional wind with the first principal com-
ponent of winter (DJF) sea level pressure over the North Atlantic sector (NAO index) in the
control integration. The crosses mark the centers of the ten lobes in the EOF1 plot of the
meridional wind in Fig. 5.
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FIG. 7. As in Fig. 6 but for meridional wind in the control integration.

FIG. 8. As in Fig. 6 but for sea level pressure over the North Atlantic sector (NAO index)
in the control integration.

FIG. 9. Mean simulated winter (DJF) 300-hPa zonal wind anomaly relative to control
integration for the SST sensitivity experiments (a) “warm Indian Ocean” and (b) “cold Indian
Ocean.” Units: m s�1.
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wind response of the warm and cold Indian Ocean ex-
periments. The warm Indian Ocean experiment (strong
NAO) is characterized by positive anomalies in the
area of the Asian jet and negative anomalies over the
northwestern Indian Ocean (Fig. 9a) and vice versa for
the cold experiment (weak NAO, Fig. 9b). The cause
for the intensity change of the south Asian jet could be
Rossby waves excited from the equatorial heating
anomalies. The precipitation response especially near
the south equatorial Indian Ocean is characterized by
an increase (reduction) in rainfall due to higher (lower)
SSTs (not shown). Figure 10a shows the time series of
the simulated South Asian jet index—zonal wind in 300
hPa averaged from 25° to 35°N, 40° to 80°E—for the
individual OAGCM simulations. Additionally, the
NAO indices for the individual experiments are shown
in Fig. 10b. The NAO index here is defined by the
difference in box-averaged normalized DJF sea level

pressure between a southern and a northern box in the
North Atlantic sector. The northern box is defined
from 60° to 80°N, 60°W to 0° and the southern box from
30° to 50°N, 60°W to 0°. Figure 10b shows the three
NAO indices relative to the mean of the control inte-
gration. Figures 10a and 10b show clearly that NAO
trends are connected with South Asian jet trends. The
response of the jet appears to be somewhat stronger in
the cold Indian Ocean experiment. The observed
warming trend in the Indian Ocean (Fig. 1) should also
be associated with a trend in the observed South Asian
jet. Figure 11 shows the time series of the observed
South Asian jet DJF zonal wind in 300 hPa averaged
from 25° to 35°N, 40° to 80°E, based on the National
Centers for Environmental Prediction (NCEP) reanaly-
sis data. There is a clear trend toward a stronger South
Asian jet, which confirms our findings. Figure 12 shows
the observed (NCEP reanalysis data) winter 300-hPa
meridional wind anomaly between the mean of the
years (1982–93) minus (1949–60). The circumglobal
pattern shows up in Fig. 12. This suggests that also, in
reality, the circumglobal pattern contributed to the re-
cent NAO trend. However, other dynamical mecha-
nisms may also contribute to the NAO trend. In par-
ticular there is a distinct zonal wave-3 disturbance in
high latitudes.

Figure 8 shows the strongest correlation between
NAO and winter zonal 300-hPa wind in the South
Asian jet region between approximately 55° and 65°E.
It is now tested whether the west Indian Ocean may be
the principal contributor for the change in the western
South Asian jet and, therefore, in the NAO. This is
tested by two simple AGCM experiments. In the first

FIG. 10. Simulated 11-yr running mean time series of the winter
(DJF) (a) zonal wind anomaly index in the South Asian jet region
and (b) NAO index relative to the mean of the control integration
for the control integration (black curve) and for the SST-
sensitivity experiments “warm Indian Ocean” (dashed curve) and
“cold Indian Ocean” (dotted curve).

FIG. 11. Observed winter (DJF) zonal wind anomaly index (see
text for details) in the South Asian jet region, based on the NCEP
reanalysis data. The dotted–dashed curve denotes the seasonal
means; the thick solid black curve denotes the 11-yr running mean.
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experiment, the whole Indian Ocean climatological
SSTs are reduced by 1 K. In the second sensitivity ex-
periment with the AGCM, the SST anomalies are re-
stricted to the western tropical Indian Ocean. Please
note that the SSTs are reduced in the Indian Ocean in
both experiments. Figure 13 shows the sea level pres-

sure response for the two individual experiments. Both
experiments produce a NAO-like sea level pressure re-
sponse. A weakening of both the Icelandic low and the
Azorian high is simulated. A two-tailed t test indicates
that the results are significant at the 95% confidence
level in both experiments, at least in the centers of
action. Apparently, west Indian Ocean SST anomalies
are sufficient to force the NAO. Figure 14 shows the
mean DJF 300-hPa meridional wind response for the
“western Indian Ocean minus 1 K” experiment (sensi-
tivity experiment minus control integration). It reveals
a wavy response in the Northern Hemisphere closely
resembling the circumglobal pattern. A clear reduction
in the western South Asian jet is simulated (not shown).
These atmospheric experiments confirm that Indian
Ocean SST anomalies force changes in the South Asian
jet. The South Asian jet produces a variability pattern
that composes the whole Northern Hemisphere. This
circumglobal pattern then can lead to changes in the
NAO.

4. Conclusions

By analyzing model simulations we found that the
South Asian jet can act as a waveguide with circumglo-
bal teleconnection in the Northern Hemisphere. The
meridional wind pattern, associated with this circum-
global teleconnection, is connected with the North At-
lantic Oscillation. A warming/cooling in the Indian
Ocean, especially in the western Indian Ocean, pro-
duces anomalies in the South Asian jet. The waveguid-
ing effect of the South Asian jet carries the perturba-
tion into the North Atlantic sector and leads to a NAO-
like response.

The observed recent positive trend in the NAO has
likely contributions from the observed warming in the
Indian Ocean. Our analysis—confirmed by the ob-
served trend in the western South Asian jet and the
anomaly pattern of the 300-hPa winter meridional
wind—indicates that the change of the NAO may be via
the circumglobal pattern.

FIG. 12. Observed meridional 300-hPa winter (DJF) wind anomaly (m s�1) between the
mean of the years 1982–93 minus 1949–60, based on the NCEP reanalysis data.

FIG. 13. Mean DJF sea level pressure anomaly (hPa) relative to
control integration for the SST sensitivity experiment (a) “Indian
Ocean minus 1 K” and the (b) “western Indian Ocean minus 1 K”
experiment.
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