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Abstract

In this modelling study, the teleconnections of ENSO are studied using an atmospheric general circulation
model (AGCM), HadAM3. The influence of sea surface temperature anomalies (SSTAs) remote from the tropical
Pacific but teleconnected with ENSO is investigated. Composite cycles of El Niño and La Niña SSTs are created
and imposed on HadAM3. These SSTs are imposed in different areas, with climatological SSTs elsewhere, in
order to find the influences of SSTs in different regions.

It is found that most of the reproducible response to ENSO is forced directly from the tropical Pacific be-
fore the peak of the event. However, during the peak and decayof ENSO, remote SSTs become increasingly
influential throughout the tropics (at the 98% significance level). This could lead to extended ENSO-related
predictability due to the memory of the remote oceans.

The Indian ocean and Maritime Continent SSTs are found to be particularly influential. Indian Ocean SSTAs
dampen the teleconnections from the tropical Pacific and force the atmosphere above the tropical Atlantic. More
generally, when a tropical SSTA is imposed, atmospheric anomalies are forced locally with anomalies of the
opposite sign to the west. Some of the reproducible responseto ENSO in the tropical Atlantic is forced, not
directly from the tropical Pacific but from the Indian ocean,which in turn is forced by the tropical Pacific.
Subsequently, delayed SSTAs in the tropical Atlantic damp the local response and force the atmosphere above
the tropical Pacific in the opposite manner.

1 Introduction

The predictable component of atmospheric variability
on seasonal timescales is closely associated with SST
variability, particularly ENSO (eg. Charney and Shukla,
1981; Brankovic et al., 1994). However, ENSO itself
influences SST worldwide (eg. Pan and Oort, 1990) and
those influences in turn may impact on seasonal predic-
tion (eg. Lau and Nath, 1994, 1996). Hence it is impor-
tant to investigate the role of the remote ocean response
to ENSO.

Many seasonal forecasts are still produced by cou-
pled ocean/atmosphere models that are only coupled in
the tropical Pacific (Latif et al., 1998). These include
models with statistical components in the ocean or at-
mosphere as well as physical components. Some in-
clude global ocean models but with only the tropical
Pacific SSTs coupled to the atmosphere whereas some
include only tropical Pacific ocean models. These types
of model are still widely used due to the large system-
atic errors in fully coupled ocean/atmosphere models
(Covey et al., 2000; Latif et al., 2001; Davey et al.,
2002) which lead to large errors in seasonal anomalies
due to the non-linear dynamics (Molteni and Ferranti,
2000).

There is evidence that atmospheric seasonal pre-
dictability is achieved largely by imposing the correct
SSTs in the tropical Pacific. For example Lau and Nath
(1994, 1996) and Ferranti et al. (1994) have shown with
atmospheric global circulation model (AGCM) studies,
that tropical Pacific SSTAs are more important than
North Pacific SSTAs for reproducing the atmospheric

response over the North Pacific and North America. In-
creasingly, attention is being focussed on the relative in-
fluences of the three tropical ocean basins. Kumar and
Hoerling (1998) simulated the most realistic response
to SSTs with an AGCM when observed SSTs were im-
posed only in the tropical Pacific with climatological
SSTs elsewhere. This was thought to be due to the ther-
modynamic control of the Indian Ocean by the atmo-
sphere, as well as the influence of the Indian Ocean on
the atmosphere, as simulated in an AGCM. However,
Goddard and Graham (1999) and Latif et al. (1999)
found that the observed Indian Ocean SSTs were impor-
tant for simulating eastern and southern African rain-
fall accurately and Hoerling et al. (2001) noted the im-
portance of the Indian ocean SSTAs for North Atlantic
climate. AGCM simulations by Barsugli and Sardesh-
mukh (2002) and Schneider et al. (2003) also showed
Indian Ocean SSTAs to be influential on much of the
northern hemisphere, Africa and Australia.

It is well known that global SSTs respond in a co-
herent manner to tropical Pacific SSTs. For example,
Pan and Oort (1990) demonstrated the high correla-
tions of global observed SSTs with those in the east-
ern equatorial Pacific. In particular, they picked out
the Indian Ocean with a maximum positive correlation
lagged one month behind the eastern equatorial Pacific
and the Atlantic ocean lagged three months behind.
The mechanisms generating these delayed SSTAs, the
“atmospheric bridge”, were investigated by Alexander
(1992); Lau and Nath (1994, 1996) with AGCM stud-
ies and by Klein et al. (1999) studying ship and satel-
lite data. This “atmospheric bridge” was reviewed by
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Alexander et al. (2002), who reported the delays to be
between two and six months and the remote SSTAs
to be forced predominantly by anomalous surface heat
fluxes but to some extend also by anomalous Ekman
transport in the central North Pacific.

Other studies have displayed the high correlations
of global atmospheric anomalies with tropical Pacific
SST and the high simulation skill achieved during
strong ENSO forcing (eg. Brankovic et al., 1994; Ku-
mar et al., 1996; Renshaw et al., 1998; Sardeshmukh
et al., 2000; Shukla et al., 2000; Graham et al., 2000).
However, from these studies it is not known to what ex-
tent remote atmospheric anomalies are affected by local
SSTAs versus tropical Pacific SSTAs. (Remote in the
context of ENSO teleconnections is here taken to mean
remote from the tropical Pacific.)

This study focuses on assessing the predictable
component of the tropical atmospheric response to
ENSO SST forcing and how this response is modi-
fied by ENSO-associated feedbacks remote from the
tropical Pacific. The skill of seasonal forecast systems
depends in part on their ability to represent these re-
mote ENSO-associated feedbacks, so an improved un-
derstanding of the remote effects may lead to advances
in long range forecast skill.

Seasonal predictability depends on the reproducibil-
ity of the atmospheric response, the predictability of the
ocean and land surface and the accuracy of the atmo-
spheric model. Spencer and Slingo (2003) studied the
accuracy of the modelled atmospheric response to ob-
served ENSO SSTs by the AGCM, HadAM3, used in
this study, and found that large scale fields such as sea
level pressure and upper level circulation are well sim-
ulated in the tropics in December to February (DJF),
although the details of the tropical response, especially
over land, and the extratropical responses were not so
accurate.

In this study we are not addressing the ocean and
land surface predictability. Instead, HadAM3 is be-
ing used as a perfect model to study the reproducibil-
ity of the large scale tropical response to ENSO SSTs.
The relative importance of tropical Pacific and remote
ENSO SSTs in forcing the atmosphere during and after
a strong ENSO event is investigated. It is important to
study the demise of the events if extended predictability
is sought since there may be possibilities for extended
predictability due to the memory of the ocean and land.

In order to study the effects of remote SSTAs tele-
connected with ENSO (remote ENSO SSTAs) on the
global response to ENSO, SST composites are cre-
ated for cycles of both events. These composites are
then imposed as the lower boundary condition to an
AGCM. Creation of the composite from a large number
of events reduces the influence of large coincident re-
mote SSTAs disconnected with ENSO. This composit-
ing technique and the experimental design and valida-
tion are described in section 2, along with the definition
of the different experiments with SSTAs imposed in dif-
ferent areas. Section 3 describes the results of the dif-
ferent experiments with emphasis on DJF at the peak of

El Niño and the following JJA. The results are discussed
further and final conclusions are drawn in section 4.

2 Experimental Design

The purpose of this experiment is to study the influence
on the atmosphere of SSTAs remote from the tropical
Pacific but teleconnected with ENSO (remote ENSO
SSTAs). These SSTAs can either damp or enhance the
immediate response and may extend local responses af-
ter the tropical Pacific forcing has decayed or they may
influence the atmosphere remote from the SSTA. To this
end, a range of AGCM experiments with HadAM3 is
performed with SSTs imposed evolving between typi-
cal El Niño and La Niña states and each including dif-
ferent aspects of the global ENSO SSTs.

It is difficult to do such a clean experiment with
SSTs from observed events because all events are dif-
ferent and each event is accompanied by different com-
binations of unrelated phenomena around the globe.
For example, although ENSO may influence the North
Atlantic region, the effects of ENSO in this region can-
not be studied by looking at a few observed events.
Other modes of variability, internal to the Atlantic, may
dominate the signal. To illustrate, the SSTAs of two El
Niño events in DJF of 1957/58 and 1972/73 are shown
in figure 1 taken from the GISST dataset (version 2.3b,
Parker et al., 1995). For these two events, the SSTAs in
the tropical Pacific are similar but the SSTAs elsewhere
are very different in places, particularly in the Atlantic.

As well as different El Niño and La Niña events
coinciding with different phenomena elsewhere around
the world, the timing of events within the seasonal cycle
can be different, making the atmospheric teleconnec-
tions dependent on the season as well as on the phase of
the ENSO cycle. The variation between events in terms
of the timing, duration and size is well illustrated by the
Niño 3 index, the SSTA in the Niño 3 area, 5◦S- 5◦N
and 90◦W - 150◦W (The Niño 3 area is shown in figure
1 and the index time series in figure 2).

2.1 Composite El Nĩno and La Niña SST fields

Composite SST fields are created from the monthly
GISST dataset (version 2.3b, Parker et al., 1995) from
1870 to 1998. In order to reduce high frequency vari-
ability not associated with ENSO, a “14641” binomial
filter by month is applied:
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whereTi is the monthly mean value of SST at each grid
point andT̄i is the filtered value for monthi.

The composite SST fields are constructed based on
the January Niño 3 index. January is chosen as the base
month since it is close to the peak of many ENSO cy-
cles. Each January is included in either the El Niño
or La Niña composite if its Niño 3 index is greater than
the mean positive January Niño 3 index (0.80◦C) or less
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1957/58 1972/73

Figure 1: The SSTAs of two El Niños in DJF from the GISST dataset (version 2.3b, Parker et al., 1995). (Niño 3
area marked)The contour interval is 0.4◦C. Positive anomalies have dark shading and negative anomalies, light shading
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Figure 2: The Niño 3 index from the GISST dataset compared with composites of many El Niños and many La
Niñas. The dataset has been passed through a “14641” binomial filter by month. (The anomaly is calculated from the

1870 to 1998 climatology)

than the mean negative January index (-0.6◦C) respec-
tively. The mean positive and mean negative Niño 3 in-
dex values are used to diagnose El Niño and La Niña
rather than the standard deviation (0.88◦C) since the
distribution of the Niño 3 index is skewed and El Niño
events tend to be bigger and less frequent than La Niña
events. In order to avoid a sharp cutoff, and because
there is no distinct threshold for ENSO events, cases are
also included if their indices are close to these critical
values but are given smaller weights. The weights given
to different fields for the El Niño composite are calcu-
lated using a Gaussian function to join the weights of
zero and one (a smoothed Heavyside function):
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(2)
whereµ+ is the mean positive Niño 3 index for Jan-
uary andN3 is the Niño 3 index. The weights for the
La Niña composite are calculated similarly. Various
changes to this compositing technique have been tried
with only small differences to the results.

The resulting composite SSTAs for January El Niño
and La Niña are shown in figure 3. These have been
scaled by a factor of 1.32 to make the Niño 3 index
of the January El Niño exactly twice the mean positive
Niño 3 index. This choice of a Niño 3 index is arbitrary
but this size of anomaly field is considered sufficient
to force HadAM3 significantly and is considered to be
typical for a large event. Also shown in figure 3 are the
different areas over which ENSO SSTA are imposed in

the different experiments.

2.2 Two year El Niño and La Niña composites

The definition of the composites for El Niño and La
Niña in January is given above. However a cycle is re-
quired that includes the evolution of both events. There-
fore lead and lag composites are created for the 12
months leading up to and following on from all the Jan-
uaries included in the composites. The same weight-
ing factors for the leading and lagging months are used.
This procedure gives a 24 month El Niño composite and
a 24 month La Niña composite. At the end points of
these composites, the SST has returned to similar weak
La Niña conditions so the two events can be concate-
nated to create a four year ENSO cycle. The resulting
El Niño and La Niña composites of the Niño 3 index are
plotted in figure 2 over a number of significant observed
events.

As example months in the composite, the July be-
fore and after the peak of the El Niño composite are also
shown in figure 3. The July before the peak shows the
strong warming in the tropical Pacific and a horseshoe
of colder water in the western tropical Pacific due to the
coupled ocean/atmospheric dynamics local to this area.
However, the remote ENSO SSTAs are still weak. In
January at the peak of the event, there are large areas of
warming across the Indian ocean and some in the trop-
ical Atlantic. There are also regions of warm and cold
water extending poleward across the Pacific which are
manifestations of the extratropical atmospheric Rossby
wave response to El Niño.

Six months after the peak of the event, in July, the
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Figure 3: SSTAs of the composite ENSO events scaled by 1.32 and the areas SST applied over for the different
experiments

Indian Ocean warming and the North Pacific cooling
have decayed slightly but the tropical Atlantic warming
has increased further. In contrast, the tropical Pacific
SSTAs have decayed almost completely and a swing to-
wards La Niña is in progress.

2.3 Experiment Definitions

In section 2.2, a 48 month composite was described
consisting of a 24 month growing and decaying El Niño
followed by a 24 month growing and decaying La Niña.
In order to create lower boundary conditions for 40-year
AGCM integrations, ten such cycles are concatenated,
the Niño 3 index of the resulting SST field is shown
in figure 4. This is the SST field which is applied as
a lower boundary condition to the ENSO experiments.
The ENSO cycle is repeated ten times to achieve signif-
icant results.

In order to estimate the importance of the re-
mote ENSO SSTAs in comparison with tropical Pacific
SSTAs, a series of experiments are run with different

SSTs imposed in different areas. The first experiment
has the ENSO composite cycle of SSTs defined above
applied only in the tropical Pacific with the climato-
logical seasonal cycle of SSTs applied elsewhere. This
is denoted the “POGA” experiment for “Pacific Ocean,
Global Atmosphere” (see figure 3). To avoid disconti-
nuities in SST on the northern and southern boundaries,
a linear interpolation between the Pacific ENSO and cli-
matological SSTs is applied between 24◦ and 30◦ lat-
itude. The western boundary is chosen to be where
the SSTAs are approximately zero. This area contains
the primary SSTAs associated with ENSO, as opposed
to the remote ENSO SSTAs whose influence is under
study.

The second experiment has the ENSO compos-
ite cycle of SSTs imposed globally. This is denoted
“GOGA” for “Global Ocean, Global Atmosphere”. In
order to understand the relative contributions of the
tropical Indian and Atlantic ocean ENSO SSTAs, two
further experiments have been performed. The third
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Figure 4: The Niño 3 index of the 24 month El Niño composite and the 24 month La Niña composite concatenated
and repeated

experiment is run applying the ENSO SSTs in the en-
tire tropical Pacific and Indian Oceans with climato-
logical SSTs elsewhere. This experiment is denoted
“IPOGA” for “Indian and Pacific Ocean, Global At-
mosphere” and again the geographical extents of the
SSTs applied are shown in figure 3. Finally, in order to
confirm which part of the signal is emanating from the
tropical Atlantic and which from the extratropics, the
fourth experiment has ENSO SSTs imposed throughout
the tropics with climatological SSTs elsewhere. This
is denoted “TOGA” for “Tropical Ocean, Global Atmo-
sphere”. Again the SSTs are linearly interpolated from
24◦ and 30◦ between the ENSO SSTs and the climato-
logical SSTs.

On seasonal timescales, the forced atmospheric re-
sponse is usually assumed to be in equilibrium with the
SST forcing (eg Schneider et al., 2003; Alexander et al.,
2002) and therefore the time dependence of the SSTAs
is not relevant. However, there may be lagged atmo-
spheric response to, for example, snow depth or soil
moisture anomalies which may have longer memory
than the atmosphere (eg. Fennessy and Shukla, 1999;
Koster et al., 2001; Becker et al., 2001). These ex-
periments have been designed with realistic, evolving
SSTAs so that these delayed responses are included.
However, due to uncertainties in model accuracy, the
influences of soil moisture and snow depth anomalies
are not studied specifically in this paper.

2.4 The Atmospheric General Circulation Model,
HadAM3

The HadAM3 AGCM is described by Pope et al. (2000)
and is found to reproduce the observed mean climate
well. The standard climate version of the model has a
horizontal grid of 2.5◦ latitude by 3.75◦ longitude and
19 vertical levels. The model is hydrostatic and uses the
Arakawa B grid and Eulerian advection. Moist and dry
convection are parameterised with a mass flux scheme
(Gregory and Rowntree, 1990) and clouds only form in
grid boxes with relative humidity greater than a critical
value of 70%.

Spencer and Slingo (2003) performed a detailed di-
agnosis of the accuracy of the atmospheric response
in HadAM3 to ENSO SSTs. They found that the re-
sponse of large scale fields such as sea level pressure
and stream function in DJF at the peak of El Niño is

fairly realistic in the tropics. However, the extratropical
response is not so well captured due to small but sig-
nificant differences in the tropical Pacific precipitation
response. Therefore, this study will focus primarily on
the tropical response to El Niño. Some improvement
was found in the details in the tropical Pacific response
and in the extratropics using 30 vertical model levels
instead of 19. Therefore some of the experiments de-
scribed here are repeated with the version of the model
with 30 vertical levels.

2.5 Validation of ENSO experiment

For the results of these experiments to be useful, two
types of validation need to be done. First, the accu-
racy of the response of HadAM3 to ENSO SST forcing
needs to be validated (see Spencer and Slingo (2003))
and secondly, the realism of the experiments described
here must be demonstrated,i.e. it must be shown that
the composite El Niño and La Niña represent realistic
events and that the model responds in a realistic way to
these SSTs.

In order to demonstrate the realism of these exper-
iments, the sea level pressure anomalies in DJF at the
peak of El Niño and for the following JJA from the
“GOGA” experiment with 19 and 30 vertical model lev-
els are shown in figure 5. These are compared with a
composite of five El Niño events from an ensemble of
six integrations of HadAM3 with 19 vertical levels and
with observed SSTs. This composite of five El Niño
events is described by Spencer and Slingo (2003). Since
the idealised composite El Niño has a Niño 3 index of
1.6◦C in January and the composite of five has a Niño
3 index of 2◦C, the sea level pressure anomaly compos-
ites of five are scaled by 0.8 so that they are more com-
parable with the results with the idealised ENSO SSTs
imposed. The comparison between “GOGA” with 19
levels and the HadAM3 ensemble with observed SSTs
does not yield identical results due to the internal vari-
ability in the model and the different SSTs imposed, but
the large scale responses in the tropics are very sim-
ilar in DJF. In order to demonstrate the accuracy of
the model, a comparison is also made with the NCEP
reanalysis (Kalnay et al., 1996) for the same events.
Again, the large scale responses in the tropics are sim-
ilar in DJF. Systematic model errors of the extratropi-
cal teleconnections are discussed by Spencer and Slingo
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Figure 5: Mean sea level pressure anomalies for the “GOGA” experiment El Niño years (for HadAM3 with 19
and 30 vertical levels), a composite of El Niño years 1957/58, 1965/66, 1972/73, 1982/83, 1997/98 from the
HadAM3 ensemble with observed SSTs and the NCEP reanalysis data.The contour interval is 0.5hPa and negative contours

are dashed and start at -0.25hPa. Values significantly different from zero at the 98% level are darkly shaded and at 95% level lightly shaded.

The HadAM3 and NCEP composites of observed years are scaled by 0.79 so that the Niño 3 SSTA is 1.6◦C as in the experiments

(2003).

The results of the “GOGA” experiments with 19 and
30 model levels are not identical in the tropics. How-
ever, the “POGA” experiment was also run with 30 ver-
tical levels (not shown) and, importantly, the differences
between “GOGA” and “POGA” with 19 levels are sim-
ilar to the differences between “GOGA” and “POGA”
with 30 levels in the tropics. Therefore the enhanced
vertical resolution does not affect the influences of the
remote ENSO SSTAs and the other experiments are run
with 19 vertical levels.

The similarity between “GOGA” and the HadAM3
ensemble in JJA is less marked mainly because there are
large differences in the SSTAs imposed. The accuracy
of the model in JJA following El Niño is assessed by
comparing the HadAM3 ensemble composite with the
NCEP composite. Again the weak tropical anomalies
are coincident with more significant anomalies in the
HadAM3 ensemble as expected. The North and South
Pacific are also well simulated.

The comparison between the HadAM3 ensemble

with observed SSTs and the NCEP reanalysis in figure 5
confirms the realistic tropical response in DJF and JJA.
It also shows the lack of significant anomalies in the
NCEP data in JJA which highlights the need for ensem-
ble integrations and experiments such as these.

3 The Results of the ENSO Experiments

3.1 Sea Level Pressure

3.1.1 El Niño

The sea level pressure anomalies averaged over the ten
El Niños of each of the experiments in DJF and JJA
after the peak of El Niño are shown in figure 6. For
“POGA”, values significantly different from zero at the
95% and 98% confidence levels based on a t-test are
light and dark shaded respectively. For the other exper-
iments, the areas significantly different from “POGA”
at the 95% and 98% levels are shaded.

Low pressure anomalies in the central and east-
ern tropical pacific in “POGA”, a local response to the
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Figure 6: El Niño composite mean sea level pressure anomalies for the ENSO experimentsThe contour interval is

0.5hPa, negative contours are dashed and start at -0.25hPa.For “POGA”, values significantly different from zero at the 98% and 95% confi-

dence level are shaded dark and light respectively. For the other experiments, values significantly different from “POGA” at the 98% and 95%

confidence level are shaded dark and light respectively.

warm SSTAs, are balanced by high pressure over the
West Pacific and Indian oceans; in other words there
is a westwards shift of mass, the well known Southern
Oscillation. Is should be noted that this strong response
over the Indian Ocean is not similar to that observed,
as shown in figure 5, whereas the “GOGA” response in
DJF is more realistic. This is contrary to the results of
Kumar and Hoerling (1998) whose simulation degraded
on the inclusion of observed Indian Ocean SSTs. This
was thought to be due to the fact that warm SSTAs in the
Indian Ocean force convection in an AGCM whereas,
additionally, clear skies create warm SSTAs in the In-
dian Ocean in reality. However, it was acknowledged
that systematic model errors would also influence their
results. Indeed, the fact that the simulation is improved
in “GOGA” in comparison to “POGA” in these exper-
iments indicates that HadAM3 has a more realistic re-
sponse to Indian Ocean SSTAs in comparison to tropi-
cal Pacific SSTAs.

When the warm SSTAs, part of the remote response
to ENSO, are imposed in the Indian ocean and Mar-
itime Continent in “GOGA”, “IPOGA” and “TOGA”,
the large high pressure anomaly in the south west of
the Indian ocean is damped and weak high pressure is
forced in the tropical Atlantic. This high pressure over
the tropical Atlantic could not have been forced locally

because cold SSTAs have not been imposed here for
more than six months. Therefore it must be a tele-
connection. However, it cannot be a teleconnection di-
rectly from the tropical Pacific as it is not present in
“POGA”. Therefore, either the Indian or the extratropi-
cal oceans are influencing the tropical Atlantic in DJF.
This high pressure over the tropical Atlantic is stronger
in the “IPOGA” experiment but of similar magnitude to
“GOGA” in the “TOGA” experiment. This leads to the
conclusion that the high pressure over the tropical At-
lantic is forced by the warm SSTAs in the Indian Ocean
and then damped by the local warm SSTAs in the trop-
ical Atlantic. Again there is a westwards shift of mass
due to the warm SSTAs, this time in the Indian ocean.

In JJA, after the peak of El Niño, the differences be-
tween the experiments are more substantial. This is ex-
pected because the tropical Pacific SSTAs have decayed
in comparison to the remote ENSO SSTAs. In “POGA”,
the high pressure anomaly over the Indian ocean per-
sists but there are still no high pressure anomalies in
the tropical Atlantic unlike all the other experiments.
“IPOGA” has the strongest tropical Atlantic high pres-
sure anomalies since it does not have tropical Atlantic
warm SSTAs to damp this high pressure. There are
also now differences in the tropical Pacific between the
experiments. In particular, “TOGA”, which has trop-
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ical Atlantic warm SSTAs, now shows higher pres-
sure in JJA over the tropical Pacific than “POGA” and
“IPOGA”. However this influence, from the Atlantic to
the tropical Pacific, is not significant in “GOGA”. It has
therefore been obscured by influences from the extrat-
ropical SSTAs imposed.

A more general conclusion from these results is that
the tropical ocean basins force the atmosphere directly
above them and the atmosphere above the ocean basin
to the west in the opposite manner. Subsequently, the
forcing of the atmosphere above the ocean basin to the
west is damped by the SSTAs of that ocean basin. The
other conclusion is that the results are very different
throughout the tropics in this atmosphere-only model
in JJA after El Niño when forced by the tropical Pa-
cific only rather than by the entire tropical oceans. This
indicates that accurate modelling of remote ENSO-
associated SSTAs should improve longer lead time sea-
sonal forecasts, by capturing the influences of the de-
layed response to El Niño.

3.1.2 La Niña

The sea level pressure anomalies averaged over the ten
La Niñas of each of the experiments in DJF and JJA
after the peak are shown in figure 7. The large scale re-
sponse in the tropics is very similar but opposite to that
for El Niño. The tropical Pacific SST forces its local at-
mosphere, with opposite anomalies to the west over the
West Pacific and Indian ocean in “POGA”. Once Indian
ocean SSTAs are included in the other experiments, the
Indian ocean response is damped and shifted to the trop-
ical Atlantic. Again, it appears to be the Indian ocean
forcing the atmosphere above the Atlantic rather than
the tropical Pacific directly. The La Niña results and
the differences between the experiments are generally
weaker than those for El Niño which is to be expected
since the SST forcing is weaker (figure 4).

3.1.3 Area Average Time Series

In order to summarise the sea level pressure results over
the tropical Indian and Atlantic oceans for all seasons of
El Niño and La Niña, time series of area averages are
plotted for each experiment. The Indian ocean (60◦E to
120◦E and 25◦S to 25◦N) and tropical Atlantic (40◦W
to 0◦ and 25◦S to 25◦N) sea level pressure area averages
are plotted in figure 8 along with the Niño 3 index. The
time series have been band pass filtered with a Lanczos
filter with a cut-off frequency of 6 months. This cut-off
frequency entirely removes seasonal and intraseasonal
variability and hence highlights the ENSO variability.
In both regions, “TOGA” and “GOGA” give similar re-
sults, indicating the dominance of the influence of the
tropical SSTs. Above the Indian ocean, “POGA” gives
a much larger response throughout both events. How-
ever, this response is damped once Indian ocean SSTAs
are imposed in “IPOGA” which then gives similar re-
sults to “GOGA” and “TOGA” in this region.

Over the tropical Atlantic, “IPOGA” gives a much

larger response after the peak of both events and
“POGA” gives a weaker response during and after El
Niño. This implies that the atmosphere above the At-
lantic ocean is being forced by the SSTAs imposed in
the Indian ocean and this forcing is damped if local,
tropical Atlantic SSTAs are imposed.

3.1.4 Reproducibility of the tropical anomalies

Taylor diagrams (Taylor, 2001) are a convenient way
of displaying comparison statistics. They are plots in
polar co-ordinates with normalised standard deviation
in the radial direction and pattern correlation in the ax-
ial direction. They are usually used to compare models
with observations but here they are used to compare the
ENSO experiment composites with one member of the
“GOGA” experiment. (Thus each “GOGA” member in
turn represents the observation.) This will show how
reproducible the tropical response of “GOGA” is and
how much of the response can be reproduced by other
experiments.

For “GOGA”, the pattern correlation value for a par-
ticular season is calculated by first calculating the cor-
relation of “GOGA” member j with the composite of
“GOGA” without member j, then averaging over each
members j. For other experiments, denoted “xOGA”,
the pattern correlation is calculated by first calculating
the correlation of “GOGA” member j with the compos-
ite of “xOGA” without member j and then averaging
over each member j. Results are displayed in figure
9 for each season of El Niño and La Niña. The ra-
dial direction represents the standard deviation of the
tropical sea level pressure field for one member of
“GOGA” divided by the standard deviation for each ex-
periment composite. Therefore, for the “GOGA” com-
posite, this represents the signal to noise ratio and for
the other experiments it represents the over all magni-
tude of the reproducible tropical response in compari-
son to the “GOGA” response. An experiment compos-
ite that is identical to every “GOGA” member will be
at (1,1) and the distance from (1,1) is a measure of the
skill of that experiment at reproducing the “GOGA” re-
sponse. Therefore, experiments are only significantly
different from “GOGA” if they are significantly further
from (1,1) than the “GOGA” response is from (1,1) for
that season.

The tropics wide Taylor diagrams for El Niño show
that, between JJA0 and MAM1 (seasons 2 and 5), the
“GOGA” response is highly reproducible, with pattern
correlations of almost 0.8 and a signal to noise ratio of
between 0.8 and 1. In JJA1 (season 6), the pattern cor-
relation and signal to noise ratio both fall to around 0.4
between each “GOGA” event and the “GOGA” com-
posite meaning that much less of the tropical response
is reproducible.

Between JJA0 and MAM1 (seasons 2 and 5) of El
Niño, much of the reproducible “GOGA” response is
captured by the other experiments meaning that much
of the reproducible response is forced by the tropical
Pacific. From SON0 (season 3) onwards, the “POGA”
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Figure 7: La Niña composite mean sea level pressure anomalies for the ENSO experimentsThe contour interval is

0.5hPa, negative contours are dashed and start at -0.25hPa.For “POGA”, values significantly different from zero at the 98% and 95% confi-
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Figure 9: Taylor (2001) diagrams of sea level pressure anomalies throughout the tropics (30◦S to 30◦N) between
each experiment composite and individual events of “GOGA”.
1=MAM0, 2=JJA0, 3=SON0, 4=DJF0, 5=MAM1, 6=JJA1, 7=SON1, 8=DJF1
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response is too strong due to the lack of damping by
remote ENSO SSTAs. In JJA1 (season 6) after El
Niño, the “POGA” and “IPOGA” pattern correlations
are significantly lower than the pattern correlations for
“GOGA” and “TOGA”, indicating the importance of the
Indian and tropical Atlantic oceans for achieving the
small amount of reproducibility after El Niño. (The
significance of this pattern correlation is based on the
size of the distance between, for example, the “POGA”
point 6 and (1,1) in comparison to the distance between
the “GOGA” point 6 and (1,1).)

During La Niña, the remote ENSO SSTAs have less
of an influence on the pattern correlations. However,
around the peak of the event, again the “POGA” re-
sponse is too strong as there is no damping by remote
ENSO SSTAs. Again, during the decay of the event, the
“IPOGA” pattern correlations are significantly lower
than those for “GOGA” and “TOGA” indicating the im-
portance of the tropical Atlantic during the decay phase.
However, the “IPOGA” pattern correlation is signifi-
cantly higher than that for “POGA” due to the continu-
ing importance of the Indian ocean.

3.2 Precipitation

The precipitation anomalies for the El Niño composites
for “POGA” in DJF and the following JJA and the dif-
ferences between the other experiments and “POGA”
are shown in figure 10. The most consistent and sig-
nificant difference between the the experiments in DJF
is over the Indian ocean. Here, reduced precipitation
is seen in “POGA” but in the other experiments, the
warm SSTAs imposed enhance the precipitation dra-
matically in the southwest Indian Ocean. The other
experiments are also more similar to observed precip-
itation anomalies during El Niño (not shown). “POGA”
also shows more enhanced equatorial precipitation over
central and West Africa in DJF than the other exper-
iments. The warm tropical Pacific and Indian Ocean
SSTAs are therefore having a competing influence on
central and West African precipitation in DJF which
was also shown by Goddard and Graham (1999). How-
ever, HadAM3 has not been demonstrated to be accu-
rate to this detail.

In JJA, after the event, the precipitation results have
diverged further. “IPOGA”, “TOGA” and “GOGA”
have stronger drying in the eastern tropical Atlantic
than “POGA”. Therefore this drying is likely to be a
consequence of Indian ocean warm SSTs as well as
tropical Pacific warm SSTs. “POGA” has a large area of
enhanced precipitation in the central Pacific, just north
of the equator. This is damped out in “TOGA” and
“GOGA”. This is consistent with the sea level pressure
results which suggest that the inclusion of the warm
SSTAs in the tropical Atlantic serve to induce higher
pressure over the tropical Pacific and hence descent and
anomalous drying.

3.3 Upper Level Circulation

In order to study the processes by which the anoma-
lies in one area influence the global circulation, anoma-
lies of the 200hPa stream function of the non-divergent
component of the flow and velocity potential of the di-
vergent component are studied.

3.3.1 200hPa Velocity Potential

The anomalies of the 200hPa velocity potential of the
divergent component of the flow for the El Niño com-
posites in DJF and the following JJA are shown in figure
11. Differences between the experiments are not shown
for velocity potential but all of the differences discussed
are significant at the 98% confidence level. In DJF, all
the experiments show the anomalous divergence above
the enhanced precipitation over the warm El Niño SSTs
of the central tropical Pacific. In “POGA”, this is
balanced by anomalous convergence above the Indian
ocean and the north west Pacific. The zonal gradients
of the velocity potential near the equator are associated
with the Walker circulation and the meridional gradi-
ents with the divergent component of the Hadley cir-
culation. The “POGA” results show a Walker circula-
tion anomaly with convergence over the Indian ocean
and divergence over the Pacific. The other three exper-
iments have the descending branch of the anomalous
Walker circulation more confined to the east of the In-
dian ocean and Maritime continent. This is closer to
the observed response (not shown), again demonstrat-
ing the importance of the Indian ocean ENSO SSTAs
for the tropics-wide response.

In JJA, after the event, “POGA” still has large scale
anomalous divergence over the Pacific and convergence
over the Indian ocean, although the meridional com-
ponents have slackened. (The velocity potential be-
ing the divergence twice integrated.) In “POGA”, the
main tropical areas of anomalous convergence and di-
vergence have changed little between DJF and JJA since
the SST forcing consists of weak warm tropical Pacific
SSTs and no remote forcing. However, in “IPOGA”, the
warm Indian ocean SSTs radically change the patterns
of anomalous divergence. They suppress the upper level
convergence over the Indian ocean and force conver-
gence over the tropical Atlantic. Then for “TOGA” and
“GOGA” in JJA, the tropics-wide warm SSTs mean the
upper level circulation anomalies are globally weak - a
result entirely different to both “POGA” and “IPOGA”.

3.3.2 200hPa Stream Function

The anomalous 200hPa stream function for DJF and the
following JJA of the El Niño composite for the “POGA”
experiment are shown in figure 12. For the other
experiments, the difference with “POGA” is plotted.
The “POGA” DJF El Niño stream function shows the
anomalous anticyclones straddling the equator above
the warm SSTAs in the tropical Pacific, a well observed
response to tropical heating (eg. Bjerknes, 1972). From
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Figure 10: El Niño composite precipitation anomalies for “POGA” and differences from “POGA”. Values sig-
nificantly different from zero at the 98% and 95% confidence level are contoured with continuous and dashed
contours respectively.

these anticyclones, Rossby wave trains emanate pole-
wards and eastwards into the extratropics in both hemi-
spheres as described by Hoskins and Karoly (1981).
This propagation is stronger in the winter hemisphere
as described by Trenberth et al. (1998). However, al-
though this propagation into the extratropics displays
some realistic behaviour, it is zonally misplaced by
HadAM3 (Spencer and Slingo, 2003).

The other large remote response in DJF in “POGA”
is above the Indian ocean. As with sea level pres-
sure, the balance in the tropics of the tropical Pacific
response, is to the west, above the Indian ocean with
little response above the tropical Atlantic. When the
warm Indian ocean SSTs are imposed in the other ex-
periments, an additional anomalous anticyclonic cou-
plet straddles the equator above the Indian ocean. This
does not appear to be strong enough to force a signif-
icant extratropical response over Asia or south of the
Indian ocean, unlike the erroneously strong response to
Indian Ocean SSTAs reported by Kumar and Hoerling
(1998). However, it does influence the atmosphere over
the Atlantic in “IPOGA” in a manner similar to the forc-
ing of the atmosphere above the Indian ocean by the
Pacific in “POGA”. This Atlantic response is damped
in “TOGA” and “GOGA” once weak tropical Atlantic

heating is imposed.
200hPa stream function anomalies are weak dur-

ing JJA after El Niño for “POGA” consistent with the
weak precipitation response seen in figure 10. There
is a weak Rossby wave train arching into the south-
ern extratropics (winter hemisphere) from the tropical
Pacific in “POGA”. The most consistent difference be-
tween “POGA” and the other experiments during JJA is
over Australia and the south west Indian ocean, which is
therefore likely to be forced by the warm Indian ocean
and Maritime Continent SSTAs, part of the remote re-
sponse to El Niño. Amongst others, Nicholls (1989)
and Frederiksen and Balgovind (1994) have also shown
the Indian ocean and Maritime Continent SSTAs to be
influential on the Australian climate in JJA.

3.4 Surface Fluxes

Surface heat fluxes are thought to be the dominant
mechanism by which ENSO atmospheric teleconnec-
tions create remote ENSO SSTAs (eg. Lau and Nath,
1996; Klein et al., 1999; Venzke et al., 2000). It has
been shown that remote ENSO SSTAs are influential on
the atmospheric teleconnections so it is important to be
able to predict them. Therefore the net surface heat flux
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Figure 11: El Niño composite 200hPa velocity potential anomalies for the ENSO experiments.The contour interval
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98% confidence levels are shaded light and dark respectively.

anomalies for each of the ENSO experiments are pre-
sented in order to study the predictability of the remote
ENSO-related SSTAs.

The anomalous net downward surface heat flux dur-
ing El Niño for “POGA” and differences with “POGA”
for the other experiment are shown in figure 13. For this
variable, values for SON before the peak of El Niño and
DJF at the peak are plotted because heat flux anomalies
take a few months to influence the SST significantly (eg.
Pan and Oort, 1990; Klein et al., 1999; Venzke et al.,
2000). As we are interested in the influences of re-
mote ENSO SSTAs at and after the peak of ENSO, the
heat flux anomalies before and at the peak are relevant.
These heat fluxes include sensible and latent heat fluxes
and solar and longwave radiation.

The “POGA” heat flux anomalies show a warming
influence on the Indian Ocean during both seasons and

in the tropical Atlantic during DJF. This agrees with the
SSTAs observed during El Niño as shown in the com-
posite in figure 3 and confirms the longer lag of the trop-
ical Atlantic behind the Pacific than the Indian Ocean
(eg Klein et al., 1999).

When the Indian Ocean ENSO SSTAs are addition-
ally imposed in “IPOGA”, the heat flux anomalies into
the Indian Ocean are reduced. Also, positive heat flux
anomalies are forced along the South Pacific conver-
gence zone. However, apart from this aspect which
is not studied further, the Indian Ocean SSTAs appear
to have little impact on heat fluxes outside the Indian
Ocean, unlike for the other atmospheric fields stud-
ied. This is likely to be partly because we are exam-
ining heat flux anomalies before and during the peak of
ENSO rather than during and after the peak, when re-
mote SSTAs become larger and more influential glob-
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Figure 12: El Niño composite 200hPa stream function anomalies for the POGA experiments and differences
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ally. But also, in HadAM3, the processes influencing
heat flux anomalies remotely, appear to be driven pre-
dominantly by the tropical Pacific SSTAs. This is a
difference with sea level pressure and upper level cir-
culation, which are significantly driven by each of the
tropical oceans.

Similarly, the influence of the tropical Atlantic can
be seen by comparing “IPOGA” and “TOGA” and these
influences are small. The SSTAs imposed in the North
Pacific in “GOGA” also damp the heat flux response as
simulated in “TOGA”.

These net surface heat flux results show that the re-
mote tropical ENSO SSTAs observed during El Niño
may be predictable by HadAM3. The local feedback
from SST onto heat flux can be strong but the re-
mote ENSO SSTAs do not strongly influence other heat
fluxes up to the peak of El Niño.

4 Discussion and Conclusions

4.1 The Response to the West

The dominance of the atmospheric response to the west
of tropical SSTAs was not entirely expected and re-
quires some explanation. The Kelvin wave response to
the east of equatorial heating, part of the Gill (1980)
response, is manifest in the reduced precipitation in

the Northeast of Brazil during DJF for “POGA” (fig-
ure 10). However, this direct Kelvin wave response
is equatorially confined, limiting its geographical influ-
ence. The direct Rossby wave response, polewards and
slightly westwards of the forcing, is also part of the Gill
(1980) response and is most evident in the upper level
anticyclones straddling the equator in the tropical Pa-
cific shown in the 200hPa stream function anomalies for
“POGA” in DJF (figure 12). The Gill (1980) response
does not extend further westwards than this.

However, equatorial descent is also forced on the
equator directly to the west of the anomalous ascent,
over the Maritime Continent, manifest in the precipi-
tation anomalies for “POGA” in DJF (figure 10). The
anomalous descending Walker circulation branches to
the west and east force anomalous Hadley circulations
polewards, creating upper level cyclones straddling the
equator, the opposite Rossby wave response. These are
evident above the Indian Ocean, polewards and west-
wards of the equatorial anomalous descent but much
weaker above the Atlantic as evident in the 200mb
stream function anomalies in DJF for “POGA” (figure
12).

There are a number of possible reasons why this re-
sponse in “POGA” above the Indian Ocean is so much
bigger than that above the Atlantic. Firstly, the anoma-
lous descent over the Maritime Continent is greater than
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Figure 13: El Niño composite net surface heat flux anomaliesinto the ocean for the POGA experiments and dif-
ferences with other experiments. Values significantly different from zero at the 95% and 98% confidence levels
are contoured with dashed and continuous contours respectively.

that over the northeast of Brazil so the forcing of the In-
dian ocean is greater. Secondly, the anomalous descent
over the Northeast of Brazil will have a Rossby wave re-
sponse polewards and slightly westwards. This would
overlap with the primary Pacific Rossby wave response
of the upper level anticyclones and hence may not ap-
pear strongly. However, the Rossby wave response to
the descent over the Maritime Continent would stretch
westwards to above the Indian Ocean and therefore
would not interfere with the primary tropical Pacific re-
sponse.

A third possible reason for the response that appears
to the west could be the meeting of the Rossby and
Kelvin waves as described by Matthews (in press). In
this study, convective anomalies over Africa during the
northern summer monsoon were found to be related to
the suppressed phase of the Madden-Julian Oscillation
over the Maritime Continent 20 days earlier. Matthews
(in press) shows that this anomalous suppressed con-
vection over the Maritime Continent forces a westward
propagating Rossby wave and an eastward propagating
Kelvin wave which meet up 20 days later over Africa,
favouring deep convection. The timescale for this ad-
justment is faster than the seasonal means studied here,
but the location of the response that appears to be to the

west is consistent with equatorial Rossby and Kelvin
waves being forced over the central equatorial Pacific
and meeting up over the Indian Ocean.

The results of these experiments and the possible
explanations presented here are consistent with the re-
sults of Neale (1999), Hoskins et al. (1999) and Wool-
nough et al. (2001). Their studies included aquaplanet
AGCM experiments with zonally symmetric SSTs,
apart from localised SSTAs centred on the equator.
Again, the response to the west was stronger than that to
the east and extended further polewards and westwards.
Hoskins et al. (1999) concluded that this Rossby wave
response was not as simple as that described by Gill
(1980). They attributed this to the distribution of heat-
ing in the vertical as well as the nonlinearity of the full
AGCM. They also suggested that the Kelvin wave re-
sponse to the east was weaker than that modelled by
Gill (1980) because of the weaker and more realistic
damping in a full AGCM.

4.2 The Influence of Remote ENSO SSTAs

This study has shown that remote ENSO SSTAs have
an important role in determining the atmospheric com-
ponent of the ENSO cycle: seasonal forecasts could be
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improved and extended by taking these effects into ac-
count if they can be modelled sufficiently accurately.
Leading up to the peak of an El Niño or La Niña event,
most of the reproducible tropical atmospheric response
is forced by the SSTs in the tropical Pacific since the
remote ENSO SSTAs are small. However, through the
peak and during the decay of the event, tropical Pacific
SSTAs decay while remote ENSO SSTAs grow and be-
come more influential. All of these model results have
been found to be significant at the 98% confidence level
based on a two-tailed t-test. In the context of seasonal
prediction, forecast systems that can properly represent
these ENSO-associated SSTAs and their impacts should
have significantly enhanced skill compared to systems
that neglect or misrepresent such effects.

In particular, the SSTAs of the Indian ocean and
Maritime Continent are shown to be especially influ-
ential on the global response. This goes further than
the results of Goddard and Graham (1999) who demon-
strated the importance of the Indian ocean SST in sim-
ulating African rainfall and those of Nicholls (1989)
and Frederiksen and Balgovind (1994) who showed
how Australian winter rainfall is influenced by the Mar-
itime Continent and Indian ocean SSTs. This study has
shown the Indian ocean ENSO SSTAs to be influential
not only on the immediate surroundings of the Indian
Ocean but also on the entire Atlantic region. The In-
dian ocean is the second largest tropical ocean and its
waters are already very warm so small changes in their
temperature may lead to large atmospheric anomalies.

The tropical Atlantic ENSO SSTAs have been
shown to damp the local atmospheric response and in-
fluence the atmosphere above the tropical Pacific after
the peak of ENSO.

4.3 Final Conclusions

Finally, these experiments have helped to identify the
reproducible response to ENSO SSTs in the tropical
Pacific and the relative importance of the responses to
remote ENSO SSTAs. The study of idealised ENSO
cycles has shed light onto some of the teleconnec-
tion mechanisms. The removal of independent modes
of ocean variability has enabled these experiments to
show how the tropical Pacific influences the atmosphere
above the Indian ocean but has less effect on the atmo-
sphere above the tropical Atlantic. The subsequent In-
dian Ocean basin-wide warming associated with ENSO
then damps the local response above the Indian Ocean
and influences the atmosphere above the tropical At-
lantic. Improved understanding of this delayed re-
sponse to ENSO could lead to extended seasonal fore-
casts with atmospheric models which are coupled to
the tropical oceans. It is through this coupling that
the memory of the remote oceans after ENSO can be
harnessed in order to improve seasonal forecasts. The
Indian ocean has been shown to have significant influ-
ences on the tropics-wide climate which strengthens the
argument for improved monitoring of this region. This
would improve understanding of the nature of the cou-

pling between the Indian and Pacific oceans and provide
improved initial conditions for coupled models. The
coupling between these two oceans and the influence
of the Indian ocean on global climate is the subject of
future research.
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