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Abstract

In this modelling study, the teleconnections of ENSO arelistliusing an atmospheric general circulation
model (AGCM), HadAM3. The influence of sea surface tempeesanomalies (SSTAs) remote from the tropical
Pacific but teleconnected with ENSO is investigated. Coiitgpogcles of El Nifio and La Nifia SSTs are created
and imposed on HadAM3. These SSTs are imposed in differeasawith climatological SSTs elsewhere, in
order to find the influences of SSTs in different regions.

It is found that most of the reproducible response to ENS®@iisefd directly from the tropical Pacific be-
fore the peak of the event. However, during the peak and deCBNSO, remote SSTs become increasingly
influential throughout the tropics (at the 98% significaneeel). 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 t@abeplarly influential. Indian Ocean SSTAs
dampen the teleconnections from the tropical Pacific armkftite atmosphere above the tropical Atlantic. More
generally, when a tropical SSTA is imposed, atmosphericreties are forced locally with anomalies of the
opposite sign to the west. Some of the reproducible respnEANSO in the tropical Atlantic is forced, not
directly from the tropical Pacific but from the Indian oceavhich in turn is forced by the tropical Pacific.
Subsequently, delayed SSTAs in the tropical Atlantic dahgpldcal response and force the atmosphere above
the tropical Pacific in the opposite manner.

1 Introduction response over the North Pacific and North America. In-
creasingly, attention is being focussed on the relative in-

The predictable component of atmospheric variabilif{€nces of the three tropical ocean basins. Kumar and
on seasonal timescales is closely associated with 3gerling (1998) simulated the most realistic response
variability, particularly ENSO (eg. Charney and Shukid? SSTs with an AGCM when observed SSTs were im-
1981; Brankovic et al., 1994). However, ENSO itsefosed only in the tropical Pacific with climatological
influences SST worldwide (eg. Pan and Oort, 1990) aRe 1 S €lsewhere. This was thought to be due to the ther-
those influences in turn may impact on seasonal predieedynamic control of the Indian Ocean by the atmo-
tion (eg. Lau and Nath, 1994, 1996). Hence itis impo;sphere, as well as the influence of the Indian Ocean on

tant to investigate the role of the remote ocean respoff3@ atmosphere, as simulated in an AGCM. However,
to ENSO. Goddard and Graham (1999) and Latif et al. (1999)

: foundthat the observed Indian Ocean SSTs were impor-
Many seasonal forecasts are still produced by cqou-

pled ocean/atmosphere models that are only couplecﬁa}m for simulating eastern and southern African rain-
all accurately and Hoerling et al. (2001) noted the im-

the ”Op'c?" Pacn_‘|c_(Lat|f etal, 1993)' These InCIUd§ortance of the Indian ocean SSTAs for North Atlantic

models with statistical components in the ocean or E: : : :

mosphere as well as physical components. Some <i‘,n|[nate. AGCM simulations by Barsugli and Sardesh-
X mukh (2002) and Schneider et al. (2003) also showed

clud.e. global ocean models but with only the trOplc‘ﬂflrhdian Ocean SSTAs to be influential on much of the
Pacific SSTs coupled to the atmosphere whereas some

include only tropical Pacific ocean models. These typrégrthern hemisphere, Africa and Australia.

of model are still widely used due to the large system- |t is well known that global SSTs respond in a co-
atic errors in fully coupled ocean/atmosphere mode{grent manner to tropical Pacific SSTs. For example,
(Covey et al., 2000; Latif et al., 2001; Davey et alpan and Oort (1990) demonstrated the high correla-
2002) which lead to large errors in seasonal anomaligshs of global observed SSTs with those in the east-
due to the non-linear dynamics (Molteni and Ferranfiyn equatorial Pacific. In particular, they picked out
2000). the Indian Ocean with a maximum positive correlation
There is evidence that atmospheric seasonal piegged one month behind the eastern equatorial Pacific
dictability is achieved largely by imposing the corre@nd the Atlantic ocean lagged three months behind.
SSTs in the tropical Pacific. For example Lau and Nalthe mechanisms generating these delayed SSTAs, the
(1994, 1996) and Ferranti et al. (1994) have shown witAtmospheric bridge”, were investigated by Alexander
atmospheric global circulation model (AGCM) studie4,1992); Lau and Nath (1994, 1996) with AGCM stud-
that tropical Pacific SSTAs are more important thaas and by Klein et al. (1999) studying ship and satel-
North Pacific SSTAs for reproducing the atmospheriite data. This “atmospheric bridge” was reviewed by
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Alexander et al. (2002), who reported the delays to B Nifio and the following JJA. The results are discussed
between two and six months and the remote SSTAsther and final conclusions are drawn in section 4.
to be forced predominantly by anomalous surface heat

fluxes but to some extend also by anomalous Ekm%n ) )
transport in the central North Pacific. Experimental Design

Other studies have displayed the high correlation . . . .
of global atmospheric anomalies with tropical Pacif%ﬁ?hpggﬁssgfhtg:z i)]fpsesr'%esnié?gtzt?gﬁklﬁénggg?(;ﬁ

SST and the high simulati kill achieved duri e )
stronga?ENSOe fo:gingsg; aILBIr(z)irr:kf)vlic 2;:‘,;|evi994yun_amflc but teleconnected with ENSO (remote ENSO

mar et al.. 1996° Renshaw et al.. 1998 SardesthﬁﬁTAS)‘ These SSTAs can either damp or enhance the
et al 200'0, Shu,kla et al.. 2000: ’Grahar,n et al.. 200 mediate response and may extend local responses af-

However, from these studies it is not known to what et—r the tropical Pacific forcing has decayed or they may

tent remote atmospheric anomalies are affected by Iog}jﬂuence the atmosphere remote from the SSTA. To this

SSTAs versus tropical Pacific SSTAs. (Remote in tr?é:'df’ a ragge_tr(:fSASC_%rCl\_/l exper(;mentls_wm;) I-t|adAMt3 1S
context of ENSO teleconnections is here taken to meian o' med Wi S Imposed evolving between typl-
remote from the tropical Pacific.) cal El Nifio and La Nifia states and each including dif-

This study focuses on assessing the predictalg%ent aspects of the global ENSO SSTs.

component of the tropical atmospheric response %It is difficult to do such a clean experiment with
ENSO SST forcing and how this response is mod: Ts from observed events because all events are dif-

fied by ENSO-associated feedbacks remote from erent and each event is accompanied by different com-

tropical Pacific. The skill of seasonal forecast syste inations of unrelated phenomena around the globe.

depends in part on their ability to represent these E(-)r example, although ENSO may influence the North

mote ENSO-associated feedbacks, so an improved quntlc region, the effects of ENSO in this region can-

derstanding of the remote effects may lead to advan%0 be studied by _Ioo_k_lng_ at a few observed_ events.
. : ther modes of variability, internal to the Atlantic, may
in long range forecast skill.

ocean and land surface and the accuracy of the at Arker et al., 1995). For these two events, the SSTAs in

spheric model. Spencer and Slingo (2003) studied e tropical Pacific are similar but the SSTAs elsewhere

accuracy of the modelled atmospheric response to Afe very different in places, particularly in the Atlantic
served ENSO SSTs by the AGCM, HadAM3, used In y np ' p.~ y L :
As well as different El Nifio and La Nifia events

this study, and found that large scale fields such as %%?nciding with different phenomena elsewhere around

level pressure and upper level circulation are well sim- . .
b PP e world, the timing of events within the seasonal cycle

ulated in the tropics in December to February (DJ rém be different, making the atmospheric teleconnec-

although the details of the tropical response, eSloeciatle{ns dependent on the season as well as on the phase of

g‘éi;:g?ed' and the extratropical responses were nOttﬁ(e) ENSO cycle. The variation between events in terms

. . of the timing, duration and size is well illustrated by the
In this study we are not addressing the ocean a0k, 3 index. the SSTA in the Nifio 3 are£ % 5N

!and surface predictability. Instead, HadAM3 is b_ea']nd 90W - 150°W (The Nifio 3 area is shown in figure

ing used as a perfect quel to study the reproduu?l-and the index time series in figure 2).

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 affdd Composite EI Niio and La Nifia SST fields

a strong ENSO event is investigated. Itis importantg/
I

: ; . .composite SST fields are created from the monthly
.StUdy the d_emlse of the events if ext_en_d_ed predictabil ISST dataset (version 2.3b, Parker et al., 1995) from
is sought since there may be possibilities for extend

predictability due to the memory of the ocean and Ian%. .7.0 t0 1998. Ir_1 order_to reduce h'%h freqL,fer_]cy vart-
ability not associated with ENSO, a “14641” binomial
In order to study the effects of remote SSTASs tel

connected with ENSO (remote ENSO SSTAS) on tﬁéter by monthis applied:

global response to ENSO, SST composites are cre- 1 6 4 1
ated for cycles of both events. These composites dre= 1_6Ti—2 + 1—6Ti_1 + ETi + 1_6Ti+1 + 1—6Ti+2
then imposed as the lower boundary condition to an (1)

AGCM. Creation of the composite from a large numbevhereT; is the monthly mean value of SST at each grid
of events reduces the influence of large coincident g@eint andZ; is the filtered value for month

mote SSTAs disconnected with ENSO. This composit- The composite SST fields are constructed based on
ing technique and the experimental design and validhe January Nifio 3 index. January is chosen as the base
tion are described in section 2, along with the definitianonth since it is close to the peak of many ENSO cy-
of the different experiments with SSTAs imposed in dittles. Each January is included in either the El Nifio
ferent areas. Section 3 describes the results of the dif-La Nifia composite if its Nifio 3 index is greater than
ferent experiments with emphasis on DJF at the peaktbé& mean positive January Nifio 3 index (0.8Dor less
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Figure 1: The SSTAs of two El Nifios in DJF from the GISST detggersion 2.3b, Parker et al., 1995). (Nifio 3
area markedjhe contour interval is 02C. Positive anomalies have dark shading and negative aiesmkght shading
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Nino3 index
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Figure 2: The Nifio 3 index from the GISST dataset comparéld @omposites of many El Niflos and many La
Niflas. The dataset has been passed through a “14641” héili@r by month. (The anomaly is calculated from the
1870 to 1998 climatology)

than the mean negative January index (2G)respec- the different experiments.
tively. The mean positive and mean negative Nifio 3 in-
dex values are used to diagnose El Nifio and La Ni
rather than the standard deviation (0’83 since the
distribution of the Nifio 3 index is skewed and El Nifiqnhe definition of the composites for El Nifio and La
events tend to be bigger and less frequent than La Ni{@a in January is given above. However a cycle is re-
events. In order to avoid a sharp cutoff, and becauggired that includes the evolution of both events. There-
there is no distinct threshold for ENSO events, cases gge |ead and lag composites are created for the 12
also included if their indices are close to these criticg{gnths leading up to and following on from all the Jan-
values but are given smaller weights. The weights giv@aries included in the composites. The same weight-
to different fields for the El Nifio composite are calcqng factors for the leading and lagging months are used.
lated using a Gaussian function to join the weights s procedure gives a 24 month El Nifto composite and
zero and one (a smoothed Heavyside function): a 24 month La Nifia composite. At the end points of
o these composites, the SST has returned to similar weak
0 ) for N3 < gp La Nifia conditions so the two events can be concate-
. - ut—N3 1 ated to create a four year ENSO cycle. The resultin
weight = eXp{( ut > } for 3™ < N3 < JI;—le Nifio and La Nifia cor}:wposites ofth)é Nifio 3 index areg
1 for N3 > ut plotted in figure 2 over a number of significant observed
(2) events.
whereu ™ is the mean positive Nifio 3 index for Jan- As example months in the composite, the July be-
uary andN 3 is the Nifio 3 index. The weights for thefore and after the peak of the El Nifio composite are also
La Nifia composite are calculated similarly. Varioushown in figure 3. The July before the peak shows the
changes to this compositing technique have been trigdong warming in the tropical Pacific and a horseshoe
with only small differences to the results. of colder water in the western tropical Pacific due to the
The resulting composite SSTAs for January El Nifieoupled ocean/atmospheric dynamics local to this area.
and La Nifia are shown in figure 3. These have beklowever, the remote ENSO SSTAs are still weak. In
scaled by a factor of 1.32 to make the Nifio 3 inde}anuary at the peak of the event, there are large areas of
of the January El Nifio exactly twice the mean positivgarming across the Indian ocean and some in the trop-
Nifio 3 index. This choice of a Nifio 3 index is arbitrarycal Atlantic. There are also regions of warm and cold
but this size of anomaly field is considered sufficiemtater extending poleward across the Pacific which are
to force HadAM3 significantly and is considered to beanifestations of the extratropical atmospheric Rossby
typical for a large event. Also shown in figure 3 are th&ave response to El Nifio.
different areas over which ENSO SSTA are imposed in Six months after the peak of the event, in July, the

7% Two year El Nifio and La Nifia composites
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Figure 3: SSTAs of the composite ENSO events scaled by 1.82menareas SST applied over for the different
experiments

Indian Ocean warming and the North Pacific coolin§STs imposed in different areas. The first experiment
have decayed slightly but the tropical Atlantic warmingas the ENSO composite cycle of SSTs defined above
has increased further. In contrast, the tropical Pacifipplied only in the tropical Pacific with the climato-
SSTAs have decayed almost completely and a swing logical seasonal cycle of SSTs applied elsewhere. This
wards La Nifa is in progress. 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-
In section 2.2, a 48 month composite was describgthtological SSTs is applied betweer®2#hd 30 lat-
consisting of a 24 month growing and decaying El Nifijude. The western boundary is chosen to be where
followed by a 24 month growing and decaying La Nifahe SSTAs are approximately zero. This area contains
In order to create lower boundary conditions for 40-yege primary SSTAs associated with ENSO, as opposed
AGCM integrations, ten such cycles are concatenateglthe remote ENSO SSTAs whose influence is under
the Nifio 3 index of the resulting SST field is showstudy.
in figure 4. This is the SST field which is applied as
a lower boundary condition to the ENSO experiments. The second experiment has the ENSO compos-
The ENSO cycle is repeated ten times to achieve signite cycle of SSTs imposed globally. This is denoted
icant results. “GOGA’ for “Global Ocean, Global Atmosphere”. In

In order to estimate the importance of the resrder to understand the relative contributions of the
mote ENSO SSTAs in comparison with tropical Pacificopical Indian and Atlantic ocean ENSO SSTAs, two
SSTASs, a series of experiments are run with differefutrther experiments have been performed. The third

2.3 Experiment Definitions
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Figure 4: The Nifio 3 index of the 24 month EI Nifio compositd the 24 month La Nifia composite concatenated
and repeated

experiment is run applying the ENSO SSTs in the efairly realistic in the tropics. However, the extratrodica
tire tropical Pacific and Indian Oceans with climataesponse is not so well captured due to small but sig-
logical SSTs elsewhere. This experiment is denotadicant differences in the tropical Pacific precipitation
“IPOGA’ for “Indian and Pacific Ocean, Global At-response. Therefore, this study will focus primarily on
mosphere” and again the geographical extents of tine tropical response to El Nifio. Some improvement
SSTs applied are shown in figure 3. Finally, in order twas found in the details in the tropical Pacific response
confirm which part of the signal is emanating from thand in the extratropics using 30 vertical model levels
tropical Atlantic and which from the extratropics, thénstead of 19. Therefore some of the experiments de-
fourth experiment has ENSO SSTs imposed throughaatibed here are repeated with the version of the model
the tropics with climatological SSTs elsewhere. Thisith 30 vertical levels.

is denoted “TOGA’ for “Tropical Ocean, Global Atmo-

sphere”. Again the SSTs are linearly interpolated from o )

24° and 30 between the ENSO SSTs and the climaté-> Validation of ENSO experiment

logical SSTs. ) . For the results of these experiments to be useful, two

On seasonal timescales, the forced atmospheric {ses of validation need to be done. First, the accu-
sponse i§ usually assumed to be in equilibrium with trpgcy of the response of HadAM3 to ENSO SST forcing
SST forcing (eg Schneider etal., 2003; Alexander et glaggs o be validated (see Spencer and Slingo (2003))
2002) and therefore the time dependence of the SSTARy secondly, the realism of the experiments described
is not relevant. However, there may be lagged aiMQare must be demonstrated;. it must be shown that
spheric response to, for example, snow depth or sgjb composite EI Nifio and La Nifia represent realistic
moisture anomalies which may have longer memogyents and that the model responds in a realistic way to
than the atmosphere (eg. Fennessy and Shukla, 19880 g7

Koster et al., 2001; Becker et al., 2001). These ex- , 5 qer 1o demonstrate the realism of these exper-

periments have been designed with realistic, gvolvir}g nts, the sea level pressure anomalies in DJF at the
SSTAs so that these del_ay_ed responses are inclu k of El Nifio and for the following JJA from the
However, due to uncertainties in model accuracy, t OGA’ experimentwith 19 and 30 vertical model lev-
&R are shown in figure 5. These are compared with a
composite of five El Nifio events from an ensemble of
six integrations of HadAM3 with 19 vertical levels and
2.4 The Atmospheric General Circulation Model, With observed SSTs. This composite of five EI Nifio
HadAM3 eventsis described by Spencer and Slingo (2003). Since
the idealised composite El Nifio has a Nifio 3 index of
The HadAM3 AGCM is described by Pope et al. (200Q).6°C in January and the composite of five has a Nifio
and is found to reproduce the observed mean clim&éndex of 2C, the sea level pressure anomaly compos-
well. The standard climate version of the model hasitas of five are scaled by 0.8 so that they are more com-
horizontal grid of 2.8 latitude by 3.75 longitude and parable with the results with the idealised ENSO SSTs
19 vertical levels. The model is hydrostatic and uses timeposed. The comparison between “GOGA” with 19
Arakawa B grid and Eulerian advection. Moist and dngvels and the HadAM3 ensemble with observed SSTs
convection are parameterised with a mass flux schedus not yield identical results due to the internal vari-
(Gregory and Rowntree, 1990) and clouds only form #bility in the model and the different SSTs imposed, but
grid boxes with relative humidity greater than a criticahe large scale responses in the tropics are very sim-
value of 70%. ilar in DJF. In order to demonstrate the accuracy of
Spencer and Slingo (2003) performed a detailed dite model, a comparison is also made with the NCEP
agnosis of the accuracy of the atmospheric respomeanalysis (Kalnay et al., 1996) for the same events.
in HadAM3 to ENSO SSTs. They found that the reAgain, the large scale responses in the tropics are sim-
sponse of large scale fields such as sea level presslarein DJF. Systematic model errors of the extratropi-
and stream function in DJF at the peak of El Nifio isal teleconnections are discussed by Spencer and Slingo

are not studied specifically in this paper.
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GOGA, L19

GOGA, L30

HadAM3, L19

Figure 5: Mean sea level pressure anomalies for the “GOGp&ament El Nifio years (for HadAM3 with 19
and 30 vertical levels), a composite of El Niflo years 1987//65/66, 1972/73, 1982/83, 1997/98 from the
HadAM3 ensemble with observed SSTs and the NCEP reanabsisrée contour interval is 0.5hPa and negative contours
are dashed and start at -0.25hPa. Values significantlyreliffdrom zero at the 98% level are darkly shaded and at 956t lightly shaded.
The HadAM3 and NCEP composites of observed years are scaled® so that the Nifio 3 SSTA is 2.6 as in the experiments

(2003). with observed SSTs and the NCEP reanalysis in figure 5

The results of the “GOGA’ experiments with 19 an&onfirms the realistic tropical response in DJF and JJA.
30 model levels are not identical in the tropics. Howt @lso shows the lack of significant anomalies in the
ever, the “POGA’ experiment was also run with 30 veNCEP data in JJA which highlights the need for ensem-
tical levels (not shown) and, importantly, the differencd¥e integrations and experiments such as these.
between “GOGA’ and “POGA’ with 19 levels are sim-
ila}r to the differences betyveen “GOGA’ and “POGA3  The Results of the ENSO Experiments
with 30 levels in the tropics. Therefore the enhanced
vertical resolution does not affect the influences of thg] gej Level Pressure
remote ENSO SSTAs and the other experiments are run
with 19 vertical levels. 3.1.1 EINio

The similarity between “GOGA" and the HadAM3The sea level pressure anomalies averaged over the ten
ensemble in JJA is less marked mainly because there@re\ifios of each of the experiments in DJF and JJA
large differences in the SSTAs imposed. The accuragiyer the peak of El Nifio are shown in figure 6. For
of the model in JJA following El Nifio is assessed byooGA’, values significantly different from zero at the
comparing the HadAM3 ensemble composite with thi50, and 98% confidence levels based on a t-test are
NCEP composite. Again the weak tropical anomaligight and dark shaded respectively. For the other exper-
are coincident with more significant anomalies in thenents, the areas significantly different from “POGA’
HadAM3 ensemble as expected. The North and Souhthe 95% and 98% levels are shaded.

Pacific are also well simulated. Low pressure anomalies in the central and east-

The comparison between the HadAM3 ensembden tropical pacific in “POGA’, a local response to the
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Figure 6: El Nifio composite mean sea level pressure anemfidr the ENSO experimentse contour interval is
0.5hPa, negative contours are dashed and start at -0.26bP&POGA", values significantly different from zero at th8% and 95% confi-
dence level are shaded dark and light respectively. Forttier experiments, values significantly different from “P®@t the 98% and 95%
confidence level are shaded dark and light respectively.

warm SSTAs, are balanced by high pressure over thecause cold SSTAs have not been imposed here for
West Pacific and Indian oceans; in other words themore than six months. Therefore it must be a tele-
is a westwards shift of mass, the well known Southeconnection. However, it cannot be a teleconnection di-
Oscillation. Is should be noted that this strong responsetly from the tropical Pacific as it is not present in
over the Indian Ocean is not similar to that observetROGA’. Therefore, either the Indian or the extratropi-
as shown in figure 5, whereas the “GOGA’ response @al oceans are influencing the tropical Atlantic in DJF.
DJF is more realistic. This is contrary to the results dhis high pressure over the tropical Atlantic is stronger
Kumar and Hoerling (1998) whose simulation degradéuthe “IPOGA” experiment but of similar magnitude to
on the inclusion of observed Indian Ocean SSTs. THSOGA’ in the “TOGA’ experiment. This leads to the
was thought to be due to the fact that warm SSTAs in thenclusion that the high pressure over the tropical At-
Indian Ocean force convection in an AGCM whereakgntic is forced by the warm SSTAs in the Indian Ocean
additionally, clear skies create warm SSTAs in the liand then damped by the local warm SSTAs in the trop-
dian Ocean in reality. However, it was acknowledgedal Atlantic. Again there is a westwards shift of mass
that systematic model errors would also influence theiue to the warm SSTAs, this time in the Indian ocean.

results. Indeed, the fact that the simulation is improved . .
in “GOGA’ in comparison to “POGA’ in these exper- In JJA, after the peak of El Nifio, the differences be

. e .~ tween the experiments are more substantial. This is ex-
iments indicates that HadAM3 has a more realistic re- . "
: . : ected because the tropical Pacific SSTAs have decayed
sponse to Indian Ocean SSTAs in comparison to tropi- . u .
o n comparisonto the remote ENSO SSTAs. In “POGA’,
cal Pacific SSTAs. . ;
the high pressure anomaly over the Indian ocean per-
When the warm SSTAs, part of the remote responsists but there are still no high pressure anomalies in
to ENSO, are imposed in the Indian ocean and Mahe tropical Atlantic unlike all the other experiments.
itime Continent in “GOGA", “IPOGA" and “TOGA", “IPOGA’ has the strongest tropical Atlantic high pres-
the large high pressure anomaly in the south west @afre anomalies since it does not have tropical Atlantic
the Indian ocean is damped and weak high pressureverm SSTAs to damp this high pressure. There are
forced in the tropical Atlantic. This high pressure ovealso now differences in the tropical Pacific between the

the tropical Atlantic could not have been forced locallgxperiments. In particular, “TOGA’, which has trop-
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ical Atlantic warm SSTAs, now shows higher predarger response after the peak of both events and
sure in JJA over the tropical Pacific than “POGA” antPOGA’ gives a weaker response during and after El
“IPOGA". However this influence, from the Atlantic toNifio. This implies that the atmosphere above the At-
the tropical Pacific, is not significant in “GOGA’". It hadantic ocean is being forced by the SSTAs imposed in
therefore been obscured by influences from the extrdte Indian ocean and this forcing is damped if local,
ropical SSTAs imposed. tropical Atlantic SSTAs are imposed.

A more general conclusion from these results is that

the tropical ocean basins force the atmosphere direcil . . .
above them and the atmosphere above the ocean b%'é# Reproducibility of the tropical anomalies

to the west in the opposite manner. Subsequently, thg/lor diagrams (Taylor, 2001) are a convenient way
forcing of the atmosphere above the ocean basin to #edisplaying comparison statistics. They are plots in
west is damped by the SSTAs of that ocean basin. Th&lar co-ordinates with normalised standard deviation
other conclusion is that the results are very differefi the radial direction and pattern correlation in the ax-
throughout the tropics in this atmosphere-only modgj| direction. They are usually used to compare models
in JJA after El Nifilo when forced by the tropical Pawith observations but here they are used to compare the
cific only rather than by the entire tropical oceans. ThENSO experiment composites with one member of the
indicates that accurate modelling of remote ENS@Gs0OGA” experiment. (Thus each “GOGA’ member in
associated SSTAs should improve longer lead time s@am represents the observation.) This will show how
sonal forecasts, by capturing the influences of the deproducible the tropical response of “GOGA’ is and

layed response to El Nifio. how much of the response can be reproduced by other
experiments.
3.1.2 LaNiia For “GOGA’, the pattern correlation value for a par-

ticular season is calculated by first calculating the cor-

The sea level pressure anomalies averaged over thertgation of “GOGA’ member j with the composite of
La Nifas of each of the experiments in DJF and J¥SOGA’ without member j, then averaging over each
after the peak are shown in figure 7. The large scale reembers j. For other experiments, denoted “xOGA”,
sponse in the tropics is very similar but opposite to thiife pattern correlation is calculated by first calculating
for El Nifio. The tropical Pacific SST forces its local atthe correlation of “GOGA’” member j with the compos-
mosphere, with opposite anomalies to the west over i of “xOGA” without member j and then averaging
West Pacific and Indian ocean in “POGA’. Once Indiagver each member j. Results are displayed in figure
ocean SSTAs are included in the other experiments, thé€or each season of El Nifio and La Nifia. The ra-
Indian ocean response is damped and shifted to the trafal direction represents the standard deviation of the
ical Atlantic. Again, it appears to be the Indian ocearopical sea level pressure field for one member of
forcing the atmosphere above the Atlantic rather tha@OGA’ divided by the standard deviation for each ex-
the tropical Pacific directly. The La Nifia results anderiment composite. Therefore, for the “GOGA’ com-
the differences between the experiments are generglisite, this represents the signal to noise ratio and for
weaker than those for El Nifio which is to be expecteHe other experiments it represents the over all magni-
since the SST forcing is weaker (figure 4). 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
In order to summarise the sea level pressure results skt of that experiment at reproducing the “GOGA' re-
the tropical Indian and Atlantic oceans for all seasonsgponse. Therefore, experiments are only significantly
El Nifio and La Nifia, time series of area averages atéferent from “GOGA’ if they are significantly further
plotted for each experiment. The Indian ocearP@ from (1,1) than the “GOGA’ response is from (1,1) for
120°E and 28S to 25N) and tropical Atlantic (40W that season.
to 0° and 25S to 25N) sea level pressure area averages The tropics wide Taylor diagrams for El Nifio show
are plotted in figure 8 along with the Nifio 3 index. Ththat, between JJAO and MAM1 (seasons 2 and 5), the
time series have been band pass filtered with a LancZ@OGA’ response is highly reproducible, with pattern
filter with a cut-off frequency of 6 months. This cut-oftorrelations of almost 0.8 and a signal to noise ratio of
frequency entirely removes seasonal and intraseasdretiveen 0.8 and 1. In JJAL (season 6), the pattern cor-
variability and hence highlights the ENSO variabilityrelation and signal to noise ratio both fall to around 0.4
In both regions, “TOGA” and “GOGA’ give similar re- between each “GOGA’ event and the “GOGA’ com-
sults, indicating the dominance of the influence of th@site meaning that much less of the tropical response
tropical SSTs. Above the Indian ocean, “POGA’ giveis reproducible.
a much larger response throughout both events. How- Between JJAO and MAM1 (seasons 2 and 5) of El
ever, this response is damped once Indian ocean SST&o, much of the reproducible “GOGA" response is
are imposed in “IPOGA” which then gives similar recaptured by the other experiments meaning that much
sults to “GOGA’ and “TOGA’ in this region. of the reproducible response is forced by the tropical

Over the tropical Atlantic, “IPOGA’ gives a muchPacific. From SONO (season 3) onwards, the “POGA’

3.1.3 Area Average Time Series
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DJF La Nifa JJA after La Nif

Figure 7: La Nifia composite mean sea level pressure anesmiali the ENSO experimentse contour interval is
0.5hPa, negative contours are dashed and start at -0.26bP&#ROGA’, values significantly different from zero at th8% and 95% confi-
dence level are shaded dark and light respectively. Forttier experiments, values significantly different from “P®@t the 98% and 95%
confidence level are shaded dark and light respectively.
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Figure 8: Composite time series of area averaged sea less$yme for La Nifia followed by El Nifio of each
ENSO experiment. Low pass Lanczos filtered with cut-off freocy of 6 months
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Figure 9: Taylor (2001) diagrams of sea level pressure atiesthroughout the tropics (38 to 30°N) between
each experiment composite and individual events of “GOGA".
1=MAMO, 2=JJA0, 3=SONO, 4=DJF0, 5=MAM1, 6=JJA1, 7=SON1PBE1
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response is too strong due to the lack of damping By3 Upper Level Circulation

remote ENSO SSTAs. In JJAl (season 6) after El ]

Nifio, the “POGA” and “IPOGA’ pattern correlationsn Order to study the processes by which the anoma-
are significantly lower than the pattern correlations f§fS in one area influence the global circulation, anoma-
“GOGA’ and “TOGA, indicating the importance of thelies of the 200hPa stream function of the non-divergent
Indian and tropical Atlantic oceans for achieving the?mponent of the flow and velocity potential of the di-
small amount of reproducibility after EI Nifio. (The’ergentcomponentare studied.

significance of this pattern correlation is based on the

size of the dlstan_ce betwee_n, for example, the “POGA’3 1 200hPa Velocity Potential

point 6 and (1,1) in comparison to the distance between

the “GOGA’ point 6 and (1,1).) The anomalies of the 200hPa velocity potential of the

During La Nifia, the remote ENSO SSTAs have |e§i§vergent component of the flow for the El Nifio com-
Qosites in DJF and the following JJA are shown in figure

around the peak of the event, again the “POGA" ri—il' D:ffe.rences bgt\lf\/:en }refe;](pzr%ments ar%not shovc\j/n
sponse is too strong as there is no damping by rem gvelocity potential but all of the differences discusse

ENSO SSTAs. Again, during the decay of the event 1AL significant at the 98% confidence level. In DJF, all
“IPOGA’ pattern correlations are significantly lowefN€ experiments shoyv the anomalous d|verge_n~ce above
than those for “GOGA” and “TOGA'" indicating the im-the enhanced precipitation over the warm EI Nifio SSTs

portance of the tropical Atlantic during the decay phas;%f the central tropical Pacific. In "POGA’, this is

However, the “IPOGA’ pattern correlation is Signhci_béllanced by anomalous convergence above the Indian

cantly higher than that for “POGA” due to the continu@c€an and the north west Pacific. The zonal gradients
ing importance of the Indian ocean 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-
L tion anomaly with convergence over the Indian ocean
3.2 Precipitation and divergence over the Pacific. The other three exper-
iments have the descending branch of the anomalous
The precipitation anomalies for the El Nifio composité&alker circulation more confined to the east of the In-
for “POGA’ in DJF and the following JJA and the dif-dian ocean and Maritime continent. This is closer to
ferences between the other experiments and “POGAE observed response (not shown), again demonstrat-
are shown in figure 10. The most consistent and sigg the importance of the Indian ocean ENSO SSTAs
nificant difference between the the experiments in D36t the tropics-wide response.
is over the Indian ocean. Here, reduced precipitation In JJA, after the event, “POGA’ still has large scale
is seen in “POGA’ but in the other experiments, thenomalous divergence over the Pacific and convergence
warm SSTAs imposed enhance the precipitation digver the Indian ocean, although the meridional com-
matically in the southwest Indian Ocean. The othgbnents have slackened. (The velocity potential be-
experiments are also more similar to observed precipg the divergence twice integrated.) In “POGA’, the
itation anomalies during El Nifio (not shown). “POGAmain tropical areas of anomalous convergence and di-
also shows more enhanced equatorial precipitation overgence have changed little between DJF and JJA since
central and West Africa in DJF than the other expethe SST forcing consists of weak warm tropical Pacific
iments. The warm tropical Pacific and Indian Ocea&STs and no remote forcing. However, in “IPOGA’, the
SSTAs are therefore having a competing influence @rarm Indian ocean SSTs radically change the patterns
central and West African precipitation in DJF whiclvf anomalous divergence. They suppress the upper level
was also shown by Goddard and Graham (1999). Hogenvergence over the Indian ocean and force conver-
ever, HadAM3 has not been demonstrated to be acgence over the tropical Atlantic. Then for “TOGA’ and
rate to this detail. “GOGA’ in JJA, the tropics-wide warm SSTs mean the

In JJA, after the event, the precipitation results ha#@Per level circulation anomalies are globally weak - a
diverged further. “IPOGA’, “TOGA’ and “GOGA" result entirely different to both “POGA” and “IPOGA".

have stronger drying in the eastern tropical Atlantic

than “POGA’. Therefore this drying is likely to be a3 3 5 200hPa Stream Function

consequence of Indian ocean warm SSTs as well as

tropical Pacific warm SSTs. “POGA’ has a large area he anomalous 200hPa stream function for DJF and the
enhanced precipitation in the central Pacific, just nortbllowing JJA of the El Nifio composite for the “POGA’

of the equator. This is damped out in “TOGA” an@xperiment are shown in figure 12. For the other
“GOGA'. This is consistent with the sea level pressuexperiments, the difference with “POGA’ is plotted.
results which suggest that the inclusion of the warithe “POGA’ DJF El Nifio stream function shows the
SSTAs in the tropical Atlantic serve to induce higheanomalous anticyclones straddling the equator above
pressure over the tropical Pacific and hence descent grelwarm SSTAs in the tropical Pacific, a well observed
anomalous drying. response to tropical heating (eg. Bjerknes, 1972). From
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Figure 10: El Niflo composite precipitation anomalies fBIOGA” and differences from “POGA’. Values sig-
nificantly different from zero at the 98% and 95% confidenaell@re contoured with continuous and dashed
contours respectively.

these anticyclones, Rossby wave trains emanate pdieating is imposed.

wards and eastwards into the extratropics in both hemi- 200hPa stream function anomalies are weak dur-
spheres as described by Hoskins and Karoly (198ih)g JJA after El Nifio for “POGA’ consistent with the
This propagation is stronger in the winter hemisphengeak precipitation response seen in figure 10. There
as described by Trenberth et al. (1998). However, #-a weak Rossby wave train arching into the south-
though this propagation into the extratropics displagsn extratropics (winter hemisphere) from the tropical
some realistic behaviour, it is zonally misplaced byacific in “POGA’. The most consistent difference be-
HadAMS (Spencer and Slingo, 2003). tween “POGA” and the other experiments during JJA is
ﬁ:‘ver Australia and the south west Indian ocean, which is

The other large remote response in DJF in “POG X :
is above the Indian ocean. As with sea level pre 1erefore likely to be forced by the warm Indian ocean

sure, the balance in the tropics of the tropical Paciﬁ@d Maritime antment SSTAs, part of t_he remote re-
response, is to the west, above the Indian ocean pnse to El Nifio. Amongst others, Nicholls (1989)

little response above the tropical Atlantic. When tH@d Frederiksen and Balgovind (1994) have also shown
warm Indian ocean SSTs are imposed in the other dbe Indian ocean and Maritime Continent SSTAs to be

periments, an additional anomalous anticyclonic Cow_ﬂuennal on the Australian climate in JJA.

plet straddles the equator above the Indian ocean. This

does not appear to be strong enough to force a signifs gy rface Fluxes

icant extratropical response over Asia or south of the

Indian ocean, unlike the erroneously strong responseSorface heat fluxes are thought to be the dominant
Indian Ocean SSTAs reported by Kumar and Hoerlimgechanism by which ENSO atmospheric teleconnec-
(1998). However, it does influence the atmosphere oviems create remote ENSO SSTAs (eg. Lau and Nath,
the Atlantic in “IPOGA” in a manner similar to the forc-1996; Klein et al., 1999; Venzke et al., 2000). It has
ing of the atmosphere above the Indian ocean by theen shown that remote ENSO SSTAs are influential on
Pacific in “POGA". This Atlantic response is dampethe atmospheric teleconnections so it is important to be
in “TOGA” and “GOGA’ once weak tropical Atlantic able to predict them. Therefore the net surface heat flux
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JJA after El Nifio

Figure 11: El Nifio composite 200hPa velocity potentialraaties for the ENSO experimentsae contour interval
is 0.5 x 108m?s~1, negative contours are dashed and start@5 x 10m2s~—1. Values significantly different from zero at the 95% and
98% confidence levels are shaded light and dark respectively

anomalies for each of the ENSO experiments are piethe tropical Atlantic during DJF. This agrees with the
sented in order to study the predictability of the remo®STAs observed during El Nifio as shown in the com-
ENSO-related SSTAs. posite in figure 3 and confirms the longer lag of the trop-

The anomalous net downward surface heat flux d ical Atlantic behind the Pacific than the Indian Ocean

- ;

ing El Nifio for “POGA’ and differences with “POGA’ ‘ﬂeg Klein et al., 1999).
for the other experimentare shown in figure 13. For this
variable, values for SON before the peak of EI Nifio an
DJF at the peak are plotted because heat flux anom
take a few months to influence the SST significantly (e

When the Indian Ocean ENSO SSTAs are addition-
é)é imposed in “IPOGA’, the heat flux anomalies into
€ Indian Ocean are reduced. Also, positive heat flux

Pan and Oort, 1990: Klein et al.. 1999: Venzke et a .nomalles are forced along the South Pacific conver-

2000). As we are interested in the influences of rg?nce zone. - However, apart from this aspect which

§ not studied further, the Indian Ocean SSTAs appear
mote ENSO SSTAs at and after the peak of ENSO, t 5 have little impact on heat fluxes outside the Indian

heat flux anomalies before and at the peak are reIev.:—t%.ean unlike for the other atmospheric fields stud-

These heat fluxes include sensible and latent heat fIUf%eé This is likelv to be bartly because we are exam-
and solar and longwave radiation. ' y party

ining heat flux anomalies before and during the peak of
The “POGA" heat flux anomalies show a warmingNSO rather than during and after the peak, when re-
influence on the Indian Ocean during both seasons andte SSTAs become larger and more influential glob-
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Figure 12: El Niflo composite 200hPa stream function anmsdbr the POGA experiments and differences
with other experimentsthe contour interval i€ x 10m?s~1, negative contours are dashed and start itx 109m?s~1. Values
significantly different from zero at the 95% and 98% confidelavels are shaded light and dark respectively.

ally. But also, in HadAM3, the processes influencinipe Northeast of Brazil during DJF for “POGA” (fig-
heat flux anomalies remotely, appear to be driven prge 10). However, this direct Kelvin wave response
dominantly by the tropical Pacific SSTAs. This is & equatorially confined, limiting its geographical influ-
difference with sea level pressure and upper level cance. The direct Rossby wave response, polewards and
culation, which are significantly driven by each of thelightly westwards of the forcing, is also part of the Gill
tropical oceans. (1980) response and is most evident in the upper level

Similarly, the influence of the tropical Atlantic caranticyclones straddling the equator in the tropical Pa-
be seen by comparing “IPOGA’ and “TOGA" and theseific shown in the 200hPa stream function anomalies for
influences are small. The SSTAs imposed in the NoftROGA’ in DJF (figure 12). The Gill (1980) response
Pacific in “GOGA" also damp the heat flux response awes not extend further westwards than this.

simulated in “TOGA'". However, equatorial descent is also forced on the
These net surface heat flux results show that the Eruator directly to the west of the anomalous ascent,
mote tropical ENSO SSTAs observed during El Nifigver the Maritime Continent, manifest in the precipi-
may be predictable by HadAM3. The local feedbadlition anomalies for “POGA’ in DJF (figure 10). The
from SST onto heat flux can be strong but the rénomalous descending Walker circulation branches to
mote ENSO SSTAs do not strongly influence other he@le west and east force anomalous Hadley circulations
fluxes up to the peak of El Nifio. 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

4 Discussion and Conclusions

4.1 The Response to the West

The dominance of the atmospheric response to the whd}

of tropical SSTAs was not entirely expected and re- There are a number of possible reasons why this re-
guires some explanation. The Kelvin wave responsedponse in “POGA’ above the Indian Ocean is so much
the east of equatorial heating, part of the Gill (198®igger than that above the Atlantic. Firstly, the anoma-
response, is manifest in the reduced precipitation lous descent over the Maritime Continent is greater than
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Figure 13: El Nifio composite net surface heat flux anomatiesthe ocean for the POGA experiments and dif-
ferences with other experiments. Values significantlyedéht from zero at the 95% and 98% confidence levels
are contoured with dashed and continuous contours regphcti

that over the northeast of Brazil so the forcing of the Invest is consistent with equatorial Rossby and Kelvin
dian ocean is greater. Secondly, the anomalous desaesnes being forced over the central equatorial Pacific
over the Northeast of Brazil will have a Rossby wave rend meeting up over the Indian Ocean.

sponse polewards and slightly westwards. This would The results of these experiments and the possible
overlap with the primary Pacific Rossby wave responsgplanations presented here are consistent with the re-
of the upper level anticyclones and hence may not afults of Neale (1999), Hoskins et al. (1999) and Wool-
pear strongly. However, the Rossby wave responsenigugh et al. (2001). Their studies included aguaplanet
the descent over the Maritime Continent would stretg\GCM experiments with zonally symmetric SSTs,
westwards to above the Indian Ocean and therefegart from localised SSTAs centred on the equator.
would not interfere with the primary tropical Pacific reAgain, the response to the west was stronger than that to
sponse. the east and extended further polewards and westwards.

A third possible reason for the response that appehi@skins et al. (1999) concluded that this Rossby wave
to the west could be the meeting of the Rossby af@fPonse was not as simple as that described by Gill
Kelvin waves as described by Matthews (in press). _(,19&_30). They _attrlbuted this to the dl_stnbu_tlon of heat-
this study, convective anomalies over Africa during tHBJ in the vertical as well as the nonlinearity of the full
northern summer monsoon were found to be relatedA&CM. They also suggested that the Kelvin wave re-
the suppressed phase of the Madden-Julian OscillatRi}Pnse to the east was weaker than that modelled by
over the Maritime Continent 20 days earlier. Matthew3ill (1980) because of the weaker and more realistic
(in press) shows that this anomalous suppressed c8aMPing in a full AGCM.
vection over the Maritime Continent forces a westward
prop_agating Ro_ssby wave and an eastward propagaﬂr_@ The Influence of Remote ENSO SSTAs
Kelvin wave which meet up 20 days later over Africa,
favouring deep convection. The timescale for this adrhis study has shown that remote ENSO SSTAs have
justment is faster than the seasonal means studied hareimportant role in determining the atmospheric com-
but the location of the response that appears to be to goment of the ENSO cycle: seasonal forecasts could be
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improved and extended by taking these effects into gating between the Indian and Pacific oceans and provide
count if they can be modelled sufficiently accuratelimproved initial conditions for coupled models. The
Leading up to the peak of an El Nifio or La Nifia eventoupling between these two oceans and the influence
most of the reproducible tropical atmospheric responskthe Indian ocean on global climate is the subject of
is forced by the SSTs in the tropical Pacific since tHature research.

remote ENSO SSTAs are small. However, through the

peak and during the decay of the event, tropical Pacific
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