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Abstract

There is a strong association between canonical El Niño and a wet Greater

Horn of Africa (GHA) short rains. However, the link with Modoki El Niño

events appears to be significantly weaker. In order to understand this, we pre-

sent an analysis of observational data and idealised climate model experi-

ments. Idealised atmospheric simulations isolate the direct influence of Pacific

heating on the GHA and reveal that neither the longitudinal position nor the

observed weaker magnitude of Modoki Pacific heating anomalies can explain

the difference in teleconnections. The direct effect of canonical or Modoki

Pacific heating patterns on the GHA is similar and neither reproduces the

structure of the full GHA teleconnection: they both generate a wet-dry dipole

over the GHA instead of large-scale single-signed wet anomalies. Our results

indicate that the strong canonical ENSO influence on GHA is indirect, medi-

ated through its strong relationship with the Indian Ocean Dipole (IOD). By

contrast, Modoki ENSO is uncorrelated with the IOD, resulting in weak tele-

connection to GHA. Understanding these differences aids seasonal forecast

interpretation, whilst their representation in models is likely a prerequisite for

making accurate projections of changes in extremes over the GHA and

beyond.
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1 | INTRODUCTION

The climate of the Greater Horn of Africa (GHA) is
highly variable and the region is frequently affected by
significant large scale seasonal flooding and drought
(Mwangi et al., 2013; Kilavi et al., 2018). The GHA short
rains from October to December show particularly large
interannual variability with high predictability due to a

strong teleconnection to El Niño Southern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD) (Saji
et al., 1999; Nicholson, 2017). The IOD in particular has
been identified as the key driver of the short rains, whilst
it has been suggested that teleconnections from the tropi-
cal Pacific only impact the GHA indirectly (Rocha and
Simmonds, 1997; Goddard and Graham, 1999; Latif
et al., 1999; Bahaga et al., 2019).
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This high predictability has led to the development of
early anticipatory actions to manage climate variability
and efforts in GHA have been based on ENSO forecasts
alone (de la Poterie et al., 2018). However, ENSO events
vary in their character: anomalous sea surface tempera-
ture (SST) in the east Pacific is associated with El Niño
events and has long been studied (as such is referred to
as ‘canonical’ ENSO). More recently a different flavour of
ENSO has been identified, when SST anomalies are
located in the central Pacific Ocean, sandwiched by cold
SSTs over the tropical eastern and western Pacific Ocean
Ashok et al. (2007). This kind of ENSO event is known as
ENSO ‘Modoki’.

Current understanding identifies a distribution of
ENSO types, of which East and Central Pacific flavours
(canonical and Modoki) capture the extrema, and some
events do not clearly exist as one type or the other
(Capotondi et al., 2015) although the idea of two types is
useful as a framework to understand variability in
ENSO teleconnections, and are commonly considered in
operational seasonal forecasting and the academic liter-
ature (Yeh et al., 2018). However despite their preva-
lence, there are large uncertainties concerning the
precise nature of regional ENSO precipitation and tem-
perature teleconnections between different types of
events (WMO, 2020).

In particular the differential impact of ENSO variabil-
ity on the short rains of GHA is unclear; Ashok
et al. (2007) suggest no strong link between Modoki El
Niño and GHA rainfall, whilst (Preethi et al., 2015) indi-
cate an anticorrelation over inland areas. This suggests
that anticipatory action which does not distinguish
between ENSO flavours may lead to significant opera-
tional errors. In order to support accurate forecast-based
preparedness, we evaluate observational data and use cli-
mate model experiments, in order to diagnose the differ-
ential GHA rainfall responses to the different ‘flavours’
of ENSO.

2 | OBSERVATIONS AND
HYPOTHESISED CAUSAL
PATHWAYS

Indices of canonical ENSO (Niño 3.4, hereafter N34), and
the IOD were obtained from the National Oceanic and
Atmospheric Administration (NOAA) and the ENSO
Modoki Index (EMI, defined in Ashok et al. (2007)) was
obtained from the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC; please see acknowl-
edgments for web addresses of these data products).
CHIRPS (Funk et al., 2015) at 0.025� resolution was used
to evaluate spatial details of rainfall over land, whilst

GPCP (Adler et al., 2003) at 2.5� is used for evaluating
large-scale signals. ERA5 reanalysis is used to evaluate
atmospheric circulation (ECMWF, 2019). For all analysis,
October–December (OND) averages/totals are shown,
and data is evaluated over the period 1981–2017.

Analysis of large-scale climate indices with GHA rain-
fall leads to a set of hypothesised causal pathways
(Figure 1). OND rainfall correlates very strongly with the
IOD and strongly with N34 consistent with
(Nicholson, 2017). However we find no strong correlation
against the EMI. This is consistent with previous work
which finds no strong precipitation signal in the western
Indian Ocean during Modoki events occurring in boreal
winter (Ashok et al., 2007). Preethi et al. (2015) note neg-
ative correlations of the short rains with EMI across large
regions of inland GHA northwards of Lake Victoria to
the coast, after filtering out other influences. This is
somewhat consistent with Figure 1b showing negative
correlation in the north of the region. Differences may be
related to the different periods under study (Preethi
et al. (2015) consider data only up to 2010) and the use of
partial versus full correlations. We also note significant
correlation between N34 and EMI; this reflects the con-
tinuous nature of ENSO diversity (Capotondi et al., 2015)
as there is some co-variation in the indices: events with
warming present across the East and Central Pacific will
be classified as with both positive N34 and EMI indices.
However the distinction arises from events which show
cooling in the East Pacific alongside warming in the Cen-
tral Pacific; these will be classified with a strong EMI,
with neutral (or even weakly negative N34) index.

Correlating these indices directly with each other
(Figure 1d) shows a strong relationship between N34 and
IOD, consistent with previous work showing that El Niño
events predispose the Indian Ocean to strong positive
IOD events (Black et al., 2003). No statistically significant
correlation is found at the 5% level between the EMI and
IOD, consistent with Ashok et al. (2007).

This analysis leads us to the hypothesised causal net-
works outlined in Figure 1e. We then use climate model
experiments to test:

1. Direct links between the Pacific and the GHA, unme-
diated by the Indian Ocean, that is, do causal mecha-
nisms A and B exist? We compare the relative size of
A and B and use idealised and composite-SST forced
experiments to find out if differences in longitudinal
location, or the relative magnitude of Pacific SST
anomalies can explain the observed differences in the
canonical and Modoki teleconnections.

2. How important is any direct influence of ENSO on
GHA rainfall relative to that mediated by IOD. That is,
how large is A relative to C? This is approached

2 of 11 MACLEOD ET AL.



through analysis of composites of observed rainfall and
circulation during ENSO events and corresponding
responses in forced SST experiments. We address warm
and cold events separately, to disentangle any asym-
metric response to El Niño/ La Niña.

3 | CLIMATE MODEL
EXPERIMENTS

Atmospheric model simulations with prescribed lower
boundary conditions are run to investigate the sensitivity
of the short rains to characteristics of the SST forcing. We
use the ECMWF Integrated Forecasting System (IFS),
cycle CY41R1 at T255 resolution (around 80 km the equa-
tor). Our control experiment consists of a 37-member
ensemble of atmospheric simulations, initialised on
1-September for each year 1981–2017 to account for vari-
ability related to the initial state: the ensemble mean is
shown for all results to extract the forced signal. All simu-
lations run through to the end of December and use a
smoothed daily climatology (1981–2017) from HadISST as
a lower boundary condition (Rayner et al., 2003).

Six idealised experiments are run based on the control
setup, using the same 37 set of initial conditions. For
each, a constant 1 K anomaly was added to the climato-
logical SST forcing in the eastern, central or west Pacific
using both negative anomalies (experiments EP − 1, CP
− 1 and WP − 1) and positive anomalies (EP + 1, CP + 1
and WP + 1). The location of SST forcing is indicated
with contours in Figure 2 whilst the full SST field is
shown in Figure S1. A uniform one degree anomaly in
each of these areas is not intended to be realistic, how-
ever these idealised experiments isolate the impact of the
longitudinal position of heating alone.

We next run six experiments using realistic SST forc-
ing. The forcing is generated by first identifying 5 years
each with observed East/Central Pacific El Niño/La Niña
conditions (EPEN, CPEN, EPLN, CPLN). Observed daily
SST anomalies are constructed for each of the 5 years and
used to create forcing for each case by adding the
composited anomalies in the Pacific region to the base-
line HadISST1 daily climatology. For the EPEN case,
three forcing fields are constructed: one that isolates the
Pacific anomaly (EPEN) one that isolates the Indian
Ocean anomaly (IODA) and one that includes all tropical

FIGURE 1 Observed

correlation of October–
December CHIRPS rainfall

1981–2017 over the GHA with

(a) Niño 3.4 (b) ENSO Modoki

and (c) IOD: Correlations with

stippling exceed a 99% statistical

significance level calculated

with a t-test. (d) Shows cross-

correlations between the climate

indices along with an index of

short rains (SR) rainfall, defined

as the average over the domain

indicated by the grey line in (c),

with correlations significant at

the 99% level indicated with

asterisks. (e) Shows

hypothesised causal links along

with a summary of specific

research questions
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anomalies (TPIO). Full details of the methodology are
provided in Supporting Information.

We note that the selection of 5 years to define the
composite pattern is not meant to be definitive; there
exist more than one method of categorising ENSO types
and these do not always agree (Yu et al., 2012). For our
purposes here we only require that the resultant SST
anomaly is consistent with that seen in typical eastern or
central Pacific events. A comparison of Figure 2 and
Figure S1 with results of Yu et al. (2012); Capotondi
et al. (2015) shows that this requirement is met. In addi-
tion whilst we note the spectrum of ENSO diversity
(Yu et al., 2012), we also note that canonical and Modoki
are prominent in the observational record, and the con-
cepts play a key role in the operational seasonal forecast-
ing community. We thus aim to understand the impacts
of these archetypal flavours.

By applying anomalous forcing in the Pacific sector
alone, experiments estimate the direct forcing effect by
blocking off any indirect causal pathway through Pacific-
driven Indian Ocean variability. Results of these
composite-forced experiments can then be compared
with the corresponding composites of observations to
indicate the degree to which Pacific forcing in isolation is
responsible for the observed response over GHA.

4 | RESULTS

Idealised heating in the Pacific produces a wet response
over GHA (e.g., Figure 2b), whilst cooling produces a
small drying effect, centred off-coast (Figure 2a). This
suggests that there is a direct link between the Pacific
and GHA unmediated by the Indian Ocean; that the link

FIGURE 2 Impacts on precipitation from all experiments; differences minus control. Differences falling below a 90% significance level

according to a t-test are masked. Red (blue) contours indicate SST forcing anomalies greater (less than) 0.5 K (−0.5 K)
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A in Figure 1e exists. Moving the heating/cooling into
the central and west Pacific does not reduce the magni-
tude of this GHA response for cooling events, although
the wet response of CP + 1 (Figure 2d) is slightly weaker
over GHA than EP + 1 (Figure 2b). However the experi-
ments with forcing located in the far west Pacific
(WP − 1 and WP + 1, Figure 2e–f) show the largest pre-
cipitation response across the combined GHA and West
Indian Ocean sector. Precipitation anomalies over GHA
during the short rains are linked to the Indian Ocean
Walker Circulation (IOWC) and the impact of EP and CP
experiments on the upper and lower branches of the
IOWC is minimal (Figures S2 and S3). On the other hand
a large impact on the IOWC is seen for the WP experi-
ments, which is consistent with the large precipitation
response seen for experiments WP + 1 and WP − 1. This
suggests that the further-west longitudinal position of
SST anomalies cannot explain the observed weaker
impact of Modoki ENSO over GHA.

Considering the more realistic heating experiments,
EPEN (Figure 2h) shows a wet signal off the GHA coast,
some wet over land near the coast and a dry signal inland
to the east of Lake Victoria. The CPEN experiment by
contrast shows no statistically significant precipitation
response over GHA (Figure 2j). As such, for warm phases
of ENSO the link A has slightly larger magnitude than
link B. Cooling experiments show the opposite result,
with GHA drying signals that are stronger and more
widespread in CPLN (Figure 2i), whilst EPLN shows no
significant dry response over GHA land, although a simi-
lar strength but opposite-signed impact to EPEN is seen
off the coast (Figure 2g). This suggests that for cold ENSO
phases the link B has slightly larger magnitude than link
A. This is reflected in the circulation fields, where CPLN
shows a greater perturbation of the IOWC than EPLN,
whilst CPEN shows no impact on the IOWC
(Figures S2g–j and S3g–j).

This forced response of GHA precipitation to East
Pacific warming is much smaller than the observed
response (Figure 3a,e); the direct response alone is insuf-
ficient to reproduce the full teleconnection. Further, the
spatial structure differs markedly; the observed compos-
ites show a widespread wet signal extending from the
western Indian Ocean across GHA, whilst simulations
show a similar wet response east of 400E but with weaker
anomalies over the GHA coast and an opposing dry sig-
nal around Lake Victoria. The respective circulation
anomalies are instructive. Both observations and the
EPEN experiment show a weakening or reversal of the
IOWC over most of the Indian Ocean that is, large east-
erly zonal wind anomalies at the surface (Figure 3i,m)
and westerlies in the upper troposphere (Figure S4a,e).
West of 600E including the GHA itself, however, westerly

near-surface anomalies are evident in observations
(Figure 3m) but not reproduced by the forced experi-
ment, which has near-surface easterly anomalies across
the entire Indian Ocean and GHA. For Modoki warming,
the simulated (CPEN) and observed precipitation
responses are more similar, with wet anomalies over the
Indian Ocean and coast of GHA and a dry signal seen
inland (Figures 3b,f).

Both canonical and Modoki La Niña observed com-
posites show a drying over the western Indian ocean and
GHA, with larger magnitudes for Modoki events
(Figure 3g, h). The simulations are largely able to repro-
duce the signal east of 400E (Figure 3c, d). However, simi-
lar to heating events, the sign of the impacts diverge
inland over GHA: observed composites show a uniform
dry signal from the ocean through to the interior of GHA
(Figure 3g,h) with a sign change in zonal wind anomalies
from westerlies east of 600E to easterlies over the coast
(Figure 3o,p). By contrast, simulations show westerly
anomalies stretching into the interior of the continent
(Figure 3k,l), along with a dry response centred off the
coast and a wet response inland (Figure 3c,d).

Finally, the relative roles of the Indian and Pacific
Oceans during canonical El Niño years are evaluated by
comparing experiments TPIO, IODA with Pacific-only
EPEN (Figure 4). Experiments TPIO and IODA both
reproduce the same wet signal over the GHA, co-located
with strong positive anomalies in 200 mb divergence,
whilst EPEN only produces a moderate wet signal,
accompanied by a slight reduction in 200 mb divergence.
This suggests that the direct effect of El Niño then actu-
ally leads to increased subsidence over GHA and that any
increases in rainfall originate at lower levels through
circulation-driven increases in surface convergence
rather than deep convection. Conversely, local warming
linked to the IOD increases divergence at the top of the
atmosphere, suggesting deep convection. Returning to
the causal pathways in Figure 1e, this suggests that the
majority of the overall canonical ENSO teleconnection
arises from pathway C – indirectly via the IOD – and the
magnitude of pathway A is small relative to C.

Differences in the structure of low level zonal wind
anomalies are revealing. EPEN shows unrealistic uniform
easterlies across both land and ocean. TPIO shows strong
easterlies across the Indian Ocean, met by westerlies over
GHA. For IODA the structure is similar but the
westerlies from GHA are much stronger and extend fur-
ther into the Indian Ocean to 600E. This suggests during
canonical El Niño events the direct and indirect influ-
ences on near-surface zonal winds near GHA is opposite:
the direct effect promotes easterlies, whilst the indirect
effect promotes westerlies. The total impact is therefore a
combined result of contrary influences directly from the
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Pacific and Indian Oceans. We note that the observed
low level wind structure is most faithfully represented in
IODA (compare Figures 3m and 4c). However, when the
Pacific forcing is included (Figure 4c, TPIO), the easterly
influence dominates over the west Indian Ocean, with
westerly anomalies confined to the continent. This sug-
gests that in this model, the direct influence of the Pacific
Ocean on the atmospheric circulation may be too strong
relative to the direct forcing from the Indian Ocean.

5 | CONCLUSIONS

In this work we have used a set of idealised model experi-
ments along with analysis of observations to evaluate
causal pathways linking GHA rainfall to variability in the
Pacific and Indian Oceans. A small direct effect of Pacific
SST variability is found (i.e., pathways A & B in Figure 1e
exist). Uniform Pacific heating (cooling) generates wet
(dry) anomalies in the west Indian Ocean and over the

FIGURE 3 Comparison of the response to composite-forced SST experiments with the observed response from ENSO composites. (a–d)
Show the difference of OND precipitation in experiments against control and (e–h) show observed precipitation anomalies in composited

EPEN, CPEN, EPLN and CPLN years. (i–p) as (a–h) but for zonal wind at 1,000 mb. For clarity no significance masking is applied; the

differing methodology of experiments and composites results in different threshold criteria for considering results significant
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GHA, which are larger when forcing is located further
west in the Pacific. This demonstrates that the weaker
observed Modoki teleconnection to GHA is not a direct
effect of the longitudinal position of Pacific heating.
However when realistic El Niño heating anomalies are
imposed, pathway A is indeed larger than B for positive
ENSO phases, likely attributed to the lower magnitude of
SST anomalies in the central Pacific compared to the east.
Conversely, with realistic Pacific cooling imposed in
which the SST anomalies of Modoki and canonical La
Niña, are of similar magnitude, GHA drying is stronger
in the former case (i.e., pathway A is smaller than B for

negative ENSO phases), suggesting greater sensitivity to
west Pacific SST anomalies. It is notable that Pacific
cooling alone, without the Indian Ocean, is sufficient to
reproduce the magnitude of the observed drying response
over the GHA coast.

Circulation and rainfall responses in forced Pacific-
only SST experiments show important differences to the
observed teleconnections. In observed composites of
canonical El Niño events a large uniform wet signal is
seen across the GHA associated with zonal wind anoma-
lies of opposite-sign east and west of 600E. By contrast
experiments with Pacific forcing alone show a wet-dry

FIGURE 4 Comparing the direct role of Pacific and Indian Ocean SST during canonical El Niño years. (a) Shows SST forcing in three

experiments: For each, anomalies are generated from composited EPEN years but applied across the tropical Pacific and Indian Ocean

(TPIO), the East Pacific (EPEN, as previous) and the IOD dipole (IODA). (b-d) Respectively show the anomalous responses of precipitation,

850 mb zonal wind and 200 mb divergence. Differences below a 90% significance level according to a t-test are masked
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dipole over the GHA, with drying around Lake Victoria
and a wet response over the coast, whilst zonal winds
show uniform easterly anomalies across GHA and the
Indian Ocean. Similar (but opposite) responses are seen
for Pacific-only cooling events. These differences in the
teleconnections between observations and the Pacific-
only experiments are then related to SST anomalies in
both the west and east Indian Ocean which act to modify
the direct Pacific effect (notably two additional experi-
ments isolating the impact of each IOD pole show com-
parable impacts on GHA rainfall, in both cases
significantly larger than EPEN, not shown). For positive
IOD events, locally warm SST increases upward motion
throughout the atmosphere, favouring deep convection
and westerlies over GHA. Without anomalous SSTs in
the Indian Ocean easterly zonal wind anomalies can
extend all the way into the GHA interior. Concurrently,
the cold eastern pole of the IOD will suppress convection
there and weaken the IOWC and increase convection in
the west which will also act to limit the incursion of the
direct-ENSO related easterlies into Africa. These results
explain the findings of Goddard and Graham (1999), who
also note that Pacific forcing may act to counteract the
effect of Indian Ocean on GHA. These competing effects
of Pacific and Indian Ocean variability on GHA rainfall
are summarised in Figure 5.

We speculate that this extension of the large-scale
near-surface easterlies across GHA with the direct Pacific
effect could suppress inland rainfall around Lake Victoria
through two mechanisms. Firstly it may impede westerly

wind incursions from the Congo, which have been associ-
ated with rainfall events (Finney et al., 2019). Secondly
they may enhance the low level Turkana Channel jet in
northwest Kenya (Kinuthia, 1992; Nicholson, 2016),
which may inhibit rainfall.

Indian Ocean forcing alone reproduces a GHA rain-
fall response more consistent with observations, both in
the size of anomalies and spatial pattern. This suggests
that the observed link between canonical El Niño and
wet GHA short rains is largely mediated through the
Indian Ocean through El Niño's conditioning of the
Indian Ocean for positive IOD events (Black et al., 2003).
In other words, pathway A of Figure 1e is much smaller
than pathway C. This result is consistent with recent sig-
nificant short rains anomalies: in 1997 the very wet short
rains was accompanied by both strong El Niño and posi-
tive IOD event (Latif et al., 1999), whilst in 2015 the very
strong El Niño event was only accompanied by a rela-
tively modest positive IOD and led to lower-than-
anticipated rainfall over the region (MacLeod and
Caminade, 2019). Most recently, the recent 2019 short
rains was one of the wettest on record and occurred in
conjunction with a record-breaking IOD event, without
any El Niño activity in the Pacific (Wainwright
et al., 2020).

The primacy of the IOD-mediated link found here is
consistent with previous work highlighting Indian Ocean
variability as a key driver of GHA rainfall (Rocha and
Simmonds, 1997; Goddard and Graham, 1999; Latif
et al., 1999; Black et al., 2003), and with statistical

FIGURE 5 Summary

schematic of the links between

ENSO and GHA short rains rainfall
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analysis of historical climate data which shows the influ-
ence of canonical ENSO to be mediated by in-phase
occurrence of the IOD Bahaga et al. (2019). It is also con-
sistent with the findings of Bahaga et al. (2015), who use
a low resolution (3.75�) atmospheric model to isolate the
effect of Indian Ocean SST variability on the short rains
and conclude that SSTs outside the Indian Ocean play a
minor role (we extend these findings by focusing on the
comparative direct effects of canonical and Modoki
ENSO). Our findings then lead to the conclusion that the
weak observed teleconnection of the short rains with El
Niño Modoki can be explained by lack of a strong corre-
lation of Modoki El Niño with the IOD, which is seen
here (Figure 1d) and in previous work (Ashok
et al., 2007). They also demonstrate that an analogue
approach based purely on El Niño variability will likely
lead to significant forecast errors, and Indian Ocean vari-
ability must be taken into account.

A strong test of the conclusions of Indian Ocean pri-
macy would be the co-occurrence of opposite-signed
anomalies in the Pacific and Indian Ocean. However
instances of this type are rare: the only instance identified
is during the short rains of 2011 which saw a relatively
weak La Niña Modoki increasing in strength to the end
of the year, alongside a positive IOD which returned to
neutral by December. Rainfall anomalies for this season
show strong positive anomalies for October and
November, with neutral anomalies in December (not
shown). This shows clearly the dominance of the positive
IOD, despite the concurrent strong La Niña Modoki in
the Pacific, and strongly supports our conclusions.

Our work has implications for understanding both cli-
mate projections and seasonal forecasting over GHA. The
future of the IOD and climate extremes around the Indian
Ocean rim may well be determined by the balance
between various effects which have emerged from analysis
of CMIP5 models, for example, increased susceptibility to
extreme positive IOD and IOWC reversal events driven by
heterogeneous Indian Ocean SST trends (Cai et al., 2014),
and reduced triggering of those reversals driven by a shift
toward El Niño Modoki (Yeh et al., 2009). However, we
note that Cai et al. (2014) find the same level of correlation
between IOD and both canonical and Modoki ENSO in
most CMIP5 models, suggesting they are unable to dis-
criminate the different Indian Ocean response to different
modes of Pacific variability.

Analysis of seasonal forecasts from ECMWF also sug-
gest flawed simulation of Indian Ocean responses to
Pacific variability, where a too-strong positive IOD-like
response is generated when the maxima of Pacific El Niño
warming is located further west than normal
(MacLeod, 2019). Many other dynamical seasonal forecast
systems exhibit spatial variations in prediction skill that

reflect aspects of the dipole pattern of Figure 5 (Richard
Graham, personal communication, see also Shukla
et al. (2016); MacLeod (2019); Walker et al. (2019)),
suggesting correct representation of the relative strengths
of the direct and IOD-mediated responses are a key issue
for model development. Work is in progress to investigate
these issues to help inform the use of multi-model ensem-
bles at ICPAC (George Otieno, personal communication).

Further, at least half of all CMIP5 models have worry-
ing biases in the mean state including an incorrect sign
of mean zonal winds over the Indian Ocean (Hirons and
Turner, 2018) (also shown evolving rapidly in seasonal
forecasts by Walker et al. (2019)). Such a mean state bias
impacts the ability of models to generate credible tele-
connection mechanisms as shown by Hirons and
Turner (2018). There is, therefore, a critical need to
improve our understanding and modelling of the trigger-
ing of IOD events and the weak Modoki ENSO-IOD link;
both to determine how this may evolve as the back-
ground SST state warms differentially, and to ensure that
seasonal forecasting models accurately represent the

TABLE 1 Archiving labels which can be used to access the

data, stored at ECMWF MARS (see www.ecmwf.int for more

details of access)

Experiment name Archiving label

CTRL B2B6

EP − 1 B2BB

EP + 1 B2BC

CP − 1 B2BF

CP + 1 B2BG

WP − 1 B2BJ

WP + 1 B2BK

EPLN B2DZ

EPEN B2DX

CPLN B2E0

CPEN B2DY

TPIO B2EU

IODA B2EV

TABLE 2 Years used to define OND composites for each type

of ENSO event

Composite Years

Canonical El Niño (EPEN) 1982, 1987, 1997, 2002, 2015

El Niño Modoki (CPEN) 1990, 1991, 1994, 2004, 2009

Canonical La Niña (EPLN) 1985, 1995, 1999, 2007, 2017

La Niña Modoki (CPLN) 1983, 1988, 1998, 2008, 2010
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balance between predictable signals arising from the
Pacific and the Indian Ocean.
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FURTHER DETAILS OF COMPOSITE-
FORCED CLIMATE MODEL EXPERIMENTS
Forced-SST experiments are run using realistic SST forc-
ing derived from SST anomaly composites of the five larg-
est years of canonical (Niño/La Niña, EPEN/EPLN) or
Modoki Central Pacific El Niño/La Niña, CPEN/CPLN)
events. To define the years, first October–December aver-
ages of both the Niño 3.4 index (N34) and ENSO Modoki
Index (EMI, http://www.jamstec.go.jp/frsgc/research/d1/
iod/modoki_home.html.en) are taken and standardised.
(both indices are downloaded from NOAA (https://www.
esrl.noaa.gov/psd/gcos_wgsp/Timeseries/). Every year is
then classified as follows:

• EPEN: if N34 is greater than zero and greater than the
absolute value of EMI

• CPEN: if EMI is greater than zero and greater than the
absolute value of N34

• EPLN: if N34 is below than zero and the absolute value
is greater than the absolute value of EMI

• CPLN: if EMI is below than zero and the absolute
value is greater than the absolute value of N34

The absolute value condition is included in order to
catch strong canonical El Niño events which have a

negative EMI index and could appear as a moderate La
Niña Modoki (for instance, 1997). Once all years have
been calculated, for each category we pick the 5 years
which have the highest or lowest respective index
(i.e., N34 for EPEN/EPLN and EMI for CPEN/CPLN).
The resulting years are shown in Table 2.

For each set of 5 years a composite daily anomaly
SST field is calculated over the domain 200N–200S,
1500E–850W, then added to the climatology field else-
where with exponential smoothing over a 10� perimeter
to avoid discontinuities. Only positive anomalies within
the domain are added for El Niño experiments and only
negative anomalies added for La Niña experiments.
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