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Abstract

The dry half of the year from May to October over the Maritime Continent (MC) has experienced
unprecedented damages from forest fires in recent decades. The observed interannual rainfall
variability during this period is closely tied to sea surface temperature (SST) variability over the
equatorial Pacific (EP). Therefore, the future evolution of EP SST can be expected to influence the
climatological precipitation over the MC. Whilst multi-model means (MMMs) suggest a future
drying trend over the south-western part of the MC, there is considerable model uncertainty. Here,
using a storyline approach with the 38 climate models from Coupled Model Intercomparison
Project Phase 6, we distinguish the model uncertainty associated with changes in the zonal EP SST
gradient from that associated with the basin-wide EP (BEP) warming. We find that an increase in
east-to-west EP SST gradient would bring more rainfall over the north-eastern regions including
northern Borneo, Sulawesi and New Guinea. In contrast, the intensity of the basin-wide warming
of EP SST is directly linked with the drying response seen over the south-western MC in the MMM.
This drying affects the highly vulnerable regions of Sumatra and Kalimantan for forest fires. Our
results suggest that a storyline under higher BEP warming accompanied by an El-Nino like change
in zonal SST gradient would lead to even drier climatic conditions over these key regions. However,
the observed record of more than one hundred years favours a storyline of lower BEP warming
accompanied by a La-Nina like change in zonal SST gradient, which would lead to minimal drying

over the south-western MC and wetter conditions over the north-eastern parts of the MC.

1. Introduction

The Maritime Continent (MC) region mainly con-
sists of the archipelagos of Indonesia and receives
rainfall year round, with a wet half and a compar-
atively dry half of the year (Murakami and Sumi
1978, Hendon 2003, McBride et al 2003, Chang et al
2004, 2005). The minimum rainfall during the dry
half (from May to October) occurs in August and
the rainfall during this period is found to be closely
tied to variability in equatorial Pacific (EP) sea sur-
face temperature (SST), especially the El Nino South-
ern Oscillation (Haylock and McBride 2001, Hendon
2003, McBride et al 2003, Juneng and Tangang 2005,
Kubota et al 2011, Lestari et al 2016, Zhang et al 2016,
Supari et al 2018). A growing number of forest and
peat fire events have been recorded over a vast region

© 2023 The Author(s). Published by IOP Publishing Ltd

of the MC during this dry period over the last decades
(Nichol 1998, Koplitz et al 2016). These fires bring
a large amount of smoke and haze over the human
population and cause severe distress to human health,
leading to high mortality (Johnston et al 2012, Kim
etal 2015, Lelieveld et al 2015, Koplitz et al 2016). The
most devastating haze from fires and associated high
casualties mainly occur during the years with a strong
El Nino (Tangang et al 2010, Reid et al 2012, Marlier
etal 2013). The severe haze in the 2015 strong El Nino
year took an estimated 91600 lives in Indonesia alone
(Koplitz et al 2016). Hence it is of huge concern how
much damage such events could bring under chan-
ging climatic conditions over the MC.

Previous studies from a few global and
mostly regional climate models show a drying in
multi-model mean (MMM) climate changes over
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the southern and western Sumatra and Kalimantan
regions of the MC (Giorgi et al 2019, Kang et al 2019,
Supari et al 2020, Tangang et al 2020, Ge et al 2021).
These are the regions that have shown high vulnerab-
ility of having large fire events in strong El Nino years
(Page et al 2002, Huijnen et al 2016). However, an
extensive study with the large number of global mod-
els from the latest Coupled Model Intercomparison
Project Phase 6 (CMIP6) shows uncertainty in cli-
matological precipitation changes over those regions
(Zappa et al 2021). Given that EP SST is one of the
main drivers of variability in MC dry period pre-
cipitation, this uncertainty in projected precipitation
changes could be due to different patterns of evol-
ution of EP SST in different models. A recent study
has shown that in the CMIP5 models the EP SST
indeed evolves differently in different models, with
more models showing a larger warming of eastern EP
(EEP) SST than of western EP (WEP) SST, and with
different magnitudes of overall warming of the basin-
wide EP (BEP) (Yang et al 2021). This model uncer-
tainty motivates us to examine how the changes in the
patterns of EP SST influence the projected changes
in dry-season precipitation over the MC. We address
this question using the storyline approach (Shepherd
etal 2018), previously developed to explain changes in
midlatitude precipitation in terms of remote drivers
(Zappa and Shepherd 2017, Mindlin et al 2020), but
now using EP SST patterns as the remote drivers.

2. Data and methods

To understand what drives future changes in MC dry
season (May-to-October, hereafter MJJASO) precip-
itation, we use simulations from 38 coupled climate
models in CMIP6 (Eyring et al 2016, Ghosh 2023).
The descriptions of all models used are given in sup-
plementary table S1. Not all models provide mul-
tiple ensemble members. To simplify the analysis, we
therefore only use one ensemble member from each
model. This also helps in making a straightforward
comparison of each model’s climatology to the obser-
vations, which is also a single realisation of Earth’s
climate.

For constructing the climatology of past climate,
we average the data from 1930 to 1960 in the histor-
ical simulations. We chose this period to minimise
the prominent effect of natural forcings from volcanic
eruptions on the estimate of global mean surface
temperature (GMST), which can be seen after 1960
due to three major eruptions from Agung (1963),
El Chiché6n (1982) and Pinatubo (1991) (Lewis and
Curry 2015). The future climatology is determined
by averaging the data from 2070 to 2100 in the SSP5-
8.5 simulations, and the difference between the two
is taken to represent the response of each model to
climate change.
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Following the method described in Zappa and
Shepherd (2017), we perform a multiple linear regres-
sion (MLR) analysis where, for each grid point in the
MC and for each climate model, the climatological
change in the dry season precipitation (AP) is the
dependent variable, and the two indices of SST evol-
ution over the EP, identified by Yang et al (2021),
are considered as the independent variables, i.e. they
represent the presumed drivers of MC precipitation
changes. One of these SST drivers is the change in BEP
(150°E-90°W, 10°S-10°N) SST (ATggp); the other is
the change in the SST difference between the west-
ern (155°E-175°W, 5°S-5°N) and eastern (145°W-
115°W, 5°S—5°N) EP (ATwgp—_gep). To remove the
confounding effects of different climate sensitivities
in the different models, we scale both the precip-
itation and SST changes by the changes in GMST
(ATgmst)- This step, which appeals to pattern scaling
(Tebaldi and Arblaster 2014), is a reasonable assump-
tion for transient scenarios such as SSP5-8.5 (espe-
cially for regions not influenced by the Arctic) and
allows us to disentangle the uncertainty in the spa-
tial pattern of precipitation response from the uncer-
tainty in global warming. In particular, it allows us
to explain the precipitation response in terms of the
changes in the drivers, conditional on a given global
warming level (Zappa and Shepherd 2017). All driver
changes are standardised before applying the MLR.
The MLR equation is expressed as:

AP ATggp )’
- =a+ b | ————
(ATGMST)m (ATGMsT "

ATWEP—EEP>/
goo2wEPEER )L (1)
< ATemst /,,

Here m is the index running over the different
models; AP is the precipitation change at each grid
point; b and ¢ are the regression coefficient maps
(i.e. functions of latitude and longitude) in units
of mm d~! K~! change in GMST, which represent
the response in the local precipitation from the two
respective SST drivers; the constant factor a indicates
the precipitation change without any anomalies in the
drivers, i.e. the MMM response per Kelvin change in
GMST; ey, is the residual for each model; and the
primes denote standardised anomalies.

This approach is predicated on the hypothesis that
the model uncertainty in the precipitation response
is dominated by the model uncertainty in the driver
responses with the precipitation response to those
drivers assumed to be consistent between models. The
success of the approach is assessed through metrics
such as the fraction of variance explained, and the
median absolute deviation of the residuals.

For comparison with observed climatology and
variability, we use Global Precipitation Climatology
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Center (GPCC) precipitation data at 1 degree hori-
zontal resolution (Becker et al 2013, Schneider et al
2017) and Met Office Hadley Centre SST data for the
period 1901-2019 (Rayner et al 2003). An empirical
orthogonal function (EOF) analysis is performed to
capture the first two modes of SST variability over the
tropical Pacific.

3. Results

3.1. Climatology: observations and CMIP6

We first compare the climatology in the models with
observations for the chosen historical period (1930-
1960) to assess the extent to which the models are
able to capture the large-scale characteristics of MC
dry period precipitation (figure 1). Generally more
rainfall is found to be concentrated over the islands
compared to the surrounding oceans due to the sea-
breeze convergence over the islands (Qian 2008). The
observed climatology shows one centre of maximum
climatological precipitation of around 8-10 mm d !
over north-western Borneo and another over New
Guinea. The islands of Java and Sumatra also have
rainfall in the range of 4-6 mm d~!. The overall sim-
ilarity of the large-scale historical climatological pre-
cipitation patterns indicates that the CMIP6 models
are able to simulate the observed large-scale structure
of the MC precipitation. This gives us confidence to
investigate the future evolution of the large-scale pre-
cipitation climatology under global warming based
on the CMIP6 models.

3.2. Observed association of dry period MC
precipitation to EP SST
The observed record of the last 119 years can help
understand how the interannual variability in EP SST
relates to that of MC dry period precipitation. This
understanding can be used to support the causal
interpretation of the relationships across the climate
model projections that are shown later from the MLR
analysis. In this study, our two main drivers of the cli-
matic changes are BEP SST change and the change in
the zonal gradient of the EP SST (WEP-EEP SST). In
the observations, both indices show a positive trend
over the last century, indicating a moderate warm-
ing of the BEP with a comparatively larger warming
of the WEP than the EEP (figure S1). The observed
joint trend lies just within the spread of the historical
trends simulated by the CMIP6 models, although the
observed WEP-EEP SST trend is found at the extreme
positive limit of the model simulated trends, poten-
tially reflecting systematic model biases in capturing
the EP SST gradient (Lee et al 2022, Wills et al 2022).
When we try to understand the observed precip-
itation response based on the interannual variability
of these two drivers, they are found to be highly cor-
related due to the highly variable EEP region being a
common part of both drivers’ regions (not shown).

R Ghosh and T G Shepherd

We address this through EOF analysis which separ-
ates the BEP warming and the zonal EP SST gradi-
ent (WEP-EEP SST) as the first two modes of trop-
ical Pacific SST variability (figures 2(a) and (d)). The
first mode shows a positive EP SST anomaly from the
EEP to 150°W, which is similar to the BEP warming
that is used as our first driver (shown as the black
box in figure 2(a), representing the BEP region). This
mode captures the moderate positive trend seen in the
observed SST averaged over the BEP region (figure
S1). The second mode has warm SST anomalies in
the WEP, including the MC, and cold anomalies over
the eastern to central EP. This mode is known as the
‘Cold Tongue mode’, whose PC shows a continuous
upward trend throughout the 20th century, in con-
trast to the principal component (PC) of the first
mode (figures 2(b) and (e)). This upward trend is sug-
gested to be capturing the observed effect of global
warming on the EP (Zhang et al 2010, UHeureux et al
2013, Lietal 2015,2017, Lietal 2019, Roxy et al 2019,
Jiang and Zhu 2020).

An MLR analysis of the effect of these two tropical
Pacific SST modes of variability on the observed MC
dry period precipitation reveals an opposing influ-
ence (figures 2(c) and (f)). The first mode has a drying
influence over most of the MC (figure 2(c)). In con-
trast, the second mode has a wetting influence over
Borneo, Sulawesi and New Guinea, and a minimal
influence over the island of Sumatra (figure 2(f)).

3.3. Future changes in EP SST drivers

We now seek to link the uncertainty in the MC dry
period precipitation changes to the uncertainty in the
EP SST changes in the CMIP6 models, as represented
by the two driver indices A Tggp and AT wgp.ggp. First,
we visualize the spatial patterns of EP SST changes
associated with the two drivers. Using the scaled SST
changes at each grid cell as the dependent variable
in equation (1), we obtain the spatial patterns of
SST response associated with the driver responses
(figures 3(a) and (b)). As expected from the defin-
ition of the driver indices, the pattern for ATggp
(figure 3(a)) has a monopole structure across the
EP, whilst that for ATwegp ggp has a dipole structure
(figure 3(b)).

The uncertainty in the changes in these two
drivers across the CMIP6 models, together with the
uncertainty in global warming itself over the same
period, are shown in figures 4(a) and (b). Note that
panels aand b are separated because of the very differ-
ent vertical scales in the two cases, since A Twgp_gep is
a difference between two quantities. Yang et al (2021)
has shown that the uncertainty in the CMIP5 models’
unscaled ATwgp_ggp response is uncorrelated with
the uncertainty in their unscaled ATggp response. We
find that in the CMIP6 models the unscaled driver
responses have a correlation of 0.29, but after scaling
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Figure 1. The extended dry period (May-to-October, MJJASO) precipitation climatology for the period 1930-1960 over the MC
in (a) GPCC and (b) the MMM from the CMIP6 historical simulations consisting of 38 climate models. The units are in mm d~!.
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Figure 2. (a), (d) The first two modes of tropical Pacific SST variability during the extended summer (MJJASO) for the period
1901-2019 in HadISST data. The boxed areas labelled as BEP, WEP and EEP show the regions used to construct the two driver
indices in the CMIP6 model analysis. The units are in Kelvin. (b), (e) the normalised PC timeseries of the first two EOFs,
respectively. The black lines show the 5 year running mean of the timeseries. (c), (f) are the MLR coefficient maps of the observed
precipitation changes (in mm d~!) over the MC with respect to a 1 standard deviation positive change in the PC timeseries
shown in (b) and (e). Stippled regions are statistically significant at the 5% level.
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Figure 3. The extended summer (MJJASO) SST response over the EP scaled by global warming (in units of K K™!) associated
with a 1 standard deviation positive change (across the distribution of CMIP6 models) in (a) the BEP SST, ATggp and (b) the
difference between WEP-EEP SST, ATwep.gep. Stippled regions are statistically significant at the 5% level according to a two-sided

by global warming this correlation disappears (cor-
relation coefficient = 0.01). We thus consider the
two drivers as being independent. This simplifies the
interpretation of the subsequent statistical analysis,
although it is not a requirement for this methodology
(see Mindlin et al 2020). Figure 4(c) shows the distri-
bution of driver responses (scaled by global warming)
across the CMIP6 models. In contrast to the histor-
ical period, where most of the models exhibit a pos-
itive WEP-EEP SST change, here less than one-third
of the models do. This underscores the importance of

considering the full range of model possibilities rather
than focusing on the MMM.

3.4. Future changes in MC dry period precipitation
in relation to EP SST changes

The MLR analysis based on equation (1) reveals that
awarmer BEP SST (larger ITggp) leads to drier condi-
tions over the entire MC region (figure 5(a)). A prom-
inent and significant drying response in the range
of 0.10-0.15 mm d~' K~! can be seen over mid
to southern Sumatra, Java, Kalimantan, and western

4
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Figure 4. Distribution of the climate change response between the historical (1930-1960) and future (2070-2100) periods under
SSP5-8.5 across 38 CMIP6 models in the extended summer period (MJJASO) for (a) the difference between western (155 E —
175 W, 5 S5 N) and eastern (145 W—115 W, 5 S—5 N) EP SST (A Twep.gep ), and (b) BEP SST (150 E— 90 W, 10 S-10 N,
ATgep), and GMST (ATgmsr). The multi-model median (orange line), interquartile range (green box) and full spread
(whiskers) are shown through a box-and-whiskers plot. (c) Scatter plot of ATggp (along the y-axis) and ATwgp-gep (along the
x-axis), both scaled by ATgumsr, across the CMIP6 models. Each marker represents a particular model indicated in the legend.
The dashed vertical line indicates the position of zero in the x-axis. The red ellipse shows the 80% confidence region from the
bivariate normal distribution based on the CMIP6 model driver responses. The black vertical and horizontal lines show the means
of the scaled driver responses, which divide the confidence ellipse into four equal quadrants. The red dots on the ellipse indicate
the four storylines that combine anomalies in the two EP SST drivers.
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Figure 5. MC dry period (MJJASO) precipitation response scaled by global warming (shaded, in mm d—! K—!) associated with a
1 standard deviation positive change (across the distribution of CMIP6 models) in (a) the BEP SST, and (b) the difference
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the same but for the 850 hPa horizontal winds (in m s ! K™ !). The length of a reference vector with magnitude 0.05 m s~ ! K~!
is shown in the legend. The dashed boxes show specific regions considered in table 1.

to central New Guinea. The associated response in
the 850 hPa wind shows diverging low-level wind
anomalies associated with the centre of the drying.
Among the drying regions, Sumatra and Kalimantan
are the two regions which have seen devastating forest
fires over the last decades (Page et al 2002, Margono
et al 2014, Huijnen et al 2016). Meanwhile a posit-
ive change in the difference between WEP and EEP
SST, indicating a larger warming over the warm pool
region, leads to increased climatological precipitation
across the central to north-eastern side of the MC
(figure 5(b)). Specifically, northern Borneo, Sulawesi
and New Guinea show a significant increase in clima-
tological rainfall of around 0.15-0.20 mm d~' K.
These wetter conditions are associated with conver-
ging low-level wind anomalies mainly coming from
the WEP. We note that the regions of significant influ-
ence from these two EP SST drivers are somewhat
complementary over the MC. The inferred precipit-
ation responses to the two drivers are similar to those
seen in the observations (figures 2(c) and (f)), giving
confidence in their causality.

3.5. Storylines of future MC dry period
precipitation changes

From the above analysis, four storylines of MC dry
period precipitation change can be constructed fol-
lowing the methodology of Zappa and Shepherd
(2017). Each storyline is based on a particular com-
bination of the changes in the two drivers, BEP
SST and WEP-EEP SST, compared to the MMM.
We select equal standardised anomalies of the two
drivers, which lie on the 80% confidence region of the
joint distribution to represent possible but extreme
storylines (shown as the four red dots on the 80%
confidence ellipse in figure 4(c)), as the minimal set of
possible combinations of positive and negative states
that can be made from two drivers. From a Chi-
squared distribution, that standardized amplitude is
determined to be 1.26. Hence following equation (1),
the four storylines are represented as:

AP =a+126b+1.26 2
m =a . .26 c. (2)

These four storylines are shown in figure 6,
together with the MMM. Under a high BEP warm-
ing we find a prominent drying response over central
to southern Sumatra and Java (figures 6(a) and (b)).
The drying response extends further to southern Kali-
mantan and to the islands of Sulawesi in the case of
a higher warming over the EEP, i.e. low (WEP-EEP)
(figure 6(a)). In contrast, under a low BEP warming,
we find a minimal drying response over the south-
western MC (figures 6(d) and (e)). The MMM exhib-
its a drying response across the south-western part of
the MC of a somewhat reduced amplitude compared
to the high BEP warming storylines (figure 6(c)),
which is consistent with the drying MMM response
found in previous studies (Giorgi et al 2019, Supari
et al 2020, Tangang et al 2020). Our analysis suggests
that the MC drying seen in the MMM is linked with
the amplitude of the BEP warming, and that a higher
BEP warming would lead to a higher risk of increase
in forest fires over the south-western part of the MC
under global warming, for a given global warming
level.

In the case of the storylines with high WEP-EEP
SST change, we find a stronger and positive precipita-
tion response over Borneo, Sulawesi and New Guinea
(figures 6(b) and (e)). These storylines are worth
highlighting as the observed record of SST changes
shows a higher warming over the WEP over the last
century (Seager et al 2019), even though a majority of
the climate models project the opposite behaviour for
the future (figures 4(a) and (c)).

Up to between 30% and 40% of the total vari-
ance in the MC dry period precipitation responses
across the CMIP6 models is associated with the two
EP SST drivers (figure S2). They explain more vari-
ance over the north-eastern parts compared to the
south-western parts of the MC. Similar to Mindlin
et al (2020), we compare the area averaged values of
the precipitation changes in the four storylines over
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Figure 6. The response of dry period MC precipitation per degree of global warming in four different storylines based on four
combinations of changes in the two EP SST drivers, represented by the four red dots on the 80% confidence ellipse in figure 4(c).
(a), (b) represent the storylines with stronger BEP warming with lower and higher change in zonal SST difference (WEP-EEP),
respectively. (d), (e) are the same but for a weaker BEP warming. (c) shows the multi-model-mean (MMM) response.
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Table 1. Over three MC regions (shown in figure 5), area averaged precipitation response (in units of mm d=! K=!) to each driver and
for the four storylines shown in figure 6 along with the median absolute deviation of the residuals (ResMAD) from the MLR.

Region b c Storylinel Storyline2 Storyline3 Storyline4 ResMAD
Sumatra —0.12 0.03 —0.39 —0.31 —0.06 0.01 0.16
Kalimantan —0.11 0.06 —0.08 0.07 0.21 0.36 0.10
New Guinea —0.10 0.13 —0.04 0.28 0.22 0.56 0.16

three key regions in the MC (shown as dashed black
boxes in figure 5) along with the median absolute
deviation of the residuals (ResMAD) from the MLR
equation (1) (table 1). The ResMAD indicates the
noise level in the MLR model. We find that the differ-
ences in the area averaged storyline values over these
regions are larger than the ResMAD, indicating the
robust explanatory potential of the storylines.

4. Conclusions

Utilising the uncertainty of the EP SST evolution in
the CMIP6 models, we construct storylines of how the
future EP SST changes could influence the MC dry
period precipitation under global warming. We find
that a BEP warming leads to a drying response over

the south-western MC regions of Sumatra, Java and
Kalimantan. We also find that a positive change in the
WEP-EEP SST difference leads to more precipitation
over northern Borneo, Sulawesi and New Guinea.
Our findings suggest that the CMIP6 MMM
response of future drying over the south-western part
of the MC is linked with the BEP warming. Previ-
ous studies with CMIP5 models and regional climate
models also found such a drying response over the
MG, especially over central to southern Sumatra and
Java (Giorgi et al 2019, Supari et al 2020, Tangang
et al 2020). These studies suggest that such a drying
response could be related to changes in the Hadley cir-
culation (Fu 2015, Laua and Kim 2015) or to changes
in the North Pacific subtropical high (He and Zhou
2015, He et al 2015, Fu and Guo 2020) under global
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warming. Further research is needed to investigate the
causal relationship between these different aspects of
the climate system.

Our focus here is on the EP SST as the main driver
of uncertainty in changes in MC dry period rainfall.
However, it must be noted that there are other poten-
tial drivers such as the equatorial Indian Ocean SST
which could also explain some of the uncertainty in
MC dry period rainfall changes. We find a large model
uncertainty in future Indian Ocean dipole-like SST
evolution, represented as the difference between west-
ern and eastern equatorial Indian Ocean (WEI-EEI)
SST (figure S3(a)). The spatial pattern of this model
uncertainty shows a prominent negative SST anom-
aly over EEI, adjacent to Sumatra (figure S3(b)).
We have tested for a potential confounding influ-
ence from this WEI-EEI SST uncertainty on the rela-
tion found here between EP SST and MC dry period
precipitation changes by regressing out the influence
of the WEI-EEI SST changes on the MC precipit-
ation changes before applying the MLR model (in
equation (1)). That procedure led to the same results
as in figure 5, showing that there is no confounding
influence of WEI-EEI SST uncertainty on our find-
ings. To quantify the additional influence of the WEI-
EEI SST uncertainty on the MC dry period precipit-
ation changes, we regress the residual from the MLR
model (in equation (1)) on the WEI-EEI SST changes.
We find a significant drying response over southern
Sumatra and Java (figure S3(c)), which explains 20%
to 30% of the total variance in the future precipita-
tion changes over this region (figure S3(d)). Hence,
for assessing future risks over southern Sumatra and
Java, accounting for changes in the equatorial Indian
Ocean SST driver would be important.

Previous studies have suggested potential biases
in the ability of climate models to simulate centen-
nial time scale changes in the tropical Pacific SST
(Samanta et al 2018), and also to simulate the
observed tropical SST climatology which links to the
known biases in the Intertropical Convergence Zone
(Samanta et al 2019). Reducing these biases could
potentially reduce the uncertainty in the model pro-
jected tropical Pacific SST and also in the associ-
ated dry period rainfall over the MC. From previ-
ous phases of the CMIP, a gradual improvement in
representing the mean state of the tropical Pacific
SST has been found (Bellenger et al 2014, Jiang et al
2021), with improved associated rainfall teleconnec-
tions (Grose et al 2020). Recent studies suggest that
moving towards high resolution model simulations
with resolved ocean mesoscale eddies could further
reduce the remaining biases in the tropical Pacific SST
(Wengel et al 2021, Liu et al 2022). Such improve-
ments could potentially constrain the plausibility of
some of the storylines described here.

Our storylines suggest that for a high BEP warm-
ing, the south-western MC could face drier con-
ditions enhancing the future possibilities of severe
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forest fires. However, the observed record over the
last 119 years suggests a moderate to low BEP warm-
ing compared to the spread in the CMIP6 models
over the same period (figure S1). Furthermore, the
observed WEP minus EEP SST trend shows a high
positive value compared to the historical trends in the
models (figure S1). A recent review on the under-
standing of the tropical Pacific zonal SST gradient
suggests that such a difference between the observa-
tions and the models reflects either an error in the
models to simulate the forced response or the mod-
els’ underestimation in simulating multidecadal scale
variability over the tropical Pacific (Lee et al 2022).
Therefore, a continuation of the observed trend in
the zonal SST gradient for the future is indeed a pos-
sibility. Through the storyline method, we are able
to avoid the risk of not addressing such a potential
future evolution in tropical Pacific SST and can indic-
ate that under the condition of a continued observed
WEP-EEP SST trend, a storyline with high precipita-
tion over the north-eastern parts of the MC could be
realised.
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