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Abstract. The Indian Ocean exhibits multiple modes of in-
terannual climate variability, whose future behaviour is un-
certain. Recent analysis of glacial climates has uncovered an
additional El Nifio-like equatorial mode in the Indian Ocean,
which could also emerge in future warm states. Here we
explore changes in the tropical Indian Ocean simulated by
the Paleoclimate Model Intercomparison Project (PMIP4).
These simulations are performed by an ensemble of models
contributing to the Coupled Model Intercomparison Project
6 and over four coordinated experiments: three past periods
— the mid-Holocene (6000 years ago), the Last Glacial Max-
imum (21 000 years ago), the last interglacial (127 000 years
ago) — and an idealized forcing scenario to examine the im-
pact of greenhouse forcing. The two interglacial experiments
are used to characterize the role of orbital variations in the
seasonal cycle, whilst the other pair focus on responses to
large changes in global temperature.

The Indian Ocean Basin Mode (IOBM) is damped in both
the mid-Holocene and last interglacial, with the amount re-
lated to the damping of the El Nifio—Southern Oscillation
in the Pacific. No coherent changes in the strength of the
IOBM are seen with global temperature changes; neither are
changes in the Indian Ocean Dipole (IOD) nor the Nifio-
like mode. Under orbital forcing, the IOD robustly weak-
ens during the mid-Holocene experiment, with only minor
reductions in amplitude during the last interglacial. Orbital
changes do impact the SST pattern of the Indian Ocean
Dipole, with the cold pole reaching up to the Equator and
extending along it. Induced changes in the regional season-
ality are hypothesized to be an important control on changes
in the Indian Ocean variability.

1 Introduction

The Indian Ocean (IO) is Earth’s third largest ocean and
unique amongst the tropical oceans as the Indo-Pacific Warm
Pool (Wyrtki, 1989) and Maritime Continent prevent equato-
rial easterly winds and eastern upwelling that characterize
both the tropical Pacific and Atlantic (Schott et al., 2009;
Huang et al., 2016). Observations show the thermocline is al-
most flat between African and Indonesia (Cowan et al., 2015)
due to the weak mean equatorial winds regulated by the mon-
soon climate (Xu et al., 2021). The Asian landmass inhibits
meridional heat transport to the midlatitudes, prevents ven-
tilation of the thermocline, and helps drive the Indian mon-
soon.

The Indian Ocean harbours many modes of interannual
variability (e.g. Behera and Yamagata, 2001; Zhang et al.,
2020), two of which were assessed by the IPCC (Cassou
et al., 2021): the Indian Ocean Dipole (IOD; Saji et al.,
1999; Webster et al., 1999) and the Indian Ocean Basin Mode
(IOBM; Huang et al., 2016). These modes have global tele-
connections but particularly pronounced effects around the
densely populated IO rim, as demonstrated by the 2019 ex-
treme IOD (Wainwright et al., 2021; Wang and Cai, 2020).
Since 1950, the Indian Ocean basin has experienced rapid
sea surface temperature (SST) warming, attributed to anthro-
pogenic emissions (Gulev et al., 2021). The changing mean
state will substantially modify the processes controlling the
modes of variability.
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1.1 Indian Ocean Dipole

The primary Indian Ocean mode is the 10D, discovered fol-
lowing a strong positive event in 1997 (Saji et al., 1999; Web-
ster et al., 1999). The magnitude of IOD events is commonly
measured using the Dipole Mode Index (DMI; see Sect. 2.3
for definition). The majority of IOD events are triggered by
the El Nifio—Southern Oscillation (ENSO; Stuecker et al.,
2017). During an El Niflo, the atmospheric convection in the
Walker circulation shifts eastward, forcing anomalous subsi-
dence over the Maritime Continent (Schott et al., 2009) and
easterly wind anomalies along the equatorial IO (Liu et al.,
2014), triggering a positive IOD event. Alternatively, some
IOD events are initiated without any Pacific influence (Be-
hera et al., 2006; Wang et al., 2016). Once SST anomalies
form, regardless of their origin, several positive feedbacks
sustain and enhance the IOD (Liu et al., 2014). As the zonal
SST gradient initially decreases, the seasonal easterly winds
strengthen, shoaling the thermocline and resulting in cold up-
welling, which reinforces the initial cold anomaly (McKenna
etal., 2020). Anomalous Ekman pumping warms the western
Indian Ocean (Cai et al., 2021b). IOD events are characteris-
tically phased-locked to begin developing around June, peak
in boreal fall, and rapidly decay following the reversal of the
trade winds in November (Schott et al., 2009; Abram et al.,
2020a). The 10D has a periodicity of 3—5 years (Ashok et al.,
2003; McKenna et al., 2020) with positive events being more
intense than negative events (Cai et al., 2013). This skew-
ness is mainly attributed to asymmetry in the thermocline—
SST feedback, which overpowers increased damping from
the SST-cloud-radiation feedback (Ng et al., 2014; Ogata
et al., 2013).

Projected future changes in the Indian Ocean’s mean state
will have significant impacts on the IOD by modulating the
efficiency of the feedbacks that control its evolution (Cai
et al., 2013; Wang et al., 2021). Shoaling of the equatorial
thermocline near Indonesia will strengthen the thermocline—
SST feedback, encouraging stronger IOD events (Zheng
et al., 2013; Abram et al., 2020a). On the other hand, in-
creased atmospheric static stability will weaken the atmo-
spheric components of the Bjerknes feedback (Cai et al.,
2013). The changing feedbacks will modify the characteris-
tics of the IOD, reducing skewness (Cowan et al., 2015) and
shifting events towards boreal summer (Zheng et al., 2021).
Although the frequency of positive IOD events has been ris-
ing, the consensus on the future frequency and strength of
10D is weak (Eyring et al., 2021). The overall frequency of
IOD events is not projected to increase (Cai et al., 2013), yet
proxies suggest past positive IOD-like mean states have ex-
perienced more frequent IODs (Abram et al., 2020a). Some
studies find no increase in IOD magnitude (Zheng et al.,
2013; Hui and Zheng, 2018) under future warming scenar-
ios, whilst others have (Marathe et al., 2021). The projected
frequency of extreme positive IOD events increases substan-
tially as the zonal SST gradient and winds weaken (Cai et al.,
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2014). However, an opposite response may occur for mod-
erate positive events as tropospheric warming limits Ekman
pumping (Cai et al., 2021b).

Investigations of past interannual variations in the Indian
Ocean have facilitated insights into the nature of coupling
between altered mean states and climate variability in this
basin. Proxy reconstructions reveal elevated IOD variability
during periods when the zonal SST gradient was reduced rel-
ative to present-day conditions, accompanied by enhanced
mean cooling in the eastern Indian Ocean (see Abram et al.,
2020a for a review). Such periods of intensified IOD activ-
ity alongside eastern cooling have been uncovered during the
last millennium (Abram et al., 2020b), the mid-Holocene pe-
riod (Abram et al., 2007), and the Last Glacial Maximum
(LGM) (Thirumalai et al., 2019). Various lines of proxy ev-
idence reinforce the finding that the Indian Ocean is capa-
ble of harbouring larger interannual climate variations than
observed today (Abram et al., 2020a). Coeval records from
the Pacific point to mean-state-dependent feedbacks main-
taining pan-tropical IOD and ENSO interactions over differ-
ent palaeoclimate periods. For example, strong IOD activ-
ity recorded over the last millennium appears to be tightly
linked to strengthened ENSO variability as well (Abram
et al., 2020b). During the mid-Holocene and the LGM how-
ever, when global climate and forcing were drastically al-
tered relative to the last millennium, reconstructions point
to stronger interannual variability (Thirumalai et al., 2019;
Abram et al., 2007, 2020a) and weakened ENSO-related
variability in the Pacific (Leduc et al., 2009; Ford et al., 2015;
Abram et al., 2007). Though the ENSO-IOD relationship
may depend on the palaeoclimate mean state and boundary
conditions therein, proxy records support a tight link between
the zonal SST gradient and IOD intensity (Abram et al.,
2020a), with robust evidence for variations larger than those
observed in the instrumental period.

There have been several previous studies looking at the In-
dian Ocean Dipole using palacoclimate simulations by a sin-
gle model. Brown et al. (2009) and Liu et al. (2007) use the
FOAM model and find a slight weakening in IOD amplitude
at the mid-Holocene and little change at the LGM. Mean-
while Iwakiri and Watanabe (2019) find a stronger IOD in
the mid-Holocene in MIROCS. Rehfeld et al. (2020) showed
that changes in IOD amplitude do not scale global mean tem-
perature changes across a multi-model ensemble including
palaeoclimate simulations. Combined, though, the literature
does suggest IOD changes with changes in the seasonal cy-
cle; something supported by the emerging, independent re-
search of Liu et al. (2023), who look at the mechanisms be-
hind this response.

1.2 Indian Ocean Basin Mode

The Indian Ocean Basin Mode (IOBM) is a basin-wide
anomaly that is the leading mode of interannual Indian Ocean
SST variability. IOBM events often follow IOD events, de-
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veloping in boreal winter and peaking in the following spring
(Wang, 2019). This seasonality implies a connection with the
ENSO mature phase in boreal winter (Xu et al., 2021), al-
though modelling suggests IOBM can occur without ENSO
(Kajtar et al., 2017). Nonetheless, ENSO is the dominant
forcing mechanism for the IOBM (Zhang et al., 2021) as
an El Nifio induces anomalous Walker circulation over the
equatorial Indo-Pacific (Guo et al., 2018). This modulates
surface winds, reducing evaporation and increasing down-
ward short-wave radiation to warm the Indian Ocean (Wang,
2019). Diffusion of tropospheric temperature anomalies from
the eastern Pacific contributes significantly (Tao et al., 2016).
The IOBM-ENSO relationship displays interdecadal varia-
tion (Tao et al., 2015) with strong ENSO elevating the rela-
tionship as the thermocline shoals in the south-west Indian
Ocean (Kajtar et al., 2017). Most Coupled Model Intercom-
parison Project (CMIP) 5 models capture the key features
of the IOBM whilst overestimating its amplitude (Marathe
et al., 2021), due to winter rainfall and thermocline biases
(Tao et al., 2016). Initial investigations of the CMIP6 ensem-
ble indicate underestimated SST variability results from in-
accurate latent heat fluxes and wind-driven ocean processes
(Halder et al., 2021).

IOBM future projections must consider the response and
uncertainty of ENSO simulation (Collins et al., 2010). Under
warming, the tropical Pacific moves towards an El Nifio-like
mean state (Vecchi and Soden, 2007) and a consensus is de-
veloping that ENSO-induced precipitation variability will in-
tensify, canonical El Nifio will strengthen, and both El Nifio
Modoki and extreme ENSO events will increase in frequency
(Caietal., 2021a; Stevenson et al., 2021). These changes will
exacerbate the future global impacts of ENSO (Power and
Delage, 2018) and should drive a stronger IOBM (Zheng,
2019). Indeed, many modelling studies suggest an enhanced
IOBM and capacitor effect under global warming (Tao et al.,
2016). This has been found alongside ENSO activity that is
reduced (Zheng et al., 2011) or unchanged (Hu et al., 2014;
Tao et al., 2015). The increased IOBM response results from
strengthened air—sea interactions (Zheng et al., 2011) and a
greater tropospheric temperature response (Hu et al., 2014;
Tao et al., 2015). A recent study projects a weaker [OBM re-
sponse in early summer suggesting a decreased capacitor ef-
fect, yet the IOBM feedback on ENSO transition is strength-
ened (Marathe et al., 2021). The IOBM is also projected to
have an increasing influence over the East Asian summer cli-
mate (Huang et al., 2016; Qu and Huang, 2012).

Few studies have focused on reconstructing past IOBM
variations. Complexities arise in assessing past IOBM be-
haviour due to the potentially confounding influence of the
IOD, where warming in the east of the basin associated
with negative IOD events could be conflated with anomalous
IOBM warming (Abram et al., 2020b). Moreover, the lack of
available interannually resolved records from the western In-
dian Ocean presents an additional challenge in isolating past
IOBM intensity.
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2 Methods

2.1 Models

Climate models, with their basis in geophysical fluid dy-
namics, are our best source of information about the future
changes in climate. The vehicle that coordinates and collates
simulations of future climate is the Coupled Model Intercom-
parison Project (CMIP) (Eyring et al., 2016b). The aspect of
CMIP that looks at simulations of past is the Paleoclimate
Model Intercomparison Project (PMIP). Here, we combine
simulations from both PMIP phase 4 (PMIP4; Kageyama
et al., 2018) and phase 3 (PMIP3) (Braconnot et al., 2012).
This acts to increase the ensemble size (Brown et al., 2020)
and the two phases have shown to be statistically indistin-
guishable (Brierley et al., 2020).

Models must have completed one or more palaeocli-
mate simulations to be included here and to have provided
monthly surface temperature and precipitation for at least
30 years for both this simulation and the preindustrial con-
trol (see Sect. 2.2). The resulting 34 models are listed in Ta-
ble 1, with a total of 34426 simulated years analysed. Fur-
ther information about the CMIP6 models is available in
on the PMIP4 website (https://pmip4.1sce.ipsl.fr/doku.php/
database:participants, last access: 7 July 2022), whilst details
of the CMIP5 models can be found in Table 9.A.1 of Flato
etal. (2013).

2.2 Experiments

This research uses simulations run under five different ex-
periments defined under either the CMIP or PMIP protocols.
All models have performed a preindustrial control (hence-
forth piControl) which approximates to constant 1850 CE
boundary conditions (Eyring et al., 2016a). This simulation
acts as a baseline from which changes are computed under
all the other experiments. The piControl simulations vary in
length but are a minimum of 100 years long (Table 1). The
“abrupt4xCO2” experiment is another of the required deck
of CMIP simulations and is an idealized forcing experiment
where the carbon dioxide concentrations are instantaneously
quadrupled and then the model is left to respond to them.
These simulations are useful in estimating a model’s climate
sensitivity (Gregory et al., 2004; Zelinka et al., 2020), and
the resulting values are shown in Table 1. Here we use the
average of years 101-150 after the forcing change to provide
an idea of climate changes in response to increasing green-
house gases. This experiment and a segment of it are selected
over other options as they are (a) unchanged between CMIP5
and CMIP6, (b) available for a large number of models, and
(c) closer to equilibrium than the alternative “1pctCO2” ex-
periment. Efforts are made to account for any transience in
this segment through linear detrending (see Sect. 2.3).

The “midHolocene” experiment is the most simulated of
all PMIP experiments, having both been part of PMIP since
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Table 1. The ensembles analysed in this work. For each of the models, we provide the amount of simulation output analysed for each
experiment (in years). Not all models performed all experiments. The “genre” shows whether a model produced future simulations as part
of either CMIP5 or CMIP6 or only performed the palaeoclimate experiments (PMIP3 or PMIP4). Also shown is the equilibrium climate
sensitivity (ECS, in °C) from either Collins et al. (2013); Zelinka et al. (2020) or the article introducing the model.

Model Genre ECS piControl midHolocene ligl27k lgm  abrupt4xCO2
ACCESS-ESM1-5 CMIP6 3.9 900 - 200 - 150
AWI-ESM-1-1-LR CMIP6 3.6 100 100 100 100 -
BCC-CSM1-1 CMIP5 3.1 500 100 - - 150
CCSM4 CMIP5 2.9 1051 301 - 101 150
CESM2 CMIP6 53 500 700 700 - 149
CNRM-CMS5 CMIP5 33 850 200 - 200 150
CNRM-CM6-1 CMIP6 5.1 500 - 301 - 150
COSMOS-ASO PMIP3 4.7 400 - - 600 -
CSIRO-Mk3-6-0 CMIP5 4.1 500 100 - - 149
CSIRO-MK3L-1-2 PMIP3 3.1 1000 500 - - -
EC-Earth3-LR CMIP6 43 201 201 - - -
FGOALS-f3-L CMIP6 3 561 500 500 - 150
FGOALS-g2 CMIP5 3.7 700 680 - 100 150
FGOALS-g3 CMIP6 29 500 500 500 - -
FGOALS-s2 CMIP5 45 501 100 - - 150
GISS-E2-1-G CMIP6 2.7 851 100 100 - 150
GISS-E2-R CMIP5 2.1 500 100 - 100 150
HadGEM2-CC CMIP5 4.5 240 35 - - -
HadGEM2-ES CMIP5 4.6 336 101 - - 150
HadGEM3-GC31-LL CMIP6 5.4 100 - - - 150
INM-CM4-8 CMIP6 2.1 531 200 100 200 150
IPSL-CMS5A-LR CMIP5 4.1 1000 500 - 200 150
IPSL-CM6A-LR CMIP6 45 1200 550 550 - 150
MIROC-ES2L CMIP6 2.7 500 100 100 100 150
MIROC-ESM CMIP5 4.7 630 100 - 100 149
MPI-ESM-P CMIP5 35 1156 100 - 100 150
MPI-ESM1-2-LR CMIP6 2.8 1000 500 100 - 150
MRI-CGCM3 CMIP5 2.6 500 100 - 100 150
MRI-ESM2-0 CMIP6 3.1 701 200 - - 150
NESM3 CMIP6 3.7 100 100 100 - 150
NorESMI1-F PMIP4 2.3 200 200 200 - -
NorESM2-LM CMIP6 2.5 391 100 100 - 150
UofT-CCSM-4 PMIP4 32 100 100 - 100 -

the beginning and not requiring changes in the land—sea
mask. The midHolocene experiment aims to replicate the
conditions of 6000 years ago. The primary change in the sim-
ulation is alteration in the orbital configuration, although a
small reduction in greenhouses gases is incorporated in the
most recent simulations (Otto-Bliesner et al., 2017). We con-
sider simulations from both PMIP3 (Braconnot et al., 2012)
and PMIP4 (Brierley et al., 2020) together, as their forcings
and boundary conditions are statistically indistinguishable.
The “ligl27k” experiment represents some of the warm-
ing conditions seen during the last interglacial, focused at
127000 years ago (Otto-Bliesner et al., 2017). The exper-
iment is included in PMIP4 for the first time (Kageyama
et al., 2018) and has been completed by 14 modelling groups
(Otto-Bliesner et al., 2021). It is predominantly an orbitally
forced experiment, with accompanying changes in green-
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house gases: the approximate +9m of sea level rise dur-
ing the last interglacial are not incorporated into the bound-
ary conditions. The magnitude of the orbital forcing is sub-
stantially larger than seen during the midHolocene, with the
anomaly in NH summer insolation being twice as strong and
occurring for longer (Otto-Bliesner et al., 2017).

The world was much colder at the time of the Last Glacial
Maximum (LGM), by a similar order of magnitude to the
warming seen in projections (e.g. Tierney et al., 2020). As
such, it has long been seen as an important test for cli-
mate models (Braconnot et al., 2012) and has featured in
PMIP since its inception. The “lgm” experimental protocol
(Kageyama et al., 2017) requires the imposition of large ice
sheets, associated changes in the land—sea mask, and reduc-
tions in greenhouse gases. This can be a challenging experi-
ment to deploy for a climate model, and therefore a smaller
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number of modelling groups have completed it than either of
the interglacial experiments (Kageyama et al., 2021). Only
a handful of groups have posted output on the Earth System
Grid Federation (ESGF) (Table 1) at the time of writing, so
we additionally incorporate PMIP3 simulations to increase
the ensemble size. Although the PMIP4 models show some
differences in circulation and encompass a greater ensemble
spread in temperatures, we note that Kageyama et al. (2021)
conclude that they “are not fundamentally different from the
PMIP3-CMIP5 results”.

This research looks at coupled phenomena, and so self-
consistency between all observed variables is an important
factor. Therefore, we adopt a reanalysis product instead of
multiple observational datasets. For this work, the 20th-
Century Reanalysis (Compo et al., 2011) is used, although
we do not expect our main conclusions in the model eval-
uation to be sensitive to this choice. Version 3 of the 20th-
Century Reanalysis extends back to 1836 and uses HadISST
(Rayner et al., 2003) to provide its bottom boundary condi-
tions (Slivinski et al., 2019). Initial analysis using the shorter
second version did expose a sensitivity in the IOD rainfall
teleconnection over India, presumably relating to the ENSO-
IOD relationship in the earlier period. Evaluation of the mod-
els is performed through comparison of the 20th-Century Re-
analysis to the piControl simulations. It would be preferable
to use the historical simulations instead of piControl. How-
ever, not all models have a historical simulation available,
and previous work suggests the difference in biases are not
substantial (Brierley and Wainer, 2018; Brown et al., 2020).

2.3 Analysis and definitions

The analysis undertaken in this research follows the work-
flow described by Zhao et al. (2022). This involves the cre-
ation of a curated replica of the relevant simulation output
available on the ESGF. Then calendar adjustments are made
to re-aggregate the monthly output from a present-day calen-
dar to those representing 30° of the orbit for the past climate
experiments using the PaleoCalAdjust software (Bartlein and
Shafer, 2019). A modified version of the Climate Variabil-
ity Diagnostics Package (CVDP; Phillips et al., 2014) is run
on an individual simulation to calculate multiple pertinent
time series and spatial fields. Please see Zhao et al. (2022)
for further details and instructions on performing such anal-
ysis yourself.

All of the modes of climate variability explored in this re-
search are defined through the use of area-averaged sea sur-
face temperature anomalies (or more strictly “skin tempera-
ture”, which is used as an alternative in CVDP). All anoma-
lies are computed with respect to a climatology calculated
over the full simulation length and additionally have a linear
trend removed in case the simulations are not equilibrated.
The same process is undertaken in the abrupt4xCO2 exper-
iment, except only years 101-150 are considered. ENSO
is monitored using the Nifio3.4 region (5°S-5°N, 120-
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170° W; Trenberth, 1997). The Dipole Mode Index is used to
define the IOD (Saji et al., 1999). It is the difference between
the area average of 10° S—10° N, 50-70° E and 0-10° S, 90—
110° E. The Indian Ocean Basin Mode is defined using varia-
tions in the Tropical Indian Ocean time series (averaged over
15°S—-15°N, 40-110° E; Huang et al., 2016). These modes
adopt the definitions used by the [IPCC (Cassou et al., 2021),
who demonstrate that they are equivalent to definitions based
on empirical orthogonal functions.

The El Nifio-like mode of variability proposed by Thiru-
malai et al. (2019) is best defined using wind fields (DiNezio
et al., 2020). However, those fields are not as universally
available in the ESGF archive, especially for PMIP experi-
ments. Instead, we analyse the area-averaged SST anomalies
of the Eastern Equatorial Indian Ocean (EEIO) over the re-
gion 2.5° S-2.5° N, 70-95° E (DiNezio et al., 2020), the im-
pact of which will be discussed in Sect. 4.3.

We present spatial patterns associated with the Indian
Ocean Dipole, which are computed via regression. De-
trended monthly anomalies of surface temperature and pre-
cipitation are computed at every grid point across the globe.
These anomalies are then regressed against the Dipole Mode
Index (defined as described above). The resulting patterns
are therefore expressed as the local change in temperature
or precipitation seen under a positive IOD event when the
Dipole Mode Index is 1°C (the level of warming reached
during the extreme event in 2019; Wang and Cai, 2020). Both
the IOD spatial patterns and the mean climate changes pre-
sented in Sect. 4.1 show the multi-model ensemble average.
Each model’s changes are computed on their own native grid
and then interpolated onto a regular 1° grid before averag-
ing across the ensemble. Stippling in figures is used to indi-
cate where the ensemble is “not consistent” in its direction of
change; this is computed as being less than two-thirds of the
ensemble array on the sign of the change.

3 Results

3.1 Comparison with observations

It is necessary to assess the appropriateness of the PMIP en-
semble against observations prior to looking at the response
in experiments. This is performed through the inspection of
the patterns of surface climate variables over the region of
interest (Fig. 1). Here we use a single atmospheric reanal-
ysis dataset (20th-Century Reanalysis; Compo et al., 2011,
Sect. 2) driven by the prescribed SSTs from the HadISST
dataset (Rayner et al., 2003). The annual pattern of SST con-
sists of a pool of warm water extending from Indonesia in
the east to nearly all the way across the basin (Fig. la).
This extent is relatively well captured by the ensemble mean
(Fig. 1b), although it overestimates the amount of cooler wa-
ter in the Arabian Sea and near Madagascar. The annual
mean precipitation pattern reflects the seasonal march of
the Intertropical convergence zone (ITCZ), with an intense
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oceanic band at 10° S and a more diffuse terrestrial pattern in
the Northern Hemisphere (NH) especially focused over orog-
raphy (Fig. 1c). The ensemble mean simulated pattern shares
most of these features but is much smoother (Fig. 1d).

The Indian Ocean Dipole is characterized by a region of
cooling off Java and Sumatra counterbalanced by a warming
in the western half of the basin (Saji et al., 1999, Fig. le).
This pattern in SST is fundamentally replicated by the en-
semble (Fig. 1f). The models show more cooling around the
Indonesian Archipelago, as well as a less extensive patch of
warm SSTs in the western half of the basin, especially south
of the Equator. The rainfall pattern of the IOD is strongest
over the interior of the 10, with the direction controlled by
the underlying SST pattern (Fig. 1g). This aspect of the rain-
fall pattern is well simulated by the ensemble (Fig. 1h). Both
models and observations capture a reduced rainfall over In-
dia.

The 10D is positively correlated with the Indian summer
monsoon rainfall (Ashok et al., 2001), although the strength
of that teleconnection seems to be changing (Cherchi et al.,
2021). Li et al. (2017) find that CMIP5 models (roughly
half the current ensemble) have too strong a summer rainfall
teleconnection. McKenna et al. (2020) show that the quality
of the IOD simulation improved in CMIP6. However, this
literature-based description of the IOD’s teleconnection to
rainfall over India is of a different sign to the response shown
in Fig. 1g and h. This discrepancy results from the analysis
approach used here combined with model mean state biases.
Hrudya et al. (2021) demonstrate that the sign of the Indian
summer monsoon IOD teleconnection is dependent on the
analysis technique used (for compositing versus correlation).
The IOD teleconnection shown here is computed by regress-
ing detrended monthly anomalies (Sect. 2.3) for all seasons;
this already acts to convolve IOD impacts on the summer and
winter monsoons. More importantly, the regression approach
we adopt can be overridden by an ENSO response which is
correlated to the DMI time series (Li et al., 2017). Addition-
ally, the models underestimate the annual rainfall over cen-
tral India on average (Fig. 1c, d) because they do not capture
the full strength of the summer rainfall, which further acts
to reduce the summer contribution to the teleconnection. A
separate investigation of the role of the Indian Ocean Dipole
on the Indian monsoon rainfall using an alternate analysis
approach would be required to fully isolate and understand
the present and past response. It is sufficient to note here
that the models do replicate the large-scale pattern emerging
from the observations, but there remains doubt about the IOD
teleconnections over the Indian subcontinent. Therefore, this
analysis does not draw conclusions about the impact of past
interannual variability changes on the Indian monsoon.

3.2 Changes in mean climate

The tropical climate in the experiments analysed here primar-
ily responds to one of two forcings: changes in the orbital

Clim. Past, 19, 681-701, 2023

C. Brierley et al.: Indian Ocean variability in PMIP4

Temperature (°C) Temperature (°C)

16 18 20 22 24 26 28 30 16 18 20 22 24 26 28 30

Y

'\(

\SEE
/

L=

—~F
=

!

Precipitation (mm/day)

Precipitation (mm/day)

a 1 2 3 4 5 6 7 B 9 10

Nt N,
N

‘ LA
.. =

0o 1 2 3 4 5 6 7 B 8 10

'_/\\3 /I g/é'

- '

M
P ——

YA

Precip. regression (mm/day/°C)

Precip. regression {mm/day/°C)

2 -1 -05-02-01010205 1 2 2 -1 -05-02-001 010205 1 2

Figure 1. Comparison between the observed climate and the PMIP
ensemble. The left-hand side is taken from the 20th-Century Re-
analysis (Slivinski et al., 2019), with the ensemble mean of the
preindustrial control simulations on the right. The rows present the
annual mean sea surface temperatures (a, b), annual mean precipi-
tation (¢, d), IOD pattern computed by regressing the monthly SST
anomalies against the DMI (e, f; Sect. 2.3), and the rainfall anoma-
lies associated with IOD variations (g, h).
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configuration or in the concentrations of greenhouse gases.
These different forcings result in two distinct climate re-
sponses, as demonstrated in the simulations. First we present
and discuss the midHolocene and ligl127k experiments to-
gether and then move onto a description of the Igm and
abrupt4xCO2 experiments. We note this latter comparison is
not perfect because the high-latitude ice sheets do impact the
tropics through bathymetry changes (DiNezio and Tierney,
2013) and atmospheric teleconnections (Lee et al., 2015; Lu
et al., 2016; Jones et al., 2018; Ullman et al., 2014).
Precession leads to changes in the day of the year at which
the Earth is closest to the Sun (the perihelion). At present,
this occurs during NH winter, yet this was nearer the autumn
equinox during the mid-Holocene and occurred near the sum-
mer solstice at 127 ka (Berger and Loutre, 1991). This re-
sults in a different distribution of the incoming solar radiation
throughout the year. The eccentricity of the orbit was also
larger during the last interglacial, exacerbating these changes
in the ligl27k experiment (Otto-Bliesner et al., 2017). In-
tuitively, more sunlight in summer and less in winter will
lead to a stronger seasonal temperature range in the Northern
Hemisphere, especially outside of the tropics. This is visible
in Fig. 2b, ¢ for the midHolocene simulations (Brierley et al.,
2020) in Asia north of the Himalayas and even more so in
lig127k (Fig. 2e, f; Otto-Bliesner et al., 2021). Over most of
the region, the seasonal temperature changes “cancel” them-
selves out, leading to minimal changes in the annual mean
(Fig. 2a, d). This is especially true over the ocean, where its
high effective heat capacity acts to damp seasonal variations.
There is an obvious exception to the simple narrative of
precession-modulated temperature response outlined above,
with summer cooling over land stretching from the Indian
subcontinent over Arabia and into Ethiopia (Fig. 2c, f). This
can be thought of as being related to a poleward shift in
the summer ITCZ driven by the stronger interhemispheric
temperature gradients (Braconnot et al., 2007; Yeung et al.,
2021), mainly through dynamic processes rather than ther-
modynamic ones (D’Agostino et al., 2019). The impact of
this process is greatest over West Africa and is underesti-
mated in model simulations (Perez-Sanz et al., 2014; Brier-
ley et al., 2020), and both experiments fall under separate
instances of an African humid period (Ziegler et al., 2010).
Summer rainfall increases over East Africa are clearly visi-
ble (Fig. 3c, f), which extend into the Arabian peninsula. This
increased rainfall comes with an increase in convection and
cloud cover, leading to a reduction in incoming solar radia-
tion at the surface as well as latent heat flux changes asso-
ciated with the precipitation. The situation is different over
India, however. There is no increase in total rainfall in the
Indian summer monsoon (Fig. 3, Brierley et al., 2020) but
rather a redistribution of it, so that more falls in the foothills
of the Himalayas instead of on the central Indo-Gangetic
Plain. A similar style of dipole response occurs over the
Western Ghats. The band of anomalous summer drying ex-
tends east from central India over South-East Asia to the
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Philippines (Brierley et al., 2020; Otto-Bliesner et al., 2021).
Meanwhile the Indonesian Archipelago is wetter in JJA and
drier in DJF, as is northern Australia.

Over the Indian Ocean itself, there is an orbitally driven
increase in DJF rainfall that is strongest near the African
coast (Fig. 3b, e). This accompanies, and could be driving,
a slight cooling in DJF in the region (Fig. 2b, e). In JJA,
the orbital forcing results in a west—east dipole of rainfall
changes (Fig. 3c, f), which is reminiscent of the IOD tele-
connection (Fig. 1h). This is accompanied by some low-
amplitude, annual mean SST changes that project onto the
IOD (Fig. 1h), although these are only visible in the lig127k
ensemble (Fig. 2d). The weaker orbital forcing in the mid-
Holocene experiment means that the changes are swamped
by the impact of the reduced greenhouse gases in the PMIP4
experiment (Brierley et al., 2020).

The Last Glacial Maximum was a substantially colder pe-
riod, with global mean cooling of around 5-7°C (Gulev
et al.,, 2021). The lower greenhouse gas concentrations
(Kageyama et al., 2017) played a dominant role in determin-
ing the tropical climate changes, although impacts on climate
variability from the Laurentide ice sheet were felt across the
globe (Jones et al., 2018). The tropical Indian Ocean itself
cools by 2-3°C in the PMIP ensemble (Fig. 2g), roughly
in line with estimates from palaeodata assimilation (Tierney
et al., 2020). Conversely a quadrupling of CO; leads to an
increase in temperatures by 4-5 °C (Fig. 2j). Both responses
show little seasonal variation and greater amplitudes of tem-
perature change over the land (Fig. 2). The two patterns mir-
ror each other to first order, except for a stronger response
over the Indonesian Archipelago associated with the expo-
sure of the Sunda Shelf (DiNezio and Tierney, 2013).

The colder climate of the Igm experiment leads to drier
conditions across the region (Fig. 3g; DiNezio and Tier-
ney, 2013), whilst future warming leads to increased rain-
fall across most of the basin (Fig. 3j). There is greater sea-
sonal variation in the rainfall changes (Fig. 3k, 1) than the
temperature response (Fig. 2k, 1), reflecting the stronger sea-
sonal cycle in rainfall. There is an interesting non-linearity
in the JJA rainfall changes between the LGM and idealized
warming to the south-east of Sumatra and Java (cf. Figs. 3g
and j) in that both high- and low-CO; experiments demon-
strate a drying in the region. This non-linearity is centred
on the eastern region of the Dipole Mode Index (Sect. 2.3)
and therefore could be expected to influence the response of
the Indian Ocean Dipole. This arises from the exposure of
the Sunda Shelf (DiNezio and Tierney, 2013; DiNezio et al.,
2018), which has already been shown to have an influence on
the ensuing variability (Thirumalai et al., 2019). Even though
the underlying drivers of climatic forcing for the Igm and
abrupt4xco2 experiments differ, they trigger a similar mean
zonal response in the tropical Indian Ocean that has been sug-
gested to modulate interannual variability across the basin
(Thirumalai et al., 2019; DiNezio et al., 2020).
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3.3 Changes in variability

Having established that the experiments lead to consistent
changes in the mean Indian Ocean climate, we next explore
whether they also alter its variability. We start by looking
at the IOD, whose pattern is relatively well captured by the
models (Sect. 3.1). The amplitude of the IOD can be charac-
terized by the standard deviation of the monthly Dipole Mode

Clim. Past, 19, 681-701, 2023

Index (Sect. 2.3). The standard deviation of the (detrended)
Dipole Mode Index in the HadISST dataset, used by the 20th-
Century Reanalysis, is 0.46 °C. There is a spread in the am-
plitude of the IOD in the piControl simulations that ranges
from 0.24 °C in INM-CM4-8 to 0.75 °C in CSIRO-Mk3-6-
0, with an ensemble median that is close to the observed
value (Fig. 4a). The precise composition of models that have
undertaken each experiment varies, leading to subtly differ-
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ent control ensembles. Those models that have performed an
LGM experiment are generally ambiguous about its impact
on the IOD amplitude: 7 of the 13 models show a slight de-
crease, with the other 6 showing an increase. MIROC-ESM
shows the largest change (an increase of 63 %), although its
successor model has a very small reduction (—0.01 °C). The
median value also remains the same (Fig. 4a), leading us
to conclude to that the last glacial conditions did not im-
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pact the magnitude of the Indian Ocean Dipole. A similar
situation occurs for the ligl27k experiment: equivocal simu-
lated changes leading to minimal changes in the IOD am-
plitude distribution. Despite having a weaker orbital forc-
ing, the midHolocene sees a reduction in the standard de-
viation of the DMI of roughly 10 %. The individual mod-
els within the ensemble still show some disagreement about
the signal, with only 20 out of 29 models simulating a re-
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duction of some magnitude (CSIRO-Mk3-6-0 is an outlier,
whose already high IOD amplitude increases by a further
35 %). There is a robust decrease in IOD amplitude in the
abrupt4xCO2 experiments (Fig. 4; taken between years 101-
150 with a linear trend removed), with 18 of the 24 simu-
lations showing a reduction of some magnitude. This result
was noted in PMIP3 by Rehfeld et al. (2020) and fits with Cai
et al. (2013), who anticipate a reduction in amplitude should
the mean state changes resemble a positive IOD, conditions
that are found in Fig. 21, although this will be explored in
more in Sect. 4.1. The abrupt4xCO2 experiments are still not
equilibrated, and there may be some impacts of slow feed-
backs that have not yet fully emerged (Heede et al., 2021).

Our approach to define the IOD pattern through linear re-
gression (Sect. 2.3) allows spatial changes to be considered
separately from changes in amplitude. The orbital forcing ex-
periments both see an expansion of the IOD cold pole east-
wards along the Equator (Fig. 5a, c), which is stronger in
the ligl27k than the midHolocene. This spills out over the
Equator into the Northern Hemisphere, especially into the
Bay of Bengal. In the lig127k experiment, this acts to make
Bay of Bengal SSTs cool during a positive IOD event in ev-
ery model. This is a region where many models already have
trouble replicating the warming signal seen in observations
(Fig. le, f), but even the five models that successfully cap-
ture this in the piControl simulations switch to cold SSTs in
the ligl27k (not shown). This is accompanied by a constric-
tion of the western SST pole of the IOD pattern back towards
the East African coast (Fig. 5¢). This results in the boundary
between the dipolar phases of the IOD occurring to the west
of Sri Lanka, rather than to its east, in the majority of models.
The shifts in the midHolocene experiments are not as strong
but are of a similar nature (Fig. Sa, c).

The expansion of the SST cold pole along the Equator dur-
ing the orbital simulations (Fig. 5a, ¢) is accompanied by a
reduction in rainfall that extends further westward during a
positive IOD (Fig. 5b, d). There is also a slight weakening
of the strong drying response in the south-east Indian Ocean
(east of Java) and an intensification of the wet conditions off
the East African coast, which do not extend into the conti-
nent. Both the ligl27k and midHolocene ensembles suggest
that the IOD had a wetter response over central India (Fig. 5b,
d), although this could indicate a greater contribution from
the IOD rather than ENSO throughout the simulation (see
Sect. 3.1).

There is little change in the SST pattern of the IOD in the
LGM experiment (Fig. 5¢), with the only substantial changes
occurring within the Maritime Continent. This is likely as-
sociated with the sub-aerial exposure of the Sunda Shelf
(Kageyama et al., 2017), which is handled differently by
the different models and with varied responses in the atmo-
spheric circulation (DiNezio and Tierney, 2013). The rainfall
teleconnection pattern associated with the IOD is severely
damped in the LGM experiment. This likely occurs as a con-
sequence of the Clausius—Clapeyron relationship; the regres-
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Figure 4. Amplitude changes in modes of Indian Ocean variabil-
ity. (a) The amplitude of the Indian Ocean Dipole (IOD) is mea-
sured by the standard deviation of the Dipole Mode Index (DMI;
the difference in area-averaged SST anomalies between the western
and south-eastern Indian Ocean). (b) The amplitude of the Indian
Ocean Basin Mode (I0BM) is measured by the standard deviation
of the tropical Indian Ocean Index. See Sect. 2.3 for definitions of
the areas over which the SST anomalies are computed. The values
computed using the 20th-Century Reanalysis are shown as black
dashed lines. The distributions are computed using a kernel density
estimation (Waskom, 2021) from the simulation values shown, as
are the quartiles shown by the short dashed and dotted lines. The
horizontal location of the dots has no meaning and has been chosen
to allow all simulations to be seen.

sion is performed on absolute rather than relative rainfall, and
there is a substantial reduction in climatological precipitation
across the tropics (Fig. 3g).

The change in the IOD pattern of SST in the abrupt4xCO2
experiment (Fig. 5d) sees an equatorward shift in the cold
pole, combined with a slight expansion westwards along
the Equator. The ensemble does not show a consistent re-
sponse of changes in the warm pole, although there is some
consistency in the Arabian Sea with most models showing
an expansion of the warm pole there. Interestingly, in the
abrupt4xCO2 experiment anomalous rainfall variations as-
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less than two-thirds agree on it). The overlaid contours show the
ensemble mean pattern in the piControl simulations, with dashed
contours indicating negative numbers. As the models contributing
to each experiment change, so does the precise pattern of piControl
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sociated with positive IOD events (which generate drying
over the east — see Fig. 1h) reduce across the Indian Ocean
(Fig. 5h).

The Indian Ocean Basin Mode (IOBM) involves syn-
chronous fluctuations across the whole basin. Its amplitude
can be measured by looking at the standard deviation of the
tropical Indian Ocean (Fig. 4b). The PMIP4 ensemble shows
large variations in the quality of their simulation in the pi-
Control, ranging from roughly one-third to 1.5 times the am-
plitude seen in the 20th-Century Reanalysis (0.31 °C Compo
et al., 2011). In the LGM experiment, there is no change
in the median IOBM amplitude, despite more than two-
thirds of the ensemble suggesting an increase and COSMOS-
ASO simulating a dramatic one. The midHolocene ensemble
shows a slight reduction in IOBM amplitude, seen in 22 of
the 28 members with a mean reduction of —3.7 %. A simi-
lar behaviour is seen in the ligl27k ensemble, although the
amplitude reduction is slightly stronger, with an ensemble
mean reduction of —6.4 % (Fig. 4b). There is a slight increase
in IOBM amplitude under the abrupt4xCO2 experiment (as
suggested by, e.g., Tao et al., 2015), although the ensem-
ble as a whole is equivocal, with only 12 of the 25 members
agreeing in sign with this mean.

4 Discussion

4.1 Relationship with the mean state

In this work, we have looked at both the response of the
mean state of the Indian Ocean and its variability under a
variety of experiments. We found changes in both of these
properties and have discussed some spatial relationships be-
tween their ensemble mean responses. A natural extension
of this is to ask if there exist underlying relationships that
act across all the different experiments. The changes in the
Indian Ocean Basin Mode (Fig. 4b) were weak in every ex-
periment, yet there were substantial basin-wide SST changes
in the LGM and abrupt4xCO2 experiment (Fig. 2). It should
therefore come as little surprise that PMIP4A-CMIP6 demon-
strates no significant relationship between the changes in the
mean tropical Indian Ocean Index and changes in its standard
deviation (Fig. 6a).

The literature suggests that changes in the mean state of
the Indian Ocean can map onto the Dipole Mode Index (Cai
et al., 2013). This is further suggested to result in changes in
the IOD (Cai et al., 2013) via changes in the equatorial ther-
mocline (Zheng et al., 2013). The PMIP4-CMIP6 ensemble
shows little consistency among changes in the mean gradi-
ent between the two poles of the Dipole Mode Index and the
variability of the index (Fig. 6b). Even separating out just in-
dividual experiments shows a muted relationship. Given the
large ensemble size and that the majority of the experiments
have reached quasi-equilibrium, there is little scope for the
initial conditions of internal variability to influence the IOD
changes under this experiment, highlighted as an important
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Figure 6. Relationships between the amplitude changes in modes of
Indian Ocean variability and the mean state. (a) The strength of the
Indian Ocean Basin Mode does not respond to changes in the tropi-
cal Indian Ocean SST. (b) The strength of the Indian Ocean Dipole
mode does not exhibit a simple linear relationship with annual mean
changes in the zonal gradient. (¢) Changes in IOD strength are con-
nected with changes in seasonal cycle of the SST gradient, here
represented as changes in the differences between the strongest and
weakest monthly SST gradients. The black solid line indicates a
statistically significant linear regression across the whole ensemble.
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source of uncertainty in future projections by Hui and Zheng
(2018). It should be noted that the method adopted here
not only combines positive and negative modes of the IOD
but also moderate and strong positive events, which have
been shown to respond differently under future warming (Cai
et al., 2021b). However, orbital changes result in different
seasonal temperature changes in the west and east Indian
Ocean, most visibly in the ligl27k experiment (Fig. 2e, f).
This means that the annual cycle of the SST difference mea-
sured by the Dipole Mode Index varies under orbital forcing
(Brown et al., 2009; Iwakiri and Watanabe, 2019) and also
happens to occur in the other experiments. One way to ex-
plore this seasonality is to look the amplitude of the annual
cycle (i.e. the difference between the maximum and mini-
mum monthly SST gradients). Changes in the amplitude of
the seasonal cycle are inversely proportional to the changes
in the IOD strength (Fig. 6¢). Further independent research
supports the importance of the changes in seasonal cycle in
the midHolocene ensemble (Liu et al., 2023) and looks at the
physical mechanisms behind their influence. Taken together
these findings suggest there is potential to constrain the fu-
ture projections of the IOD with (palaeo-) observations of the
seasonal change in SST gradients.

4.2 Pacific influence via ENSO

There is a strong link between variability in the Pacific
Ocean, predominantly the El Nifio-Southern Oscillation
(ENSO), and that in the Indian Ocean. This impacts both the
10D (Stuecker et al., 2017) and the IOBM (Xu et al., 2021).
Brown et al. (2020) have already explored changes in ENSO
across the PMIP4-CMIP6 ensemble. They saw consistent re-
ductions in ENSO amplitude in both the ligl27k and mid-
Holocene experiments but little consistency across the other
two experiments presented here. Similar to the results shown
in Fig. 6a and b, there is no universal relationship between
mean state changes in the equatorial Pacific and the ampli-
tude of ENSO (Brown et al., 2020). The amplitude of ENSO
in the various experiments, as measured by the standard de-
viation of the smoothed monthly Nifio3.4 SST anomalies, is
shown in Fig. 7a. The damping of ENSO in the orbital sim-
ulations is most visible in the lig127k experiment. There are
hints of an increase in the abrupt4xCO2 experiment; how-
ever, the ensemble is equivocal, with 11 out of 25 models
showing a reduction in ENSO amplitude. Despite this lack of
consistency in the simulated direction of change, the ensem-
ble demonstrates a strong positive relationship between the
changes in the amplitude of ENSO and those of the IOBM
(Fig. 7b), which is statistically significant. This conforms
nicely with our pre-existing knowledge of the role of ENSO
as a driver for [OBM events (Xu et al., 2021).

The relationship between changes in ENSO and the IOD
are more nuanced. ENSO is known to play a role in a pro-
portion of I0OD events (Ashok et al., 2003), although by no
means all of them (Kajtar et al., 2017). Therefore if ENSO is
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Figure 7. Relationships between the amplitude changes in modes of Indian Ocean variability and the mean state. (a) The amplitude of
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linear regressions across the two orbital experiments that are not statistically significant.

damped one might reasonably expect that the IOD also be-
comes weaker. Alternatively one could envisage that ENSO’s
relative importance for the IOD becomes less, as has been
posited before for palacoclimate periods (Thirumalai et al.,
2019; Liu et al., 2007). We explore both possibilities through
scatter plots between and the ENSO amplitude (Fig. 7c) and
the IOD amplitude (Fig. 7d). Statistically significant lines
of best fit could be drawn in both cases for the ensemble
as a whole, yet it is unclear if this a wise choice. There is
a strong contribution from the abrupt4xco2 experiments be-
tween changes in the amplitude of ENSO and both the IOD
amplitude and its correlation with ENSO (shown as solid red
lines in Fig. 7c, d). However, neither line passes through the
origin, which would be required as these are scatter plots
of anomalies from the piControl and thus call for invoking
model biases or other uncertainties. Equally, the relation-
ships are not supported across the pair of orbital experiments,
both of which do show a linear regression of the same sign
(yellow—green lines in Fig. 7c, d) but neither of which are
statistically significant.

https://doi.org/10.5194/cp-19-681-2023

4.3 Nino-like mode

Thirumalai et al. (2019) propose the existence of a third
mode of interannual variability in the Indian Ocean, unob-
served in the modern climate but which may have been ac-
tive during the Last Glacial Maximum. Sediment cores in
the eastern equatorial basin display evidence of interannual
variability that cannot be explained by either the IOD or
the IOBM alone. Instead, Thirumalai et al. (2019) demon-
strate that an equatorial mode, characteristically similar to
ENSO, drove SST variability in much the same way as is
currently observed in the equatorial Pacific. The disappear-
ance and possible future re-emergence of this mode are re-
lated to changes in the mean state tropical climate (DiNezio
et al., 2020). Few PMIP models are capable of capturing the
changes in regional hydroclimate inferred from LGM prox-
ies (DiNezio and Tierney, 2013). However, those that can,
also exhibit a weakening of the Indian Walker circulation
induced by the exposure of the Sunda and Sahul shelves.
Anomalous divergence and easterly wind anomalies over the
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exposed shelves then increase coastal upwelling off Indone-
sia, shoaling the thermocline and steepening the equatorial
SST gradient (Di Nezio et al., 2016). These conditions favour
a mode of variability which, unlike the IOD, is characterized
by a distinctively equatorial pattern with interannual warm
and cool events of equivalent magnitude (Thirumalai et al.,
2019). Similar to a Pacific El Nifio, its warm phase is pre-
ceded by a Kelvin wave in the thermocline that propagates
from west to east. The projected response of the 1O to green-
house warming bears similarities to the simulated LGM, in-
cluding a shoaling of the thermocline and a steeper equato-
rial SST gradient (Zheng et al., 2013). It has therefore been
proposed that this Indian Ocean “Nifio-like mode” could re-
emerge in certain emission scenarios (DiNezio et al., 2020).
Here, we define the Nifio-like mode index as the stan-
dard deviation of SST anomalies in the eastern equatorial In-
dian Ocean (EEIO; Sect. 2.3). DiNezio et al. (2020) demon-
strate that SST anomalies are at best an approximation for the
Nifo-like mode, since the equatorial shift in the IOD in some
climates can also contribute to SST anomalies in this region.
Ideally, the mode would be identified by its atmospheric pre-
cursor: wind anomalies in the western basin. However, these
fields are not universally available. The EEIO region overlaps
in its bottom corner with that used to identify the southern-
eastern pole of the IOD and is clearly contained in the basin-
wide anomalies used to track the IOBM. Nonetheless, we
note that the IOD influence over equatorial SSTs is small rel-
ative to the Niflo-like mode in simulations by DiNezio et al.
(2020), and there is little relationship between the amplitude
changes in IOD and EEIO (not shown). The amplitude of
the Nifio-like mode in each experiment is shown in Fig. 8a.
The piControl ensemble exhibits a range of standard devi-
ations between 0.18 and 0.53 °C, yet the ensemble median
(0.37°C) is rather close to that of the reanalysis (0.38 °C).
The most robust response is observed in the ligl27k en-
semble, in which 13 of 14 models agree on an increase in
amplitude during the last interglacial. Only MIROC-ES2L
simulates a decrease in variability (of 46 %) with the re-
maining models averaging a 17 % increase. In contrast, the
other experiments show little to no agreement between mod-
els, with the mean amplitude going largely unchanged from
the piControl. Even the Igm experiment, which is the only
past climatic period previously analysed for the existence of
this mode, has little agreement: the amplitude increases in six
models and decreases in six models (the substantial increase
from COSMOS-ASO does shift the ensemble mean in Fig. 8a
though). Across PMIP, a roughly 1 : 1 relationship emerges
between amplitude changes in variability within the EEIO
region and across the whole basin (as measured by IOBM
strength), which is statistically significant. This behaviour
would be expected in the absence of the Nifio-like mode.
However, the relationship does not exist for the ligl27k en-
semble, where the consistent increase in EEIO standard devi-
ation (Fig. 8a) occurs despite a decrease in variability across
the whole basin (Fig. 4b). It is also interesting that the dom-

Clim. Past, 19, 681-701, 2023

C. Brierley et al.: Indian Ocean variability in PMIP4

inant period of interannual variability of in the EEIO region
reduces under orbital forcing (not shown; see the “Code and
data availability” section). These two observations provide
further evidence that a Nifio-like mode can emerge under cer-
tain climate states.

Thirumalai et al. (2019) and DiNezio et al. (2020) both use
CESM1.2 in their model analysis. However, its CMIP6 suc-
cessor, CESM2, lacks an Igm experiment at the time of writ-
ing. Its predecessor, CCSM4, is included here and exhibits an
8 % decline in variability. However, Di Nezio et al. (2016) ex-
plicitly note that CCSM4 fails to simulate the eastern drying
and western wetting reconstructed from proxies, as do most
CMIPS models. They argue that this is due to its inadequate
atmospheric response to shelf exposure, a key mechanism in
the onset of the Nifio-like mode. Although this is the first
analysis of the Nifio-like mode in CMIP6, we acknowledge
that this systematic bias may persist into our results. An up-
dated review of PMIP4 with respect to glacial hydroclimate
proxies, similar to DiNezio and Tierney (2013), would be re-
quired to clarify this point. Nonetheless, the robust increase
in variability in the ligl27k experiment presents an oppor-
tunity for the Nifio-like mode to be studied in past climates
other than the LGM.

How the Nifio-like mode interacts with other modes of
variability is relatively unexplored. The proximity of the
Nifio-like mode’s equatorial arm to the IOD region off of
Sumatra and Java and the observation that both modes peak
in boreal autumn lead to the reasonable assumption that the
two might influence each another through either changes in
mean state or variability. DiNezio et al. (2020) link the future
re-emergence of the Nifio mode with a shoaling of the ther-
mocline and enhanced upwelling in the eastern basin, condi-
tions which resemble a positive IOD. Furthermore, there is a
realistic possibility that ENSO could influence the Nifio-like
mode as it does the IOBM (Fig. 7b) and, to a lesser extent,
the IOD (Fig. 7c). Figure 8b shows a statistically significant
relationship between the mean equatorial SST gradient and
the amplitude of the Nifio-like mode in the ligl27k exper-
iment, which also passes through the origin. However, this
relationship is not shared across the rest of the ensemble. Po-
tentially this arises from the strong and consistent changes in
the seasonality seen in the ligl27k experiment, as this was
shown to impact the IOD (Fig. 6¢).

We also investigate influences on the relationship between
the Nifio-like mode and the IOD through an analysis of their
correlation. Although Thirumalai et al. (2019) demonstrated
the independence of the Nifio-like mode through its unique
precursors, neither they nor DiNezio et al. (2020) quantified
its synchronicity with the IOD. Here, we find that 88 of 114
simulations across all experiments exhibit a negative corre-
lation between the Dipole Mode Index and the EEIO index,
with a mean of correlation coefficient of —0.31. The strong
positive IOD event in 1997-1998 was associated with ENSO
and produced SST anomalies in the EEIO (Huang et al.,
2022). However, there is no connection between changes in
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Figure 8. Response of Nifio modes. (a) The amplitude of the Indian Ocean Nifio-like mode is measured by the standard deviation of the
eastern equatorial Indian Ocean SST anomalies (see Sect. 2.3 for definition). (b) The relationship between variability changes in the eastern
equatorial Indian Ocean and the mean zonal gradient across the Indian Ocean, measured by the DMI. (¢) The changes in the correlation
coefficient between the two Nifio modes, as a function of changes in the amplitude of Pacific ENSO. (d) The changes in the correlation
coefficient between the Indian Ocean Dipole and the Indian Ocean Nifio-like mode, as a function of changes in the amplitude of the Indian

Ocean Dipole.

the correlation of the IOD and Nifio-like modes and changes
in either ENSO (Fig. 8c) or the IOD amplitude (Fig. 8d).
We also find that the correlation between the DMI and EEIO
index becomes stronger (i.e. more negative) in all models
during the ligl27k experiment. Distinguishing between a
“switching on” of the Nifio-like mode in the ligl27k exper-
iment and the IOD pattern bleeding into equatorial regions
(Fig. 5c, similar to the strong positive IOD in 1997-1998)
is challenging. Further detailed investigation into the role of
changes in seasonality and phase locking of both modes and
their atmospheric precursor would be particularly useful.

5 Conclusions

Using PMIP4 simulations, we have explored how changes
in mean climatic Indian Ocean conditions affect its multiple
modes of interannual variability across both globally warm
and cool palaeoclimate. From this model ensemble, we fo-
cus on four palaeoclimate intervals that allow us to assess the
response to orbital (“midHolocene”, “ligl27k”) and green-
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house gas forcing (“lgm”, “abrupt4xC02”). We find ensem-
ble mean climatic differences between these experiments and
ones forced under preindustrial conditions to be in line with
expectations. Yet, across all simulations, there was no sys-
tematic relationship between indices of coupled climate vari-
ability and zonal SST gradients. Models reproduce observed
patterns of IO variability but show different responses to
the disparate forcing scenarios. No robust changes are seen
in any interannual mode, including the IOD, IOBM, and a
recently hypothesized interannual mode of equatorial vari-
ability (the Nifo-like mode) for the greenhouse gas exper-
iments (Igm and abrupt4xCO?2). Under orbital forcing, the
IOD robustly weakens in the midHolocene experiment but
not in lig127k, which shows a small ensemble mean weak-
ening. Both experiments suggest that the altered orbit re-
sults in an IOD with an extended cold pole along the Equa-
tor, linked to anomalous rainfall responses over the central
Indian Ocean. Interestingly, orbital damping of ENSO also
damps the IOBM, a result robust across both experiments.
Characterized by SST anomalies in the eastern equatorial In-
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dian Ocean (EEIO), the Nifio-like mode shows a robust in-
crease in the ligl27k experiment and is slightly increased
under the lgm experiment. Only the coupling of the changes
in the strength of the Indian Ocean Basin Mode (IOBM)
with changes in ENSO strength was consistent across exper-
iments: neither the IOD nor Nifio-like mode showed robust
relationships in any experiments. We find that proposed re-
lationships between changes in the mean zonal SST gradient
and IOD strength are not universal, although we find sugges-
tions of a more nuanced relationship including variations in
the seasonal cycle. Further work is required to fully under-
stand the role of seasonality shifts in IOD changes, and re-
constructions of their past changes have the potential to con-
strain model projections of future changes in Indian Ocean
variability.

Code and data availability. NOAA/CIRES/DOE 20th-Century
Reanalysis (V3) data provided by the NOAA PSL, Boulder, Col-
orado, USA, from their website at https://psl.noaa.gov/data/gridded/
data.20thC_ReanV3.html (Slivinski et al., 2023). Climate simula-
tion output is freely available to download from the Earth System
Grid Federation. Outputs from PMIP3 and PMIP4 have been cu-
rated and processed following the workflow outlined by Zhao et al.
(2022) and are available from them.

The codes used create the figures, along with data ac-
tually plotted, are available at https:/github.com/pmip4/
IndianOceanVariability — (last access: 21 February 2023;
https://doi.org/10.5281/zenodo.7636502, Brierley, 2023). This
includes a netcdf file for every simulation containing the mean
climate states, the IOD pattern, and time series of every climate
mode discussed. There are also ensemble mean fields computed on
the regular grid used by the IPCC’s Interactive Atlas. The repository
also has a single spreadsheet (summary_data/tidy_numbers.csv)
compiling key statistics for all the simulations, such as the ampli-
tude and dominant period for each of the four modes investigated
here.
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