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ABSTRACT

Prediction of the southern Indian Ocean dipole (SIOD) used to rely on previous studies on the tropical  variabilities,
while the extratropical  climate systems in the Northern Hemisphere may be unrepresented.  This study finds a significant
cross-seasonal  influence  of  summer  Arctic  Oscillation  (AO)  on  the  SIOD  in  the  subsequent  boreal  spring.  During  high
summer AO years,  high sea level  pressure anomalies in the North Pacific favor the generation of anticyclonic anomalies
locally.  As  a  response,  the  easterly  wind  anomalies  across  the  tropical  Pacific  are  intensified,  which  amplifies  the  zonal
dipole  of  sea  surface  temperature  anomalies  stretching the  tropical  Pacific,  modulating  the  Walker  circulation.  Then,  the
surplus precipitation sustains from boreal summer to fall as a result of the anomalous convection coupled with the increased
moisture  over  the  western  Pacific,  which  sets  an  advantageous  stage  for  SIOD  initiation  through  exciting  cyclonic
(anticyclonic) circulation over the eastern (western) pole of the SIOD in fall. The SIOD begins to grow in boreal winter in
the context of the reinforcement of the heat fluxes and oceanic processes, and finally peaks in the following spring. On this
basis,  an  empirical  model  using  the  preceding  summer  AO  to  predict  the  subsequent  spring  SIOD  is  established.  The
correlation coefficient between the predicted and observed SIOD is 0.5, which is slightly lower than that in the dynamical
models  from  the  North  American  Multi-model  Ensemble  Project  (0.53),  whereas  the  prediction  skills  of  the  former—in
terms of the hit rate and false alarm rate—are much higher than the latter in predicting individual SIOD events.
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Article Highlights:
•  JJA AO provides a significant precursor signal for the SIOD up to eight months in advance.

•  The model using JJA AO as the forecasting variable to predict SIOD events performs well.
 

  

 1.    Introduction

The southern Indian Ocean (SIO) plays a crucial role in
the global climate system (Zhu et al., 2024), and it has high
sensitivity to atmospheric switches due to the relative shallow-
ness  of  its  basin  (Cai  et al.,  2007).  The  southern  Indian
Ocean dipole (SIOD), as the dominant interannual variability
of the SIO, peaks from January to May. During its positive
phase, the southwest part of the SIO experiences warm sea

surface temperature (SST),  while the northeastern part  fea-
tures cold SST, and vice versa in its negative phase (Behera
and Yamagata, 2001). Numerous studies have also compre-
hensively concluded that SIOD events could have a substan-
tial  impact  on  climate  variations  across  subtropical  conti-
nents,  such  as  southern  Africa,  Australia,  India,  and  East
Asia (Reason, 2001; Chen et al., 2023; Anila and Gnanasee-
lan, 2024; Guan et al.,  2024). Consequently, improving the
prediction of the SIOD can not only deepen our understanding
of the internal physical mechanisms but can also have impor-
tant implications for the mitigation of socioeconomic losses
of the affected regions.
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Previous  studies  have  reported  that  El  Niño–Southern
Oscillation  (ENSO)  demonstrates  a  remarkable  correlation
with the SIOD in terms of interannual variability when the for-
mer  precedes  the  latter  by  about  five  months  (Hermes  and
Reason, 2005). Crucially,  the Walker circulation acts as an
“atmospheric bridge” that intricately connects ENSO to the
SST anomalies over the low-latitude SIO (0°–30°S), further
facilitating the formation of the SIOD. However, for the cen-
tral  Pacific  type of  El  Niño,  the SIOD has since the 2000s
become  a  key  precursor  with  a  14-month  lead  (Jo  et al.,
2022). Moreover, the Indian Ocean dipole (IOD), featuring
opposite  variations  of  SST  in  the  tropical  Indian  Ocean,
exhibits  a  cyclic  correlation  with  the  SIOD.  A  positive
SIOD can initiate the development of a positive IOD during
the subsequent September–November (SON), while this posi-
tive IOD, in turn, serves as a crucial factor in triggering a neg-
ative  SIOD  event  in  the  following  January–March  (JFM),
thereby  demonstrating  a  biennial  oscillatory  pattern
(Gnanaseelan et al., 2012; Feng et al., 2014).

In addition, the dynamic linkage between the preceding
extratropical signals in the Northern Hemisphere (NH) and
the following tropical climate systems via air–sea interactions
have been widely explored in many studies (Thompson and
Wallace, 2000; Vimont et al., 2001; Alexander et al., 2010;
Boschat et al., 2013; Ding et al., 2017). The primary variabili-
ties  of  the sea level  pressure (SLP) over  the North Pacific,
manifested as the first and second leading modes, are respec-
tively known as the Aleutian low and the North Pacific Oscil-
lation  (Chiang  and  Vimont,  2004; Amaya,  2019; Jia  et al.,
2021).  These  two  atmospheric  modes,  typically  reaching
their peaks in boreal winter or spring, can trigger subsequent
winter ENSO within the framework of the seasonal footprint-
ing  mechanism  (Vimont  et al.,  2003a, 2003b; Alexander
et al.,  2010; Yu  and  Kim,  2011; Chen  et al.,  2020, 2023;
Ding et al., 2022). The Aleutian low can also be regarded as
a  significant  Pacific  center  of  action  within  the  context  of
the  Arctic  Oscillation  (AO; Thompson and  Wallace,  2000;
Honda et al., 2001; Li and Wang, 2003). The AO induces an
anomalous  anticyclone over  the  Aleutian  region,  accompa-
nied by a distinct cyclonic anomaly. Simultaneously, warm
SST  and  surplus  precipitation  occur  over  the  subtropical
North  Pacific,  triggering westerly  wind anomalies  over  the
tropical western central Pacific through the air–sea interac-
tion, ultimately leading to the onset of the succedent winter
El  Niño  (Nakamura  et al.,  2006, 2007; Zheng  et al.,  2021;
Chen and Chen, 2022).

The aforementioned studies mostly focus on the impact
of  the  AO  on  variabilities  over  the  tropical  Pacific  and
Indian  Oceans.  However,  the  possible  ways  by  which  the
AO  might  impact  the  variability  of  the  SIO  remain
unknown, and the potential links between the AO and SIOD
are  also  in  need  of  examination  given  the  pronounced
lead–lag relations of the AO and SIOD. Moreover,  serving
as a key precursor for SIOD forecasting, the AO is used to
build an empirical prediction model for a lead time of approxi-
mately eight months.

The  paper  is  structured  as  follows:  Section  2  outlines
the  utilized  data  and  methods.  Section  3  shows  the  spatial
and  temporal  relationships  between  the  preceding  summer
AO and the subsequent spring SIOD, along with the underly-
ing mechanism. The empirical prediction model that utilizes
the AO as a key predictor for the SIOD is presented in section
4. Moreover, the performance of this model is evaluated by
comparing its predictive skills with existing dynamical mod-
els derived from the North American Multi-model Ensemble
(NMME). A summary and discussion are provided in section
5.

 2.    Datasets and methods

 2.1.    Datasets

The  monthly  data  of  SST  in  this  study  are  from  the
Extended  Reconstructed  SST  dataset,  version  6
(ERSST.v6),  based  on  the  International  Comprehensive
Ocean–Atmosphere Dataset on a horizonal resolution of 2°
×  2°  (Huang  et al.,  2025a, 2025b).  The  SLP,  horizonal
winds at multiple pressure levels, vertical velocity, precipita-
tion,  longwave  fluxes,  and  heat  fluxes  data  are  from  the
National Centers for Environmental Prediction–National Cen-
ter  for  Atmospheric  Research  (NCEP–NCAR)  reanalysis
(Kalnay et al., 1996). The sea surface height (SSH) data are
from the Simple Ocean Data Assimilation (SODA) reanalysis
dataset, version 2.2.4, based on the assimilation of historical
ocean observations into an ocean circulation model (Carton
and Giese, 2008). The monthly mean AO index is from the
Climate  Prediction  Center/National  Oceanic  and  Atmo-
spheric  Administration  (CPC/NOAA),  which  is  defined  as
the leading principal component time series from an empirical
orthogonal  function analysis  using SLP anomalies  north of
20°N—the same as in Thompson and Wallace (2000).

The NMME is a collaborative seasonal climate predic-
tion project developed by U.S. and Canadian institutes that
integrates  forecasts  from  multiple  coupled  atmosphere–
ocean models (Kirtman et al., 2014), allowing us to evaluate
the  prediction  skills  of  the  AO-based  model  by  comparing
the  predictability  estimates  between  them  within  the  same
years. Eight models from the NMME project are utilized dur-
ing  1986–2018.  Each  model  comprises  coupled  ensemble
members,  and  the  forecasts  are  provided  eight  months
ahead. Table 1 lists the key details of the models, including
their  abbreviated  names,  time periods,  ensemble  sizes,  and
lead times.

With  reference  to  the  conventional  definition  of  the
SIOD proposed by Behera and Yamagata (2001), and consid-
ering the regions that align well with the strongest and most
coherent  correlations  between  the  AO  and  SST  anomalies
over  the  SIO,  we  choose  (40°–53°S,  35°–44°E)  and
(12°–24°S, 75°–90°E) to represent the dipole regions of the
SIOD. Therefore, the SIOD index is defined as the difference
of the SST anomalies averaged within the western pole and
the  eastern  pole.  This  adjustment  is  adopted  to  prioritize
areas with robust AO–SIOD linkage, precisely capturing the
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AO signals while preserving the essential characteristics of
the SIOD. Then, using the threshold of one standard devia-
tion, the SIOD events are categorized into three types: (1) pos-
itive cases when the amplitude exceeds one standard devia-
tion;  (2)  negative  cases  when  the  amplitude  falls  short  of
one standard deviation; (3) neutral cases when the amplitude
lies  between.  Here  and  throughout,  we  denote  the  year  in
which  the  AO  peaks  in  June–August  (JJA)  as  year(0)  and
the following year as year(+1).

 2.2.    Methods

The linear  regression and correlation analysis  methods
are applied in this study, both of which are tested using two-
tailed  Student’s t-tests.  The  empirical  model  is  established
through  a  holdout  method  (Devroye  and  Wagner,  1979),
which depends on a single partitioning of the data. The time
series  is  divided into two parts:  the training period is  from
1951 to 1985 and the hindcasting period spans from 1986 to
2018.  The model  is  trained during the  training period with
the predictor variable, AO in JJA, regressed onto the depen-
dent  variable,  the  SIOD  during  the  following  February–
April (FMA). This gives us the relation between the depen-
dent variable, the SIOD, in the target season, and the predictor
variable, the AO, at an eight-month lead during the hindcast-
ing period.

The leave-one-out cross-validation method is applied to
estimate the stability of the AO-model according to previous
studies  (Grantz  et al.,  2005),  briefly  introduced  as  follows:
(1)  Considering  the  original  data  with  length L,  one  time
point is retained as the validation data for testing the model,
and the remaining subsample (length: L−1) is used to build
the  prediction  model  through  regression  analysis.  (2)  The
ensemble  hindcast  is  produced until  each  time point  in  the
given time series has repeated step (1).

Table 2 shows the occurrence of observed and predicted
SIOD  events  using  the  FMA  SIOD  for  each  individual

model. Suggested by prior studies (Zhao et al., 2020; Zhang
et al., 2024), the hit rates (in %) for correctly forecasting the
occurrence  of  a  positive/negative  SIOD  event  (HRP  and
HRN, respectively) are defined as follows: 

HRP =
a

a+b+ c
×100 ; (1)

 

HRN =
i

g+h+ i
×100 . (2)

The false  alarm rate  (FAR; in  %),  which is  a  measure
of  incorrectly  forecasting  an  SIOD event  when in  reality  a
neutral event occurred, is defined as follows: 

FAR =
d+ f

d+ e+ f
×100 . (3)

The values of HRP, HRN, and FAR are given as percent-
ages in the text.

 3.    Effect of the preceding summer AO on the
following spring SIOD

 3.1.    Spatiotemporal  relationship  between  the  AO  and
SIOD

To identify the key season in which the AO exhibits a
strongest relation with the FMA(+1) SIOD, a lead–lag correla-
tion analysis between the FMA(+1) SIOD and the preceding
three-month averaged AO index is  conducted,  as  shown in
Fig. 1a. The FMA(+1) SIOD has significant correlation coeffi-
cients  with  the  preceding  AO  from  May–July  (MJJ)  to
July–September  (JAS),  with  a  peak  in  JJA  when  the  latter
leads  the  former  by  eight  months  (Fig.  1a).  This  suggests
that a positive (negative) AO in the preceding JJA is typically
followed  by  a  positive  (negative)  SIOD  in  the  following

 

Table 1. Details of the NMME climate models employed in this study.

Model Period Ensembles Lead months

CanCM4i Feb 1986–Apr 2018 10 8
CanSIPS-IC3 Feb 1986–Apr 2018 20 8

COLA-RSMAS-CCSM3 Feb 1986–Apr 2018 6 8
COLA-RSMAS-CCSM4 Feb 1986–Apr 2018 10 8

GEM-NEMO Feb 1986–Apr 2018 10 8
GFDL-CM2p5-FLOR-A06 Feb 1986–Apr 2018 12 8
GFDL-CM2p5-FLOR-B01 Feb 1986–Apr 2018 12 8

NASA-GEOSS2S Feb 1986–Apr 2018 4 8

 

Table 2. Forecasting positive, neutral, and negative SIOD events.

Observed positive SIOD Observed neutral event Observed negative SIOD Total

Forecasted positive SIOD a d g a + d + g
Forecasted neutral b e h b + e + h

Forecasted positive SIOD c f i c + f + i
Total a + b + c d + e + f g + h + i a + b + c + d + e + f +

g + h + i
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FMA. The temporal correlation between the preceding JJA
AO and the FMA(+1) SIOD is 0.51, exceeding the 99% confi-
dence level (Fig. 1b). Moreover, Fig. 1c shows the spatial cor-
relation  of  the  preceding  JJA  AO  and  the  FMA(+1)  SST
anomalies over the SIO. The SST anomalies associated with
the preceding JJA AO feature a striking dipole pattern in the
subsequent  FMA  (Fig.  1c),  resembling  the  typical  spatial
structure of the SIOD.

Similar results can be obtained by employing other AO
indices,  i.e.,  the  Northern  Hemisphere  Annular  Mode
(NAM) index, albeit with relatively smaller correlation coeffi-
cients  [Fig.  S1  in  the  electronic  supplementary  material
(ESM)]. These results collectively demonstrate that the domi-
nant atmospheric variability over the NH in JJA can exert reli-
able delayed influences on the following FMA SIOD, motivat-
ing  us  to  explore  the  underlying  physical  mechanism  that
bridges them.

 3.2.    Tropical  Pacific  air–sea  interaction  induced  by  the
JJA AO

How can the signal of the JJA AO be transmitted from
the Arctic region to the SIO? The circulation variations over
the  tropical  Pacific  involved  with  oceanic  processes  may
serve as the possible pathway modulating the close connec-
tions between the Arctic and the SIO (Chen et al., 2014). To

verify  this  hypothesis, Fig.  2 displays  the  relationships  of
the JJA AO with the SST, 925-hPa wind, vertical velocity,
and precipitation anomalies in JJA and SON.

The  AO  reflects  a  seesaw  pattern  in  SLP  anomalies
between the Arctic and the midlatitudes (Thompson and Wal-
lace, 1998; Shi and Nakamura, 2014; Choi et al., 2016). The
large-scale AO-induced SLP anomalies represent an Aleutian
low–like pattern (Fig. S2a in the ESM). To identify the associ-
ated  circulation  response,  we  analyze  the  relationships  of
this  anomalous  pattern  with  the  SLP  and  925-hPa  wind
anomalies. The results reveal that, during JAS, a remarkable
high-pressure  system  dominates  the  central  North  Pacific,
inducing an anomalous anticyclonic circulation and northeast-
erly winds branching from it propagating equatorward (Fig.
S3a  in  the  ESM).  In  August–October  (ASO),  despite  the
weakening and eastward displacement of the high-pressure,
its southeastern component continuously enhances the equato-
rial  easterlies  (Fig.  S3b  in  the  ESM),  until  it  collapses  by
SON (Fig. S3c in the ESM).

The tropical  easterly anomalies contribute to the west-
ward advection of the surface warm seawater over the western
Pacific and the enhanced upwelling of the subsurface cold sea-
water over the tropical central-eastern Pacific (Fig. 2a), result-
ing  in  a  prominent  zonal  SST  gradient,  which  drives  the
anomalous Walker circulation (Fig. 2b). The enhanced con-
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Fig. 1. (a) Lead–lag correlation coefficients between the FMA(+1) SIOD and the preceding overlapping three-
month averaged AO. Numbers in parentheses denote the months by which the SIOD is led by the AO. (b)
Time  series  of  the  standardized  FMA(+1)  SIOD  (blue  line)  and  JJA  AO  (red  line)  indices  for  the  period
1951–2021, and the correlation coefficient (r = 0.51) between them is shown in the left top. (c) Correlation
distributions between the JJA AO and the subsequent FMA SST anomalies in the SIO. The horizontal dashed
lines  in  (a)  represent  the  90%  confidence  level.  Dots  in  (c)  show  correlations  significant  above  the  90%
confidence level, and the boxes indicate the western and eastern poles of the SIOD.
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vection  coupled  with  the  moisture  influx  over  the  warm
pool generates surplus precipitation, while the suppressed con-
vection,  inhibiting  the  reduced  moisture  convergence  pro-
duces  a  marked  precipitation  deficit  over  the  eastern  pool
(Fig.  2c).  Importantly,  the  anomalous  precipitation  pattern
can in turn reinforce the zonal overturning circulation. Also,
the  atmosphere–ocean  coupling  exhibits  strong  persistence
from JJA through SON (Figs. 2d–f).

 3.3.    Maturation of the SIOD promoted by the JJA AO

How does the tropical Pacific circulation variations asso-
ciated  with  the  JJA  AO  influence  the  subsequent  FMA
SIOD? The significant precipitation anomalies over the Mar-
itime Continent may play a critical role in bridging the tropical
Pacific  and  the  Indian  Ocean.  The  regression  distributions
of the SLP, 1000-hPa wind, SST, surface net downward long-
wave radiation flux, SSH, net latent heat flux, and net sensible
heat flux anomalies against the preceding JJA AO spanning
from SON to FMA are demonstrated.

As a response to the surplus precipitation over the Mar-
itime  Continent,  Gill-type  circulation  develops  in  SON,
with a pair of cyclones straddling the equator to the west of
the  Maritime  Continent  (Fig.  3a; Gill,  1980; Xing  et al.,
2014).  The  northern  cyclone  is  partly  weakened  (Fig.  3a).
However,  the  southern  cyclone  anchored  over  the  eastern
pole  of  the  SIOD  enhances  low-level  convergence  and
upward motion, which is balanced by upper-level divergent
outflow  and  compensating  subsidence  to  the  western  pole.
This  convective  contrast  establishes  a  prominent  SLP

dipole, fostering an anomalous anticyclone over the western
pole (Fig. 3b).

In  SON,  the  western  SIOD  pole  begins  to  warm
through  strengthened  downward  longwave  radiation
(Fig. 4a), which intensifies both the latent heat and sensible
heat fluxes (Figs. 5a, d), while the SST changes over the east-
ern pole are not so distinct (Fig. 3d). During DJF, the anticy-
clone over the western pole tends to weaken the climatologi-
cal winds (Fig. S4b in the ESM), forming a wind–evaporation
–SST  mechanism  (Xie  and  Philander,  1994; Amaya  et al.,
2017). The suppressed evaporation decreases the latent heat
loss from the ocean (Fig. 5b), allowing for persistent warming
of the western pole (Fig. 3e). Meanwhile, the shoaling thermo-
cline favors cooling over the eastern pole (Fig. 4e), leading
to  a  substantial  SST  dipole  over  the  SIO  (Fig.  3e).  The
warm SST anomalies over the western pole can sustain into
FMA (Fig. 3f), while the oceanic configuration over the east-
ern  pole  amplifies  due  to  the  Bjerknes  positive  feedback
(Fig.  4f; Bjerknes,  1969),  which contributes  to  the  peak of
the SIOD in FMA (Fig.  3f).  Overall,  these processes serve
as an atmosphere–ocean coupled bridge along which the pre-
ceding JJA AO can foster the maturation of the SIOD in the
following FMA (Li et al., 2019).

 4.    Prediction  of  the  SIOD  in  AO-based
empirical and NMME models

Based on the physical linkage between the JJA AO and
the  following  FMA  SIOD,  a  new  physics-based  empirical

 

 

Fig. 2. (a) Regression of SST (shading; units: K) and 925-hPa wind (vectors; units: m s−1) anomalies in JJA against
the JJA AO. (b)  As in  (a)  but  for  the SON SST and 925-hPa wind anomalies.  (c–f)  As in  (a,  b)  but  for  the (c,  d)
vertical velocity (shading; units: Pa s−1) averaged within 15°N–15°S and (e, f) precipitation (shading; units: mm d−1)
anomalies. Only regression coefficients significant above the 90% confidence level are shown in (a) and (b). Stippled
areas in (c–f) pass the 90% confidence level.
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model is built through the holdout method (Devroye and Wag-
ner,  1979),  depending  on  the  linear  regression,  which  is
named hereafter as the AO-model. The AO-model is trained
during 1951–85 though the linear regression of the predictor
variable,  the  AO,  eight  months  earlier,  onto  the  dependent
variable,  the  SIOD,  and  thus  the  prediction  model  is
expressed as follows:
 

SIOD(t) = ω×AO(t−8) , (4)

ωwhere t (t − 8) is time (eight months earlier), and  denotes

the regression coefficient.
The  AO-model  is  firstly  tested  with  the  leave-one-out

cross-validation method (Fig. 6a), and the correlation coeffi-
cient between the observed and the cross-validated hindcast
FMA(+1) SIOD indices is 0.5, passing the 99% confidence
level,  indicating  the  reliability  of  the  AO-model.  Then,
employing  the  AO-model,  the  correlation  between  the
observed  and  modeled  SIOD  index  in  FMA  is  0.52  in  the
training  period,  exceeding  the  99%  confidence  level
(Fig. 6b). Although the correlation reduces slightly to 0.5 in
the hindcast period, it is still significant above the 99% confi-

 

 

Fig. 3. (a) Regression of SLP (shading; units: hPa) and 1000-hPa wind (vectors; units: m s−1) anomalies in SON against the
preceding JJA AO. (b, c) As in (a) but for the (b) DJF and (c) FMA SLP and 1000-hPa wind anomalies. (d–f) As in (a–c) but
for  the  SST  (shading;  units:  K)  anomalies.  Stippled  areas  exceed  the  90%  confidence  level,  and  only  vectors  significant
above the 90% confidence level are shown in (a–c). The boxes indicate the western and eastern poles of the SIOD.

 

 

Fig. 4. (a) Regression of surface net downward longwave radiation flux (shading; units: W m−2) anomalies in SON against
the preceding JJA AO. (b, c) As in (a) but for the (b) DJF and (c) FMA longwave radiation flux anomalies. (d–f) As in (a–c)
but  for  the  SSH  (shading;  units:  m)  anomalies.  Stippled  areas  exceed  the  90%  confidence  level.  The  boxes  indicate  the
western and eastern poles of the SIOD.
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dence level (Fig. 6b). These results demonstrate the effective
prediction skill of the AO-model.

Prior  studies  (e.g., Zhao  et al.,  2020; Zhang  et al.,
2024)  have  reported  the  superior  prediction  skills  of  the
dynamical models from the NMME in evaluating climate vari-
abilities (i.e., ENSO and the IOD). An assessment of the pre-
dictability of the SIOD in the AO-model through comparison
with  eight  dynamical  models  is  presented  in Fig.  7a.  A
higher  prediction  skill  for  the  temporal  evolution  of  the
SIOD in terms of both the correlation coefficient (0.5) and
root-mean-square  error  (RMSE)  (0.4)  occurs  in  the  AO-
model  than  in  all  individual  dynamical  models  from  the
NMME  except  for  GFDL-CM2p5-FLOR-B01  (0.52  and
0.39).  The  prediction  of  the  multi-model  ensemble  mean
(MME,  averaged  across  the  eight  NMME dynamical  mod-
els) outperforms the AO-model, with a correlation coefficient
of 0.53 and RMSE of 0.36 (Fig. 7a). This suggests that the

SIOD predicted by the MME of the dynamical models is rela-
tively superior to that predicted by the AO-model and individ-
ual dynamical models in the peak season.

To further evaluate the prediction skill for each culmi-
nated  SIOD  event,  the  positive  and  negative  SIOD  events
are selected in the observations, AO-model, and dynamical
model forecasts using one standard deviation in FMA, as dis-
played in Fig. 7b. The hit rate for the positive phase of the
SIOD in the AO-model reaches 80%, which is much larger
than that in all dynamical models and the MME forecast. By
comparison, the AO-model performs much better in predict-
ing  positive  SIOD  events  than  negative  SIOD  events,
whereas individual models exhibit better predictive skill for
negative SIOD events, and half the dynamical models outper-
form  the  AO-model  in  predicting  negative  SIOD  events
(Fig. 7b). Regarding the false alarm rate, the AO-model per-
forms better than both the individual dynamical models and

 

 

Fig. 5. (a) Regression of the net latent heat flux (shading; units: W m−2) anomalies in SON against the preceding JJA AO. (b,
c) As in (a) but for the (b) DJF and (c) FMA net latent heat flux anomalies. (d–f) As in (a–c) but for the net sensible heat flux
(shading; units: W m−2) anomalies. Positive values denote the upward direction. Stippled areas exceed the 90% confidence
level. The boxes indicate the western and eastern poles of the SIOD.
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Fig.  6. (a)  Standardized  time  series  of  the  observed  and  leave-one-out  cross-validation  hindcast  FMA(+1)  SIOD
index, with the correlation coefficient (r = 0.5) between them shown in the top left. (b) Time series of the observed
(blue line), trained (orange line), and hindcasted (yellow line) FMA(+1) SIOD index. The correlations between the
observed and modeled FMA(+1)  SIOD indices  during the  training (r-train  =  0.52)  and hindcast  (r-hindcast  =  0.5)
periods are shown in the top left.
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the MME forecast, except for GEM-NEMO (Fig. 7b). These
results demonstrate the prominent advantage of the physics-
based AO-model in predicting the strong culminated SIOD
events  at  an eight-month lead,  in terms of  both the hit  rate
and false alarm rate, relative to the dynamical models in the
NMME.

 5.    Summary and discussion

The  SIOD  and  its  remote  influences  across  the  globe
have  gathered  extensive  attention  due  to  its  associations
with  the  tropical  Indian  Ocean  and  the  Asian  monsoon
(Anila and Gnanaseelan, 2024; Chen et al., 2024). Traditional
diagnostic frameworks for SIOD prediction used to rely sim-
ply on the tropical variabilities, i.e., ENSO and the IOD, yet
the extratropical climate systems may be unrepresented in pre-
vious studies, especially in the NH.

This study finds that the JJA AO may exert a cross-sea-
sonal  influence  on  the  SIOD  in  the  subsequent  FMA,  and
the  underlying  mechanisms  are  investigated  and  illustrated
in Fig. 8. A positive AO event in JJA typically generates a
seesaw pattern in SLP anomalies between the Arctic and the
Aleutian region, accompanied by an anomalous anticyclone
over the North Pacific, which reinforces the equatorial east-
erly anomalies. The responsive zonal dipole of SST anomalies
stretching the tropical Pacific promotes anomalous Walker cir-
culation, thereby facilitating a dipole pattern of precipitation
anomalies, which further advances the intensification of the
Walker circulation. These circulation configurations can sus-
tain from JJA to SON. The surplus precipitation over the Mar-
itime Continent  activates  a  Gill-type response,  allowing an
anomalous  cyclone  to  form  over  the  eastern  pole  of  the
SIOD  in  SON,  along  with  an  anomalous  anticyclone  over
its  western  pole,  preconditioning  the  SIOD’s  initiation.

Then,  the  SIOD  develops  through  DJF  in  the  context  of
enhanced  heat  fluxes  and  oceanic  processes,  and  finally
peaks in the following FMA. Hence, we conclude that a posi-
tive AO in JJA is likely to trigger a positive SIOD event in
the subsequent FMA through the atmosphere–ocean coupled
bridge  mechanism.  Consistent  results  have  been  obtained
with the Met Office HadISST and NOAA-CIRES-DOE Twen-
tieth Century Reanalysis datasets (Rayner et al., 2003; Slivin-
ski et al.,  2019), confirming the robustness of the proposed
physical process (Figs. S8–S12 in the ESM).

A simple empirical prediction model is then constructed
with the AO serving as the predictor for the SIOD at a lead
time of about eight months, and the predicted outputs gener-
ally  simulate  the  variation  of  the  SIOD.  The leave-one-out
cross-validation  method  is  employed  to  test  the  robustness
of  the  AO-model,  and  the  relatively  high  correlation
between  the  hindcasted  and  observed  SIOD  indicates  that
the AO is a promising parameter to be applied in SIOD fore-
casting.  Additionally,  advanced  predictive  skills  compared
to NMME models indicate far-reaching progress in predicting
the SIOD.

A critical consideration for validating our AO–SIOD link-
age is  clarifying the  role  of  ENSO.  Firstly,  to  test  whether
the JJA AO is a downstream response of ENSO that affects
the  SIOD,  we  analyze  the  lead–lag  correlation  between
ENSO and the JJA AO over a 24-month window. As shown
in Fig. S5 in the ESM, ENSO exhibits no significant leading
influence  on  the  JJA AO,  demonstrating  that  ENSO is  not
the initial driver. We then explore whether ENSO functions
to  transmit  AO  signals.  Partial  correlation  analysis  reveals
that  the  relationship  between  the  AO and  the  western  pole
remains  robust  after  ENSO removal  (Fig.  S6 in  the  ESM),
whereas  the  correlation  between  the  AO  and  the  eastern
pole  becomes  statistically  insignificant  (Fig.  S6  in  the
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Fig.  7. (a)  Taylor  diagram of the predicted FMA(+1) SIOD based on eight  dynamical  models  in the NMME (circles),  the
MME (green snowflake) averaged across the eight dynamical models, and the AO-model (pink pentagram) during the period
1986–2018.  (b)  Hit  rates  for  the culminated positive (orange dots)  and negative (green dots)  SIOD events,  along with  the
false  alarm  rates  for  both  the  culminated  positive  and  negative  SIOD  events  (brown  dots),  using  individual  dynamical
models, MME hindcasts, and the AO-model (dashed lines).
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ESM),  implying  that  ENSO  could  reinforce  the  AO’s
impact  on  the  eastern  pole,  but  is  irrelevant  to  the  western
pole.  Finally,  to  quantify  ENSO’s impact  on SIOD predic-
tion,  we  evaluate  the  performance  of  the  AO-model  after
ENSO removal. The prediction skill declines after excluding
ENSO  signals  but  remains  statistically  significant  (Fig.  S7
in the ESM). These findings not only highlight the regulatory
role of ENSO but also underscore the intrinsic contribution
of the AO to the subsequent SIOD.

It  is  noteworthy  that  a  pronounced  AO-related  signal
also emerges over the eastern tropical Indian Ocean during
the  subsequent  winter  to  spring,  characterized  by  anoma-
lously negative SST off Java. The affected regions closely cor-
respond to the so-called “Java–Sumatra Niño/Niña” domain
defined  in  earlier  studies  (Fig.  S8  in  the  ESM; Lee  et al.,
2021, 2022), suggesting that the JJA AO may exert a priori-
tized  influence  on  the  development  of  the  Java–Sumatra
Niño/Niña. Correlation analysis indicates a possible linkage
through anomalous offshore flows (Fig. S8 in the ESM). Nev-
ertheless, the mechanisms involved warrant further detailed
exploration.
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