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Abstract

This study reveals a strong relationship between the North Pacific Meridional Mode (PMM) in boreal spring and the Indian
Ocean Dipole (IOD) in following autumn. A positive spring PMM tends to be followed by a positive IOD and vice versa.
The mechanism for the influence of the PMM on the IOD is then investigated. Positive spring PMM-related cyclonic and
SST warming anomalies over the subtropical North Pacific propagate southward to the equatorial central Pacific in the fol-
lowing summer via wind-evaporation-SST feedback. SST warming and enhanced atmospheric heating in summer in the
equatorial central Pacific induce an anomalous Walker circulation with ascending anomalies over the tropical central Pacific
and descending anomalies over the Maritime Continent. The descending anomalies over the Maritime Continent result in
southeasterly wind anomalies off the west coast of Sumatra, which lead to cold SST anomalies in the southeastern tropical
Indian Ocean via modulating surface heat flux and upwelling of cold water. The associated increase in zonal SST gradi-
ent in the tropical Indian Ocean leads to low-level easterly wind anomalies and contributes to warm SST anomalies in the
western tropical Indian Ocean via oceanic dynamic process. The warm and cold SST anomalies in the tropical western and
southeastern Indian Ocean further develop to an IOD event in the following autumn via a positive air-sea interaction. The
above process for the PMM influence on IOD can be simulated in the long historical simulations of coupled climate models.
This study suggests that the spring PMM is a potential precursor for the occurrence of IOD event in the following autumn.

Keywords Indian Ocean Dipole - Pacific Meridional mode - Air-sea interaction

1 Introduction

The Indian Ocean Dipole (IOD) is a prominent air-sea inter-
action mode in the tropical Indian Ocean (IO) that usually
peaks in the boreal autumn and is featured by a west—east
sea surface temperature (SST) gradient and zonal wind
anomalies along the equatorial IO (Saji et al. 1999; Webster
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et al. 1999). The occurrences of IOD events have substantial
global impacts by altering ocean—atmosphere circulations,
particularly in Australia, India, Africa and East Asia (Ashok
et al. 2001; Yamagata et al. 2004; Terray et al. 2007; Cai
et al. 2011; Qiu et al. 2014; Chen et al. 2018; Zhang
et al. 2019; Zhang et al. 2022a, b, c; Wahiduzzaman et al.
2022; Zhang et al. 2023). Due to its large climatic and eco-
nomic impacts, a comprehensive study of the formation and
development mechanism of IOD is of critical significance.
Local air-sea interaction and oceanic dynamics within the
tropical IO are important for the occurrence and develop-
ment of IOD events (Behera et al. 1999; Yang et al. 2015;
Wang et al. 2016; Liu et al. 2017; Lu et al. 2018; Aparna and
Girishkumar 2022). For example, initial SST anomalies in
the tropical eastern IO would alter the zonal SST gradient
in the tropical 10 and induce surface zonal wind anomalies.
These surface zonal wind anomalies contribute to IOD devel-
opment through Bjerknes-like positive air-sea feedback and
surface—subsurface interaction (Wang et al. 2016). In addi-
tion to the local process within the IO, studies have suggested
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that external forcing outside the IO also plays a critical role in
modulating the occurrence of IOD. For example, studies sug-
gested that SST anomalies in the tropical Pacific associated
with the El Nifio and Southern Oscillation (ENSO) could
strongly influence the IOD through modulating the tropical
Walker circulation (Xie et al. 2002; Annamalai et al. 2003;
Fischer et al. 2005; Behera et al. 2006; Roxy et al. 2011;
Huang et al. 2022). With the frequent occurrence of Cen-
tral Pacific (CP) El Nifio events after the early-1990s, many
studies have examined the complicated CP ENSO-IOD rela-
tionships (Ashok et al. 2007; Izumo et al. 2010, 2014; Liang
2014; Krishnaswamy et al. 2015; Yeh et al. 2015; Strnad
et al. 2022). In addition to the ENSO, the evolution of IOD
can also be modulated by other tropical climate systems,
including the tropical cyclone over the Bay of Bengal (Fran-
cis et al. 2007), SST anomalies in the tropical Atlantic (Wang
et al. 2009; Zhang et al. 2022a, b), and the tropical cross-
equatorial flow in Indonesia (Song and Gordon 2004).

The influence of climate systems outside the tropics on
the IOD is less investigated. The North Pacific Meridional
mode (PMM), the leading atmosphere—ocean coupled vari-
ability over the subtropical northeast Pacific, is an impor-
tant precursor for the occurrence of ENSO (Chiang and
Vimont 2004; Liu et al. 2019; Larson and Kirtman 2014,
Lin et al. 2015; Min et al. 2017; Zheng et al. 2021a, b; Fan
et al. 2021; Richter et al. 2022). The PMM-induced SST,
precipitation and atmospheric anomalies over the subtropi-
cal North Pacific could propagate southward to the tropi-
cal Pacific via the wind-evaporation-SST (WES) feedback,
which further exert impacts on the ENSO development via
tropical dynamical processes (Xie and Philander 1994; Yu
et al. 2010; Amaya 2019; Lin et al. 2015; Zheng et al. 2023).
In addition to the WES feedback, studies have indicated the
PMM can also impact the ENSO development via the oce-
anic process (Yu and Kim 2010; Wang and Wang 2013;
Wang et al. 2018; Chen et al. 2023). Particularly, the PMM-
related surface wind stress anomalies over the subtropical
North Pacific could induce surface wind curl anomalies over
the tropical central Pacific. These could induce sub-surface
ocean temperature anomalies over the tropical central Pacific
via Ekman pumping and meridional oceanic currents, which
further impact following winter ENSO development (Ander-
son and Karspeck 2013; Anderson and Perez 2015; Wang
et al. 2019; Guan et al. 2023). Since PMM could impact
the tropical Pacific SST, and the IOD may be affected by
the tropical Pacific SST, we speculate that the PMM may
be able to modulate the occurrence and development of the
IOD. In this study, we present evidence to show that this is
indeed the case. We show that the spring PMM is signifi-
cantly related to the following autumn IOD occurrence. We
then examine the physical processes, including the relative
roles of ocean dynamics and atmospheric thermal forcing,
involved in the PMM-IOD linkage.
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The rest of this paper is organized as follows. Section 2
present the data and methodology. The lead-lag relationship
between the PMM and IOD is examined in Sect. 3. Section 4
investigates the physical process for the impact of the PMM
on the IOD. Section 5 summarizes our findings.

2 Data and methods
2.1 Data

Monthly mean SST data were obtained from the National
Oceanic and Atmospheric Administration (NOAA)
Extended Reconstructed SST, version 5 (ERSSTv5) (Huang
et al. 2017; downloaded from https://www.esrl.noaa.gov/
psd/data/gridded/data.noaa.ersst.v5.html). This SST data-
set spans from January 1854 to the present and has a hori-
zontal resolution of 2°x 2°. Monthly winds, precipitation
rate, and surface heat fluxes are obtained from the National
Centers for Environmental Prediction and the National
Center for Atmospheric Research reanalysis (NCEP-NCAR)
(Kalnay et al. 1996), starting in January 1948. We also use
the monthly precipitation data from the Global Precipita-
tion Climatology Project (GPCP) (Adler et al. 2003) with
a horizontal resolution of 1.25°x 1.25° and from the CPC
Merged Analysis of Precipitation (CMAP) with a horizon-
tal resolution of 2.5°%x2.5° (Xie and Arkin 1996) to con-
firm the results from the NCEP-NCAR. The net surface
heat flux is the sum of the surface sensible and latent heat
fluxes, and the net surface shortwave and longwave radia-
tion. To calculate the mixed-layer heat budget equation, we
obtained the monthly oceanic variables including potential
temperature, zonal current, meridional current, vertical cur-
rent, and ocean mixed layer depth from the Global Ocean
Assimilation System (GODAS) (Behringer and Xue 2004).
These three-dimensional currents, potential temperature,
and ocean mixed layer depth all have a zonal resolution of
1° and meridional resolution of 1/3° and have 40 vertical
levels in the upper 200 m from 1980 to 2021 (Behringer
and Xue 2004).

In addition, we use the historical simulation outputs from
38 coupled models participated in the CMIP6. Detailed
information of these 38 models is provided in Table 1. A
9-year high pass Lanczos filter was used to extract interan-
nual components of all data (Duchon 1979). Using a 7-year
or 11-year high pass filter gives similar results (not shown).

2.2 Methods

The dipole mode index (DMI) is employed to measure IOD
variability (Saji et al. 1999), which is calculated as the area-
averaged SST difference between the tropical western Indian
Ocean (WTIO; 10° S—10° N, 50°-70° E) and the tropical
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Table 1 Information about the 38 models in CMIP6

Model Name Modeling centers Resolution (lat X lon)
ACCESS-CM2 CSIRO-ARCCSS (Commonwealth Scientific and Industrial Research Organization, Australian 144%192
Research Council Centre of Excellence for Climate System Science)
ACCESS-ESM1-5 CSIRO (Commonwealth Scientific and Industrial Research Organization) 145%x 192
AWI-CM-1-1-MR AWI (Alfred Wegener Institute ) 192x 384
BCC-CSM2-MR BCC (Beijing Climate Center) 160320
CAMS-CSM1-0 CAMS(Chinese Academy of Meteorological Sciences) 160% 320
CanESMS5 CCCMA(Canadian Centre for Climate Modelling and Analysis) 64128
CanESM5-CanOE CCCMA(Canadian Centre for Climate Modelling and Analysis) 64128
CAMS-CSM1-0 CAMS(Chinese Academy of Meteorological Sciences) 320% 160
CAS-ESM2-0 CAS(Chinese Academy of Sciences) 128 %256
CESM2 NCAR (National Center for Atmospheric Research) 192x288
CESM2-WACCM NCAR (National Center for Atmospheric Research) 192 %288
CIESM THU (Tsinghua University—Department of Earth System Science) 192x288
CMCC-CM2-SR5 CMCC (Centro Euro-Mediterraneo per I Cambiaenti Climatici) 192x288
CMCC-ESM2 CMCC (Centro Euro-Mediterraneo per I Cambiaenti Climatici) 192x288
CNRM-CM6-1 CNRM-CERFACS (National Center for Meteorological Research, Météo-France and CNRS 128 X256
laboratory, Climate Modeling and Global change)
CNRM-CM6-1-HR CNRM-CERFACS (National Center for Meteorological Research, Météo-France and CNRS 360720
laboratory, Climate Modeling and Global change)
CNRM-ESM2-1 CNRM-CERFACS (National Center for Meteorological Research, Météo-France and CNRS 128256
laboratory, Climate Modeling and Global change)
E3SM-1-1 E3SM-Project RUBISCO (Energy Exascale Earth System Model, Reducing Uncertainty in Bio- 90X 90
geochemical Interactions through Synthesis and Computation)
EC-Earth3 EC-Earth-Consortium 256512
EC-Earth3-Veg EC-Earth-Consortium 256512
EC-Earth3-Veg-LR EC-Earth-Consortium 160x320
FGOALS-f3-L CAS(Chinese Academy of Sciences) 180x 360
FGOALS-g3 CAS(Chinese Academy of Sciences) 80x 180
FIO-ESM-2-0 FIO-QLNM (First Institute of Oceanography (FIO) and Qingdao National Laboratory for Marine 192x288
Science and Technology (QNLM))
GFDL-CM4 NOAA-GFDL (National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics 180x288
Laboratory)
GFDL-ESM4 NOAA-GFDL (National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics 180x288
Laboratory)
HadGEM3-GC31-MM MOHC (Met Office Hadley Centre) 324x432
IITM-ESM CCCR-IITM (Centre for Climate Change Research, Indian Institute of Tropical Meteorology) 94x192
INM-CM4-8 INM (Institute of Numerical Mathematics) 120x 180
INM-CMS5-0 INM (Institute of Numerical Mathematics) 120x 180
IPSL-CM6A-LR IPSL (Institut Pierre-Simon Laplace) 143x 144
KACE-1-0-G NIMS-KMA (National Institute of Meteorological Sciences/Korea Met. Administration) 144x 192
MCM-UA-1-0 UA (University of Arizona—Department of Geosciences) 80x96
MIROC6 MIROC (Atmosphere and Ocean Research Institute (AORI), Centre for Climate System 128 %256
Research-National Institute for Environmental Studies (CCSR-NIES) and Atmosphere and
Ocean Research Institute (AORI))
MIROC-ES2L MIROC (Atmosphere and Ocean Research Institute (AORI), Centre for Climate System 64 %128
Research-National Institute for Environmental Studies (CCSR-NIES) and Atmosphere and
Ocean Research Institute (AORI))
MPI-ESM1-2-LR MPI-M AWI (Max Planck Institute for Meteorology (MPI-M), AWI (Alfred Wegener Institute)) 96X 192
MRI-ESM2-0 MRI (Meteorological Research Institute, Japan) 160x 320
NESM3 NUIST (Nanjing University of Information Science and Technology) 96x 192
NorESM2-LM NCC (Norwegian Climate Centre) 96 x 144
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southeastern Indian Ocean (SETIO; 10° S-0°, 90°-110° E).
The PMM is represented by the first singular value decom-
position mode of SST and surface winds over the region of
21°S5-32° N and 175° E-95° W (Chiang and Vimont 2004;
Chang et al. 2007; Zheng et al. 2023). The PMM index is
defined as the expansion coefficient time series of the SST
corresponding to the first SVD mode. Following Chang et al.
(2007), the cold tongue SST index (SST anomalies aver-
aged in 6° S—6° N, 180°-90° W) has been linearly removed
before the SVD analysis to ensure the independence from the
ENSO cycle. The EOF method is also employed to define
the PMM index to assess the reliability of the SVD-defined
PMM index. As has been demonstrated by Richter et al.
(2022), the first EOF mode of SST anomalies over the region
of 21° S-32° N and 175° E-95° W after removing the cold
tongue index could represent the PMM pattern and the PMM
index is defined as the principal component (PC) time series
corresponding to the EOF1 (Richter et al. 2022). We use the
Nifio3.4 index, defined as area-averaged SST anomalies in
the region of 5° S-5° N and 170°-120° W, to characterize
the ENSO variability (Trenberth 1997; Chen et al. 2014).

Significance levels of the regression and correlation coef-
ficients are assessed using a two-tailed Student’s t test. Due
to the potential autocorrelation of the time series, the effec-
tive sample size (N*) was estimated following Bretherton
et al. (1999), which is described as follows:

N*:Nx(l_r1r2>, (1)

14+rr,

N* is the effective sample size, N represents the original
length of the time series. r; and r, denote the lag one auto-
correlation coefficients of the two-time series involved in the
correlation analysis.

We diagnose the mixed layer heat budget to quantitatively
examine the process for the formation of the SST anomalies
in the tropical IO in association with the PMM (Qu 2003;
Santoso et al. 2010; Schiller and Ridgway 2013; Graham
et al. 2014; Vijith et al. 2020). Following Vijith et al. (2020),
the mixed layer heat budget is expressed as follows:

oT, oT, oI, PT, T\ 1] or
=- — tv,— | tky|l =+ = ) — - |kz=—
ot <““ ox gy )T o T ) T [P a ],
——

——

Vertical mixing

90-9pen

poCph
——

Tendency

Horizonal advection Horizonal mixing

T,~T.,\ [ oh oh . oh
—( “ A )(E +w_h+u_ha +v_,,a—y>+

Entrainment

(@)

Net heat flux

Here, py, Cp, and T are the seawater density, ocean heat
capacity, and seawater temperature, respectively. 4 is the
temporally and spatially varying mixed layer depth. g,,,, rep-
resents the penetrative loss of shortwave radiation and g is
the net surface heat flux. k; and k, are the horizontal and
vertical eddy diffusivities, respectively. 7, u, and v, are the
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vertically averaged oceanic temperature, zonal and meridi-
onal current velocities, respectively, in the mixed layer
depth. w_,, u_,, v_,, and T_, denote the vertical, zonal,
meridional velocity, and oceanic temperature at the base of
the mixed layer, respectively. The terms for horizontal mix-
ing (kH<% + %)), vertical mixing (% [kz‘;—{] h), and
penetrating shortwave radiation (g,,,,) are much smaller than
other terms and are therefore omitted as in previous studies
(Graham et al. 2014; Qu 2003; Santoso et al. 2010; Schiller
and Riggway 2013; Vijith et al. 2020). Hence, Eq. (2) can be
simplified as follows:

o, __ T, 0T, T,-T, 4 .

P T N N 3)
oh oh oh

w, = 5 +w_, + u_ha + V_ha—y 4

9o =Ry + R + S, + L. (%)

In Eq. 3), % denotes oceanic temperature tendency term;

aT, T, - . . T,-T., .
—ly, =V, e ds the horizontal advection term; —w, T*’ is
x 'y

do
poCph
represents residual term, including high frequency eddies,
vertical and lateral diffusion, and any spurious numerical

diffusion. w, is the sum of mix layer tendency (%), lateral

induction (u_h% + v_h‘;—z), and vertical advection (w_,). g

the entrainment term;

represents net heat flux term. R

is surface net heat flux (Eq. (5)). All terms on the right-hand
side of Eq. (5) are assumed to be positive (negative) if they
act to warm (cool) the SST.

Furthermore, a variable (such as 7,,) can be decomposed
into the sum of the climatological mean state and the anom-
aly state (i.e., T, = Ta +T,") according to Graham et al.
(2014). Thus, Eq. (3) could be further expressed as follows:

or, (_or,/ N 0T, . T,
or - \MaTgx Tl g T Ty
—aTa’ /aTu /aTa’

- Vaa—y + Va a—y + Va ay

_T/-T, T,-T, T, -T.,
_<Wea h+W/a h+wra h)

h ¢ h ¢ h

i
9o /

+ +R
poCph

(6)

On the right-hand side of Eq. (6), the first three terms
consist of three components: the anomalous term due to
anomalous temperature and mean flow, the anomalous term
due to mean temperature and anomalous flow, and the non-
linear term due to anomalous temperature and flow, which
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are used to quantitatively investigate different ocean dynamic
—T,)/-T, " .

processes. —w,~— =+ is the thermocline feedback term;

an

a ay

represent the zonal and meridional advective feedback

T,-T_, - aT,
-w,’ “Th is the Ekman feedback term; —u,’ —rand—v

. —or,/ —or,/
terms, respectively; —u, ~ and —v, d; represent the mean

flow effect.

3 Linkage between PMM and IOD

The IOD tends to peak in the boreal autumn, when its cli-
mate impacts are most pronounced. We therefore examine
the lead-lag relationship of the PMM index with the autumn
10D index (Fig. 1a). Here, autumn is the mean of Septem-
ber, October and November (SON). The autumn IOD index
has the strongest connection with the PMM index in preced-
ing April, with the correlation between them exceeding the
99% confidence level (Fig. 1a). To exclude the possibility
that the close connection between April PMM and autumn
10D is due to the effect of ENSO (Alexander et al. 2002; Fan

04 (a) lead-lag corr between SVD-defined PMM and 10D

;Zﬁﬁr”ﬂ’u'u'ur

Bl Remove ENSO

== Original
-0.4 T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug
04 (b) lead-lag cor between EOF-defined PMM and 10D
024 o T ﬂ ””””””””””””””
1lh o T
0.2 7 g Remove ENSO
—| =3 Original
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== 10D
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1960 1980 2000 2020

Fig.1 a Lead-lag correlation coefficients between the autumn (Sep-
tember—October—November, SON) IOD index and the PMM index
over the period 1958-2021 (blue bars). Two red horizontal lines
denote the correlation significant at the 95% and 99% confidence lev-
els, respectively. The red bar indicates preceding winter ENSO signal
has been subtracted from the PMM index by means of linear regres-
sion. b As in (a), but for the EOF-defined PMM index. ¢ Normalized
time series of the spring PMM index and the following autumn 10D
index

et al. 2017; Wang 2019), we have recalculated the lead-lag
correlation between the PMM and 10D indices after remov-
ing the preceding winter ENSO signal using a linear regres-
sion method. It shows that the close relationship between
April PMM and autumn IOD still exists after removal of the
ENSO signal (Fig. 1a). In the following analysis, the winter
ENSO signal has been removed from all the variables to
ensure that the results obtained in this study are not due to
the ENSO cycle. Further, we have calculated the relation-
ship between the PMM and the IOD under different methods
to define PMM (Richter et al. 2022). Particularity, in addi-
tion to the traditional SVD method, we also used the EOF
method to define the PMM following Richter et al. (2022).
The correlation coefficient between the EOF-defined PMM
index and the SVD-defined PMM index is as high as 0.9.
Furthermore, it is noteworthy that the evolution of the cor-
relation coefficients between the EOF-defined PMM index
and the IOD index is basically consistent with that between
the traditional SVD-defined PMM index and the IOD index,
both with the highest correlation occurring in April (Fig. 1a,
b). Hence, this suggests that the results obtained in this study
are not sensitive to the method used to define the PMM.
Therefore, the PMM index used in subsequent analyses are
defined by the traditional SVD method unless otherwise
stated. Note that using the MAM-mean PMM index leads
to similar results compared to using the April PMM index,
but with slightly weaker signals. Therefore, in the rest of
this study, the spring PMM refers to the April PMM and the
autumn [OD refers to the SON 10D unless otherwise stated.

Normalized time series of the spring PMM index and
the autumn IOD index are shown in Fig. 1c. The correla-
tion coefficient between the two time series is 0.32 over
1958-2021 which exceeds the 95% confidence level. We
defined a positive (negative) PMM event when the spring
PMM index is greater (smaller) than one (minus one)
standard deviation. There are 9 positive PMM events in the
period of 1958-2021, including 1959, 1972, 1982, 1986,
1997, 2002, 2010, 2015 and 2018, and 9 negative PMM
events, including 1960, 1975, 1984, 1998, 2001, 2008, 2012,
2017 and 2021. Similarly, positive (negative) IOD years
are selected when the normalized autumn DMI is higher
(lower) than one (minus one). Using this method, 10 posi-
tive IOD events are identified, including 1961, 1972, 1982,
1991, 1994, 1997, 2002, 2006, 2015 and 2019, and 8 nega-
tive IOD events are selected (1960, 1975, 1996, 1998, 2005,
2010, 2016 and 2021). More than half (54%) of the positive
PMM years (1972, 1982, 1997, 2002, and 2015) are fol-
lowed by positive IOD events in the following autumn, and
many negative PMM years (1960, 1975, 1998 and 2021) are
followed by negative IOD events in the following autumn.
In particular, the super positive IOD events in the past (i.e.
1972 and 1997) were preceded by extreme positive PMM

@ Springer



3128 X.Cheng et al.
(Flsg{/é I;Fl;e first SYD mode | soN (a) April (b) SON
etween interannua 7 ==
variations of spring (April) ] (//'} /111 -1 N
in the subtropical northeast- 111111 /////// / 20N -
ern Pacific and the following // 1 /
autumn SST anomalies in the 30N |
tropical Indian Ocean dur- 0 ]
ing 1958-2021. a Spring SST | /
homogeneous regression map ] / /
(°C). b Autumn SST homoge- 0 /M ; /// // TT77 )
neous regression map (°C). ¢ —— 20S I’ / /14
Normalized EC time series for
spring and autumn SST of the 150E 180 150W 120W 50E 70 110E
SVDI. spring (autumn) SST 09 -06 -03 0 03 06 09 -045 0.3 015 0 0.15 03 045
homogeneous regression map
is obtained by regressing the (c) r=0.59
spring (autumn) SST anomalies 3.0
onto the corresponding EC time 50 -
series. Stippling in (a) and (b) '
indicates anomalies significant 1.0 —
at the 95% confidence level 2 A /\ I\
° Y I \/

-1.0

-2.0 —April

-3.0 T T T T T T T T T T T SOIN T

1960 1980 2000 2020
values. Thus, the spring PMM is a potential predictor for the 08 (a) 29yr-runcor
IOD prediction in the following autumn. 0.6 ] P
We also employ the SVD technique to confirm the close 0' 4] e

linkage of the spring PMM with the following autumn IOD. 0' »1 m ___________
The SVD technique could capture the co-varying pattern '0 ] il -
between two anomalous fields (Bretherton et al. 1992; Wal- 1960 1980 2000 2020
lace et al. 1992; Cherry 1996; Von Storch and Zwiers 1999). 0s 2 31yr-runcor
Figure 2 shows the first SVD mode (SVD1) of spring SST 0.6 1 T
anomalies in the subtropical northeast Pacific (21° S to 32° 04 T =l i —
N and from 175° to 265° E) and following autumn SST 0.2 | m ﬂm
anomalies in the tropical IO (15° S to 15° N and 50° to 110° o L— TP PP, i
E) over 1958-2021. The first SVD mode explains 76% of 1960 1980 2000 2020

the total squared covariance. Spring SST anomalies in the
Pacific associated with the SVD1 are featured by a promi-
nent positive PMM-like pattern (Fig. 2a), with warm SST
anomalies appearing off the west coast of North America
and extending southwestward to the tropical central Pacific,
together with cold SST anomalies in the tropical eastern
Pacific and subtropical central North Pacific (Chiang and
Vimont 2004; Chang et al. 2007; Amaya 2019). Autumn
SST anomalies in the IO associated with the SVDI are char-
acterized by warm SST anomalies in the WTIO, and cold
SST anomalies in the SETIO (Fig. 2b), forming a positive
IOD-like pattern (Saji et al. 1999). The correlation coeffi-
cient between the two-expansion coefficient (EC) time series
of the first SVD mode reaches 0.59, which is significant at
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Fig.3 Moving correlation between the spring PMM index and
autumn IOD index with a running window of 29 (a) and 31 (b) years.
The two red horizontal lines indicate the correlation coefficient that
significant at the 95% and 99% confidence levels, respectively

the 99% confidence level according to the two-tailed Stu-
dent’s t-test. Therefore, the above evidence together suggest
a close relationship between the spring PMM and autumn
10D.

We further examined the stability of the relationship by
calculating moving correlation coefficients between the
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spring PMM index and the autumn IOD index with differ-
ent lengths of moving windows (Fig. 3). Different lengths
of moving correlations all suggest a significant relation-
ship between the spring PMM and the autumn IOD from
1958 to 2010 (Fig. 3). In contrast, the correlation between
spring PMM and autumn IOD is weak after the 2010. This
suggests that the connection between spring PMM and
autumn [OD undergoes an interdecadal change around the
2010. In the following, the analysis period is focused on
1958-2010, over which the spring PMM-autumn PMM
connection is significant.

4 Physical processes for the impact of PMM
on lOD

4.1 Evolutions of SST, wind, and precipitation
anomalies

In this section, the physical mechanism for the impact of
the spring PMM on autumn IOD is examined. Figure 4
shows the evolution of SST, 850-hPa winds and precip-
itation anomalies from spring to autumn in association

60N

with the spring PMM index over the period 1958-2010.
Note that the spatial patterns of the spring PMM-related
precipitation anomalies obtained from the NCEP-NCAR
are highly similar to those derived from the CMAP and
GPCP (Figures not shown). Hence, in the following, we
only present the results obtained from the NCEP-NCAR.
SST, wind and precipitation anomalies are weak in the
IO in late-spring (April-May, AM for short) and early-
summer (June-July, JJ for short; Fig. 4a, b, e, f, i, j). In the
10, clear SST, precipitation and wind anomalies occur in
late-summer (August—-September, AS for short) (Fig. 4c,
d, g, h, k, I). In particular, significant southeasterly wind
anomalies occur off the west coast of Sumatra Island,
together with easterly wind anomalies over the equato-
rial IO in AS (Fig. 4g). The southeasterly wind anomalies
off the west coast of Sumatra Island have been demon-
strated to be a key trigger for the IOD occurrence (Saji
et al. 1999; Li et al. 2003; Cai et al. 2013; Lee et al. 2022;
Cheng et al. 2023). Specifically, the PMM-induced south-
easterly wind anomalies off Sumatra, superimposed on
the climatological southeasterly wind, would increase
the total wind speed and contribute to SST cooling in the
SETIO via enhancement of the upward latent heat flux
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Fig.4 Anomalies of SST (a—d, unit: °C), 850-hPa winds (e-h, unit:
ms~") and precipitation (i-l, unit: mm day™') over Pacific region in
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(Fig. 4c; Xie and Philander 1994). In addition, in response
to the PMM-associated anomalous southeasterly winds,
the positive wind stress curl anomalies lead to upwelling
Ekman pumping to enhance SST cooling in the SETIO
(Fig. 4c). Correspondingly, the increased zonal SST gradi-
ent and anomalous easterly winds develop and intensify
in the tropical IO via positive air-sea interaction in the
following autumn (Fig. 4d, h), accompanied by marked
positive (negative) precipitation anomalies over the WTIO
(SETIO) (Fig. 41). Finally, an IOD-like pattern is formed
in autumn (Fig. 4d, h, 1).

The PMM-related SST anomalies in AM in the Pacific
show warm anomalies in the tropical central Pacific extend-
ing northeastward to the west coast of North America,
accompanied by cold anomalies in the subtropical central
North Pacific and tropical eastern Pacific (Fig. 4a). Posi-
tive precipitation anomalies are seen over the tropical cen-
tral Pacific due to SST warming there (Fig. 4i). In addi-
tion, a significant cyclonic anomaly is established over the
subtropical western North Pacific (Fig. 4e), together with
northeasterly wind anomalies to its eastern side and south-
westerly wind anomalies to its western side. The AM SST
warming and enhanced atmospheric heating (indicated by
positive precipitation anomalies) in the subtropical North
Pacific (Figs. 4a, i) favour the occurrence of westerly wind
anomalies over the equatorial western Pacific via a Gill type
atmospheric response (Gill 1980; Hu et al. 2021; Chen et al.
2023; Fig. 4f). Subsequently, the SST warming, westerly
wind and positive precipitation anomalies over the tropical
Pacific maintain and develop to an El Nifio event in the suc-
ceeding winter via positive air-sea feedback in the tropics
(Fig. 4c,d, g, h, k, 1).

Studies have pointed out that SST and atmospheric
anomalies in the tropical Pacific could influence the occur-
rence and development of IOD (Annamalai et al. 2003;

Kajikawa et al. 2003; Huang and Shukla 2007; Du et al.
2013; Wang and Wang 2014; Zhang et al. 2018; Hu et al.
2021). In particular, the tropical Walker circulation plays an
important role in linking the Pacific and Indian Oceans (Xie
et al. 2002; Luo et al. 2010; Zhang et al. 2015; Tozuka et al.
2016; Ham et al. 2017). To confirm the role of the tropical
Walker circulation in affecting the development of the IOD
in association with the PMM, we examine the zonal—verti-
cal circulation anomalies averaged in the tropics (Fig. 5). In
AM, marked ascending anomalies appear over the tropical
central Pacific, while descending anomalies are no appar-
ent (Fig. 5a). In the following summer and autumn, a clear
anomalous tropical Walker circulation is seen in the tropi-
cal Pacific, with pronounced ascending anomalies over the
tropical central Pacific corresponding to warm SST and posi-
tive precipitation anomalies there (Fig. 5b, ¢), and descend-
ing anomalies over the Maritime continent and the tropical
western Pacific (Fig. 5b, ¢). These descending anomalies
over the Maritime continent contribute to the appearance of
southeasterly wind anomalies off the west coast of Sumatra
and Java (Cheng et al. 2023).

4.2 Roles of the surface heat fluxes and oceanic
dynamics

The above analysis suggests that the SST and atmospheric
anomalies over the subtropical North Pacific in association
with the spring PMM propagate southward to tropical cen-
tral and eastern Pacific via wind-evaporation-SST feedback
process. Then, SST and associated precipitation anomalies
over the tropical central and eastern Pacific induce south-
easterly wind anomalies over the SETIO via modulation of
the tropical Walker circulation. Finally, the SETIO south-
easterly wind anomalies trigger the IOD event.
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Fig.6 Anomalies of SST ten- (a)

Tendency
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dency (a—d, unit: °C), net sur-
face heat flux (e—h, unit: Wm™2)
and latent heat flux (i-l, unit:
Wm~2) over the tropical Indian
Ocean in AM (a, e, i), JJ (b, f, 0
J), AS (c, g, k) and SON (d, h,
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In the following, we further examine how does the wind
anomalies over the tropical IO generated by the spring
PMM contribute to the formation of the IOD. We first
examine the evolution of the SST tendency, net surface
heat flux, and latent heat flux anomalies associated with
the spring PMM in Fig. 6. Here, we use the central dif-
ference method to define the SST tendency. For example,
the SST tendency in May is calculated as the difference
of the SST anomalies in June minus that in April divided
by two. Net surface and latent heat fluxes that warm the
SST are defined as positive signs and those that cool the
SST are defined as negative. We focus on the two key
regions of the IOD, including the WTIO and the SETIO.
The SETIO is featured by significant negative SST ten-
dency anomalies in JJ (Fig. 6b), while in AS and autumn,
the anomalous negative SST tendency gradually weakens
(Fig. 6¢, d). As for the WTIO, pronounced positive SST
tendency anomalies dominate in the AS and persist until
the autumn (Fig. 6¢, d).

The anomalous southeasterly winds over the SETIO in JJ
and AS (Fig. 4f, g) lead to an increase in the surface wind
speed and contribute to the enhancement of the upward
surface latent heat flux and SST cooling there (Fig. 6f, g, j,

k) (Cayan 1992). However, in the WTIO, as a result of the
strengthened easterly wind anomalies over the tropical 10
(Fig. 4g), negative surface latent heat flux anomalies dominate
the WTIO in AS (Fig. 6g, k), suggesting that the surface heat
flux anomalies contribute negatively to the formation of the
warm SST anomalies in the western pole of the IOD. When
the IOD peaks in autumn, the net surface heat flux anoma-
lies over the WTIO and SETIO are also inconsistent with the
SST tendency (Fig. 4d, h, ). The above analysis indicates that
the formation of the SST tendency in the IOD development
cannot be fully explained by the surface heat flux anomalies.
Thus, the oceanic dynamical process also play a crucial role.

Longitude-depth cross-sections of potential temperature
anomalies averaged over 10° S—10° N are shown in Fig. 7.
In AM and JJ, subsurface temperature anomalies are weak in
tropical IO (Fig. 7a, b). In AS, significant subsurface cool-
ing anomalies are seen in the SETIO, which maintain and
develop into the following autumn (Fig. 7c, d). Clear sub-
surface warming anomalies begin to develop over the WTIO
in AS (Fig. 7c) and increase significantly in the following
autumn when the 10D reaches its peak phase. In general,
the evolution of the subsurface temperature anomalies in the
tropical IO (Fig. 7) corresponds well to the SST anomalies
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(Fig. 4a—d). Therefore, the ocean dynamical process is also
essential for the evolution of IOD-like SST anomalies in the
tropical 10 associated with the spring PMM.

4.3 Ocean mixed layer heat budget

To examine the relative contribution of the air-sea interac-
tion and ocean dynamical process to the development of
IOD-like SST anomalies, the ocean mixed-layer heat budget
is diagnosed (Fig. 8). In particular, we calculate the contri-
butions on each term in Eq. (3). Note that the SST tendency
is not exactly equal to the sum of the zonal, meridional,
entrainment, and the net surface heat flux due to the coarse
temporal and spatial resolution of the datasets, different data
sources for ocean and heat flux, and uncertainties in param-
eterisation (Huang et al. 2010; Cheng et al. 2023). In the
WTIO, the positive SST tendency starts to develop in AS
and enhances in autumn (Fig. 8a), supporting the formation
of positive SST anomalies there (Fig. 4c, d). Positive SST
anomalies in the WTIO are mainly due to the positive zonal
ocean advection and entrainment since the AS (Fig. 8a). In
the SETIO, the appearance of the large negative SST ten-
dency in JJ and AS is due to the combined effect of the net
surface heat flux and entrainment (Fig. 8b). Thus, both the
surface heat flux change and the oceanic process contribute
to the development of the SST anomalies in the IO associ-
ated with the spring PMM.

Next. we examine which components of the surface heat
flux and ocean dynamic play a dominant role according to
Eq. (6). In the WTIO, the key ocean dynamical processes
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for the subsurface warming in the AS and autumn are
the entrainment term and the zonal ocean advection term
(Fig. 8a). Furthermore, the entrainment in the WTIO is
mainly d/etermined by the thermocline feedback term (i.e.,

weT“/_%) and the Ekman feedback term (i.e., we’%)
(Fig. 8c). As mentioned above, the anomalous easterly winds
over the tropical IO in AS (Fig. 4g) could induce an oceanic
Rossby wave, which can quickly propagate to the WTIO,
resulting in anomalous downwelling (w,’<0) and subsurface
warming there (% <0). Considering that climatologi-
cal oceanic upwelling (w, > 0) is dominant in the WTIO,
therefore, both the thermocline and Ekman feedbacks con-
tribute positively to the subsurface warming in the WTIO.
Meanwhile, our results also indicate that the mean current
effect (u_adaT;,) is the key term of the zonal ocean advection
that supports subsurface warming in the WTIO (Fig. 8e).
As for the SETIO, net heat flux and entrainment contribute
largely to the subsurface cooling in JJ and AS (Fig. 8b). The
thermocline feedback (i.e., w_eT“ ) ) dominates the entrain-
ment term in the SETIO (Fig. 8d). In particular, southeast-
erly wind anomalies in AS over the SETIO (Fig. 4g) could
induce anomalous upwelling of the cold water and lead to
subsurface cooling (%< 0). Due to the climatological

ocean downwelling (w, <0) in the SETIO, the thermocline

feedback (w, =
ing there. In addition, the net surface heat flux is mainly
dominated by the surface latent heat flux anomalies over the
SETIO (Fig. 8f). In brief summary, atmospheric circulation
anomalies over the tropical 10 induced by the spring PMM

contribute to the occurrence and development of IOD-like

) contributes to the subsurface cool-
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Fig. 8 Bimonthly averaged anomalies of total zonal advection (pur-
ple line), meridional advection (green line), entrainment (orange
line), surface net heat flux (blue line), and temperature tendency (red
line) over a the western Indian Ocean (50°-70° E, 10° S—-10° N) and
b the eastern Indian Ocean (90°-110° E,10° S—0°) regressed onto
the normalized spring PMM index. Bimonthly averaged anomalies
of entrainment (red dashed line), the anomalous vertical advection
by the anomalous temperature and mean current (green line), the
anomalous vertical advection by the mean temperature and anoma-
lous current (orange line), and the non-linear vertical advection by

SST anomalies both via modulating the surface heat flux and
the oceanic dynamics.

4.4 Linkage of spring PMM with autumn IOD
in climate model simulation

In the following, we examine the ability of 38 coupled cli-
mate models participated in CMIP6 in capturing the linkage
between the spring PMM and the following autumn IOD.
Figure 9a-L shows spatial pattern of spring PMM repre-
sented by spring SST anomalies in North Pacific regressed
upon the spring PMM index. Figure 9N displays spatial

the anomalous temperature and current (blue line) over ¢ the west-
ern Indian Ocean (50°-70° E, 10° S—10° N) and d the eastern Indian
Ocean (90°-110° E, 10° S—0°) regressed onto the normalized spring
PMM index. e is as in (c¢), but for zonal advection. Bimonthly aver-
aged anomalies of net surface heat flux (purple line), surface short-
wave radiation (green line), surface long-wave radiation (orange line),
surface sensible heat flux (blue line), and surface latent heat flux
(red line) over f the eastern Indian Ocean (90°-110° E, 10° S-0°)
regressed onto the normalized spring PMM index

correlations of the PMM-related SST anomalies in the North
Pacific between the 38 CMIP6 models and observations.
It shows that many CMIP6 models can well simulate the
spatial patterns of PMM with warm SST anomalies off the
west coast of North America extending southwestward to
the tropical central Pacific, together with cold SST anoma-
lies in the tropical eastern Pacific and subtropical central
North Pacific. However, there are also several models with
poor simulation of PMM (such as ACCESS-ESM1-5,
BCC-CSM2-MR, CanESM5, CESM2-WACCM, CIESM,
FGOALS-f3-L, FGOALS-g3 and NorESM2-LM), with pat-
tern correlation less than 0.55. We have also examined the

@ Springer



3134 X.Cheng et al.

(a) ACCESS-CM2 ACCESS-ESM1-5

AWI-CM-1-1-MR (d) BCC-CSM2-MR (e) CanESM5

"ﬁﬂ

CMCC-ESM2

® CIESM

40N

/
20N

Vs - Py ] Mo Vs
(@ E3SM-1-1 EC Earth3 (s) EC-Earth3-Veg ® EC-Earth3-Veg-LR
7777 AR
’
% ’7'*'" ///+ >
) cndahitnttah
P
FGOALS-3-L V) FGOALS-g3 FIO-ESM-2-0 GFDL-CM4

40N

20N

s

L A L
HadGEM3-GC31-MM (A) - -CM4- INM-CM5-0
/ W T T

40N

20N

[ L] -~ o/ . o
KACE-1-0-G -UA- MIROC-ES2L MIROC6
T e /
7 £

40N

20N

MRI-ESM2-0
7]

150E 180 150W  120W 150E 180  150W  120W 150E 180  150W 120W 150E 180 150W  120W
e
-0.42 -0.36 -0.3 -0.24 -0.18 -0.12 -0.06 0 0.06 0.12 0.18 024 03 036 0.42

(N) PMM Pattern Correlation

1.0
0.8 — m e
06 - [0 ____ _ J I = =
0.4 — H H
02 - H I
0 Ol = HH mil
02
0.4
0.6
0.8
Jc T O B B
[Te) w o o
v IOC o o = 0 — _ = [a ey
A~ (@] o ~ I T = v o
= -2 Q ST O 5T 02« T Jodad S =
07 2285940 82¢75722803432823233 8030y
QUT=nlBr =Sz U0SRI52399200005507<W 8222
QozB8Uz juRiLU0=0U 53022223 0uwz8coula
B8038820050Q00E2ER 085004 2282270z
03239953 B 238Tz"UoUPLZEOGE-Z£Z2PE3S"as 2
Qzxa §go© o O 5° o 3 = =
T

Fig.9 a-L Regression maps of SST anomalies in MAM onto the indicate anomalies significant at the 95% confidence level. N The
normalized spring PMM index during 1958-2010 in 38 CMIP6 mod- spatial correlation coefficients of the PMM-related SST anomalies in
els. M The ensemble mean of the 38 CMIP6 models. The model ID is the North Pacific between the 38 CMIP6 models and observations.
shown at the top right corner of each panel. The models marked with The red horizontal line denotes the correlation coefficient of 0.55

red ID are selected for composition in Figs. 12 and 13. Slashed areas
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performance of the CMIP6 models in capturing the IOD.
Spatial pattern of autumn IOD is represented by autumn
SST anomalies in the tropical Indian Ocean regressed upon
the autumn 10D index (Fig. 10a-L). Figure 10N calculates
the spatial correlations of the IOD-related SST anomalies in
the tropical Indian Ocean between the 38 CMIP6 models and
the observations. The results indicate that most models could
simulate the IOD well, with warm (cold) SST anomalies in
the tropical western (southeastern) Indian Ocean. However,
the positive IOD-related cold SST anomalies in the tropi-
cal eastern Indian Ocean are too strong and extend much
westward in many models (such as CNRM-CM6-1, CNRM-
ESM2-1, EC-Earth3-Veg-LR), consistent with previous
studies showing that climate models tend to overestimate
the amplitude of IOD (Cai et al. 2013). Previous studies have
indicated that the stronger and westward-extending I0OD-
related cold SST anomalies in the tropical eastern Indian
may be due to the stronger thermocline-SST feedback in
the tropical eastern Indian Ocean in climate models (Cai
and Cowan 2013). Based on the above analysis, there are
a total of 23 models that simulate PMM well (with pattern
correlation more than 0.55), 33 models that simulate IOD
well (with pattern correlation more than 0.65), and 20 mod-
els that simulate both PMM and IOD well. Thus, we finally
select 20 models that have a good performance in captur-
ing the PMM and IOD to examine the linkage between the
spring PMM and the autumn IOD. Figure 11 shows the cor-
relation coefficient between the spring PMM index and the
autumn IOD index in these 20 models. From Fig. 11, six
models (i.e. ACCESS-CM2, CAS-ESM2-0, CESM2, FIO-
ESM-2-0, HadGEM3-GC31-MM, KACE-1-0-G) could
capture the close connection of the spring PMM with the
following autumn IOD. In the following, we further examine
the physical process for the impact of the spring PMM on the
following autumn IOD based on these six selected models.

Figure 12 shows the evolution of the SST, 850-hPa winds,
and precipitation anomalies associated with the PMM for the
ensemble mean of the 6 selected models. Most of the pro-
cesses obtained from the models are similar to those in the
observations. As mentioned above, there are three key pro-
cesses linking the spring PMM and the autumn IOD. First,
the SST, precipitation and atmospheric circulation anoma-
lies associated with the PMM could be maintained over the
subtropical North Pacific and extended to the tropical central
Pacific in the following summer via the WES feedback. Sec-
ond, the spring PMM-induced summer SST and precipita-
tion anomalies in the tropical central-eastern Pacific lead
to atmospheric circulation anomalies over the tropical 10
via modulation of the tropical Walker circulation. Third, the
spring PMM-induced atmospheric circulation anomalies in
the tropical 10 further lead to the occurrence and develop-
ment of IOD-like SST anomalies. In general, the 6 models
can well capture the above processes well in relaying the

impact of the spring PMM on the following autumn IOD.
In particular, a PMM pattern could be seen in spring, with
marked warm SST and westerly wind anomalies over the
central-western Pacific (Fig. 12a, e). In the following sum-
mer and autumn, the anomalous SST, winds, and precipita-
tion extend to the tropical central-eastern Pacific (Fig. 12b,
c, f, g, j, k). Furthermore, an anomalous tropical Walker
circulation is seen with an ascending branch over the tropi-
cal eastern Pacific and a descending branch and suppressed
atmospheric heating anomalies over the Maritime Continent
in summer and autumn (Figs. 12j, k, 13b, c). Then, south-
easterly wind anomalies caused by the anomalous Walker
circulation lead to cold SST anomalies in the SETIO, which
further contribute to the appearance and development of a
IOD-like SST anomaly pattern (Fig. 12¢, g). In summary, the
main mechanisms for the influence of spring PMM on the
following autumn IOD can be validated in the long simula-
tion of coupled climate models.

5 Conclusion and discussion

This study demonstrated that the spring PMM has a signifi-
cant relationship with the following autumn IOD, which is
independent of the preceding winter ENSO. The physical
process for the impact of the spring PMM on the autumn
IOD is shown schematically in Fig. 14. First, a positive
spring PMM is associated with a tripole SST pattern and a
significant cyclonic circulation over the North Pacific. The
SST and atmospheric anomalies associated with the PMM
over the North Pacific extend to the tropical Pacific in the
following summer via the WES feedback. SST warming
in the tropical central-eastern Pacific leads to positive pre-
cipitation and enhanced atmospheric heating there. Then,
an anomalous tropical Walker circulation is induced, with
ascending anomalies in the tropical central-eastern Pacific
and descending anomalies in the tropical western Pacific and
the Maritime Continent (Fig. 14). Moreover, the descend-
ing motion and associated suppressed atmospheric heating
anomalies around the Maritime Continent lead to the occur-
rence of southeasterly wind anomalies off the west coast
of the Sumatra. These anomalous southeasterly winds con-
tribute to SST cooling in the SETIO by strengthening the
upwelling of cold water and enhancement of upward surface
net surface heat flux. The appearance of cold SST anomalies
in the SETIO then contributes to the increased zonal gradi-
ent of SST anomalies in the equatorial 10, and result in east-
erly wind anomalies over the equatorial IO in summer. These
easterly wind anomalies lead to SST warming in the WTIO
via modulation of oceanic zonal and vertical heat transport.
The process for the spring PMM-autumn IOD linkage can
also be found in the long historical simulation of coupling
models. In addition to the PMM, other extratropical climate
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«Fig. 10 a-L Regression maps of SST anomalies in SON onto the
normalized autumn IOD index during 1958-2010 in 38 CMIP6 mod-
els. M The ensemble mean of the 38 CMIP6 models. The model ID
is shown at the top right corner of each panel. The models marked
with red ID are selected for composition in Figs. 12 and 13. Slashed
areas indicate anomalies significant at the 95% confidence level. N
The spatial correlation coefficients between IOD-related SST anoma-
lies in the tropical Indian Ocean between the 38 CMIP6 models and
the observations. The red horizontal line denotes the correlation coef-
ficient of 0.65

variability (such as the North Pacific Oscillation and the
Victoria mode) could also have a significant impact on the
tropical Pacific SST (Ding et al. 2017, 2022; Vimont et al.
2003). We will further explore the combined influences of
these extratropical climate variability on the IOD in the near
future.

Our study indicated that the relationship between the
spring PMM and the autumn IOD has experienced a signifi-
cant interdecadal change around the early-2000s. Then, a
question is: what is the possible factors leading to this inter-
decadal change. To address this issue, we have examined

the evolution of SST, 850-hPa winds and precipitation
anomalies in association with the spring PMM index dur-
ing 1958-2010 (high correlation period) and 2010-2021
(low correlation period) (Figures not shown). Significant
warm SST anomalies associated with the spring PMM
appear in the tropical central Pacific in AM and JJ during
1958-2010. These tropical central Pacific SST anomalies
then can effectively influence the tropical walker circula-
tion, which further exert an impact on the IOD development.
By contrast, SST and precipitation anomalies in the tropical
Pacific in AM and JJ are weak during 2010-2021. As such,
the related anomalous tropical Walker circulation induced
by the spring PMM is much weaker and less significant dur-
ing 2010-2021. Thus, the impact of the spring PMM on the
following IOD is weak during 2010-2021. Above analysis
indicates that change in the relationship between the spring
PMM and autumn IOD may be due to change in the strength
and location of the SST and atmospheric heating anomalies
in the tropical Pacific caused by the spring PMM. Further
work is needed to investigate the reasons for the above dif-
ferences caused by the spring PMM.
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Fig. 11 a-t Regression maps of SST anomalies in SON onto the nor-
malized spring PMM index during 1958-2010 in 38 CMIP6 models.
The model ID is shown at the top right corner of each panel. The

models marked with red ID are selected for composition in Figs. 12
and 13. Slashed areas indicate anomalies significant at the 95% con-
fidence level
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In addition to the canonical IOD event (i.e. matures
in autumn), there is another type of IOD event that tends
to mature in summer (Jiang et al. 2022; Tao et al. 2023).
We have calculated the lead-lag correlation coefficients
between the early IOD index (defined by the summer DMI)
and the PMM index over the period 1958-2021 (Figure not
shown). Our preliminary results indicate that the correlation

@ Springer

coefficients between the early IOD index and the PMM indi-
ces in preceding months are relatively weak and statistically
insignificant (Figure not shown). This implies that the PMM
may have a weak impact on the development of the early
IOD. Tao et al. (2023) suggested that the development of the
early IOD event is mainly caused by the local ocean—atmos-
phere interaction within the tropical Indian Ocean.
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Fig. 14 Schematic diagrams
of physical processes of how
the spring PMM influences the

autumn IOD. The shading over
the Pacific indicates the regres-
sion of SST anomalies (unit:
°C) against the spring PMM
index in AM. The longitude—
depth cross-section over the
Indian Ocean is the regression
of potential temperature anoma-
lies (unit: °C) against the spring

PMM index in SON. Black
curve in subsurface indicate the
deepened (shallowed) thermo-
cline in the western (eastern)
Indian Ocean

This study found that only a subset of CMIP6 models
were able to simulate the influence of spring PMM on the
autumn IOD. Further analysis is needed to understand why
other models were unable to capture the spring PMM-
autumn IOD relationship. Furthermore, this study examined
the impact of preceding PMM on the following autumn IOD.
One may wonder whether the autumn IOD could have a
feedback effect on the PMM. To address this issue, we have
calculated the correlation coefficients between the summer
and autumn IOD index with the PMM index in the following
months. It shows that significant negative correlations are
found between the JJ IOD index and the PMM index start-
ing from September (Figure not shown). In addition, the AS
10D index shows a significant negative correlation with the
PMM index starting from November (Figure not shown).
These suggest that the preceding IOD indeed may have a
feedback effect on the development of PMM with a lead time
of two to three months. The physical process for the impact
of the IOD on the following PMM remains to be explored.
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