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AR - 3 Al e (ENSO) &t e #Rcar afasrelle Alegst aw (ISMR) # 3feR-
I IREdTNedT T TrafAed arereh AT AT &1 g &7 &, naR e asf (2020-2022) & gRie o
oA Reufaat &1 spera T orn, 99 cae &9 & Rue-39 o e vitEs & &9 A S S g
376 3o T T auf & S ISMR THT ¥ 3% AT dFuT| 57 3ggT # 1950 F &I W T
Rua-f3a a1 fer vhEs & ave aRa 7 o Ao & e 3G gafta feAwle AlTge ast fFaver
R AT Y IS 1951-2023 ¥ 3@ & R, Rua-f3u ar fer (1954-1956) (1973-1975, 1998-2000,
3ME 2020-2022) F R 3EEIOT A| T HEAAA AT RUS-BY o e sde (2020-2022) &F NieT @
AT 3 ISMR & sEdht wafta aRaderierar &1 qaAe e 7 AT AT oAy qaeTHe Jorer
(MMCFS) #fser @1 &TAdT & 8 Fedidhel Xl ¢l IROMAT & Fha Ao § & Asa 3nia 3mg 73 &
yarh Feufadt #F Alage g & AT o Ao f Ao G Yot F FHAATaS JaTA o 7
TETH UT| Hisel 7 HRA & $S &A1 A TACT & 346 avfienr o @& qaleqaA= oA greliich, Tg o1
et avf & fov #ALTqd HRAIET & AR FAR A YT HRA H TART @ FA g H G
AT G o Hehl| STefeh STefarg Hisel 3 dR W ENSO & 53 ISMR & qdIfA &l & ahierel
Jefid N §, TR & Trfas st qRAfTAr o1 FEF qaiegHe BT Th oAl Sl g 2

ABSTRACT. The El Nifio-Southern Oscillation (ENSO) is considered as the primary driver of interannual
variability in the all India summer monsoon rainfall (ISMR). Recently, La Nifia conditions were experienced during three
consecutive years (2020-2022), which is widely known as the ‘triple-dip” La Nifia episodes and ISMR during all these
three years was normal to above normal. This study discusses the evolution of the La Nina and associated summer
monsoon rainfall distribution over India during triple-dip La Nifia episodes observed since 1950. During the period 1951-
2023, there were four instances of triple-dip La Nifia (1954-1956, 1973-1975, 1998-2000, and 2020-2022). This study
also evaluates the ability of the Monsoon Mission Climate Forecasting System (MMCFS) model in forecasting La Nifia
and its associated variability in ISMR during the recent triple-dip La Nifia event (2020-2022). The results indicate that the
model was able to successfully forecast the strength and patterns of La Nifia during the monsoon season when initialized
with April and May initial conditions. The model also forecasted the above-normal rainfall observed over many regions
of India accurately. However, it could not correctly forecast the observed below-normal rainfall over the central-east
Indo-Gangetic plains and northeast India for all these three years. While climate models generally exhibit skill in
forecasting ENSO-associated ISMR, accurately predicting the spatial rainfall variability over India remains a challenge.

Keywords—  Triple-dip La Nifa, EI Nifio-southern oscillation, Indian summer monsoon rainfall, MMCFS model,
Sea surface temperature.

1. Introduction characterized by significant changes in the sea surface
temperatures (SSTs)over the tropical Pacific Ocean and

The EI Nifio Southern Oscillation (ENSO) is amajor associated ocean-atmospheric interactions (Philander,
climate phenomenon having a quasi-periodic nature, 1983; Zebiak and Cane, 1987). Generally, the life cycle of
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Fig 1. (a) Rainfall anomaly (Rf, in mm) and (b) sea surface temperature (SST, in °C) anomaly during the JJAS season for the year

2020. (c), (d) and (e), (f) are the same as a) and b) but for the years 2021 and 2022 respectively.

ENSO consists of its growth in the boreal spring, peak in
winter, and finally decay in the next spring (Jin et al.,
1994; Iwakiri and Watanabe, 2021). ENSO significantly
impacts interannual climate variations worldwide (Bell
and Halpert, 1998), including the Indian summer monsoon
rainfall (ISMR) (Shukla, 1987; Kucharski and Abid,
2017). Almost 29% of the total interannual variability of
ISMR is explained by ENSO forcing (Chakraborty and
Singhai, 2021). The positive (negative) phase of ENSO,
known as El Nifio (La Nifia), is typically associated with
weaker (stronger) ISMR (Sikka and Gadgil, 1980;
Webster and Yang, 1992; Pai, 2004). Generally, the EI
Nifio phase ends quickly whereas the La Nifia phase lasts
longer known as multi-year La Nifia (Cole, 2002).

In view of the above, precise prediction of ENSO
and its associated impacts are of utmost importance for the
seasonal forecast of rainfall in India. The ability to
forecast seasonal climate variations around the globe,
particularly for ENSO, has significantly improved from
the early 1980s to the late 1990s (Luo et al., 2008;
Guilyardi et al., 2009; Barnston et al., 2012, 2015).
However, the ENSO predictability has not witnessed
substantial advancement and has reached a limit since the
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1990s (Barnston et al., 2012), despite improvement in
prediction systems and observations. This stagnation can
be due to the weakening of ENSO intensity and the
prevalence of non-canonical ENSO episodes in recent

years (Hu et al, 2013; Wang and Ren, 2017).
Additionally, many commonly used operational
forecasting systems have exhibited limitations in

adequately representing the ENSO variability and its
associated teleconnections (Jin et al., 2008; Ren et al.,
2017). Consequently, accurate forecasting of ENSO and
its impacts continues to pose significant challenges, even
at moderate lead times.

The Monsoon Mission Coupled Forecasting System
(MMCEFS) is a coupled ocean-atmosphere-land-sea ice
forecast system and it has been developed as part of the
National Monsoon Mission (NMM) project of the
Government of India (Rao et al, 2019). India
Meteorological Department (IMD) utilizes this model for
operational seasonal forecasting of the ENSO and the
monsoon (Sreejith et al., 2022). The basic modeling
framework of MMCFS was initially the National Centers
for Environmental Prediction (NCEP) Coupled Forecast
System version 2 (CFSv2; Saha et al., 2014). The Indian
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Institute of Tropical Meteorology (IITM) modified this
model to meet the specific requirements of forecasting the
ISMR. More details on this model are provided in some
previous studies (Benke et al., 2019; Pradhan et al., 2021;
Rohini et al., 2022). Several studies have reported the
strengths and weaknesses of the CFS model in predicting
ENSO events and its associated teleconnection with ISMR
(Pokhrel et al., 2012; Ramu et al., 2016; George et al.,
2016; Chattopadhyay et al., 2016; Pillai et al., 2017; Liu
and Ren, 2017; Sabeerali et al., 2019). Overall, the NCEP
CFS has a good skill for predicting ENSO events.
However, further research is still required to improve its
accuracy.

A triple-dip La Nifia is a rare and unusual event that
describes the consecutive presence of La Nifia conditions
for three years in a row. Recently, a triple-dip La Nifia
was observed during the 2020 to 2022 period. In addition
to the observed normal to above-normal ISMR during
these three years, this prolonged triple-dip La Nifia event
had significant impacts on worldwide weather patterns,
such as the occurrence of floods in eastern Australia
during 2022, droughts in the United States and East Africa
(Jones, 2022), heatwaves in the Yangtze River Valley
(Tang et al., 2023). The spatial distribution of rainfall and
SST anomaly in different parts of the globe for the most
recent triple-dip La Nifia episode (2020, 2021 and 2022) is
shown in Fig. 1. Positive rainfall anomalies can be seen
over the East Asia, Maritime continent, and parts of
Australia as well as India. However, negative rainfall were
observed over the parts of north and south America.
Although all were La Nifia years, the difference in the
magnitude as well as the spatial distribution of the
negative SST anomaly can be seen over the Pacific Ocean
as well as over other Ocean basins.

Although there were previous instances of triple-dip
La Nifa events, there are limited studies available on the
evolution of triple-dip La Nifia episodes & the associated
observed variability in ISMR. The present study aims to
address this research gap by analyzing historical triple-dip
La Nifia episodes since 1951 and then investigating the
performance of the MMCEFS in forecasting the evolution
of the recent triple-dip La Nifia event (2020-2022) and the
associated variability in ISMR. The paper is designed as
follows. Section 2 discusses the details of the MMCFS
model, datasets used in this study and Methodology. Main
findings and results are discussed in Section 3.
Concluding remarks are provided in Section 4.

2. Data and methodology
2.1. Model and data

Since 2017, IMD has been using the MMCFS model
for operational forecasting of the ENSO and the Indian
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monsoon. In this study, MMCFS simulations of SST and
rainfall for the 32 years (1991-2022) were utilized. The
ocean and atmosphere initial conditions for the MMCFS
model runs were obtained from the Indian National Centre
for Ocean Information Services (INCOIS), and the
National Centre for Medium Range Weather Forecasting
(NCMRWEF) respectively. The hindcast ensemble
members were generated by following the lagged-
ensemble technique (Pradhan et al., 2021).

IMD uses MMCEFS forecasts based on April and
May initial conditions to prepare the operational forecasts
of south-west monsoon seasonal rainfall over India.
Hence, for this study, the model initialized in April and
May was utilized, and all the analyses are based on an
ensemble mean of 10 members. The MMCEFS is a coupled
ocean-atmosphere-land model with advanced physics and
increased resolution (T382). The initial framework of
MMCFS was developed by the National Centers for
Environmental Prediction (NCEP), USA, known as the
Coupled Forecast System version 2 (CFSv2; Saha et al.
2014). The atmospheric component of MMCFS is the
Global Forecast System (GFS), a spectral atmospheric
model with a horizontal resolution of T382 (~38 km) and
there are 64 hybrid vertical levels (Moorthi et al., 2001).
The ocean component of MMCFS consists of the
Geophysical Fluid Dynamics Laboratory (GFDL) Flexible
Modeling System (FMS) and Modular Ocean Model
version 4p0d (MOM4) which is having a horizontal
resolution of 0.25° near the equator, 0.5° in the subtropics
and 40 vertical levels (Griffies et al., 2004).

In this study, the model output is bias-corrected
using the z-score bias correction method (Pan and Van
Den Dool, 1998). Before making the forecast, a
standardization method is implemented for both the model
and the observations. This technique adjusts the
systematic model errors by correcting both the bias in the
variance and mean. By standardizing the data, the
magnitudes of the ensemble mean and observations are
brought into a certain range, ensuring that the bias is
nearly zero. Further information about this methodology
can be obtained from previous studies (Pan and Van Den
Dool, 1998; Acharya et al., 2013).

For the analysis of sea surface temperature (SST)
variations, the National Oceanic and Atmospheric
Administration (NOAA) Extended Reanalysis SST
version 5 (ERSSTv5: Huang et al, 2017) data
(https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html)
for the period 1984-2022 were used as observed data. To
generate the anomalies, a climatological period of 1991-
2020 is utilized. For the rainfall analysis in this study,
India Meteorological Department (IMD)’s high-resolution
(0.25° x 0.25°) daily gridded rainfall data over the Indian
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Fig 2. The monthly SST anomalies (°C) from 1950 to 2022, in the Nifio 3.4 region. The triple-dip La Nifia events are marked in the figure.

land region (Pai et al., 2014) was used. Global
precipitation climatology project (GPCP) monthly data
with a spatial resolution of 2.5° x 2.5° global grid from
1979 to the present (Adler et al., 2003) is downloaded
from the NOAA Physical Sciences Laboratory (PSL),
Boulder, Colorado, USA, from their website
(https://psl.noaa.gov/data/gridded/data.gpcp.html).  The
Madden-Julian Oscillation (MJO) index from 1975 was
obtained from the Bureau of Meteorology (BoM)
(http://www.bom.gov.au/climate/mjo/graphics/rmm.74toR
ealtime.txt).

2.2. Methodology

For this study, ISMR is defined as the average
rainfall over India during the June to September (JJAS)
season. We have calculated the percentage rainfall
anomaly for all India and four homogenous regions of
India (north-west India, north-east India, central India and
south peninsular India) except Fig. 1, where rainfall
anomaly is calculated instead of percentage rainfall
anomaly. The year is identified as AN: above-normal
(BN: below-normal) if the percentage rainfall anomaly is
greater (less) than 10% (-10%) with respect to the long-
period average (LPA: 1991-2020). The rest of the years
are identified as N: normal rainfall years.

The SST anomaly is averaged over the Nifio 3.4
region: 5° N - 5° S and 120° W - 170° W in the central-
eastern Pacific Ocean during the JJAS season. In order to
capture the triple-dip La Nifia episodes without the
influence of global warming, the linear trend is removed
from the Nifio 3.4 Index. The year during which the Nifio
3.4 SST anomaly is less than -0.5 °C, is defined as La
Nifia year. To find the phase of the Indian Ocean Dipole

772

(10D), we calculate the Dipole Mode Index (DMI) which
is derived from the difference in the monthly SST
anomalies between two regions: western equatorial Indian
Ocean (WEIO: 50° E - 70° E and 10° S - 10° N) and
eastern equatorial Indian Ocean (EEIO: 90° E - 110° E
and 10° S - 0°). Positive (Negative) 10D episodes are
identified when the DMI, exceeds 0.4 °C (-0.4 °C). All the
remaining 10D episodes are considered neutral.
According to IMD criteria, the active (break) condition is
defined when the daily normalized rainfall anomaly over
the monsoon core zone is greater (less) than 1 (-1) for at
least three consecutive days during the peak rainfall
months of July and August (Rajeevan et al., 2010). The
Madden Julian Oscillation (MJO) phase (Wheeler and
Hendon, 2004) is constructed using the Real-time
Multivariate MJO series 1 (RMM1) and 2 (RMM2). These
series were generated from the pair of Principle
Component (PC) time series using the combined fields of
near-equatorially averaged 850 hPa, 200 hPa zonal wind,
and outgoing longwave radiation (OLR). The MJO phase
is considered active when the amplitude of the RMM

Index, i.e., \/(RMMl)2 +(RMM2)2 is equal to or greater
than 1.

3. Results and discussions

3.1. Triple-dip La Nifia

The occurrence of La Nifia conditions over the
equatorial Pacific for three consecutive years is widely
known as the ‘triple-dip’ La Nifia. Since 1950, there were
four cases of ‘triple-dip’ La Nifia, especially during the
Indian summer monsoon season (June-September: JJAS).
These are 1954-56, 1973-1975, 1998-2000 and 2020-22
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Fig 3. Evolution of the Nifio3.4 Index (°C) during four triple-dip La Nifia episodes.

(Fig. 2). Notably, the first ‘triple-dip’ La Nifia episode of
the 21% century occurred during the 2020-2022 period. A
study by Dommenget et al. (2013) argued that multi-year
La Nifa episodes are occurring more frequently in recent
decades. However, our analysis shows that all these triple-
dip La Nifia episodes occurred at an interval of about two
decades.

Further analysis focused on the temporal evolution
of Nifio 3.4 SST anomaly associated with all four triple-
dip La Nifa episodes (Fig. 3). During the onset of the
triple-dip La Nifia episode, the transition from positive
SST anomaly to negative SST anomaly occurred during
the boreal spring season, just like any normal La Nifia
episode. But, these SST anomalies continued to remain
negative for the next two and a half years. Notably, the
monthly Nifio 3.4 Index crossed a value of -1.5 °C or
lower during each triple-dip La Nifia period, except for the
2020-2022 events. Previous studies suggest that the
probability of occurrence of triple-dip La Nifia is high
when it is preceded by a strong El Nifio episode
(Dommenget et al., 2013; Iwakiri and Watanabe, 2021).
However, we found that out of four triple-dip La Nifia
episodes, two episodes (1973-1975 and 1998-2000)
evolved from a super El Nifio (Nifio 3.4 Index greater than
1.5 °C: wang and wang, 2021; Ratna et al., 2024)
condition. The remaining two triple-dip La Nifia episodes
(1954-1956 and 2020-2022) evolved from mild El Nifio
(where the Nifio 3.4 Index just crossed the threshold value
of 0.5 °C) condition, which shows that a triple-dip La
Nifia episode can also develop even if it is not preceded by
a strong El Nifio episode. Based on the analysis using the
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monthly Nifio 3.4 Index, it is seen that the recent triple-dip
La Nifa episode (2020-2022) is the weakest among the
four triple-dip La Nina episodes.

The detailed evolution of the recent event 2020-
2022, showed a change in the Nifio 3.4 Index from
positive to negative values around April-May 2020
(Fig. 3). It attained La Nifia strength during the boreal
summer of 2020 and reached its peak intensity in
November 2020. Subsequently, the La Nifia strength
began to weaken from December 2020 and continued until
June 2021. However, in July 2021 it started to intensify
again and maintained a La Nifia strength until January
2023, albeit with some fluctuation in La Nifia strength. At
the time of the monsoon season (June-September), it was
seen that the intensity of La Nifia was strongest in 2022,
followed by 2020 and 2021.

Indian Ocean Dipole (IOD: Saji et al., 1999) is an
ocean-atmospheric coupled phenomenon associated with
the interannual variation of the SST anomalies between
the western and eastern Indian Ocean. While some studies
argue that the 10D is an independent mode of variability
(Saji et al., 1999; Webster et al., 1999), others point out
that it is a response of the external ENSO forcing in the
Pacific Ocean (Ashok et al., 2004; Cherchi et al., 2021;
Ratna et al., 2021). Positive 10D is associated with a
meridional tripole pattern of rainfall over India whereas,
the response of negative 10D is not exactly symmetric
instead it is associated with a zonal dipole pattern of
rainfall over Indian landmass (Behera and Ratnam, 2018;
Ratna et al., 2024).
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To understand the role of SST over the Indian Ocean
during the triple-dip La Nifia episode, we analyzed the
monthly evolution of the Dipole Mode Index (DMI) for
these episodes (Fig. 4). During September-October-
November of the first year of triple-dip La Nifia, negative
IOD (DMI less than -0.4 °C) occurred in all triple-dip La
Nifia episodes except 2020. During the second year, 10D
remain neutral or slightly negative for all the triple-dip La
Nifia episodes. During the third year, of all triple-dip La
Nifia episodes, the Indian Ocean showed strong negative
IOD conditions during September-October-November,
except for the year 2000. After third year, DMI gradually

774

turns neutral for all the triple-dip La Nifia episodes
(Fig. 4).

3.2. ISMR Variability during the Triple-dip La Nifia
Years

The interannual variation of the observed ISMR,
which is the all-India rainfall during the south-west
monsoon season (June-September) for the period 1901-
2022 is given in Fig. 5. Interestingly, no triple-dip La Nifia
episode occurred between 1901-1953 period. It was
seen that during the triple-dip La Nifia years, the observed
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TABLE 1

Observed Rainfall Characteristics for the Indian Summer Monsoon during four triple-dip La Nifia episodes. Rainfall categories are N (Normal),
AN (Above-Normal), BN (Below-Normal). The number of Low-pressure system/depressions (LPS/D) during the season is also listed.

S.  Year Season Total Rainfall 9% departure*  Category+ Break Days  Actives Days Number
No. (in mm) (Jul+Aug) (Jul+Aug) of LPS/D**
1954 912 5.1 11 4 9
1 1955 948 9.1 3 3 6
1956 999 15.0 AN 5 17 8
1973 924 6.4 N 3 15 8
2 1974 778 -10.4 BN 5 4 5
1975 998 14.9 AN 0 13 9
1998 896 31 13 3 4
3 1999 846 -2.6 13 0 4
2000 815 -6.2 8 7 2
2020 959 9.0 AN 0 16 1
4 2021 872 -1.0 11 0 3
2022 925 6.5 7 18 6

rainfall over India was mostly normal or above-normal.
During the 1954-1956 triple-dipLa Nifia episode, the
ISMR was normal and above-normal for all these three
years. In the subsequent triple-dipLa Nifia episode of
1973-1975, the ISMR was normal and above-normal in
1973 and 1975 respectively, but below-normal in 1974.
During 1974, weak La Nifia conditions over the tropical
Pacific Ocean (Fig. 3) and neutral DMI over the Indian
Ocean prevailed (Fig. 4). A study by Abbi et al. (1975),
discusses that in 1974, the first half of the south-west
monsoon period was deficient due to the absence of
monsoon depression systems, the later half with some
weak low-pressure systems helped in the slight revival of
the monsoon however, for the season as a whole, it was a
below-normal monsoon year. Moving on to the 1998-2020
episode, ISMR was normal for all three years. For the case
of the recent 2020-2022 episode, the ISMR was above-
normal in 2020 and normal in 2021 and 2022. The
observed rainfall behavior of the ISMR during these
triple-dip La Nifia episodes has been analyzed. The
rainfall characteristics for these four episodes are given in
Table 1.

During the summer monsoon season, a substantial
portion of the rainfall variability over India comes from
fluctuation on the intraseasonal scale. These fluctuations
involve alternating periods of active spells with above-
normal rainfall and breaks or weak spells with below-
normal rainfall over the core monsoon zone region
(Rajeevan et al., 2010). By comparing the active and
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break days of monsoon during the latest triple-dip La Nifia
episode, it was noticed that the strength of the total
seasonal rainfall aligns with the number of active
monsoon days. In 2020, there were a higher number of
active days and no break days, which led to higher
seasonal rainfall compared to 2021 and 2022. Conversely,
a lesser number of active days and a higher number of
break days in 2021 contributed to less seasonal rainfall
compared to 2020 and 2022 (Table 1). However, in the
year 1954 and the triple-dip La Nifia episode 1998-2000,
the monsoon was normal despite more (less) no. of break
(active) phase. This shows the complex dynamic behavior
of monsoons and may be contributing from the influence
of other local synoptic features as well as the meridionally
propagating monsoon intraseasonal oscillations (MISO)
(Dey et al., 2022).

Some past studies discuss that Madden Julian
Oscillation (MJO) can affect other modes of climate
variability even if they are present at time scales other
than intraseasonal, including the ENSO and 10D
(McPhaden, 1999; Rao and Yamagata, 2004). While few
other studies found that the strength and propagation of
MJO can be influenced by ENSO through ocean-
atmospheric interactions, connecting the equatorial Pacific
and Indian Oceans (Hendon et al., 2007; Marshall et al.,
2016). The MJO is identified as one of the prominent
factors influencing the ISMR variability at intraseasonal
timescale (Pai et al., 2011).So, in order to understand
the role of MJO and its association with the ISMR, in the
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phase during the JJAS season of two recent triple-dip La
Nina episodes (1998-2000, 2020-2022).

presence of triple-dip La Nifia condition, we analyzed the
eastward propagation of the MJO activity during the JJAS
season of two recent triple-dip La Nifia episodes: 1998-
2000 and 2020-2022, based on the availability of MJO
data (Fig. 6). The days during which the amplitude of the
RMM index is found to be greater than 1 is considered as
an ‘active’ MJO day. During the triple-dip La Nifia
episode 1998-2000, the MJO was found active mainly
over phase 1, phase 2 and phase 8 (western Hemisphere,
west-central equatorial Indian Ocean, and Africa region),
however, during the triple-dip La Nifia episode 2020-
2022, the MJO activity was found prominent over phase 1
and phase 2 (western and west-central equatorial Indian
Ocean).

3.3. Performance of MMCFS model

The accuracy of the MMCFS model in forecasting
the triple-dip La Nifia episode that occurred during the
2020-2022 period, specifically focusing on the Nifio 3.4
SST anomaly during the monsoon season (JJAS), was
analyzed and compared it with the observation (Fig. 7).
The model forecast at various lead times are compared
against observations. The observed JJAS Nifio 3.4 index
for 2020, 2021 and 2022 were -0.5 °C, -0.45 °C and
-0.85 °C respectively indicating strongest anomaly in
2022. For all three years, the observed La Nifa events,
characterized by a negative Nifio 3.4 index was forecasted
well by the MMCFS model across all lead times (1-5).
However, there was a tendency for the model to
overestimate the intensity of La Nifia from a lead time of 3
to 5 months. Simultaneously, the intensity of the La Nifia
was under estimated, at lead times of 1 and 2 months,

776

. Obs
== May IC
. AprIC

Mar IC
. Feb IC
= jan IC

2020

Nifio3.4 SST Anomaly (°C)
S
=

1
> 0N

1
-
o

2021 2022

Fig7. Comparison of observed and different lead times of model

forecasted Nifio 3.4 Index for the season June to September
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especially for the years 2020 and 2021 La Nifia events.
Furthermore, the MMCFS forecasted well the stronger
magnitude of La Nifia in 2022 compared to 2020 and
2021.

The spatial SST anomaly patterns forecasted by
MMCFS model with April and May initial conditions
during the period of 2020-2022 were compared with
observed SST patterns in Fig. 8. During the year 2020
monsoon season, the observed spatial SST anomaly
pattern over the Pacific Ocean showed the presence of
eastern Pacific (EP) La Nifia with colder than normal
SSTs over the eastern Pacific Ocean with gradually
weakened SSTs extending to the central Pacific. At the
same time, warmer than normal SST anomalies over the
Indian Ocean, western Pacific Ocean and extra-tropical
regions in the north and south [Figs. 8 (a-c)]. The
MMCFS model, initialized with initial condition (IC)
from April and May, reasonably captured the negative
SST anomalies over the eastern and central tropical
Pacific Ocean, as well as the positive SST anomalies over
the western Pacific Ocean and over the Indian Ocean.
However, in comparison to observations both model
forecasts underestimated the intensity of SST cooling over
the central-eastern tropical Pacific Ocean as well as the
SST warming over the Indian Ocean.

During the 2021 JJAS monsoon season, a weak
central Pacific (CP) La Nifia was observed, with negative
SST anomalies prevailing across eastern and central
tropical Pacific Ocean, and positive SST anomalies over
the western Pacific Ocean [Figs. 8(d-f)]. Over the Indian
Ocean, weak positive SST anomalies were observed. The
MMCFS model, initialized with April IC correctly
captured the negative SST anomalies over the central and
easterntropical ~ Pacific Ocean while it slightly
overestimated the positive SST anomalies over the Indian
Ocean. Similarly, the MMCFS model initialized with May
IC also captured below - normal SST anomalies over the
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i) are same as a), d), e) but for model forecasts initialized with April and May initial condition (IC) respectively.

central and eastern tropical Pacific Oceans and above-
normal SST anomalies over the western Pacific Ocean.
However, in both the model runs, the intensity of negative
SST anomalies was underestimated compared to
observations.

During the 2022 JJAS monsoon season [Figs. 8(g-i)],
the observed SST pattern over the tropical Pacific Ocean
clearly showed EP as well as CP La Nifia conditions,
characterized by below-normal SST anomalies over
tropical central-eastern Pacific Ocean extending up to
central-western Pacific and above-normal SST anomalies
over the western tropical Pacific. The MMCFS forecast,
using both April IC and May IC captured the observed
negative SST anomaly over the Pacific Ocean. However,
the magnitude of this SST anomaly was overestimated in
April IC and underestimated in May IC compared to
observations. During 2022, a strong negative 10D
condition was observed with negative (positive) SST
anomalies over the western (eastern) equatorial Indian
Ocean but the MMCFS model could not forecast this
negative 10D episode.

Generally, the 10D episodes co-occur with the
ENSO conditions in the tropical Pacific Ocean.
Specifically, positive (negative) 10D episodes are
typically accompanied by EI Nifio (La Nifia) episodes
(Annamalai et al., 2003; Xie et al., 2002). Our analysis
shows that during all the triple-dip La Nifia years, the
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Indian Ocean observed either neutral or negative 10D
conditions. A latest study by Zhang et al. (2024) shows
that the westward-displaced La Nifia episodes produce
more pronounced Walker Circulation anomalies, which
trigger strong negative 10D episodes (year 2022,
Fig. 8(g). However, eastward-displaced La Nifia episodes
co-occur with insignificant or neutral 10D conditions
(Year 2020 and 2021, Figs. 8(a and d).

As the model successfully predicted La Nifia a few
months in advance, our next objective was to check its
ability to forecast associated rainfall variability over the
Indian region (Fig. 9). To accomplish this, we compared
the summer monsoon (JJAS) mean rainfall over the Indian
region with the model predicted seasonal rainfall with
April and May IC. The observed monsoon seasonal
rainfall in 2020 [Fig. 9(a)] showed that western India and
the south peninsula experienced a good amount of rainfall,
while most parts of northern, eastern central, and north-
eastern India had below-normal rainfall. The spatial
distribution of MMCEFS seasonal rainfall anomaly forecast
(expressed as percentage departure from the LPA) with
the April and May ICs for the 2020 JJAS season is shown
in Figs. 9(b and c). The MMCEFS forecast using April and
May IC showed above-normal rainfall over most parts of
India. However, the model successfully forecasted the
below-normal rainfall in the extreme north and north-
eastern regions of India. Simultaneously, the model failed
to forecast below-normal rainfall in central-east India.
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Percentage of rainfall anomaly during the June-September season a) observation, b)

MMCEFS with April initial condition (IC), and ¢) MMCFS with May IC for the year 2020.
d), e), f) and g), h), i) are same as a), b), ¢), but for the years 2021 and 2022, respectively.

Additionally, the model underestimated the above-normal
rainfall anomaly over the west coast and peninsular India,
while overestimating rainfall in northwest India.

In 2021, the observed monsoon rainfall in Fig. 9(d)
showed that the extreme north and northeast parts of
India, many regions of central India and the extreme
southwest parts of peninsular India received below-normal
rainfall. However, most parts of the northwest, peninsular
India and Indo-Gangetic plains of India received above-
normal rainfall. The spatial pattern of the MMCFS
seasonal rainfall anomaly forecast with the April and May
ICs for the 2021 JJAS season is shown in Figs. 9(e and f).
The model failed to forecast the below-normal rainfall
anomaly over central-east and northeast India. However,
the model correctly forecast the above-normal rainfall
over major parts of India. Moving on to the year 2022
[Fig. 9(g)], the observed rainfall was above-normal for
major parts of India, excluding the extreme north, east-
central India, northeast, and Indo-Gangetic plains. A
positive rainfall anomaly was noticed over most areas of
northwest and peninsular India. The spatial pattern of the
MMCEFS ensemble average seasonal rainfall forecast for
the 2022 monsoon season (JJAS), with the April and May

778

ICs is shown in Figs. 9(h&i). The model correctly
forecasted the above-normal rainfall over major parts of
India, but it failed to correctly forecast the below-normal
rainfall over the Indo-Gangetic plains. Additionally, the
model overestimated the above-normal rainfall in
northwest India and underestimated the below-normal
rainfall in extreme north India and northeast India.
Furthermore, it underestimated the above-normal rainfall
over peninsular India.

In the recent 2020-2022 triple-dip La Nifia episode,
the observed percentage rainfall anomaly over India was
positive. In particular, the rainfall prediction of the model
with April IC is tends to be close to observation in 2020
and 2021 compared to the May IC. However, for the year
2022, although both the April and May IC simulations in
the model showed a positive rainfall anomaly, they did not
closely correspond to the observation. The model
overestimated the percentage rainfall anomaly across the
entire Indian landmass. This overestimation could be
attributed to the MMCFS’s ability to simulate the ISMR-
ENSO correlation well, but failing to replicate the ISMR-
10D correlation (Ramu et al., 2017).
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Predicting seasonal rainfall at a smaller regional
scale is even more challenging than at the national level.
In order to analyze whether the percentage rainfall
anomaly over the four different homogenous regions of
India is predictable during the latest triple-dip La Nifia
using the MMCEFS, we compared the observed anomaly
with the MMCEFS simulations based on April and May IC
(Fig. 10). During 2020, the MMCFS model with April IC
as well as May IC, slightly underestimated the ISMR.
However, during 2021 and 2022, the ISMR was
overestimated in the forecast using both ICs. The
overestimation of rainfall by the model may be due to
model’s inability to accurately capture the Indian Ocean
SSTs. A study by Ramu et al. (2017) also discussed that
the influence of the tropical Indian Ocean on the regional
rainfall is still not accurate in the MMCFS model. Among
the four homogenous regions, the central Indian region
shows the minimum bias. On the other hand, both north-
west as well as north-east India showed relatively higher
bias compared to central India. Interestingly, all regions
showed positive and negative bias with April and May IC,
except for south peninsular India. In the case of south
peninsular India, the MMCFS simulations using both ICs
showed a large negative bias (Fig. 10). The observed
rainfall over south peninsular India showed a high
correlation with the central Pacific ENSO, but this
teleconnection was underestimated in the MMCEFS,
resulting in a large negative bias over south peninsular
India (Ramu et al., 2017).

The common characteristics during these three triple-
dip La Nifia events were below normal rainfall over major
parts of the central-east, extreme north India, Indo-
Gangetic plains, and northeast India. However, the rainfall
was above-normal for most areas of western India and
peninsular India. The common feature of the model's
performance is that it failed to correctly forecast below-
normal rainfall over the plains of Himalayas and central
India. Instead, models forecast above-normal rainfall for
most parts of India during all three years associated with

the triple-dip La Nifia. This is again confirming that the
MMCFS model has a strong tendency to forecast the La
Nifa associated above-normal rainfall anomaly over India
similar to previous studies (Pillai et al., 2018; Pradhan
et al., 2021).

4. Conclusions

This study discusses the triple-dip La Nifia episodes
that were observed during the period 1950-2022 and its
association with Indian summer monsoon rainfall.
Moreover, based on the availability of the model data, this
study also analyses the performance of MMCFS model in
predicting the recent triple-dip La Nifia (2020-2022) and
associated ISMR rainfall variability.

There have been four occurrences of triple-dip La
Nifia since 1950. It can be noteworthy that the prolonged
period of colder conditions in the eastern equatorial
Pacific Ocean persisted in a warming world with a
roughly 20-year interval since the 1950s. The time
evolution of the four triple-dip La Nifia reveals a
consistent pattern. The initial transition from positive
Nifio 3.4 Index to negative Nifio 3.4 Index occurred
during the boreal spring season and the colder condition
persisted for the following two and a half years. It is also
evident that, except for the 2020-2022 event, the Nifio 3.4
Index dropped below -1.5 °C during each triple-dip La
Nifia period. So this observation indicates that the recent
event (2020-2022) is the weakest in terms of Nifio 3.4
intensity. The ISMR during all these three years of triple-
dip La Nifia events were normal to above-normal.

Comparing the observed data with the MMCFS
model forecasts for the recent trip-dip La Nifia event, it
was noticed that the model successfully predicted the
Nifio 3.4 SST anomaly values during these triple-dip La
Nifia years with a lead time of five months. Furthermore,
the comparison of the SST patterns for the three years
indicated that the spatial patterns and intensity of SST
anomalies over the tropical Pacific, associated with the La
Nifia event, were well simulated by the model with April
IC and May IC. The observed rainfall averaged for the
country during the JJAS season of triple-dip La Nifia years
2020-2022 was normal to above normal with respect to
the LPA. Throughout these three years, the MMCFS
model correctly forecasted this above-normal rainfall over
major parts of India, and. At the same time, model failed
to predict the below-normal rainfall over some parts of the
central-east, Indo-Gangetic plains, and northeast India.
Also, the model consistently forecasted above-normal
rainfall for many regions of India during all three years
associated with La Nifia. This is similar to previous
studies showing that the MMCFS model tends to
overestimate the La Nifia associated above-normal rainfall
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anomaly over many parts of India (Ramu et al., 2017,
Pillai et al., 2018; Pradhan et al., 2021).

It is important to mention that from 1950 to 2022, we
identified four events of triple-dip La Nifia. However, our
model discussion focused on the recent 2020-2022 event
based on the availability of such seasonal forecast data.
Therefore, our results are based on a comparative study
between the output of the MMCFS model and
observations from this particular triple-dip La Nifia event.
Also, we found a noticeable variation in the emergence,
development/continuation, and decay of the negative SST
anomaly among the triple-dip La Nifia episodes. These
variations may be related to the spatio-temporal variability
of the ENSO (Capotondi et al., 2015) and hence need
further investigation. The results of our study show that
the model was unable to accurately forecast the negative
rainfall anomaly over central-east, Indo-Gangetic plains,
and northeast India during the recent triple-dip La Nifia
event. The reasons behind this discrepancy require a
comprehensive understanding and additional research,
which falls beyond the scope of our current study.

Despite improvements in prediction systems,
accurately forecasting the spatial and temporal variability
of ISMR remains a challenging task, even with moderate
lead times. This difficulty may arise from the interactions
between the ENSO and other large-scale climate modes,
such as the 10D (Cherchi et al., 2021) and Atlantic Zonal
Mode (Sabeerali et al., 2019 a, b) and many other factors.
To enhance the forecast accuracy of climate models
regarding the spatial variation of the ISMR, further
research is necessary. It is crucial to gain a deeper
understanding of the intricate interactions between ENSO
and other climate modes as well as the interaction between
intraseasonal and interannual variability (e.g. Sikka and
Ratna, 2011). Improving the representation of these
interactions within the models will likely contribute to
enhanced prediction capabilities for the ISMR across
different regions.
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