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Abstract
The Indian monsoon is a complex phenomenon that greatly impacts agriculture and the economy of the region. Understanding 
the dynamics of the monsoon onset and its accurate predictions with a longer lead time is essential for effective planning and 
management decisions. Double monsoon onset is characterized by an early monsoon-like condition leading to a “bogus” (or 
false) onset followed by a delayed real onset. The present study provides an in-depth analysis of the 2023 monsoon onset, 
which was delayed 7 days than the normal monsoon onset, with a particular focus on understanding the predictive signature 
of such double monsoon onset. The study focuses on the total precipitable water vapour (TPW) to discern the monsoon onset 
over Kerala (MOK). Further investigation into the nature of the 2023 monsoon onset reveals the formation of Madden–Julian 
Oscillations (MJO) and twin perturbations, influencing convective activity and sea surface temperatures (SSTs). Notably, 
a distinct bi-peak evolution of surface winds is observed during the 2023 monsoon onset, suggesting a double monsoon 
onset pattern. Detailed analysis of 54 years of historical data spanning from 1950 to 2003 also suggests significant changes 
in wind speed over the Western Arabian Sea (WAS) for the cases of double monsoon onset. Accordingly, an index, namely 
the Double Monsoon Identification Index (DMII), is proposed to identify the potential cases of double monsoon onset. The 
DMII successfully predicted historical double monsoon onset cases (between 1950–2003) with an accuracy (ACC) of 0.96, a 
probability of detection (POD) of 0.9, and a false alarm rate (FAR) of 0.1 and identified two new cases between 2004–2023. 
The study highlights the predictive potential of surface winds in anticipating the double monsoon onset with considerable 
lead time from the climatological onset date, aiding proactive measures and planning in response to monsoon variability.
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Graphical abstract

1  Introduction

The southwest monsoon is a seasonal weather pattern that 
brings heavy rainfall to the Indian subcontinent and neigh-
bouring regions during the summer months from June 
till September (Ananthakrishnan et al. 1983 and Anan-
thakrishnan and Soman 1988; Parthasarathy et al. 1994). It 
typically sets in around June 1 (climatological onset date) 
over the Kerala coast with a standard deviation of about 
eight days and then gradually spreads northward covering 
the entire Indian peninsula and beyond (Maheshwar et al. 
2017). The onset of monsoon over southern India (also 
known as monsoon onset over Kerala (MOK)) is consid-
ered the beginning of the rainy season during which India 
receives around 75% of the country’s annual rainfall. The 
southwest monsoon, which plays a crucial role in the 
region's climate and ecosystems by replenishing water 

sources, sustaining agricultural productivity, and influencing 
various socio-economic activities, necessitates understand-
ing its dynamics due to its significant impact on various 
sectors of the economy (Webster et al. 1998). A delayed or 
early onset of the monsoon can significantly impact various 
sectors of the country's economy (Wang et al. 2006; Gadgil 
and Rupa Kumar 2006); however, the date of MOK does not 
have a significant correlation with seasonal mean rainfall 
(Bansod et al. 1991). Nonetheless, studies suggest that the 
monsoon onset and crop planting dates are highly correlated, 
and even a 2-week delay significantly affects crop yields 
(Giné et al. 2008; Kala 2017).

Various methodologies, ranging from objective indices 
to subjective assessments by researchers and meteorologi-
cal agencies, have been proposed to define monsoon onset 
dates, reflecting the complex nature of this seasonal tran-
sition (Rajan and Desamsetti, 2021; Joseph et al. 2015; 
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Puranik et al. 2013; Wang et al. 2009; Pai and Rajeevan 
2009; Bhaskar et al. 2008; Kumar 2004; Xie et al. 1998; 
Ananthakrishnan and Soman 1988). Operationally, the India 
Meteorological Department (IMD) follows criteria (Pai and 
Rajeevan 2007 and 2009) based on rainfall, wind field and 
Outgoing Longwave Radiation (OLR) in order to declare 
the onset, defined as:

1.	 If after May 10, 60% of the stations (viz., Allapuzha, 
Amini, Kannur, Kochi, Kollam, Kottayam, Kozhikode, 
Kudulu, Mangalore, Minicoy, Punalur, Thalassery, 
Thiruvananthapuram and Thrissur) report rainfall of 
2.5 mm or more for two consecutive days.

2.	 The depth of westerlies should be maintained up to 
600 hPa in the box defined by 0–10° N and 55°–80° 
E and the zonal wind speed over the area bounded by 
5°–10° N and 70°–80° E should be of the order of 15–20 
Kts at 925 hPa.

3.	 The INSAT-derived OLR value should be below 200 W/
m2 in the box confined by 5°–10° N and 70°–75°.

Numerous studies have been conducted to understand 
the dynamics of southwest monsoon and its onset charac-
teristics. The southwest monsoon is associated with the 
widespread rainfall over Kerala, which is fueled by mois-
ture generated in the South Indian Ocean and transported 
to the Indian landmass by robust low-level cross-equatorial 
jet streams (Findlater 1969 and 1974; Joseph and Sijikumar 
2004). The magnitude of these low-level jets (LLJs) is found 
to be highly correlated with the Indian Summer Monsoon 
Rainfall (ISMR) (Sagalgile et al. 2023). Researchers have 
extensively explored large-scale changes in circulation pat-
terns, highlighting the development of a distinct band of 
deep convection characterised by low OLR values travers-
ing in the east–west direction passing through the southern 
peninsula region (Ananthakrishnan et al. 1983; Pearce and 
Mohanty 1984; Ananthakrishnan and Soman 1988; Soman 
and Krishnakumar, 1993; Joseph et  al. 1994 and 2006; 
Sikka and Gadgil 1980). Monsoon onset involves a steady 
buildup of moisture over the Arabian Sea and studies found 
that the Total Precipitable Water Vapour (TPW) peaks over 
the Western Arabian Sea (WAS) prior to the onset. It is also 
highly correlated with the MOK onset date (Simon et al 
1994; Simon et al. 2006). Studies analysing scatterometer-
derived surface winds indicate notable variations in surface 
winds and vorticity over the Arabian Sea within the Indian 
Summer Monsoon (ISM) region (Halpern et al. 1998; Rao 
et al. 1998; Sathiyamoorthy et al. 2012).

The Madden–Julian Oscillation (MJO), one of the 
dominant modes of intra-seasonal variability within the 
tropical atmosphere (Madden and Julian, 1972) plays a 
key role in monsoon onset (Baburaj et al. 2022a, b; Bhatla 
et al. 2017; Pai et al. 2011). Bhatla et al. (2017) have 

investigated the climatology of early and delayed onset of 
southwest monsoon in association with MJO. Their study 
suggests that strong MJO events are associated with the 
onset of summer monsoon over India, with MOK occur-
ring mostly with MJO in phases 1, 2, 3, and 8. They also 
reported that MJO in phase 2 (phase 8) are associated with 
early (late) onset while in phase 1 and 3 associated with 
normal onset. An observational study by Taraphdar et al. 
(2018) highlights the interaction between seasonal back-
ground conditions and intra-seasonal variations linked to 
strong MJO activity in setting the summer monsoon onset. 
Their findings indicate that a delayed monsoon onset is 
often associated with the atmospheric circulation patterns 
of the leading dry phase of a strong MJO.

The occurrence of the Tropical Cyclones (TCs) in 
North Indian Ocean also influences the onset of the south-
west monsoon by modulating the thermodynamical and 
dynamical state of the atmosphere. Studies in past sug-
gest that during the active phase of the MJO over India 
Ocean and West Pacific region the conditions are more 
favourable for the development of TCs (Ho et al. 2006; 
Maloney and Hartmann 2001). A study by Baburaj et al. 
(2022b) shows that in recent decades the occurrence of 
TCs prior to the MOK has increased over Arabian Sea 
(AS) while decreased over Bay of Bengal (BoB). Baburaj 
et al. (2022a, b) examined the concurrent occurrence of 
Arabian Sea cyclones and the characteristics of the MOK 
across various MJO phases. Their findings indicate that 
MJO phase 1 is favourable for cyclogenesis over the AS, 
while phase 3 supports cyclone formation in both the AS 
and the BoB. In contrast, MJO phase 2 does not support 
cyclogenesis during the MOK.

The above discussions points to the fact that the ocean-
atmosphere coupling plays a vital role in monsoon dynamics 
over the Indian monsoon region (Roxy et al. 2013; Athira 
and Abhilash 2021; Ahitra et al. 2020). The relationship 
between the various ocean–atmosphere interaction param-
eters are highly variable in space and time, which in some 
cases led to false detection of monsoon onset (Flatau et al. 
2001 and 2003). Particularly, in early May, occasionally 
conditions resembling the monsoon may lead to a “bogus” 
or false onset, occurring a few weeks before the actual mon-
soon onset. This type of monsoon onset is known as “double 
monsoon” onset. For instance, the 2002 monsoon onset was 
a double onset, with IMD declaring onset on May 29 based 
on monsoon-like conditions, while the actual onset occurred 
on June 13 (Flatau et al. 2003; Puranik et al. 2013). Addi-
tionally, studies suggest that delayed onsets in such cases are 
associated with dry and hot weather across India (Wei-Dong 
et al. 2012; Flatau et al. 2001 and 2003). Like in 1995, a case 
of double monsoon onset, there were extremely hot condi-
tions across various parts of India that resulted in deadly 
heat waves in early June (De et al. 1996; Halpert et al. 1996).
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Fieux and Stommel (1977) first introduced the term 
‘‘multiple onset’’ based on the analysis of surface winds 
from the ship reports from 1934 to 1972. They classify the 
onset into three categories, namely single, gradual, and mul-
tiple, based on the variation of the wind speed. Flatau et al. 
(2001) further delved into the dynamics of double monsoon 
onset, proposing a conceptual model [refer to Fig. 14 of the 
mentioned paper] and identifying the necessary conditions 
for its occurrence. Their findings highlighted two crucial 
conditions for the occurrence of a “bogus onset” followed 
by a delayed real monsoon onset: (i) the early May develop-
ment of a Madden-Julian Oscillation (MJO), which triggers 
intense convection and decreases sea surface temperatures 
(SST) in the Bay of Bengal, and (ii) the subsequent propa-
gation of the MJO into the Western Pacific and suppressed 
convection in the Indian Ocean by late May. While in past 
numerous studies have focused on the onset and predict-
ability of the Southwest monsoon, studies related to the 
detection and prediction of double monsoon onsets remains 
limited. Given the vital role of timely and accurate monsoon 
onset prediction in agriculture, water management, and dis-
aster preparedness, this gap underscores the importance of 
further investigation in this direction.

The central objective of the present study is to investi-
gate the nature of the 2023 monsoon onset using various 
observational and reanalysis datasets. The present study 
also explored the predictability of the double monsoon 
onset and attempted to develop an objective criterion. The 
study investigates the predictive signature of double mon-
soon onset using surface winds from the scatterometer. The 
long-term ERA5 surface wind data from 1950 to 2003 is 

used to develop an index named Double Monsoon Identifi-
cation Index (DMII). The proposed index is further imple-
mented to the data from 2004 to 2023 to identify the double 
monsoon onset cases and prepared a climatology of such 
events. The paper is organized as follows: Section 2 provides 
an overview of the study area, details of the observational 
and reanalysis datasets employed in the study. Subsequently, 
the analysis of the nature of 2023 monsoon onset and the 
development of DMII index is presented in Section 3. Sec-
tion 4 discusses the limitation and future scope of the present 
study. The summary and the key conclusions are presented 
in Section 5.

2 � Study region, data and methods

2.1 � Study area

The onset of the monsoon is a dynamic phenomenon influ-
enced by various parameters, along with their spatial and 
temporal variations. Hence, the geographic domains were 
considered in this study based on previous literature to cap-
ture the spatio-temporal variability of key parameters, as 
depicted by R1 and R2 in Fig. 1. Simon et al. (1994, 2001) 
reported notable moisture changes over the Western Arabian 
Sea (WAS) region. A spatio-temporal analysis of monthly 
sea surface winds shows an increase over WAS starting 
in May, prior to the monsoon season (Rao et al. (1998); 
Sathiyamoorthy et al. (2012) and Tyagi et al. 2024). This 
led to the selection of region R1 (0°–10°N; 50°–65°E) to 
investigate the variations in total precipitable water (TPW) 

Fig. 1   Study map showing the extent of various geographical regions used to study the variation of different parameters. (R1: [0o-10o N; 50o-65o 
E], R2: [10o S-25o N; 40o-120o E])
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and wind speed over WAS region. Region R2 (10°S–25°N; 
40°–120°E) was chosen to study the variation in sea surface 
temperature (SST), surface winds, and outgoing longwave 
radiation (OLR) over the ISM region (Sathiyamoorthy et al. 
2012). In this study, we do not explicitly examine the sen-
sitivity of results to variations in the box area, especially 
concerning region R1. However, prior research has explored 
this sensitivity. Notably, Simon et al. (1994, 2001 and 2006) 
investigated the variation in TPW across multiple areas in 
the Indian Ocean, Arabian Sea, and Bay of Bengal. Their 
findings indicated a strong correlation between TPW peaks 
in the WAS—which corresponds to region R1 in this 
study—and the onset date of the MOK.

2.2 � Data and methods

2.2.1 � Scatterometer winds

The scatterometers are the side-looking radar onboard sat-
ellites. These are designed to estimate the wind speed and 
direction based on the measurements of the radar backscat-
ter. Indian Space Research Organisation (ISRO) launched 
the Earth Observation Satellite, EOS-06 (Oceansat-03) on 
November 26, 2022, in a polar sun-synchronous orbit at 
740 km altitude. It is third-generation satellite in Oceansat 
series. This is the successor of Oceansat-2 with improved 
payload specifications and added application areas. The pre-
sent study utilises daily analysed surface wind data (Level 
4 product) from the SCAT-03 sensor onboard the EOS-06 
satellite. The dataset is obtained from the Meteorological 
and Oceanographic Satellite Data Archival Centre (MOS-
DAC) at a spatial resolution of 25 kms. The study focuses 
on the analysis of the pre-monsoon winds spanning May to 
June captured by the EOS-06 satellite for 2023. Additionally, 
available wind data from the SCATSAT-01 mission with 
similar sensor is used for comparative analysis for the years 
2017–2018 and 2020. Though SCATSAT-01 was operational 
in 2019, but there was significant data missing during the 
period of interest and hence is not used in present study. The 
study uses the pentad (5-day average) evolution of the sur-
face winds for 2023 over the region R2 to study the spatio-
temporal variations of the surface winds. The 3-day running 
mean averaged over the region R1 (WAS) from April to the 
end of June was considered to study the temporal variation 
of the surface winds during the monsoon.

2.2.2 � Total precipitable water vapor (TPW)

The Special Sensor Microwave Imager (SSM/I) is a near-
polar orbiting satellite passive microwave radiometer onboard 
Defence Meteorological Satellite Program (DMSP) satellites 
since 1987. The TPW derived from the Special Sensor Imager 
(SSM/I) at 0.25 × 0.25 degree is used in the study. The mean 

TPW values are estimated from the gridded binary files con-
sidering the average of both ascending and descending passes 
over region R1. The data is obtained from the FTP site avail-
able at www.​remss.​com/​missi​ons/​ssmi and analysed between 
March to June, 2023.

2.2.3 � Outgoing long wave radiation (OLR)

The study also uses 1 × 1 degree daily interpolated OLR data 
to investigate the spatial characteristics of OLR over the ISM 
region. The data was accessed through the Thematic Real-time 
Environmental Distributed Data Services (THREDDS) Data 
Server (TDS), National Oceanic and Atmospheric Administra-
tion (NOAA). The study uses the time-longitudinal variation 
of the OLR averaged over the equatorial region (5o N–5o S) 
from January to June. Further, the pentad evolution of the 
OLR for 2023 is considered over region R2. To identify the 
presence of MJO, a 20–90-day bandpass Butterworth filter 
was applied to the unfiltered OLR data to isolate the 20–90-
day frequency band characteristic of MJO, following Kiladis 
et al. (2014). Furthermore, MJO phase is identified for year 
2023 using the real-time multivariate MJO index (RMM) data 
(Gottschalck et al. 2010) obtained from the Australian Bureau 
of Meteorology.

2.2.4 � Sea surface temperature (SST)

The SST data from the Group for High Resolution Sea Sur-
face Temperature (GHRSST) is obtained from the Earth data 
portal. The SST data available at 0.25-degree grid resolution 
is used to study the spatial pattern of the SST during the 2023 
monsoon onset over region R2.

2.2.5 � ERA5 reanalysis winds

The zonal (u) and meridional (v) components of surface winds 
from 1950 to 2023 are obtained from the European Centre for 
Medium Range Weather Forecasts (ECMWF) via the Coperni-
cus climate data store available at a resolution of 0.25 degrees. 
The hourly gridded data is resampled as daily average data and 
the 3-day running mean of surface winds during the Southwest 
monsoon is analysed, averaged over region R1.

The datasets used in this study, including their spatial and 
temporal resolutions, periods of interest, and sources, are 
summarized in Table 1.

3 � Results and discussion

3.1 � Total precipitable water vapor (TPW)

Various studies found the TPW as an important parameter to 
study the MOK and found a strong correlation between the 

http://www.remss.com/missions/ssmi
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peak TPW over WAS and MOK (Fasullo and Webster 2003; 
Simon et al. 2006; Ramesh Kumar et al. 2009). Beginning 
in March 2023, TPW was monitored in near real-time over 
the WAS, region R1, as shown in Fig. 1. Figure 2 illustrates 
the temporal evolution of the SSM/I derived daily TPW 
averaged over the WAS region, with the grey shaded region 
indicating the standard deviation (1σ). Analysis reveals a 
gradual increase in TPW from May 8, exceeding 50 mm and 
reaching its peak around May 11, consistently maintaining 
TPW values exceeding 50 mm until June 04. Notably, Fig. 2 
depicts a dual peak in TPW around May 11 and 22. In gen-
eral, TPW peaks over WAS approximately 18 ± 4 days pre-
ceding the MOK (Simon et al. 2006). Based on the analysis 
of peak TPW over WAS, we predict the onset dates for the 
2023 MOK to be 18 days following the TPW peak, estimat-
ing them to be May 29 and June 09 with a deviation of plus 
or minus 4 days. The predicted onset date of June 09 closely 
aligns with the MOK date declared by IMD as June 08 (IMD 
report 2023).

The delayed onset as revealed by the TPW analysis raises 
our interest in further investigating the nature of the 2023 
monsoon onset. By studying the temporal evolution and 
spatial distribution of key meteorological parameters, we 
further investigate various conditions that are essential for 
the double monsoon onset.

3.2 � Formation of MJO and twin perturbations

MJO is an eastward-propagating system with alternating 
areas of increased and suppressed convection with a phase 
speed of around 5 m/s over the equatorial region (Madden 
and Julian, 1972 and 1994; Hendon and Salby, 1994; Zhang 
2005; Straub 2013). The NOAA derived OLR (W/m2) from 
January to June averaged over the equatorial region (from 
5o N–5o S) is analysed to study the MJO activity. Figure 3 
shows the time-longitude diagram of the OLR for the equa-
torial region. At the beginning of May, the equatorial con-
vection developed around 60°E and further propagated in 

Table 1   Summary of the various datasets used in the present study

Parameter Spatial resolution Temporal 
resolu-
tion

Year Period of Interest Source

Scatterometer surface winds 0.25 × 0.25 degree Daily 2017–18, 2020, 2023 April to June MOSDAC
Total precipitable water vapour 

(TPW)
0.25 × 0.25 degrees Daily 2023 March to June SSM/I

Outgoing Long Wave Radiation 
(OLR)

1 × 1 degree Daily 2023 January to June NOAA

Real-time multivariate MJO 
index (RMM)

– Daily 2023 May Australian Bureau of Meteorology

Sea surface temperature (SST) 0.25 × 0.25 degrees Daily 2023 May—June Earth data portal
ERA5 Surface winds 0.25 × 0.25 degrees Hourly 1950—2023 April to June Copernicus climate data store

Fig. 2   Time series of SSM/I 
derived Total Precipitable 
Water Vapour (TPW) for 2023 
averaged over WAS region from 
March 01 to June 30. (Shaded 
grey zone represent the 1σ level. 
The green and blue vertical 
dashed line corresponding to 
two peaks observed on May 11 
and May 22.)



On double monsoon onset and its predictive signature﻿	 Page 7 of 21  18

an eastward direction. In order to identify the presence of 
the MJO, a Butterworth bandpass filter is used to isolate 
the 20–90-day frequency band characteristic of MJO from 
unfiltered OLR data. Contour lines at −15 W/m2 from the 
filtered OLR were overlaid on the unfiltered OLR plot to 
highlight regions of enhanced convective activity associ-
ated with the MJO. The MJO can be clearly seen in Fig. 3, 
represented by the black contour lines. As suggested by pre-
vious studies, the phase of the MJO also plays a crucial role 
in the monsoon onset. Accordingly, we have investigated 
the MJO phase during the 2023 monsoon onset. The MJO 
phase-space plot for May 2023 in Fig. 4 is generated using 
RMM data. A strong MJO in phase 8, represented by the 
blue curve extending outside the red circle in Fig. 4, was 
present in late May. This observation aligns with findings by 
Bhatla et al. (2017), which associated a strong MJO in phase 
8 with delayed monsoon onset. Additionally, the occurrence 
of a strong MJO dry phase near the climatological onset may 
have contributed to the delay of 2023 onset seven days from 
the climatological onset date. This finding is also consist-
ent with the analysis conducted by Taraphdar et al. (2018), 
which highlighted the impact of the MJO on monsoon onset, 
particularly its dry phase near the climatological onset date, 
causing delays due to surpassing background changes.

Further, the spatio-temporal characteristics of the convec-
tion over the AS and BoB are studied using the pentad evo-
lution of OLR over region R2, as shown in Fig. 5. The May 
1–5 pentad (5-day mean) clearly shows the development of 

equatorial convection, and it further propagates to the south-
ern BoB by May 6–10. This equatorial convection then splits 
into twin systems around the equator, as shown in Fig. 6a. 
Gill (1980) suggests that this breaking of equatorial convec-
tion into twin system around equator is the characteristic 
response of the heat source around the equator. Around May 
11, two poleward moving systems can be observed: Mocha 
cyclone (OLR less than 120 W/m2) moving in a northward 
direction and Fabien (OLR less than 180 W/m2) moving 
towards the South. The lower values of the OLR indicate 
high convective activity. The corresponding Oceansat-03 
surface winds from SCAT-03 capturing the twin systems are 
shown in Fig. 6b, with a higher wind speed exceeding 20 m/s 
observed at the centre of the Mocha cyclone. The observed 
warm SSTs over the BoB during the May 11–15 pentad, as 
depicted in Fig. 7, contribute to intensified convective activ-
ity creating monsoon-like conditions. Although there was 
no significant convection over the WAS (Fig. 5, May 11–15 
pentad) around that time, the presence of strong sea surface 
winds of about 10–12 m/s (Fig. 8, May 11–15 pentad), as 
revealed by the pentad evolution of the scatterometer surface 
winds increased the evaporation. This phenomenon led to the 
accumulation of moisture in the atmosphere, consistent with 
the observed increase in TPW over the WAS peaking around 
May 11, with TPW values surpassing 50 mm, as illustrated 
in Fig. 2. The convective activity over BoB that also resulted 
in a cyclonic system, Mocha, notably reduced SSTs in the 
BoB during the May 16–20 pentad, as shown in Fig. 7. This 

Fig. 3   Hovmöller diagram showing the time-longitudinal variations 
of NOAA-derived Outgoing Longwave Radiation (OLR) (W/m2) 
from January to June, averaged over the equatorial region spanning 
from from 5o N–5o S. The black contour lines correspond to the intra-
seasonal filtered OLR (20–90  days) as −15  W/m2. The red dashed 
inclined line delineates the Madden Julian Oscillation (MJO)

Fig. 4   The MJO  phase-space diagram for May 2023. Red numbers 
indicate the day of the month in May. The unit circle centered at the 
origin distinguishes between strong and weak MJO phases. The blue 
curve outside the unit circle indicate strong phase of MJO
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reduction in SSTs led to a decline in convection over the 
BoB as depicted in Fig. 5. Additionally, a decrease in wind 
speeds was observed over R1 during the same timeframe. 
Flatau et al. (2001) also investigated the change in large 
scale monsoon circulation using the monsoon Hadley (MH) 
index and observed significant changes during the same 
time. Previous studies suggest possible feedback mechanism 
deriving these changes (Rajendran et al. 2004 and Athira 
and Abhilash, 2021). Athira and Abhilash (2021) proposed 
a sequence of mechanisms involving “radiation-SST-wind-
evaporation-SST gradient-wind stress-TPW-convection” 
responsible for setting the conditions responsible for MOK. 
Researchers have also examined the relationship between 
SST and precipitation, highlighting regional variations in 

the lagged response. Roxy et al. (2013) observed that, on 
average, precipitation lags SST by approximately 5 days over 
AS. However, over the BoB and the South China region, 
this lag extends to about 12 days. Subsequently, in early 
June, wind speeds over the WAS began to increase, reach-
ing speeds of approximately 12–15 m/s coinciding with 
enhanced convection observed in both the AS and BoB. 
The analysis suggests that in 2023, bogus onset occurred 
approximately 3–4 weeks before the actual onset. The IMD 
officially declared the onset of the 2023 monsoon on June 
08. 2023 monsoon exhibited a double monsoon onset pattern 
similar to a study conducted by Flatau et al. (2001; 2003). 
Therefore, the investigation suggests that the onset of the 
2023 monsoon followed a "double monsoon onset" pattern. 

Fig. 5   Pentad evolution of NOAA derived Outgoing Longwave Radiation (OLR) (W/m2) from May to June, over region R2, highlighting the 
spatio-temporal characteristics of convective activity
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3.3 � Predictive signature of the double monsoon 
onset

As discussed earlier, the double monsoon onset is associated 
with the “bogus onset,” which delayed the real monsoon 
onset, and these double monsoon onsets are also associated 
with dry and hot weather conditions. This makes it important 
to understand the dynamics of these double monsoon onsets 
and identify their precursors or predictive signatures. The 
present study uses the daily analysed pre-monsoon winds 
(May–June) from SCAT-3 for the summer monsoon onset 
during the year 2023. The pentad evolution of surface winds 
reveals a consistent and substantial reversal in wind direc-
tion over the WAS, accompanied by a significant increase in 
cross-equatorial winds of about 10–12 m/s starting from the 
01–05 May pentad, as shown in Fig. 8. Then the 16–20 May 
pentad reveals that the wind speed started decreasing until 
May 25 (lower than 5 m/s) and then started increasing again, 
reaching around 14 m/s prior to the actual monsoon onset. 
The pentad evolution of surface winds for 2023 reveals a dis-
tinct signature of the surface winds, highlighting an increase 
in wind speed in early May during the 2023 monsoon onset. 
This distinct nature of the 2023 monsoon onset (a “double 
monsoon onset” case) is further compared with the single 
monsoon onset cases to identify whether the signature is 
distinct from the single monsoon onset. As SCAT-03 was in 
operation only from April 2023, we used the scatterometer 
winds from its previous mission with similar sensor, which 
was SCATSAT-01. The available three years of daily ana-
lysed wind data for three single onset cases of 2017, 2018 

and 2020 are used for this purpose. The MOK for these 
years occurs on May 30, May 29 and June 01, respectively. 
The data for 2019 was not used due to significant data gaps 
in the period of interest. Fig. 9 displays the daily surface 
winds averaged over region R1 for the years 2017, 2018, 
2020, and 2023. A 3-day running mean is considered to 
eliminate the influence of the local disturbances. The time 
series of all single onset cases exhibits strong similarity and 
substantially different from that of double monsoon onset 
case of 2023 monsoon. A detailed look on May time series 
(Fig. 9) reveals that in the case of the 2023, the wind speed 
starts increasing in early May with significantly high values 
(~7 m/s), while it reaches its monsoon peak value of about 
10–12 m/s by the end of May. The distinct nature of surface 
winds as observed in the 2023 monsoon onset was compared 
with historical cases of double monsoon onsets. The avail-
ability of long-term reanalysis data presents an opportunity 
for studying sea surface winds over an extended period. In 
this study, 74 years of ERA5 surface wind data from 1950 
to 2023 were utilized. A comprehensive dataset was com-
piled based on available literature and onset dates declared 
by the IMD, as provided in Appendix 1 for reference. The 
long-term climatology of the MOK was examined from 1950 
to 2023, revealing the inter-annual variability in the onset 
nature, depicted in Fig 10. The dataset was categorized into 
four groups: early onset, on-time onset, delayed onset, and 
double onset (a special case of delayed onset), determined 
relative to the climatological onset of June 01. Specifically, 
there were 40 instances of early onset, 5 instances of on-time 
onset, and 29 instances of delayed monsoon onset. Out of 

Fig. 6   a OLR snapshot on May 11 illustrating twin systems around the equator, with cyclones Mocha to the north and Fabien to the south. b 
Corresponding Scatterometer surface winds delineating the cyclonic structure of the systems
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29 instances of delayed onset, 10 cases of double monsoon 
onset were identified, spanning from 1950 to 2003 (Flatau 
et al. 2001 and 2003; Fieux and Stommel 1977). Follow-
ing those studies, there have been no known investigations 
specifically addressing the phenomenon of double mon-
soon onset. The list of all cases of double monsoon onset 
from 1950 to 2003 is presented in Table 2. Only the date 
of actual MOK is mentioned in Table 2 as the exact date of 
bogus onset for all cases are not documented in the literature. 
Nonetheless, the conditions associated with the bogus onset 
typically arise around three weeks before the climatological 
onset (Flatau et al. 2001).

Analysing the 3-day running mean of surface winds aver-
aged over region R1, the study observed significant changes 
in wind speed during double monsoon onset years, as shown 
in Fig. 11. The black solid curve shows the variation of the 
surface winds, while the dotted blue curve shows the gradi-
ent of the surface winds. It is clear from Fig. 11 that in all 
the cases of double monsoon onset, there was a significant 
increase in the wind speed (≥ 5 m/s, shown by the dashed 

green line), followed by a considerable decrease, before 
reaching its monsoon peak level in early June. Further-
more, significant changes in gradient were also observed 
during the double onset years, with the gradient extending 
beyond ± 0.5. However, for a few cases like 1968 and 1972, 
the early May increase in wind speed was not considerable, 
whereas there was a notable decrease in wind speed towards 
the end of May, consistently remaining below 5 m/s. Such 
cases were characterized by consistently low wind speeds (< 
5 m/s) throughout the month of May.

Fig. 11 illustrates the variations in surface winds dur-
ing double monsoon onset cases. Additionally, surface wind 
analyses for all cases have been conducted and are provided 
in Figs. S1–S8 of the supplementary information. Among all 
the cases analysed, we observed two instances that exhibited 
patterns similar to double monsoon cases: the year 1977, 
which experienced an early onset, and 1983, which had a 
delayed onset. It is to be noted that 1983 monsoon onset 
was delayed, but it has not been reported as a double onset 
in the literature. Building upon these findings, we further 

Fig. 7   Pentad evolution of GHRSST Sea Surface Temperature (in oC) from May to June over region R2
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Fig. 8   Pentad evolution of EOS-06/Oceansat-03 Scatterometer sea surface winds (in m/s) from May to June over region R2, highlighting the 
spatio-temporal characteristics of wind field

Fig. 9   Time series of Scatterometer surface winds averaged over region R1 from April to June for the years 2023, 2020, 2018, and 2017. The 
inset panel on the right provides a zoomed-in view of the wind speed variation during May
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aim to propose an index based on the variations of the sur-
face winds over region R1. This index aims to identify the 
signature of double monsoon onset and predict the instances 
of double monsoon onset well in advance.

3.4 � Development of Double Monsoon Identification 
Index (DMII)

3.4.1 � Definition of DMII

The long-term ERA5 surface winds spanning from 1950 
to 2023 is used for the development and validation of the 
DMII. The dataset was divided into two segments, one 
from 1950 to 2003, with the ten documented instances 
of double monsoon onset (as listed in Table 2) for the 
development of the DMII index. The other from 2004 to 

2023 is used for validation and implementation purposes 
to establish a comprehensive climatology of all double-
onset cases. To identify the cases of double monsoon 
onset, we propose an index derived from the analysis of 
ERA5 surface wind data spanning from 1950 to 2003. This 
index is defined as:

where, WS represents the 3-days running mean of daily aver-
aged wind speed over region R1 and a

thres
 is the threshold to 

detect the double monsoon onset.
Based on the analysis of 54 years of surface winds data 

we adopted the value of a
thres

 as 5 m/s. Figure 12 illustrates 
the variation of the DMII for all the double monsoon onset 
years, from May 1 to June 15. It was observed that cases 
with early May transition in DMII values, along with nega-
tive DMII values at the end of May, are associated with 
double monsoon onset. For the case of 2002, in the second 
half of May, negative DMII values were not observed as 
shown in Fig. 12. However, low DMII values indicated 
a significant break in wind speed during this period. To 
study the DMII variations for non-double monsoon cases, 
we have thoroughly examined the DMII variation for the 
years from 1950 to 2023. The variation of the DMII for 
all types of monsoon onset is presented in Figs. S9 to S16 
in the supplementary information. It can be observed that 
for some cases of non-double monsoon onsets, only par-
tial double monsoon onset conditions were met such as in 
1992 and 1999. Furthermore, instances where DMII exhib-
ited negative values throughout May were indicative of 
double monsoon onset, despite insufficient early May wind 

(1)DMII =

(

WS − a
thres

a
thres

)

Fig. 10   Inter-annual variation of the monsoon onset dates over Kerala for 1950 to 2023

Table 2   List of historical double monsoon onset cases from 1950 to 
2003 with corresponding onset dates. (J here refers to June, e.g. 14 J 
means 14 June)

Year Onset date Source

1958 14 J Fieux and Stommel (1977)
1967 09 J Flatau et al. (2001),

Fieux and Stommel (1977)
1968 09 J Fieux and Stommel (1977)
1972 18 J Flatau et al. (2001)
1979 13 J Flatau et al. (2001)
1986 04 J Flatau et al. (2001)
1995 09 J Flatau et al. (2001)
1997 09 J Flatau et al. (2001)
2002 09 J Flatau et al. (2003)
2003 13 J Flatau et al. (2003)
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Fig. 11   Time series of ERA5 surface winds (black solid curve) aver-
aged over region R1 from April to June for the cases of double mon-
soon years from 1950 to 2003. The gradient of the surface winds is 

shown with blue dotted curve. The onset date for each double mon-
soon event is marked with a corresponding red vertical line. Shaded 
areas highlight time periods with significant changes in wind patterns
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Fig. 12   Variation of the Double Monsoon Identification Index 
(DMII) for double monsoon onset cases from 1950 to 2003. Green 
vertical lines mark the reference dates of May 15 and May 21, while 

the red vertical lines represent the actual monsoon onset dates for 
each year. Blue bars indicate positive, and red bars indicate negative 
DMII values



On double monsoon onset and its predictive signature﻿	 Page 15 of 21  18

speed increases. Thus, the analysis of the DMII reveals 
two distinct features observed in years characterised by 
double monsoon onset:

1.	 A transition from negative to positive DMII values in 
early May (first or second week) and a decrease in wind 
speed was observed, as depicted by negative DMII val-
ues towards the end of May.

2.	 Negative DMII values through May.

Based on these observations, a criterion was established 
to identify the potential cases of double monsoon onset. The 
criterion is defined as: “Either an early May (before May 15) 
positive DMII, followed by negative DMII values for at least 
5 consecutive days in the second half of May (after May 21) 
or negative DMII values throughout May”.

3.4.2 � Sensitivity analysis of athres

To assess the robustness of the Double Monsoon Identifi-
cation Index (DMII), a sensitivity analysis was conducted 
on the threshold parameter ( a

thres
 ). Various threshold val-

ues ranging from 3 m/s to 5.5 m/s were tested to evaluate 
their impact on the identification of double monsoon onset 
cases. For each threshold value, the DMII was calculated 
from 1950 to 2003, and its performance in identifying his-
torical double monsoon onset events was assessed. The 
various skill scores were estimated, namely: accuracy 
(ACC), probability of detection (POD), false alarm rate 
(FAR), equitable threat score (ETS), and true skill statis-
tic (TSS), as defined in Appendix 2. Figure 13 shows the 

variation of different skill scores with varying thresholds. 
ACC was about more than 80% for all cases; however, POD 
shows significant improvement as the threshold increases 
with a peak at 5 m/s. Also, the FAR showed a similar trend 
with a minimum FAR for 5 m/s. The TSS quantifies how 
effectively the forecast distinguishes between “yes” events 
and "no" events, showing a significant increase from 0.27 
at 3 m/s to about 0.87 at 5 m/s. The ETS, measuring the 
accuracy of the forecast in predicting “yes” events com-
pared to the observed “yes” events, also shows a similar 
trend. The poor skill score at the lower thresholds is due to 
their inability to capture the significant decrease towards 
the end of May. The sensitivity analysis suggests that the 
choice of the threshold parameter significantly influences 
the identification of double monsoon onset. Based on the 
analysis, a threshold value of 5 m/s was deemed optimal, 
striking a balance between sensitivity and specificity in 
detecting double monsoon-onset events. This threshold 
value demonstrated consistent performance across histori-
cal data, effectively capturing known instances of double 
monsoon onset while minimising false positives.

In this study, we focused only on the ISM and derived a 
5 m/s wind threshold as a key indicator for identifying the 
double monsoon onset events over the WAS region. This 
threshold was established after extensive analysis of long-
term wind data, however, the monsoon dynamics vary sig-
nificantly across different regions, such as Southeast Asia, 
where distinct atmospheric and oceanic interactions may 
influence the monsoon's behaviour. Therefore, the 5 m/s 
threshold applied in this study may not be universally 
applicable to other monsoon systems and needs further 
study for other regions.

Fig. 13   The variation of differ-
ent skill score for different athres 
values
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3.4.3 � Climatology of double monsoon onset

The criterion defined above was applied to the years from 
2004 to 2023 to identify all the cases of double mon-
soon onset. It was found that the 2005 and 2023 mon-
soons were identified as double monsoon onset, which 
were both delayed by 7 days from the climatological nor-
mal onset date of June 01. The DMII variation for these 
years is shown in Fig. 14. As revealed by the analysis 
in Section 3.2, the double monsoon onset nature of the 
2023 monsoon, the DMII successfully detected its dou-
ble monsoon onset nature. After showing positive DMII 
values in early May (starting from May 4), the DMII val-
ues remained consistently negative for over 5 days after 
May 21, leading to the accurate identification of the 2023 
monsoon as exhibiting a double monsoon onset pattern 
by May 25. This predictive capability provides a 5-day 
lead time before the normal climatological onset, enhanc-
ing preparedness and decision-making processes. Over a 
period of 74 years from 1950 to 2023, a total of 12 double 
monsoon onset cases were identified for the years 1958, 
1967, 1968, 1972, 1979, 1986, 1995, 1997, 2002, 2003, 
2005 and 2023.

Furthermore, in order to understand if the frequency 
of these events has changed over time, we conducted a 
decadal trend analysis. We have analysed the frequency of 
different type of monsoon onset cases between 1950 and 
2020 and found no significant trends in the frequency of 
these events over time. However, it is important to note 
that the total number of monsoon onset cases analysed 
was 70, which presents a limitation for drawing robust 
conclusions from the statistical point of view. The rela-
tively small sample size may also affect the reliability of 
the trends observed, particularly for specific categories 
like double onsets, where only 12 events were recorded 
(10 from 1950 to 2020 as used in this trend analysis).

4 � Limitations and future scope

While the proposed index DMII has shown good predic-
tive accuracy for identifying double monsoon onset cases, 
there are several limitations to consider. The index is based 
on threshold-based methods specifically tailored to the 
ISM region, and its application is context-dependent. The 
monsoon system is highly dynamic, and its behaviour is 
influenced by a range of complex factors such as climate 
variability and change that may affect threshold adapted. 
The DMII can successfully identify and predict the case of 
double monsoon onset, however, it is important to note that 
the current version of the index does not have the capability 
to predict the exact onset dates for such cases. One limita-
tion stem from the fact that double monsoon onset cases 
are rare, leading to a relatively small sample size for index 
validation. This limited number of cases introduces a chal-
lenge in ensuring the robustness of the index under varying 
conditions.

As observed in present study and also reported by previ-
ous researchers (Flatau et al. 2001) that in case of multiple 
onsets, the convection in AS lagged behind the convection in 
BoB. Incorporating additional air-sea interaction parameters 
in DMII will further enhance its capability. In future work, 
it would be beneficial to explore a broader set of environ-
mental and atmospheric parameters in addition to the wind 
speed. This may help to predict the actual beginning of the 
delayed onset dates for such events.

Another important aspect affecting monsoon are the 
occurrences of the TCs in North Indian Ocean (NIO). In 
the context of double monsoon onset, Flatau et al. (2001) 
highlights the development of the twin tropical depression 
in BoB on both sides of equator in early May. We have also 
observed the development of Mocha cyclone during May 
2023, however there was no cyclogenesis in the AS during 
that period. This points towards the importance of cyclogen-
esis in different region in context of double monsoon onset 
and require further investigation.

Fig. 14   Variation of the DMII for the year 2005 and 2023. Green vertical lines mark the reference dates of May 15 and May 21, while the red 
vertical lines represent the actual monsoon onset dates for each year. Blue bars indicate positive, and red bars indicate negative DMII values
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A study by Patwardhan et al. (2014) examines the impact 
of climate change on monsoon onset under various scenarios 
and finds that climate models simulate an early monsoon 
onset towards the end of present century (2071–2100). Simi-
lar numerical studies can be planned to investigate the evolu-
tion of double monsoon onset cases under different climate 
scenarios and how external climatic factors such as El Niño 
or La Niña influence these events. However, the present 
study is mostly focused on understanding the signature in 
wind speed and this can be taken as future exercise.

5 � Summary and conclusion

The onset of the monsoon is a pivotal event with exten-
sive consequences for agriculture, water resources, and 
livelihoods throughout the region. Accurate prediction and 
understanding of the underlying dynamics are essential for 
proactive decision-making, resource allocation, and disaster 
preparedness. This study offers a thorough analysis of the 
atmospheric and oceanic factors shaping the MOK, particu-
larly in context of Double Monsoon Onset with a special 
emphasis on 2023 monsoon onset. The study further ana-
lyzes various parameters and necessary conditions for the 
development of the double monsoon onset during the 2023 
monsoon, as described by Flatau et al. (2001, 2003). The 
study reveals the double monsoon onset nature of the 2023 
monsoon, with a bogus onset on May 11, followed by the 
real onset around June 8.

The TPW variations over the WAS region were found to 
be an important precursor of the monsoon onset that results 
in peak TPW values around 18 days prior to monsoon onset 
(Simon et al. 1994, 2006). However, for the case of 2023 
monsoon onset, we observed the peak in TPW around May 
11 associated with bogus onset much before the actual mon-
soon date. This results in the prediction date of 2023 mon-
soon onset as May 29, a false MOK. After few days when the 
monsoon-like conditions retract the TPW starts decreasing 
and again attains a peak around May 21. This results in the 
prediction of the 2023 onset to be on June 11, which is close 
to the onset date as declared by IMD. This deviation in the 
TPW pattern for 2023 highlights the challenges of relying 
solely on TPW for monsoon onset prediction, particularly in 
years with anomalous moisture buildup events. While TPW 
remains a valuable predictor in most cases, the occurrence of 
false peaks necessitates complementary predictors or adjust-
ments to the methodology to account for such anomalies. 
The study investigated the predictive signature of the dou-
ble monsoon onset that serves as an opportunity to identify 
such cases. Moreover, the DMII could be utilized along-
side other objective criteria and indices. Combining it with 
existing indices and objective methods for MOK declaration 

could help reduce the likelihood of false monsoon onset 
declarations.

The double monsoon onsets result in the delay of the 
onset process and are often associated with the dry and 
hot conditions in India (Wei-Dong et al. 2012; Flatau et al. 
2001 and 2003). The early prediction of such double mon-
soon onset cases is of great importance. The study empha-
sizes the significance of early warning predictions utilizing 
state-of-the-art instruments like scatterometers monitoring 
surface winds in near real time. The analysis of scatterom-
eter surface winds proved instrumental in this context as they 
gave a unique signature of double monsoon onset in the case 
of 2023 onset. The study further investigates the long-term 
ERA5 surface winds data from 1950–2023 to understand 
the predictive signature of the surface winds in identifying 
the potential cases of double monsoon onset. Based on the 
long-term analysis of surface winds an index is defined to 
identify the potential cases of double monsoon onset called 
the “Double Monsoon Identification Index (DMII)”. This is 
the first attempt to define an objective criterion to identify 
the potential cases of double monsoon onset. The interan-
nual variation of the DMII is used to define a criterion to 
identify the double monsoon onset as: “Either an early May 
(before May 15) positive DMII, followed by negative DMII 
values for at least 5 consecutive days in the second half of 
May (after May 21) or negative DMII values throughout 
May”. The DMII successfully predicted historical double 
monsoon onset cases (between 1950–2003) with an accu-
racy (ACC) of 0.96, a probability of detection (POD) of 
0.9, and a false alarm rate (FAR) of 0.1 and identified two 
new cases between 2004–2023. The DMII findings provide 
valuable predictive insights into the occurrence of double 
monsoon onsets with a lead of 5 days approximately from 
the climatological onset date i.e. around June 01, aiding in 
advanced forecasting and preparedness efforts for stakehold-
ers in regions affected by monsoons. The DMII can success-
fully identify and predict the case of double monsoon onset, 
however, it is important to note that the current version of 
the index does not have the capability to predict the exact 
onset dates for such cases. Incorporating additional air-sea 
interaction parameters in DMII will further enhance its capa-
bility. In future work, it would be beneficial to explore a 
broader set of environmental and atmospheric parameters 
in addition to the wind speed.

Appendix 1

MOK onset dates dataset

The study analysed 74 years of monsoon onset over Kerala 
(MOK) from 1950 to 2023. The complete dataset of the 
onset date for 74 years is compiled from various sources, 
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including literature references and declarations by the Indian 
Meteorological Department (IMD) (R. P. Kane, 1980; Sub-
rahmanyam et al. 2013) and is provided below for reference.

Year Onset date Year Onset 
date

Year Onset date

1950 27 M 1975 31 M 2000 31 M
1951 31 M 1976 31 M 2001 26 M
1952 20 M 1977 30 M 2002 09 J
1953 07 J 1978 28 M 2003 13 J
1954 31 M 1979 13 J 2004 04 J
1955 29 M 1980 01 J 2005 07 J
1956 21 M 1981 30 M 2006 26 M
1957 01 J 1982 28 M 2007 28 M
1958 14 J 1983 12 J 2008 31 M
1959 31 M 1984 31 M 2009 23 M
1960 14 M 1985 28 M 2010 31 M
1961 18 M 1986 04 J 2011 29 M
1962 17 M 1987 02 J 2012 05 J
1963 31 M 1988 25 M 2013 01 J
1964 06 J 1989 03 J 2014 06 J
1965 26 M 1990 19 M 2015 05 J
1966 01 J 1991 02 J 2016 08 J
1967 09 J 1992 05 J 2017 30 M
1968 09 J 1993 28 M 2018 29 M
1969 17 M 1994 28 M 2019 08 J
1970 26 M 1995 09 J 2020 01 J
1971 27 M 1996 03 J 2021 03 J
1972 18 J 1997 09 J 2022 29 M
1973 04 J 1998 02 J 2023 08 J
1974 26 M 1999 25 M

(M (J) here refers to May (June), e.g. 27 M means 27 May.)

Appendix 2

Skill Score

The following skill score are calculated based on the below 
defined formula.

1.	 ACC (Accuracy)

ACC measures the proportion of accurate predictions, 
with a scale from 0 to 1, where 1 denotes perfect accuracy.

2.	 POD (Probability of Detection)

ACC =
a + d

a + b + c + d

POD =
a

a + c

POD measures the proportion of observed “yes” events 
that were accurately predicted, with scores ranging from 0 
to 1, where 1 signifies perfect detection.

3.	 FAR (False Alarm Rate)

FAR measures the ratio of false alarms, which are 
instances where an event was predicted to occur but did not. 
It indicates the proportion of predicted events that turned 
out to be incorrect, providing insight into the tendency to 
overestimate events. The range of FAR is 0–1, as 0 is the 
perfect score.

4.	 ETS (Equitable Threat Score)

ETS evaluates the accuracy of predicting “Yes” events 
compared to their actual occurrence, while considering hits 
that might happen by random chance. It ranges from −1/3–1, 
with 1 being a perfect score and 0 indicates no skill, a

random
 

is the number of hits for random predictions.

5.	 TSS (True Skill Statistic)

TSS gauges the effectiveness of a prediction in distin-
guishing between positive (“yes”) and negative (“no”) 
events; range of the TSS is −1–1, as 0 indicates no skill; 
and 1 indicates the perfect score.

where,
a = “hits” = number of times a “yes” prediction was fol-

lowed by a “yes” occurrence
b = “false alarms” = number of times a “yes” prediction 

was followed by a “no” occurrence
c = “misses” = number of times a “no” prediction was 

followed by a “yes” occurrence
d = “correct non-events” = number of times a “no” pre-

diction was followed by a “no” occurrence
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b
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