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Abstract An objective index of the onset and demise of the Indian summer monsoon (ISM) is introduced.
This index has the advantage of simplicity by using only one variable, which is the spatially averaged all-India
rainfall, a reliably observed quantity for more than a century. The proposed onset index is shown to be
insensitive to all historic false onsets. By definition, now the seasonal mean rainfall anomalies become a
function of variations in onset and demise dates, rendering their monitoring to be very meaningful. This new
index provides a comprehensive representation of the seasonal evolution of the ISM by capturing the
corresponding changes in large-scale dynamic and thermodynamic variables. We also show that the
interannual variability of the onset date of the ISM is associated with El Niño–Southern Oscillation (ENSO)
with early (late) onsets preceded by cold (warm) ENSO.

1. Introduction

The arrival of the Indian summer monsoon (ISM) is clearly indicated by a dramatic increase in the mean daily
rainfall from below 5mmd�1 to over 15mmd�1 in Kerala, the southwestern part of India [Ananthakrishnan
and Soman, 1988; Soman and Kumar, 1993]. This onset, although regional in scale, is part of a larger progres-
sion of isochrones of the onset of the Asian monsoon stretching gradually from Southeast Asia across to
northwest India and Pakistan [Ramage, 1971; Janowiak and Xie, 2003]. There are several other studies that
have characterized the onset of the ISM with various dynamic [Koteswaram, 1958; Ananthakrishnan et al.,
1968; Krishnamurti and Ramanathan, 1982; Wang et al., 2001, 2009] and thermodynamic [Ananthakrishnan
and Soman, 1988; Yanai et al., 1992; Fasullo and Webster, 2003; Janowiak and Xie, 2003] indices (Table S1
(Table (Figure) numbers starting with T (S) indicate they are in the supporting information); see supporting
information for further discussion on comparison with these other indices). More recently, Moron and
Robertson [2014] suggest that many of these yield similar onset dates, although their relationships with the
local-scale onset of rains during the ISM vary.

There is a very rich history of several decades of research on the prediction and predictability of the onset of
the ISM, which is summarized in Wang et al. [2009]. A sobering conclusion from that study is that despite so
much research, there is still considerable subjectivity in the operational declaration of the onset of the ISM by
the Indian Meteorological Department (IMD). Several studies have also shown from observations that the
onset date of the ISM over Kerala has little bearing on the overall seasonal mean rainfall of the ISM [Dhar
et al., 1980; Mooley and Parthasarthy, 1984; Mooley and Shukla, 1987; Misra and DiNapoli, 2013]. However,
the Hydrological Onset and Withdrawal Index (HOWI) based on vertically integrated moisture transport
following Fasullo and Webster [2003] is promising as it simultaneously serves as a harbinger to the ensuing
anomalous mean seasonal ISM rainfall. In this study we propose one such index for defining the onset and
demise of the ISM but just based on precipitation.

2. Data and Methodology

We use the rainfall analysis based on rain gauges following Pai et al. [2014a, 2014b], which is available at a
0.25° grid spacing distributed across India from 1902 to 2005 at daily intervals. This data set has been exten-
sively used for Indian monsoon studies. The proposed onset and demise index builds upon Liebmann et al.
[2007] and an adaptation for the Asian Monsoon region in Misra and DiNapoli [2013]. We first define the
all-India spatial average of rainfall as all-India rainfall (AIR). The onset and demise of the ISM is determined
using AIR for a couple of reasons. Such a large-scale index is unlikely to have a false onset or demise by
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transient weather systems that are unconnected to the seasonal evolution of the ISM. Typically, such false
onsets are triggered by transient severe weather such as tropical depressions [Krishnamurti et al., 1981;
Flatau et al., 2001], whose scales are much smaller than AIR. Also, seasonal AIR evolution and its variations
are followed with great interest by a large community of people around the world and the current indices
of the onset and demise, especially those based on onset over Kerala, have little bearing on overall seasonal
ISM variations.

In order to objectively determine the onset and demise dates of the ISM for a particular year, the cumulative

daily anomaly C’
m ið Þ of AIR for day i of year m is computed as

C’
m ið Þ ¼

Xi

n¼1

Dm nð Þ � C
h i

; (1)

where

C ¼ 1
MN

XM
m¼1

XN
n¼1

D m; nð Þ (2)

Dm(n) is the daily AIR for day n of year m, andC is the climatology of the annual mean of AIR over N (=365/366)

days for M years. For illustration, we plot D2000(n) and C’
2000 ið Þ in Figure S2. The onset of the ISM is defined as

the day after C’
2000 ið Þ reaches its absolute minimum, before the last three months of the year. Similarly, the

demise of the ISM is defined as the day when C’
2000 ið Þ reaches its absolute maximum after the onset date.

These criteria give rise to objective characterization of onset and demise dates of the ISM. For example,
the onset date of the ISM is 26 May and demise date is 28 September for the year 2000 (Figure S2). This index
is henceforth the all-India rainfall onset and demise (AIROD). The time series of the AIROD and season length
of the ISM are shown in Figure S3. None of these features of the ISM show a statistically significant linear
trend, although significant variations at both high and low frequencies are apparent (Figure S3). Their means
and standard deviations are given at the end of Table S2. A comparison of the mean and standard deviation
of the AIR onset with those diagnosed from previous studies are shown in Table S3. The mean climatological
onset date of AIR of 5 June coincides with the HOWI-based index [Fasullo and Webster, 2003], but the stan-
dard deviation is slightly higher in the former than the latter. All other indices vary in their climatological
onset date by a few days. See supporting information for further discussion on this. The AIR onset precludes
any false onsets caused by transient disturbances followed by several days of quiescent conditions. The read-
ers are referred to the supporting information for further discussion on false onsets.

We also use the centennial atmospheric reanalysis from European Centre for Medium-Range Weather
Forecasts called ERA-20C [Poli et al., 2013] to compare the seasonal evolution of some atmospheric variables
(e.g., 850 hPa winds and 300 hPa temperature) with the AIROD. The ERA-20C is available daily at a 125 km grid
interval (T159 spectral truncation), and its centennial time period overlaps with the gauge-based rainfall
analysis data set. We also use the Climate Forecast System Reanalysis (CFSR [Saha et al., 2010]) for the daily
evolution of some upper ocean (i.e., top 105m) variables at a 0.5° grid spacing from 1979 to 2005; the
HadISST1 data set [Reynolds et al., 2007] for global monthly averaged sea surface temperatures (SSTs) at
a 1° grid spacing from 1902 to 2005; and National Center for Atmospheric Research’s Niño 3.4 index
[Trenberth and Stepaniak, 2000] at monthly interval from 1902 to 2005.

3. Results
3.1. Seasonal Evolution of the Indian Summer Monsoon

The composite rainfall prior to and after onset of the ISM is shown in Figure 1 to examine its climatological
progression. It is apparent from Figure 1 that the northeastern part of India (commonly referred as the “seven
sister states”) receives heavy rainfall (~10–20mmd�1) more than a month prior to the onset, which is likely a
result of the preceding East Asianmonsoon. About a week prior to onset, rainfall over the northeastern region
continues to be sustained while there is a moderate increase in rainfall (~5–10mmd�1) along the southwes-
tern coast. On the day of the onset, rainfall in both of these regions greatly intensify (~20–30mmd�1) and
parts of south-central and eastern India begin to receive light to moderate rainfall (~2–8mmd�1). Several
days after onset, the rainfall over central India grows in magnitude (~10–20mmd�1) and progresses toward
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the northwestern part of India, while the initial rain intensity in the southwestern coast and the northeastern
region continues to be sustained (Figure 1).

A similar retreat of the rainfall centered on demise of the ISM can be ascertained from Figure S4. The
withdrawal begins with the receding of rainfall from the northwest part of India. By the day of the demise,
over 10mmd�1 of rainfall is sustained only over the seven sister states, while the rest of India, excluding
the northwest, exhibits a rain rate of about 2–6mmd�1. The continual withdrawal of the ISM steadily evolves
into the advance of the northeast winter monsoon with rains in parts of southeastern India after the demise
of the ISM (Figure S4).

Another robust seasonal feature of ISM evolution is the seasonal reversal of a rather strong meridional
temperature gradient at around 300 hPa. Yanai et al. [1992] noted a reversal of the meridional temperature
gradient between 5°N and 25°N, which is generally negative prior to onset and reverses to a positive value
after the ISM is established. The AIROD captures this feature very well (Figure 2a), with the reversal of the tem-
perature gradient (following the zero contour line) beginning in the eastern longitudes of the East Asian
monsoon (east of 90°E) and steadily progressing westward. The temperature gradient reversal at around
60°E coincides with the day of onset of the ISM (zero lag on y axis) and slowly continues its journey westward
after onset (Figure 2a). Conversely, the reversal of this meridional temperature gradient occurs earlier (later)

Figure 1. Seasonal evolution of the daily composite (averaged over 104 years from 1902 to 2005) of ISM rainfall prior to, at,
and after the onset date at intervals of 5 days. Units are in mmd�1.
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than the demise date of ISM west (east) of ~60°E (Figure 2b). However, it should be noted that some recent
studies [e.g., Boos and Kuang, 2010, 2013] indicate that Tibetan Plateau serves to preserve the moist static
energy of the monsoon by shielding it from the dry and cold extratropical air rather than serving to the
evolution of the monsoon from its surface fluxes as an elevated heat source.

An additional feature that heralds the arrival of the ISM is the dramatic seasonal development of the low-level
southwesterlies over the Indian Ocean, from which the monsoon derives its name, and the explosive growth
of kinetic energy of these low-level winds [Krishnamurti and Ramanathan, 1982]. Krishnamurti and
Ramanathan [1982] identify a region from 50°E to 70°E and from 4°S to 20°S as a domain of abrupt increase
in zonal kinetic energy of 850 hPa winds for the year 1979. Figure S5 reveals a similar phenomenon for total
kinetic energy of 850 hPa winds. Kinetic energy remains below 50m2 s�2 from 50°E to 75°E and from 5°N to
20°N until less than a week before onset. It then rapidly triples to 150m2 s�2 by onset of the ISM, and this
generation of kinetic energy continues to grow to almost 300m2 s�2 as the ISM progresses. Kinetic energy
conversely decreases as the demise of the ISM approaches from about 50m2 s�2 near 10°N almost 3weeks

Figure 2. (a) The climatological daily zonal progression of the meridional temperature gradient between 5°N and 25°N at
300 hPa as a function of lead/lag time with respect to onset date of the ISM from 40°E to 120°E. Here negative (positive)
values on the y axis refer to the meridional temperature gradient leading (lagging) the onset date. Units are in °C/1000 km.
(b) Same as Figure 2a but centered on the demise date. (c) The climatological daily meridional progression of zonally
averaged meridional ocean heat transport computed to a depth of 105m (approximately mixed layer depth of the tropical
Indian Ocean) from the Climate Forecast System Reanalysis (CFSR) [Saha et al., 2010] as a function of lead/lag time with
respect to the onset date of the ISM from 25°S to 25°N. Here negative (positive) values on the x axis refer to the meridional
heat transport leading (lagging) the onset date. Units are in 0.1 PW. (d) Same as Figure 2c but centered on the demise date.
The zero contour line is shown in black in Figures 2a–2d.
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before the demise to values below 25m2 s�2 (Figure S6). By the day of the demise, only a small region of
kinetic energy weaker than 50m2 s�2 remains just south of the Indian peninsula (Figure S6).

An equally dramatic change in the direction of Ekman ocean heat transport is observed in the tropical Indian
Ocean [Wyrtki, 1973; Hastenrath and Lamb, 1978;Webster et al., 1998; Loschnigg and Webster, 2000; Chirokova
and Webster, 2006]. This results from the reversal of low-level atmospheric winds and their rapid growth in
magnitude over the Indian Ocean as the ISM arrives. Webster [2000] shows that the seasonal reversal of
the ocean heat transport in the Indian Ocean that effectively transports heat from the summer to the winter
hemisphere nearly balances with the corresponding atmospheric heat transport from the winter to the sum-
mer hemisphere. The composite given in Figure 2c demonstrates that the equatorial Indian Ocean is domi-
nated by upper ocean heat transport from the summer (northern) hemisphere to the winter (southern)
hemisphere. About 120 days prior to the onset, southward meridional ocean heat transport is confined to
regions below approximately 12°S, where a reversal to southward transport gradually advances further north
to around 18°N by the time of onset (zero lag; Figure 2c). After onset, southward transport dominates the
Indian Ocean from 25°S to 20°N. Meridional ocean heat transport then begins to gradually reverse from
southward to northward about halfway through the monsoon season, and this reversal retreats southward
to lower latitudes as the ISM progresses toward its demise (Figure 2d).

3.2. Interannual Variability of the Indian Summer Monsoon

A distinct advantage of the AIROD is its robust relationship with season length and total seasonal rainfall
anomalies of the ISM (Tables 1 and S2). It should be noted that early (late) onset and demise dates are
assigned negative (positive) anomalies. Also note that all correlations shown in this study are tested for sig-
nificance at the 5% significance level with the bootstrap method [Wilkes, 2011]. Table 1 indicates statistically
significant correlations of the onset date of the ISM with the length of the season. However, the correlations
of the onset date variations are insignificant with the demise date variability of the ISM. It can therefore be
discerned from Table 1 that early (late) onset of the ISM is associated with longer (shorter) length of the
season and anomalously larger (smaller) accumulation of ISM rainfall seasonal anomalies. Similarly, Table 1
suggests that late (early) demise of the ISM is associated with long (short) season length of the ISM and large
(small) accumulated seasonal rainfall anomaly of the ISM.

The variability of the AIROD offers a significant insight to the seasonal mean variations of the ISM. As men-
tioned before, the onset/demise of the ISM is characterized by large-scale changes including rain rate in sev-
eral regions over India. Therefore, the seasonal rainfall anomalies have two sources of anomaly generation:
variations in the length of the season and the daily rain rate. Both these factors are included in the accumu-
lated seasonal rainfall anomalies of the ISM. As a result, onset date variation offers a robust estimate of the
seasonal rainfall anomalies of the ISM (Figure 3a and Table 1). Figure 3a indicates that early (late) onset of
the ISM is associated with widespread excess (deficit) of the seasonal rainfall anomalies from the southwes-
tern coast to the northeastern region of India and including parts of central India. Similarly, we find that early
(late) onset of the ISM is associated with a corresponding anomalous increase (decrease) of the positive
temperature gradient at 300 hPa west of 90°E (Figure 3b). This figure shows that anomalous onset of the
ISM is preceded and succeeded by about 20 days of anomalous meridional temperature gradient at
300 hPa west of 90°E. In other words, the anomalous onset date of the ISM identified through this methodology
also represents the anomalous development of a land-temperature contrast in the domain.

The demise date variations in Figure S7 in contrast to Figure 3a show significant positive correlations with the
ISM seasonal rainfall anomalies across India, including northwest India. In fact, these correlations are stronger
than those displayed by the covariations with the onset date of the ISM (Table 1).

Table 1. Correlations Between Onset Date, Demise Date, Season Length, and Total Seasonal AIR Anomalies of the ISMa

Onset Date Demise Date Season Length Total Seasonal AIR

Onset date 1 �0.12 �0.67 �0.43
Demise date �0.12 1 0.82 0.61
Season length �0.67 0.82 1 0.71
Total seasonal AIR �0.43 0.61 0.71 1

aValues significant at the 95% confidence interval are in bold.
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Onset date variations of the ISM are also associated with the preceding December-January-February (DJF)
SST anomalies in the eastern equatorial Pacific, reminiscent of the El Niño–Southern Oscillation (ENSO) varia-
tions (Figure 4). The correlations in Figure 4a suggest that warm (cold) ENSO is associated with following sea-
son’s late (early) onset of the ISM. Figure 4b suggests that this relationship is strongest when Niño3.4 SST
anomalies lead the onset date variations. But the correlations of the Niño3.4 SST anomalies with demise date
are strongest when the latter leads. It may be noted that the correlations of June-July-August-September
(JJAS) AIR anomalies and total seasonal AIR anomalies (includes seasonal length variations) with Niño3.4 SST
anomalies are nearly the same. As a cautionary note, it may be mentioned that earlier studies have alluded
to low-frequency variations of this teleconnection between ISM and ENSO [Krishnakumar et al., 1999].

Figure 3. The correlation of onset date of the ISM with (a) following seasonal monsoon rainfall anomaly and (b) 300 hPa
meridional temperature gradient from 5°N to 25°N at various lead/lag times. In Figure 3b, negative (positive) values on
the y axis indicate that the temperature gradient is leading (lagging) the onset date. Only significant values at 95%
confidence interval are shown.
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Figure S8 shows the comparison of total seasonal AIRwith JJAS AIR. Following the IMD, anomalies ofmore than one
standard deviation are considered anomalous. Both indices of the seasonal rainfall anomalies isolate anomalous
dry and wet years for majority of the cases, although themagnitude of the anomalies differ (Figure S8). However,
there are small but significant subset of years when they differ in defining anomalous ISM seasons. This stems
from the fact that JJAS precludes anomalies defined by the increased or decreased length of the ISM. This is also
expounded by the fact that the standard deviation of JJAS mean AIR (with climatological mean=858.8 days) is
78.4 days while that of the total ISM season (with climatological mean=887.4 days) is 107.1 days.

4. Conclusions

In this studywe have proposed an index for the onset and demise of the ISM. This index hasmanymerits. It is very
simple, being based on a single variable, spatially averaged all-India rainfall, which has been reliably observed
for over a century and allows those outside of the scientific community to perceive ISM variability more easily.
Furthermore, the AIR-based onset and demise index is objective and avoids false onsets. It also has an advan-
tageously close relationship with the seasonal rainfall anomaly. Therefore, the onset can be closely monitored
to provide information regarding the likelihood of the development of an anomalous ISM season.

The index has been verified with the seasonal evolution of other dynamic and thermodynamic variables of
the ISM and shown to be consistent with their evolution. The total seasonal rainfall anomaly, with its correspond-
ing anomalous large-scale features, is also captured by the onset and demise index anomalies. Furthermore, all
historic false onsets of the ISM are precluded by the onset index proposed here. In addition, ENSO variations also
influence the onset date and demise date variations.

Figure 4. The correlation of the onset date of the ISM with (a) preceding December-January-February SST anomalies
(HadISST1) [Reynolds et al., 2007] and (b) Niño 3.4 SST anomalies [Trenberth and Stepaniak, 2001] at different lead/lag
times (in months). In Figure 4b we also overlay the correlations of June-July-August-September (JJAS) ISM rainfall (green
diamonds), onset (red circles) and demise (black squares) dates of the ISM, and total seasonal AIR (blue circles) with Niño3.4
SST anomalies. The red and black arrows in Figure 4b indicate the climatological onset and demise dates, respectively.
Correlations prior to these dates would approximately correspond to SST leading the onset (demise) date of the AIR.
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This index uses rainfall which is already observed across India, and minimal resources are therefore required
to supplement existing methods for monitoring the onset of the ISM. It could be argued that one of the
shortcomings of the proposed onset and demise index of the ISM is that it does not allude to local or regional
onset and demise dates, which are equally important. We are currently working on ways to define the local
onset and demise dates of the ISM that would contribute to this AIR-based onset and demise index.
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False Onsets 

The proposed definition of the onset of the Indian Summer Monsoon (ISM) must 

be insensitive to false onsets caused by transient disturbances unconnected to the ISM 

evolution to be considered effective. Multiple case studies are presented alongside one 

another to determine its effectiveness at overcoming episodic bouts of heavy rainfall and 

detecting the actual onset date of the ISM that is consistent with the overall seasonal 

evolution of the spatially-averaged All-India Rainfall (AIR). Seasonal cycles of daily 

AIR and its daily cumulative anomalies are analyzed for the following eleven false onset 

years: 1946, 1958, 1967, 1968, 1972, 1979, 1986, 1995, 1997, 2002, and 2004. These 

years are selected from previous research devoted to the subject of false onsets, which 

verifies such occurrences with various methods. Fieux and Stommel [1977] seem to have 

first introduced the term “multiple onset,” and detected four false onset years – 1946, 

1958, 1967, and 1968 – from the period between 1933 and 1968 using southwesterly 

surface winds from shipping data over the Arabian Sea. These false onsets were 

characterized by an episodic increase followed by an immediate decrease of the 

southwesterly winds. Most of the other false onset years are taken from Flatau et al. 
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[2001], who use three criteria to determine such an event from 1965 to 1997: 1) kinetic 

energy of the surface winds averaged over 5°-20°N and 40°-110°E (similar to Fieux and 

Stommel [1977]); 2) shear between 850mb and 200mb zonal winds averaged over 5°-

20°N and 40°-110°E [Webster and Yang, 1992]; and 3) shear between 850mb and 200mb 

meridional winds, averaged over 10°-30°N and 70°-110°E [Goswami et al., 1999]. These 

three criteria are all met for 1967, 1972, 1979, 1995, and 1997. The year of 1986 fulfilled 

only the first two criteria, and the year of 1968 only satisfied the first but is also 

supported by Fieux and Stommel’s [1977] observations. Similarly, Flatau et al. [2003] 

implemented the first and third criteria from their previous paper to include 2002 as a 

false onset year. Finally, 2004 is indicated as a false onset year by Pai and Nair [2009], 

who describe it as a synoptically triggered event similar to that of 2002.  

 The false onset dates for the first four cases – 1946, 1958, 1967, and 1968 are 

provided by Fieux and Stommel [1977]: 12 May, 10 May, 17 May, and 5 May, 

respectively. The following five years – 1972, 1979, 1986, 1995, and 1997 – are more 

ambiguous because Flatau et al. [2001] does not provide specific false onset dates as 

each of their three criteria would offer different solutions. The false onset date for 1972 is 

ascertained from Gadgil (http://nptel.ac.in/courses/119108006/17) as 16 May. For the 

four other years, the date of false onset is selected following Flatau et al. [2001] as the 

day when “the initial convective perturbation lead to the development of the twin 

convective systems straddling the equator near 80°-90°E”. The onset dates for the 

monsoon seasons of 1979, 1986, 1995, and 1997 are 9 May, 10 May, 9 May, and 14 May 

respectively. Furthermore, Flatau et al. [2003] and Gadgil suggest a false onset date of 

29 May and 18 May for 2002 and 2004 respectively.  
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The IMD subjective onset definition is considered to be the “actual” onset over 

Kerala through 1970 [Ananthakrishnan and Soman, 1988]. From 1971 to 2005, an 

objective onset definition adopted by the IMD in 2006 is considered to be the “actual” 

onset over Kerala, as the objective definition is applied without a forecaster’s bias [Pai 

and Rajeevan, 2009]. It may be noted, however, that AIR-based onset dates (as proposed 

in this paper) and “actual” onset dates (declared by the IMD) may differ due to 

differences in their definition. This is not a weakness of either definition, but rather 

represents their different objectives. 

 The AIR-based definition of the onset of the ISM effectively bypasses each year’s 

false onset (Fig. S1) and indicates a date that falls within a few days of the onset 

determined by IMD for Kerala, the southwestern region of India [Ananthakrishnan and 

Soman, 1988; Pai and Rajeevan, 2009]. This true onset occurs about one month after the 

false onset, a result which closely coincides with the pre-monsoon rainfall peak observed 

by Joseph and Pillai [1988]. It is therefore safe to conclude that this definition of the 

onset and demise of the ISM is insusceptible to false onsets. 

 

Comparison of Onset Indices 

Amongst the indices listed in Table T1, the most well-known large-scale indices are the 

Kerala onset (Ananthakrishnan and Soman 1988; Pai and Rajeevan 2009), Hydrological 

Onset and Withdrawal Index (HOWI; Fasullo and Webster, 2003), the Normalized 

Precipitable Water Index (NPWI; Zeng and Lu, 2004), wind-based thresholds by 

Taniguchi and Koike (2006) and Wang et al. (2009), and an agricultural index (Moron 

and Robertson, 2014). Like our index, many of these other indices are also based on a 
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single variable. But many of these previous studies do not examine the relationship of 

their index with the large-scale changes in the monsoonal system. Furthermore, 

susceptibility to false onsets by transient systems unrelated to the monsoon evolution 

remains for Wang et al. (2009). The NPWI has coarse resolution and is restricted to 

global applications (Zeng and Lu, 2004). In addition, most previously suggested indices 

require persistence (of varying period depending on application) of say rainy conditions 

to declare onset, which could make it subjective for monitoring and forecasting (Zeng 

and Lu, 2004; Taniguchi and Koike, 2006; Wang et al., 2009; Moron and Robertson, 

2014). While the index herein suggested provides no objective solution to this limitation, 

monitoring of other variables relative to AIR-based onset to monitor and forecast is 

possible. Finally, we believe the strength of the index introduced in this paper, is the 

ability to use the timing of onset date to garner additional information about the 

subsequent season’s total rainfall and about the ensuing evolution of the Indian monsoon.   
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Table T1: Onset indices from previous literature. 

Source Variables Domain Onset Index 
Ananthakrishnan 
et al. (1968) 

Rainfall Kerala (seven 
stations) 

- After 10 May, second in a period 
of two days when five of seven 
stations receive >1mm of rainfall 

Ramage (1971) Wind Global - Prevailing wind direction shifts 
by at least 120° and persists for at 
least 40% of the time in January 
and July 
- Mean wind exceeds 3ms-1 in 
January or July 
- Fewer than one cyclone-
anticyclone alternation occurs 
every two years in January or July 
in a 5° rectangle 

Rao (1976) Rainfall 
Zonal wind 
Relative 
humidity 

Kerala - Rainfall widespread with large 
amounts at individual stations 
which persists over several days 
- Lower-tropospheric westerlies 
strong and deep 
- High relative humidity up to at 
least 500hPa 

Ananthakrishnan 
and Soman (1988) 

Rainfall Kerala:  
8°15’-12°50’N 

- First day with >10mm of rainfall 
in a period of five days with a 
daily average of >10mm 

Fasullo and 
Webster (2003) 

Vertically 
integrated 
moisture 
transport 
(VIMT) 

Arabian Sea (50 
largest vectors):  
45°-85°E, 5°-20°N 

- Day when normalized VIMT 
time series exceeds zero (i.e. 
Hydrological Onset and 
Withdrawal Index, or HOWI) 

Janowiak and Xie 
(2003)  

Rainfall Global - First in period of four pentads 
with rainfall for three out of four 
exceeding 33% of climatological 
rainy season mean rainfall 

Zeng and Lu 
(2004) 

Precipitable 
water 

Global - First day when normalized 
precipitable water index (NPWI) is 
greater than the Golden Ratio 
(0.618) for three consecutive days 
in seven of nine 1°x1° cells  

Prasad and 
Hayashi (2005) 

Temperature 
 
Wind 

40°-80°E, 10°-
17.5°N 
65°-75°E, 10°-
17.5°N 

- 850-600hPa zonal asymmetric 
temperature anomalies (ZATA) 
become negative for more than 
three days with a minimum of 
10ms-1 of 850-200hPa vertical 
wind shear of zonal winds (VWSI) 
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Table T1: Continued. 

Source Variables Domain Onset Index 
Taniguchi and 
Koike (2006) 

Wind  Arabian Sea: 
62.5°-75°E, 7.5°-
20°N 

- First in period of seven days with 
wind speed continuously 
exceeding 8ms-1 

Joseph et al. 
(2006) 

Zonal wind 
Outgoing 
longwave 
radiation 
(OLR) 

70°-85°E, 5°-10°N - Day when 6ms-1 mean zonal 
wind beginning at 850hPa crosses 
the 600hPa level, and passes bogus 
onset and widespread Kerala 
convection tests 

Xavier et al. 
(2007) 

Temperature Northern box:  
40°-100°E, 5°-
35°N 
Southern box: 
40°-100°E, 15°S-
5°N 

- Difference in 600-200hPa 
averaged meridional temperature 
gradient between northern and 
southern boxes changes sign from 
negative to positive 

Pai and Rajeevan 
(2009) 

Rainfall 
Zonal wind 
OLR 

14 Kerala stations 
55°-80°E, 0°-10°N 
70°-75°E, 5°-10°N 

- After 10 May 
- Second of two consecutive days 
for which 60% of stations report ≥ 
2.5mm 
- Zonal wind 15-20kts at 925hPa 
maintained up to 600hPa 
- OLR below 200Wm-2 

Wang et al. (2009) Zonal wind South Arabian Sea: 
40°-80°E, 5°-15°N 

- First in period of seven days with 
daily average 850hPa zonal wind 
exceeding 6.2ms-1 

Goswami and 
Gouda (2010) 

Rainfall Kerala:  
75°-77°E, 8°-12°N 

- First in period of three days with 
rainfall >3mm over 30% of domain 
region 

Moron and 
Robertson (2014) 

Rainfall India - First of 5 consecutive wet 
(≥10mm) days after 1 April that 
receives climatological 5 day wet 
spell amount in April-October 
without being followed by a 10 
day dry spell (<5mm) in the 
following 30 days 

Misra and 
DiNapoli (2014) 

Rainfall Monsoon Asia: 
60°-150°E, 0°-
55°N 

- Day when anomalous 
accumulation is above the annual 
mean 
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Table T2: Tabulation of the seasonal rainfall (mm), onset date (Julian day and Gregorian 
date; M=May, J=June, S=September, O=October, and N=November), demise date (Julian 
day), and length of the season (days) of the Indian summer monsoon. Years when 
seasonal rainfall anomalies exceed (fall below) one standard deviation of the long term 
mean (computed from 1902 to 2005) is shown in bold blue (red). The long term mean 
and standard deviation of all these quantities are shown in the bottom row of the table. 

 

  

Year
Seasonal	
Rainfall	

Onset	
Date

Demise	
Date

Season	
Length Year

Seasonal	
Rainfall	

Onset	
Date

Demise	
Date

Season	
Length

1902 771.58 161	(J10) 271	(S28) 110 1937 901.11 162	(J11) 284	(O11) 122
1903 919.25 162	(J11) 284	(O11) 122 1938 1020.37 147	(M27) 286	(O13) 139
1904 717.06 161	(J11) 267	(S25) 106 1939 787.05 160	(J09) 272	(S29) 112
1905 682.87 170	(J19) 275	(O02) 105 1940 832.46 156	(J06) 269	(S27) 113
1906 850.35 161	(J10) 275	(O02) 114 1941 826.25 147	(M27) 285	(O12) 138
1907 729.99 156	(J05) 257	(S14) 101 1942 952.14 158	(J07) 273	(S30) 115
1908 895.14 162	(J12) 276	(O04) 114 1943 1043.55 133	(M13) 293	(O20) 160
1909 899.11 153	(J02) 275	(O02) 122 1944 986.18 146	(M27) 284	(O12) 138
1910 966.09 156	(J05) 283	(O10) 127 1945 902.98 164	(J13) 276	(O03) 112
1911 798.21 154	(J03) 287	(O14) 133 1946 956.46 156	(J05) 284	(O11) 128
1912 799.22 170	(J20) 280	(O08) 110 1947 968.58 150	(M30) 278	(O05) 128
1913 880.15 139	(M19) 290	(O17) 151 1948 900.25 163	(J13) 278	(O06) 115
1914 906.00 156	(J05) 272	(S29) 116 1949 1000.94 132	(M12) 276	(O03) 144
1915 805.09 165	(J14) 286	(O13) 121 1950 888.67 149	(M29) 264	(S21) 115
1916 1110.32 146	(M27) 307	(N04) 161 1951 742.42 150	(M30) 278	(O05) 128
1917 1173.67 152	(J01) 305	(N01) 153 1952 825.65 168	(J18) 288	(O16) 120
1918 672.61 148	(M28) 262	(S19) 114 1953 920.40 165	(J14) 281	(O08) 116
1919 917.05 156	(J05) 284	(O11) 128 1954 909.44 152	(J01) 278	(O05) 126
1920 685.63 163	(J13) 265	(S23) 102 1955 1029.72 160	(J09) 298	(O25) 138
1921 877.02 153	(J02) 269	(S26) 116 1956 1094.53 146	(M27) 291	(O19) 145
1922 884.43 151	(M31) 269	(S26) 118 1957 787.18 152	(J01) 259	(S16) 107
1923 837.61 162	(J11) 278	(O05) 116 1958 984.59 168	(J17) 288	(O15) 120
1924 903.90 161	(J11) 279	(O07) 118 1959 1056.97 147	(M27) 286	(O13) 139
1925 862.34 136	(M16) 267	(S24) 131 1960 874.26 163	(J13) 282	(O10) 119
1926 871.83 164	(J13) 269	(S26) 105 1961 1108.20 140	(M20) 288	(O15) 148
1927 907.27 155	(J04) 282	(O09) 127 1962 840.67 157	(J06) 271	(S28) 114
1928 885.85 157	(J07) 301	(O29) 144 1963 917.91 155	(J04) 299	(O26) 144
1929 874.32 153	(J02) 282	(O09) 129 1964 932.18 156	(J06) 275	(O03) 119
1930 833.11 159	(J08) 278	(O05) 119 1965 671.14 164	(J13) 269	(S26) 105
1931 990.42 164	(J13) 292	(O19) 128 1966 704.37 154	(J03) 253	(S10) 99
1932 816.48 166	(J16) 273	(O01) 107 1967 836.10 163	(J12) 273	(S30) 110
1933 1121.62 137	(M17) 296	(O23) 159 1968 783.47 162	(J12) 284	(O12) 122
1934 904.41 161	(J10) 274	(O01) 113 1969 813.41 154	(J03) 268	(S25) 114
1935 858.36 154	(J03) 266	(S23) 112 1970 987.14 152	(J01) 282	(O09) 130
1936 1012.76 143	(M24) 282	(O10) 139 1971 977.85 148	(M28) 292	(O19) 144
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Table T2: Continued 

 

  

Year
Seasonal	
Rainfall	

Onset	
Date

Demise	
Date

Season	
Length

1972 671.56 169	(J19) 284	(O12) 115
1973 1008.98 154	(J03) 303	(O30) 149
1974 858.33 167	(J16) 299	(O26) 132
1975 1023.09 165	(J14) 286	(O13) 121
1976 860.71 155	(J05) 263	(S21) 108
1977 949.25 148	(M28) 281	(O08) 133
1978 926.09 159	(J08) 280	(O07) 121
1979 738.70 160	(J09) 281	(O08) 121
1980 918.46 152	(J02) 271	(S29) 119
1981 822.09 169	(J18) 274	(O01) 105
1982 745.17 155	(J04) 268	(S25) 113
1983 997.58 163	(J12) 286	(O13) 123
1984 837.94 157	(J07) 265	(S23) 108
1985 929.73 148	(M28) 292	(O19) 144
1986 793.33 164	(J13) 282	(O09) 118
1987 824.41 154	(J03) 294	(O21) 140
1988 1025.27 161	(J11) 281	(O09) 120
1989 864.78 153	(J02) 274	(O01) 121
1990 1087.76 130	(M10) 287	(O14) 157
1991 828.82 153	(J02) 269	(S26) 116
1992 774.31 162	(J12) 259	(S17) 97
1993 940.85 152	(J01) 293	(O20) 141
1994 941.46 151	(M31) 264	(S21) 113
1995 867.27 163	(J12) 272	(S29) 109
1996 871.87 163	(J13) 281	(O09) 118
1997 818.54 160	(J09) 271	(S28) 111
1998 965.44 157	(J06) 295	(O22) 138
1999 951.54 140	(M20) 294	(O21) 154
2000 802.02 146	(M27) 271	(S29) 125
2001 871.95 152	(J01) 285	(O12) 133
2002 661.15 161	(J10) 270	(S27) 109
2003 925.17 163	(J12) 284	(O11) 121
2004 825.28 156	(J06) 287	(O15) 131
2005 971.00 169	(J18) 297	(O24) 128
Mean 887.36 156	(J05) 280		(O07) 124
St.	Dev. 107.11 8.55 11.02 14.72
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Table T3: An intercomparison of statistical parameters of onset dates provided by 
previous indices and the current index (AIR onset). Previous indices include IMD’s 
subjective declaration of onset referened in Ananthakrishnan and Soman (1988) and 
Joseph et al. (2006; IMD_SUB); Ananthakrishnan and Soman (1988; AS88); the 
Hydrological Onset and Withdrawal Index (HOWI) in Fasullo and Webster (2003; 
FW03); Wang et al. (2004; W04); Joseph et al. (2006; J06); Goswami and Gouda (2007; 
GG07); and the objective onset index adopted by the IMD from Pai and Rajeevan (2009; 
PR09 IMD_OBJ). 

	  

AIRO IMD_SUB AS88 FW03 W04 J06 GG07
PR09	

IMD_OBJ
Time	
Period

1902-
2005

1948-
2003

1948-
1990

1948-
2000

1948-
2000

1971-
2003

1951-
2003

1971-
2005

Mean 5-Jun 30-May 28-May 5-Jun 21-May 3-Jun 2-Jun 3-Jun

Standard
Deviation

8.6 7.4 9.7 7.4 11.4 8.4 8.9 7.1
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Figure S1: Comparison of false (red), “actual” (purple; as declared by IMD), and AIR-
based (green; as defined in this paper) onset dates for eleven false onset years. Daily AIR 
for the year (orange, mm day-1) and its cumulative anomaly (blue, mm) are plotted, along 
with the annual mean climatology of AIR (dashed orange; 3.09mm). 
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Figure S2: A schematic illustration of the time series of daily AIR (orange line; mmday-

1) and its cumulative daily anomaly (Cʹ in equation 1; blue line; mm) for the year 2000. 
The onset (26 May) and demise (28 September) dates of the ISM are indicated.  
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Figure S3: Time series of a) onset date (in Julian days), b) demise date (in Julian days), 
and c) length of the ISM season (in days). Linear trend (long-dashed, black) and ten-year 
moving average (short-dashed, black) are plotted for each feature. The linear trend line in 
all three panels fail the Mann-Kendall test [Sneyers, 1990] at the 5% significance level. 
Note that there is no linear trend of the onset date. 
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Figure S4: Same as Figure 1, but centered on the demise date. 
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Figure S5: Same as Figure 1 but for 850hPa kinetic energy in units of m2s-2. 
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Figure S6: Same as Figure 1 but for 850hPa kinetic energy in units of m2s-2 centered on 
the demise date.  
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Figure S7: The correlation of the demise date with the preceding seasonal rainfall 
anomalies of the ISM. 
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Figure S8: A comparison of the ISM seasonal rainfall (blue) and the mean JJAS seasonal 
All India Monsoon Rainfall (AIMR; orange). The horizontal lines with corresponding 
colors mark one standard deviation below and above their respective means.   
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