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Abstract
Onset and demise of the Indian summer monsoon (ISM) and intraseasonal variability (ISV) embedded within the ISM are 
dominant climatological phenomena observed over the Indian region. In this study, a quantitative relationship between these 
two phenomena is assessed and the performance of a regional coupled model in simulating the relationship in the ISM is 
examined. An objective definition of the local onset and demise of the ISM is used based on more than a century-long India 
Meteorological Department rain-gauge observation and 10-year-long model simulated precipitation. Two distinct modes 
of intraseasonal oscillations (ISOs), northwestward propagating 10–20-day periodic high-frequency ISO and northward 
moving 20–70-day periodic low-frequency ISOs are extracted using Multichannel Singular Spectrum Analysis (MSSA). It 
is found that nearly 60% of the local onset of the ISM occurs during the positive developing phases of the ISO; whereas, a 
similar fraction of local demise occurs during positive decaying phases of the ISO across almost entire India. Essentially, the 
phase-locking of two ISOs creates the most conducive environment for onset or demise of the ISM to occur. In this study we 
found that the model not only captures the overall structure of the ISO modes, but also simulates the observed distribution 
of the onset and demise dates of ISM in different ISO phases. The diagnostics described here, with the ability of the model 
to produce the observed phenomena, provide an essential tool to improve our understanding of the monsoon system and its 
predictability.
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1  Introduction

The Indian summer monsoon (ISM) possesses a unique sea-
sonal cycle that can be regarded as one of the most promi-
nent phenomena in the tropical climate. Apart from this 
strong seasonal cycle, the ISM exhibits variability in differ-
ent space and time scales (Webster et al. 1998; Gadgil 2003). 
The basic system that governs the ISM and its variability is 
considered to be the Intertropical Convergence Zone (ITCZ) 
or the equatorial trough (Gadgil 2003). Northward shift of 
the ITCZ during the boreal summer sets the premise for the 
onset of the ISM. Given its severe socioeconomic and agri-
cultural impact (Gadgil and Gadgil 2006; Giné et al. 2008), 
characterization of the variability in onset and demise events 
of the ISM has been a topic of rigorous investigative studies. 
Many studies documented a significant interannual variabil-
ity in the observed date of onset of the ISM (Joseph et al. 
1994; Wang and LinHo 2002; Misra et al. 2017b). The inves-
tigation of this variability largely depends upon how onset 
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and demise of the ISM are defined. Some studies use rain-
fall as a measure to define these events (Ananthakrishnan 
et al. 1967; Sperber and Annamalai 2014; Noska and Misra 
2016), some use circulation patterns over the Indian region 
(Webster and Yang 1992; Wang et al. 2009a), while others 
use land-ocean temperature contrast (Yanai et al. 1992; Zhou 
and Murtugudde 2014). Most of the definitions are based 
on defining a single index for onset/demise for the entire 
Indian domain, usually obtained through area averaging 
over a critical location. As an example, monsoon onset over 
Kerala is a widely-used index to determine monsoon onset 
over India (Ananthakrishnan et al. 1967; Joseph et al. 2006). 
However, a single index definition of onset/demise of the 
ISM could restrict understanding of the advance or evolution 
of the ISM. The monsoon onset over Kerala is not strongly 
coupled with the onset over other regions across India (Ban-
sod et al. 1991). Therefore, onset based on one area average 
index only provides an indication whether the entire system 
has moved up to a desired region in an averaged sense. Con-
versely, a local definition, that defines onset/demise at the 
most granular scale possible would provide more insight into 
the progression of the monsoon isochrones. A few studies 
(Sperber and Annamalai 2014; Moron and Robertson 2014; 
Misra et al. 2017a; Karmakar and Misra 2019) have devel-
oped a regional or local definition for onset and demise of 
the ISM based on rainfall datasets.

While many argue that the single index definitions of 
onset of the ISM is legitimate based on the fact that the 
onset of the All-India Rainfall (AIR) is highly related to the 
large-scale changes in the ocean and atmospheric circula-
tion and land-sea thermal contrast, these definitions do not 
provide information at the local or regional scale because 
of area averaging. In a country like India where livelihood 
largely depends on rain-fed agriculture, onset and rainfall 
prediction at the local scale is of paramount importance. 
Therefore, in this study we use a local definition of onset 
and demise of the ISM as defined in Misra et al. (2017a). 
The method described there is not only adaptive to any given 
spatial resolution of the rainfall dataset, but also tends to 
avoid false onsets and demise as it is anchored to the clima-
tological evolution of the AIR.

Apart from the strong seasonal cycle of rainfall, the ISM 
also exhibits dominant intraseasonally varying patterns, 
that are strongly associated with intraseasonal oscillations 
(ISOs) (Sikka and Gadgil 1980; Yasunari 1980; Gadgil 
2003; Goswami and Ajaya Mohan 2001; Krishnamurthy and 
Shukla 2007; Karmakar et al. 2017b). ISOs are mainly held 
responsible for modulating the active-break cycle over any 
particular region. Many studies suggest that there are two 
types of space-time scale variations associated with ISOs: 
(1) a low-frequency ISO (LF-ISO) exhibiting a periodicity 
between roughly 20–70 days (Sikka and Gadgil 1980; Yasu-
nari 1980), and (2) a high-frequency ISO (HF-ISO) showing 

a variability of nearly 10–20 days (Krishnamurti and Bhalme 
1976; Chen and Chen 1993; Krishnamurthy and Shukla 
2007; Lee et al. 2013; Karmakar et al. 2017b). The 20–70 
day periodic ISO is characterized by northward propaga-
tion of convection from the equatorial Indian Ocean to the 
foothills of the Himalayas; whereas, the high-frequency ISO 
shows a dominant north-westward propagation from the Bay 
of Bengal towards central and northwestern India. These two 
modes highly modulate the rainfall amount over the central 
Indian region, which is also the region most agriculturally 
vulnerable to seasonal and subseasonal rainfall anomalies 
(Krishnamurti et al. 1985; Karmakar et al. 2017b).

Onset over Myanmar preceedes Indian monsoon onset 
by about a month and monsoon onset over Kerala happens 
from the passage of a second wave of the LF-ISO (Krishna-
murti et al. 2012). However, it is suggested that the onset of 
the ISM over Kerala and Western Ghats is linked with the 
first strong LF-ISO event of the year (Lau and Yang 1996; 
Zhou and Murtugudde 2014). Moreover, the retreat of the 
monsoon isochrone related to the demise of the ISM is not 
exactly the mirror image of the movement of the onset isoch-
rone (Gadgil 2003). These make the relationship between 
ISO and onset/demise a complex phenomena.

Although our understanding of the ISOs has increased 
significantly in the past few decades, the state-of-the-art 
models are still limited by their simulation of the basic struc-
ture of monsoon intraseasonal variability (ISV) (Lin et al. 
2008; Sabeerali et al. 2013). In spite of many improvements 
made between phase 3 of the Coupled Model Intercompari-
son Project (CMIP) to its phase 5 in terms of simulating 
the mean monsoon and subseasonal variability (Sperber and 
Annamalai 2008; Jourdain et al. 2013), the northwest–south-
east-tilted rainband structure associated with low-frequency 
ISO is still missing in most of the models. And while many 
studies show that Atmospheric General Circulation Models 
(AGCMs) are capable of simulating realistic ISO variabil-
ity (Waliser et al. 2003; Rajendran et al. 2008), there is a 
growing school of thought that air-sea coupling is necessary 
to reproduce more realistic ISOs over the Indian domain 
(Pegion and Kirtman 2008; Wang et al. 2009b; Sharmila 
et al. 2013; Misra et al. 2018). For example, Misra et al. 
(2018), using a high-resolution regional coupled ocean-
atmosphere model with the lateral boundaries forced by 
global reanalysis datasets, showed a remarkable signature 
of low-frequency ISV patterns over India.

Despite the fact that onset/demise and ISOs are a vital 
part of the monsoon system, the linkage between the two 
phenomena have not been thoroughly studied, especially 
from a modeling perspective. Using a single, large-scale 
definition of an index of onset of the ISM using observed 
datasets, a few recent studies have been able to show the 
modulation of ISO on the onset (Wang et al. 2009a; Zhou 
and Murtugudde 2014). Wang et al. (2009a) defined an index 
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based on lower atmosphere zonal wind over the southeast 
Asia and they were able to show that northwestward propa-
gation of convection from eastern equatorial Indian Ocean 
can influence the onset over Kerala. Using mean meridional 
temperature gradient to measure the land-ocean contrast as 
an index for the onset of the ISM, Zhou and Murtugudde 
(2014) found that northward propagating ISO plays a sig-
nificant role in the occurrence of early onset of the ISM. 
However, they also found that a significant fraction of years 
have onset of the ISM without the modulation of ISO. In a 
recent observation-based study, Karmakar and Misra (2019) 
found that nearly 59% of local onset and 62% of local demise 
events occur during positive developing phases and positive 
decaying phases of two ISOs, respectively. Phase-locking 
between LF-ISO and HF-ISO is an important factor in deter-
mining the onset or demise events.

The purpose of this study is to bridge the gap between the 
knowledge concerning the two most prominent phenomena 
in the ISM, onset/demise and the ISOs, and to show how a 
regional coupled model is capturing the relationship between 
the two. The specific research questions are as follows:

•	 How are the onset and demise of the ISM associated with 
evolution of the ISO over the Indian region? Do particu-
lar phases of an ISO create a conducive environment for 
the onset or demise to occur? Here, instead of using a sin-
gle index based on onset and demise, we define indices 
using a local grid point-based analysis in a data adaptive 
way. Additionally, the ISO structures are extracted from 
the data using a data-adaptive approach called Multi-
channel Singular Spectrum Analysis (MSSA).

•	 How are the space-time structures of the ISOs in the ISM 
in a regional coupled model simulated as compared to 
observation, especially in the 10–20-day mode, which 
has not been investigated properly in previous modeling 
studies? Additionally, we will investigate whether the 
model is reasonably simulating the seasonal cycle and 
onset and demise events of the ISM, for both AIR and at 
a local scale.

•	 How well does the model performs in capturing the rela-
tionship between the onset/demise of the ISM and both 
the ISO structures at a local scale?

Addressing these questions not only advances our under-
standing of the monsoon system, but also provides an essen-
tial diagnostic tool for anticipating the onset and demise 
of the ISM using the phase information of the ISOs. The 
performance of the model is also tested with a future aim 
of improving the predictability of onset/demise at a local 
scale using regional coupled models. The paper is organ-
ized as follows: Sect. 2 provides a brief description of the 
model, Sect. 3 introduces the dataset used in this study and 
describes how onset and demise of the ISM are calculated 

and ISOs are extracted from the rainfall data. Section 4 
describes the results and Sect. 5 provides the conclusions 
and a short discussion on the results.

2 � Model description and experimental 
design

The Regional Spectral Model (RSM; atmospheric com-
ponent) coupled with Regional Ocean Modeling System 
(ROMS; oceanic component) is used in this study as the 
Regional Coupled Model(RCM) (Li and Misra 2014; Misra 
et al. 2017c, 2018). The RCM performs reasonably well in 
capturing the mean seasonal rainfall over the Indian region 
as well as the subseasonal variability (Misra et al. 2017c, 
2018). The circulation patterns associated with the active-
break cycle over India are well-simulated in the model. The 
RSM was first introduced in Juang and Kanamitsu (1994) 
and several modifications have been made to the model since 
then (Kanamitsu et al. 2010; Misra et al. 2018). It has 28 ter-
rain-following sigma vertical coordinates. The ROMS has 30 
vertical sigma levels on a horizontal staggered Arakawa C 
grid (Shchepetkin and McWilliams 2005). A summary of the 
physics used for the simulation is provided in Table 1. In this 
experiment, a 10 km grid resolution is used and the grids 
are identical for both the RSM and ROMS. This enables 
direct exchange of fluxes between atmospheric and oceanic 
components without the need for interpolation. The coupling 
between ROMS and RSM occurs in every three hours. Flux 
correction is not applied to the integration. The domain of 
integration is specified over the Indian region as shown in 
Misra et al. (2018) (roughly 4 ◦ N–37◦ N, 50◦ E–101◦ E; 
the simulations are performed over the entire region shown 
in Fig. 1c). Lateral boundary conditions for the RSM are 

Table 1   Physics used in the RCM simulation

Physics References

Atmospheric component (RSM)
Deep convection Moorthi and Suarez (1992)
Shallow convection Tiedtke (1983)
Clouds Zhao and Carr (1997)
Boundary layer Hong and Pan (1996)
Land model Ek et al. (2003)
Gravity wave drag Alpert et al. (1988)
Longwave radiation Chou et al. (1999)
Shortwave radiation Chou and Suarez (1994)
Oceanic component (ROMS)
Mixing scheme Mellor and Yamada (1982); 

Umlauf and Burchard 
(2003)

Boundary layer formation K-profile (Large et al. 1994)



	 N. Karmakar, V. Misra 

1 3

prescribed by the National Centers for Environmental Pre-
diction–Department of Energy global atmospheric reanaly-
sis (Reanalysis-2) (Kanamitsu et al. 2002) every 6 h. The 
ROMS boundary forcings are from Simple Ocean Data 
Assimilation version 2.2.4 (SODA v2.2.4), global oceanic 
analysis (Carton and Giese 2008) prescribed at a monthly 
interval. The integration is carried out for a period of 10 
years from January 1, 1986 through December 31, 1995.

3 � Datasets and methodology

We use 0.25◦× 0.25◦ gridded rainfall data from 1902–2005 
obtained from India Meteorological Department (IMD) 
(Pai et al. 2014). Quality controlled data from 6955 rain 
gauge stations in India were used to construct this data-
set, which has been used in many studies including Misra 
et al. (2017a). Grid points over the extreme northern por-
tion of India are not considered in this analysis as rainfall 
over these regions may not be associated with monsoonal 
flow at times during the ISM, which can cause issues with 
diagnosis of local onset/demise of the ISM. We also use 
Tropical Rainfall Measuring Mission (TRMM) 3B42 (V7) 
daily rainfall data (0.25◦× 0.25◦ ) for 1998–2014 (Huffman 
et al. 2007). European Centre for Medium-Range Weather 
Forecasts (ECMWF) Re-Analysis (ERA)-Interim dataset 
(0.75◦× 0.75◦ ) (Dee et al. 2011) are also used for the same 
period (1998–2014). NCEP-Reanalysis 2 data provided by 
the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from 
their Web site at https​://www.esrl.noaa.gov/psd/.

The model output, which is at 10 km × 10 km resolution, 
is interpolated to the IMD grid for the subsequent analy-
ses and only those points over which IMD data is provided 
are considered while grid points over the extreme northern 
region of the domain are removed. This is done to ensure a 

reasonable comparison between IMD observed rainfall and 
model output.

3.1 � Defining the onset and demise dates

The onset of the ISM is defined as in Noska and Misra 
(2016) who stipulated daily cumulative anomaly of the AIR 
and ascribed the first day after the minimum in the daily 
cumulative anomaly as the onset of the ISM every year. The 
demise of the ISM is defined as the day after the maximum 
in the daily cumulative anomaly curve.

In this study, the local onset and demise dates are defined 
as described in Misra et al. (2017a), who first defined the cli-
matological onset and demise over every grid point using the 
daily cumulative anomaly of the daily climatology, similar 
to how it is done for AIR. Next, using the daily cumulative 
anomaly of the daily climatological AIR, climatological 
onset/demise of AIR is also defined. Then the difference 
between climatological local and AIR onset/demise is cal-
culated. Calculating this difference serves to average out the 
transients. Finally, local onset and demise of the ISM for 
every year is defined by finding the minimum and maximum 
values in the daily cumulative anomaly curve of the year in 
the immediate neighborhood of its climatological departure 
from AIR onset and demise, respectively. This approach to 
defining local onset and demise and anchoring it to AIR 
properties significantly reduces the possibility of detecting 
false onsets or demise possibly attributed to small-scale syn-
optic activities unconnected to the evolution of the ISM.

3.2 � Extracting ISOs from rainfall data

A data-adaptive filtering technique called Multichannel 
Singular Spectral Analysis (MSSA) is used to extract 
ISO features from the rainfall data in observations and 
model (Plaut and Vautard 1994; Ghil et al. 2002). This 

Fig. 1   a May–October seasonal mean rainfall from 1998 to 2014 
obtained from TRMM 3B42 rainfall. Vectors represent mean 850-hPa 
winds for the same time period from ERA-Interim reanalysis. b Same 
as a, but from NCEP-DOE AMIP-II Reanalysis (R-2). c Same as a, 

but for 10 years of model simulation. The simulations are performed 
over the entire region shown in c. The smaller box shown in panel c 
marks the region based on which phase compositing is done in Fig. 2

https://www.esrl.noaa.gov/psd/
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technique is used in various studies specifically to extract 
oscillatory signals from short and noisy time series. It 
is also used extensively in monsoon studies to under-
stand the structure of intraseasonal variability in rainfall 
(Moron et al. 2012; Karmakar et al. 2017b; Karmakar 
and Krishnamurti 2018). The daily climatology at each 
grid point is removed from the data as a first step toward 
extracting ISOs. Since the observational data are 104 
years long, the daily climatology is defined as the mean 
on each calendar day over the entire time period. On the 
other hand, model climatology is defined at each grid 
point using the first two harmonics (representing the 
annual and semiannual variations). This gives a smooth 
daily climatology based on only 10 years of data, which 
is removed from the daily data each year to obtain a daily 
anomaly. Next, a pre-filtering procedure is adopted with 
a five-day moving mean to remove very high-frequency 
fluctuations possibly attributed to synoptic activities. 
This data for each year is then fed into the MSSA algo-
rithm to extract ISO modes.

Since the shape and bandwidth of the filters in MSSA 
are functions of the data rather than prescribed by the 
user, it provides a superior way to extract signal from 
noise and identify anharmonic oscillations in a nonlinear 
system. A lag-covariance matrix is constructed by aug-
menting lagged copies of the data. This matrix is then 
diagonalized to obtain space-time empirical orthogonal 
functions (ST-EOFs) and space-time principal compo-
nents (ST-PCs). The eigenvalues provides an estimate of 
the power in these modes. If two consecutive eigenvalues 
are nearly equal and their associated ST-EOFs and ST-
PCs are in phase quadrature, then these two eigenmodes 
represent an oscillation (Plaut and Vautard 1994). In this 
study, we use a lag window of 60 days while analyzing 
year-long data, which provides sufficient confidence to 
extract ISO modes in the data (Plaut and Vautard 1994). 
Additionally, a statistical test designed with 1000 red 
noise surrogates is used to eliminate the possibility of 
detecting random fluctuations as oscillations (Allen and 
Robertson 1996). Using the correct eigenmodes and asso-
ciated ST-EOFs and ST-PCs, we can reconstruct the part 
of the time series that explains a periodicity in the pre-
ferred range: the reconstructed components (RCs). We 
define low-frequency ISO (LF-ISO) as the significant 
modes that have periodicity of 20–70 days. Similarly, 
high-frequency ISO (HF-ISO) is defined by the modes 
with periodicity ranging between 10 an d20 days. LF- and 
HF-ISO are defined using an approach similar to that used 
in Karmakar et al. (2017b) and Karmakar and Krishna-
murti (2018). More details about the technique can be 
found in Ghil et al. (2002) and we refer to Karmakar et al. 
(2017b) for details about how the technique is used on 
Indian monsoon rainfall to extract ISO modes.

3.3 � Defining the phases of an ISO mode

Based on the oscillatory behavior of the ISO modes (LF-
ISO or HF-ISO), we can determine their phases using the 
following equation:

where, t denotes time calculated in days, Y(t) is the n-day 
long LF-ISO or HF-ISO time series over a particular grid 
point, and ( ′ ) indicates the time-derivative calculated using 
central differences. Y(t) and Y �(t) are both normalized by 
their own standard deviations. Arg(z) represents the principal 
value of the phase of a complex number z = x + iy . �(t) is 
calculated for each year individually. �(t) lies between −� 
and � , and the phase plane can be divided into a number of 
equal intervals such that −𝜋 + (m − 1)

𝜋

N
≤ 𝛾(t) < −𝜋 + m

𝜋

N
 , 

m = 1,… ,N , where N is the number of intervals ( N = 8 is 
used here). Performing this analysis at each grid point allows 
us to reveal a more precise relationship between the ISO and 
the onset and demise of the ISM at local scales.

4 � Results

4.1 � Model performance in simulating monsoon

Figure  1a–c show the mean May–October rainfall and 
850 hPa winds over the Indian region from observations 
(TRMM rainfall and ERA-Interim winds), NCEP- Reanaly-
sis 2 (R-2) and model, respectively. Westerly low level winds 
are observed during the monsoon season with increased 
rainfall over the western Ghats, foothills of the Himalayas 
and Myanmar coast. Although low level winds in R-2 are 
in agreement with ERA-Interim, rainfall in R-2 is poorly 
represented over this region (see Figure S1 for bias). Only 
few parts over the southern India and Myanmar coast are 
observed to receive rainfall more than 10 mm/day. However, 
the model perform reasonably well in simulating the basic 
features of seasonal mean rainfall over this region. Rain-
fall over the western Ghats, foothills of the Himalayas and 
northern BoB experiences rainfall as in observation. Rainfall 
over central India is homogeneous and of similar magnitude 
as in observations (TRMM). Thus, compared to R-2, which 
is used as boundary forcings in the model simulations, the 
model performed far better in simulating the rainfall over 
the Indian region.

Intraseasonal features in the ISM rainfall is shown in 
Figs. 2 and 3 for both observations and the model. Based 
on the area averaged rainfall associated with LF-ISO or 
HF-ISO over central India, we calculate eight phases of 
ISO using the method described in Sect. 3 to show the 

(1)�(t) = Arg(Y �(t) + iY(t))
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spatio-temporal evolution of ISO. Figure 2a shows the 
104-year average of phase composite for LF-ISO obtained 
from observations. The eight phases are cyclic in order 
and are separated by an average of 4–5 days. In phase 1, a 
positive anomaly starts to develop over the southern Indian 
region, with most of central and peninsular India covered 
with a negative anomaly. In phase 2, the positive anomaly 
shifts slightly to the north and the negative anomaly gets 
established over central India. In the subsequent phases, 
the positive LF-ISO anomaly strengthens and moves 
northeastward and reaching central India and intensifying 
by phases 6 and 7. In phase 8, the positive LF-ISO band 
moves further northward and weakens over the foothills of 
the Himalayas. A northwest-southeast tilt in the convective 
band associated with LF-ISO is seen (phases 6 and 7). This 
canonical structure of LF-ISO has been documented in 
many previous studies (Krishnamurthy and Shukla 2007; 
Lee et al. 2013; Karmakar et al. 2017b).

The model captures this oscillatory behavior of the LF-
ISO quiet well (Fig. 2c). The central Indian region shows 
strong positive anomalies in phases 6 and 7, which subse-
quently propagates northward and weakens over the foothills 
of the Himalayas. However, the northwest–southeast tilt in 
the convection is comparatively less prominent in the model 
than in the observations. Simulating this tilt in the rainband 
associated with LF-ISO is a difficult task, and many state-
of-the-art models still fail to reproduce this band properly 
(Sabeerali et al. 2013). Figure 2c shows that RCM is capable 

of capturing the magnitude of the LF-ISO anomalies over 
the Indian region.

Figure 2b, d show the spatio-temporal evolution of HF-
ISO in phase composites for the observations and model, 
respectively. The dominant structure associated with HF-
ISO is linked with a northwestward propagation of convec-
tion from the east coast of India to the northwestern region 
(Rajasthan) (Karmakar et  al. 2017b). The eight phases 
shown in Fig. 2b are nearly 2–3 days apart from each other. 
Both the model and observations show a development of 
a positive anomaly over the eastern coast in phases 4 and 
5. This anomaly gradually propagates northwestward while 
intensifying in phases 6 and 7. In phases 8 through 2 (the 
eight phases are cyclic in order), this moves further west-
ward and dissipates over the northwestern India. The model 
performs reasonably well in capturing the northwestward 
propagation of convection associated with HF-ISO in terms 
of magnitude and spatial scale (Fig. 2b).

Propagation characteristics of rainfall in both observa-
tion and model can be better understood using phase-latitude 
diagrams shown in Fig. 3. Figure 3a, b show northward and 
westward propagation of rainfall anomalies over India asso-
ciated with LF-ISO and HF-ISO, respectively. Northward 
propagation of LF-ISO along the BoB longitudes from the 
equatorial Indian Ocean in phase 2 to the foothills of the 
Himalayas in phase 8 can be seen. Westward propagation 
of rainfall anomalies in HF-ISO timescale along the central 
Indian latitudes from nearly 100◦ E to 70◦ E is also observed 

Fig. 2   a Phase composite diagrams of rainfall LF-ISO based on 
May–October, 1998–2014 TRMM 3B42 rainfall. b Same as a, but 
for HF-ISO. c Phase composite diagrams of rainfall LF-ISO based on 
May–October from 10 years of model simulated rainfall. d Same as 
cbut for HF-ISO. Stippled areas indicate values are significantly dif-
ferent from 0 at 5% level using a randomization test. Phase numbers 

are noted in each of the panels. Phase composite for this diagram is 
done using an area averaged ISO over central India (16◦ N–26◦ N, 
75◦ E–85◦ E; shown by the box in Fig. 1c) and divide the phase plane 
into eight intervals. However, all other analyses in this study are done 
by calculating the ISO phases at each grid point separately as dis-
cussed in Sect. 3
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between phases 2 and 8. The model shows both northward 
propagation and westward propagation remarkably well 
(Fig. 3c). However, there is a difference in phase of rainfall 
associated with LF-ISO between the model and observa-
tions over the BoB longitudes. Rainfall over the northern 
BoB (20◦ N) shows maximum value at phase 2 in the model 
compared to phase 7 in observation. This could possibly be 
related to the difference in phase relation between rainfall 
over central India and BoB in model and observation. West-
ward propagation associated with HF-ISO are often initiated 
form the west Pacific and shows a double cell structure at 
the lower atmosphere (Chen and Chen 1993; Karmakar and 
Misra 2019). Although the model domain is restricted to 

roughly 101◦ E in the west, the model also captures west-
ward propagation associated with HF-ISO reasonably well 
(Fig. 3d).

4.2 � Local onset/demise and ISO phases

Figure 4a, b show the climatological local onset and demise 
dates from observation based on 104 year-long IMD rain-
fall data. The progression and retreat of the typical mon-
soon isochrone between the southern part and the north-
west of India is observed in the two figures. Parts of Kerala 
experiences onset as early as in the third and fourth week 
of May. Onset is observed during middle of June over the 

Fig. 3   a Northward propagation (marked by arrows) of May–October 
LF-ISO rainfall anomalies from TRMM 3B42 rainfall represented in 
phase-latitude composite diagram. Longitudinal averaging is done 
across 85◦–95◦ E. b Westward propagation of May–October HF-ISO 
filtered v-wind anomalies at 850 hPa level ERA-Interim reanaly-

sis represented in longitude-phase composite diagram. Latitudinal 
averaging is done across 15◦ N–20◦ N. c, d Same as a and b, respec-
tively, but for 10 years of model data. Units of rainfall and winds are 
mm/day and m/s, respectively. Stippled areas indicate values are sig-
nificantly different from 0 at 5% level using a randomization test
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central Indian region. Regions over south-western peninsu-
lar India (Tamilnadu) experience a very delayed onset, as 
the majority of rainfall over this region is associated with 
the northeast monsoon (Rajeevan et al. 2012). However, 
onset occurs very early (as early as mid-April) over few a 
regions including central peninsular India (Karnataka) and 

northeast of India. Onset over the northeastern states also 
occures much earlier before the onset of the ISM (Wang and 
LinHo 2002). The onset over these regions is often related to 
pre-monsoon showers and the transition from pre-monsoon 
showers to summer monsoon rains occurs rather smoothly 
(Krishnamurti and Ramanathan 1982; Misra et al. 2017a). 

Fig. 4   The climatological a onset and b demise of the Indian sum-
mer monsoon (ISM) defined at every grid point of the IMD gridded 
rainfall data from 1902 to 2005. c, d Same and a, b, but for 10 years 
of model simulation. The dates are shown in Julian days. e Daily cli-
matology of the All-India rainfall (AIR; left y-axis in blue) from the 

observed rainfall data from Indian Meteorological Department (IMD) 
and the corresponding cumulative daily anomaly (right y-axis in red) 
with the onset and demise dates marked in calendar days. f Same as e, 
but for model



The fidelity of a regional coupled model in capturing the relationship between intraseasonal…

1 3

This smoothness leads the algorithm to detect the onset over 
these regions very early. It is also argued that the pre-mon-
soon showers could be a necessary precursor to the summer 
rains over these regions (Misra et al. 2017a). Thus, they are 
important in understanding the evolution of the ISM. Since 
onset is determined based on identifying a smooth monoto-
nous increase in rainfall amount over a location, this leads 
the algorithm detect the onset over these regions very early. 
Defining onset and demise of the ISM on a local scale in this 
manner has particular importance to anticipate the evolution 
of the ISM from early onset over parts of peninsular and 
northeast India.

The climatological local demise over central India is 
observed during late September, with the northeastern and 
peninsular Indian regions experiencing the demise mostly 
by early and late October, respectively. This delayed demise 
makes the length of the monsoon period over these regions 
longer than it is over central India. The delayed demise over 
peninsular India is associated with the rainfall during the 
north–east monsoon. The climatological local onset and 
demise of the ISM in the model simulation is shown in 
Fig. 4c, d, respectively. The comparison of the progression 
of the isochrones in the observations (Fig. 4a, b) and model 
simulation (Fig. 4c, d) show significant similarity. For exam-
ple, the model simulation shows onset over central India 
(Fig. 4c) nearly the same time as observations (Fig. 4a). 
Similarly, the early onset over the northeast and peninsular 
India and late onset over the southwestern peninsula are also 
seen in the model. But the onset of the ISM over northwest 
India is slightly late in the model. Additionally, the climato-
logical local demise dates in the model simulation (Fig. 4d) 
show resemblance with the corresponding dates from the 
observations.

Figure 4e, f show the daily climatology of AIR from 
observations and model, respectively, along with the daily 
cumulative anomalies. The model performs reasonably well 
in capturing the annual cycle of rainfall over India, showing 
rainfall picking up during early June, maxima in the late 
July to early August period, and then a gradual weaken-
ing. Based on the cumulative anomalies, the climatological 
AIR onset date is June 2 in the observations and June 3 in 
the model. Climatologically, AIR onset occurs later than 
onset over Kerala as AIR onset is calculated while combin-
ing all the data points over Indian land in the analysis. Most 
of central and western India experiences onset during and 
after the first week of June. The demise date is estimated as 
October 11 in the IMD rainfall data, while the model shows 
the demise date five days earlier. Considering the fact that 
the model analysis is done only for 10 years, in contrast to 
104-year long observations, this is a reasonably good per-
formance by the model in producing the climatological AIR 
onset and demise.

How do LF-ISO and HF-ISO propagation modulate the 
local onset/demise events over India? To answer this ques-
tion, we looked into the local onset and demise events every 
year at each grid point and identify the LF-ISO and HF-ISO 
phases as shown in Fig. 2a, b, respectively, during onset/
demise events. In Fig. 5a, we show the percentage of the 
total local onset events at each grid point during 104 years 
that occurred during each of the phases, where the phases 
of LF-ISO are calculated using rainfall averaged over cen-
tral India as described in Fig. 2a. Clearly, during phases 
5 and 6 of LF-ISO as in Fig. 2a, when wet phase LF-ISO 
is approaching central India, percentage of occurrence of 
local onset over most of central and northern India is very 
high. Nearly 40–50% of total onset events over central India 
occur during phases 5–6. Moreover, as LF-ISO propagates 
northward as in Fig. 2a, progression of the onset isochrone 
can be seen from phases 1 to 8 in Fig. 5a. This suggests that 
the LF-ISO propagation may have a strong role in deter-
mining the local onset over India. Phase 2 in Fig. 5a shows 
high percentage values over central-eastern and peninsular 
India, which could be linked to a simultaneous arrival of HF-
ISO wet phase (Karmakar et al. 2017b). This could also be 
related to the fact that the ISO phases are defined based on 
central India in this context. Which means that phases 5–6 
over central India could be associated with wet phase over 
peninsular India and northeast India. The model also cap-
tures the behavior reasonably well (Fig. 5b). Central India 
exhibits significantly large percentage values of local onset 
during phases 5 and 6. Onset over the western parts of India 
occurs in phases 7–8. HF-ISO phases as calculated in Fig. 2 
shows comparatively weaker association with the local 
onset/demise events (Figure S2). However, local demise 
events over most of central and eastern India largely occur 
during phases 7–8 of LF-ISO and HF-ISO (Figures S3, S4).

However, calculating the ISO phases using a domain 
average rainfall can have some biases and may not exhibit 
the correct relationship between the onset/demise events and 
ISO phases. In order to find a relationship between the local 
onset and demise each year and ISO phases, we divide the 
LF-ISO and HF-ISO at each grid point into 8 phases using 
the methodology described in Sect. 3. In Fig. 6, we show 
how this is done using an example over a location in central 
India (21◦ N, 79◦ E). Figure 6a, b show LF-ISO and HF-
ISO, respectively, along with their phase angles over this 
grid point for 1986, respectively. Figure 6c shows the actual 
rainfall during the same time period, which reveals that the 
peaks in actual rainfall are marked by simultaneous occur-
rences of strong positive values of LF- and HF-ISO. Their 
phase-locking results in a strengthened active rainfall spell 
over the location (Karmakar et al. 2017b). Similar charac-
teristics are seen in the model data over the same location 
as well in Fig. 6d–f.
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The local onset and demise dates over the same grid 
point are also marked in each panel. The dotted lines in 
the panels (a)–(d) show the phase associated with the 
respective ISOs. The phase lies between −� to � , which 
is divided into 8 equal intervals. This is done for all of 
the grid points and all years used in the analysis. Phases 
1 through 4 show the negative values of the ISO while 
phases 5–8 show positive values. On the other hand, 

phases 3–6 exhibit a developing phase of ISO, whereas 
phases 7–2 show a decaying phase.

The next goal is to identify the local onset and demise 
dates every year at each location, and then find the phases 
of LFISO and HF-ISO in which these dates are falling. If the 
local onset or demise dates show preferred phases of ISO, 
that would imply the onset or demise of the ISM is synchro-
nized with large-scale oscillatory spatio-temporal patterns 

Fig. 5   a Percentage of local onset from observation (IMD) occurring 
in each of the phases of LF-ISO as calculated using the area-averaged 
rainfall over central India using IMD rainfall data. Spatial maps of 
the phases of LF-ISO using this technique is similar over Indian land 
as described in Fig. 2a in the main document. b Percentage of local 
onset from model simulations occurring in each of the phases of LF-

ISO as calculated using the area-averaged rainfall over central India 
using IMD rainfall data. Spatial maps of the phases of LF-ISO using 
this technique is similar over Indian land as described in Fig. 2a in the 
main document. Stippling indicates values which are significant at 5% 
level using a one-sided bootstrapping test
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of convection and thus can be estimated apriori if proper 
information about the ISO phases are provided.

Figure 7 shows the distribution of the occurrences of local 
onset and demise dates in different LF-ISO and HF-ISO 
phases for the IMD rainfall data using 104 years. Figure 7a 
show that local onset is highly probable when the LF-ISO 
is in phases 5–6 (positive developing stage). Nearly 37% 

of all the local onset occurrences across India are confined 
to these phases, suggesting onset over a location is highly 
preferable when LF-ISO exhibits positive or slightly nega-
tive rainfall anomaly values with an increasing tendency. 
Similarly, local demise dates are concentrated in LF-ISO 
phases 7–8 (positive decaying phase), with almost 40% of 
the total local demise dates falling within these four phases 

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6   a LF-ISO (left y-axis; solid line) over a grid point over central 
India (21◦ N, 79◦ E) during April–November, 1986 (from IMD grid-
ded rainfall observation). Right y-axis shows the phase angle (dashed 
red line) for the same time period calculated as described in the text. 

b Same as a, but for HF-ISO. c Actual observed rainfall for the same 
time period over the same location. Local onset and demise dates in 
1986 over the same location are shown as vertical lines in all the pan-
els. d–f Same as a–c, but for model

Fig. 7   a Histogram of local onset dates of the ISM (presented as a 
percentage of the total) in different LF-ISO phases as calculated using 
the IMD rainfall data. All the grid points taken in the analysis over 
the Indian domain and all the years of data (1902–2005) are con-
sidered to create the histogram. x-axis represents different LF-ISO 

phases. b Same as a, but for local demise dates of the ISM. c Same as 
a, but for local onset dates of the ISM in HF-ISO phases. d Same as 
c, but for local demise dates of the ISM. e–h Same as a–d, but for 10 
years of model simulation
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(Fig. 7b). Nearly 37% of the total cases of local onset and 
45% of the total cases of local demise occur when the HF-
ISO exhibits a developing phase (phases 5–6) and positive 
decaying phase (phases 7–8) (Fig. 7c, d). A stronger rela-
tionship between the local demise with HF-ISO phases as 
compared to LF-ISO phases is seen. Importantly, the pre-
ferred phase for demise is not the negative phase of ISO, but 
rather, demise occurs primarily during the positive phase 
with decaying characteristics.

A similar diagram of the distribution of the occurrences 
of the local onset and demise dates in different ISO phases 
for the 10 years of model output is shown in Fig. 7e–h. Inter-
estingly, the model captures the features of preferred ISO 
phases for onset/demise quite well. In fact, the histograms 
look nearly identical with almost 39% of the total local 
onset cases and 40% of the total demise dates falling within 

preferred LF-ISO phases (developing phases 5–6 for onset 
and positive decaying phases 7–8 for demise) (Figs. 7e, 8g). 
Nearly 38% and 42% of the local onset and demise dates 
fall in the preferred HF-ISO phases, respectively (Figs. 7f, 
8h). This is remarkable as the model not only captures the 
climatological progression of local onset and demise dates 
(in Fig. 2) and ISO characteristics in both high- and low-
frequency ranges but also the synchronization between the 
two phenomena of onset/demise of the ISM and ISO modes.

The above discussion shows how LF-ISO and HF-ISO 
modulate the local onset and demise individually. The simul-
taneous modulation of these two ISO modes is more reveal-
ing when we observe the joint probability distribution of the 
local onset and demise dates in different LF- and HF-ISO 
modes as shown in Fig. 8. Figure 8a, b show the joint prob-
ability distributions for local onset and demise in 8 different 

(a) (b)

(c) (d)

Fig. 8   Joint probability distribution (represented as percentage of 
total occurrences) of the local a onset and b demise dates of the ISM 
over the entire domain during 1902–2005 using IMD rainfall data 

in different LF-ISO and HF-ISO phases. c, d Same as a, b, but for 
model simulation (1986–1995)



The fidelity of a regional coupled model in capturing the relationship between intraseasonal…

1 3

phases of LF-ISO and HF-ISO using IMD rainfall data, 
respectively. The local onset is most probable when both 
the ISO modes are in phases 5–6, during the positive devel-
oping phase, having stronger alignment with the developing 
phases of LF-ISO. The contour plot indicates that the onset 
of the ISM over a location is most probable when both the 
ISO modes show developing stages of their evolution. This 
suggests that the onset of the ISM over a location highly 
depends upon the simultaneous occurrences of wet rainfall 
anomalies associated with the two ISO modes. Both of the 
ISO modes contribute almost equally for the occurrence of 
local onset; however, local demise events are more aligned to 
the HF-ISO phases 7–8. This suggests that the local demise 
is more concentrated within the positive decaying phases of 
HF-ISO as compared to LF-ISO. The model shows similar 
characteristics of the joint probability distribution to those 
in the IMD rainfall data (Fig. 8c, d). The developing phases 
of HF-ISO that coincide with LF-ISO phases 5–6 represent 
the most probable stage for the onset to occur at any location 
in the model. The demise dates are also concentrated within 
the positive decaying phases of both the ISO modes.

The joint probability plots presented in Fig. 8 suggests 
that phase-locking could be an important factor in trigger-
ing onset/demise over a location. In fact, nearly 15.7% of the 
observed local onset events are associated with the simul-
taneous occurrence of phases 5–6 for both LF-ISO and HF-
ISO (Fig. 9a). Whereas, almost 22.7% of the observed local 
demise events are linked with the time when both LF-ISO 
and HF-ISO simultaneously are in phases 7 and 8 (Fig. 9b). 

Although the percentage values appears to be small, they 
represent the fact that out of 64 (8 LF-ISO phases × 8 HF-
ISO phases) combination, only 4 can explain 15.7% of the 
local onset and 22.7% of the local demise. The model cap-
tures these features reasonably well. 16.8% of the total local 
onset events in the 10 years of model simulation over India 
occurred when both ISOs are in phases 5 or 6. Also, 20.5% 
local demise events occurred during simultaneous occur-
rence of phases 7 or 8 of LF-ISO and HF-ISO. Set-theoretic 
calculations lead to the fact that 58.8% observed local onset 
events are associated with either of the ISOs in phases 5 or 
6. Similarly, 62.1% local demise events occur within phases 
7 or 8 of either LF-ISO or HF-ISO. These numbers are quite 
accurately captured by the model with nearly 58.9% of total 
local onset occurred in when either LF-ISO or HF-ISO is in 
phases 5 or 6 and almost 61.4% local demise over India are 
occurred within phases 7 or 8 of either LF-ISO or HF-ISO.

The spatial pattern of this apparent synchronization of 
onset or demise events with the LF-ISO mode in the IMD 
and model rainfall data is shown in Fig. 10. Figure 10a 
shows the the peaks (maximum values) of the distribution 
of LF-ISO phases at which onset of the ISM occurred at each 
location over India in 104 years of observed rainfall data. 
As expected, most of the Indian region shows local onset of 
the ISM at phases 5–6 of LF-ISO, suggesting that the onset 
over almost all of India occurs during positive developing 
stage of LF-ISO over that location. A few regions, such as 
over eastern India, show peaks in the onset date distribution 
during LF-ISO phases 2–3. Although the model is restricted 

Fig. 9   Venn diagrams rep-
resenting the percentage of 
occurrence of a local onset and 
b local demise over the entire 
domain in favorable LF-ISO and 
HF-ISO phases (phases 5 and 6 
for local onset and phases 7 and 
8 for local demise of the Indian 
summer monsoon) using IMD 
rainfall data from 1902 to 2005. 
c, d Same as a, b, respectively, 
but for 10 years model simula-
tion. Values in the lower-right 
corner in each panel represent 
the percentages of local onset/
demise which have not occurred 
during favorable ISO phases
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with only 10 years data, it captures the spatial distribution 
reasonably well and shows peaks in the distribution almost 
everywhere in India during developing phases of LF-ISO 
(Fig. 10c). Pattern correlation between maps in Fig. 10a, c is 
0.90. There are few locations, particularly over central India, 
where local onset occurrences of the ISM are distributed 
among LF-ISO phases 2–3. The demise dates also show a 
coherent spatial pattern in the IMD rainfall with nearly the 
entire India exhibiting most preferred LF-ISO phases 7–8 
(decaying stage), the exceptions being a few regions over 
the northwestern India (Fig. 10b). Although the model cap-
tures the spatial pattern reasonably well (Fig. 10d; pattern 
correlation between Fig. 10b and d is 0.83), there are few 
regions over central India that show the most preferred LF-
ISO phase during demise of the ISM as negative developing 
phases (phases 1–2).

Figure 11 shows the spatial patterns of the preferred 
HF-ISO phases during the onset and demise of the ISM for 
both observed and model rainfall data. With the exception 
of a few regions over central India and the western Ghats, 
onset in the observation over India occurs mostly during 
positive developing phase of HF-ISO (Fig. 11a). The demise 

of the ISM over most of India, apart from a few regions 
(e.g., northeast India), occurs when HF-ISO shows a posi-
tive decaying phase (phases 7–8). The model captures these 
features reasonably well except for some regions over cen-
tral, peninsular, and northwest India, which exhibit a most 
preferred phase during onset as phases 4–6 (Fig. 11c; pat-
tern correlation between the maps in Fig. 11a and c is 0.90). 
Demise dates are mostly embedded within the HF-ISO 
phases 7–8 across entire India (Fig. 11d; pattern correla-
tion between the maps in Fig. 11b and d is 0.91). We note 
that, despite the fact that the model data is limited to only 
10 years, the probability distribution of the local onset and 
demise dates in different phases of ISO modes closely fol-
lows the observation and captures the spatial patterns rea-
sonably well.

5 � Conclusions and discussions

In this study we examine the relationship between the local 
onset and demise of the ISM and the intraseasonal features 
observed in the ISM using observed rain gauge analysis over 

Fig. 10   a The spatial distri-
bution of the LF-ISO phase 
numbers at which the distribu-
tion of local onset dates in 
different LF-ISO phases during 
1902–2005 in IMD rainfall data 
attains maxima. b Same as a, 
but for the local demise dates. 
c, d Same as a, b, but for 10 
years of model data. Only those 
grid points are shown in where 
the distribution of phases reject 
the null hypothesis of a uniform 
distribution at 5% significance 
level using Kolmogorov–
Smirnov Goodness-of-Fit test
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the Indian subcontinent for 104 years and a regional coupled 
model simulation of 10 years. In other words, we investigate 
whether onset and demise of the ISM are linked with the 
large-scale convective features in the monsoon and whether 
these characteristics can be captured by a regional model 
simulation. The local onset and demise dates of the ISM 
are defined based on calculating the inflexion points in the 
cumulative rainfall anomaly at each grid point and anchor-
ing it to the AIR anomaly. The ISO structures are extracted 
using MSSA, a data-adaptive non-parametric method. The 
salient feature found in this study is the physical relationship 
found between the onset and demise of the ISM and ISO 
modes. We find that the local onset and demise of the ISM 
over a large fraction of the area over India is modulated by 
the ISO modes. This influence of the ISO is manifested by 
local onset occurring (58.8%) in positive and developing 
phases of both HF- and LF-ISO, which represent phases of 
the ISO when the positive rainfall anomalies are growing 
to their peak value. Similarly, the role of ISO evolution on 
the local demise of the ISM is diagnosed when 62.1% of the 
demise dates fall within ISO phases 7–8, phases of the ISO 
when the rainfall anomalies are diminishing from its peak 

positive values. However, there are significant areas within 
the core of the monsoon zone (central India) where both the 
local onset and demise of the ISM occur in other relatively 
unfavorable phases of the ISO, which may have potential 
implications on predictability and prediction strategies for 
local onset and demise of the ISM. In distinguishing the 
roles of HF-ISO and LF-ISO, we indicate that the former 
has a slightly more dominant influence than the latter on the 
local onset (especially over eastern and central India) and 
demise (over the northwestern regions) of the ISM. How-
ever, we do not find any correlation beteen the number of 
onset/demise evets occurring in favorable ISO phases and 
the intensity of ISO within a season (see supplementary Fig-
ures S5 and S6). Perhaps nature of ISO during the beginning 
and the end of the season could be different from the rest 
of the season. This warrants further investigation on how 
ISO intensity changes within a season and how it affects the 
onset/demise in a local scale.

The model performs well in capturing the basic nature 
of onset and demise at a local scale and how they link with 
the ISO phases. The model not only captures the seasonal 
cycle and ISO structures reasonably well, but it also shows 

Fig. 11   a The spatial distri-
bution of the HF-ISO phase 
numbers at which the distribu-
tion of local onset dates in 
different HF-ISO phases during 
1902–2005 in IMD rainfall data 
attains maxima. b Same as a, 
but for the local demise dates. c, 
d Same as a, b, but for 10 years 
of model data (1986–1995). 
Only those grid points are 
shown in where the distribu-
tion of phases reject the null 
hypothesis of a uniform distri-
bution at 5% significance level 
using Kolmogorov–Smirnov 
Goodness-of-Fit test
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the correct phase relationships between onset/demise of the 
ISM with the ISO modes. These results imply the potential 
for predictability of the local onset and demise of the ISM. 
The study demonstrates the possibility of predicting the 
local onset and demise of the ISM when the phase informa-
tion of the ISO modes are simulated reasonably well in the 
model. This leads us to suggest that the linkage between 
the onset and demise with the slowly varying intraseasonal 
modes in the monsoon could be exploited to develop tar-
geted predictions of the onset and demise of the ISM. Such 
an advance in our understanding of the ISM would have 
practical applications and significant implications for the 
agro-economic society of India. The model, with its high-
resolution simulation of the ISM, has already been proven 
to produce improved spatiotemporal structures of the LF-
ISO mode associated with active-break spells (Misra et al. 
2018). The findings in this study increase our confidence in 
this model to examine the vagaries of the ISM and indicate 
that if we can improve the basic structures of the ISO modes, 
prediction of the seasonal phenomena (such as onset and 
demise) can be further refined. In this regard, the model 
we use in this study simulates the ISO structures very well, 
especially the northward moving patterns in LF-ISO and 
northwestward propagating patterns in HF-ISO. Even the 
state-of-the-art global models remain limited in their ability 
to simulate the basic structures of LF-ISO modes (Sabeerali 
et al. 2013), with very few studies conducted in the HF-
ISO context. The use of a regional coupled model with the 
diagnostics presented in this study could provide a way to 
unravel the complex nonlinear linkage between different 
space and time scale phenomena in the ISM. However, this 
warrants an improvement of the model ISO structures, par-
ticularly when the ISO modes are undergoing a change in 
its intensity and variability, and partly in conjunction with 
increased rainfall extremes (Karmakar et al. 2017a).
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