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Abstract

Understanding the changing nature of the intraseasonal oscillatory (ISO) modes of Indian summer
monsoon manifested by active and break phase, and their association with extreme rainfall events are
necessary for probabilistic estimation of flood-related risks in a warming climate. Here, using ground-
based observed rainfall, we define an index to measure the strength of monsoon ISOs and show that
the relative strength of the northward-propagating low-frequency ISO (20-60 days) modes have had a
significant decreasing trend during the past six decades, possibly attributed to the weakening of large-
scale circulation in the region during monsoon season. This reduction is compensated by a gain in
synoptic-scale (3-9 days) variability. The decrease in low-frequency ISO variability is associated with a
significant decreasing trend in the percentage of extreme events during the active phase of the
monsoon. However, this decrease is balanced by significant increasing trends in the percentage of
extreme events in the break and transition phases. We also find a significant rise in the occurrence of
extremes during early and late monsoon months, mainly over eastern coastal regions. Our study
highlights the redistribution of rainfall intensity among periodic (low-frequency) and non-periodic

(extreme) modes in a changing climate scenario.

1. Introduction

A strong intraseasonal variability (ISV) discerned
during the monsoon season can be envisaged as active
(wet) and break (dry) episodes of enhanced and
decreased precipitation over India [1-8]. Despite
increasing sea surface temperature (SST) over the
Indo-Pacific warm pool and global monsoon precipi-
tation amplification [9], mean Indian summer mon-
soon rainfall (ISMR) has not shown any long-term
trend [10-13]. Also, no such significant trends in
either the days of active or break events were found
[7]. It was shown that interannual variation of the
Indian monsoon cannot be considered as primarily
arising from the interannual variation of ISV [7],
which indicates that the nature of ISV during the years
of major droughts and major floods is not different
[6]. On the other hand, it is found using outgoing
longwave radiation (OLR) data that intraseasonal

oscillation (ISO) activity is inversely related to Indian
monsoon strength [4]. Although it is clear that the ISV
can have an impact on the seasonal total rainfall, we
still lack proper understanding of the extent of the
contribution of the ISV to the interannual variation
[4, 7]. However, in a global warming scenario, a very
important question could be: Is there any change in
intensity of monsoon ISV in the recent decades? ISOs
are recognized as the building blocks of monsoon ISV,
and its intrinsic chaotic character raises an important
question about the predictability of seasonal mean
ISMR [3, 14]. Using a number of atmospheric general
circulation models (AGCMs), it was shown that higher
ISV can lead to poorer predictability of seasonal mean
[15]. Hence, it is important to identify any significant
changes in monsoon ISO strength.

A weakening of the 30-60 days ISO in lower-tro-
pospheric zonal wind over the Indian subcontinent,
the northern Arabian Sea and the Bay of Bengal in

©2015IOP Publishing Ltd
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recent decades has been observed [16]. This weaken-
ing is a response of increased SST over the Indian
Qcean, which resulted in a decreased land-sea heat
contrast and weaker low-level westerlies over the
northern Indian Ocean and the Indian subcontinent.
No change in 10-20-days ISO was observed in the
Indian subcontinent region. However, given its direct
socio-economic impact, rainfall can be recognized as
the most important facet of the monsoon. Also, since
ISV of wind and precipitation may differ, changes in
the intensity of rainfall ISV using a rain-gauge dataset
would give a new dimension in this direction.

Although no statistically significant spatially uni-
form trends were observed in maximum rainfall,
increasing spatial variability of rainfall extremes exists
over India [12]. Further, an increasing trend of
extreme events and intense active spells in central
India are observed, possibly because of more moisture
content in the atmosphere [11, 17]. Extreme events
can be caused by small-scale convective instabilities in
the presence of moisture, or can be associated with
severe cyclonic storms or synoptic-scale systems. It
was suggested that increased variability in the synoptic
scale, caused by a rising trend in relatively weak low
pressure systems (LPS), leads to an increase in extreme
events [18]. LPS are, in turn, modulated by ISOs with a
proclivity to occur in active phases [19]. Given the
severe societal impact of rainfall extremes (3, 5], effec-
tive flood forecasting requires rigorous investigation
of the relationship between ISO modes and extreme
events, especially in the current scenario where
extreme rainfall events are increasing globally [20].

In spite of outstanding advancements in numer-
ical modeling and computation in recent decades, a
high degree of uncertainty in medium- or long-range
prediction of such extreme events still persists. This
uncertainty can be lessened by proper assessment of
extreme rainfall characteristics and its relationship
with periodic modes. Adaptation and mitigation of cli-
mate changes related to intraseasonal variability can be
harder compared to the changes in time-mean rainfall,
necessitating a better understanding of the relation-
ship between ISOs and extreme events, better forecasts
on a subseasonal-scale, and effective risk management
of extreme events. Here we examine whether the
intensity of monsoon ISO modes is changing, and with
the increasing overall number of extreme events, how
they were associated with the phases of ISOs in the past
few decades.

2. Dataset

We used daily gridded rainfall data (1° x 1°) over India
for 1951-2013 from the India Meteorological Depart-
ment (IMD) [21]. This dataset is based on quality
controlled daily rainfall measured at 2140 stations,
well distributed over India, and has been extensively
used to understand monsoon behaviour [11, 12, 17,
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21, 22]. Extreme northern part of India and a few
gridpoints over the northeast regions are not consid-
ered in the study.

3. Extracting ISO modes and defining
active/break phases

3.1. Low and high-frequency ISOs

Since our interest lies in the intraseasonal scale, we
initially filter out any temporal scale beyond the
intraseasonal period (8-90 days) from 63 years
(1951-2013) of data at each gridpoint using a Fourier
filter to obtain a more coherent analysis. We capture
the ISO modes by applying multichannel singular
spectrum analysis (MSSA) to the May—October (184
days long) data over India for each year [23]. This
separates out oscillatory modes from noisy data,
following which we determine the spatial-temporal
structures associated with those characterized by that
part of the spectrum. (A brief detail of MSSA with the
parameters used here can be found in supplementary
information, SI README available at stacks.iop.org/
erl/10/054018/mmedia.)

The eigenvalues obtained from MSSA represent
the power in the extracted modes. When we apply
MSSA to rainfall data, several oscillatory modes,
occurring usually in pairs, are detected every year, and
are significantly different from those generated by
pure noise. These significant oscillatory modes have
periodicities within the 10-60-day window, and toge-
ther they exhibit the nature of a broad spectrum in
monsoon ISOs. Different significant oscillatory pairs
show distinct spatio-temporal characteristics with
varying intensity each year, but in general, 20-60-days
periodic oscillations show northeastward propaga-
tion, replicating the typical active-break cycle [6], and
10-20-day oscillations propagate northwestward [1].
Using the year 1951 as an example, eigenmodes 1 and
2 with periodicities of the 37-day and eigenmodes 4
and 6 with periodicities of 14 days stand out as sig-
nificant modes (figure S1). The 37-days periodic pair
(RC(1,2)) shows a northeastward movement with
phase 1 in the phase-composite structures showing a
developing stage of an active period with positive rain-
fall anomalies over southern peninsular India. This
positive rainfall anomaly propagates northward and
gets established in central India in phases 4 and 5. In
phases 7 and 8 the positive anomaly weakens and
moves towards the foothills of the Himalayas. A simi-
lar structure can be found for break periods, and pha-
ses 1—4 are seen to be almost opposite of phases 5-8.
The 14-day periodic pair (RC(4,6)) also shows propa-
gation but in the northwestward direction from the
eastern coast of India to the northwestern part. How-
ever, the amplitude of RC(4,6) is slightly less than RC
(1,2). A few more oscillatory modes come up as sig-
nificant for 1951, but more or less, the spatio-temporal
characteristics of those modes can be classified as
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northeastward propagating (20-60 days periodic) or
north-westward propagating (10-20 days periodic).

For simplicity, hence, we divide the significant
oscillatory modes for each year into two scales: low
(20-60 days) and high frequency (10-20 days). Recon-
struction of the intraseasonal features in each scale is
done by extracting all the significant eigenmodes in
their respective frequency scales. This ensures that the
propagation characteristics of a scale are represented
by all the significant oscillatory modes. We call these
reconstructed parts associated with each low- and
high-frequency intraseasonal scale low-frequency ISO
(LE-ISO) and high-frequency ISO (HE-ISO), respec-
tively. The sums of the variances explained by the sig-
nificant eigenmodes in low- and high-frequency scales
represent the intensities of LF-ISO and HF-ISO each
year relative to the total power in the intraseasonal
band, and we define the respective sums as the LF-ISO
and HF-ISO indices.

3.2. Active/break phases of ISO

Based on the oscillatory behaviour of the recon-
structed ISOs, we defined the active (positive), break
(negative) and transition phases using the ISO time
series (LF-ISO or HF-ISO) and their derivatives for
each year at every gridpoint (SI README and figure
S2). This classification, therefore, purely depends
upon the nature of the eigenmodes determined by
MSSA. We determine the phases of LF-ISO and HF-
ISO separately. Typically, there are 4-6 LF-ISO cycles
in one May—October season.

4. Defining extreme rainfall events

A large spatial variability in climatological mean and
variance of May—October daily mean rainfall can be
seen over India (figure S3). The Western Ghats and
northeastern India receive most of the rainfall with
large variability. Over the central Indian region, mean
and variance are quite homogeneous. However, an
important aspect is that the spatial distribution of
mean and variance are highly correlated (corr.
coeff. = 0.90). The spatial inhomogeneity in mean and
daily variability of monsoon rainfall prevents us from
defining a fixed threshold for an extreme event across
the entire country. We set the 99.5th percentile value
(results are insensitive to small changes in percentile
threshold) at each gridpoint based on May—October
data for 1951-2013 to define the threshold of an
extreme event. So, each location has a different thresh-
old for extreme rainfall, e.g., over central India it is
almost 90-100 mm/day, and over 130 mm/day in the
Western Ghats (figure S3). This threshold more or less
agrees with the threshold for extreme events defined
in[11].

N Karmakar et al

5.Results

5.1. Weakening of low-frequency ISO

The time series of the LF-ISO and HF-ISO indices are
shown in figures 1(a) and (b). The indices show large
variability during 19512013, and we find a significant
decreasing trend (2% significance level) in the LF-ISO
intensity with HF-ISO variance remaining almost
constant for the entire time period. The negative
correlation (corr. coeff. = —0.52) between LF-ISO and
HF-ISO intensities indicates their compensating beha-
viour to each other. A point to note is that here we
calculate the percentage of the variance explained by
the LF-ISO and HF-ISO to the total 8—90-day band
(which may contain noise) variance in May—October
each year. This implies that although the variance of
the area-averaged summer monsoon rainfall over
central India is significantly increasing [11], the
relative contribution from LE-ISO is decreasing.

This loss in LE-ISO intensity is balanced by a sig-
nificant increasing trend (1% significance level) in
synoptic-scale  (3-9 days filtered) variability
(figure 1(c)). The increase in synoptic-scale variability
is already documented over central India [18] with a
rising trend in the frequency of weak LPS in recent
decades [18, 24]. Notably, although there is a decrease
in more intense systems, an increasing trend in weak
LPS outweighs this reduction [18, 24] and is associated
with the increase in synoptic variability.

Amplitude and distribution of LF-ISO related
rainfall strongly vary from year to year [4, 25]. For
example, the 1973 summer is marked by four distinct
northward propagating active cycles and are separated
by almost 40 days (figure S4). This vigorous ISO activ-
ity is captured in figure 1, where we get maximum LF-
ISO intensity in 1973, whereas in 1984, LE-ISO activity
is virtually absent (figure 1 and figure S4). A clear
understanding of the causes behind these interannual
changes in ISO intensity is not yet achieved, but is
required for better prediction [15]. However, [26] has
experimentally shown that the northward propagation
of convection is more regular with slower frequency
during warm ENSO (El Nifio and Southern Oscilla-
tion) periods.

Most of the variability of LE-ISO is seen over the
western coast and central India (figure 2(a)), because
the LF-ISOs propagate in the northeastward direction
from the equatorial Indian Ocean through these
regions (figure S1). Favourable conditions for the for-
mation of lows in the Bay of Bengal cause more synop-
tic variability over the eastern coast (figure 2(c)).
However, in the post-1980 period, the LF-ISO varia-
bility decreased over west and central India, and parts
of peninsular India, with an increase in synoptic varia-
bility (figures 2(d) and (f)). (To understand the chan-
ges in spatial pattern of the trends we saw, we divided
the entire time series into two epochs: pre-1980
(1951-1980) and post-1980 (1981-2010).) This per-
haps indicates a decline in the number of long-
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Figure 1. Time series of the cumulative variance explained by the significant eigenmodes (in percentage of the intraseasonal band
(8-90 days)) that represents oscillatory behaviour with periodicities of (a) 20-60 days and (b) 10-20 days. (c) Time series of the
calculated percentage of the total daily variance explained by 3—9-day filtered rainfall averaged over India every year. Trends are
evaluated using a Theil-Sen estimator, and the Mann-Kendall test is used to determine the significance of the trends (see SLREADME
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Figure 2. Spatial distribution of the percentage of the total daily variance explained by the (a) LE-ISO, (b) HE-ISO and (c) 3-9-day
filtered rainfall, respectively, during May—October for 1951-1980. (d)—(f) Post-1980 minus pre-1980 for the same scales showing the
spatial change in variability in these two time periods. Stippling indicates regions where the null hypothesis of equal means in pre-1980

duration rain events with an increase in short rain epi-
sodes and dry spells in the region [22]. HE-ISO varia-
bility is mostly seen over the monsoon trough and
remained almost the same after 1980 (figures 2(b)
and (e)).

It is intriguing to know the factors that may have
played a role in weakening the intensity of LF-1SO. It
has been shown that rising SST over the Indian Ocean
could be a factor in weakening the 30-60-day ISO in

zonal wind over the Indian region [16]. Recent studies
indicate upper tropospheric (200hPa) warming over
the equatorial Indian Ocean related to enhanced deep
moist convection due to warmer SST, and cooling over
the Tibetan plateau produces a significant decreasing
trend of the meridional temperature gradient over the
monsoon region at that level [27]. This, in turn, weak-
ens the tropical easterly jet via the thermal wind bal-
ance and causes a significant decrease in the prevailing
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easterly vertical shear during the monsoon season
(figure S5). Easterly shear essentially catalyses the cou-
pling between free-atmosphere baroclinic and baro-
tropic modes and generates barotropic vorticity to the
north of a convective zone. This shifts the moisture
convergence in the boundary layer towards the north,
and thus the northward propagation of convection
occurs [28]. Therefore, weakening of easterly shear
can be one possibility towards the debilitation of the
intensity of the northward-propagating LF-ISO
modes. However, it was also deduced in [28] that the
phase speed of the most unstable mode (ISO) is line-
arly proportional to the vertical shear intensity. But we
did not see any change in the mean LF-ISO periodicity
in our analyses. Also, the simultaneous correlation
between vertical shear or meridional temperature gra-
dient and LF-ISO intensity is not significantly high,
indicating the involvement of other important factors
in controlling the LF-ISO intensity. On the other
hand, northward-propagating ISOs in the Indian sub-
continent are shown to be associated with the eastward
movement of convection near the equator [29]. This
indicates that the dynamic parameters influencing the
equatorial ISOs also need to be studied carefully to
understand the observed trends.

5.2. Association with extreme events
In order to understand how the occurrence of extreme
events is associated with LF-ISO, we looked into the
phase composite structures of LE-ISO and the number
of extreme events occurring in a particular phase
composite. We find that extreme events are inclined to
occur in places where LF-ISO is positive (this can be
referred to as the active phase of LF-ISO) and
consequently, they propagate northeastward in tan-
dem (figure S6). The maximum number of extremes
occurs when the active phase of LE-ISO is over central
India. However, this association is not prominent for
the HF-ISO case (figure not shown). This essentially
states that extreme rain events are preferentially
located in the monsoon lows or large-scale conver-
gence zone and propagate poleward as the LF-ISO
progresses. When the LF-ISO reaches the central
Indian region, it becomes most intense, and the
maximum number of extreme events occurs during
that phase compared to the other phases (phase 3 in
figure S6). An important point to make here is that we
do not assume that extreme events are caused by the
LF-ISO. Our understanding to date is not sufficient
enough to conclude that any particular extreme event
is solely because of LF-ISO, HF-ISO, synoptic-scale
disturbance or boundary forcing such as ENSO-
related activities. Hence, the discussion is not based on
the attribution of extreme events to LF-ISO; it is just
an association of events that take place.

Against the backdrop of decreasing intensity of LF-
ISO, this association of LF-ISO and extreme events can
be crucial for the better prediction of the climatic

N Karmakar et al

extremes. To address this issue, we looked into the dis-
tribution of occurrences of extreme events in the
active, break and transition phases each year. Evi-
dently, extreme events are most frequent in the active
phase of LF-ISO, with the fewest occurring in the
break phase (figure 3). There is a significant increasing
trend (1% significance level) in the number of extreme
events (figure 3(a)), which is in tune with previous stu-
dies [11, 17]. Nevertheless, there is a significant
decreasing trend in the percentage of extreme events
occurring in the active phase compared to the total
number of extreme events over India (5% significance
level) (figure 3(d)). This decrease is offset by sig-
nificant increasing trends in the percentage of extreme
events during the break and transition phases com-
pared to the total number of extreme events (10 and
5% significance level, respectively) (figures 3(b) and
(c)). Both active-to-break and break-to-active transi-
tion phases show significant increasing trends (figure
not shown). This suggests that in the recent decades,
the association between LF-ISO and extreme events is
changing, and there exists a propensity for more
extreme events to occur during the break and transi-
tion phases in recent decades than in the earlier dec-
ades. Note that the actual numbers of extreme events
that occur in different phases of LE-ISO over India are
significantly increasing, but the percentage of extreme
events occurring in the active phase of LF-ISO each
season shows a negative trend.

Over the central Indian region, extreme events
show a greater tendency to occur during the active
phase of LF-ISO. However, over northeast and penin-
sular India, a large number of extreme events (almost
40%) occur during the transition and break phases
(figures 3(e)—(g)). Interestingly, the percentage of
extreme events occurring in the break and transition
phases shows an increase over the Gangetic-Plain,
eastern coast and southern part of India during the
post-1980 period. Consequently, the percentage of
extreme events in the active phase in these regions has
decreased (figures 3(h)—(j)). A possible cause could be
the warming trend in SST that could create a con-
ducive environment for the formation of LPS [18, 24].
But changes in the monsoon trough warrant further
investigation, as extreme events here are generally
embedded in large-scale ISV, and perhaps can be best
answered using regional modeling studies. Essentially,
the weakening intensity of LF-ISO and the redistribu-
tion of extreme events in different phases of LF-ISO
show the gravest impact over the most productive
agricultural regions in India (i.e., central India and the
Gangetic Plain), where irrigation is largely dependent
on monsoon rainfall. (Stippled regions are hardly pre-
sent in (h) because of very few non-zero values in
either of the epochs at each gridpoint. The results are,
in this case and also in (i) and (j), suggestive but not
conclusive, and a larger dataset may be needed to bring
out this difference more significantly.)
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Figure 3. (a) Yearly occurrence (N) of extreme events over India during May—October, 1951-2013. Time series of the percentage ratio
of the extreme events that occurred in the (b) negative (break) phase, (c) transition phase and (d) positive (active) phase of LF-ISO,
respectively, to the total number of extreme rainfall events each year over India. Trends and significance levels of the trends are
calculated as in figure 1. Spatial distribution of the percentage of the extreme events occurred in May—October during 1951-1980 in
the (e) negative (break) phase, (f) transition phase and (g) positive (active) phases of LE-ISO, respectively. (h)—(j) Post-1980 minus
pre-1980 for the same showing the spatial pattern of difference in extreme events occurring in these two periods in different phases of

LF-ISO. Stippling indicates regions where the null hypothesis of equal means in the pre-1980 and post-1980 periods can be rejected at
10% significance level.
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Figure 4. Extreme events occurred during 1951-2013 in (a) May-June, (b) July—August and (c) September-October over India.
Trends and significance of these trends are calculated as in figure 1. Spatial distribution of the total number of extreme events occurred
in 1951-1980 for (d) May-June, (e) July—August and (f) September—October over India. (g)—(i) Difference for the same between the
1981-2010 and 1951-1980 epochs. Stippling indicates regions where the null hypothesis of equal means in the pre-1980 and post-
1980 periods can be rejected at 10% significance level.

5.3. Early- versus late-monsoon extreme events
We also find that there is a significant rise (1%

in May—June (figures 4(a)-(b)). An increase in
extreme events during late monsoon months (Sep-

significance level) in the number of extreme events
during early monsoon (May-June) and peak monsoon
(July—August) seasons with an almost 3-fold increase

tember—October) also occurs, but the slope is com-
paratively smaller (figure 4(c)). Extreme events over
central India occur most frequently during July—
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August with fewer events in May—June (figures 4(d)—
(f)). Over peninsular India and the eastern coastal
region, extreme events are more common during the
late monsoon months. There is a 5-fold increase in
extreme events over the coastal regions during May—
June in the post-1980 period with a rise almost all over
India (figure 4(g)). Extreme events in July—August
have increased over all of India, except the northern
region, in the post-1980 period with almost a 2-fold
increase over northeastern India (figure 4(h)). During
late monsoon months, the number of extreme events
increased over the peninsular and northeastern part
with a decrease over a few regions in the northwest and
east of India during post-1980 period (figure 4(i)).
(Because of very few non-zero values in either of the
epochs at each gridpoint, the results (figures 4(g)—(i))
are suggestive but not conclusive, and a larger dataset
may be needed to bring out this difference more
significantly.)

We also examined the changes in the occurrence of
extreme events during different LF-ISO phases in the
previously mentioned 2-month periods. A steeper rise
in the total number of extreme events in May—June
over India is found in break and transition phases
compared to the active phase (figure not shown).
However, extreme events in September—October are
nearly stable in all three phases over all of India. Dur-
ing these two months, extreme events in the break and
transition phases tend to occur mostly over the eastern
coast and peninsular India. A significant increase in
the extreme events in the break phase is found in the
post-1980 period over these regions. This indicates
that in the late monsoon period, extreme events are
now more likely to occur in the break and transition
phases over the eastern coastal and peninsular regions.
The active phase spatial patterns for extreme events are
more or less similar to figures 4(d)—(i), as active phase
extreme events contribute to almost 80% of the total
extreme events for all the 2-month periods.

6. Conclusions and discussion

Using MSSA we extracted and examined the strength
of ISO modes in Indian monsoon rainfall and found a
significant decreasing trend in the relative strength of
low-frequency ISO. In addition, the synoptic varia-
bility over the Indian region has increased signifi-
cantly, mainly over central India. Using a percentile-
based threshold for extreme rainfall, we also found the
relative number of extreme events during the active
phase of LF-ISO has decreased significantly in recent
decades with significant increases in the break and
transition phases, counterparts, thus indicating a
redistribution of the preferred time of extreme events
within an intraseasonal timescale. Essentially,
although the number of extreme events has increased
remarkably over the past six decades, the ratio of
extreme events occurring in the active phase of LF-ISO

N Karmakar et al

compared to the total number of extreme events in a
particular season has decreased significantly. We
performed similar analyses of extreme events with the
HEF-ISO, but observed no significant trends. We
checked the robustness of our results by performing
MSSA with non-Fourier filtered data and found that
the trends and spatial patterns are qualitatively similar.
We also found that there is a sharp increase in the
number of extreme events during the early monsoon
period (May-June), mainly over the coastal regions,
along with a significant increase in extreme events over
most of India, except a few regions in the northern part
during the peak monsoon time (July—August). More-
over, during late monsoon months (September—
October) the number of extreme events increased over
the eastern coast, particularly during the break and
transition phases of LF-ISO.

Therefore, increased rainfall during the break/
transition phases (in the form of extreme events) in
the recent decades could be a contributing factor to a
reduction in LF-ISO intensity through changes in its
amplitude and variability. But the causality of such a
phenomenon warrants rigorous investigation. These
sporadic extreme rainfall events diminish the low-fre-
quency variability, which can impact the potential pre-
dictability of wet and dry spells. More importantly, the
fitful occurrence of these short spatial and temporal-
scale extreme events would make it more difficult to
capture in medium- and long-range forecasts.

It is worth noting that the variability of LF-ISO
intensity has increased since mid-1970s (figure 1(a)),
which can be considered as a part of the multi-decadal
shifts. However, multi-decadal shifts can be hard to
detect using 63 years of data. In spite of this constraint,
we checked the changes in the spatial pattern of ISO
variability using different segments of time series and
they are consistent with our results. A slight increase in
LF-ISO variability was found over central India during
the 1995-2013 period compared to the 1980-1995
period, but a multi-decadal variability requires more
evidence. Hence, without denying the possibility of a
multi-decadal shift, we report here a decreasing trend
in LF-ISO intensity. Identifying multi-decadal shifts
(no such discernible shifts are shown in figure S5) and
finding the exact dynamic reasons for it can be chal-
lenging since the intensity change in LF-ISO over India
during monsoon season can be attributed to various
factors, such as its relationships with the Eurasian con-
tinent, Pacific decadal oscillation (PDO), ENSO, the
Indian and Atlantic Ocean SSTs, and even aerosols.
Each of these factors warrants careful research prior to
concluding what factors may have played a role in con-
trolling the interannual variability of low-frequency
ISV intensity.

It has been shown in various studies that the mon-
soon circulation over the Indian region has weakened
because of reduced land-sea thermal contrast in recent
decades [16], which may be attributed to spatially
uneven effects of greenhouse gases [30] or human-
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influenced aerosol emissions [13, 31]. But there is no
consensus as yet on how the ISO modes will behave in
a changing climate, and it remains a very difficult pro-
blem to be addressed, as the state-of-the-art models
still have difficulties in simulating the mean picture of
ISO. Based on the observational dataset, our results
can constitute a concrete step toward unravelling the
hydrological impact of climate change on the intrasea-
sonal scale. However, further investigation is required
to comprehend the dynamic reasoning (both internal
dynamics and boundary forcings) behind the
observed changes with a better understanding of the
interaction between different ocean and atmospheric
variables at different scales [13, 20]. A proper assess-
ment of local- and regional-scale land-use change is
also required to understand the observed changes.

Acknowledgments

The high-resolution gridded daily rainfall data we use
here have been developed by the India Meteorological
Department (IMD) for the period 1951 to 2013 [21].
The dataset can be obtained by contacting the National
Climate Centre, IMD, Pune (ncc@imdpune.gov.in).
We thank MoES/CTCZ and DST, Government of
India, for funding this research, and Prof N V Joshi
(CES, 1ISc) for helpful discussions. The comments
from two anonymous reviewers are greatly
appreciated.

References

[1] Krishnamurti T N and Bhalme H N 1976 Oscillations of
monsoon system: I. Observational aspects J. Atrmos. Sci. 33
1937-54
Sikka D R and Gadgil S 1980 On the maximum cloud zone and
the ITCZ over Indian longitudes during the southwest
monsoon Mon. Wea. Rev. 108 1840-53
Webster P J, Magafia V O, Palmer T N, Shukla J, Tomas R A,
Yanai M and Yasunari T 1998 Monsoons: processes,
predictability, and the prospects for prediction J. Geo. Res. 103
14451-510
Lawrence D M and Webster P J 2001 Interannual variations of
the intraseasonal oscillation in the south Asian summer
monsoon region J. Clim. 14 2910-22
[5] Gadgil S 2003 The Indian monsoon and its variability Annu.
Rev. Earth Planet. Sci. 31 429—-67
[6] Krishnamurthy V and Shukla J 2007 Intraseasonal and
seasonally persisting patterns of Indian monsoon rainfall
J. Clim. 20 3-20
[7] Rajeevan M, Gadgil S and Bhate ] 2010 Active and break spells
of the Indian summer monsoon J. Earth Syst. Sci. 119 229-47
[8] Chakraborty A and Nanjundiah R S 2012 Space—time scales of
northward propagation of convection during boreal summer
Mon. Wea. Rev. 140 3857-66
[9] WangB, Liu]J, Kim H J, Webster P J and Yim S Y 2012 Recent
Change of the Global Monsoon Precipitation (1979-2008)
Clim. Dyn. 39 1123-35
[10] Kripalani R H, Kulkarni A, Sabade S S and Khandekar M L
2003 Indian monsoon variability in a global warming scenario
Nat. Hazards 29 189-206

[2

[3

[4

N Karmakar et al

[11] Goswami BN, Venugopal V, Sengupta D,
Madhusoodanan M S and Xavier P K 2006 Increasing trend of
extreme rain events over India in a warming environment
Science314 14425

[12] Ghosh S, Das D, Kao S C and Ganguly A R 2012 Lack of
uniform trends but increasing spatial variability in observed
Indian rainfall extremes Nature Clim. Change 2 86-91

[13] Turner A Gand Annamalai H2012 Climate change and the
South Asian summer monsoon Nature Clim. Change 2 587-95

[14] Charney] G and Shukla] 1981 Predictability of monsoons
Monsoon Dynamics ed ] Lighthilland R P Pearce (Cambridge:
Cambridge University Press) pp 99—-109

[15] Waliser D E et al 2003 AGCM simulations of intraseasonal
variability associated with the Asian summer monsoon Clir.
Dyn. 21 423-46

[16] ZveryaevI12002 Inter-decadal changes in the zonal wind and
the intensity of intraseasonal oscillation during boreal summer
Asian monsoon Tellus 54A 288-98

[17] Singh D, Tsiang M, Rajaratnam B and Diffenbaugh N S 2014

Observed changes in extreme wet and dry spells during the

South Asian summer monsoon season Nature Clim. Change 4

456-61

Ajayamohan R S, Merryfield W J and Kharin V'V 2010

Increasing trend of synoptic activity and its relationship with

extreme rain events over Central India J. Clim. 23 100413

[19] Goswami BN, Ajayamohan R S, Xavier P K and Sengupta D
2003 Clustering of synoptic activity by Indian summer
monsoon intraseasonal oscillations Geophys. Res. Lett. 30
1431

[20] O’Gorman P A and Schneider T 2009 The physical basis

for increases in precipitation extremes in simulations of

21st-century climate change Proc. Natl Acad. Sci. USA 106

14773-7

Rajeevan M, Bhate J, Kale J D and Lal B 2006 High resolution

daily gridded rainfall data for the Indian region: analysis of

break and active monsoon spells Curr. Sci. 91 296-306

[22] Dash SK, Kulkarni M A, Mohanty U C and Prasad K 2009
Changes in the characteristics of rain events in India
J. Geophys. Res. 114110109

[23] Ghil M etal2002 Advanced spectral methods for climatic time
series Rev. Geophys. 40 1003

[24] Jadhav S K and Munot A A 2009 Warming SST of Bay of
Bengal and decrease in formation of cyclonic disturbances
over the Indian region during southwest monsoon season
Theor. Appl. Climatol. 96 327-36

[25] Hoyos C D and Webster P J 2007 The role of intraseasonal
variability in the nature of Asian monsoon precipitation
J. Clim. 20 440224

[26] Krishnan R and Kasture SV 1996 Modulation of low
frequency intraseasonal oscillations of northern summer
monsoon by ElNifio and Southern Oscillation (ENSO)
Meteor. Atmos. Phys. 60 23757

[27] Abish B, Joseph PV and Johannessen O M 2013 Weakening
trend of the tropical easterly jet stream of the boreal summer
monsoon season 1950-2009 J. Clim. 26 940814

[28] Jiang X, Li T and Wang B 2004 Structures and mechanisms of
the northward propagating boreal summer intraseasonal
oscillation J. Clim. 17 102239

[29] Lawrence D M and Webster P J 2002 The boreal summer
intraseasonal oscillation: relationship between northward
and eastward movement of convection J. Atmos. Sci. 59
1593-606

[30] ZuoZ, YangS, Kumar A, Zgang R, Xue Y and Jha B 2012 Role

of thermal condition over Asia in the weakening Asian

summer monsoon under global warming background J. Clim.

253431-6

Bollasina M A, Ming Y and Ramaswamy V 2011

Anthropogenic aerosols and the weakening of the south Asian

summer monsoon Science 334 5025

[18

(21

(31



http://dx.doi.org/10.1175/1520-0469(1976)033<1937:OOAMSP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1976)033<1937:OOAMSP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1976)033<1937:OOAMSP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1976)033<1937:OOAMSP>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1980)108<1840:OTMCZA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1980)108<1840:OTMCZA>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1980)108<1840:OTMCZA>2.0.CO;2
http://dx.doi.org/10.1029/97JC02719
http://dx.doi.org/10.1029/97JC02719
http://dx.doi.org/10.1029/97JC02719
http://dx.doi.org/10.1029/97JC02719
http://dx.doi.org/10.1175/1520-0442(2001)014<2910:IVOTIO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<2910:IVOTIO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2001)014<2910:IVOTIO>2.0.CO;2
http://dx.doi.org/10.1146/annurev.earth.31.100901.141251
http://dx.doi.org/10.1146/annurev.earth.31.100901.141251
http://dx.doi.org/10.1146/annurev.earth.31.100901.141251
http://dx.doi.org/10.1175/JCLI3981.1
http://dx.doi.org/10.1175/JCLI3981.1
http://dx.doi.org/10.1175/JCLI3981.1
http://dx.doi.org/10.1007/s12040-010-0019-4
http://dx.doi.org/10.1007/s12040-010-0019-4
http://dx.doi.org/10.1007/s12040-010-0019-4
http://dx.doi.org/10.1175/MWR-D-12-00088.1
http://dx.doi.org/10.1175/MWR-D-12-00088.1
http://dx.doi.org/10.1175/MWR-D-12-00088.1
http://dx.doi.org/10.1007/s00382-011-1266-z
http://dx.doi.org/10.1007/s00382-011-1266-z
http://dx.doi.org/10.1007/s00382-011-1266-z
http://dx.doi.org/10.1023/A:1023695326825
http://dx.doi.org/10.1023/A:1023695326825
http://dx.doi.org/10.1023/A:1023695326825
http://dx.doi.org/10.1126/science.1132027
http://dx.doi.org/10.1126/science.1132027
http://dx.doi.org/10.1126/science.1132027
http://dx.doi.org/10.1038/nclimate1327
http://dx.doi.org/10.1038/nclimate1327
http://dx.doi.org/10.1038/nclimate1327
http://dx.doi.org/10.1038/nclimate1495
http://dx.doi.org/10.1038/nclimate1495
http://dx.doi.org/10.1038/nclimate1495
http://dx.doi.org/10.1007/s00382-003-0337-1
http://dx.doi.org/10.1007/s00382-003-0337-1
http://dx.doi.org/10.1007/s00382-003-0337-1
http://dx.doi.org/10.1034/j.1600-0870.2002.00235.x
http://dx.doi.org/10.1034/j.1600-0870.2002.00235.x
http://dx.doi.org/10.1034/j.1600-0870.2002.00235.x
http://dx.doi.org/10.1038/nclimate2208
http://dx.doi.org/10.1038/nclimate2208
http://dx.doi.org/10.1038/nclimate2208
http://dx.doi.org/10.1038/nclimate2208
http://dx.doi.org/10.1175/2009JCLI2918.1
http://dx.doi.org/10.1175/2009JCLI2918.1
http://dx.doi.org/10.1175/2009JCLI2918.1
http://dx.doi.org/10.1029/2002GL016734
http://dx.doi.org/10.1029/2002GL016734
http://dx.doi.org/10.1073/pnas.0907610106
http://dx.doi.org/10.1073/pnas.0907610106
http://dx.doi.org/10.1073/pnas.0907610106
http://dx.doi.org/10.1073/pnas.0907610106
http://dx.doi.org/10.1029/2008JD010572
http://dx.doi.org/10.1029/2000RG000092
http://dx.doi.org/10.1007/s00704-008-0043-3
http://dx.doi.org/10.1007/s00704-008-0043-3
http://dx.doi.org/10.1007/s00704-008-0043-3
http://dx.doi.org/10.1175/JCLI4252.1
http://dx.doi.org/10.1175/JCLI4252.1
http://dx.doi.org/10.1175/JCLI4252.1
http://dx.doi.org/10.1007/BF01042187
http://dx.doi.org/10.1007/BF01042187
http://dx.doi.org/10.1007/BF01042187
http://dx.doi.org/10.1175/JCLI-D-13-00440.1
http://dx.doi.org/10.1175/JCLI-D-13-00440.1
http://dx.doi.org/10.1175/JCLI-D-13-00440.1
http://dx.doi.org/10.1175/1520-0442(2004)017<1022:SAMOTN>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017<1022:SAMOTN>2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017<1022:SAMOTN>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059<1593:TBSIOR>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059<1593:TBSIOR>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059<1593:TBSIOR>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(2002)059<1593:TBSIOR>2.0.CO;2
http://dx.doi.org/10.1175/JCLI-D-11-00742.1
http://dx.doi.org/10.1175/JCLI-D-11-00742.1
http://dx.doi.org/10.1175/JCLI-D-11-00742.1
http://dx.doi.org/10.1126/science.1204994
http://dx.doi.org/10.1126/science.1204994
http://dx.doi.org/10.1126/science.1204994

	1. Introduction
	2. Dataset
	3. Extracting ISO modes and defining active/break phases
	3.1. Low and high-frequency ISOs
	3.2. Active/break phases of ISO

	4. Defining extreme rainfall events
	5. Results
	5.1. Weakening of low-frequency ISO
	5.2. Association with extreme events
	5.3. Early- versus late-monsoon extreme events

	6. Conclusions and discussion
	Acknowledgments
	References



