Climate Dynamics (2019) 52:1903-1916
https://doi.org/10.1007/s00382-018-4268-2

@ CrossMark

Characteristics of northward propagating intraseasonal oscillation
in the Indian summer monsoon

Nirupam Karmakar' - T. N. Krishnamurti'

Received: 17 November 2017 / Accepted: 26 April 2018 / Published online: 25 May 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Indian summer monsoon exhibits strong northward propagation in intraseasonal timescale [intraseasonal oscillations (ISO)]
from the equatorial Indian Ocean (EIO) to the foothills of the Himalayas. Initiation of this northward march is often marked
by a strong convective activity over the EIO, which could be associated with Madden—Julian Oscillation. Satellite derived
rainfall and reanalysis products are used to unravel different characteristics of ISO in terms of strength, extent and speed at
different times. Eastern EIO convective events are grouped into two categories based on the intensities of the simultaneous
rainfall anomalies over central India (CI). Northward propagation from EIO is observed to be much stronger and slower when
CI experiences strong dry anomaly at the time of initiation of northward march of convection near the equator. Essentially,
a first northward propagating dry lobe seems to impact the behavior of the next arriving wet lobe. Distinctive features in
Rossby waves emanated from the eastern EIO and different surface and atmospheric conditions over the region in the two
different cases are observed. Strong dry conditions over CI favors strong easterly vertical wind-shear, which eventually helps
destabilizing the atmosphere. Upper tropospheric meridional temperature gradient over the region modulates the variation
in vertical wind-shear via thermal wind balance. These conditions are favorable for generation of strong boundary layer
convergence to the north of the convective band, producing strong northward propagation. These results indicate the dual
role of convection near the equator and dryness over CI in modulating the northward march of rainfall over India.
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1 Introduction

Indian region experiences one of the most pronounced and
wide spread monsoon systems of the world (Gadgil 2003),
which is associated with many global climatic features such
as eastern Pacific sea surface temperature (SST) (Rasmus-
son and Carpenter 1983), northern Atlantic SST (Goswami
et al. 2006) and Eurasian snow cover (Hahn and Shukla
1976). Indian monsoon has a far reaching impact over many
parts of the globe, including the Arctic (Krishnamurti et al.
2015). Monsoonal floods and droughts leave an enormous
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socio-economic impact over more than a billion of inhabit-
ants in the region. Thus, understanding monsoon dynamics
and forecasting its behavior at different ranges has become
one of the top-priority problems in weather and climate
studies.

Indian summer monsoon rainfall possesses unique sea-
sonal and intraseasonal characteristics. Intraseasonal rainfall
is characterized by periodic spells of heavy rainfall (active
spell) and low or less rainfall (break spell) (Yasunari 1980;
Sikka and Gadgil 1980; Gadgil 2003; Rajeevan et al. 2010).
This periodicity is initiated by certain oscillatory modes
and exhibits wave-like structures called intraseasonal oscil-
lation (ISO) (Krishnamurti and Subrahmanyam 1982; Web-
ster et al. 1998; Annamalai and Slingo 2001; Goswami and
Ajaya Mohan 2001; Krishnamurthy and Shukla 2007; Lee
et al. 2013; Karmakar et al. 2017b). ISO waves are often
linked with northward propagating convective bands (Yasu-
nari 1979, 1980; Sikka and Gadgil 1980), which have a typi-
cal latitudinal scale of almost 30° (Chakraborty and Nanjun-
diah 2012). Krishnamurti et al. (1985) suggested that the
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intraseasonal characteristics in the monsoon are likely to be
modulated by a planetary-scale divergent wave that travels
the globe in the eastward direction with a speed of almost 8°
longitude/day. Many studies also noted that eastward moving
Madden—Julian Oscillation (MJO) might play a role in the
initiation of the northward march of convection from the
equatorial Indian Ocean (EIO) (Madden and Julian 1972;
Julian and Madden 1981; Lau and Chan 1986; Singh et al.
1992; Yoo et al. 2010; Pai et al. 2011). As ISO is governed
by the internal dynamics (interaction between large-scale
circulation and organized convection), predictability of mon-
soonal rainfall crucially depends upon the nature of ISO
(Sperber et al. 2001; Rajeevan 2001). It was also noted that
the potential predictability of ISO and error growth highly
depend on the phases of ISO and MJO (Ding et al. 2011).
Therefore, there is a need to advance our diagnostics on ISO
and a better understanding of the dynamics of northward
propagation and its connection with the equatorially trapped
waves.

In this study, we aim to understand the nature of ISO as
they evolve from the EIO and how they depend upon the
atmospheric conditions over central India (CI). Typically,
presence of convection over the EIO coincides with dry
conditions over CI in the intraseasonal timescale (Krishna-
murthy and Shukla 2007; Lee et al. 2013; Karmakar et al.
2017b). EIO convection often occurs with the arrival of a
convective lobe of MJO over the region. Thereafter a north-
ward march of convection occurs and in a matter of 15-20
days the convective band reaches CI. Here, we ask the
following question: how the atmospheric conditions over
CI modulates the behavior of the intraseasonal northward
march of convection from the EIO? This study is an attempt
to address this issue using observational analysis. The pur-
pose of this study is to provide a better understanding on the
diagnostic character of the strength and periodicity of ISO
waves and how CI conditions modulate them. Similar issues
were addressed in Moum et al. (2016) where they suggested
stronger MJO pulses over the Indian Ocean are associated
with lower cooling rates in the precedent pulse, thereby
concluded that an MJO event is governed by the oceanic
memory from the previous event. This memory effect might
be useful in enhancing the predictive capabilities in intra-
seasonal timescale. Therefore, if information about the dry
phase over CI provides some indication about the subsequent
active spell, that would add value to the prediction of rainfall
over the region. State-of-the-art models still have difficulties
in simulating the behavior of monsoonal mean and variabil-
ity. Short to medium-range forecast skills of the dynamical
models critically depend on how they capture convection
and its spatiotemporal variability (for example, ISO) (Rajen-
dran et al. 2008). To this end, the results presented here
could be used in model evaluation. Sections 2 and 3 provide
descriptions of the the data used, and methodologies used
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in this study, respectively. Section 4 presents results of our
simulations, followed by a discussions in Sect. 5.

2 Datasets

Tropical Rainfall Measuring Mission (TRMM) 3B42 (V7)
daily rainfall data for 1998-2014 (Huffman et al. 2007) have
been used for this study. Since we are interested in large-
scale intraseasonal features, the data are re-gridded into 1°x
1° using bilinear interpolation for computational ease. Simi-
lar data and approach were made in Karmakar et al. (2017b).

European Centre for Medium-Range Weather Forecasts
Re-Analysis (ECMWF) ReAnalysis (ERA)-Interim dataset
(Dee et al. 2011) and the National Oceanic & Atmospheric
Administration (NOAA) Optimum Interpolation Sea Surface
Temperature (OISST) version 2 daily data (Reynolds et al.
2007) are also used for the same period (1998-2014). Dif-
ferent fields from reanalysis data (e.g., mean sea-level pres-
sure, winds, temperature, specific humidity and geopotential
height) are obtained and daily averaging is done from the
6-hourly data. All the fields are converted to 1°x 1° resolu-
tion before analysis.

3 Methodology

A data-adaptive filtering technique, namely multichannel
singular spectral analysis (MSSA) (Plaut and Vautard 1994;
Ghil et al. 2002) has been performed on the rainfall data
over the south Asian monsoon domain (10°S-35°N and 60°E
—110°E). After removing the daily climatology at each grid
point from the 17-year data and pre-filtering it with a 5-day
moving mean to remove very high-frequency fluctuations,
an extended monsoon period (May—October) is taken and
fed into MSSA algorithm.

MSSA has been used extensively in the last few dec-
ades to understand and analyze spatiotemporal behavior
of short and noisy time series. The advantage of MSSA
compared to other harmonic analyses or fast Fourier
analysis is that the shape and bandwidth of the filters in
MSSA are functions of the input data itself. The technique
is very useful in capturing anharmonic oscillations aris-
ing from nonlinear phenomena. A lag-covariance matrix,
constructed by augmenting lagged copies of the data, is
diagonalized to obtain space-time empirical orthogonal
functions (ST-EOFs) and temporal principal components
(ST-PCs). An oscillation is present in the data if the
phase of two ST-EOFs are in quadrature and the asso-
ciated eigenvalues are almost equal (Plaut and Vautard
1994). Following Allen and Robertson (1996), we used
a statistical test with 1000 red-noise surrogates to pre-
vent any random fluctuation and noise being treated as
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an oscillatory mode. Only significant oscillatory modes
that capture oscillations with a periodicity of 20—60 days
are used to reconstruct the data. The reconstruction is
defined as low-frequency ISO for each year. ISO time
series is of the same length as of the input data (184-
days). The same approach was adopted in Karmakar et al.
(2017b) and intrinsic features of ISO were captured (see
their Fig. 3). ISO-filtered time series averaged over CI
approximately represents the active-break cycle of rainfall
over the region. We refer to Karmakar et al. (2017b) for
further methodological details.

We also make use of t-statistic to test the statistical
significance of various results presented in our study.

Fig.1 a Composited rainfall
anomalies (mm/day) for the

4 Results

4.1 Northward propagation: strong and weak dry
cases

ISO-filtered time series averaged over the eastern EIO (5°S
—5°N and 85°E—- 95°E) for May—October every year is used
as a reference to study the evolution of northward propaga-
tion from the EIO. This time series is then normalized, and
the dates when the anomalies exceed +1-standard deviation
are determined. We mark the first day (lag-0) as a refer-
ence date of this multiple-day period when this threshold
is met. This is done for all the 17 monsoon seasons from
1998-2014 individually. There are 55 such events in this
17-year period. In Fig. 1a, composited rainfall anomalies
during such events (compositing all days when ISO-filtered

events when the normalized
eastern EIO (5°S-5°N and 85°E
-95°E) ISO exceeds + 1-stand-
ard deviation. Boxes indicate
the eastern EIO, CI and BoB
regions taken for analysis. Dot-

ted areas indicate the regions
where the mean is significantly
(at 1% level) different from 0. b
Scatterplot of normalized east-
ern EIO ISO values during the
convective events over eastern
EIO and normalized CI (16°N
—26°N and 75°E-85°E) rainfall
anomalies
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rainfall anomalies averaged over the eastern EIO exceeds +
1-standard deviation) are shown. Clearly, a strong positive
rainfall anomaly is located over the eastern EIO region. A
negative rainfall anomaly is located over the central Indian
region. This resembles the typical break-like conditions over
CI (Rajeevan et al. 2010; Karmakar et al. 2017b).

To investigate the possible role of CI dryness in modu-
lating northward ISO propagation, we average the rainfall
anomalies (no filtering is done) over CI (16°N-26° N and
75°E-85°E) and normalize for individual seasons. Figure 1b
shows the scatter-plot of the values of ISO-filtered rainfall
over the eastern EIO versus the simultaneous normalized
CI rainfall anomalies for the 55 convective events identi-
fied over the eastern EIO. Although the composite in Fig. 1a
shows the negative values over India, there exists a large
spread in the rainfall anomaly over CI when there is a strong
wet condition over eastern EIO (correlation value is — 0.03).
However, most of the CI values show negative sign, which
contribute to the negative values in the composite figure.
This large spread in CI rainfall anomaly suggests that the
dryness over CI may not be strongly coupled to the convec-
tion anomaly over eastern EIO.

These 55 convective events over the eastern EIO are cat-
egorized based on the dryness over CI. We define strong
dry events over CI when normalized CI rainfall anomaly
is below — 0.5 and weak dry events as when the value is
more than 0. Weak dry events essentially represent the case
when CI experiences some rainfall, possibly arising from
synoptic variability or extreme rain events, when the dry
ISO lobe is present over the region. There are 20 strong
dry events and 18 weak dry events identified. The aim is to
understand the contrast between the strong and weak dry
events, which would provide us an idea on how CI condi-
tions might modulate the nature of the subsequent northward
propagating wet lobe of ISO. In Fig. 2a, b, composites of
the time—latitude diagrams of 85°E-90°E averaged vertically
integrated moist static energy (MSE; defined as the sum of
potential, internal and latent energy of an air parcel) and
rainfall anomalies for the strong and weak dry events are
shown, respectively. The rainfall anomalies are well con-
sistent with vertically integrated MSE anomalies and both
the fields exhibit strong northward propagation. Propagation
is seen in both the strong and weak dry cases. Northward
movement in MSE anomalies indicates the role of intrasea-
sonal northward propagation in carrying energy/heat content
towards India from the EIO. Clearly, in the strong dry case,
northward propagation is much more prominent and stronger
than in the weak dry case. Also, the eastern EIO convec-
tion exhibits stronger magnitude and larger extent when CI
is drier. Positive MSE anomalies show propagation upto
35°N from the equator in the strong dry case, whereas, the
northward march is limited to 25°N in the weak dry case.
The rainfall anomaly maxima in the Indian land is located
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farther north in the strong dry case (19°N) compared to weak
dry case (14°N). Propagation speed is comparatively slower
during the strong dry case (1° latitude/day) than in the weak
dry case (1.5°latitude/day). Also, in strong dry case the posi-
tive anomalies started showing northward propagation from
more south of the equator compared to that in weak dry
case. This suggests that not only the eastern EIO convec-
tion in low-frequency intraseasonal timescale modulates the
northward propagation over India, but also the dryness over
CI has a large role to play in the strength and speed of the
intraseasonal variability in convection.

Naturally, one can ask how these northward propagation
with different characteristics impact the actual rainfall over
India. To understand this, we averaged the total rainfall over
the CI region during each event and composited for strong
and weak dry cases (Fig. 2¢). During lag-0 the total rainfall
over Cl is lesser in the strong dry case than in the weak dry
case, which is as expected. After lag-13, the amount of rain-
fall over the CI shows much larger values during the strong
dry case compared to the weak dry case. Now, the nominal
time taken by convective bands to reach CI from the EIO
region is also nearly half-a-month. Which indicates the total
rainfall also exhibits strong intraseasonal features during the
strong dry case. Therefore, the phase of convection over the
eastern EIO and the dryness over CI could possibly lead us
to understand the rainfall variability in active-break spells
over CI. Which has a large implication to the probabilistic
estimation of rainfall over the region.

Similar to CI, analysis considering a region over the
Bay of Bengal (BoB) (10°N-20°N and 85°E-95°E) is also
performed to further examine the robustness in our results
and are presented in the Supplementary Information (SI).
Normalized rainfall anomalies over BoB shows a stronger
negative correlation (— 0.27) with convection over eastern
EIO. Defining dry events based on the BoB box results 33
strong dry and 9 weak dry cases (Figure S1). Large differ-
ence in the number of strong dry case based on indices over
the CI and BoB regions suggests the dynamics of ISO could
be different over the land compared to oceans. However, in
both the analyses, strong dry case exhibit slower propagation
rate with higher intensity than in the weak dry case.

4.2 Distinctive features in the two cases: Rossby
waves

In Fig. 3a, b, the lower tropospheric wind and mean sea-level
pressure anomalies composited for the two cases are shown.
Rossby wave emanation from equatorial convection is seen
in both the cases. But it observed to be weaker in amplitude
in the weak dry case. In lag-0, a Rossby wave response to
convective heating is seen as was predicted by Gill (1980).
Rossby lobes are present in both the hemispheres (marked
by R in the maps in the north hemisphere, which are stronger
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Fig.2 a Time-latitude diagram

of composited vertically
integrated MSE (shaded;

in x107% J/m~2) and rain-

fall (contours; in mm/day)
anomalies averaged between
85°E and 90°E during strong
dry cases. b Same as a, but for
weak dry cases. Solid (dashed)
lines represent positive (nega-
tive) rainfall anomalies and the
contours are given from — 10
to 10 with an interval of 2 mm/
day. Solid staright lines indicate
northward propagation. Dots
mark the places where the mean

vertically integrated MSE is
significantly (at 10% level)

different from 0. ¢ CI averaged
rainfall during strong and weak
dry cases. O-th day is the first
date in each multi-day period
when ISO associated rainfall
over eastern EIO exceeds +
1-standard deviation. Shaded
areas indicate the spread of the
values around the mean at each
lag-day, normalized by the num-
ber of samples
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than in the southern hemisphere) and by lag-5 the northern
hemisphere lobe moves northward and westward. Subse-
quently, another lobe forms over the Sumatra coast and both
the lobes propagate northwestward by lag-10. By lag-15, the
first lobe reaches northern Arabian Sea and weakens and
the second lobe moves towards CI. In subsequent days, this

second lobe reaches CI and weakens over the foothills of the
Himalayas within few days.

The strong anomalous anticyclonic flow with strong posi-
tive mean sea-level pressure anomaly seen on lag-0 over
CI in the strong dry case, is virtually absent in the weak
dry case. This circulation pattern is associated with weaker
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Fig.3 a Mean sea-level pressure (shaded; in hPa) and lower tropo-
spheric (850 hPa) wind (vectors; in m/s) anomalies for strong dry
cases. b Same as a, but for weak dry cases. R indicate location of the

break-like situation over CI in lag-0 when convection is set
over eastern EIO in the weak dry case. Generation of Rossby
waves in response to convection over EIO is observed, but
the propagation speed of the Rossby lobes is faster in the
weak dry case compared to the strong dry case. Northern
hemisphere Rossby cells show larger and stronger anomalies
than in the southern hemisphere. Nature of Rossby waves in
the context of Indian monsoon was previously documented
in Kemball-Cook and Wang (2001) amongst few others. The
overall characteristics of the Rossby lobes are substantially
linked with the mean easterly vertical shear in the northern
hemisphere (Xie and Wang 1996), which also confines the
Rossby wave to response stronger in the lower tropospheric
levels compared to the upper level. We also observe Rossby
wave propagation of low-level anticyclonic lobe (associ-
ated with suppressed convection) from the BoB towards
India during lag-(-10) to lag-0. This propagation is more
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Rossby lobes. Numbers in each panel indicate the lag (in days). White
dots indicate the regions where the mean is significantly (at 10%
level) different from O

pronounced in the strong dry case. This supports the find-
ings in Krishnan et al. (2000), where they suggested breaks
over CI are initiated by the arrival of convectively stable
anomalies traveling from central BoB towards India. These
anomalies are marked by abrupt Rossby wave movement and
reach CI within a matter of few days.

In Fig. 4a, b, we show skin temperature and 1000 hPa
level specific humidity anomalies at different lags. For the
strong dry case, in lag-(-5) a strong positive skin temperature
anomaly is developed over the peninsular India along with a
negative specific humidity anomaly. These anomalies propa-
gate northward and westward at lag-0 and create a strong
warm and dry environment over CI associated with a strong
break condition. In subsequent days, the anomaly structures
propagate further northwestward. It is also seen that the
center of convergence associated with the Rossby lobe in
the northern hemisphere moves in conjunction with negative
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Fig.4 a, b Same as Fig. 3a, b, respectively, but for skin temperature
(shaded; in K) and 1000 hPa specific humidity (contours; in g/kg)
anomalies. Negative specific humidity anomalies are shown in dashed

skin temperature and positive specific humidity anomalies.
However, the scenario is quite different in the weak dry case.
Skin temperature anomalies do not show strong signatures
over the CI during lag-0, possibly associated with the posi-
tive rainfall anomalies over CI (as defined) at the same time.
Strong dry case is associated with a persistent positive skin
temperature anomaly over the eastern EIO during lag-(-10)
to lag-0, which is not seen in the weak dry case.

Frictional convergence plays a major role in northward
propagation of ISO. Cyclonic vorticity associated with the
Rossby lobes drives the planetary boundary layer frictional
convergence, which leads to higher moisture content to
the north of the convection center (Xie and Wang 1996).
This helps the convection to move northward. Therefore,
the specific humidity anomalies at 1000 hPa could play
a major role in the northward propagation of convection.

contours. Dots indicate the regions where the mean of skin tempera-
ture is significantly (at 10% level) different from 0

These anomalies are markedly different in the two cases.
The strong dry case is witnessed by positive anomalies
associated with the Rossby lobes, amplifying the conver-
gence. In contrast, the surface humidity over eastern EIO
in lag-0 is weaker in the weak dry case than in the strong
dry case. Surface specific humidity associated with the
Rossby lobes as seen in lags-0 and 5 are of smaller mag-
nitude in the weak dry case. Which suggests that the mois-
ture convergence associated with the cyclonic vorticity is
weaker in the weak dry case. A point to note here, there is
a strong positive specific humidity anomaly located over
CI during the weak dry case at lag-0, compared to a nega-
tive anomaly in strong dry case. This positive anomaly
is again linked with the positive rainfall anomaly over
CI as defined for the weak dry case. Indian land exhibits
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anomalously strong positive specific humidity values in
almost all the phases of weak dry case ISO propagation.
Positive skin temperature anomalies along with surface
humidity anomalies of the same sign over eastern EIO dur-
ing and before lag-0 in the strong dry case suggests the pres-
ence of strong equatorial convection. This is more prominent
in Fig. 5, where SST shows persistent positive anomalies

during lags-(-10),(-5) and O in the strong dry case. Steady
positive SST anomalies are associated with strong equatorial
convection, which enforces the meridional overturning cir-
culation (Hadley cell) as seen from the 500hPa level vertical
wind structures. Strong upward vertical motion is seen dur-
ing lags-0 to 10 over the eastern EIO. The descending branch
of the Hadley cell over CI forces strong dry conditions over

[CONTOUR FROM -.1 TO 1 BY .02]

-0.5-0.3 -0.1 0.1 0.3 0.5

Fig.5 a, b Same as Fig. 3a, b, respectively, but for SST (shaded; in
K) and 500hPa vertical winds (contours; in Pa/s and positive implies
downward motion) anomalies. Downward motion is shown in dashed
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contours. Dots indicate the regions where the mean of SST is signifi-
cantly (at 10% level) different from O
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the region. This persistence in SST and well structured
Hadley cell are absent in the weak dry case. We note here
that the stronger negative MSE anomaly over the EIO in
the weak dry case during lag-(-10) (Fig. 2) could be related
with less persistent positive SST anomalies. Weaker positive
SST anomalies could give rise to decreased surface fluxes,
which can result into decrease in vertically integrated MSE
in the weak dry case. Seo et al. (2007) suggested that the
surface meridional moisture convergence is a key factor for
northward propagation of convection. Improving basic state
SST, winds and vertical shear could markedly enhance the
representation of ISO in numerical simulations. To this end,
better understanding of the relationship between convection
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and these key parameters is needed for further development
of ISO prediction.

4.3 Vertical shear and stability of the atmosphere

An alternate mechanism for northward propagation of ISO,
which takes into account the vertical wind shear over the
Indian region is also examined for different northward prop-
agating ISO events (Jiang et al. 2004). Wang and Xie (1997)
also noted the role of mean easterly vertical shear in ampli-
fying northern hemisphere Rossby lobes. In Fig. 6a, absolute
values of vertical shear of wind averaged over CI is plot-
ted against the lag days for the strong and weak dry cases.
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for vertical moist stability (VMS; equals to MSE,,, — MSE,,,, With
middle defined as 600 hPa; in kJ/kg) over CI. e Area averaged com-
posited convective available potential energy (CAPE, left y- axis; in
J/kg) and rainfall (right y-axis; in mm/day) anomalies for strong dry
case over CI. f Same as e but for weak dry case. Similar to Fig. 2c,
shaded regions show the spread of the values around the mean at each
lag day
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Vertical shear over CI shows persistently stronger behavior
in the strong dry case and exhibits a maxima at lag-(-5). This
strong easterly shear gives rise to the generation of baro-
tropic vorticity to the north of the convection center, which
in turn leads to the genesis of barotropic divergence in the
free atmosphere. This helps for boundary layer convergence
to the north of the existing convection (Jiang et al. 2004).
Difference in the vertical shear in the two case arises from
the difference in the strength of the 200 hPa level wind after
lag-0 (Fig. 6b). During lag-5 to lag-15 upper level winds are
persistently roughly 4 m/s stronger in the strong dry case as
compared to weak dry case, which contributes to the differ-
ence in the vertical shear.

Why does the 200 hPa level wind shows this marked
difference? Primary mechanism that maintains the upper
level easterly jet over India arises from the thermal wind
balance, which depends upon the meridional temperature
gradient over the region. Two boxes are taken to determine
this temperature gradient, one over Tibet (30°N-35°N and
80°E-90°E) and the other over the EIO (2°S-3°N and 75°E
—85°E). 200 hPa air temperature difference between these
two boxes provides an estimate of the meridional tempera-
ture gradient over India. Strength of the upper level jet is
proportional to this temperature difference. It is observed
that the strong dry case witness nearly 2K higher tempera-
ture difference than that in the weak dry case (Fig. 6¢). This
difference sustains for almost 2 weeks spanning from lag-
(-7) to lag-7. This enforces the upper level jet to be much
stronger over India during the active spell resulting into
enhanced convection. As the convection sets in over CI, ver-
tical wind shear weakens (after lag-10). In contrast, the weak
dry case shows weaker signature of vertical wind shear dur-
ing and before lag-0. In fact, the vertical shear in the weak
dry case shows a minima during lag-0 to lag-(-10). This
could be related to the positive rainfall anomalies over CI at
that time in weak dry case (by definition), possibly arising
from small-scale synoptic disturbances, which weakens the
vertical shear of winds over the region. An increase in the
vertical shear can be seen after lag-10 in the weak dry case.

Vertical wind shear plays an instrumental role in the ini-
tiation and evolution of northward march of ISO. Develop-
ment and maintenance of convective bands require further
favorable atmospheric conditions, for example, the large-
scale stability of the atmosphere. The stability of the atmos-
phere can be examined by defining vertical moist stability
(VMS) of an atmospheric column. VMS is defined as the
difference between the vertically integrated MSE of the top
and the bottom of the atmosphere (MSE,,, — MSE,,,,,)
(Neelin and Held 1987). Increase in VMS would indicate
stability of the atmosphere. VMS below a certain thresh-
old provides a necessary condition for the existence of deep
convective cloud structures (Srinivasan and Smith 1996). In
Fig. 6d, we show VMS averaged over CI for both the cases.
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It is seen that the VMS values are higher in strong dry case
during lag-0 to lag-10, indicating that CI possesses more
stable atmosphere during break-spell in the strong dry case
compared to weak dry case. However, after lag-10, stabil-
ity in the strong dry case drops quickly and remains lower
compared to the weak dry case.

The convective available potential energy (CAPE) is also
a good indicator of atmospheric stability and a measure of
the positive buoyancy of air parcel. CAPE is computed by
integrating vertically the buoyancy of an air parcel from the
level of free convection to the equilibrium level. For both
the strong and weak dry cases, CAPE is computed over the
Cl region and it is found that the CAPE shows a strong rela-
tion with the rainfall anomalies over CI for strong dry case
(Fig. 6e). CAPE over CI attains minimum value during a
week before lag-0. Within a few days, CAPE builds up over
CI and in 10-12 days after lag-0 it attains maxima in the
strong dry case. The rainfall pattern follows the same varia-
bility but with a lag of roughly a week. Rainfall maxima over
CI is observed at lag-20, as we already seen from Fig. 2c.
This is consistent with the idea of development of CAPE
before deep convection occurs. Negative CAPE anomalies
near lag-0 in the strong dry case is consistent with the fact
that the meridional overturning circulation over the region
is stronger in this case and the descending branch of Had-
ley cell suppresses convective activity (Fig. 5a). Slow and
steady development of CAPE is associated with northward
march of SST anomalies. Strong persistent SST anomalies
over the EIO and Hadley cell structure during and before
lag-0 are consistent with the CAPE values over CI. This
study also indicates the lead-lag relation (of roughly a
week’s timescale) of CAPE and precipitation. Phase relation
between convection and precipitation at diurnal timescale
has been studied in the Indian summer monsoon context
(Subrahmanyam et al. 2015). But this relationship within the
intraseasonal timescale has never been documented before.
These findings would provide new insight on the stability of
the atmosphere and convection which is essential for con-
vective parameterization in dynamical models predicting
rainfall over India.

In the weak dry case, this lead-lag relationship is not pro-
nounced and higher CAPE values are present over CI dur-
ing and just after the phase when convection is located over
eastern EIO (lag-1 to lag-10) (Fig. 6f). This increased value
in CAPE is associated with the positive rainfall anomalies
over CI in the weak dry case. Possibly these atmospheric
conditions in terms of higher values of CAPE favors faster
propagation rate for weak dry case compared to the strong
dry case. However, CAPE sharply diminishes after lag-10
making the CI atmosphere less favorable for deep convec-
tion. Thus, the intraseasonal wet lobe in the weak dry case
experiences a more stable atmosphere with lesser CAPE val-
ues than in the strong dry case. In spite of the presence of
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higher surface specific humidity anomalies, this essentially
reduces rainfall anomalies over CI in active spell in the weak
dry case.

Similar analysis over the BoB shows stronger intrasea-
sonal character in the strong dry case (Figure S6). However,
vertical shear, VMS and CAPE show much weaker variabil-
ity during the intraseasonal passage over BoB as compared
to over land in CIL.

5 Summary and discussions

In this study, we demonstrate that the nature of northward
propagation of convective bands from the EIO region in
intraseasonal timescale could depend on the previous dry
phase over CI. We classified northward propagating con-
vective ISO events from the EIO region into two catego-
ries based on the strength of the simultaneous dry lobe over
the central Indian region. Strong dry events are those when
strong convection over EIO in the intraseasonal timescale
coincides with strong dry anomaly over CI. Our analysis
suggest that stronger dry phase over CI leads to slower and
stronger low-frequency intraseasonal variability in rainfall
anomalies. Northward march of ISO is also stretched into
a larger meridional extent in the strong dry case. In other
words, if a dry lobe arrives with a large amplitude over cen-
tral India, it is noted that it impacts the next wet lobe, whose
arrival over central India ends up with large rains. Different
atmospheric conditions, for example, surface humidity, east-
erly vertical wind shear, and stability of the atmosphere pos-
sibly play crucial role in determining the northward march of
convective bands from the equatorial Indian Ocean.

Strong dry conditions over CI co-exists with stronger
easterly vertical shear, which may eventually destabilize the
atmosphere and builds up CAPE in a matter of few days.
These conditions are favorable for the generation of bound-
ary layer convergence to the north of the convection. Also,
the skin temperature and near surface specific humidity
anomalies over the region are favorable in generation and
propagation of Rossby waves from eastern EIO. Moisture
convergence along with cyclonic vorticity is seen over the
Indian region in strong dry case. Our results are consistent
when the northward propagating ISO behavior is examined
based on a box over BoB instead of CI (Figures S1-S7 in
the SI). This study further warrants sensitivity model tests
to verify the results found in our work.

Convection over the eastern EIO in intraseasonal time-
scale is highly modulated by MJO and there are few studies
that showed links between the Indian monsoon rainfall and
MIJO phases (Pai et al. 2011). We also find similar results
in our study, which shows a strong correspondence between
the MJO phases and convection over the eastern EIO and CI.
Figure 7a shows composite rainfall anomalies in the different

phases of MJO (as defined in Wheeler and Hendon (2004))
over 1998-2014. Phases 1-3 corresponds to strong positive
rainfall anomalies over the eastern EIO. Negative rainfall
anomalies over CI are strongest during phase 1.

To understand better how the eastern EIO and CI rainfall
are linked with the MJO phases, we calculated the num-
ber of days when ISO-filtered rainfall anomalies over these
regions are more/less than + 1/— 1 standard deviation and
estimated how these days are distributed within the 8§ MJO
phases (Fig. 7b—e). It is observed that nearly 60% of the
days when ISO-filtered rainfall anomalies over the eastern
EIO is more than + 1-standard deviation coincide with MJO
phases 1 and 2. These phases are also when CI witness dry
conditions, indicating the possible link between MJO and
intraseasonally varying signal over the region. The associa-
tion is stronger when the MJO is strong. Phases 5 and 6 are
favorable for eastern EIO dry ISO phase, and almost at the
same time (phases 4 and 5) wet conditions associated with
ISO are observed over CI. Results are consistent when we
perform analysis considering the box over BoB (Figure S7).

In spite of the fact that we calculated the rainfall ISO in
our analysis in a completely different way than the MJO
indices were produced in Wheeler and Hendon (2004) using
OLR and zonal wind datasets, MJO phases and ISO over
the south Asian region shows strong association and sug-
gests that the two signals might not be physically independ-
ent. Understanding the actual physical mechanism on how
eastward propagating MJO and northward propagating ISO
are linked requires meticulous observational analysis and
numerical modeling.

The results presented here also supports previous find-
ings on decreasing strength of ISO variability over India in
recent decades (Karmakar et al. 2015, 2017a). This decrease
is associated with an increase in the number of extreme rain
events in the monsoon season, especially during the break
phase over CI. Increased extreme rainfall events tend to
reduce the easterly vertical shear and stabilize the atmos-
phere during the subsequent active phase (Karmakar et al.
2017a). Low pressure systems (LPS) originating from the
BoB, which are often linked with extreme rain events are
strongly modulated by the large-scale circulation associ-
ated with intraseasonal variability (Goswami et al. 2003;
Krishnamurthy and Ajayamohan 2010; Karmakar et al.
2015). Active spells are characterized by a significantly
increased number of LPS as compared to break spells. It was
shown that the increase in the extreme rain events over CI
are closely associated with an increase in weak LPS (Ajay-
amohan et al. 2010). Although it is speculative at this point,
increased extreme rain events can decrease the strength of
the dry spell over CI. This might lead to weaker active phase
rainfall and eventually lesser seasonal mean. A study on how
LPS/extreme rain events contribute to the two different cases
of active spells over CI described in this study could lead us
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Fig.7 a Composited May—October rainfall anomalies (mm/day) for
different phases of MJO (based on Wheeler—-Hendon index) during
1998-2014. Dots indicate the regions where the mean is significantly
(at 5% level) different from 0. b Percentage of days when rainfall
anomalies associated with ISO over eastern EIO exceedes + 1-stand-
ard deviation in different phases of MJO. ¢ Same as b, but for days
when rainfall anomalies associated with ISO over CI are below —
1-standard deviation. d Same as b, but for days when rainfall anom-

to better understand the mechanics of active-break cycle in
a warming climate.

There has been a lot of debate on how the Indian sum-
mer monsoon rainfall might change in the background of
increasing SST and moisture, and enhanced greenhouse
gas emissions (Turner and Annamalai 2012; Sharmila et al.
2015). However, weakening large-scale circulation over the
region could act in a different way to change the seasonal
mean (Karmakar et al. 2017a). Aerosols also can be a crucial
factor in determining the rainfall patterns in intraseasonal
timescale (Krishnamurti et al. 2013; Vinoj et al. 2014; Bhat-
tacharya et al. 2016). Present study aims to understand some
of the features ISO possess from an observational perspec-
tive and thus can be used to increase our knowledge on the
possible changes in the nature of ISO. These results can also
help in improving the short-to-medium range forecasting of
rainfall over the Indian region.
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