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Abstract—The present study aims to elucidate the intraseasonal

oscillations (ISO) of atmospheric convection and air–sea fluxes

over the Indian region during summer monsoon season. To

accomplish this, the study employs the extended empirical

orthogonal function-based bimodal ISO index developed by

Kikuchi et al. [Clim Dyn 38(9–10):1989–2000, 2012]. The prop-

agation of deep convective anomalies and air–sea fluxes are

explored during the different phases (P1–P8) of the bimodal index.

This is achieved by examining the Tropical Rainfall Measuring

Mission satellite rainfall, outgoing long-wave radiation (OLR), sea

surface temperatures (SST), downward shortwave radiation (DSR)

and reanalysis products of 850-hPa winds, potential vorticity and

latent heat fluxes (LHFs). Composite analysis of the anomalies

depicts the strong (weak) northward (eastward) propagation of

convective anomalies over the Indian region (equatorial Indian

Ocean). Over the Indian region, active (suppressed or weak) con-

vection is evident during the phases of P4 and P5 (P1, P2 and P7,

P8). Enhanced deep convection is lead by a phase of 850-hPa

westerly winds and negative SST anomalies. Signatures of ISO

during different phases are examined from Research Moored Array

for African-Asian-Australian Monson Analysis and Prediction

(RAMA) buoy observations over the Bay of Bengal. Rainfall, SST

and LHF anomalies from RAMA buoy measurements are in con-

currence with the spatial composites of bimodal ISO phases.

Plausible drivers for the variability of intraseasonal convection and

air–sea fluxes were reviewed using published observational and

modelling studies. Findings from the present study advocate the

applicability of Kikuchi bimodal index [Clim Dyn

38(9–10):1989–2000, 2012] over the Indian region and have

practical application for the validation of ocean-atmospheric cou-

pled models.

Key words: Indian summer monsoon, intraseasonal, bimodal,

convection and air–sea fluxes.

1. Introduction

1.1. Tropical Intraseasonal Oscillations (TISO)

The spatial scales of tropical atmospheric circu-

lations range from a few mm (e.g. turbulent process)

to 1000 km (e.g. African easterly waves). Similarly,

temporal scales of motions range from a few seconds

(e.g. turbulent eddies) to decades (e.g. Pacific decadal

oscillations). Though spatial and temporal scales of

these tropical oscillations are different, they con-

stantly interplay with one another (e.g. Bonell and

Bruijnzeel 2005; Krishnamurti et al. 2013; Anandh

et al. 2018). In the tropics, the atmosphere shows a

dominant mode of variability at an intraseasonal

(20–60 days) scale, often called tropical intraseasonal

oscillation (TISO). The TISO displays a significant

seasonal variation; during boreal winter it is charac-

terized by eastward propagation along the equator,

popularly known as the Madden–Julian oscillation

(MJO). In contrast, during the boreal summer, the

TISO or boreal summer intraseasonal oscillation

(BSISO) exhibits eastward, northward, north-east-

ward and westward complex propagation over the

regions of tropical Indian ocean, western Pacific and

western North Pacific (e.g. Madden and Julian 1994;

Yun et al. 2010; Krishnamurti et al. 2013; Kikuchi

et al. 2012; Lee et al. 2013; Singh and Dasgupta

2017).

The MJO is the best example of the large-scale

atmospheric circulations in the tropics; it has char-

acteristic periods of 30–90 days, associated with the

deep convection, and propagates eastward at an

average speed of 5 m s-1 across the equatorial Indian

Ocean to the western/central Pacific Ocean. The

onset, active and break phases of the summer and

winter monsoons are associated with the active and
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suppressed convection phases of the MJO over the

Indian and Pacific Oceans (e.g. Madden and Julian

1971, 1972; Moncrieff et al. 2012; Zhang 2005;

Zhang et al. 2013; Zhu et al. 2017; Anandh et al.

2018). The BSISO has been conceptualized to

differentiate it from the MJO (e.g. Lawrence and

Webster 2002; Lee et al. 2013; Wang et al. 2018).

The main convective zones of the BSISO propagate

away from the equator to northern latitudes (* 10�N
to 20�N) over the Indian sub-continent and western

North Pacific (e.g. Yun et al. 2010). In the global

monsoon system, the BSISO is one of the most

dominant sources of short-term variability of the

Asian summer monsoon and the East Asian summer

monsoon season (Kikuchi et al. 2012; Lee et al.

2013).

Emanuel (1987) made the first attempt to study

the intraseasonal oscillations (ISO) using an air–sea

interaction model. His findings suggest that anoma-

lous surface heat fluxes attributed to the temperature

perturbations may lead to eastward propagation of

30–60 oscillations. An idealized model has been used

to understand the origin of TISO. Eastward propaga-

tion of a convective system (clouds) arises in relation

with the interaction between the convection and

dynamics of the system, and the theory is referred to

as the mobile wave conditional instability of second

kind (CISK) mechanism. East–west sea surface

temperature (SST) distribution can induce changes

in the amplitude of the CISK mechanism (Lau and

Peng 1987). The TISO dynamics and the roles of

convective interaction with tropical boundary layer

dynamics such as moisture convergence were exam-

ined by Wang and Li (1994). The convergence at the

equator plays an important role during the life cycle

of the MJO (Maloney and Hartmann 1998). Raymond

and Fuchs (2009) hypothesized that the MJO is

mainly driven by moisture mode instability. Later,

Sobel et al. (2008, 2009) suggested that the heat

fluxes from the ocean to atmosphere play a major role

in driving the TISO. In the tropical atmosphere,

several multiscale processes generate the TISO; these

are significantly associated with the organized syn-

optic-scale circulations (e.g. Majda and Biello 2004).

Theories that are responsible for the genesis of TISO

were reviewed by Seo and Song (2012). Observa-

tional and recent modelling studies indicating that

ocean–atmosphere coupling is vital for the sustain-

ability of TISO (e.g. Hu et al. 2017).

Previous observational and modelling studies

indicate that the bimodal characteristics of ISO play

a vital role during the Indian summer monsoon (ISM)

(e.g. Kikuchi et al. 2012). Thus, the spatial and

temporal changes of air–sea fluxes and atmospheric

convection in relation with the bimodal nature of ISO

may enable better understanding of monsoon dynam-

ics. The next section will provide a succinct overview

of selected literature of relevance to the work. This

will include selected global work and findings from

previous contributions undertaken at the much larger

Indian continental and South Asian scales.

1.2. An Overview of Intraseasonal SST and Air–Sea

Flux Variability

Observations of the TISO have been reviewed by

many researchers (e.g. Krishnamurti et al. 1988;

Madden and Julian 1994; Zhang 1996; Lau and Sui

1997; Hendon and Glick 1997; Sengupta et al. 2001;

Araligidad and Maloney 2008; Zeng and Wang 2009;

Kikuchi et al. 2012; Roxy et al. 2013; Wang et al.

2018; Hazra and Krishnamurthy 2018). SST varia-

tions can occur at various spatial and temporal scales.

Previous researchers have documented well the

relationship between the TISO and SST ISO using

in situ and satellite measurements. Intraseasonal SST

variations and their relation to latent heat fluxes

(LHFs) are established using Tropical Ocean Global

Atmosphere Tropical Atmosphere–Ocean (TOGA-

TAO) moored buoy observations over the equatorial

western Pacific Ocean (Zhang and McPhaden 1995).

Zhang (1996) used TOGA-TAO observations to

examine the surface atmospheric intraseasonal oscil-

lations, and they explained the relationship between

the SST and deep convection. In addition, the

occurrence of variations at the air–sea interface can

play an active role in TISO above the boundary layer.

The genesis of the MJO, SST coupling, atmospheric

convection and surface fluxes is one of the complex

multiscale phenomena (Lau and Sui 1997). Internal

dynamics of the MJO produce time-varying SST,

which might also affect the evolution of convection.

During MJO propagation, the occurrence of maxi-

mum SST is reported between the cloudy and fair-
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weather regions (Shinoda et al. 1998). Over the

western Pacific, intraseasonal variations of SSTs are

driven by shortwave radiation and LHFs. In contrast,

over the Indian Ocean, SST variations are mainly

controlled by shortwave radiation (Shinoda et al.

1998). Jones et al. (1998) revealed the possible

feedback mechanism between the MJO and SST

variations over the equatorial Pacific and Indian

Oceans. The spatial and temporal features of SST and

surface heat fluxes on intraseasonal scales revealed

the importance of appropriate mixed layer depths

over the equatorial Indian Ocean and Pacific Ocean

(Woolnough et al. 2000).

The sub-seasonal changes of SST, surface winds

and atmospheric convection are well related over the

Bay of Bengal (BoB) during the ISM (e.g. Sengupta

and Ravichandran 2001; Vecchi and Harrison 2002).

The northward propagating ISO or BSISO are closely

linked with the underlying SST, surface convergence,

vorticity, and surface heat fluxes (Sengupta et al.

2001; Fu et al. 2003; Fu and Wang 2004). Zheng

et al. (2004) used the coupled general circulation

model to understand the role of SST and TISO, and

their findings suggest a near-quadrature relationship

between the SST and precipitation with TISO. The

air–sea flux variability in the ISO time scale can

generate the SST perturbations north of the enhanced

convection by two different processes; i.e. by cloud-

shortwave radiation and wind evaporation (e.g.

Hendon 2005). The BSISO has a typical wavelength

of nearly 2000 km, and the northward propagation of

the ISO is primarily attributed to the asymmetric

specific humidity, internal atmospheric dynamics and

air–sea interaction (e.g. Jiang et al. 2004). Roxy and

Tanimoto (2007) identified the relationship between

the northward-propagating positive SST anomalies

(SSTAs) and surface air temperatures with north-

ward-propagating precipitation anomalies. In the

South China Sea, intraseasonal oscillations of LHFs

reveal that, during the ISM, intraseasonal variations

of latent-heat fluxes are well related with the wind

speed, whereas during winter season, LHFs are well

correlated with winds and surface moisture (Zeng and

Wang 2009). The National Centers for Environmen-

tal Prediction (NCEP) climate forecast system

coupled with regional simulations indicate that

intraseasonal composites of surface winds, LHFs,

downward shortwave radiation (DSR) and SST could

provide the mechanism for the northward propagation

of TISO. The total surface enthalpy fluxes and its

feedbacks with the TISO are one of the plausible

factors in providing the energy sources for TISO

disturbances (Sobel et al. 2009). The amplitude of the

northward-propagating TISO is consistent with the

magnitude of air–sea interactions in the Indian Ocean

(Achuthavarier and Krishnamurthy 2011). In the

western wing of the North Indian Ocean, i.e. in the

Arabian Sea, SST intraseasonal variations are mainly

attributed to wind stress variations, whereas in the

eastern wing, i.e. the BoB, heat flux variations are

primarily driving the intraseasonal SST variations

(Vialard et al. 2012). Recently, Zhu et al. (2017)

studied the impacts of SST feedback on the MJO

propagation across the Maritime Continent. Their

findings revealed the importance of meridional winds

along with the convectional zonal wind analysis in

representing the realistic SST conditions.

1.3. Overview of Intraseasonal Oscillation: ISM

The active and break phases of ISM rainfall are

associated to primary oscillations of the TISO (e.g.

Ramamurthy 1969; Goswami et al. 1984; Hazra and

Krishnamurthy 2018; Srinivas et al. 2018). Active

and break spells are the building blocks of the ISM,

which are mainly modulated by the ISO such as MJO

and BSISO (e.g. Abhik et al. 2013). During the ISM,

the ISO are associated with northward and southward

propagation of the tropical convergence zone (Gos-

wami and Mohan 2001). Earlier studies pertaining to

observational evidences and associated mechanisms

of ISO are discussed here. A ‘quadrapole’ structure

with dominant modes of 30–60-day and 10–20-day

variability is observed over the Asian monsoon

domain (Annamalai and Slingo 2001). The genesis

of low-pressure systems during the ISM in the North

Indian Ocean are linked with the ISO (Goswami et al.

2003). Over the ISM core region, intraseasonal

variations (active and break events) are assessed

from the daily rainfall data (Rajeevan et al. 2010).

During the active periods, the positive rainfall

anomalies are evident over the entire peninsular

India, whereas during the break periods, active

convection migrates towards the northeast India and

Vol. 176, (2019) Intraseasonal Convection and Air–Sea Fluxes Over the Indian Monsoon Region 3667



over the foothills of the Himalayas (Krishnamurthy

and Shukla 2007). Rainfall anomalies over the Indian

subcontinent are associated with the ISO of oceanic

variables in the western coast of the India peninsula

and the northern BoB (Xi et al. 2015). The Tropical

Rainfall Measuring Mission (TRMM) rainfall esti-

mates evidently revealed the two complex modes of

ISO, i.e. 20–60- and 10–20-day modes, the latter

showing a complex north-westward-propagating

structure (Karmakar et al. 2017; Karmakar and

Krishnamurti 2018).

The key mechanism of low-frequency ISO is

provided by Krishnan and Venkatesan (1997), in

which their analysis suggests that the northward

propagation of monsoonal oscillations is mainly

driven by strong north–south differential heating.

Atmospheric internal dynamics are mainly attributed

to the monsoonal ISO (e.g. Goswami et al. 2006).

Air–sea interaction processes such as evolution of

SST, surface heat flux and convection are essential

for the ISO (Sengupta et al. 2001). Vecchi and

Harrison (2002) proposed the air–sea oscillator

mechanism in the BoB region to delineate active

and break phases of the monsoon. The northward

propagation of the BSISO is closely related to the

active/break cycles of the Asian summer monsoon

(e.g. Lawrence and Webster 2002). Joseph et al.

(2010) employed the Development of European

Multimodal Ensemble system for seasonal to

inTERannual prediction (DEMETER) coupled model

to assess the predictability of the interannual vari-

ability of the ISM. Their findings suggest that very

long breaks during the ISM are associated with the

MJO variability. Abhik et al. (2013) proposed a new

mechanism for northward propagation of the BSISO

based on hydrometeor variability of the upper and

lower atmosphere. Air–sea interactions on a sub-daily

scale play a significant role in manifesting zonal SST

variations; incorporation of sub-daily air–sea inter-

actions may improve the prediction of the ISO over

the tropical Asian monsoon region (Hu et al. 2015).

The moisture transport from the oceanic and terres-

trial sources plays an important role in the zonal and

meridional dipoles of rainfall anomalies over the

Indian region (Pathak et al. 2017). The warm

intraseasonal SSTAs and the associated positive

central Indian Ocean mode provide a favourable

environment for monsoon ISO (Zhou et al. 2017).

During the break periods of the ISM, barotropic

instability plays a dominant role, which is evident

with a reduction of the distance between the upper-

level subtropical westerlies and tropical easterlies

(Govardhan et al. 2017). Recent findings suggest that

northward propagation of the MJO might contribute

to the early, or delay of, monsoon onset over Kerala

(e.g. Bhatla et al. 2017). During the drought and flood

years of the ISM, the ISO shows distinct character-

istics over the BoB and Arabian Sea (Singh and

Dasgupta 2017). Recent modelling efforts have been

made for better understanding of the ISO during the

ISM season using high-resolution regional models

(Sperber and Annamalai 2008; Raju et al. 2015;

Parekh et al. 2017; Wu et al. 2018). From the above

studies, it is clear that during the boreal summer over

the Indian region and over the surrounding seas, the

ISO shows a distinct bimodal character. In this

context, Kikuchi et al. (2012) developed the bimodal

ISO index to delineate the active and suppressed

periods. Moreover, the bimodal ISO index is useful in

defining the phase and amplitude of ISO activity over

the tropics across the seasons. The primary focus of

the present study is to understand the variability of

convection and its relation with air–sea fluxes and

potential vorticity anomalies over the Indian region

during the ISM (JJAS months) by employing the

Kikuchi bimodal ISO index.

2. Data and Methods

In the recent years, the BoB marine observations

have been improved significantly. The efforts from

the international oceanography community is highly

appreciable through the Indian Ocean Observing

System (IndOOS). The Research Moored Array for

African-Asian-Australian Monson Analysis and Pre-

diction (RAMA) is an important component of the

IndOOS network-based in situ system (McPhaden

et al. 2009; Vissa et al. 2013). The parameters

included in the present study are SST, precipitation

and LHFs (derived) at the six buoys located at the 0�,
1.5�N, 4�N, 8�N, 12�N and 15�N along the 90�E
longitude for the period 2008–2015. Turbulent fluxes

were computed with the Coupled Ocean–Atmosphere
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Response Experiment (COARE) version 3.0 flux

algorithm (Fairall et al. 2003) using daily averaged

data. The ISO of the rainfall are examined using the

daily TRMM 3B42 rain rates for the period

2002–2015 during the ISM season (JJAS), and the

study area covers the geographic boundaries 40�E–

140�E and 20�S–40�N. Gridded (0.25� 9 0.25�)
daily SST and 850-hPa winds and potential vorticity

are taken from the European Centre for Medium-

Range Weather Forecasts (ECMWF) ERA-Interim

reanalysis (Gibson et al. 1997). The U.S. NCEP

National Center for Atmospheric Research (NCAR)

Reanalysis 1 project is using a state-of-the-art anal-

ysis/forecast system to perform data assimilation

using past data from 1948 to the present (Kalnay et al.

1996). Daily OLR and surface solar radiation down-

ward (SSD) are taken from the NCEP/NCAR

available at 2.5� 9 2.5� and 2� 9 2,� respectively.

National Aeronautics and Space Administration

released the Modern Era Retrospective-Analysis for

Research and Analysis (MERRA) reanalysis dataset

in 2010 based on the Goddard Earth Observing Sys-

tem Data Analysis System, version 5 [GEOS-5 DAS;

Rienecker et al. (2011)]. This global reanalysis covers

the period 1979–present. MERRA takes advantage of

a variety of recent satellite data streams. In the pre-

sent study we use MERRA latent heat flux data for

the same period as precipitation, and the spatial res-

olution of the data is 0.6� 9 0.5� (longitude by

latitude).

Kikuchi et al. (2012) developed a bimodal ISO

index using daily anomalies of outgoing long-wave

radiation (OLR), and 850- and 200-hPa zonal winds

based on extended empirical orthogonal functions

(EEOFs). The first two principal components of the

EEOF have been used to derive the amplitude and

phase of the bimodal ISO index. The bimodal index-

normalized amplitude greater than 1 was considered

in the present study (e.g. Yamaura and Kajikawa

2017). The bimodal ISO index used here is available

online at http://iprc.soest.hawaii.edu/users/kazuyosh/

Bimodal_ISO.html. The composite anomaly of the

each variable is extracted for bimodal ISO index

phases (P1–P8) by subtracting the JJAS means for the

period 2002–2015.

3. Results and Discussion

3.1. Variability of the Bimodal ISO Index

The bimodal ISO index with amplitude greater

than one (active days) are considered for the period

2002–2015 during the JJAS months. The total

number of active days during the JJAS months of

different years is shown in the Fig. 1. During the

years 2002–2008, the numbers of active days are

high, whereas in the years 2009–2015, the numbers of

active days are decreased. The differences in active

days during the two periods can be linked with the

northward-propagating acceleration of the BSISO

and decrease of convection over the tropical Indian

Ocean and the western tropical Pacific (Yamaura and

Kajikawa 2017). During 2002 and 2009, the North

Indian Ocean and Indian subcontinent experienced

severe drought conditions (e.g. Gadgil et al. 2004;

Francis and Gadgil 2009). However, during these

years, active bimodal ISO days are relatively high (79

and 82 days), active ISO days are associated with

inactive convective centres of the Indian Ocean (P1–

P3 and P7–P8; not shown here). The average numbers

of active bimodal ISO days during the ISM months

are shown in Fig. 2; the higher number of active days

are noticed during the months of June to August. This

signifies the BSISO mode is dominant during the

months of June to August; results are in agreement

with the Kikuchi et al. (2012) and Li et al. (2016).

3.2. Spatial Composite Anomalies of SST, Winds,

LHF, OLR, Precipitation and PVA During

the Bimodal ISO Phases

Intraseasonal variability of 850-hPa winds is

assessed with spatial composites of wind anomalies

during the different bimodal ISO index phases (P1 to

P8; hereafter, P1 to P8 refers to bimodal ISO index

phases), as shown in Fig. 3. Strong intraseasonal

variability of 850-hPa wind anomalies is evident

during the different phases. During the P2 and P3

phases, easterly wind anomalies are predominant

over the North Indian Ocean and Indian peninsula

regions, whereas westerly wind anomalies are noticed

during P4–P7 bimodal index phases over the ISM

core region (50�–95�E, 5�–20�N), and prominently
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during the P5 and P6 phases. Strengthening of the

low-level jet stream around 15–20� north latitudes

signifies the active conditions of summer monsoon

season (e.g. Webster et al. 2002; Joseph and Sijiku-

mar 2004). Over the equatorial central Indian Ocean

(60�E–80�E), westerly (easterly) wind anomalies

prevail during the P2 and P3 periods (P5–P7). Spatial

composites of SSTAs during the different phases are

shown in Fig. 4. During the P6–P8 and P1 phases,

negative SSTAs are evident over the Arabian Sea,

Figure 1
Number of days of the bimodal ISO index (amplitude[ 1, for all phases P1 to P8) in each year for the study period 2002 to 2015 during the

Indian summer monsoon season (JJAS)

Figure 2
Average number of days per month based on bimodal ISO amplitude
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BoB and over the South China Sea, whereas positive

SSTAs are evident during P2–P5 phases. Initiation of

negative SSTAs are evident over the Arabian Sea

during phase P5. Negative SSTAs in the south eastern

Arabian Sea during phases P4–P6 signify the active

monsoon season caused by the propagation of an

Figure 3
The composite of JJAS 850-hPa wind speed anomalies (m s-1) and vectors denotes the direction under different phases (P1 to P8) of the

bimodal ISO index for the study period 2002 to 2015

Figure 4
Same as Fig. 3, but for the sea surface temperature anomalies (SSTAs; �C)
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oceanic Rossby wave (Rai et al. 2017). Quasi-mirror

images of SSTAs are evident over the equatorial

Indian Ocean and North Indian Ocean. Intraseasonal

SST variations are mainly attributed to the DSR and

LHF (e.g. Hazra and Krishnamurthy 2018). In this

context, SSTA perturbations are assessed with the

DSR and LHF anomalies (LHFAs) during different

phases. This is useful to understand the lead/lag

relationship between the SSTA and radiative and

turbulent fluxes.

Spatial composites of DSR anomalies (DSRAs)

during bimodal index phases (P1 to P8) are shown in

Fig. 5. In the north of 10�N, negative (positive)

DSRAs are evident during the P4–P7 phases (P1–P3

and P8 phases), whereas weak positive DSRAs in the

equatorial Indian Ocean are evident during phases

P4–P7. DSRAs and SSTAs are in phase during all the

phases, whereas SSTAs lag behind the DSRAs by a

phase. Spatial composites of LHFAs during bimodal

index phases (P1 to P8) are shown in Fig. 6. During

phase P1, the negative LHFAs are prominent over the

northern BoB; during phase P3, these anomalies

spread over the whole BoB and Arabian Sea, whereas

positive LHFAs are seen during phases P5–P7,

predominantly over the BoB during phase P5.

Similarly, over the equatorial Indian Ocean, positive

(negative) LHFAs are evident during phases P1–P3

(P5–P7). Pronounced positive (negative) LHFAs are

evident over the regions of negative (positive) SSTAs

and westerly (easterlies) wind anomalies. Previous

studies (Shinoda et al. 1998) suggested that intrasea-

sonal SST variations over the Indian Ocean are

primarily controlled by insolation, whereas the pre-

sent study reveals that both radiative (DSRAs) and

surface heat fluxes (LHFAs) are important in con-

tributing to the SST variations with a phase lead.

Composite OLR anomalies (OLRAs) during

bimodal ISO phases (P1–P8) are shown in Fig. 7.

Northward, eastward and north-eastward propagation

of (negative OLRA) deep convection is depicted

during different phases. Over the North Indian Ocean

and Indian subcontinent (central equatorial Indian

Ocean), active convection is evident during the P4–

P6 phases (P1–P3), whereas suppressed convection is

evident during phases P1, P2, P7 and P8 (P4–P8).

Negative OLRAs and 850-hPa westerly wind anoma-

lies are in phase during all the phases. During the

phase P1, convection (negative OLR) is prominent

over the equatorial Indian Ocean; from phase P2

onwards it started propagation in the eastward,

northward and weak southward direction. During

phase P3, convection reached southern India and the

Figure 5
Same as Fig. 3, but for the downward solar radiation anomalies (DSRAs; W m-2)
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Maritime Continent; in the subsequent phases (P4 and

P5), organized convection established over central

India and the western Pacific as a tilted band of

convection from northwest India to the western

Pacific. Similar kinds of intraseasonal variations

associated with convection of the eastward-propagat-

ing MJO and northward-propagating BSISO are

reported by Krishnamurthy (2018) by using multi-

channel singular spectral analysis. Further, OLRA

variations signifying the dipole pattern of positive

Figure 6
Same as Fig. 3, but for the latent heat flux anomalies (LHFAs; W m-2)

Figure 7
Same as Fig. 3, but for the outgoing long-wave radiation (OLR) anomalies (W m-2)
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convective anomalies over the oceanic tropical con-

vergence zone and continental tropical convergence

zone during phases P1–P3 and P4–P6, respectively,

are in concurrence with the findings of Goswami and

Mohan (2001) and Pai et al. (2011). Positive (neg-

ative) SSTAs and easterly (westerly) wind anomalies

are concurrent in the North Indian Ocean. Deep

convection (both eastward and northward) leads the

westerly winds by a phase. TRMM rainfall composite

anomalies during the different phases are shown in

Fig. 8; the rainfall anomalies are in phase and

concurrent with the OLR anomalies. Northward

(Indian region) and eastward (equatorial Indian

Ocean) propagation of positive rainfall anomalies

are noticed during phases P4–P6 and P1–P2, respec-

tively. During phase P3, both northward and eastward

propagation of active convection is apparent. Nega-

tive rainfall anomalies are evident during the phases

P1, P2, P7 and P8 over the core Indian summer

monsoon region, whereas during phases P2 and P3,

positive anomalies are noticed over the leeward side

of the Western Ghats (rain-shadow region) and over

the eastern side of foothill side of Himalayas (e.g.

Tawde and Singh 2015; Anandh et al. 2018). Above

normal rainfall over the leeward side of the Western

Ghats and foothills of the Himalayas is associated

with the break phases of the ISM (e.g. Krishnamurthy

and Shukla 2000). Spatial composites of potential

vorticity anomalies during different phases are

displayed in Fig. 9. The dynamic and thermal state

of the atmosphere can be assessed by analysing

potential vorticity (e.g. Hoskins and Rodwell 1995;

Joseph and Sijikumar 2004; Zhou and Li 2010). The

spatial structure of the low-level jet variability at

850 hPa during the active and break phases of the

monsoon is elucidated from potential vorticity

anomalies (Rai et al. 2017). Intraseasonal potential

vorticity anomalies such as significant northward and

weak eastward propagation of positive potential

vorticity anomalies are evident during the different

phases. Potential vorticity anomalies mirror the

OLRAs; e.g. over the south (north) of 15�N, positive

(negative) potential vorticity anomalies are evident

during phases P1–P3 (P4–P7). Negative potential

vorticity anomalies over the south-eastern Arabian

Sea during phases P5 and P6 could be associated with

a decrease of material modification of potential

vorticity, which is also evident in the wind patterns;

i.e. strong westerly anomalies over southern India.

During phases P1–P3, active eastward propagation of

convection is evident over the equatorial Indian

Ocean; however, low values of potential vorticity

Figure 8
Same as Fig. 3, but for the TRMM 3B42 rainfall anomalies (mm day-1)
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anomalies are noticed. This could be associated with

low values of planetary vorticity (‘f’) and low relative

vorticity values as depicted by the 850-hPa wind

anomalies during these phases over equatorial Indian

Ocean. Large-scale variability of potential vorticity

anomalies during different phases portrayed in the

present study is in agreement with the findings of

Hoskins and Rodwell (1995), Joseph and Sijikumar

(2004) and Rai et al. (2017).

3.3. LHF, Rainfall and SSTA Variability from RAMA

Measurements

During the different phases of the bimodal ISO

index, daily composites of latent heat flux, rainfall

and SSTAs tracked using six RAMA buoy observa-

tions over the BoB along the 90�E at the 0�, 1.5�N,

4�N, 8�N, 12�N and 15�N latitudes are displayed in

Fig. 10. In concurrence with the spatial patterns of

TRMM rainfall anomalies, positive LHFA and SSTA

anomalies at 15�N and 12�N are evident during

phases P4 and P5, whereas negative anomalies are

noticed during phases P1–P2 and P7–P8. At the lower

latitudes (0�, 1.5� and 4�N), variability of anomalies

captures the weak eastward propagation of the MJO.

A time series of daily LHFA, SSTA and rainfall

anomalies at RAMA buoy locations at 15�N and 90�E

along with bimodal ISO index phase and amplitude

are shown in Fig. 11. For the period 2011–2012, data

is missing over the location. Positive (negative)

rainfall and LHFAs are evident during the phases

P3 to P5 (P1 and P8). Lag between the active

convection and negative SSTAs are evident over the

location; these results are consistent with Woolnough

et al. (2000). Spatial composites are made in the

present study with amplitude greater than 1, whereas

in this location, observed rainfall anomalies signify

that with bimodal ISO and its amplitude\ 1 also

captures the ISO signals.

4. Conclusions

In the tropics during the ISM, the ISO portrays a

bimodal character as an eastward-propagating MJO

and a dominant northward-propagating BSISO. The

present study examines the intraseasonal atmospheric

convection, air–sea fluxes and potential vorticity

anomalies during the ISM. Accurate representation of

bimodal ISO character is crucial for better under-

standing of the internal monsoon dynamics and

rainfall prediction. In this regard, Kikuchi et al.

(2012) developed the bimodal ISO index based on

EEOFs. The bimodal ISO index, phases and

Figure 9
Same as Fig. 3, but for the 850-hPa potential vorticity anomalies (10-8 9 K m2 kg-1 s-1)
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amplitude specify the location and strength of con-

vective centres of the ISO. In the present study, we

have adopted the bimodal ISO index to delineate the

representative phases (P1–P8) of northward and

eastward propagation of the ISO over the Indian

region and surrounding seas. Composite maps of

850-hPa winds, potential vorticity, DSR, LHF, SST,

rainfall and OLR anomalies are analysed during the

bimodal ISO phases. Active northward (eastward)

propagation of the BSISO (MJO) is evident during

phases P4–P6 (P1–P2) over the Indian region and

North Indian Ocean (central equatorial Indian

Ocean), which are associated with negative OLR,

DSR and SST, positive LHF, potential vorticity and

westerly wind anomalies at 850 hPa. During phase

P3, both eastward and northward ISO is evident over

the North Indian Ocean. The relationship between the

bimodal ISO phases and convective anomaly centres,

850-hPa winds and SSTAs are indicated in Fig. 12.

Deep convection (clear sky conditions) leads (by * 1

phase) enhanced westerly (easterly) winds and neg-

ative (positive) SSTAs; however, this relationship is

predominant over the North Indian Ocean. The pre-

sent study supports the relationship between the ISO

convection and surface heat fluxes, documented by

Shinoda et al. (1998) and Kemball-Cook and Wang

(2001), for the eastward and northward propagation

of convective anomalies (the MJO and BSISO),

Figure 10
The bimodal ISO index phase composites of latent heat flux (W m-2), rainfall (mm day-1) and SSTAs (�C) at six RAMA buoy observations

along 90�E at the a 15�N, b 12�N, c 8�N, d 4�N, e 1.5�N and f 0�
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respectively, for the summer monsoon season.

Kikuchi et al. (2012) were able to delineate and

represent the bimodal character of the ISO in terms of

air–sea fluxes and convection over the Indian Ocean.

The present study advocates that the bimodal ISO

index has practical application to ocean-atmospheric

coupled models during the summer monsoon season.
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