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Abstract: The Northern Indian Ocean is vulnerable to tropical
cyclone (TC) related hazards that adversely affect people,
infrastructure, and economies in the region. Considering the
region’s importance, supportive environmental factors for TC
(> 17 knots) activity in the Arabian Sea (AS) and the Bay of
Bengal (BoB) have been examined utilizing ocean-atmosphere
datasets (1891–2016). The reasons for more TCs during 2011
and 2015 and less during 2013 in the AS than the BoB have been
discussed. A decreasing (increasing) trend in the TC frequency
is observed in the BoB (AS), which correlates negatively
(positively) with sea surface temperature (SST). Though the
TC frequency is larger in the BoB, the AS has experienced
higher TC frequency on five occasions (1902, 2001, 2004,
2011 and 2015) during the 1891–2016 period. The observed
trend in the Indian Ocean Dipole (IOD) index emphasizes a
positive impact on the TC genesis in the AS. Results revealed
that warmer SSTs supported by the co-occurrence of El Niño/
Southern Oscillation (ENSO) and IOD events associated with
a relatively deep 26 °C isothermal layer (D26) enhanced the
TC formation in the AS during 2011 and 2015. The TC genesis
is suppressed under the neutral conditions of ENSO and IOD
(i.e., 2013) in the AS, and that brings the relative importance
of the SST cooling associated with a deeper mixed-layer and
shallow D26. Further, the observed differences in parameters
between the regions are larger during the primary TC peak
season (October - December). Although a recent increment of
TCs is noted in the AS (compared to the BoB), the specific roles
of the influencing factors on TC activities over the AS remain
debatable.
Keywords: Arabian Sea, Bay of Bengal, ENSO, IOD, tropical
cyclones.
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INTRODUCTION
Tropical cyclones (TCs) are one of the disastrous
natural hazards which cause numerous ecological and
economical losses to the environment and society under
favourable conditions. As TCs can cause catastrophic
losses, related studies have practical importance in
minimizing such possible damages. Nearly 7 % of TCs
in the world are considered to occur in the Northern
Indian Ocean (NIO) (WMO, 2008), which holds unique
characteristics compared to the other two major Oceans.
The Arabian Sea (AS) and the Bay of Bengal (BoB)
enhance the complexity of the NIO region. Mohanty et al.
(2012) demonstrated that the BoB contributes ~75 % of
TCs while AS constitutes the remaining 25 % in the NIO.
Due to the region’s importance, many recent studies have
been carried out to understand the TC activity in the NIO
(Evan & Camargo, 2010; Girishkumar & Ravichandran,
2012; Mahala et al., 2015). By utilizing data over 122
years (1877–1998), Singh et al. (2001) have suggested
that the TC activities in the BoB indicate an increasing
trend during November and May, while such a trend is
absent in the AS. Further, Webster et al. (2005) have
highlighted that the warming in the NIO is influencing
the increased TCs activity in the region. Studies have
shown that the TC frequency is high during the primary
(October - December) and the secondary (April - June)
TC peak seasons in the NIO and albeit their short-term
time scales and extreme conditions. Several studies have
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discussed the importance of upper-ocean variability
during the formation and intensification of TCs in the
NIO (Lin et al., 2009; Wang & Han, 2014).

anthropogenic warming on TC activity in the AS has
been argued in Murakami et al. (2017). It shows that the
continued anthropogenic forcing will further amplify
the risk of TCs in the AS. However, the interactive
influence from these phenomena to the formation and
intensification of TCs in the NIO is still debatable.
Thus, predicting the TC activity in the NIO has been a
challenging problem due to the dynamics in the region.

TC genesis is influenced by the warmer (> 28 °C) sea
surface temperature (SST), higher relative humidity (RH),
weaker tropospheric wind shear, and thermodynamically
unstable atmosphere (Henderson et al., 1998; McPhaden
et al., 2009). Also, Sarma et al. (1990) have pointed out
In this study, TC activity in the NIO during 1891–
that the cyclone heat potential and the depth of the 26 °C
2016
is examined by utilizing ocean-atmosphere
isothermal layer (D26) are two major influencing factors
datasets.
Further, using the most recent observations
for the TC activities in the region. Further, the two major
from
January
2010 to December 2016 as a case study, it
modes of climate variability, the El Niño-Southern
has
been
discussed
why did the AS only favoued the TCs
Oscillation (ENSO) (McPhaden, 2002) and the Indian
during
2011
and
2015
(i.e., did not favour during 2013),
Ocean Dipole (IOD) (Saji et al., 1999), are thought to
compared
to
that
observed
in the BoB. Understanding
influence the TC activity in the NIO (Girishkumar &
the
TC
activity
and
related
influencing
factors between
Ravichandran, 2012; Mahala et al., 2015). The impact of
the
AS
and
the
BoB
will
enhance
the
accuracy
of the
different phases of ENSO (La Niña, El Niño, and neutral
model
predictions
in
the
region.
ENSO)
positive IOD, nIOD: negative
2. and
DataIOD
and(pIOD:
Methodology
IOD, and neutral IOD) on the TC activity in the BoB have
The annual frequency of Depressions and Tropical Cyclones (D/TCs) over the AS and the BoB during 1891–
been discussed in Mahala et al. (2015). Further, the same
MATERIALS AND METHODS
obtained
from
the ofRegional
study2016
revealswas
that the
maximum
frequency
TCs in theSpecialized Meteorological Centre (RSMC), IMD
BoB(http://www.rsmcnewdelhi.imd.gov.in).
is observed during La Niña years, nIODThe
years,
and withThe
annual wind
frequency
of depressions
andhastropical
D/TCs
maximum
speed higher
than 17 knots
been
during the co-occurrence of La Niña with nIOD. Yuan
cyclones (D/TCs) over the AS and the BoB during
Depressions
knots),inCyclonic
Storms (34-47
and
Severe
Cyclonic Specialized
Storms (≥
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Cao (2013) where
have shown
that the(17–33
TC activity
the
1891–2016
was knots),
obtained
from
the Regional
NIO48
is knots)
notably(source:
influenced
by theBased
IOD on
mode
Meteorological
(RSMC),
RSMC).
the and
past PIOD
D/TCs events,
the region Centre
in the BoB
(5° N -Indian
20° N,Meterological
82° E - 96°
events associated with warmer (cooler) SST anomalies
Department (IMD). The D/TCs with maximum wind
E) and (weaken)
AS (5° N -the
20°convection
N, 58° E - 72°
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comparatively
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the atmospheric
oceanic
speed
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had beenand
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strengthen
overE)the
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17–33monthly
knots, sea
Cyclonic
34-47
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NIO. (Figure
However,
importance
of higher
conditions
1). less
Monthly
mean data
from extended
reconstructed
surfaceStorms:
temperature
knots, severe cyclonic storms: ≥ 48 knots). Based on the
SSTs to the hurricane frequency in the North Atlantic
version 5 (ERSSTV5) was used to examine the SST variability during 1891–2016
past D/TCs events, the region in the BoB (5° N - 20° N,
Ocean has been discussed in Donnelly and Woodruff
(https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.ersst.html).
meridional
winds
82° E - 96° Monthly
E) and ASmean
(5° Nzonal
- 20°and
N, 58°
E - 72° E)
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(2007)
and has suggested that the noted variability in the
intense
hurricane
frequency
was
probably
modulated
by
selected
to
comparatively
examine
the
atmospheric
and
at 200 hPa and 850 hPa levels are extracted (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.
the atmospheric dynamics associated with ENSO and
oceanic conditions (Figure 1). Monthly mean data from
to examine
the variability
wind shear
during 1891–2016
in the
NIO. temperature
Westreanalysis.pressure.html)
African monsoon. Further,
the possible
impact of of the
extended
reconstructed
monthly sea
surface

Figure 1. The study area: the selected region (5° N - 20° N, 58° E - 72° E) in the AS (shaded in red) and the
Figure 1: The study area: selected region (5° N - 20° N, 58° E - 72° E) in the Arabian sea (shaded in red)
selected region
(5° N - 20° N, 82° E - 96° E) in the BoB (shaded in green)
and selected region (5° N - 20° N, 82° E - 96° E) in the Bay of Bengal (shaded in green)

ENSO intensity was calculated based on Niño 3.4 index, which is an area average of SST anomalies over 5° N
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- 5° S and 170° W - 120° W (Kim et al., 2014) for the period of 1891–2016. For the same period IOD index

have been calculated, as the difference between SST anomalies in two regions of the tropical Indian Ocean
(west: 10° S - 10° N, 50° E - 70° E, and east: 10° S - 0° S, 90° E - 110° E) (Saji et al., 1999).
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version 5 (ERSSTV5) was used to examine the SST
heat flux data were obtained from the TropFlux (Praveen
Kumar et al., 2012). The daily data were smoothed using
variability during 1891–2016 (Huang et al., 2017)
a 30 d running mean filter. Further, the mixed-layer depth
Monthly mean zonal and meridional winds at 200 hPa
obtained
fromwere
the TropFlux
(Praveenbarrier
Kumarlayer
et al.,
2012). The
daily
were
(MLD),
thickness
(BLT),
26data
°C isothermal
and 850
hPa levels
extracted (http://www.incois.gov.in)
(Kalnay et al., 1996)
layer
depth
(D26),
and
20
°C
isothermal
layer
to examine
the
variability
of
the
wind
shear
during
1891–
smoothed using a 30-day running mean filter. Further, the Mixed-Layer Depth (MLD), Barrier Layerdepth
(D20) were computed using Argo data. The MLD has
2016 in the NIO.
Thickness (BLT), 26° C isothermal layer depth (D26), and
20°estimated
C isothermal
layer
depthwhere
(D20)the
were
computed
been
as the
depth
density
change is
equivalent
to
0.2
°C
temperature
criterion
starting
using
Argo
data.
The
MLD
has
been
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as
the
depth
where
the
density
change
is
equivalent
to
0.2°
Cfrom a
ENSO intensity was calculated based on Niño 3.4
reference
depth
of
10
m
(de
Boyer
Montegut
et
al.,
index, temperature
which is ancriterion
area average
offrom
SST aanomalies
over of 10 m (de Boyer Montegut et al., 2004). The BLT has2004).
starting
reference depth
The BLT has been computed as the difference between
5° N - 5° S and 170° W - 120° W (Kim et al., 2014) for
been computed as the difference between the top of thermocline
and the MLD
& Tomczak,
the top ofdepth
thermocline
depth (Sprintall
and the MLD
(Sprintall &
the period of 1891–2016. For the same period IOD index
Tomczak,
1992).
All
the
datasets
were
area-averaged
to
1992). Allasthe
sets werebetween
area-averaged
to facilitate the analysis.
was calculated,
thedata
difference
SST anomalies
facilitate
the
analysis.
in two regions of the tropical Indian Ocean (West: 10°
S - 10° N, 50° E - 70° E, and East: 10° S - 0° S, 90° E Results
Discussion
110° E)3.(Saji
et al.,and
1999).
RESULTS AND DISCUSSION
3.1. Long term variability of the TC frequency in the NIO
Three recent years were selected as a case study
Long term
variability
of the
TC frequency
in the
Earlier studies have pointed out the dominance of the D/TCs
activity
in the BoB
(compared
to the AS)
by NIO
(i.e, 2011, 2013, and 2015) to comparatively examine
considering thefactors
observedwhich
ocean-atmosphere
conditions
the regions.
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in the
AS total
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the AS) by
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D/TCFurther,
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since
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has(compared
been aroundto~20/year
SST data from Optimum Interpolation Sea Surface
considering
the
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ocean-atmosphere
conditions
(Figure 2a) while it has been around ~3/year in the AS (Figure 2b). However, the observed D/TCs frequency
Temperature (OISST) (Huang et al., 2021), daily wind
between the regions. Similarly, analysis of this study
tends tothe
decrease
after the
1960s in the BoB
while increasing
in the
the 1990s.D/TC
However,
it is (>
noted
data [from
Advanced
Scatterometer
(ASCAT)],
indicates
thatAS
theafter
total observed
frequency
17 knots)
),
sea
level
pressure
(SLP),
daily air
temperature
(T
since
1981
in
the
BoB
has
been
around
~20/year
(Figure
that the observed D/TCs
frequency in the AS was higher than the BoB on five occasions (i.e., 1902, 2001,
air
and relative humidity (RH) data [from National Centre
2a) while it has been around ~3/year in the AS (Figure 2b).
2004, 2011, and 2015) (Figure 2c). Notably, four of these cases occurred after 2000. It emphasizes the
for Environmental Prediction (NCEP2)] were used to
However, the observed D/TCs frequency tends to decrease
importance
of D/TCs
activity in theconditions
AS and the
influencing
Murakami
et al. (2017)
study the
sea surface
and atmospheric
inrole
the of the
after
the 1960sfactors.
in the BoB
while increasing
in argued
the AS after
region.that
Radiative
(shortwave
and
longwave
radiation)
the
1990s.
However,
it
is
noted
that
the
observed
D/TCs
anthropogenic forcing has likely increased the extremely severe TCs in the AS since the pre-industrial era.
and turbulent (latent and sensible heat fluxes) air-sea
frequency in the AS was higher than the BoB on five
However, that study does not discuss how and why the TC activity in the AS is increasing.

Figure 2. The observed TC frequency during 1891 – 2016: (a) in the BoB, (b) in the AS, and (c) the
differences in the TC frequency (BoB - AS). Only the TCs with a maximum wind speed larger than 17 knots
Figure 2: The observed tropical cyclone (TC) frequency during 1891 – 2016: (a) in the Bay of Bengal (BoB), (b)
have been
considered in the study.
in the Arabian sea (AS), and (c) the differences in the TC frequency (BoB - AS). Only the TCs with a
maximum wind speed larger than 17 knots have been considered in the study.
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occasions (i.e., 1902, 2001, 2004, 2011, and 2015) (Figure
2c). Notably, four of these cases occurred after 2000. It
emphasizes the importance of D/TCs activity in the AS and
the role of the influencing factors. Murakami et al. (2017)
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argued that anthropogenic forcing has likely increased the
extremely severe TCs in the AS since the pre-industrial era.
However, that study does not discuss how and why the TC
activity in the AS is increasing.

Figure 3. Observed (a) SST climatology (1891 – 2016), (b) SST linear trend (1891 – 2016), (c) area-averaged
3: (σ
Observed
(a) Sea and
surface±0.34,
temperature
(SST)
climatology
– 2016), (b) SST and
linear trend
(c) area-averaged
SST time
SST timeFigure
series
= ±0.41
AS
and
BoB (1891
respectively),
(d) (1891
SST– 2016),
anomaly
calculated
removing
series [σ = ± 0.41 and ± 0.34, Arabian sea (AS) and Bay of Bengal (BoB) respectively], and (d) SST anomaly calculated removing the
the SST climatology
of
each
region.
SST climatology of each region.
Warmer SSTs and weaker vertical wind shear are

factors that may influence the TC activities in the region.

the NIO. Climatology indicates that the AS has been

850 hPa levels over the regions has been examined, and

Warmer SSTs
and weaker
windtheshear
are two
thatvariability
influence
the 200
TChPa
activity
two important
factors vertical
that influence
TC activity
in important
The verticalfactors
wind shear
between
and in the
NIO. Climatology
indicates
has3a)
been
cool compared
theisBoB
(Figure
3a)4a over the
relatively cool
comparedthat
to thethe
BoBAS
(Figure
over relatively
the
a weakening
of zonal windtoshear
identified
(Figures

study period, and it has been warming (~1 °C/Century)
and 4c). The variability of meridional wind shear is trivial
study period,
and it has been warming (~1° C/Century) faster
than the BoB (Figure 3b). Average SST in the
faster than the BoB (Figure 3b). Average SST in the BoB
in the BoB and is likely to increase in the AS (Figures 4b

region
remains around
around thethe
threshold
for TC for
activity
and(i.e.,
4d). Considering
the magnitude
of the vertical wind
BoB region
remains
threshold
TC(i.e.,
activity
28° C) during
the pre-industrial
period and
28 °C) during the pre-industrial period and gradually

shear, the zonal wind shear is likely to dominate over

exceed the SST threshold in the late 1990s (Figure 3c).

weakening of zonal wind shear is relatively large in the

to the climatology of each region emphasize that both

the region’s TC activities.

to warm
after after
the 1950s,
thewhile
AS started
the meridional
wind shear
in thethreshold
region. Theinobserved
gradually started
started
to warm
the while
1950s,
the toAS started
to exceed
the SST
the late 1990s

(Figure 3c).
Timeseries
ofanomalies
SST anomalies
respect
climatology
each region
emphasize
Timeseries
of SST
calculatedcalculated
with respectwithAS
than into
thethe
BoB
and may play of
a supportive
role for
that both regions
regionshave
have
warming
1890s
beenbeen
warming
since thesince
1890s the
(Figure
3d). (Figure 3d). Further, a positive correlation between the
Further, a positive correlation between the mean SST

ENSO and IOD are considered as two major modes

mean SSTandand
D/TC
frequency
in(rthe
ASis(revident
= 0.2) isofevident
in the results,
while
the on
relation
is negative
the the
D/TC
frequency
in the AS
= 0.2)
climate variability
in the Indian
Ocean
interannual

in the results, while the relation is negative for the BoB
scales (Saji et al., 1999; McPhaden, 2002; Meyers et
for the BoB
(r = -0.5). Although the mean SST in bothtimeregions
is increasing, the noted difference in the

relation

(r = -0.5). Although the mean SST in both regions is
al., 2007). The impact of ENSO and IOD on TC activity
increasing,
the
noted
difference
in
the
relation
between
has been discussed
many of the
previous
(e.g.,
between mean SST and the D/TC frequency highlights
otherinfactors
that
may studies
influence
mean SST and the D/TC frequency highlights other
Girishkumar & Ravichandran, 2012; Mahala et al.,

the TC

activities in the region. The vertical wind shear variability between 200 hPa and 850 hPa levels over the
Marchbeen
2022 examined, and a weakening of zonal wind
Journal
of theis
National
Science Foundation
of Sri4a
Lanka
50(1)4c). The
regions has
shear
identified
(Figures
and

variability of meridional wind shear is trivial in the BoB and is likely to increase in the AS (Figures 4b and
4d). Considering the magnitude of the vertical wind shear, the zonal wind shear is likely to dominate over the
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Figure
4. The
estimated
vertical
windover
shear
overseathe
AS
BoB
from
– 2016.
(a)wind
Zonal
Figure
4: The
estimated vertical
wind shear
the Arabian
(AS)
andand
Bay ofthe
Bengal
(BoB)
from 1948
1948 – 2016.
(a) Zonal
shear wind
in the shear
BoB,
(b) meridional wind
shear
in the BoB,
(c) zonal
wind(c)
shearzonal
in the AS,
and (d)
meridional
wind shear
the AS.
dashed black wind
in the BoB, (b)
meridional
wind
shear
in the
BoB,
wind
shear
in the
AS, inand
(d)Themeridional
line The
in eachdashed
figure illustrates
calculated
trend figure
m/s per century.
shear in the AS.
blacktheline
in each
illustrates the calculated trend m/s per century.
Niño years mainly due to the increased vertical wind
2015). Based on 117 years of data, Mahala et al. (2015)
shear (Murakami et al., 2017), and many studies have
pointed out that the maximum frequency of TCs in the
pointed out
the positive
from La
Niña on
years
on
BoB
is
evident
during
La
Niña
years,
nIOD
years,
and
ENSO and IOD are considered as two major modes of climate
variability
in impact
the Indian
Ocean
interannual
TC formation and intensification (Mohanty et al., 2012;
La Niña with nIOD. Further, they have suggested the
Mahala et2002).
al., 2015).
index
positively
possibility
of et
more
La2007;
Niña +McPhaden,
time scales
(Saji
al.,severe
1999;cyclones
Meyersduring
et al.,
TheENSO
impact
of correlates
ENSO and
IOD on TC
with AS SST (r = 0.29) and with BoB SST (r = 0.17).
pIOD years, and the TC formation region can be shifted
activity
hasonbeen
discussed
inthe
many
previous
(e.g.,these
Girishkumar
Ravichandran,
2012;
Though
correlations&are
not strong, still
theyMahala
based
the type
of IOD in
BoB.of
It the
is evident
in thestudies
suggest that the impact of ENSO on SST is likely higher
results that during the co-occurrence of pIOD with either
et al.,La2015).
Based on 117 years of data, Mahala et al.in (2015)
pointed out that the maximum frequency of
the AS than the BoB. In agreement with the observed
Niña (2011) or El Niño event (2015), the frequency
warming
western
Indian
Ocean
(Figure 3b),
of the
D/TCs
is higher
in theduring
AS than
in the
BoB.nIOD
TCs in
BoB
is evident
Lathat
Niña
years,
years,trend
and inLatheNiña
with
nIOD.
Further,
they have
the IOD index also indicates a positive trend, which may
Girishkumar and Ravichandran (2012) pointed out that
suggested
the year
possibility
of more
severe TC
cyclones
La Niña
pIOD
years,
andfuture
the (Figure
TC formation
favour
more+pIOD
events
in the
5b). The region
the nIOD
is favourable
for extreme
activity during
in
pIOD is thought to increase the convection activity in
the BoB and argued that the SST and vertical wind shear
can bemight
shifted
based
on thefor
type
IOD indifferences
the BoB.inIt isthe
evident
in thefavours
resultsthethat
duringoftheD/TCs.
co-occurrence
of
AS, which
formation
Thus,
not be
the reason
the of
observed
the positive
trend of IOD
favours the
D/TCs genesis
TC either
activityLa
during
ENSO
events
La Niña
pIODthe
with
Niña
(2011)
or (either
El Niño
eventor(2015),
the frequency
of D/TCs
is higher
in the in
AS than
the AS compared to that in the BoB. Further, observed
El Niño) in the BoB.
higher
TC frequency
the nIOD
AS afteryear
2000is brings
the
that in the BoB. Girishkumar and Ravichandran (2012)
pointed
out thatinthe
favourable
for
relative importance of the variability of SST warming
The variability of the ENSO and IOD indexes are
extreme
TC activity
the BoBtheand
argued
the SSTandand
verticalofwind
shear
might
be the with
reason for
weakening
vertical
wind
shearnot
associated
presented
in Figurein
5. Although
ENSO
indexthat
indicates
ENSO and IOD. A comparative examination of ENSO
a weaker trend (~0), it points out the occurrence of
the observed
differences in the TC activity during ENSOand
events
(either La Niña or El Niño) in the BoB.
IOD influences in the two regions was undertaken
strong El Niña events (Niño 3.4 index > 2.0 °C) after
by selecting three years after 2010. The results of that
the 1950s than strong La Niña events (Figure 5a).
comparative study are discussed below.
The TC activity is found to be suppressed during El
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Figure 5. (a) The Niño 3.4 index variability during 1891 – 2016, and (b) IOD index variability during 1891 –
2016. TheFigure
dashed
lineNiño
in each
figure
represents
the1891
observed
(per
century)
the specific time
5: black
(a) The
3.4 index
variability
during
– 2016,trend
and (b)
Indian
ocean during
dipole (IOD)
periods.
index variability during 1891 – 2016. The dashed black line in each figure represents the
observed trend (per century) during the specific time periods.

The variability of the ENSO and IOD indexes are presented in Figure 5. Although the ENSO index indicates a
weaker
(~ 0), it during
points out
the –occurrence
of strong
El higher
Niña events
3.4 index
2.0° C)
after
the
Variability
of TCtrend
frequency
2010
2016 in the
was
in the(Niño
AS than
in the> BoB.
The
formation
of
NIO
D/TCs
is
(almost)
suppressed
in
the
AS
(1
case).
The
1950s than strong La Niña events (Figure 5a). The TC activity is found to be suppressed during El Niño years
maximum
number
D/TCs
in the
BoB
(17 cases)
was
mainly to the increased vertical wind shear (Murakami
et al., 2017),
andofmany
studies
have
pointed
out
Observed due
depressions
and TCs in the AS and the BoB
observed in 2013 (Figure 6a). The observed differences
the –
positive
(Mohanty et al., 2012; Mahala et al.,
during 2010
2016 impact from La Niña years on TC formation/intensification
highlight the importance of the interactive role of the
2015). ENSO index correlates positively with AS SST (rocean
= 0.29)
and with BoB
SST (r
= 0.17).have
Though
these out the
atmosphere.
Many
studies
pointed
Both atmospheric and oceanic conditions influence the
relative importance of low-level vorticity, weak vertical
formation of D/TCs. Hence understanding their relative
wind shear, warmer SSTs associated with ENSO and IOD
importance is important for a complex region like NIO.
for the formation and intensification of D/TCs in the NIO
A total of 59 cases [depressions (Ds): 35, cyclonic storms
(e.g., Mahala et al., 2014). To understand the influence of
(CS): 15, severe cyclonic storms (SCS): 9] in the BoB and
the upper ocean, the impact of ENSO and IOD during the
34 cases (Ds: 19, CS: 10, SCS: 5) in the AS from January
study period was examined, and the results are presented
2010 to December 2016 have been selected (Figure 6a).
in Figure 6b.
During 2011 and 2015, the observed frequency of D/TCs
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Figure 6. (a) The number of TCs observed during 2010 – 2016 in the AS and the BoB, and (b) variability of
Niño 3.4 Figure
index 6:
and (a)
IOD
2010
– 2016.
The
following
are considered
inBay
the present
The during
number of
tropical
cyclones
observed
duringthreshold
2010 – 2016values
in the Arabian
sea (AS) and
study. The solid black
lines represent
thresholdoffor
Nino
3.4 index
(±0.5°
C):dipole
El Niño
+ 0.5°
C), and La
of Bengal
(BoB), and the
(b) variability
Niño
3.4 index
and Indian
ocean
(IOD)(>during
2010
Niña (< - 0.5° C). The
black
dashed
lines
represent
thearethreshold
IOD
index
(±0.4°
(> + 0.4° C),
– 2016.
The
following
threshold
values
consideredfor
in the
present
study.
The C):
solidpIOD
black lines
and nIOD (< - 0.4° C).
represent the threshold for Nino 3.4 index (±0.5° C): El Niño (> + 0.5° C), and La Niña (< - 0.5°
C). The black dashed lines represent the threshold for IOD index (±0.4° C): pIOD (> + 0.4° C),
and nIOD (< - 0.4° C).

3.2.2.

Importance of surface conditioning in the AS and the BoB during 2010 – 2016

The annual mean of the surface parameters (i.e., SST, Tair, wind speed, RH, and SLP) have been estimated for
The occurrence of the La Niña event (June 2010 – March
regions, and the results are presented in Table 1a. SST of
two regions,
the2012
results
are presented
in and
Table 1a.
the ASitsreached
its minimum
during
2013
2012),theneutral
ENSO and
(April
– October
2014),
theSST
AS of
reached
minimum
during 2013
and maintained
El Niño
(November
2014surface
– Mayduring
2016)2011
during
warmer the
surface
2011 than
and 2015.
andevent
maintained
a warmer
andthe
2015. aHowever,
BoB during
was warmer
the ASHowever,
during the
studythe
period
is
evident
from
Niño
3.4
index
data.
The
BoB
was
warmer
than
the
AS
during
the
selected
years.
selected years. This difference of SST between the two regions is largest during 2013 (0.65° C) compared
IOD data illustrates the presence of three pIOD years
This difference of SST between the two regions is largest
follows atosimilar
to °C)
that inand
2011
(0.56°
C) and
(0.43°
C) (Table
seasonal
(2011,to2012,
2015)
during
the2015
study
period
(Figure1a). The
during
2013 cycle
(0.65 of
°C)Tair
compared
that inpattern
2011 (0.56
6b). During
the seasonal
absence cycle
of ENSO
(2013:cooling
and
(0.43
(Table
1a). The
the observed
of SST,and
thusIOD
indicating
in2015
the AS
and °C)
the BoB
during
2013seasonal
than the cycle
years of Tair
hereafter neutral year), the number of D/TCs is highest
follows a similar pattern to the observed seasonal cycle
2011/2015 (Table 1a). Winds over the AS are higher than that of BoB during the selected years, and that may
(minimum) in the BoB (AS). Based on the observed
of SST, thus indicating cooling in the AS and the BoB
be dueintothe
thenumber
strengthening
of between
low-levelthe
jetAS
streams
jet) over
and
western India
differences
of D/TCs
and (Findlater
during 2013
than the
the AS
years
2011/2015
(Tableduring
1a). Winds
the BoB,
the
years
2011
(La
Niña
+
pIOD),
2013
(neutral
over
the
AS
are
higher
than
that
of
BoB
summer (Findlater, 1969). Also, the estimated zonal vertical wind shear is larger in the AS compared toduring
that the
year), and 2015 (El Niño + pIOD) has been selected as
selected years, and that may be due to the strengthening
BoB during
the selected
years,
and it is maximum
during jet
2013
in the (Findlater
AS (Table jet)
1a).over
The the
mean
a casenoted
studyintothe
examine
the influence
from
atmospheric
of low-level
streams
AS and
and oceanic
conditions
comparatively.
western
India high
during
summer
RH is almost
similar
in both regions, and the mean SLP
is relatively
over
the AS(Findlater,
compared 1969).
to that Also,
the estimated
vertical wind
observed in the BoB. Thus, the noted favourable conditions
associatedzonal
with relatively
high shear
SSTs, isTairlarger
, RH, in the
Importance of surface conditioning in the AS and the
AS compared to t the BoB during the selected years, and
relatively
low–SLP,
themaximum
BoB than in
the AS.
Nevertheless,
BoB during
2010
2016and wind shear suggest higher D/TCs itin is
during
2013
in the AS differences
(Table 1a). The
mean RH is almost similar in both regions, and the mean
The annual mean of the surface parameters (i.e., SST, Tair,
SLP is relatively high over the AS compared to which
wind speed, RH, and SLP) have been estimated for the two
is observed in the BoB. Thus, the noted favourable
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conditions associated with relatively high SSTs, Tair, RH,
relatively low SLP, and wind shear suggest higher D/TCs
in the BoB than in the AS. Nevertheless, differences
Table 1a:

Mean surface conditions were observed in the Arabian sea (AS) (5° N - 20° N, 58° E 72° E) and the Bay of Bengal (BoB) (5° N - 20° N, 82° E - 96° E) during the selected
years.
2011

Parameter

AS

2013

2015

BoB

AS

BoB

AS

Std.

BoB

AS

BoB

SST (°C)

27.99

28.55

27.90

28.55

28.47

28.90

1.07

0.84

Tair (°C)

26.81

27.51

26.67

27.33

26.87

27.47

1.27

1.25

WSPD (ms-1)

6.26

6.20

6.28

6.09

6.44

6.21

2.43

2.12

Z Wind shear (ms )

15.7

12.3

13.3

11.8

14.0

11.5

1.4

1.2

RH (%)

74.3

75.3

75.3

75.8

74.4

75.8

4.61

4.29

SLP (mb)

1010

1008.8

1010.6

1009.4

1011

1009.4

2.20

2.3

-1

Table 1b:

Parameter
(Wm-2)

Mean air-sea heat fluxes were observed in the Arabian sea (AS) (5° N - 20° N, 58° E - 72°
E) and the Bay of Bengal (BoB) (5° N - 20° N, 82° E - 96° E) during the selected years.

2011

2013

2015

Std.

AS

BoB

AS

BoB

AS

BoB

AS

BoB

QSW

216.3

190.0

214.7

186.0

215.8

195.5

35.2

39.7

QLW

-56.6

-47.8

-55.5

-47.4

-55.7

-47.7

16.0

16.0

QL

-121.7

-108.7

-124.1

-113.5

-121.4

-111.7

32.3

26.0

QS

-8.0

-8.5

-7.9

-8.8

-8.1

-8.4

3.7

3.8

33.53

28.0

30.0

18.7

34.0

30.3

57.3

53.9

QNET

Variation of air-sea heat fluxes in the AS and the BoB
during 2010 – 2016
The variability of air-sea heat fluxes is examined
utilizing data from TropFlux to understand their relative
importance on D/TCs genesis during the study period.
The annual mean air-sea heat fluxes [i.e., shortwave
radiation (QSW), longwave radiation (QLW), latent heat
flux (QL), sensible heat flux (QS), and net surface heat flux
(QNET)] in the AS and the BoB during 2011, 2013, and
2015 are presented in Table 1b. Inconsistent with earlier
studies, the bimodal pattern of the air-sea heat fluxes is
evident in both regions. Average heat gain through QSW
is higher in the AS than BoB, while the mean heat loss
due to QLW is also higher in the AS (Table 1b). Thus,
the radiative fluxes dominate the AS compared to the
BoB with relatively high values during the study period.
QL dominates over QLW in both regions and indicates a
higher heat loss controlling the heat gain through QSW.
Heat loss through QS is almost similar in both regions and
March 2022

observed in the formation of D/TCs during 2011, 2013,
and 2015 highlight the interactive influence of other
factors on D/TCs genesis in the two regions.

remains around -8 Wm-2. Further, the average heat loss
due to turbulent heat fluxes are relatively high in 2013
compared to 2011/2015 in both regions and provides
evidence for strong wind mixing during 2013 (Table 1b).
The impact of the radiative and turbulent heat fluxes is
summarized in QNET. The annual mean QNET is positive in
both regions and indicates potential warming during the
study period. More heat energy is stored in the AS than
in the BoB. This difference is more considerable during
2011/2015 than in 2013 (Table 1b). The difference in the
mean QNET between the regions is maximum (11.3 Wm2
) during 2013, while it is minimum (~3.7 Wm-2) during
2011. Though the mean QNET indicates higher warming
in the AS during the selected years (i.e., 2011, 2013, and
2015), warmer SSTs are not evident (compared to the
BoB). Relatively higher SSTs are evident in the BoB
during the selected years, and the differences observed
between the regions highlight the importance of upper
ocean variability, which can influence the SST cooling/
warming.
Journal of the National Science Foundation of Sri Lanka 50(1)
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Mean upper-ocean variability observed in the Arabian sea (AS) (5° N - 20° N, 58° E - 72°
E) and the Bay of Bengal (BoB) (5° N - 20° N, 82° E - 96° E) during the selected years.

2011

2013

2015

Std.

Parameter
(m)

AS

BoB

AS

BoB

AS

BoB

AS

BoB

MLD

55.1

37.9

54.3

36.5

49.3

38.2

17.4

6.2

BLT

3.2

15.8

4.5

16.6

4.0

14.9

4.1

7.2

D20

129.0

126.5

137.2

122.6

137.5

122.3

11.5

6.9

D26

73.5

78.9

73.5

75.4

73.3

75.4

10.4

7.0

Upper-ocean variability in the AS and the BoB during
2010 – 2016
Monthly average gridded Argo data is used to examine the
variability of MLD, BLT, D20, and D26 during the study
period. Table 1c shows the annual mean of the above
parameters in the two regions during 2011, 2013, and
2015. Average MLD remains ≥ 50 m in the AS, while it
is less than 40 m in the BoB during 2011, 2013, and 2015
(Table 1c). The deepening of the MLD in the AS indicates
the influence of wind mixing during weaker stratification
(compared to the BoB). A barrier layer between the
bottom of the mixed-layer and the top of the thermocline
restricts the mixing of water between the mixed-layer and
the thermocline (Vialard & Delecluse, 1998b). A barrier
layer is evident, and the mean BLT remains higher in the
BoB, where it is relatively low in the AS (Table 1c). The
barrier layer in the AS almost disappeared during summer
when MLD reaches its maximum due to wind mixing.
Thus, a relatively low MLD with a thicker barrier layer
indicates that the BoB does not favour strong mixing in
the upper-waters and tends to maintain warmer SSTs
during summer than that in the AS.
Henderson et al. (1998) suggested the importance of a
deeper thermocline, which is favourable for the formation
of D/TCs. D20 was selected as the representative layer
for the thermocline to examine its variability in the AS
and the BoB. Like the variability observed in MLD and
BLT, a deeper D20 is observed in the AS (compared to the
BoB) during the study period. D26 is another important
factor determining the formation and intensification of
D/TCs (Sarma et al., 1990). The heat content of the water
column above the D26 is defined as the cyclone heat
potential, which provides evidence for the energetically
active zones in the ocean that are favourable for the
formation of D/TCs. The average D26 remains shallow in
the AS during 2011, 2013, and 2015. Though differences
in the parameters are observed between the two regions
during the selected years, the annual mean conditions do
not provide any clear evidence for why D/TC frequency
is larger during 2011/2015 in the AS compared to 2013.
Journal of the National Science Foundation of Sri Lanka 50(1)

Therefore, the variability of the environmental factors
during the primary and secondary TC peak seasons
between the regions is examined.
Comparison of the environmental factors during the
Primary and Secondary TC peak seasons
Seasons have been categorized following Girishkumar
and Ravichandran (2012) as primary TC peak season
(PTCS) (October – December) and secondary TC
peak season (STCS) (April – June). McPhaden et al.
(2009) suggested that these months are favourable for
D/TCs activity due to the existence of warmer SSTs,
thermodynamically unstable atmosphere, and weak
tropospheric wind shear in the BoB. Studying the TCs
genesis over the AS for 1979 – 2008, Evan and Camargo
(2010) also show the importance of the primary and
secondary peak seasons on the formation of D/TCs.
The SST variability during the primary and secondary
TC peak seasons are presented in Figure 7. It indicates
that the co-occurrence of ENSO and IOD influenced
both regions during PTCS and STCS. The warmest SSTs
are noted during the co-occurrence of El Niño + pIOD
(2015) in the NIO compared to the La Niña + pIOD event
(2011). In comparison with 2011/2015, cooler SSTs
during the neutral year (2013) are identified. Though both
the regions maintain an average SST, it is higher than
29 °C during the STCS and less than 28 °C during the
PTCS. The presence of warmer SSTs during the STCS is
supported by the spring mini-warm pool that exists in the
BoB (Pathirana & Priyadarshani, 2020). As the warmer
temperatures in upper-waters positively influence the TC
genesis, SST variability observed during 2010 – 2016
brings its relative importance to TC genesis in the region.
Though the BoB favours the formation of D/TCs during
either La Nina or El Nino events in compared to Neutral
years due to relatively higher SSTs, the TC genesis in the
BoB is lower than that observed in the AS during 2011
and 2015. Hence the co-occurrence of an ENSO+IOD
event may have influenced the formation of D/TCs in
the region. Thus, the results suggest the importance of
March 2022
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secondary peak seasons on the formation of D/TCs.

Figure 7. The variation of mean SST in the NIO during the primary TC peak season (April-June) (a) 2011, (b)
2013, and (c) 2015, and the variation of mean SST during the secondary TC peak season (October-December)
Figure 7: The variation of mean Sea surface temperature (SST) in the NIO during the primary tropical cyclone
(d) 2011, (e) 2013, and (f) 2015. The boxes represent the selected region between 5° N - 20° N, 58° E - 72° E
(TC)
peak season
(April-June)
(a) N
2011,
(b)N,
2013,
variation of mean SST during
in the AS and the
selected
region
between 5°
- 20°
82° and
E - (c)
96°2015,
E in and
the the
BoB.
the secondary TC peak season (October-December) (d) 2011, (e) 2013, and (f) 2015. The boxes represent
the selected region between 5° N - 20° N, 58° E - 72° E in the Arabian sea (AS) and the selected region
between 5° Nduring
- 20° N,the
82°primary
E - 96° Eand
in thesecondary
Bay of Bengal
The SST variability
TC (BoB).
peak seasons are presented in figure 7. It

indicates that the co-occurrence of ENSO and IOD influenced both regions during PTCS and STCS. The
Table 2:

Variability in the mean conditions during the primary and secondary tropical cyclone (TC) peak seasons in the Arabian sea (AS) and
warmest
SSTs are noted during the co-occurrence of El Niño + pIOD (2015) in the NIO compared to the La
the Bay of Bengal (BoB).

Niña + pIOD event (2011). In comparison with 2011/2015, cooler SSTs during the neutral year (2013) are
2011 the regions maintain an average SST,
2013it is higher than 29° C during the STCS
2015 and less
identified. Though both
Secondary
PrimarySSTs duringSecondary
Primary
than 28° Primary
C during the PTCS.
The presence of warmer
the STCS is supported
by the spring Secondary
miniAS

SST

BoB

AS

BoB

AS

BoB

AS

BoB

AS

BoB

AS

warm pool that exists in the BoB (Pathirana & Priyadarshani, 2020). As the warmer temperatures in upper-

BoB

28.29

28.47

29.19

29.35

28.08

28.35

29.14

29.56

28.73

28.99

29.63

29.72

26.73

26.92

28.27

28.84

26.55

26.95

28.28

28.83

26.28

26.88

28.77

29.03

5.3

5.4

5.5

6.6

5.3

5.9

5.3

5.4

4.9

5.9

6.5

6.0

SLP

1010.8

1010.3

1009.1

1007.2

1011.4

1010.6

1009.2

1007.6

1012

1010

1009.6

1008

QSW

188.5

181.9

246.6

216.4

203.9

165.6

233.2

200.5

183

176.7

238.3

209.8

Tair
WSPD
RH

waters positively influence the TC genesis, SST variability observed during 2010 – 2016 brings its relative
importance to TC genesis in the region. Though the BoB favours the formation of D/TCs during either La
Nina or73.5
El Nino events
to Neutral years
SSTs, the
TC genesis
BoB
74.4 in compared
73.8
75.8
75 due to
75 relatively
75.1 higher75.9
71.9
74.7 in the74.3

75.2

QLW

-55.4

-51.3

-52.3

-43.6

-58

-45.8

-49.7

-41.7

-49.8

-48

-50.5

-42

QL

-120.8

-114

-131.2

-113.3

-138.7

-122.4

-126

-112.6

-119.2

-111.1

-119.5

-114.6

QS

-8.1

-8.2

-8.8

-6.7

-8.2

-9.9

-7.8

-7.7

-8.5

-9

-7.7

-8.2

QNET

0.1

8.3

64.4

57.4

-4.4

-11.7

60

44.1

-1.6

10.5

69.9

51.1

MLD

49.1

32.6

37.4

32.3

43.6

32.0

41.4

35.6

43.0

32.5

32.3

34.8

BLT

3.1

17.7

4.8

7.8

-0.4

19.2

5.4

8.6

1.6

17.5

3.6

7.4

D20

123

117.4

135.6

131.1

123.1

115

141.6

126.3

127.7

114

141.2

128.4

D26

71.4

69.6

76.6

85.6

61.3

68.3

81.1

81.9

67.4

69.1

74.9

82.2
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the interaction within other influencing factors, which
determines the effect of SST on TC genesis in the region.
Seasonal changes in the analyzed atmosphere-ocean
conditions during 2011, 2013, and 2015 are presented in
Table 2. The differences between the observed parameters
during the STCS are relatively lower than those observed
in the PTCS. The lowest SSTs are observed during the
PTCS of 2013 in the AS and the BoB. The relative
weakening of QLW, QL, and QS has the potential to
enhance the seasonal warming in the NIO (Pathirana
et al., 2020). The QNET indicates a cooling tendency in
both regions during the PTCS of 2013. However, they
also indicate a warming tendency during 2011 and 2015.
During all the seasons, MLD in the AS remains deeper
than the BoB, with an average difference of ~ 15m. The
barrier layer that influences the SST by restricting the
mixing in the upper ocean remains relatively low in the
AS during all the seasons. The lowest BLT (-0.4 ± 5.4 m)
is recorded during the PTCS of 2013. Like the observed
MLD and BLT, the D20 is also deeper in the AS
(compared to the BoB). Further, the depth of the D26 is
deeper during the PTCS of 2011/2015 in the AS, while it
is shallower during 2013.
Thus, the relative importance of the cooler SSTs,
cooler Tair, higher heat loss through air-sea heat fluxes
are observed in the AS during 2013 and points out that
AS did not favour the formation of TCs (compared to the
BoB) in 2013. Also, the observed deeper mixed-layer,
relatively thinner barrier layer associated with shoaling
D26 does not facilitate the TC genesis in the AS during
2013. During the absence of forcing from ENSO and IOD,
the SST in the AS indicates a cooling tendency supported
by wind mixing and upwelling of cold thermocline
waters. Warmer SSTs and relatively strong stratification
in the BoB enhance the conditions and favour the TC
genesis. The atmospheric and oceanic conditions in the
AS enhanced under the influence of ENSO and IOD.
Thus, based on the variability of atmosphere-ocean
conditions with the impact of ENSO and IOD, the study
demonstrates the variability of D/TCs genesis in the
AS and the BoB. However, this study is focused on the
relative importance of the ocean surface and subsurface
conditions and their influence on the D/TCs genesis in
the NIO. The interactive roles from the low-level relative
vorticity and D/TC genesis locations are not examined,
and therefore, more studies are required to understand
the dynamics in the region.
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CONCLUSION
Environmental factors for TC (>17 knots) activity
in the AS and the BoB have been examined utilizing
atmosphere-ocean data sets (1891 – 2016). Further,
utilizing recent observations (2010 – 2016), reasons for
why AS favors TCs during 2011/2015 (and not during
2013) are also discussed (compared to the BoB). Based
on long term data, the study shows that the TC frequency
in the AS (BoB) is relatively increasing (decreasing).
Results revealed a warming trend with increasing SSTs
in both regions. The observed increment in the SST
anomaly indicates the impact is higher in the AS than the
BoB. Zonal wind shear is weakening, and the declining
trend is higher in the AS than in the BoB. The Niño 3.4
index emphasizes a decreasing trend with time, while
it correlates well with the AS’s SST compared to BoB.
IOD is positively increasing and provides evidence
for warming in the western Indian Ocean. Thus, it is
evident in the study that the SST, wind shear, ENSO,
and IOD positively impact the TC genesis in the AS.
However, the noted variability in the atmosphere-ocean
conditioning during the selected years (2011, 2013,
and 2015) indicates that the conditions relatively favor
the TC genesis in the BoB compared to that in the AS.
Further, the differences in the conditions between the
regions are more significant during PTCS than in STCS.
Relatively cooler SSTs associated with negative QNET,
deeper mixed-layer, absence of barrier-layer, shallower
D26, and the increasing wind shear may have suppressed
the TC genesis in the AS during the 2013, Neutral year
(compared to the BoB). Though the ocean surface and
subsurface conditions were not favorable for the TC
genesis during 2011 and 2015, the co-occurrence of
ENSO and IOD may have supported the TC genesis in
the AS. Based on the occurrence of extremely severe
cyclonic storms (ESCS) in the PTCS during 2014 and
2015, Murakami et al. (2017) argued that anthropogenic
global warming had increased the probability of ESCS
over the AS. Though the D/TCs are frequent phenomena
in the BoB, the noted increment in the AS during recent
years underlines the importance of understanding the
influencing factors and their interactive roles. However,
the specific roles of the influencing factors on the TC
activity over the AS are still debatable and therefore,
more studies are required to enhance the understanding
of TC activities in the NIO.

March 2022

64

Acknowledgement
The authors thank the members of the Department
of Oceanography and Marine Geology, Faculty of
Fisheries and Marine Sciences & Technology, University
of Ruhuna, Sri Lanka, for their encouragement and
providing facilities to conduct this study.
REFERENCES
De Boyer Montegut C., Madec G., Fischer A.S., Lazar A. &
Iudicone D. (2004). Mixed layer depth over the global
ocean: an examination of profile data and a profile-based
climatology. Journal of Geophysical Research 109: C12003
DOI: https://doi.org/10.1029/2004JC002378
Donnelly J.P. & Woodruff J.D. (2007). Intense hurricane
activity over the past 5,000 years controlled by El Nino and
the West African monsoon. Nature 447: 465–468.
DOI: https://doi.org/10.1038/nature05834
Evan A.T. & Camargo S.J. (2010). A Climatology of Arabian
sea cyclonic storms. Journal of Climate 24: 140–158.
DOI: https://doi.org/10.1175/2010JCLI3611.1
Findlater J. (1969). A major low‐level air current near the Indian
Ocean during the northern summer. Royal Meteorological
Society 95(404): 362–380.
DOI: https://doi.org/10.1002/qj.49709540409
Girishkumar M.S. & Ravichandran M. (2012). The influences
of ENSO on tropical cyclone activity in the Bay of Bengal
during October-December. Journal of Geophysical
Research 117: C02033.
DOI: https://doi.org/10.1029/2011JC007417
Henderson A. et al. (1998). Tropical cyclones and global
climate change: A post-IPCC assessment. American
Meteorological Society 79: 19–38.
DOI: https://doi.org/10.1175/1520-0477(1998)079<0019:
TCAGCC>2.0.CO;2
Lin I.I. et al. (2009). Warm ocean anomaly, air-sea fluxes, and
the rapid intensification of tropical cyclone Nargis (2008).
Geophysical Research Letters 36: L03817.
DOI: https://doi.org/10.1029/2008GL035815
Kim S.T., Cai W., Jin F-F., Santoso A., Wu L., Guilyardi E. &
An S. (2014). Response of El Niño sea surface temperature
variability to greenhouse warming. Nature
DOI: https://doi.org/10.1038/nclimate2326
Mahala B.K., Nayak B.K. & Mohanty P.K. (2015). Impacts of
ENSO and IOD on tropical cyclone activity in the Bay of
Bengal. Natural Hazards 75: 1105–1125.
DOI: https://doi.org/10.1007/s11069-014-1360-8
Murakami H., Vechchi G.A. & Underwood S. (2017).
Increasing frequency of extremely severe cyclonic storms
over the Arabian Sea. Nature Climate Change,
DOI:10.1038/s41558-017-0008-6.
McPhaden M.J. (2002). El Nino and La Nina: causes and global
consequences. Encyclopedia of Global Environmental
Change In: ed. T. Munn pp. 353–370. John Wiley
Chichester, UK.
McPhaden M.J. et al. (2009). Ocean-atmosphere interactions

March 2022

G Pathirana & K Priyadarshani

during cyclone Nargis. Eos Trans, AGU, 90(7): 53–54.
DOI: https://doi.org/10.1029/2009EO070001
Meyers G., McIntosh P., Pigot L. & Pook M. (2007). The years
of El Nino, La Nina and interactions with the tropical
Indian Ocean. Journal of Climate 20: 2872–2880.
DOI: https://doi.org/10.1175/JCLI4152.1
Mohanty U.C., Osuri K.K., Pattanayak S. & Sinha P. (2012).
An observational perspective on tropical cyclone activity
over Indian seas in a warming environment. Natural
Hazards 63: 1319–1335.
DOI: https://doi.org/10.1007/s11069-011-9810-z
Pathirana G., Priyadarshani K., Dongxiao W., Chen G. &
Priyadarshana T. (2020). Effect of spring mini-warm pool
on the tropical cyclones in the Bay of Bengal: Case studies.
Journal of Nanjing University of Information Technology
(Natural Science Edition) 12(4): 460–471.
Pathirana G. & Priyadarshani K. (2020). A mini-warm pool
during spring in the Bay of Bengal. Journal of the National
Science Foundation of Sri Lanka 48(4): 345–355.
DOI: http://dx.doi.org/10.4038/jnsfsr.v48i4.9256.
Praveen Kumar B. et al. (2012). TropFlux: air-sea fluxes for
the global tropical oceans—description and evaluation.
Climate Dynamics 38(7-8): 1521–1543.
DOI: https://doi.org/10.1007/s00382-011-1115-0
Saji N.H., Goswami B.N., Vinayachandran P.N. & Yamagata T.
(1999). A dipole mode in the tropical Indian Ocean. Nature
401: 360–363.
DOI: https://doi.org/10.1038/43854
Sarma Y. Murty V. & Rao D. (1990). Distribution of cyclone
heat potential in the Bay of Bengal. Indian Journal of
Marine Sciences 102–106.
Singh O.P., Khan T.M.A. & Rahman M.S. (2001). Has the
frequency of intense tropical cyclones increased in the
north Indian Ocean? Current Science 80: 575–580.
Sprintall J. & Tomczak M. (1992). Evidence of the barrier layer
in the surface layer of the tropics. Journal of Geophysical
Research 97(C5): 7305–7316.
DOI: https://doi.org/10.1029/92JC00407
Vialard J. & Delecluse P. (1998b). An OGCM study for the
TOGA decade. Part II. Barrier-layer formation and
variability. Journal of Physical Oceanography 28: 1089–
1105.
DOI: https://doi.org/10.1175/1520-0485(1998)028<1089:
AOSFTT>2.0.CO;2
Wang J.W. & Han W. (2014). The Bay of Bengal upper-ocean
response to tropical cyclone forcing during 1999. Journal
of Geophysical Research 119: 98–120.
DOI: https://doi.org/10.1002/2013JC008965
Webster P.J. Holland G.J. Curry J.A. & Chang H.R. (2005).
Changes in tropical cyclone number, duration, and intensity
in a warming environment. Science 309: 1844–1846.
DOI: https://doi.org/10.1126/science.1116448
WMO (2008). WMO Technical Report 2008. Available at
https://library.wmo.int/, accessed 12 October 2020.
Yuan J.P. & Cao J. (2013). North Indian Ocean tropical cyclone
activities influenced by the Indian Ocean Dipole mode.
Journal of Science China Earth Sciences 56(5): 855–865.
DOI: https://doi.org/10.1007/s11430-012-4559-0

Journal of the National Science Foundation of Sri Lanka 50(1)

