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Abstract

In this study, we have investigated the contribution of El Nifio-Southern Oscillation (ENSO) to the North Indian Ocean (NIO)
tropical cyclone (TC) activity and seasonal predictability. A statistical seasonal prediction model was developed for the NIO
region tropical cyclone genesis, trajectories and landfalls using the Southern Oscillation index (SOI: as a metric of ENSO)
as a predictor. The forecast model utilised kernel density estimation (KDE), a generalised additive model (GAM), Euler
integration, and a country mask. TCs from the Joint Typhoon Warning Centre were analysed over the 35-year period from
1979 to 2013. KDE was used to model the distribution of cyclone genesis points and the cyclone tracks were estimated using
the GAM, with velocities fit as smooth functions of location according to ENSO phase and TC season. The best predictor
lead time scales for TC forecast potential were assessed from 1 to 6 months. We found that the SOI (as a proxy for ENSO) is
a good predictor of TC behaviour 2-months in advance (70% skill). Two hindcast validation methods were applied to assess
the reliability of the model. The model was found to be skillful in hindcasting NIO region TC activity for the pre and post
monsoon season. The distribution of TC genesis, movement and landfall probabilities over the study period, as well as the
hindcast probabilities of TC landfall during ENSO events, matched well against observations over most of the study domain.
Overall, we found that the phase of ENSO has the potential to improve NIO region TC seasonal forecast skill by about 15%
over climatological persistence.

Keywords Tropical cyclones - El Nifio-Southern Oscillation - Seasonal forecasting - Statistical modelling - North Indian
Ocean

1 Introduction

Landfalling tropical cyclones (TCs) can be potentially
catastrophic to human society, particularly along densely
populated coastlines, such as along the rim of the North
Indian Ocean (NIO). TCs can cause a substantial loss of
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life and very often cause significant damage to properties
(Vissa et al. 2013; Balaguru et al. 2014; Wahiduzzaman
and Yeasmin 2019a, b). In the NIO region, there have been
devastating losses due to TCs that make landfall, including
in recent years (Pattanaik and Mohapatra 2016). In 2008,
138,000 people lost their lives and US$10 billion damages
were caused by Cyclone Nargis (Webster 2008; Alam et al.
2003). Aside from the clear costs to human life, TCs also
pose a substantial monetary risk to reinsurance enterprises
(Rumpf et al. 2007).

Skillful seasonal forecasting of tropical cyclone activ-
ity has the potential to aid decision-makers, planners
and coastal inhabitants to take potential action months
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in advance. For governments, skillful seasonal forecast-
ing is likely to aid both planning and decision-making.
To develop skillful TC seasonal forecasts, it is essential
to know the significant factors that affect TC formation,
tracks, and landfall. Because of a deficiency of observa-
tions and resources, seasonal forecast skill of TCs in the
NIO region remains relatively poor. A few studies have
examined the effect of the atmospheric and oceanic states
on the variation of TC activity in the Bay of Bengal (Sen-
gupta et al. 2007; Girishkumar and Ravichandran 2012;
Felton et al. 2013; Wahiduzzaman et al. 2017). These stud-
ies have not, however, considered El Nifio-Southern Oscil-
lation (ENSO) as a key predictor in statistical seasonal
forecasts of tropical cyclones. Even dynamical models,
such as the UKMO Glosea5, have been unable to forecast
the phase relationship between ENSO and TCs in the Bay
of Bengal (e.g. Camp et al. 2015) and more generally in
the NIO region.

ENSO is the dominant ocean—atmosphere phenomenon
in the Tropical Indo-Pacific and affects the large-scale cli-
mate globally (An et al. 2007; Ashok and Saji 2007; Chand
and Walsh 2011; Werner et al. 2012; Hsu et al. 2013; Camp
et al. 2015; Wang et al. 2018; Zhao et al. 2019). Gener-
ally, the duration of a single ENSO event (either El Nifio or
La Nifia) is 1.5-2 years phase-locked to the seasonal cycle
with a quasi-periodic frequency of occurrence on average
every 2-8 years. It is the coupling between sea level pres-
sure, expressed as the winds and wind stress, and eastern
equatorial Pacific sea surface temperature anomalies associ-
ated with ENSO, as well as its timing and spatial telecon-
nections, that are responsible for how ENSO drives large-
scale changes in climate variations and extremes across
the globe. The effect on tropical cyclones are felt in vari-
ous ocean basins including the Pacific, Atlantic and Indian
Oceans (Chu 2004; Zhang et al. 2012; Du et al. 2013; Camp
et al. 2015). The relationship between tropical cyclones and
ENSO has been examined by Ho et al. (2006), Kuleshov
et al. (2008), Girishkumar et al. (2012, 2014), Srikanth et al.
(2012), Felton et al. (2013), Camp et al. (2015), Girishkumar
et al. (2015) and Mahala et al. (2015) in the NIO basin.

Related studies on TCs and ENSO over the Bay of Ben-
gal (BoB) have also been undertaken. Singh et al. (2001)
examined the relationship between ENSO and the activity of
tropical depressions in the BoB during the summer monsoon
season (July—August), and found there were more tropical
depressions during El Nifio years. In another study, Singh
et al. (2000) showed that there was a reduction in cyclonic
storms in the two peak seasons (pre- and post-monsoon) over
the BoB during El Nifio years. Camargo et al. (2007) demon-
strated the influence of ENSO on the genesis potential index
(useful metric for gauging the performance of global climate
models to simulate TC genesis) in all ocean basins and found
a shift of genesis from the northern to the southern part of
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the BoB due to wind shear difference between La Nifia and
El Nifio years.

Seasonal forecasting of tropical cyclone landfall by
dynamical models is challenging (Camargo 2013; Camp
et al. 2015) and its skill varies with model (Camargo et al.
2005; Bengtsson et al. 2007; Camargo and Barnston 2009).
For example, the GLOSEAS model has previously shown
little accuracy in the simulation of the seasonal cycle of TCs
over the NIO region (Camp et al. 2015). Other dynamical
models, including the Dynamical High Resolution Model,
Consortium for small Scale Modelling and Artificial Neural
Network System models, have also been shown not to fore-
cast tropical cyclone landfall well because of limited spatial
resolution and number of simulations.

Several previous studies (Klotzbach 2011; Girishkumar
and Ravichandran 2012; Felton et al. 2013; Li and Zhou
2013) have shown that climate parameters relevant to TCs
vary substantially with ENSO. However, a few studies have
investigated TC frequencies and trajectories in the BoB and
their relationship with ENSO (Girishkumar and Ravichan-
dran 2012; Ng and Chan 2012; Felton et al. 2013; Mahala
et al. 2015), but no study was found about the development
of a statistical prediction model, using ENSO as the pre-
dictor variable, to simulate TCs tracks and forecast landfall
in advance. We develop such a model, following a similar
approach to that which was undertaken to model TC activi-
ties using the quasi-biennial oscillation as predictor, and
explained by Wahiduzzaman et al. (2019).

Our paper is outlined as follows. The model description
and data are provided in Sect. 2. A lead—lag analysis is also
presented in this section. The results are discussed in Sect. 3,
and a summary and discussion are delivered in Sect. 4.

2 Methodology

Previous statistical models of TC tracks and TC genesis
(James and Mason 2005; Emanuel et al. 2006; Rumpf et al.
2007; Hall and Jewson 2007; Yonekura and Hall 2011) have
been beneficial in generating sets of synthetic TCs that are
much larger than the limited numbers in historical observa-
tions. These models compute the direction of tracks from
the synthetic sets by using kernel density estimation and
autoregressive modelling. Wahiduzzaman et al. (2017, 2019)
developed a climatological and forecast model for the NIO
(Fig. 1) TC activities closely following the approaches of
Hall and Jewson (2007) and Yonekura and Hall (2011).
Here, we again apply similar approaches but using the
Southern Oscillation index (as a metric for ENSO) as a pre-
dictor. The procedure for the simulation of TC trajectories
is two-fold. First, TC genesis points are sampled from a spa-
tial probability density function that has been calculated by
kernel density estimation. Second, the TC track “velocity
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Fig. 1 North Indian Ocean (0°-30° N and 50° E-100° E) rim coun-
tries (figure reproduced from Wahiduzzaman et al. 2017)

field” was generated by calculating latitudinal and longi-
tudinal differences between observed TC positions in time
along the observed cyclone tracks, and a Generalised Addi-
tive Model model was fitted to model the observed “veloc-
ity field” within a season and ENSO phase. The predicted
velocity was then used to model TC trajectories from the
genesis point and generate the modelled TC tracks. This was
performed jointly for each ENSO phase (El Nifio, La Nifia)
and season-Winter (Dec—Feb); Pre-monsoon (March—May);
Monsoon (Jun—Sep) and Post-monsoon (Oct—Nov). The tra-
jectories are based on a maximum lifespan of 7 days and a
6-h step interval. From this model, a number of synthetic
but realistic storm tracks were simulated and these synthetic
track statistics are used to generate probabilistic landfall haz-
ard zone maps.

2.1 Tropical cyclone data

The International Best Track Archive for Climate Stew-
ardship (IBTrACS) dataset was established by the NOAA
National Climatic Data Center to integrate the best TC track
data from all official Tropical Cyclone Warning Centres
(TCWCs) and the WMO Regional Specialized Meteorologi-
cal Centres (RSMCs). These data were obtained from http://
www.ncdc.noaa.gov/oa/ibtracs/. The data have been used
from the Joint Typhoon Warning Centre JTWC), a subset
of IBTrACS from 1979 to 2013 (35-year)—with the data
since 1979 being more reliable (e.g. Wahiduzzaman et al.
2017). The JTWC data have been used by most researchers
studying TCs in the NIO (Knapp et al. 2010).

2.2 Southern Oscillation Index

The Southern Oscillation Index (SOI) is defined as the
sea level pressure difference between Tahiti and Darwin
(Ropelewski and Jones 1987) and is a useful metric often
used to describe ENSO variations. The SOI has been used
in numerous previous studies to examine and model the role
of ENSO on TC activity in the tropical southwest Pacific and
eastern Indian Ocean as well as the northwest Pacific. The
SOI varies on subannual, and interannual to multidecadal

timescales. The data in this study were smoothed by averag-
ing a 3-month period.

The form of the SOI used here follows the Australian
Bureau of Meteorology (Troup 1965), that is the SOI used
is the standardised anomaly of the mean sea level pressure
(MSLP) difference between Tahiti and Darwin:

P, —P
SoI = 1020 asdiyf
SD(P )

b}

where P ;= (average Tahiti MSLP for the month) — (average
Darwin MSLP for the month), P, =long term (60 years
climatology period) average of P for the month in ques-
tion, and SD(P ;) =long term standard deviation of P, for
the month in question. A sustained value of the SOI below
—7 indicates El Nifio while sustained values above + 7 indi-
cate La Nifia conditions. The SOI was obtained from http://
www.bom.gov.au/climate/current/soihtm1.shtml.

2.3 TC genesis, track and landfall model

Using a 30-year record of TC observations (1980-2009) and
SOI data (1979-2009), the genesis points have been mod-
elled by kernel density fitting. The cyclone paths were simu-
lated using a Generalised Additive Model. Trajectories are
then simulated by drawing new random genesis points from
the fitted kernel density estimates and tracing the cyclonic
paths from the fitted velocity fields and then determined the
point of landfall. The model was validated and assessed to
measure the forecast skill.

2.3.1 Kernel density estimation for genesis

The spatial allocation of tropical cyclone genesis points was
modelled using kernel density estimation (KDE). The KDE
used here is outlined by Wahiduzzaman et al. (2017) and
Wahiduzzaman and Yeasmin (2019a, b). The estimator con-
volves the data with the Gaussian kernel function to make
a smooth approximation of the data density—here, specifi-
cally representing the spatial distribution of tropical cyclone
genesis occurrences. The degree of smoothing is controlled
by the plug-in “bandwidth” of the kernel.

To define the genesis locations, we identify those tropical
storms in the data when wind speeds first exceed 34 knots.
The spatial distribution of genesis points was then estimated
for each season and ENSO phase with a kernel density esti-
mator using a two-dimensional Gaussian kernel and a simple
plug-in estimator for the optimal bandwidth (Rigollet and
Vert 2009). To generate simulated samples of TC genesis
locations we draw randomly from the estimated Probability
Density Function.
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2.3.2 Trajectories model

Cyclone tracks were modelled by fitting a Generalised Addi-
tive Model (GAM) to the observed trajectory velocities. The
GAM is a generalisation of linear regression in which the
linear relationships are changed by smooth changes of the
predictors.

Linear regression acts to model u (the expected value) or
Y (dependent variable)

u=EY|X,X5,....X,)) =Py + B X, + 5, X, + ... B,X,.

where f, p;, ... ,ﬂp are the regression coefficients and X,
Xy, ..., Xp are the variables. These variables are substituted
by smooth transformations of the predictors in the GAM as

= EYIX, Xy, X)) = By + 1) + H00) + . (X)),

the GAM estimates the smooth transformations fi,f5, ..., fp.
Typically, these functions do not have an easily represented
parametric form.

Details of the GAM implemented here is also outlined by
Wahiduzzaman et al. (2017). For the present application, the
GAM was fitted to the observed tropical storm track veloci-
ties, for each combination of season and ENSO phase. Storm
track velocities were calculated by differencing the latitu-
dinal and longitudinal positions of the storms to generate
velocities along the track increments. Since close to 80% of
the TC lifespans in the NIO area are seen within 7 days from
TC formation, capping at 7-day TC lifetimes (4-time/day)
was seen to be a realistic selection for the model (Wahiduz-
zaman et al. 2017).

2.3.3 Landfall model

For each simulated track, a landfall determination was made
by analysing the track against the country mask (1/12°) out-
line. To determine the place and time of landfall, each trajec-
tory was also interpolated to a finer time scale and succes-
sive points along this fine-scale trajectory were compared
to the raster land mask, with the first point to fall on land
considered to be the point of landfall. We have not consid-
ered multiple landfalls as these are hardly seen in the NIO
region (Wahiduzzaman et al. 2017).

2.4 Model validation

Two validation methods were applied in this study. Firstly,
leave-one-out cross-validation was implemented by elimi-
nating each trajectory one by one and then predicting this
trajectory from the model fit to the remaining data set. Sec-
ondly, the distance between the observed and predicted land-
falls have been calculated from the TC trajectories. For every
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observed landfall, a number of tracks originating from the
same genesis point as the observed track were simulated,
and then histograms of the distance were constructed and
evaluated.

2.5 Lead-lag analysis

Lead-lag analysis has been presented by following two
approaches to evaluate the best predictor timescale for the
ENSO. The first was based on the distance calculation, and
the second based on the comparison of landfall between
observed and the simulated country (determined by major-
ity vote). Table 1 shows the percentage of simulated landfall
within 500 km of the observed landfall by lead month, and
this percentage was converted to a skill score by decile. The
highest percentage (i.e. 66.5%, representing a skill score in
decile 7) was found for the 2-month lead SOI as predictor
of landfall. However, the model has utility also with 5- and
6-month SOI leads (skill score in decile 6), but performs
worst for 3- and 4-month leads.

Table 2 compares the observed number of TC landfalls
with the model predicted landfalls from the simulated tracks
for each lead month and informed by ENSO phase. In gen-
eral, the model under-predicts landfall percentage totals in
Bangladesh and consistently over-predicts landfall percent-
age totals in India and Sri Lanka. As the NIO rim countries
have very different sizes and geometries, we chose to focus
on point of landfall rather than country of landfall and chose
the 2-month lead SOI as predictor variable.

3 Results

3.1 Modelling of TC genesis and track

The highest average frequency of genesis (Fig. 2) is
observed in La Nifa years (3.67/year), whereas El Nifio and

the Neutral years correspond to the 2.9 and 2.76 respectively
over the NIO. These results are consistent with those of

Table 1 For each lead month, the difference between observed and
simulated tropical cyclones landfall is shown

Lead month TC landfall (in percentage) Skill
1 47.9 5
2 66.5 7
3 22 3
4 24.1 3
5 535 6
6 535 6

The highest skill is denoted by the bold percentage. A skill score of 1
corresponds to 1-10% predicted (decile 1) so that a skill score of 10
corresponds to 91-100% (decile 10)



Seasonal forecasting of tropical cyclones in the North Indian Ocean region: the role of El...

Table 2 For each lead month, the observed and simulated tropical cyclones landfall frequency as ENSO predictor is shown. For each country,
the bold number highlights the best lag and the failure simulation in that lead month is denoted by bold with underlined percentages

Country Observed land-  Month-1 (simu- Month-2 (simu- Month-3 (simu- Month-4 (simu- Month-5 (simu- Month-6
fall (in number)  lated number) lated number) lated number) lated number) lated number) (simulated
number)
India 34 52 53 20 37 45 59
Myanmar 7 1 5 8 12 11 3
Bangladesh 14 0 2
Sri Lanka 3 7 2 17 7 9 5
Yemen 0 7 4 0 2 4 3
Oman 5 8 11 6 4 16
NON 25 13 11 41 23 15 2
El Nino Neutral La Nina
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Fig.2 Observed TC genesis, trajectories and landfall for El Nifio
(left), Neutral (middle) and La Nifia (right) phases of the ENSO in
the 30-year period from 1980 to 2009 (EI Niflo, Neutral and La Nifia

Girishkumar and Ravichandran (2012), Felton et al. (2013)
and Mabhala et al. (2015) over the BoB. During El Nifio,
TCs are moving towards westward and northward over the
BoB and make landfall in Tamil Nadu (India), Chittagong
(Bangladesh), and Irrawaddy (Myanmar). During the Neu-
tral phase of ENSO, most BoB TCs track towards the west
(and make landfall into the Andhra Pradesh and Orissa states
of India) and the north (and make landfall along the eastern
part of Bangladesh) and few of them along the Irrawaddy
coast of Myanmar. During La Niifia, the TCs are moving
towards the northwest in the BoB and make landfall along
the northeast coast of India and Bangladesh. Over the Arabia
Sea, TCs are moving towards Oman during El Nifio and the
ENSO Neutral phase. In short, during the El Nifio phase, a
large number of cyclones make landfall south of 17° N. Con-
versely, during La Nifia and the Neutral phase, TCs make
landfall in the north of 15° N. The tracks shown in Fig. 2 are
consistent with previous TC observation reports by Girish-
kumar and Ravichandran (2012), Felton et al. (2013) and
Mahala et al. (2015) over the BoB. Interestingly, we note
a much greater number of TCs have been observed to form
in the Arabian Sea during EI Nifio than in La Nifia over the
35-year record (see Fig. 2).

phases consist 24%, 58% and 18% seasons respectively). Red (green)
dots show the genesis (landfall) point in the NIO region (0°-30° N
and 50°-100° E) and the blue lines specify the trajectories

The modelled distribution of TC genesis points, assessed
by KDE, is shown in Fig. 3. For each phase of ENSO, the
highest densities are observed in the Bay of Bengal. In the
Neutral phase, the highest density is seen between 7 and
21° N in the Bay of Bengal and 10-15° N in the Arabian
Sea. In the EI Nifio phase, the highest densities are between
10-17° N in the Bay of Bengal and 10-13° N in the Arabian
Sea. Finally, in the La Nifia phase, it is in 10°-20° for the
Bay of Bengal and 15°-18° in the Arabian Sea.

Figure 4 shows the frequency distribution of 7 days from
TC genesis to landfall, according to ENSO phase. Highest
landfall rates are observed from 0 to 2 days after genesis
in the La Nifia phase (86% of the time). During the Neu-
tral phase TC landfall tends to occur 1-2 days after genesis
(75.6%). During El Nifio, close to 50% (51.1%) of TCs made
landfall within 0-1 day after genesis.

The GAM fits to the observed TC tracks for each ENSO
phase are shown in Fig. 5. In the Arabian Sea, during
either the El Nifio or ENSO Neutral phase, the gridded
Eulerian (vector) field is predominantly westward in the
south and more northwestward in the north. During La
Nifia, there is a more apparent eastward component of
the motion. In the BoB during the La Nifia and Neutral

@ Springer



M. Wahiduzzaman et al.

El Nifio

Neutral

La Nina

Latitude(°N)

0.012
0.010
| 0.008
bn] 0.006
L] 0.004
0.002
4 0.000

0.012
0.010
0.008
i 0.006
b 0.004
0.002
10,000

50 B0

70

100

80

Longitude(°E)

a0

Fig.3 TC genesis modelling from 1980 to 2009 based on KDE for the El Nifio (left), Neutral (middle) and La Nifa (right) phases of the ENSO.
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Fig.5 Velocities of TC track during El Nifio, Neutral and La Nifia phase. Reference arrow denotes 10m/s

phases, the vector field is predominantly northeastward
in the south, with cyclones more strongly directed to Sri
Lanka and the tip of India in La Nifia. In the North of the
BoB, the motion is predominantly northwest in the west
and northeast in the east, becoming increasingly so in the
Neutral and La Nifia phases.
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3.2 Model simulations

Model simulations (Fig. 6) show the movement of TCs and
their point of landfall. In El Nifio phase, tropical cyclones
move towards west and northwest direction over the BoB
with few exceptions and majority make landfall in the state
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Fig.6 Simulated TC formation, movement and landfall during the
El Nifio (left), Neutral (middle) and La Nifia (right) phases of the
ENSO. Red (green) dots show the TC genesis (landfall) point in the

of Tamil Nadu and Orissa of India; the southwestern zone of
Bangladesh; and the state of Arakan and Irrawaddy of Myan-
mar. This is generally consistent with observations. Over the
Arabia Sea, storms move towards the northwest and they
make landfall in the state of Salalah and Sor of Oman and
Yemen. During the neutral phase, many TCs move towards
the northwest over the BoB and make landfall along the
Andhra Pradesh of India and Irrawaddy of Myanmar. Over
the Arabia Sea, storms move towards the northwest and
make landfall in Oman (consistent with observations except
the south-eastern part of Bangladesh). During the La Niifia
phase, storms move towards the northwest in the BoB and
make landfall along the east coast of India, south-eastern
part of Bangladesh and eastern part of Sri Lanka. Over the
Arabia Sea, cyclones move towards the north and east direc-
tion (consistent with observations).

In Fig. 7, the frequency of simulated landfall is discussed
according to time after genesis for all ENSO phase. The
maximum frequency is seen around 1 day after genesis in La
Nifia phase (61.2% of the time), El Nifio phase (51.1% of the
time) and the Neutral phase (44.7% of the time). The simu-
lated landfall exhausted earlier compare to observations.

El Nifio

25
25

20
20

Frequency of TC
5

Frequency of TC
15

10

NIO region (0°-30° N and 50°-100° E) for a 30-year period from
1980 to 2009. The blue lines direct the TC trajectories

3.3 Seasonwise tropical cyclone activities

Tropical cyclones develop frequently during the post-
monsoon (Oct—Nov) season (Fig. 8) and the pre-monsoon
(Mar-May) has approximately half of post-monsoon. Win-
ter (Dec—Feb) and the monsoon season (Jun—Sep) are the
quietest seasons. During post-monsoon season, most of TCs
move westward and northwestward, and landfall is seen in
the north-western and western portion of the BoB. However,
in pre-monsoon season they move northeastward and landfall
is seen in the north-eastern part of the BoB. In winter, tropi-
cal cyclones tend to track towards the west and make land-
fall in the south-western fringe of the BoB. TCs are moving
towards the west or northwestward in the monsoon season
and landfall is observed in the north-western fringe of the
BoB. Among the four seasons, pre- and post-monsoon season
are the two-peak seasons for Bangladesh and both contribute
a total of 88% landfall whereas individually the pre-monsoon
season is the most concerning for Myanmar (about 66% of
annual total tropical cyclones are seen to make landfall each
year). The most active period (the highest percentage of land-
fall) for India is seen during the post-monsoon season where

Neutral La Nifa

Frequency of TC
15 20 25 30
1

10

Day

Fig. 7

Day Day

Simulated TC landfall frequency from genesis to landfall (1980-2009) for each ENSO phase binned by the time to landfall in days

@ Springer



M. Wahiduzzaman et al.

Winter Premonsoon
o o
—_ 2 —_ 9
2 + Z N -
- ¢ . ol D >
g N : 8 N o ._-:.
2 o .t = 9 s
= .- E -
S = AN S =]
= o
I I I I I | 1 T T T T |
50 60 70 80 90 100 50 60 70 80 90 100
Monsoon Postmonsoon
o o
—_ Ll —_ &
zZ ] b B Z ]
o oo o
g N < 7 % N
2 o 2 © S
= 2 =z 2 -
k| — S =
o o -

50 60 70 80 90 100 50 60 70 80 90 100

Longitude (°E) Longitude (°E)

Fig.8 Seasonally stratified observed TC formation (red dots), tra-
jectories (blue lines), and landfall positions (green dots) for 30-year
period (1980-2009) in the NIO

71% of annual TCs landfall is observed. For Sri Lanka, the
highest percentage of annual landfall occurred during winter,
and whereas, for Oman, the maximum annual landfall is seen
during the monsoon season.

3.4 Tropical cyclone activity jointly by season
and ENSO phase

Modelled TCs activity by season and ENSO phase are
shown in Fig. 9. In El Niflo phase, TCs are moving towards a
northward and northeastward direction over the BoB during
winter and pre-monsoon, and landfall is seen in the eastern
part of the BoB, especially Chittagong in Bangladesh and
the Irrawaddy coast of Myanmar. However, cyclones move
towards the north or westward during the monsoon and post-
monsoon season and maximum landfalls are observed along
the Tamil Nadu and Andhra Pradesh in India and a few are
in the western fringe of Bangladesh. Over the BoB and the
AS, during the winter, monsoon and post-monsoon seasons
in the neutral phase, TCs move westward and landfalls are
seen in Sri Lanka (during winter) and along the Orissa (in
monsoon) and Andhra Pradesh (in post-monsoon) coast of
India. However, north-eastward movement with landfall in
Chittagong of Bangladesh and Myanmar is seen in the post-
monsoon season. During the La Nifia phase for all seasons,
storms move westward and northwestward in the BoB and
the Arabia Sea (AS) and make landfall along east India
(Andhra Pradesh, Orissa and Tamil Nadu) and the southern
fringe of Bangladesh.

The modelled distribution of genesis points for individual
seasons in each ENSO phase is shown in Fig. 10. In boreal

@ Springer

winter, for all three phases of ENSO, the highest densities
are seen in 5°-10° in the both BoB and AS, while the high-
est genesis densities are closer to 10°-20° (10°-15°) in the
BoB (AS) in the pre-monsoon season. On the other hand, the
highest densities are found in 15°-20° (10°-20°) in the BoB
(AS) during monsoon season, whereas the post-monsoon
shows the highest densities in 10°-20° for the BoB and the
AS for all three phases of ENSO.

Figure 11 shows the distribution of TC velocities for each
ENSO phase. During winter in El Nifio phase, a northeast-
ward movement is seen in the NIO whereas the westward
movement and later recurving towards the east movement
is seen in both Neutral and La Nifia phase. During pre-mon-
soon season, each phase shows different characteristics of
movement for example the velocity field is seen towards
the north in El Nifio phase, eastward in Neutral phase and
westward (later eastward) during La Nifia phase in the BoB,
whereas for the AS, the velocity field is seen towards the
north-west (west) in El Nifio and Neutral (La Nifia) phase.
During monsoon and post-monsoon, the velocity field indi-
cates a westward movement for all three phases of ENSO
except post-monsoon La Nifia phase in which their move-
ment turns west to east.

Model simulations of TC tracks (Fig. 12) as a function
of both season and ENSO phase display the movement of
trajectories and their point of landfall. During the winter
and pre-monsoon El Nifio phase, tropical cyclones tend to
track towards northeastward over the BoB and the major-
ity make landfall in the eastern part of the BoB, especially
Chittagong—Cox’s bazar coast in Bangladesh and the coastal
zone of Myanmar. However, cyclones move towards the
north during the monsoon and most of them make landfall
along the coastal fringe of Bangladesh, and during the post-
monsoon season cyclones move westward where they make
landfall along the east coast of India. Over the AS, during
the El Nifio phase for all four seasons except the winter,
storms move westward and make landfalls in the coastal
fringe of Oman. This is generally consistent with observa-
tions. During the Neutral phase, a majority of storms move
northwards over the BoB in winter, eastwards in the pre-
monsoon, both eastwards and westwards in monsoon and
west in the post-monsoon season. For all four seasons in La
Nifia phase, western movement is observed (consistent with
observations) in the BoB and make landfalls along the Tamil
Nadu, Andhra Pradesh in India and also the southeastern
part of Bangladesh for monsoon and Myanmar for post-
monsoon. Whereas over the AS, cyclone movement varies
with seasons (consistent with observations).

3.5 TC movement mechanism

The driving force of steering flow determines the move-
ment of TCs (Fadnavis et al. 2014). In this paper, we used
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Fig.9 Observed TC genesis (red dots), movement (blue lines) and landfall (green dots) during different seasons in El Nifio years (left), Neutral
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the El Nifio (left), Neutral (middle) and La Nifa (right) phases of the
ENSO in different seasons based on the 30-year period 1980-2009.

500 hpa wind to show TC motion during ENSO phase
based on the findings of earlier studies by Girishkumar
and Ravichandran (2012) and George and Gray (1976).
Figure 13 shows the wind pattern of El Nifio, Neutral
and La Nifia phase during pre and post-monsoon season
across the Bay of Bengal and Arabian sea. Wind pattern
indicates northeast (westward and northwestward) move-
ment in pre (post)-monsoon season which is consistent
with the TC track model’s results.
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Red color shows the highest density (concentration of TC numbers/
km?) area of TC formation

3.6 Model validation and forecast skill

The model was validated by leave-one-out cross-validation
(LOOCYV) and distance calculation. Using the LOOCV
with majority vote approach for a climatological model,
Wahiduzzaman et al. (2017) found that the prediction
of model compared well with observation. The distance
validation approach (Fig. 14) shows that the maximum
simulated TC landfall (68.8%) occurred within 500 km
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which is skillful in consideration of the median storm size
(Chavas et al. 2016).

To assess the model skill, a comparison between observa-
tion and the model simulation is presented in Table 3. The
model simulation considered both climatology and ENSO
predictor. The seasonal forecast model is found to perform
well in comparison with climatological model. The fore-
cast model predicted very well for Myanmar (5.7%) and Sri
Lanka (2.3%) (consistent with observations). The climatol-
ogy is showing a very good skill for India and Oman (con-
sistent with observation).

The distance calculation approach shows a 68.8%
(63.3%) of total TC landfalls were within 500 km by
forecast model (climatological model) so the forecast
model claims approximately 15% improvement (Skill
score = Scoreforecast - Scorereference/ Scoreperfect forecast Scor-
€ eference = (08.8 —63.3/100 — 63.3) = (5.5/36.7) = 15%) over
climatology (Fig. 14).

The skill of model forecast has been further evaluated
over the 2010-2013 period, using the 1980-2009 period
for the model fit. During this period TCs occurrence has
been found in winter (2011), pre-monsoon (2010 and 2013)
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and post-monsoon (2010-2012). The observation, model
forecast and model anomalies (forecast model—climatologi-
cal model) are shown in Fig. 15. In the 2010 pre-monsoon
period, observed landfall is seen in Andhra Pradesh of India,
Oman (Fig. 15a) and the model forecasted the highest prob-
ability in Andhra Pradesh and Orissa in India, Rakhine in
Myanmar (Fig. 15b). The forecast model minus climatology
(Fig. 15¢) showed a maximum increased (decreased) likeli-
hood in Andhra Pradesh and Orissa of India (Ayeyarwady,
Myanmar). For post-monsoon period, observed landfall
is seen in Rakhine of Myanmar (Fig. 15d) and the model
forecasted maximum probabilities along the Myanmar coast
(Fig. 15e). The forecast model minus climatology showed
a maximum increased likelihood along the Myanmar coast
with a decreased likelihood along the eastern part of India
coast (Fig. 15f).

In winter season 2011, TC made landfall in Tamil Nadu
of India (Fig. 15g) and the model predicted landfall in Sri
Lanka as well as Tamil Nadu of India (Fig. 15h). Probabil-
ity was more in Sri Lanka and less in Tamil Nadu of India
than climatological model (Fig. 15i). For post-monsoon,
observed landfall is seen in Chittagong of Bangladesh as
well as Dofar in Oman (Fig. 15j) and the model predicted
maximum probabilities along the east coast of Bangladesh
as well as Myanmar (Fig. 15k). The forecast model minus
climatology showed a maximum increased likelihood along
the Bangladesh (east coast)-Myanmar coast with a decreased
likelihood along the eastern part of India coast as well as
Dofar in Oman (Fig. 151).

During 2012 post-monsoon period, TC made landfall in
Andhra Pradesh of India (Fig. 15m) and the model fore-
casted highest probabilities along the Myanmar coast fol-
lowed by Andhra Pradesh, India (Fig. 15n) where positive
anomalies were seen in Myanmar coast and negative anoma-
lies in east coast of India (Fig. 150).

In 2013 pre-monsoon season, observed landfall is seen in
Chittagong coast of Bangladesh (Fig. 15p) and the model pre-
dicted maximum probabilities in Chittagong of Bangladesh,

Fig. 15 TC landfall probabilities during a—c¢ 2010 pre-monsoon; d—f »
2010 post-monsoon; g—i 2011 winter; j-1 2011 post-monsoon; m—o
2012 a post-monsoon and p-r 2013 pre-monsoon. Left (middle) col-
umn shows the observation (model prediction) and the difference
between forecast model and climatology is shown by right column

Rakhine of Myanmar, Andhra Pradesh and Orissa of India
(Fig. 15q) where these regions showed positive anomalies
and maximum negative anomalies are found in Barisal coast
of Bangladesh and Ayeyarwady of Myanmar (Fig. 15r).
Overall, the model did well for the year of 2010 (pre and
post monsoon), 2011 (post-monsoon), 2013 (pre-monsoon)
and worse for the year of 2011 (winter season), 2012 (post-
monsoon season) compared to climatological model.

By averaging all the validation results we draw maps to
focus the probabilities by forecast model as well as the dif-
ference with climatological model. The pre and post-mon-
soon (two major peak seasons) observation, model forecast
and model anomalies (forecast model—climatological model)
are shown in Fig. 16. In pre-monsoon El Nifio phase, TC
made landfall in Rakhine of Myanmar (Fig. 16a) and the
model forecasted maximum landfall probabilities along
the Myanmar coast (Fig. 16b) with positive anomalies in
Ayeyarwady of Myanmar and negative anomalies in Rakh-
ine of Myanmar and Andhra Pradesh and Orissa of India
(Fig. 16c¢). During the Neutral phase, TC made landfall in
Chittagong of Bangladesh, Rakhine of Myanmar (Fig. 16d)
and the model forecasted well in these regions (Fig. 16e) and
positive anomalies are seen in Chittagong of Bangladesh
(Fig. 16f). In La Nifia phase, TC landfall is seen in West
Bengal of India (Fig. 16g) which is predicted well by fore-
cast model (Fig. 16h) compared to climatology (Fig. 161).

During post-monsoon El Nifio phase, TC made landfall
in Andhra Pradesh of India and Oman (Fig. 16j) and we
found model predicts maximum (positive anomalies) in
these regions (Fig. 16k) and negative anomalies are found
in West Bengal of India (Fig. 161). In Neutral phase, maxi-
mum landfall is seen in east coast of India (Fig. 16m) and the

Table 3 Observed and

: Country Observation Simulation (climatology) Simulation (fore-
simulated TCs number and .
. 8 cast model

percentages using climatology

and ENSO as a predictor No % No % No %
India 34 38.6 38 432 53 60.2
Myanmar 7 7.9 1 1.1 5 5.7
Bangladesh 14 15.9 0 0 2 2.3
Sri Lanka 34 16 18.2 2 2.3
Oman 5.7 3 34 11 12.5
Yemen 0 23 4 4.5
Sum 63 71.6 60 68.2 77 87.5
NON 25 28.4 28 31.8 11 12.5
Total 88 100 88 100 88 100
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«Fig. 16 TC landfall probabilities for a—c¢ pre-monsoon and El Nifio
phase; d—f pre-monsoon and neutral phase; g—i pre-monsoon and
La Nifia phase; and j-1 post-monsoon and El Nifio phase; m—o post-
monsoon and Neutral phase; and p—r post-monsoon and La Nifia
phase. Results have been accumulated across 30-years of leave-one-
out cross validation. Left (middle) column shows the observation
(model prediction) (middle) and the difference between forecast
model and climatology is shown in right column

model predicted maximum probabilities along the coast of
Myanmar as well as south east of India (Fig. 16n). The fore-
cast model minus climatology showed a maximum increased
likelihood along the east coast of India except West Ben-
gal (Fig. 160). During La Nifia phase, TC made landfall
in Gujarat and Andhra Pradesh of India (Fig. 16p) and the
model forecasted well in these regions (Fig. 16q) with posi-
tive anomalies (Fig. 16r).

4 Discussion and summary

The climate of the Indian Ocean region is strongly influenced
by ocean variability on various spatial and temporal scales
(Schott and McCreary 2001). Tropical cyclone activity over
the North Indian Ocean is influenced by El Nifio-Southern
Oscillation (Girishkumar et al. 2015), the Quasi-Biennial
Oscillation (Fadnavis et al. 2014), the Pacific Decadal Oscil-
lation (Girishkumar et al. 2014), the Boreal Summer Intra-
seasonal Oscillation (Kikuchi and Wang 2010), the Indian
Ocean Dipole (Saji et al. 1999), and the Madden—Julian
Oscillation (Kikuchi and Wang 2010; Girishkumar et al.
2015), and so on. This paper investigates the relationship
between the El Nifio-Southern Oscillation and TC frequency
and tracks, and discusses the development and performance
of a statistical seasonal forecast model. ENSO is effectively
phase-locked to the seasonal cycle (Bengtsson et al. 2007;
Li et al. 2010). Typically, the developing ENSO-event dur-
ing September—October—November has more influence on
post-monsoon TCs. ENSO also has much less predictabil-
ity, especially during March—April-May associated with the
“springtime predictability barrier”. One benefit of this model
is the potential for forecasts months in advance.

This paper developed a statistical seasonal forecast model
of TCs activities over the NIO using ENSO as a predictor.
The paper addresses questions and carries out analyses using
a variety of statistical methods and climate analysis tools for
the seasonal forecast models. Girishkumar and Ravichan-
dran (2012), Ng and Chan (2012), Felton et al. (2013) and
Mahala et al. (2015) have shown a potential relationship
between ENSO and TC over the BoB. Building on these
recent research findings, we have used Kernel density esti-
mation to model the TC genesis points, then Generalised
Additive Model to model the TC tracks.

We have endeavoured to be both pragmatic and consist-
ent with TC data reliability for the NIO region. This choice
from 1979 for TCs in the model is based on both reported
research (Weinkle et al. 2012; Wahiduzzaman et al. 2017,
2019) and our own analysis of historical NIO region TC
observations. Unfortunately, there are many issues with the
data over the NIO prior to 1979, due to lack of geostationary
satellite data and limited observations, and so we considered
it important not to extend our analysis prior to 1979. Instead,
we addressed the issue of data paucity, and examined statisti-
cal significances of our results (Wahiduzzaman et al. 2019).
Two-sample Student’s ¢ test has been applied on the time
series of the number of cyclones for the entire NIO and it is
found that the landfall frequency is significantly different at
95% confidence level for all ENSO phase.

During a 30-year period (1980-2009), a total number
of 88 TCs have been observed, and among them, 63 TCs
(71.6%) made landfall across the six NIO rim countries. For
the ENSO phase, the highest average frequency of genesis
is seen in the La Nifia years (3.67), whereas El Nifio and the
Neutral years correspond to the 2.9 and 2.76 respectively over
the NIO. There is a significant change for the cyclonic move-
ment during both seasons and ENSO phase and the landfall
probabilities for each phase of ENSO and season varies.

During El Nifio (La Nifa), the GAM -fitted velocity field
highlights the westward/northwestward (northeastward) direc-
tion. TC tracks, when stratified as per the phase of ENSO,
show the evidence of an influence of ENSO on the movement
and landfall. For example, during El Nifio phase, cyclones
move south of 17° N where they move north of 15° N in
La Nifia phase to make landfall. Overall, during El Nifio (La
Nifia) years most of geneses have been observed in the west-
ern (eastern) Bay of Bengal and landfall in the east coast of
India, particularly Tamil Nadu and Andhra Pradesh (Orissa
coast of India and the southwestern fringe of Bangladesh).

Two cross validation methods have been applied in this
study. Using leave-one-out cross-validation, the model shows
approximately 70% skill for matching simulated landfall
with observed landfall. The distance calculation approach
demonstrates that the model is relatively skillful (approxi-
mately 64% skill) considering the typical spatial scale
of TCs (~ 1000 km). The global median size of a cyclone is
300 km and it is 287 km in the NIO (Chavas et al. 2016).
Majority of the modelled TCs landfall occurrences were
within short distance (0-300 km) of the observed landfall
locations which demonstrate the model is skillful. It is within
the error estimate by physical scale of TCs and dynamical
model’s typical error scale. The developed model performed
well for the NIO rim countries; for example, it shows an
excellent skill for Myanmar and Sri Lanka (very close to
observations). Also, the model was skillful for individual
year forecast including the highest probabilities in Andhra
Pradesh of India, Rakhine of Myanmar for 2010; Chittagong
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of Bangladesh in 2011 and 2013 which are consistent with
observations. In our knowledge, there is no statistical model
that used lead—lag analysis for ENSO as a predictor for TCs
in the NIO and such we developed a statistical seasonal
forecast model. By performing sensitivity analysis, lead—lag
confirms ENSO is a good predictor for 2-month advance to
forecast. The model was skillful and performed with a 15%
improvement over the climatological model.
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