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Seasonal forecasting of tropical cyclogenesis
over the North Indian Ocean

D R Pattanaik
∗ and M Mohapatra

India Meteorological Department, New Delhi 110 003, India.
∗Corresponding author. e-mail: drpattanaik@gmail.com

Over the North Indian Ocean (NIO) and particularly over the Bay of Bengal (BoB), the post-monsoon
season from October to December (OND) are known to produce tropical cyclones, which cause damage
to life and property over India and many neighbouring countries. The variability of frequency of cyclonic
disturbances (CDs) during OND season is found to be associated with variability of previous large-scale
features during monsoon season from June to September, which is used to develop seasonal forecast
model of CDs frequency over the BoB and NIO based on principal component regression (PCR). Six
dynamical/thermodynamical parameters during previous June–August, viz., (i) sea surface temperature
(SST) over the equatorial central Pacific, (ii) sea level pressure (SLP) over the southeastern equatorial
Indian Ocean, (iii) meridional wind over the eastern equatorial Indian Ocean at 850 hPa, (iv) strength of
upper level easterly, (v) strength of monsoon westerly over North Indian Ocean at 850 hPa, and (vi) SST
over the northwest Pacific having significant and stable relationship with CDs over BoB in subsequent
OND season are used in PCR model for a training period of 40 years (1971–2010) and the latest four years
(2011–2014) are used for validation. The PCR model indicates highly significant correlation coefficient of
0.77 (0.76) between forecast and observed frequency of CD over the BoB (NIO) for the whole period of 44
years and is associated with the root mean square error and mean absolute error ≤ 1 CD. With respect
to the category forecast of CD frequency over BoB and NIO, the Hit score is found to be about 63% and
the Relative Operating Curves (ROC) for above and below normal forecast is found to be having much
better forecast skill than the climatology. The PCR model performs very well, particularly for the above
and below normal CD year over the BoB and the NIO, during the test period from 2011 to 2014.

1. Introduction

The extensive coastal belt of India is very vulnera-
ble to the deadly storms known as tropical cyclones
(TCs). The TC hazard proneness varies along the
coast depending upon the frequency of TCs and
severe TCs land-falling on the coast and associated
heavy rain, wind and storm surge (Mohapatra et al.
2012a). These systems form initially as low-pres-
sure areas (when the maximum sustained surface
wind is less than 17 knots) over the North Indian
Ocean (NIO) and then intensify into depressions

(DD; maximum sustained surface wind is between
17 and 33 knots) and occasionally become TCs
(cyclonic storm (CS); when surface wind speed is
between 34 and 47 knots and severe cyclonic storm
(SCS) and above; when surface wind speed is 48
knots and above). As shown in some previous stud-
ies (Pattanaik 2005; Mohapatra et al. 2012b) for
the TCs only, the peak is observed during Novem-
ber, followed by October in the post-monsoon sea-
son (October–December; OND), followed by the
month of May in pre-monsoon season (March–
May; MAM). This is also seen from figure 1(a),
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Figure 1. (a) Monthly total number of cyclonic disturbances (CDs) including depressions (DD) and cyclonic storms formed
over the North Indian Ocean from January to December during the period 1971–2014. (b) Observed tracks of CDs during
October–December season during this period.

which indicates monthly total cyclonic distur-
bances (CDs; system with DD, CS, SCS or higher
intensity) formed over the NIO during the last 44-
year period. Over the Bay of Bengal (BoB), the
months of October–November are known to pro-
duce CDs of severe intensity, which after crossing
the coast can cause damages to life and property
over many countries of south Asia. The strong
winds, heavy rains and large storm surges asso-
ciated with CDs are the factors that eventually

lead to loss of life and property. Rains (sometimes
even more than 30 cm/24 hr) associated with
cyclones are another source of damage. The com-
bination of a shallow coastal plain along with
the world’s highest population density, coupled
with low socio-economic conditions in the region
surrounding the BoB has resulted in several
land-falling CDs becoming devastating natural dis-
asters. As a result, the Government bears heavy
expenditure towards relief and rescue, and other
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mitigation measures. This cost of expenditure can
be significantly reduced, if adequate preparation
measures are taken by disaster manager based
on a seasonal outlook on frequency of genesis of
TCs/CDs and the coast likely to be most adversely
affected. Further, the seasonal outlook on the above
can help in fine tuning the early warning system of
India Meteorological Department (IMD) by strate-
gic planning of additional observations including
aircraft observation, etc., and thus, further minimize
the loss of life and property. Thus, the seasonal
forecast of frequency of CDs over the NIO and
particularly over the BoB is of great use to many
users. Interest from the media and the general pub-
lic in seasonal forecasts of CDs has also increased
tremendously.
Seasonal forecasts of TCs activity in various

regions have been developed since the first attempts
in the early 1980s by Nicholls (1979) for the Aus-
tralian region and Gray (1984a, b) for the North
Atlantic region. Over time, forecasts for different
regions, using differing methodologies have been
developed. Considering El Niño Southern Oscilla-
tion (ENSO) as one major force for explaining the
variability of CDs over the different global ocean
basins, the relationship of ENSO and TCs was sub-
sequently developed into statistical forecasts model
for predicting seasonal activity of CDs over differ-
ent ocean basins. Chan et al. (1998, 2001) devel-
oped seasonal forecast of annual TC frequency for
the season from May to December (i.e., main active
season) over the northwest Pacific based on ENSO
as one predictor.
With respect to the TC forecasting using dynam-

ical models, there has been considerable improve-
ment in the forecast skill of TCs over the NIO,
particularly in the short range up to 72 hrs
(Mohapatra et al. 2013a, b), which could be due to
the improvement in numerical model and use of wide
range of non-conventional data in the assimilation
system of the model (Kar et al. 2003; Prasad and
Rama Rao 2003; Pattanaik and Rama Rao 2009;
Mohanty et al. 2010; Osuri et al. 2012, etc). As
shown by Kar et al. (2003), the Odisha super
cyclone of 1999 is better simulated with assimila-
tion of high-resolution satellite data. Some earlier
studies (Pattanaik et al. 2003; Kotal et al. 2009)
have also discussed the genesis parameters of for-
mations of TCs over NIO based on dynamical vari-
ables in the medium range time scales. Also, there
have been some efforts to forecast the genesis of
CDs over the BoB in the extended range time scale
(2–3 weeks) using latest generation coupled model
outputs (Belanger et al. 2010; Pattanaik et al.
2013; Pattanaik and Mohapatra 2014) over the
NIO. However, with respect to the coupled model
based seasonal forecast of CDs frequency over dif-
ferent ocean basins, the models display some skill

in predicting the inter-annual variability of tropical
storms over the Atlantic, the eastern North Pacific,
the western North Pacific, the Australian basin and
the South Pacific (Vitart et al. 1997; Camargo et al.
2005; Vitart 2006). But over the NIO, there is very
little skill or no skill of seasonal forecast of fre-
quency of CDs using dynamical models. Camargo
et al. (2005) pointed out that it is not clear as to
what extent the poor skill of seasonal forecast of
frequency of CDs over the NIO is due to model
errors or to a lack of predictability. In view of
this, there is a need to develop a suitable empirical
model for the seasonal forecast (deterministic and
probabilistic) of CDs frequency over the BoB dur-
ing OND season. In the present study, an attempt
is made to develop an empirical model based on the
method of principal component regression (PCR)
for the seasonal forecast of CDs frequency over the
BOB during OND season. As the main cyclone
season over the NIO during OND is just after
the boreal summer monsoon season from June to
September, the variability of CDs frequency could
be related to the variability of large-scale features
during the monsoon season. First part of the objec-
tive of the present paper is to investigate this vari-
ability of CDs frequency over the BoB, as well
as the NIO to identify suitable predictors having
significant correlations with the seasonal frequency
of CDs during OND. The second objective of the
present study is to develop a PCR model for the
seasonal forecast of CDs over the BoB using these
predictors, which can be used operationally by
IMD. The data and methodology is discussed in
section 2. The variability of CDs over the BoB and
NIO and its association with large scale variables
is discussed in section 3. The PCR model devel-
oped for the seasonal forecast of CDs frequency
over BoB and its skill scores are evaluated in
section 4. The forecast model of CD frequency over
the NIO is discussed in section 5. Main conclusions
are discussed in section 6.

2. Data and methodology

The frequency of CDs during the recent 44 years
(1971–2014) over the BoB and the Arabian Sea
during OND are used in the present study. These
datasets are collected from the storm e-atlas (IMD
2012) published by IMD. The large-scale variables
used for finding suitable predictors are obtained
from the National Center for Environmental Pre-
diction (NCEP) reanalysis (Kalnay et al. 1996).
Though the CDs frequency data for a long period
is available, the PCR model for the seasonal fore-
cast of CDs is developed over the BoB based on
recent 44 years of data. The reason for considering
the recent data of 1971–2014 is that: (i) the quality
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of best track is far better during this period, (ii) no
missing TC over NIO as the period corresponds
to geostationary satellite era and IMD has utilised
satellite products during the period, and (iii) cy-
clone detection radars were also operational along
Indian coast since 1973 (Mohapatra et al. 2012b).
It is advantageous to use PCR model compared
to multiple regression model when there is signif-
icant inter-correlation among the predictors com-
monly termed as multi-colinearity. The PCR model
avoids the inter-correlation and helps to reduce the
degrees of freedom by restricting the number of
predictors. In case of PCR model, the principle
component analysis is first applied on the predictor
set and then few PCs (principal components) hav-
ing highest CC with the predictants are selected.
The selected PCs are then related to the CD fre-
quency series using a multiple regression equation.
Singh and Pai (1996) and Rajeevan et al. (2000)
have used PCR model for the monsoon forecast.
For statistical prediction methods, cross-validation
(Michaelsen 1987) is needed to help reduce artifi-
cial skill that can exist in the training data sam-
ple but vanishes when the method is applied to a
real-time forecast for the future. In this case, the
cross-validation of 3 years is used. Thus, in cross-
validation forecast, the PCR models are derived
from all years except for one that is withheld and
±1 year, and that year is then used as the target
of the prediction. This is repeated for all the years
separately. In other words, cross-validation does
not extend to the current forecast year and two
additional years (one following and one preceding
the year), and therefore provides a more faithful
representation of real-time skill.
Different verification measures can be used

for both deterministic and probability forecasts.
The conventional (i.e., Pearson) correlation coef-
ficient (CC) is also informative when applied to
deterministic forecasts. In addition, the root mean
square error (RMSE), mean absolute error (MAE)
and mean bias can be used for the verifica-
tion of deterministic forecast. The CC denotes
how well the model forecasts agree with observa-
tions. The MAE and RMSE represents the devi-
ation between forecast and observation, however,
it does not indicate the direction of the deviations.
The other skill scores, like ‘mean bias’, mainly
explain how the average forecast magnitude com-
pares to the average observed magnitude. Posi-
tive (negative) values of ‘mean bias’ indicate the
average tendency of the model to over-predict (or
under-predict).
In addition to the verification of deterministic

forecast, there are many verification measures, which
can be used for the verification of probability fore-
cast (WMO 2002). The verification scores used for
verification of probability forecast here are Hit score

(HS), Hit skill score (HSS), Gerrity score (GS) and
Relative operating characteristics (ROC). A hit
implies the occurrence of an event of interest,
such as below normal CD frequency, while a false
alarm implies non-occurrence of such an event. The
Gerrity score (Gerrity 1992) is the recommended
skill score for the 3 × 3 contingency table. GS is
computed using the sample probabilities, not those
on which the original categorisations were based
(i.e., 0.33, 0.33, 0.33). The score is likewise equi-
table, does not depend on the forecast distribution,
does not reward conservatism, utilizes off diagonal
information in the contingency table, and penalizes
larger errors more. The GS takes values between
−∞ and 1, where values over 0 indicate that the
forecast model is more skillful than climatology
and a value of 1 indicates a perfect forecast. In
ROC graph (Swets et al. 2000), ‘Hit rate’ is plot-
ted on the y-axis and the ‘false alarm’ is on the
x-axis for each forecast category individually. In
this graph, any point which lies in the lower right
triangle performs worse than reference forecast or
say the climatology forecast, where the hit rate is
lower than the false alarm rate. The area under-
neath the ROC curve is the ROC score. ROC
scores above 0.5 reflect positive discrimination
skill and ROC score 1.0 represents the maximum
possible score. Thus, the ROC graph shows the
ability of the classifier to rank the hit rates relative
to the false alarm rates.

3. Results and discussion

3.1 Mean and variability of CDs frequency

The post-monsoon season (OND) is the main sea-
son of TCs over the NIO and particularly over
the BoB, as seen from the tracks of all CDs that
formed over the NIO during the last 44-year period
from 1971–2014 (figure 1b). As it indicates, most of
the systems that form over BoB have westward/
northwestward tracks and cross the Indian land-
mass. Some of the BoB systems also re-curve and
move in north-eastwards and cross Bangladesh
and north-eastern parts of India. As seen from
figure 1(b), some systems also form over the Ara-
bian Sea and mostly move west/north-westwards
and do not affect the Indian coast. However, few
of them re-curve and cross north-western coast of
India. Normally about 3 to 4 CDs form over the
BoB and about 1 to 2 CDs form over the Arabian
Sea, during the post-monsoon season OND.
The year-to-year frequency of CDs during post-

monsoon season OND over the BoB and NIO dur-
ing the 44-year period from 1971 to 2014 is shown
in figure 2. During most of the years, the BoB
dominates the formation of CDs; however, during
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Figure 2. Frequency of cyclonic disturbances (CDs) during October–December from 1971 to 2014 over the Bay of Bengal
(BoB) and North Indian Ocean (NIO).

some years like 1982 and 2011, the CDs over Ara-
bian Sea is much higher than that over the BoB.
As seen from figure 2, the mean CDs frequency
over the BoB and the NIO is 3.4 and 4.6 respec-
tively. The corresponding standard deviation (co-
efficient of variability) of CDs frequency over the
BoB and the NIO is 1.4 (41.2%) and 1.7 (36.9%),
respectively. Based on figure 2, the lower, median
and upper tercile values of CDs frequency over the
BoB during the OND season is 3, 4 and 4 respec-
tively. Thus, the above (below) normal CDs years
are identified, when the frequency of CDs over the
BoB is higher (lower) than 4 (3) during OND.
Thus, the 10 above normal CDs years (1972, 1973,
1975, 1976, 1985, 1988, 1992, 2005, 2010 and 2013)
and 11 below normal CDs years (1979, 1986, 1995,
1997, 2001, 2004, 2006, 2007, 2009, 2011, and 2014)
are identified from figure 2 with remaining years
from the 44-year period coming under the cate-
gory of normal CDs year over the BoB. Similarly
over the NIO, the lower, median and upper tercile
of CDs frequency is 4, 4 and 5 respectively. Thus,
any OND season with CDs frequency of more (less)
than 5 (4) over whole of NIO is considered to be
above (below) normal CDs years.

3.2 Identification of predictors (parameters)
for PCR model

It is found that the sea surface temperature (SST)
over equatorial Pacific and Indian Ocean is one of
the driving forces of year-to-year variability of fre-
quency of CDs during the primary CDs season of
OND. As the ENSO is the most dominant inter-
annual mode of tropical coupled ocean-atmosphere

system (McPhaden 2002), it will have great impact
on inter-annual variability of cyclogenesis over the
BoB. Girishkumar and Ravichandran (2012) have
shown that during OND season, the accumulated
cyclone energy in the BoB is negatively corre-
lated with Niño 3.4 SST anomaly. They have also
shown that the negative Indian Ocean dipole (IOD)
year is favourable for extreme TC activity in the
BoB during the primary TC peak season OND.
Recently, several studies have suggested that Mad-
den Julian Oscillation (MJO), which is nothing but
the eastward migration of convective bands over
the equatorial Indian and Pacific Ocean, has a large
influence on TC activity (cyclogenesis and inten-
sification) in the Indian Ocean region (Liebmann
et al. 1994; Ho et al. 2006; Kikuchi et al. 2009;
Kikuchi andWang 2010). Mohapatra and Adhikary
(2011) have also demonstrated relationship of MJO
on cyclogenesis over the BoB. Thus, in order to
use the large scale variables to be used as pre-
dictors, the variables like SST, sea level pressure
(SLP), meridional wind at lower level (V850) and
zonal wind at upper and lower tropospheric levels
(U200, U850), etc., are considered during June–
August. As the tropical SST and associated con-
vection is intimately connected with large scale
circulation at lower and upper troposphere, the
large scale variables having significant correlation
with CDs frequency are only considered. Since the
BoB is the main region of CD formation during
OND season over the NIO, the predictors are iden-
tified for the seasonal forecast of CDs frequency
over the BoB. The correlation maps of the monthly
mean five parameters (SST, SLP, V850, U200 and
U850) which vary between June and August, with
subsequent CDs frequency over the BoB during
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post-monsoonseasonOND, are shown in figure 3(a–e),
respectively. The regions of significant CCs (sig-
nificant at 95% level) are shaded. As seen from
figure 3(a–e), these variables show significant cor-
relation with CDs frequency over the BoB which
can be used as predictors in the PCR model.

In order to understand the physical significance
of correlation, the composite anomalies of three
variables (SST, SLP and 850 hPa wind) are anal-
ysed during above and below normal CDs seasons.
The concurrent composite SST anomalies for 10
above normal and 11 below normal CDs seasons

CC with SST  (July-August)

CC with SLP (July-August)

CC with V850 hPawind  (June-August)

(a)

(b)

(c)

Figure 3. Spatial correlation coefficient (CC) maps between October–December (OND) cyclonic disturbances frequency
with five variables vary between June and August such as: (a) SST, (b) SLP, (c) V850, (d) U200 and (e) U850. The
shaded regions are CC significant at 95% level.
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CC with U200 hPa wind  (July-August)

CC with U850 hPa wind (July-August)

(d)

(e)

Figure 3. (Continued.)

during OND are shown in figure 4(a, b) respectively.
Similarly, the composite SST anomalies during
July–August, before the 10 above normal and 11
below normal CDs season is also plotted in figure
4(c, d) to understand the region of significant CC
shown in figure 3(a). Figure 4(a, b) clearly demon-
strates the association of El Niño with cyclogenesis
over the BoB with above (below) normal CDs dur-
ing OND over the BoB, associated with negative
(positive) SST anomalies over equatorial central and
eastern Pacific or commonly referred as La Niña
(El Niño) conditions. This was also indicated in a
previous study by Girishkumar and Ravichandran
(2012). The SST composite anomaly during July–
August prior to the year of above (below) normal
season of CDs also shows contrasting patterns over
the Pacific with cooler (warmer) than normal SST
over the western, central and eastern equatorial
Pacific, indicating that the El Niño during July–
August is not favourable for the cyclogenesis over the
BoB during subsequent post-monsoon season OND
(figure 4c and d). When the SST indices over Niño

1+2, Niño 3, Niño 3.4 and Niño 4 regions during
July–August are correlated with CDs frequency
over the BoB during OND season, the highest
significant CC is found to be with Niño 4 SST
(5◦N–5◦S, 160◦E–150◦W), which is also indicated
with the region of significant CC in figure 3(a)
coinciding over the equatorial central Pacific
region. The quantitative relationship between SST
during July–August and CDs frequency during
OND season can be seen further from the CC map
shown in figure 3(a), which show another pocket of
significant negative CC over the northwest Pacific.
The SST composites during OND and July–August
prior to above normal (below normal) CDs over
BoB also indicates contrasting SST patterns
with negative (positive) SST anomalies over the
northwest Pacific region as shown in figure 4(a
and c) (figure 4b and 4d). Thus, in addition to
SST anomaly over Niño 4 region one more pocket
of SST over the northwest Pacific Ocean bounded
by 25◦–30◦N, 136◦–144◦E is also considered as
potential predictor. Thus, the two SST predictors
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SST, AN composites (Oct-Dec)   SST, BN composites (Oct-Dec)

SST, AN composites (Jul-Aug) SST, BN composites (Jul-Aug)

(a) (b)

(c) (d)

Figure 4. (a and b) Composite sea surface temperature (SST) anomalies during October–December (OND) during above
normal (AN) and below normal (BN) cyclonic disturbances seasons over Bay of Bengal. (c and d) same as ‘a’ and ‘b’ but
during July–August (JA) before ‘AN’ and ‘BN’ CDs seasons of OND.

identified are given in table 1 along with its CC
values during the training period (1971–2010).
Similar composite anomalies of SLP is anal-

ysed during concurrent (OND) and prior (July–
August) to 10 above normal and 11 below nor-
mal CDs seasons over the BoB (figure 5a–d) to
understand the significant CC over south-eastern
equatorial Indian Ocean extending up to western
coast of Australia as shown in figure 3(b). The
concurrent composite anomalies of SLP indicate
the negative (positive) pressure anomalies over the
BoB and is associated with lower (higher) SLP over
the southeast equatorial Indian Ocean and adjoin-
ing north-western parts of Australia during above
(below) normal CDs seasons shown in figure 5a
(5b). In order to use the SLP as the other predic-
tor, the predictive relationship between SLP during

July–August is analysed with that of frequency of
CDs during OND seasons over the BoB (figure 5c
and 5d). As seen from figure 5(c, d), the negative
(positive) SLP anomalies over the south-eastern
equatorial Indian Ocean and adjoining Australia
during July–August is associated with above
(below) normal CDs frequency over the BoB during
subsequent OND seasons. It may be mentioned
here that the study by Wang et al. (2003) has
shown that the peak circulation associated with
east-Asian summer monsoon is reported during
July–August and the cross-equatorial flow and
Australian High are integral part of east-Asian
monsoon, like the Mascarene High for the Indian
summer monsoon. Thus, the present analysis indi-
cates that weak SLP over south-eastern equato-
rial Indian Ocean and adjoining Australian region
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Table 1. List of predictors (parameters) considered for the forecast of CDs frequency along with
its correlation coefficient during training period (1971–2010).

Predictor CC

no. Parameters Bounded area (1971–2010)

1 South-east equatorial Indian Ocean 850 hPa 5–15S, 100–110E –0.62
meridional wind (June–August) V850

2 Strength of upper level (200 hPa) easterly 5–10S, 27.5–40E –0.54
jet over Africa (July–August) U200

3 Monsoon zonal wind at 850 hPa 5–10N, 27.5–37.5E 0.53
(July–August) U850

4 Strength of Australian high 10–20S, 85–105E –0.41
(July–August) SLP

5 Sea surface temperature (SST) over the 25–30N, 136–144E –0.54
northwest Pacific (July–August) SST1

6 SST over the Nino 4 region 5N–5S, 160E–150W –0.41
(July–August) SST2

SLP, AN composites (Oct-Dec)

SLP, AN composites (Jul-Aug)

SLP, BN composites (Oct-Dec)

SLP, BN composites (Jul-Aug)

(a) (b)

(c) (d)

Figure 5. (a and b) Composite sea level pressure (SLP) anomalies during October–December (OND) during above normal
(AN) and below normal (BN) cyclonic disturbances seasons over Bay of Bengal. (c and d) same as ‘a’ and ‘b’ but during
July–August (JA) before ‘AN’ and ‘BN’ CDs seasons of OND.
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(strength of Australian High) during July–August
is favourable for the cyclogenesis over the BoB dur-
ing subsequent post-monsoon season (OND) and
hence, can be used as another predictor.
The similar composite anomalies of vector wind

at 850 hPa level is analysed during concurrent
(OND) and prior (June–August) to 10 above nor-
mal and 11 below normal CDs seasons over the
BoB as shown in figure 6(a–d) to understand the
significant CC over south-eastern equatorial Indian
Ocean extending upto western coast of Australia
(figure 3c). As shown in figure 6(a, b), the com-
posite wind anomalies indicate anomalous cyclonic
(anticyclonic) wind pattern in the BoB during
above (below) normal CDs. As also shown earlier,
formation of tropical cyclone is favoured in the
regions of low-level cyclonic relative vorticity and

enhanced convective activity in the Indian Ocean
region (Ho et al. 2006; Kikuchi et al. 2009). The
predictive relationship between low level winds
with that of frequency of CDs during OND sea-
sons over the BoB can be understood from the
composite anomalies of wind vector during June–
August, before 10 above normal and 11 below nor-
mal CDs during post-monsoon season (figure 6c
and d). As seen from figure 6(c, d), the low level
circulation anomalies indicate anomalous westerly
(easterly) over the equatorial Indian Ocean and
strong northerly (southerly) meridional component
of wind over south-eastern equatorial Indian Ocean
(EIO) and adjoining northwest off north Australia
during the summer monsoon season of June–
August, prior to above (below) normal CDs, over
the BoB during subsequent OND season. This

V850, AN composites (OND) 

V850, AN composites (JJA)

V850, BN composites (OND)

V850, BN composites (JJA)

(a) (b)

(c) (d)

Figure 6. (a and b) Composite 850 hPa wind anomalies (V850) during October–December (OND) during above normal
(AN) and below normal (BN) cyclonic disturbances seasons over Bay of Bengal. (c and d) same as ‘a’ and ‘b’ but during
June–August (JJA) before ‘AN’ and ‘BN’ CDs seasons of OND.
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northerly (southerly) component of meridional
wind over south-eastern EIO and adjoining north-
west parts of Australia is associated with weaker
(stronger) Australian High during July–August pri-
or to above normal (below normal) CD years over
the BoB as shown in figure 5c (5d) respectively.
Thus, the strong CC of meridional component of
wind during June–August over the south-eastern
EIO shown in figure 3(c) represents a very useful
predictor for the seasonal forecast of CDs frequency
over the BoB.
In order to understand the significant correla-

tion of CD frequency during OND with zonal wind
at upper troposphere (U200) and lower troposphere
(U850) level during previous July–August shown
in figure 3(d, e), the composites anomalies for
variables like U200 and U850 during July–August
prior to 10 above normal and 11 below normal

post-monsoon CDs season is shown in figure 7(a–d).
The composite U200 hPa wind anomalies show
strong easterly (westerly) anomalies over south-
western EIO extending westward up to central
Africa prior to above (below) normal CDs over
the BoB during OND. The U200 over this region
during the monsoon season commonly referred as
easterly jet stream appears as a band of strong
easterlies extending from east coast of Vietnam to
the west coast of Africa (Koteswaram 1958). The
upper level easterly jet (U200 hPa) is one of the
semi-permanent features of Indian monsoon origi-
nating from the anticyclonic flow over the Tibetan
region and becoming easterly over southern part of
India extending westward up to Africa. This strong
(weak) easterly at upper level during July–August
shown in figure 7a (7b) across the western EIO
and Africa prior to the above (below) normal CDs

U200, AN composites (Jul-Aug)

U850, AN composites (Jul-Aug)

U200, BN composites (Jul-Aug)

U850, BN composites (Jul-Aug)

(a) (b)

(c) (d)

Figure 7. (a and b) Composite anomalies of zonal wind at 200 hPa (U200) during July–August prior to above normal (AN)
and below normal (BN) cyclonic disturbances seasons over Bay of Bengal during October–December. (c and d) Same as
‘a’ and ‘b’ but for zonal wind at 850 hPa (U850) wind.
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seasons, indicates stronger (weaker) monsoon east-
erly jet during July–August over the region that is
conducive for the above (below) normal CDs over
the BoB during subsequent post-monsoon season.
The significant CC shown in figure 3(d) coinciding
with the region of strong U200 hPa anomalies over
east-central parts of Africa is chosen as another
predictor.
Like the contrasting U200 wind patterns shown

in figure 7(a, b), the low level zonal wind com-
posites (U850) during July–August prior to above
and below normal CDs over the BoB also show
contrasting patterns (figure 7c and d), particu-
larly over the equatorial Indian Ocean and adjoin-
ing Africa. The low level monsoon westerly at 850
hPa during July–August shows significant positive
correlation over the central parts of Africa with
the frequency of CDs over the BoB during post-
monsoon season (figure 3e). The corresponding
850 hPa wind anomalies during July–August prior
to above (below) normal CD seasons also indi-
cate stronger (weaker) westerly components over
the equatorial Indian Ocean and adjoining Africa
as shown in figure 7c (7d). As discussed earlier,
though the SST over the equatorial Indian Ocean
during July–August is not very significantly corre-
lated with the CDs frequency (as shown in figure
3a), the equatorial zonal wind at lower level dur-
ing July–August shows westerly (easterly) anomaly
prior to above (below) normal CDs frequency over
the BoB as shown in figure 7c (7d). Thus, the cir-
culation patterns associated with negative (posi-
tive) phase of Indian Ocean Dipole (Saji et al. 1999;
Ashok et al. 2001) during July–August, which is
giving rise to cooler (warmer) than normal SST
over the eastern EIO accompanied with westerly

(easterly) zonal wind over the western EIO creates
favourable (unfavourable) atmosphere for cycloge-
nesis over the BoB during subsequent OND sea-
son. This oscillation in the circulation patterns over
the EIO, which is reflected in the pressure gradi-
ents and the wind along the equator is the Equato-
rial Indian Ocean Oscillation (EQUINO) as defined
by Gadgil (2003). Thus, the negative phase of
EQUINO associated with westerly (easterly) zonal
wind over the western EIO extending up to equa-
torial Africa is favourable for the cyclogenesis over
the BoB during subsequent OND season. In view
of the significant positive CC between U850 hPa
winds during July–August over the central part of
Africa (figure 3e), the U850 hPa wind is also used
as another predictor. Based on the regions of sig-
nificant CCs and contrasting large-scale variables
noticed in the composite anomalies, six predictors
are identified and is given in table 1 along with its
CC values during the 40-year period (1971–2010).
The geographical regions of significant CCs are also
identified in figure 8. As seen from table 1, the CCs
are highly significant (at least 95%) for all the six
predictors.

4. Prediction model of CDs frequency
over the Bay of Bengal (BoB)

Statistical methods are used for forecasting of
seasonal atmospheric anomalies for a particular
variable over a particular region of interest, where
significant links are found in pre-season teleconnec-
tions with that variable. One such variable is sea-
sonal frequency of CDs and the region of interest
is the NIO and particularly, the BoB. Though the

Figure 8. Graphical representation of the geographical regions and parameters used in the PCR model for the forecast of
cyclonic disturbances.
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present study focusses to develop prediction model
for the seasonal frequency of CDs over the NIO and
BoB, the dynamical parameters are identified to be
used as predictors for the forecast of CDs over the
BoB.

4.1 Secular variation of predictor–predictant
relationship

The success of any statistical prediction model
depends upon the consistent relationship between
predictor and predictant. It has been seen that in
case of prediction of seasonal rainfall over India, the
relationship between Indian monsoon rainfall and
some of the parameters (predictors) either ceased
to exist or showed considerable decline with pas-
sage of time (Ramage 1983; Krishnakumar et al.
1999; Sahai et al. 2003). Thus, there is a need to
have consistence predictor–predictant relationship
in a model to perform better. In order to see how
the six predictors identified above are having sta-
ble or unstable relationship with CDs frequency,
21 years moving CC between each predictor with
predictant is calculated (figure 9). As seen from
figure 9, the predictor–predictant relationship shows
mostly a stable relationship maintaining the same
CC during the whole period from 1971–2014,
except for the parameter U850 towards a brief
period centered around the year 2000, which again
started increasing subsequently. Thus, all the six
predictors mostly indicate stable relationship and
when only the five predictors are used (by removing
U850) in the PCR model, the relative performances
does not change much. In view of that, all the six

predictors are retained in the development of the
forecast model.
Further, to test the stable relationship between

predictor and predictant, four PCR models are de-
veloped for deterministic forecasts of frequency of
CDs over the BoB by considering 33 years each out
of 44 years (1971–2014) as training periods with
the cross-validation window of 3 years and keeping
the remaining 11 years as a test period. These four
forecast models are with different test periods of
11 years each, viz., A: (1971–1981); B: (1982–1992);
C: (1993–2003) and D: (2004–2014), keeping the
remaining respective 33 years as training periods
out of the whole period of 44 years. The forecast for
the whole period is calculated for each of these four
PCR models and is plotted along with the observed
frequency of CDs over the BoB (figure 10). The
verification measures of deterministic forecast of
CD frequency like CC and RMSE for all the four
models during respective training and test periods
along with the whole periods are also given in
table 2. As seen from figure 10 and table 2, the pre-
dicted and observed CDs frequency during train-
ing and whole periods for each of the four models
seem to be consistent, with CC between these two
significant at 99.9% and the RMSE of about 1.
During the test period, the four models also per-
form reasonably well, except in case of the model
‘C’ with test period of 1993–2003, where the CC
is not significant and the RMSE is slightly higher
(1.5). Thus, the predictor–predictant mostly indi-
cate stable relationship and can be used for devel-
oping an operational model of real time forecasting
of CD frequency over the BoB.

Figure 9. 21 years moving CC between six predictors and CD frequency over the BoB during the year from 1971 to 2014.
The middle of 21 years is plotted in x-axis.
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Figure 10. Verification of deterministic and probabilistic forecasts frequency of cyclonic disturbances (CDs) over the Bay
of Bengal (BoB) by six-parameter PCR models during four different test periods of 11 years each, viz., A: (1971–1981);
B: (1982–1992); C: (1993–2003) and D: (2004–2014) keeping remaining respective 33 years as training periods out of the
whole period of 44 years (1971–2014).

Table 2. Different verification scores (correlation coefficient (CC); and root mean square error (RMSE)) of deterministic
forecasts of seasonal frequency of cyclonic disturbances (CDs) over the Bay of Bengal for four different PCR models of 33
years training period, remaining 11 years test period and whole 44 years from 1971–2014.

PCR model indicating CC (RMSE) 33 years CC (RMSE) 11 years CC (RMSE) 44 years

11 years of test period training period test period whole period

A: (1971–1981) 0.77a (0.9) 0.63c (0.9) 0.77a (0.9)

B: (1982–1992) 0.75a (0.9) 0.81b (0.7) 0.77a (0.9)

C: (1993–2003) 0.87a (0.7) 0.41 (1.5) 0.75a (1.0)

D: (2004–2014) 0.77a (0.8) 0.73b (1.2) 0.77a (0.9)

Superscripts indicate the significance level of CC; a=99.9%, b=99% and c=95%.

4.2 Operational prediction model based on PCR

After identifying the suitable predictors, the next
step is to develop PCR forecast model which can
be used operationally. For developing operational
model, more number of years is included in the
training period keeping only few recent years as
test period. The training period considered here
is for 40 years from 1971–2010, with 4 years from
2011–2014 as test period and the forecast was veri-
fied for the whole period from 1971–2014. The PCR
model is developed for the deterministic forecast
as well as probability forecast and the verification
measures discussed above are used to determine the
skill of both categories of forecasts. The cumulative
variance explained by leading EOF modes is shown
in figure 11. The six predictors are used in the PCR
model and the variance explained by six EOF modes
of the predictors are found to be 55.16%, 17.12%,
11.18%, 8.04%, 5.5% and 2.98% respectively, with

Figure 11. Variance explained by different EOF modes.

respective cumulative variance of 55.16%, 72.28%,
83.46%, 91.5%, 97% and 100%. The corresponding
Eigen values of different EOF modes are 3.3, 1.02,
0.67, 0.48, 0.33 and 0.17 respectively. The PCR



Seasonal forecasting of tropical cyclogenesis over NIO 245

forecast model in the present case retained the first
five EOF modes explaining 97% of the variance in
the predictors.

4.2.1 Verification of the operational
deterministic forecasts

To see the performance of six-parameter PCR
model for the forecast of CDs frequency, the verifi-
cation scores of the deterministic forecast are cal-
culated for the training period from 1971 to 2010
and are given in table 3. As seen in column ‘a’ in
table 3, the CC in case of 6-parameter PCR model
is highly significant (above 99.9% level) during the
training period. Similarly, the other verification
scores as shown in table 3 ‘column a’ also indicate
negligible mean bias (almost close to zero), indi-
cating that the forecast climatology and observed
climatology of CDs are very close to each other.
The RMSE and MAE also found to be close to 1
or slightly less than 1. The PCR model forecast

frequency of CDs during the post-monsoon season
of OND is compared with the observed CDs fre-
quency during the whole period from 1971 to 2014
(figure 12). As seen from figure 12, the forecast fre-
quency of CDs matches very well with the observed
frequency of CDs during most of the years except
few years like 1972, 1995, 2002, 2004 and 2011.
However, the forecast and observed frequency of
CDs match in rest of the years. The CC between
forecast and observed CDs frequency for the whole
period of 44 years (1971–2014) is found to be 0.77,
which is slightly higher than that of CC during the
training period of 40 years (1971–2010) shown in
table 3.
The deterministic forecast of CDs frequency for

the test period from 2011 to 2014 rounded to nearest
integer is 2, 4, 4 and 3 respectively, which is very
close to the observed CDs frequency of 1, 3, 5 and
2 during 2011–2014 respectively. Thus, the deter-
ministic forecast of predicting actual frequency of
CDs is very encouraging. However, although the

Table 3. Different verification scores of deterministic and probability forecast indicating the performance
of six-parameter PCR model for forecast of seasonal frequency of cyclonic disturbances over the Bay of
Bengal (BoB) during training period from 1971 to 2010.

Verification scores Verification scores

(training period 1971–2010) (probability forecast)

(BoB) Scores (a) (BoB) Scores (b)

Pearson’s correlation coefficient (CC) 0.71 Hit score 62.5%

% variance 50.2% Hit skill score 43.8%

Root mean square error (RMSE) 1.00 Gerrity score 83.7%

Mean absolute error (MAE) 0.80 ROC area (above-normal) 0.90

Mean bias –0.02 ROC area (below-normal) 0.87

Figure 12. Verification of deterministic forecast frequency of cyclonic disturbances (CDs) over the Bay of Bengal (BoB)
during post-monsoon season by six-parameter PCR model along with corresponding observed frequency of CDs during
1971–2014 (CC=0.77 for the whole period).
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deterministic forecast captured the trend of the fre-
quency of CDs during 4 years correctly, there is
difficulty in predicting the exact frequency of CDs,
as the normal frequency of CDs over the BoB is
very low compared to that over the other ocean
basins like the Atlantic or Pacific (Chan 1991;
Nicholls et al. 1992). Over the Atlantic basins,
majority of the intense hurricane concentrated in
the period between 20 August to 10 October and
this temporal focus of Atlantic hurricane activ-
ity allows for the concentration of seasonal fore-
cast parameters on the single month of Septem-
ber. These forecast advantages are not available in
the other basins (Nicholls et al. 1992; Gray et al.
1993). Thus, in this scenario over the BoB during
OND, the probability forecast may provide some
additional useful guidance to the forecasters.

4.2.2 Verification of the operational
probability forecast

For the probability forecast, the normal frequency
of CDs over the BoB during the post-monsoon

Figure 13. Relative operating characteristics (ROC) curve.

season is considered to be between the lower and
the upper terciles. Above normal, indicates fre-
quency of CDs exceeding 4 and below normal
indicates frequency of CDs lower than 3 in post-
monsoon season OND. As discussed above, the dif-
ferent verification scores considered here for the
verification of probability forecast is HS, HSS,
GS and ROC. During the training period of 40
years, the verification scores of probability forecast
obtained from the PCR model is given in table 3,
‘column b’. The HS and HSS as given in table 3
in column ‘b’ is 62.5% and 43.8%, respectively.
Another very useful measure of verification of prob-
ability forecast is the ROC, which compares the Hit
rate with False Alarm Ratio at different probability
thresholds. The ROC curve for above normal and
below normal forecast is shown in figure 13 with
the ROC areas of above normal (below normal)
is 0.90 (0.87) respectively. As the ROC curves for
above normal (AN) and below normal (BN) cases
lie above the diagonal line in figure 13, the proba-
bility forecast is having much better forecast skill
than climatology. Thus, both the extreme cases
(‘AN’ and ‘BN’) are very well predicted, with ROC
for above normal case being slightly higher than
that of below normal cases.
The probability forecast of CDs frequency in

terms of ‘BN’, ‘AN’ and normal (NN) probability
during the test period from 2011 to 2014 is almost
captured in the model (table 4). The observed fre-
quency of CDs during 2011, 2012, 2013 and 2014 is
1, 3, 5 and 2 respectively, which is ‘BN’, ‘NN’, ‘AN’
and ‘BN’ respectively. As seen from table 4, the
two below normal CD seasons, 2011 and 2014, are
very well captured in the PCR model with highest
probability of ‘BN’ with value of 66.2% and 49.4%
respectively. Similarly, the slight above normal fre-
quency of CDs during 2013 was also well captured
with highest probability under the ‘AN’ category
(38%), followed by 34% of ‘NN’ and ‘28%’ of ‘BN’
category. The normal frequency during 2012 is also
captured reasonably well with all the three cate-
gories very closely distributed with no dominant
category. Thus, the probability forecasts based on
the model during the test period has performed
very well.

Table 4. Verification of probability forecast of CDs frequency over the Bay of Bengal during
test period (2011–2014).

Observed Forecast probability (%)

CD frequency Below normal Normal Above normal

Year (category) (BN) (NN) (AN)

2011 1(BN) 66.2 21.9 11.9

2012 3 (NN) 29.2 34.2 36.6

2013 5 (AN) 27.8 34.4 37.8

2014 2 (BN) 49.4 31.2 19.4
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Table 5. Different verification scores of deterministic and probability forecast indicating the performance
of six-parameter PCR model for forecast of seasonal frequency of cyclonic disturbances over the North
Indian Ocean (NIO).

Verification scores Verification scores

(training period 1971–2010) Scores (a) (probability forecast) Scores (b)

Pearson’s correlation coefficient (CC) 0.68 Hit Score 65.0%

% variance 46.3% Hit skill score 47.5%

Root mean square error (RMSE) 1.31 Gerrity score 57.6%

Mean absolute error (MAE) 1.05 ROC area (above-normal) 86.0%

Mean bias –0.07 ROC area (below-normal) 89.0%

Figure 14. Verification of deterministic forecast frequency of cyclonic disturbances (CDs) over the North Indian Ocean
(NIO) during post-monsoon season by six-parameter PCR model along with corresponding observed frequency of CDs
during 1971–2014 (CC=0.76 for the whole period).

5. Prediction model of CDs frequency over
the North Indian Ocean (NIO)

Though BoB region is the main ocean basin of
North Indian Ocean for the genesis of CD, as most
of the CDs formed over the NIO is over the BoB, its
normal frequency is very small (3 to 4) for a season
(figure 2). When the whole of NIO is considered
(BoB and the Arabian Sea), the mean value of CDs
is increased by around 1, with mean value increased
from 4 to 5 CDs in a season. Thus, for the forecast
model for the seasonal frequency of CDs over the
NIO, the same six predictors are used for devel-
oping PCR model. Like in case of BoB, the cross-
validated PCR model with a window of 3 years is
used for the same training period of 40 years (1971–
2010) and the model was verified for the latest
4 years (2011–2014). The verification scores of the
deterministic and probabilistic forecasts are calcu-
lated for the training period from 1971 to 2010
and is given in table 5. Comparing the per-
formance of PCR model over the NIO with that
over the BoB (table 5 and table 3), it is found
that there is not much difference in the verification

scores and hence the same six predictors can also be
used for the forecast of CDs over the whole of NIO.
The statistical scores for the deterministic forecasts
like CC, % variance, mean bias, etc., are slightly
less in case of NIO compared to that of the verifica-
tion scores over the BoB. However, the CC in case
of NIO is highly significant (at 99.9% level). Simi-
larly, the RMSE and MEA are also slightly higher
in case of NIO compared to that over the BoB. On
the other hand, the probability forecast scores like
HS, HSS, etc., show slightly better results in case
of NIO compared to that over the BoB. As indi-
cated in table 5, the other verification scores like
‘AN’ and ‘BN’ ROC areas are significantly higher
than the diagonal value of 0.5, indicating a bet-
ter skill of predicting both extremes (BN and AN
cases). Thus, the same set of six predictors can be
used for forecasting of seasonal frequency of CDs
over the NIO and the BoB. The forecast frequency
of CDs over the NIO for the whole period of 44
years (1971–2014) against the observed frequency
of CDs is shown in figure 14. As seen from figure 14,
the forecast and observed CDs frequency match
well for most of the year with a significant CC of
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Table 6. Verification of probability forecast of CDs frequency over the North Indian Ocean
(NIO) during test period (2011–2014).

Observed Forecast probability (%)

CD frequency Below normal Normal Above normal

Year (category) (BN) (NN) (AN)

2011 5 (NN) 70.7 16.2 13.1
2012 5 (NN) 24.1 24.8 51.1
2013 6 (AN) 26.8 25.7 47.4
2014 3 (BN) 49.1 24.9 25.9

0.76 for the whole period, which is almost close to
that of the CC between the observed and forecast
CDs frequency over the BoB shown in figure 12.
The deterministic forecast of CDs frequency over
NIO for the test period from 2011 to 2014 rounded
to nearest integer is 3, 5, 5 and 4 respectively, which
is very close to the observed CDs frequency of 5,
5, 6 and 3, during 2011–2014, respectively. Thus,
except 2011, for the remaining three seasons, the
difference between observed and forecast CDs fre-
quency is ≤1, which indicates that the determinis-
tic forecast of predicting actual frequency of CDs
over the NIO is also very encouraging. It may be
mentioned here that the large error in 2011 is due
to the occurrence of unusually high frequency of
CDs over the Arabian Sea (4 in number) compared
to its normal value of 1 to 2 CDs in a season (as
seen in figure 2). The performance of the probabil-
ity forecast of CD frequency over NIO during the
test period of 4 years from 2011 to 2014 is shown
in table 6. As seen from table 6, the ‘AN’ and ‘BN’
year of CDs, in case of 2013 and 2014 respectively,
is well captured in the probability forecast indicat-
ing highest ‘AN’ probability of 47.4% in 2013 and
highest ‘BN’ probability of 49.1% in 2014. Among
the two ‘NN’ CDs season of 2011 and 2012, like in
case of deterministic forecast, the probability fore-
cast also performs miserably during 2011, as it indi-
cates highest ‘BN’ probability of more than 70%.
It may be mentioned here that having only 1 CD
over the BoB, abnormally high observed frequency
of CDs (4) over the Arabian Sea in 2011 led to nor-
mal CDs of the season over the NIO, which was
not forecasted correctly by the model. Thus, the
performance of probability forecast over the NIO
is better for the extreme years (above normal and
below normal) compared to the normal years like
that is seen in case of BoB also.

6. Conclusions

PCR models are developed for the seasonal fore-
cast of frequency of CDs during October–December
season over the North Indian Ocean and particu-
larly over the Bay of Bengal by using six dynamical
variables as predictors over different geographical
locations. The performance of the PCR model over

the BoB is very useful for the deterministic fore-
cast and probability forecasts. The CC between
forecast CD frequency and observed CD frequency
over the Bay of Bengal is highly significant with a
value of about 0.77 during the whole period, with
RMSE and MAE being almost very close to 1.
The forecast mean bias is negligible and very close
to zero, indicating the average mean forecast and
average mean observation are very close to each
other. With respect to the verification of probabil-
ity forecast, the Hit score is about 63%. The ROC
curves for above normal and below normal pass
above the diagonal line and is having much bet-
ter forecast skill than climatology, with the ROC
areas for above normal and below normal being
0.90 (0.87), respectively. The below normal CD fre-
quency during 2011 and 2014 seasons over BoB was
very well captured in 6-parameter model with dom-
inant below normal probability of 66% and 49%,
respectively. Similarly, the slight above normal fre-
quency of CDs during 2013 was also well captured,
with the highest probability (38%) being under the
above normal category. The normal frequency dur-
ing 2012 is also captured reasonably well with all
the three categories almost very closely distributed.
When the same six parameters are used for

developing another PCR model for the forecast of
seasonal frequency of CDs over the North Indian
Ocean (Bay of Bengal and the Arabian Sea com-
bined), the deterministic and probabilistic fore-
casts provide very encouraging results with all the
verification scores like CC, RMSE, MAE, ROC,
etc. Values are very close to the corresponding ver-
ification scores obtained in case of BoB. The fore-
cast and observed CDs frequency over the NIO
match well for most of the year with a significant
CC of 0.76 for the whole period of 44 years. It is
also seen that the performance of probability fore-
cast over the NIO is better for the extreme years
(above normal year 2013 and below normal year
2014) during the test period compared to the nor-
mal years. The highest above normal and below
normal probability of CDs frequency for 2013 and
2014 is found to be 47% and 49% respectively.
Finally, the PCR models for the seasonal forecasts
of frequency of CDs over the BoB and NIO pro-
vide skillful results and can be used for the real
time forecast in IMD.
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