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Key points:

e Cyclones during November in the Bay of Bengal follow two distinct tracks:
west-northwestward and north-northeastward tracks.

o A Rossby wave train originating from East Atlantic/Mediterranean region
governs the upper-level winds over the Indian subcontinent.

e Presence of subtropical Rossby wave train steers the cyclone north-
northeastwards and in its absence, cyclone moves west-northwestwards.

Abstract

The cyclones during November in the Bay of Bengal follow two distinct
tracks. Some cyclones move west-northwestward and make landfall at Odisha,
Andhra Pradesh, Tamil Nadu or Sri Lanka coast while others move north-
northeastwards and make landfall at West Bengal, Bangladesh or Myanmar
coast. We found that there is a difference in the steering winds governing
these two different cyclone tracks. The north-northeastward moving cyclones
are associated with an anomalous upper-level cyclonic circulation over India
which is a part of a sub-tropical wave train. This wave train is triggered by
an anomalous upper-level convergence over the Mediterranean region near
the subtropical westerly jet entrance. The jet acts as a Rossby waveguide
and excites an eastward propagating wave train which propagates from the
East Atlantic/Mediterranean region and reaches the Indian subcontinent in
four days. This wave train induces an anomalous cyclonic circulation over
Indian landmass and provides south-to-north and west-to-east steering over
the Bay of Bengal causing the cyclones to move in a north-northeastward
direction. On the other hand, for west-northward moving cyclones, there is no
Rossby wave intrusion over the Indian subcontinent, hence the cyclones move
in west-northwestward direction assisted by the climatological winds which are
from east to west over the south and central Bay of Bengal. This shows that
the track of the cyclone in the north Indian Ocean can be modulated by the
atmospheric changes in the extratropics and can act as a precursor for the
prediction of the track of the cyclone in this region.
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Cyclones in the Bay of Bengal during November follow two different tracks.
Some cyclones move west-northwestward and make landfall at the Odisha,
Andhra Pradesh, Tamil Nadu or Sri Lanka coast while others move north-
northeastwards and make landfall at the West Bengal, Bangladesh, or Myanmar
coast. For the period 1982-2019, we find that there is a significant difference
in the upper-level (300 hPa) winds that prevail over the Indian sub-continent
during these two distinct cyclone tracks. These upper-level winds that govern
the tracks of cyclones in the Bay of Bengal are modulated by atmospheric
disturbances in higher latitudes which propagate eastward as a wave towards
India. These atmospheric waves originate over the East Atlantic/Mediterranean
region and reach the Indian subcontinent in four days. The eastward propa-
gation of these atmospheric waves result in southerly and westerly winds over
the Bay of Bengal leading to cyclones moving in a north-northeast direction.
On the other hand, for the west-northwestward moving cyclones, there is an
absence of eastward-moving atmospheric waves. Hence the cyclones follow the
climatological winds which are from east to west in south and central Bay of
Bengal causing the cyclones to move in a west-northwest direction.

Keywords: tropical cyclone, cyclone track, Bay of Bengal, Rossby wave
1. Introduction

The north Indian Ocean, including the Bay of Bengal and the Arabian Sea,
has two cyclone seasons in a year, the pre-monsoon season during April-June
and the post-monsoon season during October—December (Li et al., 2013). The
post-monsoon season is the primary cyclone season with a higher frequency of
cyclones as compared to the pre-monsoon season (Li et al., 2013). The frequency
of the cyclones in the Bay of Bengal is more as compared to the Arabian Sea
(Alam et al., 2003; Sahoo & Bhaskaran, 2016; Singh et al., 2019; Singh &
Roxy, 2020). The north Indian Ocean accounts for only 6% of the global annual
cyclone frequency (Singh & Roxy, 2020). Despite the less number of cyclones as
compared to other basins, extremely severe cyclones form in the Bay of Bengal
that cause extensive casualties in the Bay of Bengal rim countries including
India, Bangladesh and Myanmar (Chittibabu et al., 2004; Kikuchi et al., 2009;
Lin et al., 2009; Madsen & Jakobsen, 2004; Yanase et al., 2010). Not only
the fatalities but also the economic loss due to these cyclones is huge. Cyclone
Amphan, which hit the West Bengal coast in May 2020, was the costliest north
Indian Ocean cyclone on record with an estimated loss of US$ 14 billion (WMO,
2021).

Multiple large-scale factors govern the cyclogenesis and intensification of the cy-
clone in the Bay of Bengal. It is seen that El Nifio Southern Oscillation (ENSO)
significantly modulate the cyclone activity in this basin with La Nina favouring
more cyclogenesis and intense cyclones as compared to the El Nifio (Balaguru
et al., 2016; Bhardwaj et al., 2019; Felton et al., 2013; Girishkumar et al., 2015;
Girishkumar & Ravichandran, 2012; Mahala et al., 2015; Mohapatra & Vijay
Kumar, 2017; Ng & Chan, 2012). Also, negative Indian Ocean Dipole enhances
the cyclone frequency in this basin and positive Indian Ocean Dipole suppresses



it (Biswas & Kundu, 2018; Girishkumar & Ravichandran, 2012; Mahala et al.,
2015; Mohapatra & Vijay Kumar, 2017). Further, the active phase of Madden
Julian Oscillation enhances the probability of cyclogenesis and provides con-
ducive conditions for rapid intensification (Krishnamohan et al., 2012; Singh et
al., 2020; Singh et al., 2021). However, we still lack an in-depth understanding
of the effect of the changes in the large-scale atmospheric winds that can affect
the track of the cyclone in the Bay of Bengal.

The track of the cyclone is generally controlled by three factors. First is the
beta drift which steers the cyclone in the northwest direction in the northern
hemisphere due to the gradient of absolute vorticity (Johnny C.L. Chan, 2005;
Johny C. L. Chan & Williams, 1987; Williams & Chan, 1994). Second is the
asymmetry in the convection which is governed by the sea surface temperature
(SST) gradient (DeCaria 2005). The asymmetrical convection can cause a de-
crease of mean sea level pressure in the eye of the cyclone, which can lead to
movement of the eye of the cyclone in the direction of the mean sea level pres-
sure. The third factor is the background winds which steer the cyclone in their
direction (George & Gray, 1976; L. Wu & Wang, 2004). It is seen that out of
these three factors, the dominant factor that controls the track of the cyclone
is the background steering winds (Holland, 1983; Wang et al., 1998; L. Wu &
Wang, 2004; Yun et al., 2012). The winds in the upper level play a dominant
role in steering the cyclone (Chan & Gray, 1982; Neumann, 1993; Singh et al.,
2020; Srinivasan & Ramamurthy, 1973). These steering winds during the time
of the cyclone are controlled by a large number of factors depending on the
ocean basin, the month of the year, prevailing climate mode of variability and
the atmospheric waves.

In the Atlantic Ocean, it is observed that the ENSO and the North Atlantic
Oscillation significantly alters the track of the cyclones by changing the steering
winds (Elsner, 2003; Kossin et al., 2010; Mei et al., 2014; Xie et al., 2005). In the
Northwest Pacific it is observed that ENSO, Pacific Decadal Oscillation, mon-
soon trough, the position and the strength of western North Pacific subtropical
high-pressure area governs the track of the cyclones in this basin (Chen et al.,
2009; Harr & Elsberry, 1991; Ho et al., 2004; Ko & Hsu, 2006; Liu & Chan,
2008; Liguang Wu et al., 2005; Q. Wu et al., 2020; Zhang et al., 2012, 2013).
In the north Indian Ocean, the Indian Ocean Dipole modulates the winds in
the lower level with westerly wind anomalies during the positive Indian Ocean
Dipole year in the central Bay of Bengal that prevents the westwards movement
of the cyclone (Mahala et al., 2015; Yuan & Cao, 2013). During the negative
Indian Ocean Dipole years, there are anomalous easterlies in the central Bay of
Bengal that lead to more westward-moving cyclones in this region (Yuan & Cao,
2013). For the period 1993-2010, Girishkumar and Ravichandran (2012) show
that, during a La Nifia, the upper level winds (200 hPa) are from southeast to
north-northwest direction in the Bay of Bengal and the genesis of the cyclone
in the post-monsoon season is mainly in the east Bay of Bengal. as a result,
the 200 hPa winds steer the cyclones in northwest-north direction. However,
during El Nifios, the genesis location of the cyclone is in the west Bay of Bengal



and as a result the cyclone makes landfall quickly after their genesis without
getting significantly affected by the steering winds at the 200 hPa (Girishkumar
& Ravichandran, 2012). These studies for the north Indian Ocean focus only on
the seasonal time scale to study the factors controlling the track of the cyclones
in the Bay of Bengal. However, it is observed that in some years cyclones follow
different tracks during the same season. This shows that intraseasonal variabil-
ity also plays a dominant role in altering the wind circulation over the Bay of
Bengal which in turn can affect the track of cyclones.

It is observed that the perturbations in the sub-tropical westerly jet significantly
alters the wind circulation pattern at intraseasonal time scale in the upper level
all along the jet axis from the Mediterranean region to southeast China and
Japan including the Indian subcontinent (Bo-Tao, 2013; Ding & Li, 2017; Li &
Sun, 2015; Li et al., 2017a; Syed et al., 2006; Wen et al., 2009; Yang et al., 2004;
Zhou et al., 2009). In boreal winter, the jet is anchored at 25°N over North Africa
and East Asia. Studies show the role of the westerly jet in carrying the upstream
perturbations in the atmospheric circulation over the Atlantic and adjoining
Mediterranean region to the downstream regions via Rossby wave propagation
along the jet (Li & Sun, 2015; Song et al., 2014; Watanabe, 2004; Xiuzhen &
Zhou, 2016). The jet act as a waveguide for the downstream propagation of
stationary Rossby waves (Branstator, 2002; Hoskins & Ambrizzi, 1993). This
meridionally trapped and zonally elongated wave train along the axis of the jet
in the upper level is also called as South Asia jet wave train (Huang et al., 2020).
The South Asia jet wave train propagation is observed at multiple time scales
such as synoptic timescales (Li & Sun, 2015; Li et al., 2017b), intraseasonal
time scales (Miaoqing et al., 2008; Ren et al., 2015) and interannual timescales
(Watanabe, 2004). The source of this wave train is found to be the perturbations
caused by the North Atlantic Oscillation in the Atlantic Ocean and the upper-
level convergence over the Mediterranean Sea near the jet entrance region over
South Asia (Ding & Li, 2017; C. Li & Sun, 2015; Song et al., 2014; Watanabe,
2004).

Over the Indian subcontinent using the reanalysis data, Yang et al. (2004) show
that the strength and the location of the sub-tropical westerly jet significantly
alter the monsoon circulation. For the period 1979-2003, Ding and Wang (2007)
show that the eastward and southward propagation of the wave train originat-
ing from the northeastern Atlantic plays a prominent role in the intraseasonal
variability of the southwest monsoon over the Indian region. Based on the re-
analysis dataset for the period 1958-2016, Li et al. (2020) interpreted that the
changes in the atmospheric circulation due to the ocean-atmosphere interaction
in the north Atlantic propagates to the Indian region via the waveguide effect
of the subtropical westerly jet stream and leads to the variability in the south-
west monsoon circulation. Not only the southwest monsoon but also the winter
precipitation in northwest India adjoining Pakistan and Iran is altered by the
Rossby wave propagation in the upper level along the sub-tropical westerly jet
(Hunt et al., 2018a,b; Syed et al., 2006). This Rossby wave propagation from
the northwest Africa/Mediterranean to the Indian region along the South Asia



jet axis is also called as a western disturbance (Miaoqing et al., 2008; Syed et
al., 2006).

From the above-mentioned studies, it is seen that the Rossby wave propagation
along the subtropical westerly jet significantly modulates the atmospheric cir-
culation and weather over Asia including India in different seasons. This shows
that intraseasonal oscillation might be playing a crucial role in changing the
winds at upper levels over the Indian subcontinent and determining the track of
the cyclone in the Bay of Bengal. Hence, our main objective in this study is to
understand the influence of the intraseasonal variability governing the track of
the cyclones in the Bay of Bengal during the post-monsoon season (November).

2. Data and Methodology

We analyze the factors controlling the track of cyclones in the Bay of Ben-
gal that formed in November during the period 1982-2019. The cyclone data
is taken from 1982 onwards as from this time there is an improved network
of ocean observations and better satellite observations are available (Landsea,
2005). The cyclone data for the above-mentioned period is obtained from the
International Best Track Archive for Climate Stewardship (IBTrACS) cyclone
dataset (Knapp et al., 2010). Daily data of various atmospheric parameters are
obtained from the ERA5 reanalysis dataset provided by European Centre for
Medium-Range Weather Forecasts (ECMWF). Daily anomalies of various at-
mospheric parameters are computed based on daily climatology for the period
1982-2019.

In the post-monsoon season (October-December), only November is chosen for
analysis as in this month the cyclones follow two distinct tracks (Figure 1).
One cluster of cyclones follows the west-northwest track, make landfall over the
Tamil Nadu, Andhra Pradesh or Odisha coasts of India or Sri Lanka (henceforth
west-northwestward moving cyclones). The other cluster of cyclones follows the
north-northeastwards track, make landfall over the West Bengal coast of India,
Bangladesh or Myanmar (henceforth north-northeastward moving cyclones). In
October and December, the north-northeastward moving cyclones are negligible
as compared to the west-northwestward moving cyclones, therefore the cyclones
which form in these two months are not included in the current analysis.

To understand the difference in the wind pattern over the Indian subcontinent
during the north-northeastward and west-northwestward moving cyclone, we
removed the cyclone vortex from the winds so that the influence of cyclone winds
on the background steering winds is minimal in the analysis. The removal of
cyclone vortex is based on the method devised by Galarneau and Davis (2013).
In this method, they separate the winds into the cyclone and non-cyclone wind
components. The cyclone components of stream function and velocity potential
are defined by equations 1 and 2

Vi) = &, (T < r/) Equation 1

=0, (r >7)



V2y = 4, (r <r') Equation 2
=0, (r >7r)

Where is the stream function, is the relative vorticity, is the velocity potential
and is the divergence, r. is the radius of the cyclone. From the above equation,
cyclone-related rotational and divergent wind components are estimated using
the cyclone-related stream function and velocity potential, respectively. Using
this method, all the divergent and rotational wind components associated with
the cyclone is removed from the wind and only the background wind is left. To
understand the synoptic evolution of atmospheric features that govern the tracks
of the cyclones in the Bay of Bengal in November month, a lead-lag analysis is
carried out. For the lead-lag analysis, day 0 is the day when the cyclone has its
genesis as per the cyclone data available from the IBTrACS dataset. We have
taken genesis day as the day when the system has attained a wind speed of 20
knots. We use this threshold for genesis as for some cyclones, wind speed less
than 20 knots is not reported in the IBTrACS dataset. Similarly, day -1, day -2
and so on are the days before the cyclone genesis and day +1, day 4+2 and so on
are the days after the cyclone genesis. Generally, the winds at the upper level
(200-300 hPa) control the steering of the cyclones (Neumann, 1993; Pattanaik
& Rama Rao, 2009). To extract the dominant mode of variability in the winds
at the upper level in November over the Indian subcontinent (40°-120°E, 10°-
40°N), an empirical orthogonal function (EOF) analysis of the daily meridional
wind anomalies at 300 hPa is performed.

Daily time-longitude cross-sections (averaged over 20°-35°N) of regressed merid-
ional wind, geopotential height and divergence anomalies at 300 hPa were an-
alyzed to see the evolution and propagation of the Rossby wave along the sub-
tropical westerly jet. Statistical significances of the daily anomalies obtained
from linear regression are estimated according to a two-tailed Student’s ¢ test.

3. Results

3.1. Atmospheric circulation during west-northwestward moving and north-
northeastward moving cyclone

During the period 1982-2019, 34 cyclones formed in the Bay of Bengal in Novem-
ber that made landfall at the Bay of Bengal rim countries. Out of these 34
cyclones, 9 were north-northeastward moving that made landfall at the West
Bengal, Bangladesh or Myanmar coasts (Figure 1). The remaining 25 cyclones
were west-northwestward moving that made landfall at Sri Lanka, Tamil Nadu,
Andhra Pradesh or Odisha coasts (Figure 1). In the northwest Pacific Ocean,
the genesis location of the cyclone is found to determine the track of the cyclone
in a west-northwest direction or recurving in a northeast direction (Yonekura &
Hall, 2014). Hence, to see whether in the Bay of Bengal also, the two types of
cyclone track clusters are influenced by the genesis location of the cyclone, we
computed the average genesis location of the cyclones in these two track clus-
ters. It is observed that the average genesis location of the north-northeastward
moving cyclones is 10.5°N, 93.4°E, whereas, the average genesis location of the



west-northwestward moving cyclone is 9.8°N, 91.1°E. Using the two-tailed Stu-
dent’s ¢ test, we found that there is no statistically significant difference at 95%
confidence level between the genesis locations of these two cyclone track clus-
ters. This shows that the genesis locations of these two clusters of cyclone track
is not playing a crucial role in governing the different landfall locations of the
cyclones.

Studies show that the cyclones are generally steered by the upper-level back-
ground atmospheric winds (Pattanaik & Rama Rao, 2009; Srinivasan & Rama-
murthy, 1973; L. Wu & Wang, 2004). The climatological winds at the upper
level (300 hPa) in November is shown in Figure S1. It can be seen from Fig-
ure S1, that as per the climatology easterly winds prevail over the south Bay
of Bengal up to 10°N and southeasterlies winds are there over the central Bay
of Bengal around 10°-15°N. In order to understand the difference in the atmo-
spheric background wind pattern between the two clusters of cyclone tracks,
we analyzed the composite of actual upper-level winds and upper level wind
anomalies (300 hPa) after removing the cyclone vortex from the winds (Figure
2a-h). During 1982-2019, the average lifespan of the cyclones in the Bay of
Bengal in November is six days. So, we analyzed the daily evolution of the
composite of the 300 hPa actual winds and the wind anomalies from day 0 till
day +6 for the two cyclone track clusters over the region 40°-120°E, 0-40°N,
where day 0 is the day when the cyclone has its genesis, day +1 is 1 day after
the genesis of the cyclone, and so on. However,we show the composite evolution
of wind and wind anomalies only for selected days in Figure 2. It is seen from
Figure 2a-d that there is a difference in the upper-level winds governing the
two clusters of cyclone tracks. For the north-northeastward moving cyclones on
day 0 and day +4, the subtropical westerlies penetrate more southwards (up to
16°N) over the Indian landmass and the western Bay of Bengal as compared to
the climatology (Figure 2a and 2c). Also, over the central Bay of Bengal the
winds are from south to north. On the other hand, for the west-northwestward
moving cyclones, the westerlies are restricted up to 20°N, and over the central
Bay of Bengal the south to north winds are weak (Figure 2b and 2d). In order
to show the difference in the winds between these two composites we analyzed
the upper-level (300 hPa) wind anomalies. For the north-northeastward mov-
ing cyclones, on day 0, there are anomalous southerlies over central and north
Bay of Bengal (Figure 2e). On day +2, there are anomalous southerlies in the
north Bay of Bengal and anomalous westerlies over the central and south Bay of
Bengal (Figure not shown). On day +4 and day +6 also, there are anomalous
southerlies over the north and the central Bay of Bengal and anomalous west-
erlies over the remaining parts of the basin (Figure 2g). These wind anomalies
from day 0 to day +6 are associated with an anomalous cyclonic circulation cen-
tered over India landmass at around 75°-80°E. Also, it can be seen that there
are two anticyclonic wind anomalies east and west of India centered over 110°E,
25°-30°N and 45°E, 25°-30°N respectively (Figure 2e, g). This chain of cyclonic
and anticyclonic circulations from the Arabian Peninsula to east China are in
the path of the climatological position of the subtropical westerly jet (Kuang &



Zhang, 2005). These circulation anomalies give an indication of a wave pattern
in the upper-level atmospheric winds along the path of the subtropical westerly
jet. That is leading to the development of anomalous cyclonic circulation over
India and steering the cyclones in the north-northeastward direction.

For the west-northwestward moving cyclones, it is seen that from day 0 to day
+6 there are anomalous easterlies at the upper-level over most parts of the Bay of
Bengal (Figure 2f, h). There is an absence of anomalous cyclonic circulation over
India landmass as seen in the case of the composites of the north-northeastward
moving cyclones. Also, the anticyclonic circulation over the Arabian Peninsula
and east China is absent. Due to the absence of wave-like features in the upper-
level winds which is observed in the composites of north-northeastward moving
cyclones and anomalous easterlies over the Bay of Bengal, the cyclones move in
a west-northwestward direction.

Studies have shown earlier that the presence of anomalous cyclonic and anticy-
clonic circulation over the Indian subcontinent along the subtropical westerly jet
axis is associated with an eastward-moving Rossby wave along the jet axis (Li
& Sun, 2015; Song et al., 2014; Sun et al., 2018). To see whether the different
atmospheric wind patterns over the Indian region during the two cyclone track
clusters are associated with the changes in large scale atmospheric circulation
pattern, we have analyzed the daily composite evolution of the upper-level merid-
ional wind anomalies from day -10 to day +6 over the Indo-Atlantic tropical
and extratropical regions for these clusters. The composite evolution is shown
in Figure 3, though only for selected days. Meridional winds are best suited to
study the propagation of atmospheric waves in the upper levels (Wirth et al.,
2018). Figure 3a-c shows the composite evolution of meridional wind anomalies
for the north-northeastward moving cyclones. It can be seen that at day -4,
there are anomalous southerly winds over the east-central Atlantic Ocean near
40°N, penetration of northerly winds from west Europe up to north Africa and
again southerly wind anomalies are seen over the eastern Mediterranean region.
This forms an anomalous anticyclonic circulation over the east Atlantic/western
Mediterranean region and anomalous cyclonic circulation over the east-central
Mediterranean region. By day -2, alternating southerly and northerly winds are
seen extending up to the Arabian Sea as seen from northerly wind anomalies
over the north Arabian at around 60°E. At day 0, the alternating southerly
and northerly propagates eastward up to the Bay of Bengal with anomalous
southerly winds developing over the north Bay of Bengal and anomalous cy-
clonic circulation is established over the Indian landmass. This anomalous cy-
clonic circulation and the associated southerly wind anomalies over the Bay
of Bengal steers the cyclone in the north-northeastward direction. Composite
daily evolution of meridional winds for the west-northwestward moving cyclone
(Figure 3d-f) shows that before the cyclone formation (day 0) there is an ab-
sence of anomalous alternating southerly and northerly winds from west Mediter-
ranean/eastern Atlantic to the Bay of Bengal along the subtropical westerly jet
axis as seen during the north-northeastward moving cyclones. Due to the lack
of external subtropical forcing the cyclone follow a north-northwestward track.



3.2. Role of Rossby wave propagation in altering the wind circulation over India

It is seen that in the case of the north-northeastward moving cyclones, the
anomalous alternating southerly and northerly wind anomalies from the sub-
tropical eastern Atlantic to the Bay of Bengal, are along the subtropical west-
erly jet axis. Earlier studies show that the upper-level disturbance at the jet
entrance region (Mediterranean region) is propagated downstream towards east
China in the form of a Rossby wave train along the subtropical westerly jet axis
(Miaoqging et al., 2008; Watanabe, 2004). The Rossby wave train induces alter-
nating anomalous convergence and divergence zone along the jet axis (Miaoqing
et al., 2008). The subtropical westerly jet thus provides a favourable waveguide
for the propagation of Rossby wave along the jet axis (Branstator, 2002).

To see whether the anomalous wind pattern during the north-northeastward
moving cyclones is connected with the zonal eastward propagation of the Rossby
wave train, we have done an EOF analysis on the daily meridional wind anomaly
at 300 hPa in November for the period 1982-2019. For the EOF analysis, we
selected the region 40°-120°E, 10°-40°N as the changes in the winds in this
region have a direct effect on the track of cyclones in the Bay of Bengal. Li
et al. (2017b) show that even focusing on only one of the active centers of the
wave, the entire zonal propagation of the Rossby wave can be analyzed. We
found that the first and second EOF mode accounts for 22.5% and 20.92% of
the total variance respectively. The remaining modes have very little variance
as compared to the first two modes. From Figure 4a, b it can be seen that both
the EOF modes feature a wave train with anomalous southerly and northerly
winds illustrating anomalous cyclonic and anticyclonic circulations along the jet
axis centered at around 30°N. This feature is similar to those documented in
the previous studies (Hu et al., 2018; Huang et al., 2020). In the first mode of
EOF (EOF1), there are anomalous northerlies over the north Arabian Sea and
anomalous southerlies over the north Bay of Bengal (Figure 4a). In the second
mode of EOF (EOF2), there is a shift in the activity centers with anomalous
southerly over the India landmass and anomalous northerly west and east of
it centered at around 50°E and 110°E respectively (Figure 4b). Huang et al.
(2020) show that these first two modes of EOFs represent the same wave train
along the subtropical westerly jet stream axis in different phases. The pattern in
EOF1 resembles the composites of north-northeastward moving cyclones. Since
EOF1 is the leading mode with a variance of 22.5% and its positive pattern
resembles the wind pattern in north-northeastward moving cyclones, we use it
for the rest of the analysis.

We further use the lead-lag regression of various atmospheric variables onto the
first principal component (PC1) of EOF1 to study the evolution and the prop-
agation of the wave train (Figure 5a-c). For every atmospheric variable used
in the study, only those regressed anomalies that are significant at 95% confi-
dence level are displayed. The lead-lag regression analysis of winds at 300 hPa
onto the PC1 shows that at day -6, there are anomalous northerly winds over
western Furope reaching up to the west-central Mediterranean region and there



are anomalous southerly winds over the eastern Atlantic at around 40°N (figure
not shown). These northerly wind anomalies bring anomalous cold air from
the higher latitudes (Figure S2) and are associated with an anomalous high-
pressure area over coastal western Europe. On day -4, with the enhancement of
the upper-level high (Figure 5d) over coastal western Europe, the cold northerly
wind intrusion over the west-central Mediterranean region gets further strength-
ened (Figure 5a). These strengthened anomalous northerly winds invades the
subtropical westerly jet at its entrance region over the central Mediterranean
region and form an upper-level convergence zone over the region (Figure 5g)
with anomalous southerlies over the eastern Mediterranean region. Syed et al.
(2006) describe this as a western disturbance. Li and Sun (2015) show that this
disturbance triggers a quasi-barotropic Rossby wave which propagates zonally
eastwards along the subtropical westerly jet axis, where the jet act as a Rossby
waveguide.

Similar to the findings of Li and Sun (2015) we observe that by day -2, the suc-
cession of alternating northerlies and southerlies further gets established over
the north Arabian Sea and the north Bay of Bengal along the subtropical west-
erly jet axis (figure not shown). This forms a wave train extending from the
subtropical eastern Atlantic to the Indian subcontinent leading to the estab-
lishment of an anomalous cyclonic circulation over the Indian region. On day
-2, the wave train along the subtropical westerly jet axis can be noticed in the
regressed geopotential anomalies also with lows over the eastern Mediterranean
and Indian region and highs over the western Mediterranean region and the Per-
sian Gulf countries (figure not shown). By day 0, the wave further propagates
eastwards zonally towards east Asia along the subtropical westerly jet axis and
the cyclonic circulation over India becomes stronger (Figure 5b). The eastward
propagation of the wave is also seen in the geopotential height anomalies (Figure
5e). It is observed that in the wave train, the convergence centers are located
ahead of the anomalous high geopotential height regions and behind the anoma-
lous low geopotential height regions (Figure 5g-h). The pattern of the wave
train as seen from the meridional winds from the subtropical eastern Atlantic
to the Indian region is similar to the composites of the north-northeastward
moving cyclones.

Temporal-zonal sections of the meridional winds and geopotential height aver-
aged over 20°-35°N shows the propagation of the wave from the subtropical east
Atlantic to the Indian region (Figure 6a, b). The upstream signal (over the
subtropical east Atlantic and western Mediterranean region) reaches its peak
3-4 days before the peak of the wave train (day 0). It takes about 4 days for
the wave train to reach up to India from the Mediterranean region and affect
the wind circulation pattern over India. Also, the wave activity centers move
slowly eastward with time, this eastward movement of the wave activity cen-
ters is indicated by the eastward tilting of the activity lobes (Figure 6a, b). A
similar feature of the wave train is reported by Huang et al. (2020) where they
show that it takes 5-6 days for the wave to travel from the eastern North At-
lantic to the western North Pacific. By day 0, that is at the peak day of the
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wave activity, it is seen that the anomalous high over coastal western Europe
starts weakening (Figure 5e). Due to this, the southerlies and northerlies over
the east Atlantic and the central Mediterranean region starts weakening. This
cause a weakening of the upper-level convergence zone over the east-central
Mediterranean region (Figure 5h). However, at day 0, over the Indian region,
the northerlies and southerlies and the associated cyclonic circulation are the
strongest. This is similar to Huang et al. (2020), in which they show that
the downstream propagation of the wave along the subtropical westerly jet is
associated with the dissipation of the lobes in the upstream region where the
energy is initially emitted (western Mediterranean region), while the lobes in
the downstream regions gradually strengthen due to the absorption of the en-
ergy. Further, it is seen that the weakening of the convergence zone over the
east-central Mediterranean region which is also the subtropical westerly jet en-
trance region, leads to weakening of the Rossby wave activity and by day +4
this induces a break in the Rossby waveguide along the subtropical westerly jet
(Figure 5¢, f). The break in the Rossby waveguide leads to the weakening of
the anomalous northerlies and southerlies over the Arabian Sea and the Bay of
Bengal respectively and a complete dissipation of the cyclonic circulation over
the Indian region by day 46 (figure not shown).

This shows that the north-northeastward moving cyclones are associated with
an anomalous cyclonic circulation present over India which provides southerly
steering to the cyclone. This anomalous cyclonic circulation over India is linked
with an eastward-moving Rossby wave train along the subtropical westerly jet
axis that propagates from subtropical east Atlantic to the Indian subcontinent
and affects the wind circulation over the Indian subcontinent including the Bay
of Bengal.

4. Discussion and Summary

The cyclones during November in the Bay of Bengal follow two distinct tracks.
Some cyclones move in a north-northeastward direction and make landfall over
the West Bengal, Bangladesh, or Myanmar coasts while others move in the
west-northwestward and make landfall over the Odisha, Andhra Pradesh, Tamil
Nadu or Sri Lanka coasts. It is observed that the upper-level winds (300 hPa)
governing these two cyclone track clusters are different from each other. During
the north-northeastward moving cyclones, the westerlies penetrate more south-
ward than normal over India and western Bay of Bengal. There are anomalous
southerlies over the north and central Bay of Bengal and anomalous wester-
lies over the west and south Bay of Bengal. These anomalous winds over the
Bay of Bengal ensue an anomalous cyclonic circulation centered over the Indian
landmass. This cyclonic circulation is linked with the eastward-moving wave
train along the subtropical westerly jet stream. Analysis shows that 4-5 days
before the north-northeastward moving cyclone genesis, a wave train along the
subtropical westerly jet is triggered by the anomalous cold northerly intrusion
over the west-central Mediterranean region. The cold northerly intrusion over
the Mediterranean region creates an upper-level convergence zone over the area
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which is also the subtropical westerly jet entrance region. The upper-level con-
vergence over the Mediterranean region plays an important role in exciting the
wave train along the subtropical westerly jet stream with the jet acting as a
waveguide (Li & Sun, 2015; Watanabe, 2004). This wave train has Rossby wave
characteristics and is zonally trapped, and moves eastward with time, leading
to the development of anomalous northerlies and southerlies (accompanied by
anomalous low and high geopotential height) along the jet. In four days af-
ter its origin, the wave train reaches India and the adjoining Bay of Bengal
with an anomalous cyclonic circulation over the Indian landmass leading to the
establishment of anomalous southerlies over the north and the central Bay of
Bengal and anomalous westerlies over the remaining parts of the basin. This
anomalous wind pattern causes the cyclones to move in a north-northeastward
direction and make landfall over the West Bengal, Bangladesh or Myanmar
coasts. Figure 7 shows a schematic illustration of the sub-tropical Rossby wave
affecting the track of the cyclone in the Bay of Bengal. In the case of west-
northwestward moving cyclones, there is an absence of Rossby wave train along
the subtropical westerly jet. As a result, there is an absence of any anomalous
cyclonic circulation over the Indian landmass and anomalous easterlies prevail
over the Bay of Bengal steering the cyclone in the climatological wind direction
that is in west-northwestward direction and the cyclones make landfall over the
Odisha, Andhra Pradesh, Tamil Nadu or Sri Lanka coasts.

Studies have shown that the North Atlantic Oscillation (NAQO) also induces an
eastward propagating wave train along the subtropical westerly jet axis (Miao-
qing et al., 2008; Syed et al., 2006; Watanabe, 2004). This connection of the
NAO to the downstream Rossby wave propagation co-occurs with the upper-
level divergence over the Mediterranean Sea (Ding & Li, 2017; Watanabe, 2004).
However, its connection with the circulation pattern governing the track of the
cyclones in the Bay of Bengal is yet to be explored. The current study provides
a new mechanism that improves our understanding on the factors controlling
the tracks of cyclones in the Bay of Bengal. Improving their representation in
the forecast models might be helpful in advancing the lead time of cyclone pre-
diction. Climate models project a decrease in the frequency of cyclones making
landfall at the east coast of India in the future (Bell et al., 2020). However, the
mechanism controlling this projected decrease in the frequency of cyclones is
not yet clear. The Bay of Bengal is surrounded by densely populated coastlines,
hence, even a slight change in the tracks of cyclones can have a vast devastating
socio-economic impact. It remains to be seen whether the mechanism control-
ling the steering winds mentioned in this study will also change in the future
altering the cyclone landfall locations.
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Track of cyclones in November, 1982-2019
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Figure 1. Track of cyclones in November during the period 1982-2019. The
tracks in black color denote the cyclones that move west-northwestward and
make landfall over Sri Lanka, Tamil Nadu, Andhra Pradesh or Odisha coasts.
The tracks in red color denotes the cyclones that move north-northeastward and
make landfall at West Bengal, Bangladesh or Myanmar coasts.
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Figure 2. Composite evolution of upper-level (300 hPa) winds (m s, vec-
tor) and meridional winds (m s, color) with the cyclone vortex removed, for
the north-northeastward moving cyclones (left column) and west-northwestward
moving cyclones (right column) for (a-b) day 0 (c-d) day +4 after cyclone gen-
esis. (e-h) Same as (a-d) but for wind (m s!) and meridional wind anomalies
(m s1, color).
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Figure 3. Composite evolution of upper level (300 hPa) meridional wind anoma-
lies (m s, color) for the (a-c) north-northeastward moving cyclones (d-f) west-
northwestward moving cyclones. Red color denotes southerly wind anomalies
and blue color denotes northerly wind anomalies.

(a) EOFL (b) EOF2
30°N 30°N ‘
- 1 - 1
N /AN 108 AN
40°E 60°E 80°E 100°E 120°E ~ 40°E 60°E 80°E 100°E 120°E
. DNEEEEEEEEEEESS g
001 o005 g o565 01

Figure 4. Spatial distributions of the (a) first and (b) second EOF modes of
daily meridional wind anomaly (m s, color) at 300 hPa in November during
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the period 1982-2019.
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Figure 5. Lead-lag regression of (a-c) wind (m s™! ,vector) and meridional wind
(m s71, color) (d-f) Geopotential height (m, color) (g-i) Divergence (10° s71, color)
anomalies on the PC1. Only those anomalies are shown which are significant at
95% confidence level.
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Figure 6. Temporal-zonal sections of anomalies of (a) meridional wind (m s™!)
(b) geopotential height (m) regressed with PC1, averaged over 20°-35°N from
day -10 to day +10. Only those anomalies are shown which are significant at

95% confidence level.
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Figure 7. Schematic illustration of the sub-tropical Rossby wave guiding the
north-northeastward moving cyclones in the Bay of Bengal. The blue arrow
represent the cold northerly intrusion over the Mediterranean region. Letter A
represent the upper level anticyclonic wind anomaly and letter B represent the
upper level cyclonic wind anomaly. The dash blue line from the Mediterranean
region to the east China passing through Indian subcontinent denotes the direc-
tion of propagation of the Rossby wave. Thick solid line arrow over the Bay of
Bengal represents the direction of movement of the cyclone.
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