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Abstract Analysis of Bay of Bengal tropical cyclone (TC) track data for the months of May–June during
1979–2014 reveals a meridional dipole in TC intensification: TC intensification rates increased significantly
in the northern region and decreased in the southern region. The dipole is consistent with changes in the
large-scale TC environment estimated using the Genesis Potential Index (GPI) for the same period. While an
increase in lower troposphere cyclonic vorticity and midtroposphere humidity in the northern Bay of Bengal
made the environment more favorable for TC intensification, enhanced vertical wind shear in the southern
Bay of Bengal tended to reduce TC development. These environmental changes were associated with a
strengthening of the monsoon circulation for the months of May–June, driven by a La Niña-like shift in
tropical Pacific SSTs and associated tropical wave dynamics. Finally, analysis of a suite of climate models
from the Coupled Model Intercomparison Project Phase 5 archive shows that most models correctly
reproduce the link between ENSO and premonsoon Bay of Bengal TC activity at interannual timescales,
demonstrating the robustness of our main conclusions.

1. Introduction

Tropical cyclones (TCs) are among the most destructive, persistent, and recurrent natural hazards in the global
tropics and subtropics with widespread impacts [Emanuel, 2003]. A significant majority of the deadliest TCs in
recorded history have occurred in the Bay of Bengal [Frank and Husain, 1971]. This is surprising given that only
about three to four TCs form annually in this semienclosed basin [Alam et al., 2003]. However, a combination
of factors such as a flat coastal terrain and high population density of surrounding nations causes TCs in the
Bay of Bengal to have devastating consequences upon landfall [Islam and Peterson, 2009].

The annual cycle of TCs in the northern Indian Ocean displays a distinct bimodal structure [Li et al., 2013].
The TC season begins in April, as the sea surface temperatures (SSTs) rise, and continues to intensify through
May. However, by the end of May and in early June, the monsoon sets in and the associated strong vertical
wind shear, cooler SSTs, and unfavorable atmospheric vorticity severely limit the formation of TCs from June
to September [Li et al., 2013]. In October, the TC activity increases again, reaching a second peak during the
month of November. While more TCs form during the postmonsoon months, the most intense storms have
formed during the premonsoon period. Large ocean heat content and strong variability of northward prop-
agating intraseasonal oscillations [Madden and Julian, 1972] during April–May are primarily responsible for
the formation of intense TCs during the premonsoon season [Li et al., 2013]. A notable example of an intense
premonsoon TC is Nargis, a storm that reached an intensity of category 4 on the Saffir-Simpson scale in May
2008 and caused catastrophic destruction in Myanmar, with fatalities exceeding 130,000 [Webster, 2008; Fritz
et al., 2009; Lin et al., 2009; McPhaden et al., 2009].

A statistical analysis of historical TC data during the satellite period (1981–2006) showed that the intensity of
the strongest TCs had increased substantially over the northern Indian Ocean [Elsner et al., 2008]. However,
in that study, TCs in the Bay of Bengal and the Arabian Sea were grouped together. A later study found that
Bay of Bengal TCs in the postmonsoon season increased in intensity over the past 30 years and identified
large-scale changes in ocean-atmosphere conditions that were responsible [Balaguru et al., 2014]. Wang et al.
[2013] found that TCs in the premonsoon month of May also increased in intensity after 1979 and attributed
changes in TC activity to anthropogenic aerosols and greenhouse gas forcing. However, the role of natural
climate variability in the observed changes in TC activity was not explored systematically. In addition, many
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previous studies of interannual variability of Bay of Bengal TCs focused on the postmonsoon season. The
reason is that major climate phenomena that impact global climate at interannual timescales, such as the El
Niño–Southern Oscillation (ENSO) and Indian Ocean Dipole, tend to manifest more strongly during boreal late
fall and winter. The large-scale ocean-atmosphere state was found to be more favorable for TC development
in the postmonsoon Bay of Bengal during La Niña [Girishkumar and Ravichandran, 2012; Felton et al., 2013; Bell
et al., 2014] and during the negative phase of the Indian Ocean Dipole [Girishkumar and Ravichandran, 2012].
However, the environmental impact on premonsoon TCs at interannual timescales is less clear.

By examining the correlation between Niño 3.4 SST anomalies and the Accumulated Cyclone Energy for the
months of March–May in the premonsoon Bay of Bengal, Felton et al. [2013] suggested that ENSO may not
have a significant influence on premonsoon Bay of Bengal TC activity. Although the impact of ENSO is stronger
during boreal late fall and winter months, its influence over the large-scale ocean-atmosphere system in the
northern Indian Ocean may persist until May–June. For instance, Goswami and Xavier [2005] show that ENSO
plays a pivotal role not only in the withdrawal phase of the Indian summer monsoon but also during its onset
phase. Thus, large-scale climate variability outside of the Bay of Bengal may affect premonsoon atmospheric
conditions and TC activity in the Bay of Bengal. In this study, we examine changes in TC activity during the
premonsoon months of May–June and identify their potential causes using a combination of observations
and reanalysis data sets. We then examine these relationships using output from coupled climate models.
The layout of the paper is as follows. Data, model, and methods are described in section 2. The results are
described in section 3, and finally, the conclusions and discussion are provided in section 4.

2. Data, Model, and Methods

TC track data for the 36 year satellite period 1979–2014 are obtained from the U.S. Navy’s Joint Typhoon
Warning Center at https://metoc.ndbc.noaa.gov/JTWC/ [Chu et al., 2002]. Monthly mean atmospheric relative
humidity and horizontal winds, air temperature, sea level pressure, and SSTs for the months of May–June
during 1979–2014 are obtained from the ERA-Interim reanalysis (http://www.ecmwf.int/en/research/
climate-reanalysis/era-interim) [Dee et al., 2011] and are used to compute the Genesis Potential Index (GPI)
and the meridional tropospheric temperature gradient (ΔTT). In addition to atmospheric winds, monthly
mean specific humidity is also used to understand changes in relative humidity. Monthly mean May–June
National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR)
reanalysis atmospheric data [Kalnay et al., 1996] and SST data from UK Met Office’s Hadley Center
[Rayner et al., 2003], obtained from http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
and http://www.metoffice.gov.uk/hadobs/hadisst/, respectively, for the period 1948–2014 are used to val-
idate our results based on ERA-Interim data. The monthly Niño 3.4 SST index, calculated as the SST
averaged between 170∘W–120∘W and 5∘S–5∘N with the long-term mean removed, is obtained from
http://www.cpc.ncep.noaa.gov/data/indices/.

Monthly mean atmospheric and SST data from 15 different coupled climate models of the “Coupled Model
Intercomparison Project Phase 5” (CMIP5) and obtained from http://pcmdi9.llnl.gov/ are used to compute GPI,
ΔTT, and the Niño 3.4 SST index. A list of the various models used is given in Table 1. We first use data from the
156 year historical period of 1850–2005 to examine the ability of the models to reproduce the relationships
obtained from observational analysis. Next, we use data from the 95 year period 2006–2100 under the RCP8.5
global warming scenario, where the radiative forcing increases by about 8.5 W m−2 relative to the preindustrial
forcing, to explore potential future changes in the Indian summer monsoon circulation strength for the month
of May.

At a given point along a TC’s track, the intensification rate is estimated as the linear regression coefficient of
the maximum wind speed of the TC over a 24 h period consisting of four successive 6-hourly locations and
beginning with the current location. Following Camargo et al. [2007], we define the GPI as

GPI = Term 1 . Term 2 . Term 3 . Term 4 (1)

Here Term 1 is |105𝜂| 3
2 , Term 2 is ( RH

50
)3, Term 3 is ( 1

1+0.1Vshear
)2, and Term 4 is ( V

70
)3. 𝜂 is the absolute vorticity at

850 hPa, RH is the relative humidity at 600 hPa, V is the potential intensity, and Vshear is the vertical wind shear
calculated between 200 and 850 hPa. The potential intensity, a theoretical representation of the large-scale
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Table 1. List of CMIP5 Models Used in Our Study

Center Model Name

Beijing Climate Center BCC-CSM 1.1

Canadian Centre for Climate Modelling and Analysis CAN-ESM 2

Centre National de Recherches Mtorologiques CNRM-CM5

Geophysical Fluid Dynamics Laboratory GFDL-CM3

Geophysical Fluid Dynamics Laboratory GFDL-ESM2G

Geophysical Fluid Dynamics Laboratory GFDL-ESM2M

UK Met Office Hadley Centre HADGEM2-CC

UK Met Office Hadley Centre HADGEM2-ES

Institute for Numerical Mathematics INMCM4

Institut Pierre-Simon Laplace IPSL-CM5A-LR

Japan Agency for Marine-Earth Science and Technology MIROC-ESM

Max-Planck-Institut für Meteorologie MPI-ESM-LR

Meteorological Research Institute MRI-CGCM3

National Center for Atmospheric Research NCAR-CCSM4

Norwegian Meteorological Institute NORESM1-M

ocean-atmosphere thermodynamic state [Emanuel, 1999] and a limit to the maximum possible intensity a TC
may achieve under prevailing conditions at steady state, is calculated as

V2 =
(

SST − T0

T0

)
Ck

CD
(kSST − k) (2)

where T0 is the outflow temperature, Ck is the coefficient of enthalpy, CD is the coefficient of drag, kSST is the
enthalpy of air in contact with seawater (J kg−1), and k is the enthalpy of air in the TC’s ambient boundary layer
(J kg−1). GPI budget analysis is performed following the method of Li et al. [2013]:

𝛿GPI =
4∑

i=1

𝛼 i.𝛿Term i (3)

where 𝛼 1 = Term 2.Term 3.Term 4, 𝛼 2 = Term 1.Term 3.Term 4, 𝛼 3 = Term 1.Term 2.Term 4, and
𝛼 4 = Term 1.Term 2.Term 3. The overbar indicates the monthly climatology and 𝛿 indicates the change from
monthly climatology.

To understand changes in relative humidity (RH), we use the following relationship between relative humidity,
specific humidity, and air temperature:

RH ≈ 0.263pq

[
exp

(
17.67(T − Tref)
(T − 29.65)

)]
(4)

where q is the specific humidity, T is the air temperature (K), Tref is 273.16, and p is the pressure (Pa) [Bolton,
1980]. Using a similar approach as with the GPI, we estimate the contribution of changes in air temperature
and specific humidity to those in relative humidity. The horizontal and vertical moisture flux convergence is
estimated as −∇.(qVh) and − 𝜕(q𝜔)

𝜕p
, respectively, where Vh is the horizontal velocity vector and 𝜔 is the vertical

velocity.

The ΔTT, a metric that represents the strength of the Indian summer monsoon circulation, is calculated fol-
lowing the method of Goswami and Xavier [2005]. We first average the tropospheric temperature vertically
between 200 and 600 hPa, and then we take the difference between an area average over a northern box
(40∘E–100∘E, 10∘N–35∘N) and a southern box (40∘E–100∘E, 15∘S–10∘N). We consider TC data during the
36 year satellite period of 1979–2014 in this study. Hence, for the purpose of this study, “change” is defined
as the mean over the second half of this period (1997–2014) minus the mean over the first half of this period
(1979–1996). Throughout this paper, “northern Bay” refers to the part of the Bay of Bengal that is to the north
of 14∘N, while “southern Bay” refers to the part of the Bay of Bengal that is to the south of 14∘N. We chose
the 14∘N latitude to divide the Bay of Bengal into two since this would roughly divide the number of TC
track locations equally. All correlation coefficients, unless otherwise stated, are statistically significant at the
95% level.
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Figure 1. The tracks of Bay of Bengal TCs for the months of May–June and for the 36 year period 1979–2014. (a) The
tracks from the first 18 year period 1979–1996 and (b) the tracks from the later 18 year period. The tracks are color
coded based on their intensity using the Saffir-Simpson Hurricane Wind Scale: tropical depression (<17 m s−1)—green,
tropical storm (17–33 m s−1)—yellow, category 1–2 TC (33–49 m s−1)—red, and category 3–5 TC (
>49 m s−1)—magenta. The black dashed line approximately divides the Bay of Bengal into two halves.

3. Results
3.1. TC Track Data Analysis
The tracks of Bay of Bengal TCs for the months of May–June and for the years 1979–2014 are shown in Figure 1.
During the 18 year period 1979–1996, there were two TCs in the northern Bay of Bengal that reached “tropical
storm” intensity (maximum wind speed of 17–32 m s−1). During the next 18 year period of 1997–2014, seven
TCs formed in the northern Bay out of which three intensified into category 1 TCs. The first of these three TCs
was BOB 01 during May 2004 that reached a peak intensity of 33 m s−1 and caused nearly 236 fatalities and
tremendous damages in Myanmar. The second of the three TCs, TC Akash, caused destruction in the Andaman
and Nicobar Islands and several other regions surrounding the Bay during May 2007. TC Aila was the third
of the three TCs and occurred during May 2009. It caused tremendous destruction in India and Bangladesh
with 300 fatalities resulting from the TC’s storm surge and outbreak of diseases in its aftermath [Momen, 2010;
Bhunia and Ghosh, 2011]. It must be noted that TCs that form in the northern Bay have a relatively short lifetime
over the ocean before making landfall. Hence, they need to intensify rapidly in order to reach an intensity of
category 1 within that short duration.

In the southern Bay of Bengal, three out of nine TCs that formed during the period 1979–1996 attained an
intensity of category 1 or higher. The first was the 1979 Tamil Nadu-Sri Lanka Cyclone, a category 2 TC that
affected the regions of south India and Sri Lanka, causing nearly 700 casualties. The second was the 1990
Andhra Pradesh Cyclone, a category 4 TC that caused nearly 1000 fatalities in the coastal Indian state of Andhra
Pradesh, and the third was BOB 01, a category 1 TC that struck Myanmar in 1992. During the later 18 year
period, three out of the six TCs that formed achieved category 1 or higher intensity. While the first of these
three was BOB 01 during 1997, a category 4 TC that struck Bangladesh near Chittagong and was responsible
for more than a 1000 deaths, the second and third were category 1 TCs BOB 01 during 1998 and TC Laila during
2010. Unlike TCs in the northern Bay that form and intensify in the same part of the Bay of Bengal, the intensity
attained by TCs that form in the southern Bay may depend on environmental conditions in both the southern
as well as the northern part of the Bay of Bengal. Hence, to understand the impact of the local environment
on TCs, we examine TC intensification rates.

We consider 6-hourly TC track locations and compute the TC intensification rates at those locations. Generally,
observed TC analysis in the Bay of Bengal has sample size limitations owing to the relatively small number
of TCs that form in this basin. However, the analysis presented in this study is not based on the number of
TCs but rather on 6-hourly TC track locations. Since we are interested in understanding the large-scale envi-
ronment, we consider track locations in the northern and southern Bay irrespective of where the TC formed.
Next, performing a spatiotemporal autocorrelation analysis reveals that intensification rates for TCs are cor-
related at 0.86, 0.57, and 0.21 with their intensification rates 6, 12, and 18 h later, respectively. In other words,
less than 5% of the variance in TC intensification rates 18 h later is explained by current intensification rates.
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Figure 2. (a) Probability distribution functions (PDFs) of intensification rates (m s−1 per 24 h) and their difference, with
error bars, are shown for the northern Bay. The PDF for the first 18 year period is shown in light grey, the PDF for the
second 18 year period in dark grey, and their difference in pink. The mean intensification rate for each period is also
indicated. (b) As in Figure 2a but for the southern Bay.

Thus, to ensure that our analysis is based on independent data samples, we subsampled TC track locations
every 18 h. Note that TC track data have also been subsampled to ensure that the TC wind speed and transla-
tion speed distributions are statistically indifferent for the two 18 year periods. This minimizes the influence
of other factors such as the TC’s natural lifecycle and the large-scale wind on TC intensification and ensures
that the results are not contaminated by sampling issues [Balaguru et al., 2012]. Also, we excluded TC track
locations within 24 h of landfall. After subsampling, there are 25 TC track locations in the northern Bay for the
period 1979–1996 and 26 for the period 1997–2014. In the southern Bay, there are 32 and 25 TC track loca-
tions for the first and second 18 year periods, respectively. These sample sizes are adequate to obtain statistical
significance for TC intensification rate changes based on a Student’s t test for difference of means.

We generate the probability distribution function (PDF) of intensification rates for each 18 year period. The
probability distribution functions (PDFs) were estimated using the “Monte Carlo” method of repeated random
sampling [Balaguru et al., 2012]. Figure 2a shows PDFs of intensification rates for the northern Bay and their
difference. The PDF for the period 1997–2014 is skewed to the right when compared to the PDF for the period
1979–1996. This indicates that TCs intensified more strongly in the northern Bay during the latter half of the
36 year period compared to the first half. The mean intensification rate for TCs in the northern Bay is 1.19 m s−1

per 24 h during the period 1997–2014, while the mean intensification rate for the period 1979–1996 is about
0.53 m s−1 per 24 h. This difference is statistically significant at the 95% level based on a Student’s t test for
difference of means. These results firmly suggest that TC intensification rates increased in the northern Bay
during the period 1997–2014.

The PDFs of intensification rates for each 18 year period and their differences are shown in Figure 2b for the
southern Bay. Compared to the northern Bay, the shift in the PDFs in the southern Bay is in the opposite
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Figure 3. (a) Change in GPI (difference between GPI averaged over the periods 1997–2014 and 1979–1996), averaged
over the months of May–June. (b) Change in GPI estimated indirectly as the sum of contributions of individual terms.

direction. The PDF for the period 1997–2014 is skewed to the left when compared to the PDF for the period
1979–1996, indicating that TC intensification rates have decreased during the latter half of the 36 year period.
The mean TC intensification rate in the southern Bay for the period 1997–2014 is 0.44 m s−1 per 24 h, while the
mean intensification rate for the period 1979–1996 is 1.30 m s−1 per 24 h, a difference statistically significant
at the 95% level. Taken together with the results from the northern Bay, a meridional dipole-like pattern in TC
intensification emerges in the premonsoon Bay of Bengal during the months of May and June. Similar results
are obtained when we vary the period over which intensification rates are computed and the period over
which the analysis is conducted (supporting information Figures S1 and S2). Consequently, these results are
fairly robust.

3.2. GPI Analysis
Next, we attempt to understand the background environmental conditions responsible for these changes in
TC activity using the GPI, a representation of the large-scale ocean-atmosphere state that plays an important
role in TC development. While the GPI has traditionally been used to understand cyclogenesis [Camargo et al.,
2007], and more recently the genesis of monsoon depressions [Vishnu et al., 2016], it has also been applied
to understand TC intensification [Girishkumar et al., 2014]. The GPI is of additional value for TC studies in the
northern Indian Ocean, which are hampered by the relatively low annual frequency of TCs. This makes the
GPI, which is not constrained by availability of TC track data, an attractive tool for this study. Figure 3a shows
the difference between the mean GPI averaged over the period 1997–2014 and the mean GPI averaged over
the period 1979–1996 for May–June. The changes in GPI are consistent with changes in TC activity seen pre-
viously. In the northern Bay, where TCs intensified more strongly during the latter half of the 36 year period,
the GPI increased. On the other hand, in the southern Bay, where TC intensification rates decreased, the GPI
decreased. This is consistent with our previous result of a meridional dipole in TC intensification rate changes.
Having established that the framework of GPI is consistent with observed TC activity, we now use the GPI to
further understand how each environmental factor is responsible for these changes in TC intensification.

We follow the method of Li et al. [2013] and compute the contribution of each term of the GPI to the total
change in GPI. Though this method of separating the contribution of individual terms is based on a linear
approximation, it has been shown to account for most of the observed changes in GPI [Li et al., 2013]. Con-
sider Figure 3b, which shows the sum of contributions of the various terms to the total GPI. The change in the
linear approximation to GPI compares very well with the actual change in GPI shown in Figure 3a. The contri-
bution of each individual term to the change in GPI is shown in Figure 4. There are positive contributions from
low-level vorticity and relative humidity in the northern Bay (Figures 4a and 4b), while there is a weak negative
contribution from low-level vorticity term and a strong negative contribution from vertical wind shear in the
southern Bay (Figure 4c). Thus, the increase in GPI in the northern Bay was caused by an increase in low-level
vorticity and enhanced moisture in the midtroposphere. In the southern Bay, the decrease in GPI is mainly
due to an increase in vertical wind shear. We found that the potential intensity term does not contribute sig-
nificantly to changes in GPI (Figure 4d). The potential intensity represents the large-scale ocean-atmosphere
thermodynamic state and is heavily constrained by SST in the tropics. Although there was likely an increase
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Figure 4. Contribution of various terms to the change in GPI shown in Figure 3a. (a) Low-level vorticity change, (b)
midtropospheric relative humidity (600 hPa), (c) vertical wind shear, and (d) potential intensity. Changes shown are
averaged over the months of May–June and are statistically significant at the 95% level.

in SST over the 36 year period [Wang et al., 2013], it did not contribute significantly to changes in TC
intensification.

To further understand the changes in environmental parameters, we examine changes in the large-scale cir-
culation. Figures 5a and 5b show changes in atmospheric circulation at 850 hPa and 200 hPa, respectively, for
May–June. The pattern of changes in the lower level and upper level winds indicates a strengthening of the
monsoon circulation. There are anomalous southwesterlies and an anomalous anticyclonic vorticity at lower
levels in the southern Bay. On the other hand, there is an anomalous cyclonic vorticity in the northern Bay
at the lower levels. At upper levels, there are anomalous northeasterlies in the entire Bay with more easterly
winds over the southern Bay. The combination of southwesterlies at the lower levels and northeasterlies at the
upper levels gives rise to the increase in vertical wind shear in the southern Bay noted earlier (Figure 4c). The
positive contribution of relative humidity to GPI (Figure 4b) suggests an increase in midtropospheric mois-
ture in the northern Bay. Analysis of relative contributions of specific humidity and air temperature to relative
humidity confirms that changes in relative humidity are dominated by changes in specific humidity (support-
ing information Figure S3). The sum of the horizontal and vertical moisture flux convergence change terms
is shown in Figure 5c. There is enhanced moisture convergence in the northern Bay and near the southern
tip of India to the east of Sri Lanka, consistent with the positive contribution of the humidity term to the GPI
(Figure 4b).

The above noted changes in monsoon circulation are in agreement with the idea of an earlier monsoon onset
trend observed in recent decades [Bollasina et al., 2013; Kajikawa et al., 2012]. To understand the cause for
the enhanced monsoon circulation in May–June, we consider the change in vertically averaged May–June
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Figure 5. (a) Change in circulation at 850 hPa level. (b) Change in circulation at 200 hPa level. (c) Change in 600 hPa
moisture flux convergence (kg kg−1 s−1). Changes shown are averaged over the months of May–June, and stippling
indicates statistical significance at the 95% level.

tropospheric temperature (Figure 6a). The tropospheric temperature increased considerably over the north-
ern Indian subcontinent during 1979–2014. The enhanced heating over the northern Indian subcontinent,
and the consequent increase in ΔTT, invigorated the monsoon circulation. The correlation between ΔTT and
GPI is shown in Figure 6b. In the northern Bay, the correlation between ΔTT and GPI is positive, while there
is a negative correlation between ΔTT and GPI in the southern Bay. This suggests that a strengthening of
the monsoon circulation created a dipole in TC intensification, with the northern Bay more conducive to TC
intensification and the southern Bay less favorable for TC intensification.

3.3. Understanding the Remote Influence of ENSO
Finally, we ask ourselves the following question. What caused the May–June monsoon circulation to
strengthen during the latter half of the 36 year period? Figure 7a shows that the correlation between ΔTT
and SST for the months of May–June resembles a La Niña-like pattern. In other words, during a La Niña, the
May–June monsoon circulation gains strength. Changes in SST over the 36 year period indeed show a La
Niña-like pattern in the Pacific (Figure 7b). An interesting point to note here is that besides changes in tropi-
cal Pacific SSTs, there are also changes in Indian Ocean SSTs. Specifically, there is a positive SST change in the
tropical Indian Ocean. However, in Figure 7a, the correlation between ΔTT and SST is negative in the tropical
Indian Ocean. Hence, the positive SST change in the tropical Indian Ocean cannot have caused the strength-
ening of the May–June monsoon circulation. Thus, changes in tropical Pacific SSTs played a more significant
role in the May–June monsoon circulation changes.

When considering the 36 year period 1979–2014, there were more El Niño events during the first half of
the period (http://www.cpc.ncep.noaa.gov/products/analysis_{m}onitoring/ensostuff/ensoyears.shtml). Dur-
ing the period of 1979–1996, there were seven El Niño (1982, 1983, 1987, 1991, 1992, 1993, and 1994) and
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Figure 6. (a) Change in May–June tropospheric temperature, averaged between 200 and 600 hPa (∘C). The two boxes
indicate the regions over which the tropospheric temperature is averaged to estimate ΔTT. (b) Correlation between ΔTT
(∘C) and GPI, averaged over the months of May–June. Stippling indicates regions where the correlation is statistically
significant at the 95% level.

three La Niña (1985, 1988, and 1989) events based on the Niño 3.4 SST index averaged over May–June. On the
other hand, during the second 18 year period of 1997–2014, there were three El Niño (1997, 2002, and 2005)
and two La Niña (1999 and 2000) events. This change in the number of ENSO events, responsible for the La
Niña-like shift in tropical Pacific SSTs shown in Figure 7b, may have resulted from the well-known phase shift
of the Pacific Decadal Oscillation from positive to negative around 1999, a shift that is linked to the global
warming hiatus observed in the 2000s [Trenberth and Fasullo, 2013]. The scatter between the May–June ΔTT
and the Niño 3.4 SST index (Figure 7c) shows that they are highly correlated at −0.65, suggesting that ENSO
explains nearly 42% of the variability in the ΔTT.

The change inΔTT over the period 1979–2014 is 0.23∘C and is significant at the 90% level. When this change is
computed based on only ENSO years, the change inΔTT increases to 0.44∘C and is significant at the 90% level.
On the contrary, when the change in ΔTT is estimated based on non-ENSO years, the change is insignificant.
These results accentuate the dominant control of ENSO over ΔTT and consequently the monsoon circulation,
during the premonsoon months of May–June. While the above results were based on ERA-Interim reanalysis,

Figure 7. (a) Correlation coefficient between ΔTT and SST, averaged over the months of May–June. Values shown are
significant at the 95% level. (b) Change in May–June SST (∘C). (c) Scatter between Niño 3.4 SST index and ΔTT (∘C),
averaged over the months of May–June. The correlation coefficient is −0.65.
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Figure 8. Impact of ENSO on May–June TC genesis in the Bay of Bengal. The bar graph represents the Niño 3.4 SST
index averaged over the months of May–June. When the May–June averaged Niño 3.4 index equals or exceeds ±0.5, it
is considered as an ENSO event. For each year, the formation of a TC in the northern Bay is represented by a circle and
the formation of a TC in the southern Bay is represented by a diamond. The number of circles and diamonds for each
year represent the number of TCs formed. The circles and diamonds are color coded based on the Niño 3.4 SST index.

a similar analysis performed using NCEP1 reanalysis for the 67 year period 1948–2014 offers further support
for our conclusions (supporting information Figure S4). Examination of TC genesis further supports the impor-
tance of ENSO for premonsoon Bay of Bengal TC activity. Figure 8 shows the number of TCs that formed in
the northern and southern Bay during each year along with the Niño 3.4 index. TCs form in the northern Bay
only during La Niña or neutral years. On the other hand, TCs form in the southern Bay during El Niño or neu-
tral years. The mean Niño 3.4 index when TCs form in the northern Bay is −0.12, while the mean Niño 3.4

Figure 9. (a) Change in May–June tropospheric temperature (∘C), averaged between 200 and 600 hPa. (b) Change in
the May–June 200 hPa asymmetric streamfunction (106 m2 s−1).
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Figure 10. Correlation between the negative of the DJF Niño 3.4 SST index and tropospheric temperature (∘C), averaged
between 200 and 600 hPa, for the months of (a) January, (b) March, and (c) May. Values shown are statistically significant
at the 95% level.

index when TCs form in the southern Bay is 0.43. This difference, statistically significant at the 95% level based
on a Student’s t test, further emphasizes the role of ENSO in the meridional dipole observed in premonsoon
May–June TC activity in the Bay of Bengal.

The physical mechanisms behind the control of ENSO on summer tropospheric temperature over the Indian
subcontinent are well established. The anomalous La Niña-like shift in tropical Pacific SSTs excites a wave train
in tropospheric temperature that resembles a “Gill-type” response to diabatic heating in the tropics [Rodwell
and Hoskins, 1996; Su et al., 2003]. The change in May–June tropospheric temperature, averaged between 200
and 600 hPa, is shown in Figure 9a. The Rossby waves that are generated in the ENSO source region inter-
act with the subtropical westerlies, resulting in anomalous highs and lows in the subtropics and extratropics
[Krishnan et al., 1998]. The quasi-stationary perturbations over the northern Indian subcontinent enhance the
land-sea thermal contrast and consequently invigorate the monsoon circulation [Goswami and Xavier, 2005].
The change in the 200 hPa asymmetric stream function for the months of May–June, shown in Figure 9b, is
consistent with the tropospheric temperature change (Figure 9a) and resembles the response to a La Niña, as
shown previously [Spencer and Slingo, 2003].

In order to look at phase propagation of the ENSO signal, we follow Chiang and Sobel [2002] and exam-
ine the correlation between the negative of the December-January-February (DJF) Niño 3.4 index and the
tropospheric temperature, averaged between 200 and 600 hPa, for the months of January (Figure 10a), March
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Figure 11. (a) Correlation coefficient between ΔTT and GPI averaged over the northern Bay of Bengal for the month of
May and for the 156 year historical period 1850–2005 from various coupled climate models. (b) As in Figure 11a but for
the southern Bay. (c) As in Figure 11a but correlation between ΔTT (∘C) and Niño 3.4 SST index for the month of May.
The black dashed lines indicate the corresponding correlations from observations.
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Figure 12. Multimodel ensemble mean trend in ΔTT (∘C) under the RCP 8.5 global warming scenario. The trend value,
statistically significant at the 95% level, is also indicated.

(Figure 10b), and May (Figure 10c). We take the negative of the Niño 3.4 SST index for ease of comparison
with Figure 9a. In all three months, we see a classic dumbbell-shaped response straddling the equator in the
central and eastern tropical Pacific, which is synonymous with a Rossby wave response [Yulaeva and Wallace,
1994]. Going from January to May, we see that the dumbbell increasingly stretches westward and carries
tropospheric temperature anomalies into the tropical western Pacific and Indian Ocean regions. We speculate
that the positive and negative anomalies in the subtropics result from the interaction between Rossby waves
and subtropical westerlies, as noted by Krishnan et al. [1998]. Also, an equatorial cold tongue that develops
and extends increasingly eastward is reminiscent of a Kelvin wavefront that carries tropospheric temperature
anomalies eastward into the southern Bay [Chiang and Sobel, 2002]. These results confirm that ENSO induces
a meridional dipole in the premonsoon May–June Bay of Bengal TC activity through a modulation of the
monsoon circulation.

3.4. Analysis of CMIP5 Model Output
Our analysis of decadal changes in premonsoon TC activity in the Bay of Bengal reveals decadal changes in
ENSO, monsoon circulation, and premonsoon Bay of Bengal TCs that are related on interannual timescales. To
evaluate the ability of coupled models to reproduce the interannual relationships, we compute GPI, ΔTT and
Niño 3.4 index for the 156 year historical period 1850–2005 using a suite of climate models. For this analy-
sis, we focus on the month of May, which is the dominant month of premonsoon TC activity in the northern
Indian Ocean and accounts for more than half of all TCs that form during that season in the Bay of Bengal
(http://www.rsmcnewdelhi.imd.gov.in) [Wang et al., 2013]. We correlate GPI averaged over the northern Bay
and southern Bay with ΔTT and correlate ΔTT with the Niño 3.4 SST index. The results, shown in Figure 11,
suggest that most of the models are able to reproduce these observed relationships. While the GPI averaged
over the northern Bay correlates positively with ΔTT, the GPI averaged over the southern Bay generally cor-
relates negatively with ΔTT, consistent with observations and in line with the idea of a meridional dipole. The
correlation betweenΔTT and the Niño 3.4 index is negative for all models, further verifying the robust control
of ENSO on the May monsoon circulation, and consequently on TCs in the premonsoon Bay of Bengal.

The above analysis shows that most climate models are able to capture relationships between premonsoon
TC environment, May monsoon circulation strength, and ENSO. This allows the use of models to project the
future of premonsoon Bay of Bengal TC activity. Figure 12 shows the multimodel ensemble mean trend in the
May monsoon circulation strength indicated byΔTT under the RCP 8.5 global warming scenario. There is a sta-
tistically significant decreasing trend in ΔTT, suggesting that the monsoon circulation strength may decrease
going into the future. These changes in monsoon circulation are argued to be forced by an El Niño-like warm-
ing pattern in tropical Pacific SSTs (not shown) [Yeh et al., 2012; Power et al., 2013], potentially triggered by a
weakening of the Walker circulation [Vecchi et al., 2008]. In light of our study, these results have potential impli-
cations for future premonsoon Bay of Bengal TC activity through the meridional dipole response to monsoon
circulation changes revealed by observations and models. More specifically, they project a less favorable envi-
ronment for TC intensification in the northern Bay and more favorable conditions for TC development in the
southern Bay during the premonsoon months of May–June under global warming.
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4. Conclusions and Discussion

Using a combination of observations and output from coupled climate models, we show in this study that
the pattern of changes in premonsoon TC intensification in the Bay of Bengal over the 36 year satellite period
(1979–2014) resembles a meridional dipole. While TCs have intensified faster in the northern Bay, TC inten-
sification rates have decreased in the southern Bay over this period. Changes in GPI are consistent with the
observed changes in TC activity, confirming the dipole from the standpoint of the large-scale environment.
Further, a GPI budget analysis was performed to separate the relative contributions of individual terms to the
total GPI change. In the northern Bay, the large-scale environment became more favorable due to an increase
in low-level cyclonic vorticity and midtropospheric relative humidity. In the southern Bay, the increase in
vertical wind shear made the environment less favorable.

To further understand these changes in the large-scale environment, we examined changes in atmospheric
circulation. The pattern of change in winds and moisture flux convergence points to a strengthening of the
May–June monsoon circulation during the latter half of the 36 year period. Further analysis reveals that the
enhanced monsoon circulation is caused remotely by changes in tropical Pacific SSTs through tropical wave
dynamics. Although we focus on the wave response in tropospheric temperature, anomalous tropical Pacific
SSTs can also generate convective anomalies in the Intertropical Convergence Zone, which can then prop-
agate westward as vorticity anomalies along the North African-Asian jet and cause changes in tropospheric
temperature over the Asian landmass [Shaman and Tziperman, 2007]. A time series correlation indeed shows
that ENSO exerts a significant influence on the interannual variability in the May–June monsoon circulation
strength.

In this study, we examined changes in monsoon circulation and attributed them to changes in tropical Pacific
SSTs and ENSO. However, SSTs and associated climate modes in the Indian Ocean may also contribute. For
instance, the Indian Ocean Dipole, characterized by a large-scale zonal oscillation of SSTs in the equatorial
Indian Ocean, is also known to play a role in the summer monsoon circulation [Sankar et al., 2011] and to mod-
ulate the relationship between ENSO and monsoon [Ashok et al., 2001]. Some other studies have attributed
changes in the monsoon circulation to increasing emissions of anthropogenic aerosols [Bollasina et al., 2013]
or a combination of anthropogenic aerosols and greenhouse gas forcing [Wang et al., 2013]. Future work is
needed to more clearly understand the roles of various natural climate variability and anthropogenic forcings
in monsoon circulation changes.

Finally, there are other factors that may contribute to future changes in TC activity in the Bay of Bengal that are
not directly related to changes in monsoon. For example, the moisture levels in the atmosphere are projected
to increase under global warming [Held and Soden, 2006]. Also, the northern Indian Ocean exhibits the highest
warming rates among the global tropical upper oceans [Barnett et al., 2005]. While the strong warming in the
Indian Ocean may directly impact TC development through a modulation of the upper ocean heat content, it
may indirectly affect TC activity through its influence on the land-sea thermal contrast and consequently the
Indian summer monsoon circulation [Roxy et al., 2015]. Thus, a complete analysis of the GPI or the large-scale
TC environment is needed to accurately project future premonsoon TC activity under climate change.
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