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A B S T R A C T

This study examines the impacts of tropical South Atlantic sea surface temperature (SST) anomalies on the
frequency of the Arabian Sea tropical cyclones (TCs) during the pre-monsoon season (May–June) using ob-
servations and climate model experiments. There is a statistically significant association between the Atlantic
SST anomalies and the frequency of Arabian Sea TCs during May–June of 1979–2016 based on the observations.
These results can be explained from a physical perspective through the classic Matsuno-Gill responses to the
Atlantic SST forcing, leading to changes in vertical wind shear in the Arabian Sea. The reduced vertical wind
shear related to the Atlantic SST warming is associated with anomalous upper-level westerlies and lower-level
easterlies. The physical mechanisms identified in the observations are strongly supported by a suite of experi-
ments with an atmospheric general circulation model. Overall, the experiments reproduce the observed
Matsuno-Gill responses, which are responsible for changes in vertical wind shear, lending confidence to the
strong impacts of the Atlantic SST anomalies on the frequency of pre-monsoon Arabian Sea TCs.

1. Introduction

The seasonality of Arabian Sea tropical cyclones (TCs) features a
bimodal pattern with two peaks: pre-monsoon (May and June) and
post-monsoon (October–November) season (Gray, 1968; Evan and
Camargo, 2011; Terry and Gienko, 2018). Although Arabian Sea TCs
account for only 3% of global TCs (Gray, 1968; Singh et al., 2000), they
tend to have strong societal and economic repercussions on the affected
areas. For example, Super Storm Gonu in June 2007 made landfall over
Oman and Iran, causing about $4 billion of damages and 100 fatalities
in Iran, Oman and United Arab Emirates (Fritz et al., 2010). Moreover,
severe storm Gujarat in June 1998 caused>1100 fatalities after
making landfall in the Indian coast. Our improved understanding of the
physical processes associated with the genesis and development of these
storms can provide information to improve our preparedness and mi-
tigation efforts.

Previous studies examined TC activity in the North Indian Ocean
(including Arabian Sea and the Bay of Bengal) (Ng and Chan, 2012; Li
et al., 2013; Murakami et al., 2013; Yuan and Cao, 2013;
Wahiduzzaman et al., 2017), highlighting the impacts of the El Niño
Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) on TC
activity in the North Indian Ocean. When the IOD is positive, warming
in the western and cooling in the eastern part of the Indian Ocean can

weaken convection over the eastern Arabian Sea, leading to fewer TCs
(Yuan and Cao, 2013). Moreover, the conventional and central Pacific
El Niño/La Niña events exert strong impacts on TC genesis in the
Arabian Sea and the Bay of Bengal (Sumesh and Ramesh Kumar, 2013;
Tsuboi et al., 2016). A significant upward trend in accumulated cyclone
energy in the North Indian Ocean was observed for the period
1981–2014 (Balaji et al., 2018).

While in general the Arabian Sea TCs have been examined as part of
the North Indian Ocean TCs, few studies have treated them as an in-
dependent class of storms. For instance, the increase in the intensity of
pre-monsoon Arabian Sea TCs was found to be associated with a de-
crease in vertical wind shear which was caused by an upward trend in
anthropogenic black carbon and sulphate emissions (Evan et al., 2011,
2012). Wang et al. (2012) argued that the decrease of vertical wind
shear in the Arabian Sea in the recent period could be attributed to a
substantially earlier occurrence of TCs, caused by the early onset of the
Asian summer monsoon. Moreover, an increase in the intensity of pre-
monsoon TCs was identified over the Arabian Sea (Rajeevan et al.,
2013). More recently, the extremely severe cyclonic storms over the
Arabian Sea have been projected to increase under anthropogenic for-
cing using high-resolution fully-coupled climate models (Murakami
et al., 2017).

Although efforts have been made to improve our understanding of
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the drivers responsible for the intensity of Arabian Sea TCs, it is still
unclear what the most important climate modes associated with the
frequency of Arabian Sea TCs and the underlying physical mechanisms
are. Previous studies found that the forcing of Atlantic sea surface
temperature (SST) can drive changes in the Indian summer monsoon
and monsoon rainfall by the Matsuno-Gill responses (Kucharski et al.,
2007, 2008, 2009; Wang et al., 2009); the Atlantic Multidecadal Os-
cillation (AMO) was also found to influence the Indian monsoon
(Goswami et al., 2006; Zhang and Delworth, 2006; Li et al., 2008). In
addition, the Atlantic Zonal Mode or the Atlantic Niño can exert strong
impacts on monsoon depressions in the Bay of Bengal during Ju-
ne–August (Pottapinjara et al., 2014). The responses of large-scale cir-
culation to Atlantic SST forcing feature a strong upper-level cyclone and
low-level anticyclone in the Arabian Sea (Kucharski et al., 2009; Wang
et al., 2009), which we would expect to lead to discernible impacts on
vertical wind shear, which is crucial to Arabian Sea TC activity.
Therefore, the objective of this study is to examine whether, the extent
to which and how Atlantic SST anomalies can modulate the frequency
of Arabian Sea TCs and associated physical mechanisms using ob-
servations and climate model simulations.

2. Data and methodology

2.1. Data

We use Joint Typhoon Warning Center (JTWC) best-track data ar-
chived in the International Best Track Archive for Climate Stewardship
(IBTrACS v3010) for Arabian Sea TCs (Knapp et al., 2010). TCs are
defined as those with intensity level equal to or higher than 34 knots
and with a lifespan lasting for at least two days. We focus on the pre-
monsoon (May and June) TCs in the Arabian Sea during the period

1979–2016. For the observed environmental large-scale factors (e.g.,
zonal and meridional wind), we use ERA-Interim reanalysis data (Dee
et al., 2011). The observed SST is obtained from the Hadley Center
Global Sea Ice and Sea Surface Temperature dataset (HadISST1)
(Rayner et al., 2003).

2.2. Atlantic SST

The Atlantic SST (ATSST) index is defined as the SST anomaly
averaged over the region 70°W–10°E and 20°S–Equator. Because there
is a linear upward trend for the May–June ATSST during 1979–2016,
we remove this trend before we examine the year-to-year variation of
Arabian Sea TCs with respect to ATSST, similar to previous studies (Yu
et al., 2016; Gao et al., 2018). To compare the differences in the fre-
quency of Arabian Sea TCs, we define positive (negative) ATSST years
as those when the ATSST index is larger (smaller) than one stand de-
viation (minus one standard deviation) based on the period 1979–2016.

2.3. Methods: climate model and experiments

We use the International Centre for Theoretical Physics (ICTP) at-
mospheric general circulation model (ICTP AGCM) (Molteni, 2003;
Kucharski et al., 2006, 2013) to perform the perturbation experiments
to test the impacts of the Atlantic SST forcing. We use the latest version
(v41) of this model, with 8 vertical levels, and the most commonly used
horizontal spectral truncations set at T30 (about 3.75°× 3.75° hor-
izontal resolution). This model is developed using physically based
parameterizations of large-scale condensation, shallow and deep con-
vection, shortwave and longwave radiation, surface fluxes of mo-
mentum, heat and moisture, and vertical diffusion.

To evaluate the impacts of the Atlantic forcing, we prescribe the SST

Fig. 1. SST anomalies related to ATSST (shading; unit: K) in (top) 20°S-0, 70°W–10°E and (bottom) 30°S-30°N, 80°W-10°E used in the perturbation experiments with
ICTP AGCM, similar to Kucharski et al. (2009).
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anomaly in the South Atlantic (70°W–10°E and 20°S–equator; Fig. 1, top
panel), similar to the approach described in Kucharski (2009). The SST
anomaly is derived from the regression of SST provided by the Hadley
Centre onto a tropical Atlantic index (the SST anomaly mean May–June
SST anomaly averaged over the region 70°W–10°E and 20°S–Equator).
We perform three experiments: one by prescribing the climatological
seasonal cycle of SST (“CLIMO”), the second one with the addition of
the SST anomaly and the climatological seasonal cycle of SST during
May–June (“ATSST”) and the third one (Fig. 1, bottom panel) that is the
same as the second one except that we extend the SST anomaly to 30°S-
30°N, 80°W-10°E. The three experiments are integrated for 50 years and
the subtraction of CLIMO from ATSST represents the forced changes
corresponding to the SST anomaly in the Atlantic. The third experiment
is used to test whether the responses to ATSST are sensitive to the re-
gion of SST anomaly.

3. Results

3.1. Observations

Fig. 2a shows the Arabian Sea TCs for the period 1979–2016. Most
of the Arabian Sea TCs make landfall over Somalia, Yemen, Oman, Iran,
Pakistan and India because these storms are bounded by these coastal
regions from the east, west, and north. Many Arabian Sea TCs form over
the ocean slightly west of the West Indian coast. There is a statistically
significant correlation (correlation coefficient equal to 0.44, significant
at the 0.05 level) between the ATSST index and the frequency of these
storms during May–June of 1979–2016. To isolate the impacts of ENSO,
we also examine the partial correlation between the ATSST index and
the frequency of these storms by controlling the Niño 3.4 index. The
partial correlation is 0.39, which is still significant at the 0.05 level,
suggesting that the impacts of ENSO are not significant compared with
ATSST. This is consistent with a correlation of −0.18 between the Niño
3.4 index and the frequency of these storms. This suggests that the
warm (cold) SST anomaly in Atlantic is statistically associated with a
high (low) frequency of Arabian Sea TCs. To further evaluate the as-
sociation between ATSST and Arabian Sea TCs, we show the tracks of
Arabian Sea TCs when the ATSST anomaly is larger (smaller) than one
standard deviation (minus one standard deviation) during May–June.
There are six Arabian Sea TCs during the four years (1987, 1988, 1996
and 2010) with positive ATSST (mean= 1.5), while this number drops
to two during the six years (1981, 1982, 1992, 1997, 2004, 2012) with
negative ATSST (mean= 0.3, Fig. 2b;c), exhibiting remarkable differ-
ences. Note that there is a Cat-4 Arabian Sea TC during the positive
ATSST years (Fig. 2b) while the two Arabian Sea TCs during negative
ATSST years are tropical storms (Fig. 2c), suggesting the possible role of

Fig. 2. (a) Tropical cyclones in the Arabian Sea for the period 1979–2016, and
with (b) strong positive and (c) negative Atlantic SST anomaly during
May–June. The storm intensity during their lifespan increases when the color
changes from blue to red. “TD” and “TS” represent tropical depression and
tropical storm; C1-C5 denote category 1–5 hurricanes using the Saffir-Simpson
Hurricane Wind Scale. “PATSST” and “NATSST” denote years with positive and
negative Atlantic May–June SST anomalies, respectively.

Fig. 3. Regression of (top) 200 and (bottom) 850 hPa winds (vector; unit:
ms−1) onto ATSST. The shading represents the regression of vertical wind shear
onto ATSST, and indicates areas where the results are significant at the 0.05
level.
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the Atlantic SST in the intensity change of Arabian Sea TCs.

3.2. Physical mechanisms and climate model simulation

The regressed 200 hPa and 850 hPa wind fields onto the ATSST
index feature strong westerly at the 200 hPa level and easterly at the
850 hPa level in the Arabian Sea, leading to reduced vertical wind shear
(defined as − + −u u v v( ) ( )200 850

2
200 850

2 , where u and v are the zonal
and meridional winds, respectively, while the subscript refers to the
atmospheric level) (Fig. 3). In the Atlantic, the regressed wind patterns
in the tropical Atlantic are characterized by anomalous westerlies at the
200 hPa level and easterlies at the 850 hPa level west of the forcing,
similar to the responses of large-scale circulation to Atlantic SST forcing
as described in previous studies (Kucharski et al., 2008, 2009;
Pottapinjara et al., 2014). Such baroclinic responses to SST forcing are
similar to the classic Matsuno-Gill responses (Matsuno, 1966; Gill,
1980). The reduced vertical wind shear in the Arabian Sea is re-
sponsible for the enhanced TC activity during the pre-monsoon season
when ATSST is warmer than climatology. We perform a suite of ex-
periments with ICTP AGCM to verify such physical mechanisms.

We compare the responses of the large-scale circulation to SST
forcing in two experiments: CLIMO and ATSST (see Section 2 for de-
tails). Overall, the eastern part of the SST anomaly (0.8 K) is larger than
its western part (Fig. 1, top panel). The differences in the large-scale
circulation between ATSST and CLIMO (Fig. 4) bear strong resemblance
to the observations (Fig. 3). Fig. 4 shows significant differences in
vertical wind shear in the Arabian Sea, similar to the regressed vertical
wind shear onto the ATSST index in the observations (Fig. 3). The re-
sponses of the vertical wind shear in the Arabian Sea are associated
with changes in the 200 hPa and 850 hPa winds corresponding to

ATSST forcing (Fig. 4). Moreover, the two experiments reproduce the
classic Matsuno-Gill responses (Fig. 4), bearing strong resemblance to
the observations (Fig. 3). Therefore, the results based on the climate
model experiments suggest that the Atlantic SST warming leads to re-
duced vertical wind shear in the Arabian Sea (Fig. 4), which are caused
by the classic Matsuno-Gill pattern, with anomalous westerly in the
upper level and easterly in the lower level (Fig. 4). The responses of
vertical wind shear found in this study are in good agreement with
Kucharski and Joshi (2017) who found similar responses of vertical
wind shear to the forcing of SST anomaly in the South Atlantic across
the Coupled Model Intercomparison Project, Phase 5 (CMIP5) models
over a longer time period (i.e., 1951–2004). Note that there is spurious
low-level easterly response to the ATSST anomaly (Figs. 3 and 4,
bottom panels). This spurious easterly response may be related to the
SST anomaly confined to the southern equatorial region (20°S-0). To
test the hypothesis, we extend the SST anomaly in the ATSST experi-
ment to 30°S-30°N, 80°W-10°E. The spurious easterly response in the
equatorial Atlantic in this experiment (30°S-30°N, 80°W-10°E) is weaker
than the one confined to the southern equatorial region (20°S-0) (Figs. 4
and 5, bottom panels), suggesting that the cutting at the equator plays a
role in driving this spurious easterly wind response. Overall, the re-
sponses of the vertical wind shear in the Indian Ocean to the extended
SST anomaly (Fig. 5) are similar to what obtained from the SST
anomaly confined in southern equatorial region (20°S-0).

4. Discussion and conclusion

Arabian Sea TCs have major impacts in terms of fatalities and da-
mages to coastal regions along the Arabian Sea. Despite these severe

Fig. 4. Differences in (top) 200 hPa and (bottom) 850 hPa winds (vector; unit:
ms−1) between ATSST (20°S-0, 70°W–10°E) and CLIMO experiments (ATSST
minus CLIMO). The shading regions in the two panels represent the differences
in vertical wind shear between the two experiments.

Fig. 5. Differences in (top) 200 hPa and (bottom) 850 hPa winds (vector; unit:
ms−1) between ATSST (the anomalies located in 30°S-30°N, 80°W-10°E) and
CLIMO experiments (ATSST minus CLIMO). The shading regions in the two
panels represent the differences in vertical wind shear between the two ex-
periments.
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impacts, there are only few studies focused on advancing our under-
standing of these storms, and have received much less attention than
TCs forming in other basins. Here we have examined the impacts of
Atlantic SST anomalies on the frequency of pre-monsoon season
Arabian Sea TCs through a combination of observations and climate
model simulations.

We have identified a significant correlation between the Atlantic
SST anomalies and the frequency of Arabian Sea TCs during May–June
of 1979–2016 based on the observations. From a physical perspective,
the association between Atlantic SST anomalies and the frequency of
these storms can be explained in terms of the classic Matsuno-Gill re-
sponses to the Atlantic SST forcing, leading to changes of vertical wind
shear in the Arabian Sea. The reduced vertical wind shear due to the
Atlantic SST warming is associated with anomalous upper-level wes-
terlies and lower-level easterlies based on observations. The physical
mechanisms identified in the observations are supported by a suite of
experiments by prescribing SST anomalies in the Atlantic with an
AGCM. Overall, the experiments with the AGCM reproduce the
Matsuno-Gill responses, which are responsible for changes in vertical
wind shear, providing supporting evidence of the role played by the
Atlantic SST anomalies on the frequency of Arabian Sea TCs during
May–June. Because of these new insights, future work can focus on the
development of seasonal forecasting systems of Arabian Sea TCs using
SST anomalies in the Atlantic as a potential predictor.
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