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Abstract

During the last two decades, the number of tropical cyclone (TC) events in the Arabian Sea has
increased dramatically, causing severe human and economic damage in Oman, Iran and Pakistan.
Within this context, Gonu, Phet and Shaheen were the Arabian Sea’s most destructive TCs on record,
leading to a total of 6.07 billion USD in damages and 159 fatalities. Previous studies have mainly
focused on atmospheric, sea surface temperature (SST) and anthropogenic impacts of TC generation
and intensification. By contrast, oceanographic currents, Persian Gulf water outflow and the role of
ocean-atmospheric interactions on the distribution of outflow water into the Arabian Sea, and their
impacts on the TC intensification, are poorly understood. In order to address this issue, we use historical
TC records, satellite data, atmospheric and oceanographic models to shed new light on the relationship
between Persian Gulf water outflow and ocean currents on TC intensification in the Arabian Sea. The
results demonstrate that water outflow depths are controlled by wind stress and upwelling intensity.
Increased upwelling events due to the poleward movement of the monsoon belt have led to an increase
in upper ocean salinity and heat content. Rapid TC intensification has increased noticeably since 2007
and more than 72% of cyclones have reached category 3 or more. We find that TC intensity is controlled
by warm and saline (> 36.6 PSU) water distribution patterns, mediated by eddy and jet currents. Rapid
intensification of pre-monsoon TCs occurred by tracking to the north and northwest, with most landfalls
occurring during this period. Post-monsoon TCs generally affect the center and the southwest of the
Arabian Sea. The TC risk manifests an increasing trend since 2007, therefore education programs via
international platforms such as the International Ocean Institute (I101) and UNESCO are required for
the countries most at risk.

Keywords: Tropical cyclone, Ocean-atmosphere interaction, Arabian Sea, SST, Eddy current, natural
hazard.
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1. Introduction

Tropical cyclones (TCs) are amongst the most devastating natural hazards worldwide. They have led to
considerable economic and humanitarian damage in densely populated coastal areas, including the
degradation of industrial and fishery infrastructure (ports, desalination plants, petrochemical facility
and etc.) and destructive winds and flashfloods on coastal plains (Wang and Oey 2008; Han et al. 2012;
Sun et al. 2013; Mei et al., 2015; Zhang et al. 2016). According to the World Meteorological
Organization, the world’s deadliest tropical cyclone during last 50 years was Cyclone Bhola, which
formed in the south of the Bay of Bengal and hit Bangladesh on the 121-13"" November 1970. Nearly
half a million people were killed due to the large storm surge, which overwhelmed tidal flats and low-
lying islands in the Bay of Bengal. The Orissa super cyclone in 1999, and Cyclone Nargis in 2008,
caused around 238,000 deaths in Bangladesh and Myanmar (Singh et al., 2001).

TC genesis is controlled by four physical processes: atmospheric conditions (low-level cyclonic
vorticity, less vertical wind shear, moisture at mid-tropospheric level), internal TC dynamics, Coriolis
forces and underlying boundary conditions (Chen and Ding, 1979; Gray, 1979; Emanuel et al., 2004).
The underlying boundary conditions, such as sea surface temperature (SST) and sufficiently mixed deep
water are the most important factors for TC intensification (Jaimes et al., 2011; Yablonsky and Ginis,
2012; Yanetal., 2017; Lavender et al., 2018; Sun et al., 2019). The TC’s energy source is heat transfer
from the ocean surface; this heat is used to strengthen a cyclonic disturbance into an intense vortex. TC
intensification is correlated with the 26.5°C isotherm depth and upper ocean heat content (Palmen,
1948; Williams, 2013; Shay and Brewster, 2010; Ackerman and Knox, 2015).

TCs occur in the southwest Pacific, the northeast and northwest Pacific, the North Atlantic, the northern
and southern Indian Ocean and Australian Sea basins (Gray, 1979). A recent study on the global
distribution pattern of TCs for 1980-2018 demonstrated that the frequency of TCs has decreased over
the southern Indian Ocean, the northeast of the Australian Sea and the northwest Pacific. Meanwhile,
an increasing trend is observed in the Arabian Sea (AS), the northern Atlantic and central Pacific basins
(Murakami et al., 2020). TCs are rare phenomena in the north Indian Ocean and just 6% of global
tropical cyclones annually occur in this basin (Singh and Roxy, 2022). The north Indian Ocean basin is
divided into the Bay of Bengal (BoB) and the Arabian Sea (AS) basins. The number of TC events in
the Bay of Bengal is four times greater than the Arabian Sea. The average TC frequency (Bay of
Bengal/Arabian Sea) for the period 1982-2000 was 2.7 events/year and 1.6 events/year between 2001
and 2019. For the recent period, TC duration has significantly increased in the Arabian Sea. The increase
in TC frequency and duration in the Arabian Sea has been concurrent with accelerating accumulated
cyclone energy during the pre-monsoon (March-April-May) and post-monsoon (October-November)
seasons. By contrast, no significant changes in TCs were observed in the Bay of Bengal (Deshpande et
al., 2021; Bandyopadhyay et al., 2021).

TC activities in the north Indian Ocean are affected by changes in large scale ocean-atmosphere
conditions such as the El Nifio Southern Oscillation, the Indian Ocean Dipole (I0D) and the Madden-
Julian Oscillation (MJO). During La Nifia years, an increase in cyclone frequency and intensity is
observed in the north Indian Ocean especially in the Bay of Bengal (Girishkumar et al., 2015; Bhardwaj
et al., 2019). Similar to La Nifia years, the negative 10D years also have significant effects on cyclone
frequency in the north Indian Ocean (Li et al., 2016). During negative 10D years, westerly wind
intensified along the equator and led to increased upwelling in the western Indian Ocean and anomalous
warmer SST in the eastern tropical Indian Ocean. It creates favorable atmospheric conditions such as
enhanced relative humidity, and relative vorticity for cyclone formation in the Bay of Bengal (Mahala
et al,, 2015). The MJO at the subseasonal scale has significant impacts on TC formation and
intensification in the northern Indian Ocean (Singh et al., 2020). MJO is an eastward-propagating band
of enhanced convection in the tropical regions with a poleward component in the boreal summer season
(Kawamura et al., 2010).



The intensity of the cyclones is significantly affected by mesoscale features such as eddies. The ocean
mesoscale eddy is a significant ocean phenomenon that covers 20-30% of the global ocean area (Cheng
et al., 2014; Lumpkin, 2016). The mesoscale eddy (ME) circulation system has important effects on
surface ocean water temperatures and also on subsurface layers, general circulation and regional climate
(Macdonald & Wunsch, 1996; Dong et al., 2014; Zhang, et al., 2014; Yang et al., 2015). Mesoscale
eddy energy transfer have positive impacts on TC intensity (Sun et al., 2020). Strong eddy activity exists
in the western basin of the Arabian Sea that is similar to eddy-rich regions in the global ocean
(Scharffenberg & Stammer, 2010; Roullet et al., 2014). Eddy activities in the Arabian Sea exhibit
strong seasonality that peaks during the summer monsoon season (Trott et al., 2018). Wind stress, the
Somali current, the westerly propagating Rossby wave and background currents are all parameters that
can further reinforce eddies in the region (Brandt et al., 2002; Trott et al., 2017). Anticylonic eddies are
associated with a warm core and downwelling region and have high Sea Level Anomaly (SLA) and
high ocean heat content (Kumar and Chakraborty 2011). Instead, cyclonic eddies with cold cores are
associated with upwelling, low SLA and low ocean heat content. In the north Indian Ocean, eddies are
created due to the baroclinic instability and coastal currents during pre and post monsoon seasons
(Vinayachandran et al., 2005; Kurien et al., 2010). Warm core eddies are more common during the pre-
monsoon season than the post-monsoon season (Jangir et al., 2021).

During the last two decades three TCs (Gonu, Phet and Shaheen) have reached the Gulf of Oman,
leading to heavy damage in Iran, Oman and Pakistan. The Gulf of Oman is the only maritime entrance
into the Persian Gulf (Fig 1), a region which exports approximately 18.2 million barrels of oil per day.
Several important cargo and fishery ports also exist on the Omani and Iranian coasts that are vital for
the regional economy. The increasing number, intensity and duration of TC events in the Arabian Sea
and the Gulf of Oman could accentuate maritime risks and economic damage at both local and global
scales.

The aim of this study is to evaluate the impacts of the Persian Gulf water outflow and ocean-atmospheric
interaction on TC generation and intensification. In this study we employ satellite data, model reanalysis
and statistical analyses to study destructive TC (Gonu, Phet and Shaheen) intensification in the Arabian
Sea.

Arabian Sea
Tropical cyclone T —— T
O Gonu O Phet O Shaheen 0 250 500 1,000 1,500 2,000

Figure 1: Regional map of the study area and tracks of the studied TCs



2. Oceanographic currents

2.1. Persian Gulf water outflow

The Persian Gulf is a semi-enclosed basin with an average depth of 35m. It opens onto the Gulf of
Oman via the Strait of Hormuz. The Strait of Hormuz is 110m deep; in contrast, the Gulf of Oman is a
deep sea with a maximum depth of 3,000m. Water circulation in the Persian Gulf is mainly controlled
by the northwesterly Shamal winds and density gradients (Pous et al. 2013). Low precipitation and high
evaporation (1.84 m/year) mean that Persian Gulf water is hypersaline (Xue and Eltahir, 2015). Water
exchange between the Persian Gulf and the Gulf of Oman is an inverse-estuary circulation, so that
Indian Ocean freshwater enters the Gulf near the surface while saline and denser water is exported to
deeper layers in the Gulf of Oman (Johns et al., 2003). The volume of water exchange varies seasonally,
with denser water (colder and more saline) forming in the autumn and winter on the southern Arabian
coast before being exported during the winter and spring (21°C and 40.8 PSU). In contrast, the
temperature and salinity of the outflow water in summer are about 25°C and 39.3 PSU (Pous et al.
2004a; Lorenz et al., 2019). The density of the outflow water decreases due to mixing with the
surrounding water in the Strait of Hormuz and at Ras al Hamra. The Persian Gulf water is reached about
250m depth along the Oman coast. The geography of outflow water has a complex spatial pattern. In
summer, it outflows along the Omani coast down to Ras al Hadd and then bifurcates south-eastwards.
Meanwhile, the Persian Gulf water progresses offshore at Ras al Hadd and flows to the southern Omani
coast in the winter (Pous et al. 2004b).

2.2. Gulf of Oman and Ras al Hadd dipolar eddy

Ras al Hadd constitutes the eastern tip of the Arabian Peninsula. The Ras al Hadd dipole is associated
with an anticyclonic eddy to the southeast and a cyclonic eddy to the northeast that forms in the summer
and breaks up at the end of autumn (Ayouche et al., 2021). Along the axis of this dipole, an intense Ras
al Hadd jet flow exists. The Ras al Hadd jet is an integral part of the east Arabian current which is the
northward extension of the Somali current. During the summer monsoon (May to September), it
becomes the northern edge of the east Arabian current and advects primarily upwelled cold water along
the Oman coast. During the inter-monsoon period when the wind system revers warm current is rapidly
established and advects surface coastal waters of the Gulf of Oman offshore (B6hm et al., 1999). 3D
structural analysis of the Ras al Hadd oceanic dipole shows that the cyclonic eddy is a surface-
intensified result of interaction with the atmosphere and favors the shallower eddy while the
anticyclonic eddy is intensified on the subsurface (Bennani et al., 2022).

Long-term analysis of surface eddies in the Gulf of Oman shows a largely similar evolution. In
September, before each spring dipole, the circulation in the Gulf of Oman is generally cyclonic. An
anticyclonic circulation with westward movement is observed in winter. The anticyclonic eddy reaches
Ras al Hamra during February to March. Through July to August, the anticyclone current weakens and
circulation becomes cyclonic in autumn and early winter. The mesoscale eddy in the northern Arabian
Sea plays an important role in the circulation and distribution of Persian Gulf water. The warm and salty
outflow water recirculates through the Gulf of Oman and flows eastwards along the Iranian and
Pakistani coasts via geostrophic currents (L’ Hégaret et al., 2013).

3. Material and methods

3.1. TC tracks

In this study, we used the International Best Track Archive for Climate Stewardship (IBTrACS) dataset
to track TCs in the Arabian Sea basin. IBTrACS contains a time series of storm positions from
forecasting agencies around the world, including information on the location and intensity of TCs at 6-
hour intervals (Knapp et al. 2010). The TC categories are classified according to wind speed: category
0 (63 - 118 km/h), category 1 (119 - 153 km/h), category 2 (154 - 177 km /h), category 3 (178 - 208
km/h), category 4 (209 - 251 km/h) and category 5 (> 252 km km/h). Tropical cyclone lifecycles were
tracked using high-rate rectified SEVIRI IR10.8 pm Image of Meteosat-8 data available since
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September 2020. In addition, IBTrACS includes information about Sea Level Pressure (SPL) from
different sources. In this study we used Word Metrological Organization (WMO) data for tracking SPL
changes along the TCs’ core tracks.

3.2. Satellite and reanalysis data

Long-term SST changes were calculated using average SSTs at 20-year intervals for the period 1860-
2021. The data were extracted from the International Comprehensive Ocean-Atmosphere Data Set
(ICOADS) for the area 8-25.5°N to 50-74°E. The ICOADS data are provided by the
NOAA/OAR/ESRL PSL, Boulder, Colorado, USA (http://www.esrl.noaa.gov/psd/). We also employed
0.25x0.25 degree daily Optimum Interpolation Sea Surface Temperature (OISST) based on AVHRR
(Advanced Very High-Resolution Radiometer) for the SST anomaly changes before, during and after
the Gonu, Phet and Shaheen tropical cyclone events. The OISST data derives from different platforms
such as satellites, buoys, ships, and Argo floats to improve the accuracy and bias corrections (Reynolds
et al., 2007; Huang et al., 2021).

Daily average data of the NCEP/NCAR reanalysis multi-pressure level model (Omega, geopotential
height, U/V winds) with 2.5 degree x 2.5 degree resolution was employed to assess atmospheric
instabilities before, during and after the studied TC events. In this study, we used vertical velocity,
pressure gradient force, wind speed and direction for the 850 hPa and 500 hPa pressure levels.

Horizontal surface current data are based on the Ocean Surface Current Analysis Real-time (OSCAR)
model that is developed by Earth Space Research (ESR). 5-day resolution current velocity is estimated
by surface vector wind, sea surface height and SST. The formulation of the model in 1/3 degree grids
combines geostrophic, Ekman and Stommel shear dynamics and surface buoyancy gradients used for
complementary terms. Daily Eddy Kinetic Energy (EKE) was used to calculate the kinetic energy of
the time-varying component of the velocity field (including coherent mesoscale eddies and large-scale
motions), obtained from National Remote Sensing Centre/Indian Space Research Organization
(NRSC/ISRO) data base (https://bhuvan.nrsc.gov.in).

Changes in salinity and temperature vertical profiles (0-150m and 0-600m) and mean salinity changes
for the depth 0-50 m for the selected time intervals were studied by Multi Observation Global Ocean
ARMORS3D L4 analysis (Guinehut et al., 2012; Mulet et al., 2012) generated using the E.U. Copernicus
Marine Service Information. The model has a spatial resolution of 1/4 degree down to 50 m depth.

The upper ocean heat content was employed to assess long-term changes in the eddy zone of the Gulf
of Oman. The data were downloaded from the NOAA National Center for Environment Information
(NCEI) database.

All of the long-term data were extracted for the tropical cyclone seasons. The reanalyzed data are
available in NetCDF4 format. Data were extracted using ArcGIS pro ver.2.5.

3.3. Statistical analysis

Statistical analyses were performed using Origin pro 2021. All the ocean and atmospheric trends were
calculated using polynomial and linear models (lowest standard deviation, Pyawe < 0.001; the R? is
mentioned on each graph). The graphs show marine-atmosphere condition 3 days before, during and
after each studied TC event. Changes in the long-term SST trends (1900-2021) were calculated by linear
models for each extracted pixel value and mapped according to the regression slope scores. Daily
salinity-temperature profiles were created according to the TCs central path. Long-term (1983-2021)
salinity-temperature profiles were generated along the transect from the Strait of Hormuz to Ras al
Hadd.

A Principal Component Analysis (PCA) was performed to evaluate TC risk related to Persian Gulf
water outflow. PCA analysis was employed for long-term extracted data of SSTA and the upper ocean
heat content of the Gulf of Oman, Ras al Hadd eddy core and SSTA at the upwelling zone during
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tropical cyclone seasons. Also, long-term wind speed west of the Arabian Sea was considered. The
first axis (PCA-axis 1) which carries maximum variance was extracted and plotted with the large-scale
atmospheric system (ENSO and IOD). The strongest TCs in the west of the Arabian Sea are loaded by
maximum positive PCA-axis 1 scores.

4. Results

4.1. Long-term SST changes and TC frequency

We compared long-term trends in SSTs with TC frequency and intensity in the Arabian Sea for 1900-
2021 (Fig 2A). Three important upwelling zones are defined in the Arabian Sea (Pakistan, Oman and
Somali) and SST trend changes were plotted for TC seasons (Fig 2B).

During the 1900-1920 time interval, minimum SST is observed at upwelling zones (Somali, Oman and
Pakistan coasts) and in the Gulf of Oman (<25 °C to 25.5 °C). East Arabian currents advect cold water
along the upwelling zones during the summer and winter monsoons when SST in the Gulf of Oman was
low. The period between and 1980 manifests increasing SST in the eastern Arabian Sea, Gulf of Aden
and the Gulf of Oman. During this period, SST in the upwelling zones had increased. This trend
continued through 1941-1960 and 1961-1981. SST shows an accelerating trend west and north of the
Arabian Sea due to an increase in temperature in the Gulf of Oman when it attained 27.5-28°C.
Increasing water temperature in the Gulf of Oman had negative impacts on cold water advection by the
east Arabian current during winter and the inter-monsoon seasons. As a result, average SST increased
in the north and west of the Arabian Sea (Fig 1A). For the period 1981-2000, SST in the Somali and
Pakistan upwelling zones attained 27 °C and 26-26.5°C on the Oman coast. Concurrently, average SST
in the Gulf of Oman reached 28°C and 28.5°C in the East Arabian Sea. ARB 01 occurred during the
pre-monsoon TC season and it was the first TC that exceeded category 1 in the Arabian Sea (Fig 2).
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Figure 2: A) Long-term SST changes and TC events from 1900 to 2021. B) The sea surface temperature changes in the major
upwelling zones on the Somali, Oman and Pakistan coasts during the cyclone season. Polynomial models (order 5, Pyaie
<0.001) were employed to emphasize the long-term trends.

Between 2001 and 2021 increasing SST was observed across all basins (Persian Gulf, Gulf of Adan and
Gulf of Oman). The mean SST in the Gulf of Oman and the Gulf of Aden reached 28.5 °C. SST in the
Oman upwelling zone attained 26.5 to 27°C, the highest recorded SST since 1900. The linear model of
long-term SSTs (1900-2021 monthly data) highlights rising trends for all basins. Maximum SST is
recorded in the Gulf of Oman and at Ras al Hadd (2.9 x10®), areas under the influence of Persian Gulf
outflow (warm and salty water) and mesoscale eddies. Meanwhile, minimum SST changes were
recorded east of the Arabian Sea, where maximum heat advection occurred during strong storms and
TC events (Fig 3).

Average SST in the Arabian Sea during the period 2000-2021 (26-29 °C) was favorable to TC genesis.
As a result, the frequency of TCs increased and the number of strong TCs grew dramatically. The
number of TCs exceeding category 1 during the post-monsoon phase was 11, while 6 TCs occurred
during the pre-monsoon period. The pre-monsoon TCs generally have a northwest tracking direction
and four of them made landfall over Oman (Gonu, Phet, Mekunu) and Pakistan (Tauktae). The post-
monsoon TCs generally affected the center and the southwest of the Arabian Sea. Tropical cyclone
Shaheen was the only post-monsoon TC that made landfall on the Oman coast (see Fig Al).
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Figure 3: Long term SST linear model (R?=0.8) for the period 1900-2021. The maximum SST trend changes is observed in
the Gulf of Oman, Ras al Hadd and the northern Arabian Sea. Minimum SST changes are recorded in the east of the
Arabian Sea where the highest number of tropical storm and cyclone events are recorded.

4.2. Role of ocean currents in the spatial distribution of Persian Gulf water

4.2.1. Upwelling

The depth of Persian Gulf water outflow is controlled by the intensity of upwelling. During low wind
stress, when upwelling is minimum, outflow water sinks into the Gulf of Oman at Ras al Hamra and
moves to the east between two low salinity water layers (Fig 4A). With increased upwelling intensity,
eastward migration of the Persian Gulf water is interrupted. The outflow water depth decreases and
water salinity and density increases to 200 m depth between 58° and 59.25° E. Simultaneously, warm
and saline water outflow occurs through shallow water (0-70 meter; Fig 4B). The dense saline water
sinks into deeper water (250 meters) during weaker upwelling. Strong storm events lead to intense
upwelling in the Gulf of Oman and consequently the outflow water is disconnected, with low salinity
water reaching the surface. Meanwhile, the depth of the warm and saline water increases and low
salinity water lenses emerge between the saline masses (Fig 4C).

Depth Long Long Long S(apnglLtJy)

(M) 58 58559 59.5 60 60.5 61 61562 58 585 59 59.5 60 60.5 61 61.5 62 58 585 59 595 60 60.5 61 61.5 62

o = 3633 ~36.33

Upwelling intensity

Figure 4: Salinity profile from the Gulf of Oman to the Arabian Sea during January to June 2010. A, B and C represent the
Persian Gulf outflow water for weak, normal and intense upwelling intensities.

The long-term salinity and temperature profiles at Ras al Hamra for the period 1993 to 2020 show an
increasing trend of the Persian Gulf outflow water depth. This event has been controlled by three
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processes, (i) an increase in the salinity and the temperature of Persian Gulf water, (ii) an acceleration
in the number of normal upwelling events in the Arabian Sea due to increasing wind speed and (iii)
intense upwelling during strong storms. Maximum saline water depths are observed between 0-50 m
and 150-300 m. The saline water (salinity > 36.5 PSU) was disconnected by low salinity water (salinity
< 36.3 PSU) masses during upwelling processes. For the period 1993-2000, the maximum depth of
Persian Gulf water was 230m. During this time interval, the upwelling water covered the saline mass
and attained 15 m depth. The depth and volume of Persian Gulf water outflow has increased since 2000.
Between 2000 and 2020, the depth of warm and saline outflow increased and attained a depth of 400 m
in 2007. Since 2007, the depth of Persian Gulf water outflow has oscillated between 400-450 m due to
intense upwelling events. Concurrently, the salinity and temperature of the outflow water has increased
(Fig 5).
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Figure 5: long-term salinity and temperature profiles at Ras al Hadd for the period 1993-2020.

4.2.2 Eddy currents and the Ras al Hadd dipole jet

Mesoscale features such as eddies and jets in the Gulf of Oman and the Arabian Sea have significant
impacts on the distribution of Persian Gulf outflow and upper ocean heat content changes. The eddy
intensity in the western part of Arabian Sea is controlled by wind stress and dipole jets. The cyclonic
eddies are associated with upwelling with low surface anomaly and anticyclonic eddies which are
associated with downwelling and high sea surface anomalies. The temperature of the eddy cores is
controlled by sea water temperature at the surface and in deeper layers. The cyclonic eddy north and
west of the Arabian Sea is generally shallow and the cores’ temperature depends on upwelling and the
Persian Gulf water depth. As a result, the shallow Persian Gulf outflow and heat advection by dipole
jets have significant impacts on the core temperature and salinity of cyclonic eddies. The cyclonic
eddies which are under the influence of Persian Gulf water have warm and saline cores, while warm
cores with lower salinity are observed around the dipole jets.

The intensity of anticyclonic eddies at Ras al Hadd is controlled by wind stress and the intensity of
dipole jets. The temperature and salinity of the eddy cores are controlled by water temperature in the
Gulf of Oman and upwelling processes. During normal upwelling, salinity and temperature at the eddy
core increases via low depth outflow water. The increased depth of the outflow water at Ras al Hamra
during intense upwelling leads to a decrease in temperature at the anticyclonic eddy core. A cold eddy
core occurs when cold upwelling water reaches the surface in the Gulf of Oman. Increasing wind stress
in the west of the Arabian Sea lead to accelerating east Arabian currents and Ras al Hadd jet intensity.
Consequently, Ekman pumping increases at Ras al Hadd. Shallow outflow resumes, leading to



decreasing wind stress and jet intensity, and therefore an increase in the eddy core temperature and
salinity (Fig 6; see Fig A2).
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Figure 6: Anticyclonic eddy intensity changes at Ras al Hadd between May to June 2010. Cold water upwelling in early May
lead to a decrease in water temperature and salinity at depths of 15 and 150 m. With increased upwelling and Ras al Hadd
jet intensity, Ekman pumping increases and salinity and temperature increase at the eddy core. Temperature and salinity
decrease at the eddy core due to enhanced upwelling and increased eddy power. With decreased wind stress, the eddy core
temperature and salinity increase due to the Persian Gulf shallow outflow at Ras al Hadd.

4.3. Tropical cyclones

4.2.1. Tropical cyclone Gonu

2007 was a La Nifia year with neutral 10D. During May, northern Arabian Sea was influenced by a
monsoon surge and active Madden-Julian Oscillation (MJO). Increased wind stress led to an
intensification of anticyclonic eddies with warm cores in the Gulf of Oman and Ras al Hadd with 0.2
and 0.37m SLA, respectively. The Ras al Hadd jet speed was 0.38 m/s and Ekman Kinetic energy (EKE)
attained 7.62 cm?/sec? (see Fig A3). The Persian Gulf warm and saline water was distributed along the
Iranian and Pakistani coasts and transported to shallow water in the Arabian Sea (Fig 7).

On the 31% May, the monsoon surge produced an area of low-pressure omega at 0-8°N and 59-68°E
and a high-pressure zone extended to the north of the Arabian Sea (19-24°N and 59-68°E). A depression
with 1492 geopotential height (gph) developed at 11.6°N and 72.6°E in 850 hPa (see Fig A4). Wind
speed at this pressure level was <5 ms™*. Concurrently, the cyclonic system induced a core of 5848 gph
at 500 hPa (8.2°N and 67.5°) with 15 ms™* wind speed. The genesis of tropical cyclone Gonu (TCG)
occurred at 13.7°N and 71.6°E where the SST anomaly (SSTA) and Sea-level anomaly (SLA) were
1.17°C and 0.13m, respectively. TC Gonu tracked to the northeast (33 km) and passed over a warm core
anticyclonic eddy with 1.22°C SSTA and 0.19m SLA. After tracking 256 km, Gonu reached a cyclonic
eddy (0.03m and 0.82°C) and it tracked 189km to the west at category 0 during 12 hours (table 1). TCG
tracked 102 km to the north in 18 hours along a dual core anticyclonic eddy. Gonu’s category increased
whilst tracking to the north and it attained category 1 when it passed over a warm (1.2°C) and saline
(36.52 PSU) cyclonic eddy with 0.01m SLA at 67.05°E and 16.45°N. Meanwhile, the 26.5°C isotherm
and isohaline depth (36.6 PSU) reached 70-80 m depth (Fig 8). Therefore, warm and salty water was
upwelled by the shallow (surface-intensified) cyclonic eddy. Gonu tracked 163km to the northwest over
a cyclonic eddy where water temperature and salinity increased along the TC path (36.75 PSU and
1.22°C). The TC intensity increased dramatically and its category evolved from 1 to 4 during 24 hours

(Fig 7).
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Figure 7: A) Sea Surface Temperature Anomaly (SSTA) and surface current changes before, during and after Gonu tropical
cyclone (TCG). B) Mean salinity at shallow water (0-50m) for the mentioned periods. The high salinity water mass (36.6-36.8
PSU) areas are 52.35x10% 59.17x10* and 40.92x10°km? respectively for before, during and after Gonu. Gonu’s track is
depicted in purple.

In the course of TC intensification, east Arabian current speed attained 1m/s and SSTA in the west of
the Arabian Sea reached 2.18 °C through a cyclonic current with -0.05m SLA and 36.7 PSU at the core.
Concurrently, cold water upwelling in the Oman upwelling zone increased and SSTA reached -2.8 °C,
meanwhile, Ras al Hadd jet speed (0.58 m/s) and EKE (7.9 cm?/sec?) increased (see Fig A3). The Ras
al Hadd jet intensification had significant impacts on northern anticyclonic eddy energy. The eddy
current speed and SLA changed from 0.34 to 0.54 m/s and 0.36 to 0.37m, respectively. Increased
upwelling at Ras al Hadd flowed into the Persian Gulf shallow water along the Iranian and Pakistani
coasts. Therefore, the area of high saline water (36.6 to 37.8 PSU) increased by 11.43%. Wind stress
increased due to the intensification of Gonu as it approached Ras al Hadd. Simultaneously, SSTA at the
Ras al Hadd anticyclonic eddy core changed from 0.79 to 0.12°C due to intense cold water upwelling
in the Gulf of Oman. Concurrent with widespread cooling in the Gulf of Oman, an increase in SSTA
by up to 0.79°C occurred at the eastern end of Ras al Hadd jet, through an anticyclonic eddy.
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Figure 8: Salinity (A) and Temperature (B) profiles for tropical cyclone Gonu. The data were extracted from the location of the
TC center before, during and after passage. The isohaline line for 36.6 evolved from 80 to 140 m. Maximum isohaline depth
for 36.6 PSU is observed between 19 and 20°N. The upwelling zone is along 21.2 to 22.5 °N.

Between June 4" and 5™, the omega low-pressure cell shifted to the northeast and was located at 11.4°N
and 61.3°E at both 850 and 500 hPa pressure levels. TC Gonu’s column was well developed at both
pressure levels (see Fig A4). By this time, the TC had tracked 189 km for 24 hours during which time
it attained category 5 (table 1). Gonu reached to its maximum category when it cross over the
anticyclonic eddy with the deepest haline stratification (36.6 isohaline depth reached to 125m, Fig 8).
The TCG continued its track to the northwest where the 26.5 °C isotherm and isohaline (36.6 PSU)
depth were decreased by approaching the upwelling zone (Fig 7). After tracking 205 km at category 4,
the TC intensity decreased and tracked 87 km to the northwest at category 3. As Gonu continued to
track to Ras al Hadd, the isotherm and isohaline water depth was decreased by intense upwelling. Gonu
passed 3 km from Ras al Hadd and entered the Gulf of Oman at category 2 where the isotherm and
isohaline depth were at 15 m depth. After 18 hours, the TC attained category zero and it made landfall
on the Iranian coast (Jask). During Gonu’s passage over the Gulf of Oman, cold water input into the
Persian Gulf was increased and SST decreased along northern part of the Persian Gulf’s central basin.
Concurrently, Persian Gulf water outflow accelerated through the Strait of Hormuz. The high salinity
water outflow (36.8 PSU) was redirected into deeper water (150-200m) at Ras al Hamra and the shallow
highly saline water area decreased by 45% (Fig 7).
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Table 1: Tropical cyclone Gonu 6 hourly ocean-atmospheric changes through the TCG core.

Coordination SPL MJO SLA Salinity SSTA
Day Hour Category hPa Amplitude m PSU oc
LAT LON
13.7 716 | 31 6 - - 0.13 35.72 0.98
14 717 | 31 12 - - 181 0.15 35.73 1.18
14.2 715 | 31 18 - - 0.16 35.85 1.17
14.4 70.9 1 0 - - 0.19 36.02 1.22
14.7 70 1 - - 155 0.18 35.96 1.20
15 68.8 1 12 - - 0.06 36.41 0.99
15.08 6824 | 1 18 - 1002 0.09 36.40 1.09
15.06 6789 | 2 0 - 1002 0.12 36.36 1.12
15.05 67.23 | 2 6 0 - 171 0.10 36.27 1.74
15.2 67.05 | 2 12 0 992 0.17 36.26 1.56
15.3 67.1 2 18 0 992 0.17 36.35 1.56
15.75 67 3 0 0 988 0.18 36.35 1.64
16.45 67.05 | 3 6 0 988 175 0.19 36.50 1.75
17.5 66.65 | 3 12 1 988 0.17 36.59 1.42
18 66.05 | 3 18 1 980 0.11 36.60 1.05
18.55 6525 | 4 2 974 0.08 36.61 1.29
19.1 64.7 4 6 4 952 165 0.09 36.62 1.35
19.95 64.05 | 4 12 4 934 0.15 36.71 1.35
20.5 63.4 4 18 5 920 0.23 36.55 0.84
20.65 6275 | 5 0 5 936 0.15 36.54 0.98
21.35 61.6 5 6 4 950 160 0.17 36.52 0.91
21.55 6105 | 5 12 4 960 0.14 36.27 -0.10
22 6055 | 5 18 4 970 0.11 36.25 -0.12
22.55 5075 | 6 0 3 970 0.10 36.25 -0.52
23.3 59.5 6 6 2 970 170 0.15 - -2.61
23.9 59.1 6 12 2 970 0.11 36.54 -2.20
24.5 5895 | 6 18 1 978 0.13 36.60 -2.50
24.87 58.6 7 0 1 988 178 0.16 36.56 -2.32
24.9 58.3 7 6 0 - 0.16 36.56 -2.37

4.2.2. Tropical cyclone Phet

Tropical cyclone Phet (TCP) occurred between May 31% — June 7" 2010 during a La Nifia year, negative
I0D and active MJO. Increased westerly wind stress during a negative 10D phase led to widespread
upwelling and an intensification of oceanographic currents (eddies and jets) in the western part of the
Arabian Sea (Fig 9).

The salinity and temperature profiles along the cyclone track show that the 26.5°C isotherm in the center
of the Arabian Sea reached 80 m depth and it decreased to the west and northwest when approaching
the upwelling zone. The 36.6 PSU isohaline is observed in the center of the Arabian Sea (16.5 to 19°N)
and the Gulf of Oman with a maximum depth of 35m (Fig 10). Two anticyclonic eddies in the Gulf of
Oman and at Ras al Hadd redistributed the Persian Gulf water (37 PSU) via the Iranian and Pakistani
coasts to the Arabian Sea (Fig 9).
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Figure 9: A) Sea Surface Temperature Anomaly (SSTA) and surface current changes for before, during and after Phet tropical
cyclone (TCP). B) Mean salinity at shallow water depth (0-50 m) for the mentioned periods. The high salinity water mass (36.6-
36.8 PSU) areas are 45.22x10% 35.35x10% and 27.46x10%m? respectively for before, during and after TCP. The water mass
was discontinued in the center of the Arabian Sea. TC Phet’s track is depicted in purple.

Increased wind stress in the western Arabian Sea during a negative 10D phase led to intensification of
the eastern Arabian Sea current and the Ras al Hadd jet along the Oman coast and eddies in the center
of the Arabian Sea (see Fig A5). SSTA increased in the west and the center of the Arabian Sea where
the isotherm and isohaline reached their maximum depth. Heat advection and transportation occurred
by shallow eddies and dipole jets. Meanwhile, intense upwelling decreased SSTA at the anticyclonic
eddy at Ras al Hadd (-0.52°C, SLA: 0.3m), coastal areas of Pakistan, Somalia and the southwest of the
Oman. Therefore, SSTA and salinity values show a rising trend from the west (upwelling zone) to the
center of the Arabian Sea (thick warm/saline stratification), evolving from 1.9 to 3.12°C and 35.77 to
36.73 PSU (Fig 9).
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Figure 10: Salinity and temperature profiles along the tropical cyclone Phet’s tracking path before, during and after the TC
event. Isotherm (26.5 °C) depth decreased to the northwest on its approach to the upwelling zone. The isohaline (36.6 PSU)
is not continuous and observed at the center of the Arabian Sea and southwest of the Gulf Oman with maximum depth of 35
m. With increased upwelling during the TC, the Isohaline depth increased at Ras al Hadd and it attained 80 m depth.

A monsoon surge occurred at the end of May producing widespread convection in the southeastern part
of the Arabian Sea. A low-pressure system developed over the Arabian Sea, on the 30" May 2010.
Meanwhile, a low-pressure omega extended to 10°N and 64°E at 850 and 500 hPa (see Fig A6). TCP
formed at 14.4°N and 65°E over a warm core cyclonic eddy with 1.04°C SSTA and 0.06 m SLA. TCP
started its track to the northwest as a tropical depression and after tracking 126 km it attained category
zero by crossing over a warm (1.68°C) and saline (36.51 PSU) anticyclonic eddy with 0.22m SLA. The
TC tracked 125 km to the northwest for 18 hours. Phet attained category 1 over an anticyclonic eddy
with a very warm (2.11°C) and saline (36.73 PSU) core. The transition from TC category 1 to 4 was
very rapid and occurred during a 10-hour period when it crossed over warm (2.13 °C) and saline water
(36.8 PSU, Fig 9). TCP tracked 140 km to the northwest and its path shifted northwards at category 4.

EKE through the east Arabian current and Ras al Hadd jet were amplified (from 8.3 to 8.7 cm?/sec? and
7.4 to 7.7 cm?/sec?, respectively) by increasing wind stress. Therefore, the intensity of both the
anticyclonic eddy to the north (EKE form 7.7 to 7.43 cm?/sec? and SLA from 0.36 to 0.37m) and south
(EKE from 6.7 to 6.98 cm?/sec? and SLA from 0.29 to 0.31) of the Ras al Hadd jet increased. Increased
eddy intensity led to rising SSTA in the northern eddy (Ras al Hadd) and SSTA attained 1°C at the eddy
core. Concurrently, the Persian Gulf shallow water outflow decreased and the high salinity water area
fell by 28%. Increased heat advection by geostrophic currents led to the expansion of a warm and low
salinity water mass along the eastern coast of Oman (upwelling zone).

TC Phet’s category decreased when it reached a low salinity and warm water mass and it tracked 190
km at category 3. The category decreased when approaching the Oman coast and it made landfall at
category 2 on the east coast of Oman. Phet entered the Gulf of Oman at category 1 where the SSTA
decreased due to the intense upwelling. Concurrently, the increased depth of the Persian Gulf outflow
water led to a fall in the high salinity shallow water mass area in the Arabian Sea by 28.7% (Fig 9). A
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cold core was observed for all anticyclonic eddies at Ras al Hadd and in the Gulf of Oman, consequently,
for 3 hours the TC category attained zero. Phet tracked 170 km to the northeast before the path changed
to the southeast and east. After tracking 680 km, it made a second landfall on the coast of Pakistan.

Table 2: Tropical cyclone Phet 6 hourly ocean-atmospheric changes through the TC core

Coordination Day Hour Category SLP MJ'O SLA  Salinity  SST
LAT LON hPa Amplitude M PSU °c
14.4 65 30 12 B ) Lao 0.09 36.43 1.31
14.5 64.7 30 18 - - 0.10 36.43 112
14.5 64.4 31 0 3 } 0.10 36.43 1.08
14.76 64.16 31 6 i 1001 148 0.16 36.47 1.17
15.21 63.79 31 12 i 1001 0.18 36.49 1.37
15.45 63.6 31 18 0 999 0.19 36.57 1.58
15.65 63.35 1 0 0 998 0.19 36.69 1.66
16.15 62.85 1 6 0 996 La3 0.13 36.58 2.07
16.65 62.4 1 12 0 994 ' 0.08 36.68 1.99
17.05 61.8 1 18 1 990 0.09 36.68 2.22
17.45 61.25 2 0 2 986 0.11 36.52 2.05
17.65 60.75 2 6 4 978 Los 0.15 36.61 2.06
18.1 60.25 2 12 4 964 ' 0.18 36.55 1.97
18.45 59.85 2 18 2 966 0.20 36.41 2.15
18.5 59.55 3 4 974 0.17 36.34 0.78
19.05 59.55 3 6 4 978 0.8 0.28 36.35 1.24
20 50.5 3 12 3 978 : 0.29 36.12 1.64
20.65 59.35 3 18 3 980 0.04 36.06 0.28
23.3 59.6 4 18 0 980 0.90 0.08 . -0.58
23.95 60.4 5 0 0 990 0.09 36.37 -1.61
24.15 61 5 6 0 992 0.83 0.09 36.51 -1.78
24 61.55 5 12 0 992 . 0.09 36.52 -0.58
23.85 62.45 5 18 0 994 0.03 36.59 0.83
23.7 64.05 6 0 0 994 0.12 36.64 0.99
23.95 65.9 6 6 0 994 0.05 0.11 36.61 0.50
24.55 67.15 6 12 - - ' . B -
25.1 68.65 6 18 . 991 . . -
26.35 70.55 7 0 - 993 . ) -
995 1.07 )
27.05 72.9 7 6 - . B

4.2.3. Tropical cyclone Shaheen

Gulab and Shaheen were two related tropical cyclones that occurred during a La Nifia and neutral 10D
year with active MJO. Gulab cyclone formed in the Bay of Bengal between the 24" and 25" September
2021 and reached the Arabian Sea on the 29" September where two cyclonic eddies had already
developed in the Gulf of Oman and in the northern Arabian Sea.

The cyclonic eddy in the Gulf of Oman modified the water distribution of the Persian Gulf. The warm
and saline water outflow depth was decreased by Ekman suction and upwelling. Outflowing water was
transported through the northern coast of Oman. The Persian Gulf water salinity decreased through the
cyclonic geostrophic current and it changed from 37.5 PSU at Ras al Hamra to 36.83 PSU at Ras al
Hadd. Meanwhile, SSTA values changed between 2.8 in the coastal zone and 2.27 offshore.
Furthermore, SSTA and salinity decreased towards the cyclonic eddy core (1.2°C-36.72 PSU) and along
the Iranian coast (0.39°C and 36.61 PSU; Fig 11).

The cyclonic eddy with -0.19m SLA at its core and 7.25 cm?/sec? EKE in the Gulf of Oman led to a
decrease in the isohaline (36.6 PSU) depth to 20 m (Fig 12). A shallow warm and saline water

16



stratification was created in the Gulf of Oman (see Fig A7). The isohaline depth was increased with
increasing distance from the eddy core and it became shallow towards the east. A dual core cyclonic
eddy (0.006 and 0.004m SAL) prevented movement of the Persian Gulf water to the east. Therefore,
two water stratifications were created in the north of the Arabian Sea. The first one is a low salinity
warm water mass at 65° to 66°E that is under the influence of geostrophic currents and the second
stratification was high salinity warm water located at 63.5° to 61°. The second water stratification was
created by Persian Gulf water transport by the cyclonic current in the Gulf of Oman. The isohaline was
at 70 m depth and the isotherm at 25 m depth. The isotherm depth increased to the east and it reached
30 m in the dual core eddy (Fig 12). The dual core eddy had warm and saline cores; salinity was higher
in the southern core (36.73 PSU), while, temperature was higher in the northern core (2.03°C)
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Figure 11: SSTA and surface current for before, during and after Shaheen tropical cyclone (TCS). B) Mean salinity at shallow
water (0-50m) for the mentioned periods. Cyclonic eddies in the Gulf of Oman and the northern Arabian Sea prevented
transportation of high-salinity water to the center of the Arabian Sea. After TCS and weakened eddy currents, Persian Gulf
water moved to the Arabian Sea. The TCS track is depicted in purple color.

The cyclone Gulab became a low pressure system whilst crossing over India. On 30" September, a low-
pressure omega developed at 22.5°N and 68°E and a depression was created at 850 hPa (see Fig A8);
convection increased near the storm center (see Fig A9). Convection increased at the TC center on
October 1**when it reached warm and saline water (1.03°C and 36.4 PSU, see Fig A9). Tropical cyclone
Shaheen (TCS) attained category zero when SSTA and salinity attained 1.32°C and 36.6 PSU at 64.5-
65°E. TCS intensity decreased again due to a fall in salinity (36.36-36.51 PSU) along the TCS track to
the northwest. Salinity and temperature increased upon approaching the cyclonic eddy core. After
tracking 196 km, the TCS attained category zero when it passed over warm and saline water (2°C and
36.6 PSU). The cyclone shifted to the west and became category 1 when crossing over a warm and high
salinity water mass. When the TCS approached the Gulf of Oman, the cyclonic current in the Gulf of
Oman was weakened and current speeds declined from 0.62 to 0.56m/s and EKE fell from 7.25 to 7
cm?/sec®. SSTA in the Gulf of Oman increased and it attained 1.47°C at the eddy core. Meanwhile,
SSTA and salinity on the northern coast (2.2°C and 37 PSU) of Oman and at Ras al Hadd (2.54°C and
36.82 PSU) was enhanced. Warm and saline water was transported to the northwest along the TCS path.
The TCS attained its maximum category when it crossed over the cyclonic eddy and it tracked 130 km
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to the southwest (Fig 8). While tracking to the southwest, cold-water upwelling along the Iranian coast
increased and SSTA on the Gulf of Oman decreased. Concurrently, heat advection was increased by
the Ras al Hadd jets and eastern Arabian warm and low salinity water was transported to the west of
the Arabian Sea. As a result, SSTA attained 2.27°C to the east of Oman. Finally, Shaheen made landfall
over the northern Oman coast at category 1, making it the only cyclone to make landfall there since
1900.
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Figure 12: Salinity and temperature profiles (A and B) along the Shaheen tropical cyclone tracking path before, during and
after the TC event. The isohaline and isotherm depth is controlled by the cyclonic eddy current in the Gulf of Oman and the
Arabian Sea. 26.5°C depth increased from west to east and it became shallow through the cyclonic eddy. With weakening of
the eddy currents and decreasing cold water upwelling, the depths of the isohaline and isotherm increased.

The TCS wind stress in the west of the Arabian Sea led to an increase in more intense surface eddy
activities. Therefore, rising SSTA east of Oman continued through cyclonic and anticyclonic eddies.
An increased warm (2.42°C) and low salinity (35.97 PSU) water mass to the east of Oman suggests that
Ekman suction (shallow cyclonic eddy -0.05m SLA) was under the influence of the dipole jet
transported water (Fig 11; see Fig A8).
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Table 3: Tropical cyclone Shaheen 6 hourly category and translation speed changes

coordination SLP MJO SLA Salinity SST
LAT LON day hour Category o, ampitude m PSU oc

2243 7131 29 7 - 1001 011 3067 063
22.45 70.05 29 18 - 1002 010 3342 o061
225 68.9 30 0 - 1001 010 3568  1.03
22,54 67.71 30 6 - 1002 0.08 3648  1.37
22,57 66.58 30 12 - 997 67 009 3654 117
22.64 65.55 30 18 - 994 013 3644 127
22.8 64.7 1 0 0 992 012 3653  1.34
23.09 64.07 1 6 - 990 004 3671 171
23.47 63.59 1 12 - 982 7% o005 3673 198
23.9 63.2 1 18 1 981 011 3067 063
23.9 62.5 2 0 1 981 0.06 3658 185
24.1 61.6 2 6 1 983 011 3604 158
245 60.7 2 12 2 978 7® 002 3635  1.00
24.3 60.1 2 18 2 977 006 3669 1.8
24.3 59.4 3 0 2 977 009 3688  0.10
24.1 58.6 3 6 1 978 013 3686  1.08
24 58.1 3 12 1 981 17 014 368 075
23.8 57.4 3 18 0 988 - ; 0.10

4.4. Evaluation of tropical cyclone risks in the western Arabian Sea

The results of this study show that, in addition to large-scale atmospheric forcing, oceanographic
currents and circulation have significantly affected TC strength in the Arabian Sea. Wind speed, SSTA
and upper ocean heat content are the vital parameters for TC generation and salinity is important for
tropical cyclone intensification. Long-term trend analysis and PCA score-axis 1 values are presented in
Fig 13. Since 2000, 17 TCs (with a category greater than one) have occurred in the Arabian Sea. PCA-
axis 1 shows 4 of them, which were influenced by water outflow from the Persian Gulf. TC risk
associated with Persian Gulf outflow has increased dramatically since 2005, leading to increases in
wind speed and upper ocean heat content in the north and west of the Arabian Sea during TC seasons.
ARB 02 and Phet happened during La Nifia and negative IOD years when upper ocean heat content
manifests positive anomalies. Gonu and Shaheen occurred in La Nifia and neutral 10D years when sea
surface temperature in the Gulf of Oman was high and upper ocean heat content in eddy zones increased
dramatically. Also, the temperature in the upwelling zone decreased due to increased wind speed.
Finally, the peak in 2018 was related to the Mekunu TC that occurred during a neutral IOD and ENSO
year (Fig 13). In 2018, we witness maximum upper ocean heat and wind speed in the north and west of
the Arabian Sea, leading to an increase in sea surface temperature in the eddy and upwelling zone (Ras
al Hadd jet intensification).
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Figure 13: Tropical cyclone potential risks under the influence of the Persian Gulf water outflow for the north and west of
the Arabian Sea. Long-term SST and upper ocean heat content trends for the tropical cyclone seasons are represented for
(A) the eddy zones and (B) the Gulf of Oman. (C) Long-term SST and wind-speed changes for the Oman coast upwelling zone
and (E) PCA-axis 1 (54% of total variance) are shown with the 95% confidence band. All the SSTA trends are highlighted by
polynomial models (order 5, Pyq,e<0.001)
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5. Discussion

Cold water upwelling in the western Arabian Sea is controlled by wind stress (Morrison, 1997; Joseph
& Freeland, 2005). Long-term sea surface temperature (SST) analysis for the Arabian Sea demonstrates
an increasing SST trend in the upwelling zones during the last 120 years. Increasing upper ocean heat
content and heat transportation by Ras al Hadd jet and eastern Arabian currents are keys factors in
increasing SSTs in upwelling zones. SSTs also show increasing trends across the Arabian Sea;
maximum temperatures are observed in the north and northwest, areas that are influenced by water
outflow from the Persian Gulf.

A poleward migration of the monsoon jet axis and rising wind stress forces (Roxy et al. 2016; Aneesh
and Sijikumar, 2016; Pratik et al., 2018) has led to a rise in southwest wind speeds since 1982
(Pourkerman et al., 2022) and an increased number of upwelling events in the Arabian Sea (Praveen et
al., 2016). Rising upwelling events have created multiple branches for Persian Gulf outflow water and
increasing salinity and temperature in shallow waters. Anticyclonic eddy currents in the Gulf of Oman
and at Ras al Hadd have redistributed the shallow warm and saline water to the Arabian Sea along the
Iranian and Pakistani coasts.

During the pre-monsoon and monsoon seasons, Persian Gulf water is transported to the Arabian Sea by
ocean currents. The depth of the isohaline (36.6 PSU) and isotherm (26.5°C) in the center of the Arabian
Sea is 80 m and it decreased towards the upwelling areas (west and northwest). Salinity and
temperatures in surface water is controlled by the Persian Gulf outflow depth and eddy currents.
Increased wind stress in the western Arabian Sea, in addition to enhanced upwelling and shallow water
outflow, also increases eddies and jet intensities. Warm and saline water upwelling occurs through
shallow Ekman suction and is transported to the anticyclonic eddy cores via geostrophic currents.
Consequently, most of the eddies in the west and the center of the Arabian Sea have warm and saline
cores during pre-monsoon seasons when advection occurs from the Persian Gulf water.

During post-monsoon seasons, concurrent with the domination of cyclonic eddies in the Gulf of Oman,
warm and saline water transportation via the northern Arabian Sea is interrupted. Cold-water upwelling
and deep cyclonic currents in the Gulf of Oman lead to Persian Gulf water outflow through multiple
branches. There is an increase in salinity anomalies in deeper water (L’Hégare et al., 2013) and a short-
term pause of outflow in surface waters along the northern Oman coast. Meanwhile, the Ras al Hadd
dipole jet advects heat from the northern Oman coast and transports it to the west and southwest of the
Arabian Sea. Heat transportation leads to domination of the warm eddy core with low salinity in the
west of the Arabian Sea. Meanwhile, high salinity and a warm core eddy dominates the northern
Arabian Sea. As a result, transportation of Persian Gulf water to the center of Arabian Sea is decreased.

Most tropical cyclones in the Arabian Sea occur during negative/neutral El Nifio Southern Oscillation
(ENSO) years and negative/neutral Indian Ocean dipole (IOD) phases. Higher rates of rapid TC
intensification during La Nifa years compared to El Nifio years is related to high relative vorticity and
anomalous low wind shear (Felton et al., 2013; Mahala et al., 2015; Bhardwaj et al., 2019). Meanwhile,
during negative/neutral IOD phases, anomalously warm SSTs and high salinity water is created by the
intensification of ocean currents (jets and eddies) that promote ocean/atmosphere conditions for TC
formation and intensification.

Since 2000, the percentage of cyclones undergoing rapid intensification in the north Indian Ocean is
38% which is more than cyclones in the northern Pacific Ocean, which manifests a rate of 22%
(Fudeyasu et al., 2018). The percentage of TC intensification in the Arabian Sea is greater than for the
Bay of Bengal (Deshpande et al., 2021). Tropical cyclone intensification in the Arabian Sea has
increased dramatically since 2007 and more than 72% of cyclones reached category 3 or more. This
intensification has resulted from the creation of shallow warm and saline stratification due to the
interaction between increasing wind stress in the west of the Arabian Sea and water outflow from the
Persian Gulf. It creates favorable conditions for cyclones to obtain more energy and undergo
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intensification (Balaguru et al. 2020; Fan et al., 2020). During the post-monsoon TC season, rapid
intensification occurred in the center of the Arabian Sea where the maximum depth of the isohaline and
isotherm aexisted. The TCs’ intensity decreases dramatically to the west and north due to a decrease in
water salinity and temperature. Instead, during the pre-monsoon TC season, tropical cyclone intensity
increased to the north and northwest where the ocean currents provide the necessary warm and saline
water for TC intensification. Tropical cyclone Shaheen is the only post-monsoon TC that made landfall
on the northern Oman coast.

Increasing wind stress in the west of the Arabian Sea has led to increased upwelling events and the
amplification of jets and Ras al Hadd anticyclonic intensities. During upwelling and Ekman pumping
processes, temperature and salinity increased at depth. This process has accelerated, concurrent with
the poleward migration of the summer monsoon belt since 2000. Meanwhile, pre-monsoon tropical
cyclones have significant impacts on increasing temperature and salinity depths in the Gulf of Oman
and the Arabian Sea. These cyclones, with a northwest direction increase anomalous wind stress in the
west of the Arabian Sea. The TCs lead to (i) increasing ocean current (jets and eddies) and (ii) more
intense upwelling in the Gulf of Oman. As a result, since 2007, in tandem with the onset of pre-monsoon
TCs in the Arabian Sea, salinity and temperature depth have increased dramatically. Upper ocean heat
content has grown in the Arabian Sea, increasing intense tropical cyclones during pre and post-monsoon
seasons since 2007.

Conclusion

Tropical cyclones constitute a new natural hazard for the people and governments of Iran, Pakistan and
Oman. TC risks have increased dramatically since 2007 due to an increase in upper ocean heat content
and salinity. The Persian Gulf water outflow is the main source of warm and saline water.

TC generation and intensity in the Arabian Sea has been controlled by Persian Gulf water outflow,
which responds to ocean-atmospheric interactions. Increasing wind stress in the western Arabian Sea
during pre-monsoon and monsoon seasons have led to an increase in Persian Gulf water outflow at
shallow depths. The warm and saline water is transported to the center of the Arabian Sea via ocean
currents. Meanwhile, during post-monsoon phases, high salinity and warm water have extended to the
northern Arabian Sea and deeper water.

The most important parameters on the Persian Gulf water distribution are dipole jets and eddied currents
at Ras al Hadd. During pre-monsoon and summer monsoon seasons, an anticyclonic eddy current at
Ras al Hadd and in the Gulf of Oman transports warm and saline water to the center of the Arabian Sea
via the Iranian and Pakistani coasts. Meanwhile, cyclonic eddy currents during post-monsoon seasons
lead to increased salinity and temperature along the northern coast of Oman. Persian Gulf water
transportation to the center of the Arabian Sea has been interrupted by Ras al Hadd jet and heat
advection, and transported to the west and southwest via the jet.

Shallow Ekman suction (surface-intensified eddy) during the pre-monsoon seasons in the west and
center of the Arabian Sea increase salinity and temperature in surface water due to the upwelling of
Persian Gulf water. During post-monsoon seasons, cyclonic eddies in the northern Arabian Sea and the
Gulf of Oman were influenced by Persian Gulf water, while, eddies that located in the center and west
of the Arabian Sea lead to upwelling and high temperature and low salinity water.

Increasing wind stress and upwelling during the pre-monsoon seasons by negative/neutral 10D
increases the potential risk of TC from a northwest direction (Phet and Gonu). Instead, the post-
monsoon TCs affect the center and the southwest of the Arabian Sea. Generally, the post-monsoon TCs
intensified in the center of the Arabian Sea and their intensity decreased when tracking to the north and
northwest. Tropical cyclone Shaheen was the first post-monsoon TC in the northern Arabian Sea. It was
a remnant of Cyclone Gulab, which re-intensified after reaching warm and saline water.
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The frequency of strong TCs will increase in the next century due to global warming effects on the
Persian Gulf, the Arabian Sea and the Gulf of Oman. Therefore mitigation plans via international
platforms such as UNESCO and the IOl are necessary for at risk countries such as Iran, Oman and
Pakistan to reduce infrastructural damage and the loss of human life caused by TC events.
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