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An Extremely Severe Cyclonic Storm (ESCS) ‘Biparjoy’ crossed very close to the moored buoys in the Arabian Sea 
(AS) during June 10-11, 2023 before its landfall on June 15 near Saurashtra and Kutch. The upper ocean response was 
examined, revealing significant changes in meteorological (wind, sea level pressure, and rainfall) and oceanic  
(waves, temperature, salinity profiles, and currents) parameters at AD06 and AD07, deployed by ocean observation systems 
group, National Institute of Ocean Technology (NIOT), Chennai. A spatial response study of Sea Surface Salinity (SSS) and 
Sea Surface Temperature (SST) was conducted to illustrate the pre- and post-cyclonic conditions.  

On June 11, 2023, AD06 recorded Sea Level Pressure (SLP) drop to 965 hPa, 119.7 mm/day rainfall, and a maximum 
wind speed of 90 km/h (gustiness up to 153.7 km/h). At AD07, the wind peaked at 61.6 km/h on June 09, with SLP drop of 
998.8 hPa on June 10, and 35.6 mm rainfall on June 11. SST dropped by ~4 °C at AD06 (June 12), and ~2 °C (June 10) at 
AD07. The Tropical Cyclone Heat Potential ~111 kJ/cm2 and 135 kJ/cm2 at AD06 and AD07, respectively favoured cyclone 
intensification. After June 11, the 26 °C isotherm (D26) shoaled significantly at AD06 (~24 m) with deepened mixed  
and isothermal layers, corresponding to enhanced cooling of SST at AD06 (~ 4 °C). Significant wave heights reached  
8.9 m (AD06) and 7.29 m (AD07) with maximum wave heights of 14.6 m and 11.46 m, respectively, on 12th and 10th June. 
The spatial distribution of SST and SSS during the post-cyclone phase is marked by notable cooling (~ 27 °C) and an 
increase in salinity (~ 36 ppt) in the upper layers of the AS. 
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Introduction 
Frequent extreme events such as cyclonic storms 

are very common in this climate change era due to the 
dynamic changes in weather and climate. Ocean 
observations support weather and climate monitoring, 
aiding resource and ecosystem management as well as 
disaster mitigation which significantly impact human 
life1. The intensity of severe cyclonic storms in the 
North Indian Ocean (NIO) region had an increasing 
trend in the last four decades2. National Institute of 
Ocean Technology (NIOT) maintains a network of 
moored buoys fitted with automated sensors for the 
real-time monitoring of the marine environment since 
its inception in 1997. 

The occurrence of Tropical Cyclones (TCs) in the 
NIO are maximum during October – December (post-
monsoon) followed by the secondary peak during 
April – June (pre-monsoon)3. The disturbances 
developed during pre-monsoon season in NIO have a 
higher probability of intensifying as Severe Cyclonic 
Storms (SCS) compared to those during post-monsoon4. 
The primary cause of the recent rise in pre-monsoon 

tropical storm intensity in the Arabian Sea (AS) is 
related to the decrease in the vertical wind shear in the 
troposphere5. In recent decades, the frequency and 
duration of TCs over the AS increased compared to 
those in the Bay of Bengal (BoB)6. Especially, 
between 1998 and 2019, about 10 storms in the 
northern Arabian Sea intensified into severe 
cyclones7. Similarly, during 1965 – 2022, 66 cyclonic 
storms with maximum sustained wind speed 
exceeding 62 kmph developed over the AS(ref. 8). Out 
of these, 8 crossed the Gujarat coast. The Extremely 
Severe Cyclonic Storm (ESCS) Biparjoy recorded the 
second largest life span of 13 days and three hours 
over the NIO after the cyclone in 1977, with a life 
span of 14 days and six hours8. However, based on 
data from 1990 to 2013, the ESCS category's average 
life span over the AS during monsoon season is six 
days and three hours8. 

Numerous studies associated with cyclone-induced 
impacts in the AS have been extensively carried out 
by several authors, including Terry & Gienko9; 
Murakami et al.10; Hussain et al.11; and Evan et al.12. 
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More specifically, importance of buoy data in 
deciphering the upper ocean and sub-surface 
variability during cyclone Roanu13, Phailin14, 
Viyaru15, Amphan16, and Thane17 has been well 
documented. Intense cyclones have severe impacts on 
coastal areas, making it crucial to monitor their 
intensification and track them while they are over the 
ocean. Moored buoy platforms at sea play a vital role 
in observing and predicting ocean conditions, which 
helps forecast cyclone intensity. In a more recent 
study by Maneesha et al.18 used both model and  
in-situ data for the cyclone Biparjoy to understand the 
causes for its intensification in the AS. Their results 
showed the importance of increased stratification 
under the inflow of warm and high saline waters  
from the north and subsequent increase in the heat 
content of the upper ocean. In the present study, 
though only one cyclone is examined, study used in-
situ water column data on temperature and salinity 
from moored buoys along with data on met-ocean 
parameters from the buoy to quantify the cyclone-
induced changes. 
 
Materials and Methods 

The OMNI (Ocean Moored Buoy Network for 
Northern Indian Ocean) buoys were deployed by 
NIOT to collect the oceanographic and 
meteorological parameters along with subsurface data 
on waves, currents, temperature and salinity. The 
study used the in situ parameters, such as wind speed, 
wind direction, Sea Level Pressure (SLP), and rainfall 
at three-meter height (wind speed converted to 10 m) 
of AD06 (18°19’18.58” N & 67°20’03.06” E) and 
AD07 (14°55’29” N & 68°58’06” E) and oceanic 
parameters such as wave, sea surface and subsurface 
temperature, current profiles were obtained from 1st 
June 2023 to 16th June 2023 at an interval of 3 h by 
the moored buoys to depict the dynamic changes 
under the influence of ESCS Biparjoy. Detailed 
information on both the moored buoys are presented 
in Table 1. The cumulative rainfall data obtained from 
both the buoys were further converted to daily 
rainfall. Using the temperature profile data, 

Isothermal Layer Depth (ILD) was calculated by 
determining the depth at which the temperature at  
10 m exceeded by 0.5 °C. Though data at 1 m, 5 m, 
and 10 m depths are available from the moored buoy, 
the data at 10 m has been used in the present study,  
as uninterrupted data is available at this depth for  
the period of study. Using the temperature and  
salinity profiles density has been calculated, which 
was further used for the determination the MLD.  
The MLD was calculated as the depth at which a  
0.5 °C rise in temperature is equivalent to a density 
increase in relation to the 10 m reference level19.  
All time-series data have been smoothed with a 24 h 
running mean. The Tropical Cyclone Heat Potential 
(TCHP), which is an important parameter for the 
cyclogenesis has been calculated using: 

 

TCHP = ρCP׬ ሾ𝑇ሺ𝑧ሻ െ 26ሿ𝑑𝑧
஽ଶ଺
଴  

 

Where, ρ is the average density of seawater at the 
surface (assumed constant), Cp is the specific heat 
capacity of seawater at constant pressure p, T is the 
temperature (°C), and D26 is the depth of the 26 °C 
isotherm20. The TCHP is in kJ/cm2. Further, high-
resolution SST (1 km) from the Group of High 
Resolution SST (GHRSST)21 and surface salinity 
(SSS) (25 km) was obtained from the NASA Soil 
Moisture Active Passive (SMAP) satellite 
observatory16. The SMAP L3 daily running mean SSS 
and SST data, captured during the cyclone as well as 
one week before and after, is presented to quantify the 
impact on SSS and SST. Changes in SST/SSS 
following the passage of cyclone Biparjoy were 
computed by subtracting SST/SSS data before one 
week of its formation and after one week of its 
landfall.  

 
Cyclone Biparjoy 

ESCS Biparjoy classified as a category-3 storm on 
the Saffir-Simpson wind scale22, crossed very close to 
AD06 and AD07 moored buoy location in the AS on 
10th – 12th of June, 2023 and had a landfall on 15th 
June 2023 near Saurashtra and Kutch adjoining 
Pakistan coasts between Mandvi and Karachi8  

Table 1 — Location of moored buoys AD06 and AD07 used for the present study in AS during the transit of Biparjoy cyclone 
 AD06 AD07 
Position Left side of the track Right side of the track 
Coordinates 18°19’18.58” N & 67°20’03.06” E 14°55’29” N & 68°58’06” E 
Minimum distance of buoy from track 11.4 Nautical miles 107.1 Nautical miles 
Date when the cyclone is closest to the buoy location 11.06.2023 - 3GMT to 9GMT 09.06.2023 - 12 GMT to 15GMT 
Depth of the mooring  3485 m 4008 m 
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(Fig. 1). It crossed very close to Jakhau port of 
Gujarat between 22:30 and 23:30 hrs IST on 15th 
June. It was the first cyclonic storm over the  
AS in 2023 with a progressive translation speed of 
2.33 m/s, which continued until 16th June, 2023(ref. 18). 
The moored buoys AD06 and AD07 provided 
continuous surface and subsurface data during the life 
cycle of Biparjoy.  
 
Results  
 

In situ observations and upper ocean response  
Figure 2 depicts the met-ocean parameters such as 

significant wave height (m), highest wave height (m), 
SST (at 1 m depth), rainfall (mm), SLP and wind 
speed. 

The immediate response of Biparjoy was observed 
on 11th June 2023 as a low-pressure of 965 hPa, a 
maximum rainfall of 119.7 mm/day, and a maximum 

wind speed of up to 25 m/s with gusts up to 44.6 m/s 
at AD06 buoy (Fig. 2). Similarly, AD07 moored buoy 
also recorded a maximum wind speed of 17.2 m/s on 
9th June with SLP of 998.8 hPa on 10th June and  
35.6 mm of maximum rainfall on 11th June 2023. The 
initial increase of wind speed and drop of SLP started 
on 9th June which further reached its extreme on 11th 
at AD06 and on 9th at AD07. The maximum drop  
~ 4 °C on 12th June and ~ 2 °C on 10th June in SST 
was observed at AD06 and AD07, respectively. After 
the cyclone track crossed the buoy locations, the 
corresponding SSTs lowered substantially due to the 
wind mixing of the oceans16. Both the moored buoy 
data indicated the response of the cyclone as the drop 
of SLP is associated with rapid cooling of SST. The 
response observed at AD07 is comparatively less than 
that of AD06 since it is 107.1 nm away from the 
cyclone track, whereas AD06 was at a distance of 

 
 

Fig. 1 — Study area showing the track of the cyclone Biparjoy. Locations of the data buoy AD06 and AD07 are shown as filled triangles 
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only 11.4 nm (Table 1). During the passage of the 
ESCS Biparjoy at AD06, the maximum wave height 
was 14.6 m, while it was 11.5 m at AD07. The buoy 
AD06 and AD07 also recorded a significant wave 
height of 8.9 m (12th June 2023) and 7.29 m, on 10th 
June 2023, indicating the severity of the sea state 
during the cyclone passage. 

Wind, current, and wave parameters have a 
significant influence on the inducement of TCs. 
Figure 3 depicts the wind, wave and current roses for 
AD06 and AD07 locations before, during and after 
the passage of the cyclone. Deep ocean currents are 
produced by local wind and incident waves and play a 
vital role in changing the mixed layer pattern23. It is 
observed that in both AD06 and AD07, before the 
event, the current speeds were overall lower, while 
the current direction was not uniform. A significant 
portion of time falls into the calm category (75.6 % 
calm) in both AD06 and AD07. However, during the 
event, it dropped sharply (59.52 % calm in both AD06 
and AD07) while it was moving northward direction 

predominantly (Fig. 3). There’s a significant increase 
in current speed, particularly in AD06. This suggests 
the event caused stronger currents in specific 
directions, with a dramatic reduction in calm 
conditions. After the passage of the cyclone, the calm 
period increases again (87.50 % calm in AD07), 
indicating a return to calmer conditions.  

Before the event, wave heights were relatively low, 
approaching randomly from all directions. However, 
during the event, wave heights significantly increased 
(> 7.6 m) which shows the severity of the sea state at 
AD06, while AD07 also showed increased wave 
activity but at slightly lower heights. Post-cyclone 
wave heights decrease again, though not as 
dramatically as in the current speed. The wind speeds 
were relatively lower magnitude before the event, 
predominantly blowing from the southwest for both 
the locations with high calm percentages (96.4 % in 
AD06 and AD07), which further increases 
significantly during the event. Particularly at AD06, 
the strong wind was above 19.6 m/s during the 

 

Fig. 2 — Temporal evolution of Temperature at 1 m, significant wave height (m), maximum wave height (m), rainfall (mm), sea level
pressure (hPa), and wind speed (m/s) at AD06 (redline) and AD07 (green line) during 1st – 16th June, 2023 
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passage of the cyclone. The calm condition decreases 
to 17.9 % in AD06 and 8.9 % in AD07). After the 
cyclone, wind speed reduced significantly and calm 
percentages recovered (70.8 % in AD06 and 70.2 % 
in AD07). 
 
Spatial response of SST and SSS 

TCs have significant physical impacts on the upper 
ocean, which manifest as SST cooling and SSS 
increase. Figure 4 shows the spatial distribution of 
SST and SSS during the cyclonic period (6 – 15 June) 
(Fig. 4b & f); 7-day average SST during the  
pre-cyclonic period (one week before) (Fig. 4a & e); 
and post-cyclonic periods (one week after) (Fig. 4c & 
g) of the ESCS Biparjoy. Figure 3(d & h) shows the 
difference in SST and SSS, respectively, obtained by 
subtracting the data after one week from the data 
before one week21. 

The pre-cyclone phase was warmer than the  
post-cyclone period (Fig. 4a). In the difference plots 

(Fig. 4d), the post-cyclone phase cooled by more  
than 3 °C. The whole north and central AS SST 
cooled generally after the passage of the cyclone. 
During the passage of the cyclone, the SST was 
warmer near AD07 than at the AD06 location  
(Fig. 4b). But areas further offshore experienced a 
noticeable cooling effect, likely due to increased 
mixing from the cyclone's wind-induced turbulence. 
After the passage of the cyclone, this cooling effect  
is most prominent around AD06 and AD07 (Fig. 4c), 
indicating the cyclone facilitated mixed cooling  
of subsurface water with warmer surface water, 
leading to a drop in SST. These cooling patterns  
are centred around the cyclone’s track, confirming  
the cooling impact of cyclonic activity due to 
upwelling. 

The SSS plots (Fig. 4e – h) show the TC-induced 
increase in salinity after the passage of the cyclone 
(Fig. 4g) due to the Ekman suction and wind 
mixing24. However, during the cyclone (Fig. 4f), there 

 
 
Fig. 3 — Wind (m/s), wave (m), and current (cm/s) before, during and after the passage of the TC Biparjoy (01 – 21 June 2023) near 
moored buoy location 
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was a noticeable shift in SSS, especially in areas 
impacted by the cyclone. The cyclone likely caused a 
mixing of surface and deeper waters, altering the 
salinity distribution. The magnitude of the positive 
SSS response is comparable with the buoy real-time 
data, which reveals the reliability of the SMAP data 
on TC-induced SSS response during the storm 
passage. 

 
Temperature profile, MLD/ILD before and after ESCS 
Biparjoy  

The immediate response of ESCS Biparjoy and 
detailed analysis of the temperature profile 
corresponding to Isothermal Layer Depth (ILD) and 
Mixed Layer Depth (MLD) is depicted in Figure 5 for 
AD06 and in Figure 6 for AD07 (MLD and ILD - Top 
panel, and temperature profile - bottom panel). 
Significant reduction in temperature was noted in the 
upper ocean at both locations during the passage of 
the ESCS Biparjoy.  

The temperature profile in Figure 5 shows the 
warmer SST in pre-monsoon before the cyclone 
passage in the AS at AD06. The MLD was also in 

the range of 12.3 – 33.6 m and ILD of 17 – 40 m. As 
the cyclone got closer to the moored buoy, a 
significant deepening in MLD and ILD was noticed 
due to cyclone-induced wind forcing. In particular, 
starting on June 9th, the MLD and ILD were 
repeatedly deepening (points 1 – 4) in response to 
the intense cyclone, with points 3 and 4 having 
maximum cyclone impact. After the passage of the 
cyclone on 11th June 2023, a significant reduction of 
temperature and thinning of the mixed layer and 
isotherm layer were observed for 6 h (15 – 21 GMT 
of 11th June), but deepened once again afterwards 
due to cyclone induced wind-mixing. The deeper 
layer of temperature at AD06 has shown significant 
semidiurnal fluctuation following the cyclone  
(Fig. 5). It appears that the vertical gradient in the 
temperature profile during post-cyclone scenario 
resulted in the deepening of MLD/ILD and cooling 
SST. 

Figure 6 depicts the time-varying temperature up to 
500 m depth along with MLD and ILD at AD07. 
Results clearly distinguish the ocean response before 

 
Fig. 4 — The SST (°C) based on GHRSST in the Arabian Sea during: (a) pre-Biparjoy (1 week before), (b) during Biparjoy
(6 – 15 June 2023), (c) post-Biparjoy (1 week after), and (d) changes in SST following the passage of cyclone Biparjoy. The SSS based
on SMAP during: (e) pre-Biparjoy (1 week before), (f) during Biparjoy (6 – 15 June 2023), (g) post-Biparjoy (1 week after), and 
(d) changes in SSS following the passage of cyclone Biparjoy 
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and after the cyclone. The temperature in the top 30 m 
was decreased by ~1.5 °C. Simultaneously, the ILD 
deepened (> 50 m) and continued till the landfall  
(Fig. 6, top panel). The temperature profile shows a 
clear stratification in the ocean, with warmer 
temperatures near the surface (above 50 m) and a 
gradient cooling effect in the deeper layer (Fig. 6, 
bottom panel). Post-cyclone ocean response indicates 
the warm surface layer cools down slightly, and the 
mixing effect penetrates deeper into the ocean. 

 
Role of upper ocean parameters in intensifying cyclones 

Tropical cyclones and their intensification are 
mainly influenced by TCHP and upper ocean 
stratification, which have greater importance in the 
intensification of tropical cyclones25. TCHP rather 
than SST has a major influence on the intensification 
of TCs26. It is, therefore, crucial to comprehend the 

function of the upper ocean in terms of both TC 
intensification and maximum intensity.  

Cyclone-induced rapid change in TCHP was 
observed at AD06, while it was moderate at AD07 as the 
buoy location was far away from the cyclone track 
(Table 1). The maximum TCHP was ~135 kJ/cm2 at 
AD07 and 111.7 kJ/cm2 at AD06, which is favourable 
for the intensification of the cyclone. A decrease of  
~70 kJ/cm2 was observed after the eye of the cyclone 
crossed at AD06 (Fig. 7). D26 at AD06 location 
fluctuated significantly, showing rapid changes in depth, 
reaching up to ~ 24 m during the cyclone event around 
June 11th suggesting that upwelling due to intense 
mixing dominated. The storm-driven wind drives 
upwelling of cooler waters, causing 26 °C isotherm to 
become shallower. AD07, exhibited more resistance to 
these changes, maintaining a deeper and more stable  
26 °C isotherm even in the presence of a cyclone. 
 
 

 

Fig. 5 — Time series of the upper ocean temperature up to 500 m (bottom panel) and with ILD (pink line) and MLD (blue line)
(top panel) at AD06 during 01 – 16 June, 2023. The black rectangle in the top panel represent the duration of cyclone. Vertical dashed
black line represents the cyclone passage at buoy location 
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Fig. 6 — Time series of the upper ocean temperature up to 500 m (bottom panel) and with ILD (pink line) and MLD (blue line)  
(top panel) at AD07 during 01 – 16 June, 2023. Vertical dashed black line represents the cyclone passage at buoy location 
 

 
Fig. 7 — Depth of 26 °C isotherm & estimated TCHP using data 
from AD06 and AD07 during Biparjoy  

Discussion and Conclusion 
Intense cyclones have a profound impact on coastal 

regions, causing significant damage in various 
ways27,28. Therefore, it is vital to monitor their 
intensification and track their movement while they 
are over the ocean. Comprehensive data on met-ocean 
parameters play a crucial role in understanding 
cyclones, monsoons and climatic changes14,29. 
Cyclone Biparjoy, which made landfall on the Gujarat 
coast in June 2023, was notable for several reasons, 
including its extended duration and socio-economic 
impacts. This cyclone set a record for the longest 
duration in the history of AS, maintaining its strength 
for 192 h, possibly due to the unusually warm waters 
(> 31 °C) of the AS (Fig. 4a – c). Significant 
alterations in the surface meteorological and oceanic 
parameters were noted during the passage of the 
intense ESCS Biparjoy. Cyclone-induced changes in 
met-ocean parameters were most pronounced as the 
track got closer to the buoys AD06 and AD07. ESCS 
Biparjoy in 2023 was incredibly slow, at less than 8 
km/h, making a landing in Gujarat, India, on June 
15th, 2023. With 13 days and three hours duration 
from depression (formative stage) to depression 
(dissipative stage), Biparjoy was one of the long-
lasting cyclones having a track length of 2525 km in 
the NIO8. The persistence of Biparjoy over a longer 
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period in parts might have sustained due to the 
warmer SST (> 31 °C) and the high TCHP during the 
cyclone period. The advection of warm and salty 
waters of the AS was strongly impacted by the upper 
ocean heat content7. This, in turn, appears to have 
created a favourable environment for the formation 
and rapid intensification of cyclones, as in the case of 
Biparjoy. The drop in SST associated with the 
cyclone seen at AD06 is the result of Ekman 
dynamics and associated mixing during the passage of 
Biparjoy. This study has highlighted the utility of the 
in situ measured data sets in monitoring cyclones in 
real-time by the surface meteorological parameters 
and subsurface ocean parameters by the data buoys 
with sensors attached at different depths. The 
assimilation of moored buoy data into the operational 
models would further facilitate better forecasting of 
cyclonic weather systems. 
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