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Observing the Linkage of Atmospheric and 
Oceanic Front Using Remote Sensing 
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Passage of Tropical Cyclone Asani 
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Abstract: The Marine Atmospheric Boundary Layer (MABL) is a hub of several important and dynamic phenomena, including eddies, gravity 
waves, atmospheric fronts, rolls, convective cells, etc. In particular, shear-induced and convective eddies drive the energy transfer from the 
ocean surface to the atmosphere. This energy transfer, in turn, is one of the key factors orchestrating the atmosphere-ocean dynamics. Using 
the data from the Earth Observation Satellite (EOS-04), a case study is conducted to examine frontal features in the ocean-atmosphere system. 
SAR and complementary data (Sentinel-3, GHRSST, and ECMWF) reveal the coeval emergence of oceanic and atmospheric fronts, thereby 
establishing a strong linkage between them. The concurrent presence of cyclone Asani suggests that the traversal of a cyclonic disturbance in 
the vicinity could account for this phenomenon. Tropical cyclones frequently generate a pronounced cold wake in the upper ocean; however, 
concurrent observations of both oceanic and atmospheric frontal boundaries in these environments remain uncommon. This study documents a 
unique instance of simultaneous air-sea frontal structures following a cyclone. These findings indicate coupled feedback mechanisms in which 
oceanic thermal gradients influence near-surface winds, while atmospheric forcing contributes to frontogenesis. This concurrent observational 
evidence highlights the significance of cyclone-induced cold-wake fronts as regions of active air-sea interaction, with potential consequences for 
regional weather prediction, upper-ocean biogeochemistry, and post-cyclone recovery processes.
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1. Introduction
Atmospheric fronts delineate boundaries between contrasting air 

masses and exert a significant influence on meteorological phenomena, 
particularly in the occurrence of severe precipitation events. Air masses 
originate in prominent high-pressure areas across the globe and acquire 
distinct temperature and humidity characteristics through prolonged 
interaction with the underlying surface. These distinct air masses, 
characterized by diverse physical properties, often exhibit disparate 
wind speeds on either side, giving rise to the formation of fronts [1]. 
Notably, when stationary fronts dissipate into narrower scales, they 
manifest as shear lines that serve as focal points for various severe 
weather phenomena [2, 3]. Although their occurrence is more prevalent 
in mid-latitude regions [4], the impact of fronts in tropical areas should 
not be underestimated [5]. The understanding of these frontal processes 
and their impact on weather patterns is crucial for accurate management 
of precipitation-related hazards. For example, Parfitt et al. [6] showed 
the response of atmospheric fronts to a change in the sea surface 
temperature (SST) gradient in the Gulf Stream region. 

Cyclones find a special association with fronts [7]. Mid-latitude 
or extratropical cyclones are distinctly characterized by the fronts that 
spiral out from their low-pressure center. Ahead of the cyclone center 
lies the warm front, where advancing warm air rises over the colder air 
mass, typically resulting in a broad area of light, steady precipitation 

and gradually increasing cloud cover. Following the warm sector is the 
faster-moving cold front, which signals the colder air mass pushing 
under and rapidly lifting the remaining warm air; this interaction 
creates a much narrower, more intense band of weather, often featuring 
heavy rain, strong thunderstorms, and a sharp temperature drop. As the 
cyclone matures, the faster-moving cold front may overtake the warm 
front, forming an occluded front that marks the end of the storm’s 
intensification phase. 

In general, the wind stress and thus the small-scale sea 
surface roughness change across atmospheric fronts. In the synthetic 
aperture radar (SAR) images, they can be viewed as structured lines 
separating areas of differing normalized radar cross-section (NRCS) 
values. Precisely, SAR images capture the physical response of the 
ocean surface to the wind field and its variations associated with an 
atmospheric front. The optical remote sensing of frontal features 
encounters significant challenges due to extensive cloud cover. By 
overcoming this limitation, SAR data presents a valuable opportunity 
for investigating atmospheric fronts. SAR exploits the distinctive 
modifications that fronts induce on the sea surface, resulting in small-
scale roughness changes primarily driven by capillary and ultra-gravity 
waves. As sea roughness intensifies, the backscattered radar power or 
NRCS increases, leading to lighter gray tones in SAR imagery (in a 
grayscale image). Thus, SAR, with its all-weather capability, broad 
spatial coverage, and superior spatial resolution, is a potent tool for 
capturing atmospheric fronts.  Moreover, SAR data provides valuable 
insights into the distribution of oceanic rain cells [8] embedded within 
frontal systems, allowing for a more comprehensive understanding of 
their dynamics and associated precipitation patterns.
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Nonetheless, it is important to acknowledge that variations in 
small-scale sea-surface roughness may have origins other than wind 
stress variations. For instance, fluctuations in surface currents associated 
with oceanic fronts can introduce variability in small-scale sea-surface 
roughness through wave-current interaction, consequently affecting 
NRCS variations. Rainfall and thunderstorms are often observed along 
frontal boundaries, further complicating the interpretation of SAR 
data and the identification of fronts. However, the gray levels in SAR 
images, which relate to the NRCS, may not be solely indicative of 
rain cells due to raindrop impacts. Dark areas or regions of reduced 
NRCS values can be caused by various factors, including natural 
surface films from plankton or fish, low wind conditions near islands or 
coastal mountains, cold upwelling waters affecting the air-sea interface, 
divergent flow patterns such as internal waves, etc. [9]. In essence, the 
dark areas appear in SAR images due to divergence of currents that 
stretches the sea surface, reducing short-wave roughness and damping 
of short waves due to surface films. 

Consequently, the identification and analysis of atmospheric fronts 
remain challenging tasks that necessitate a multidisciplinary approach. 
Integrating ancillary observations and model analyses alongside SAR 
data can enhance our understanding of the complex processes occurring 
within the marine atmospheric boundary layer (MABL) [10]. This 
comprehensive approach enables a more robust examination of the 
oceanic and thermodynamic factors driving frontogenesis, facilitates 
differentiation among various frontal categories, and provides insights 
into the structures embedded within frontal zones, such as oceanic rain 
cells. The launch of the recent SAR (EOS-04) extends the potential 
detection and analysis of the MABL structures over the Indian Ocean 
[11].

In this manuscript, we explore the case of an atypical atmospheric 
front, which manifests in an oceanic front as well. By utilizing various 
satellite and modeling observations, we examine how the interactions 
between the atmosphere and ocean influence this occurrence and 
attempt to identify connections with a nearby tropical cyclone. The 
following sections outline the data utilized, the methodology employed, 
and the results along with the discussion.

2. Dataset
Since the atmospheric fronts are often associated with clouds, 

detecting one using optical remote sensing data may not be feasible. Thus, 
in this study, we utilized the EOS-04 SAR that operates in the microwave 
range for the identification of fronts. For the present study, we have 
used Level-2 (L2) geo-referenced data (bhoonidhi.nrsc.gov.in) acquired 
in Medium Resolution SCANSAR (MRS) mode in HH polarization 
from the C-band SAR onboard EOS-04 launched on February 14, 2022, 
by Indian Space Research Organisation (ISRO). The pixel spacing for 
the data in both range and azimuth directions is 18 m. The geolocation 
accuracy of the products is better than 50 m. The radiometric accuracy 
is ~ 1 dB.

SAR has all-weather capability and potential to detect fronts in 
form of patches in the data. However, as discussed, these patches can have 
many probable reasons apart from being a front. Thus, we require data 
from other sources too for discriminating these dark patches as a front. We, 
therefore, have also used the full-resolution Level-1 top-of-atmosphere 
reflectance data (visible and near infrared) from the Ocean and Land 
Color Instrument (OLCI) onboard the Sentinel-3 satellite provided by the 
European Space Agency (ESA). This full-resolution product has a grid 
resolution of 300 m, and the geometric accuracy is within 100 m.

To analyze the characteristics of the air masses forming the 
front, we have also used ERA5 [12], which is the latest iteration of 
the European Centre for Medium-Range Weather Forecasts (ECMWF) 
reanalysis. With a global reach and a spatial resolution of approximately 
31 km, ERA5 provides hourly data from 1950 to the present, with new 

information available within 5 days of observation. ERA5 includes 
data on a wide range of atmospheric variables, including wind 
speed and direction, temperature, humidity, and precipitation. While 
acknowledging that the product exhibits certain limitations under 
specific conditions, it is imperative to emphasize that ERA5 remains a 
valuable resource for research when utilized judiciously.

The corresponding ocean conditions were explored using the 
SST data. The Group for High-Resolution Sea Surface Temperature 
(GHRSST) data used here is a merged sea surface temperature (SST) 
product that includes observations from all the available microwave and 
infrared sensors. The Level-4 (L4) product is generated using various 
objective analysis techniques to produce gap-free SST maps over the 
global oceans. The SST product used in this study is generated by Jet 
Propulsion Laboratory (JPL) using an optimum interpolation approach 
on a global 0.011° grid [13]. This is a version 4 multiscale ultrahigh 
resolution (MUR) product that has inputs from many sources of SST such 
as NASA Advanced Microwave Scanning Radiometer-EOS (AMSRE), 
the Moderate Resolution Imaging Spectroradiometer (MODIS) on the 
NASA Aqua and Terra platforms, the US Navy microwave WindSat 
radiometer, and in situ SST observations from the NOAA iQuam 
project. GHRSST SST products are blended from multiple satellites or 
multiple passes of satellites [14]. The data were obtained for the entire 
month of May 2022 from this URL: https://podaac-tools.jpl.nasa.gov/
drive/files/allData/ghrsst/data/GDS2/L4/GLOB/JPL/MUR/v4.1.

3. Methodology
The EOS-04 SAR data used in this study have the advantage of 

all-weather capability, making SAR an extremely important remote 
sensing instrument for studying fronts, which are often associated with 
clouds and precipitation. EOS-04 has been  judiciously calibrated using 
corner reflectors installed at Ahmedabad and Amrapur in the state of 
Gujarat, India, as discussed by Sharma et al. [15]. The evaluation of the  
data in terms of radiometric, geometric, and polarimetric calibration 
showed satisfactory performance of SAR with an absolute calibration 
accuracy within 2 dB and a stable backscatter coefficient. In this case, 
processing of the SAR data including filtering the noise in EOS-04 
GeoTIFF MRS data is carried out and is described as follows:

1)	 The input MRS data contain the digital number (DN). The backscatter 
coefficient ( ) is computed from DN using the formula provided in 
the EOS-04 manual:

σ ,

	 where DNp is the digital number or the image pixel gray-level count 
for the pixel p, ip is the local incidence angle for pixel p and it is 
given in the *_lia.tif file with the product, KCal_Beta0_linear is the product 
radiometric calibration constant in linear scale which is obtained 
from KCal_Beta0_db (given in the “BAND_META.txt” file), and N 
is the image noise bias, obtained from the “BAND_META.txt” file.

2)	 After computing the  in the linear scale, we found that it is negative 
at poor SNR pixels. The poor SNR pixels are those pixels for which 

. The negative      values at some of the pixels need to be 
handled by the user depending on the scientific application (EOS-04 
Manual). Initially, such poor SNR pixels are identified using the 
threshold (where        and replaced with NaN values. However, 
for this case, no such pixels were found.

3)	 For most of the applications, granular noise in the data needs to 
be removed. This is performed through speckle filtering (median 
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filter of kernel size 11 x 11) available in the SciPy Python library. 
In the final step, (lin),    (dB), incidence angle (ip), and azimuth 
angle along with latitude and longitude information are stored in a 
NetCDF file, which can be conveniently used for many applications 
instead of using the raw data.

Using the processed backscatter of the EOS-04, we observed 
patches over the Indian Ocean on May 12, 2022, that can be a probable 
front. To cross-check, images acquired by the OLCI instrument onboard 
the Sentinel-3 satellite were also examined, revealing the presence of 
associated cloud patches. To verify and analyze the nature of the air 
masses in terms of humidity and geopotential height, ERA5 data were 
used. The three-dimensional (3D) time series of humidity and the time 
series of geopotential height were constructed for the period from 07:00 
UTC on May 11, 2022, to 11:00 UTC on May 12, 2022. These 3D time 
series are constructed for a given area between 80° E and 90° E and 10° 
N and 20° N at pressure levels between 1000 hPa and 2000 hPa.

We have also used the GHRSST data to analyze the ocean 
conditions. As mentioned, GHRSST provides SST observations from 
various sources. Thus, the absolute errors for the data are not single, 
fixed values. They are dynamic, varying with product type, sensor, 
and spatiotemporal factors. The GHRSST community quantifies these 
errors using metrics known as Single Sensor Error Statistics (SSES), 
which include bias and standard deviation. Errors in these products 
are primarily due to sensor bias, instrument noise, and sampling 
uncertainty. Further, satellite infrared sensors measure the temperature 
of the top few micrometers of the ocean surface, referred to as the skin 
temperature, whereas most in situ buoys measure the temperature at 
a greater depth. The two measurements can differ by approximately 
0.17 K, with the skin temperature generally being cooler. This also 
contributes to the errors in such products. The GHRSST Multi-Product 
Ensemble (GMPE) is a blended product that combines multiple SST 
analyses into a single, statistically robust, and unbiased median, making 
it useful for climate monitoring and inter-comparison. The MUR 
product is a single high-resolution SST dataset created by blending 
satellite and in situ observations, suitable for studying fine-scale ocean 
features. However, validation of a GHRSST L4 product against in situ 
data often showed good agreement with a small regional cool bias of 
around 0.1 K. Chin et al. [14] showed that MUR SSTs have a fair match 
with GMPE globally within 0.36 K. 

Apart from analyzing the GHRSST data, we have also computed 
the SST front [16] using the following expression:

The  and  represent the variations in the West to East and South to 
North directions, respectively, over which SST variability is observed.

4. Results and Discussion
In Figure 1, the demarcated boundary of the front can be easily 

identified in the EOS-04 SAR image acquired on May 12, 2022. This is 
identified in terms of the higher backscattering coefficient of EOS-04. 
The red box in Figure 1 shows the area of high backscatter as compared 
to its surrounding. Further, since fronts are often associated with changes 
in wind direction and speed, the ECMWF winds have been superimposed 
over the NRCS. To cross-verify the presence of fronts, cloud patches 
similar to Figure 1 are also observed in the top-of-atmosphere (TOA) 
reflectance captured by OLCI (Figure 2) along with cyclone Asani near 
the East Indian Andhra coast. 

Rain or thunderstorms often occur along the frontal zone. Due 
to quasi-geostrophic theory, it is postulated that due to the differential 
advection in a horizontal deformation field, a thermodynamically direct 

vertical circulation is developed, whenever the horizontal temperature 
gradient increases, in order to produce a corresponding increase in the 
vertical wind shear [17].

The temporal three-dimensional humidity plots presented in 
Figure 3 reveal a discernible frontal boundary in the vicinity of the 
500 mb level after 23:00 UTC on May 11, 2023, and this development 
is attributed to the intrusion of dry air at this atmospheric layer. It can be 
clearly deduced that this temporal progression aligns seamlessly with the 
observation of the frontal boundary in EOS-04 SAR data. By tracing the 
emergence and evolution of the frontal boundary in three dimensions, 
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Figure 1
EOS-04 SAR scene (Scene No. 18) acquired on May 12, 2022, at 
00:11 GMT, with ECMWF wind vectors superimposed. The red 

box indicates the frontal region

Figure 2
Image acquired by ocean and land color imager (OLCI) instrument 

onboard Sentinel-3 satellite on May 12, 2022, 04:26 UTC. The 
cyclone Asani is seen in the right panel image near the coastal 

region of Andhra Pradesh
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with a particular focus on the 500 mb level, we bring forth the linkage 
between dry air intrusion and the formation of frontal boundaries. The 
persistence of dry air plume, as seen through the temporal plots, can 
also be responsible for evaporation of rain drops, thus explaining the 
absence of rain. The source of this dry air is hypothesized to be closely 
linked to the passage of cyclone Asani, as described subsequently. As 
a cyclone develops and progresses over the ocean, air rises within the 
eyewall and rain bands, losing moisture and cooling as it ascends. This 
dry, cold air eventually sinks in the eye and areas between the rain bands. 
Throughout this process, the air loses moisture, leading to the formation 
of descending dry air. Earlier studies and modelling experiments [18] 
have shown dry air descent during tropical cyclone evolution, which can 
impact its strength. It is known that, after a cyclone passes, it is commonly 
succeeded by dry air descending, or subsidence, as the atmosphere seeks 
to regain balance. During the storm, large amounts of warm, humid air 
ascend quickly into the atmosphere, forming a significant low-pressure 
system. When the cyclone disperses, an anticyclone—a high-pressure 
system identified by descending air—typically enters the region to take 
its place. This may have been the persistent dry air that reinforced the 
frontal boundary as seen in the figure.

Geopotential height (GH) is another valuable parameter for 
analyzing atmospheric fronts because it allows us to identify regions of 
contrasting air masses [19]. 

By analyzing geopotential height data, we can identify the location 
of fronts by looking for areas of sharp changes in height. Figure 4 plots 
the maps of GH for 500 mb level where the humidity demarcation 
was found to be maximum. GH maps also show the variations to be 
maximum at 01:00 UTC on May 12, 2022. Earlier studies by Jagdish 
et al. [2,3] have demonstrated a case where an atmospheric front 
detected is induced through ocean interactions. 

Air-sea interactions over fronts are positively correlated to sea 
surface temperature (SST), indicating ocean forcing the atmosphere 
[20]. Studies emphasize that sensible heat fluxes associated with sea 
surface temperature (SST) fronts can impact evolution of atmospheric 
fronts [21]. Therefore, to gain further insight to the present case, the 
oceanic variables are further explored.

The actual SST and gradient fields on May 12, 2022 (Figure 5) 
show the presence of fronts as marked with the blue colored line. This 
front corresponds to the warmer eastern water mass and colder western 
water mass, respectively. The time evolution of SST and its gradient 
over the entire month of May as shown in Figure 6 shows that, between 
May 11, 2022, and about May 19, 2022, the SST front (observed by 
EOS-04 on May 12) was observed.

Here, it is important to note that on May 1–10, 2022, tropical 
cyclone Asani passed over the region, likely impacting the ocean 
atmosphere structure. The presence of cyclone Asani is shown in 
Figure 7, with the background ocean conditions represented by the 
average SST from May 1 to May 10, 2022. The overlaid box shows 
the future measurement area of the EOS-04 scanned on May 12. Prior 
to May 11, the ocean was warmer, which cooled off in the presence of 
cyclone Asani, similar to a recent study on the typhoon Lingling [22]. 
The time evolution of SST indicates that the ocean was warm before 
May 11, followed by a gradual cooling. After May 11, an SST front 
formed due to colder eastern waters and warmer western waters, which 
was observed by EOS-04. Similarly, the salinity over the box was less 
and consequently turned into high salinity as observed by May 12 
implying cyclonic upwelling (figure not shown).

After the dissipation of a tropical cyclone, the oceanic and 
atmospheric conditions in the region may be significantly altered. One 
possible scenario is that the cyclone may have mixed the upper ocean, 
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Figure 3
Time series of 3D humidity plots (07:00 UTC, May 11, 2022, to 11:00 UTC, May 12, 2022)
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resulting in a shallower mixed layer and a more stable water column. 
This can create a horizontal gradient in the upper ocean properties, such 
as temperature, salinity, and nutrients, which can promote the formation 
of an oceanic front. In their paper, Yang et al. [22] highlighted the 
association of the low-level atmospheric cooling and frontogenesis 
after the passage of tropical cyclone.

At the same time, the dissipation of the cyclone can create a 
disturbance in the atmospheric circulation, resulting in the formation 
of an atmospheric front. As the cyclone dissipates, the associated low-
pressure system weakens and moves away from the region, while the 
surrounding high-pressure systems move in to fill the void. This can 
create a horizontal gradient in atmospheric pressure, which can cause 
the formation of an atmospheric front.

Earlier studies [23–25] have also demonstrated the phenomenon 
of a tropical cyclone cold wake, which refers to a region of reduced 
SST that remains after the passage of a tropical cyclone and can persist 
for several weeks. This phenomenon results from two primary oceanic 
processes: strong cyclone winds induce turbulent mixing in the upper 
ocean layers, bringing colder subsurface water to the surface, and Ekman 
pumping, which transports deeper, colder water upward. The resulting 
cooling serves as a negative feedback mechanism, as the diminished 
ocean surface heat can inhibit further cyclone intensification. Studies 
indicate that cold wakes also exert broader and longer-term influences 
on the atmosphere and climate by suppressing rainfall, modifying 
atmospheric circulation, and altering air-sea heat fluxes within the 
affected region.

It is to be noted here that this cooling can also lead to a negative 
feedback that suppresses the storm’s strength through a process called 
pressure adjustment [26]. The cooler water reduces the air-sea heat 
flux, leading to greater atmospheric stability and less air motion. This 
increased stability leads to changes in the storm’s pressure field.

Recent studies [27, 28] have also reported thermodynamic 
processes that suppress cloud formation and precipitation over the cold 
wake area following the passage of the TC. After a tropical cyclone 
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 Figure 4
Time series of geopotential height maps at 500 mb (07:00 UTC, May 11, 2022, to 11:00 UTC, May 12, 2022) 

 Figure 5
(a) GHRSST sea surface temperature and (b) its gradient over the 

scene location on May 12, 2022 
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(TC) passes over warm ocean waters, it leaves a cold wake along its 
path. In this region, both surface sensible and latent heat fluxes are 
reduced. The decrease in sensible heat flux increases the stability of 
the boundary layer and inhibits upward air movement, as reflected by 
the relative divergence of surface winds perpendicular to the TC track. 
At the same time, reduced latent heat flux limits moisture supply at the 
air-sea interface.

The depletion of moisture and suppression of updrafts create 
favorable conditions for frontogenesis also in the atmospheric boundary 
layer, thus linking a sequential chain of events: passage of the cyclone, 
cold wake, thermodynamic forcing, and frontal evolution. 

These chains of events can have a direct/indirect effect on the 
strength of the tropical cyclone. In the current case, it was reported by 
an earlier study [29] that the gravity wave potential energy for cyclone 
Asani was diminished, likely due to weaker convection and different 
environmental conditions.

It is also to be noted here that the oceanic and atmospheric fronts 
may interact with each other, affecting the exchange of heat, moisture, 
and momentum between the ocean and atmosphere. However, the 
presence of one does not guarantee the co-occurrence of the other in 
typical circumstances. However, in the present scenario, possibly due 
to the passage of a cyclone, both the ocean and atmosphere exhibit the 
signature of a front. This may be due to the latent heat released aloft 
after the passage of a cyclone, which can cause air masses to differ from 
one another in terms of temperature and density [30]. Simultaneously, 
the cyclone may also cause upwelling in the ocean, which generates 
the oceanic front [31]. Hence, post-cyclone conditions can lead to 
the coexistence of both oceanic and atmospheric front. The oceanic 
front may affect the location and intensity of the atmospheric front by 
influencing the atmospheric boundary layer, which in turn can affect the 
oceanic front by altering the surface fluxes. This interaction can lead to 
the development of complex feedback mechanisms that can influence 
the regional climate and ocean circulation patterns.

The exact mechanisms that lead to the formation of oceanic and 
atmospheric fronts after the dissipation of a tropical cyclone may vary 
depending on the specific conditions of the cyclone and the surrounding 
environment. However, understanding the dynamics of these fronts is 
important for predicting the post-cyclone conditions and for assessing 
the potential impacts on the oceanic and atmospheric systems.

5. Conclusion
In conclusion, this study documents a rare concurrent 

manifestation of oceanic and atmospheric frontal boundaries following 
the passage of a tropical cyclone, emphasizing the cold wake as a 
hotspot of dynamic air-sea coupling. The co-location of strong sea 
surface temperature gradients with atmospheric convergence and 
convective activity demonstrates the potential for feedbacks that extend 
cyclone influence well beyond its immediate passage. The present 
study unveils several key insights that contribute to our understanding 
of the intricate relationship between the atmosphere and the ocean. 
Through the analysis of observational data and modelling techniques, 
a linkage between atmospheric and oceanic fronts is unequivocally 
demonstrated. These results underscore the significance of the role of 
dry air intrusion in the formation and behavior of frontal boundaries. 
Furthermore, an interesting hypothesis emerges from this investigation, 
suggesting that the significant air-sea interaction observed can be 
attributed to the antecedent pathway of tropical cyclone Asani over 
the region. This notion posits that passage of a cyclone may induce 
frontogenesis in the MABL, thereby serving as a catalyst for the 
synergistic atmospheric and oceanic response witnessed. While it is 
not a requisite that every cyclone will inevitably generate a front, it 
has come to our attention that such an occurrence was observed in this 
specific case, as presented in the manuscript. This paper draws attention 
to the simultaneous manifestation of these three phenomena through 
the analysis of both model simulations and satellite data. These findings 
reinforce the importance of treating cold wake fronts not merely as 
passive oceanic features but as active modulators of atmosphere-ocean 
exchanges that shape regional weather, upper ocean biogeochemistry, 
and recovery timescales. However, it is important to acknowledge that, 
providing definitive, concrete proof may remain elusive. Nevertheless, 
we anticipate encountering similar instances with the aid of advanced 
sensor technology in the future. In addition, simulation studies with 
diverse conditions will clarify the interdependence and feedback 
loops further. Future research should prioritize integrated observing 
strategies that combine satellite, airborne, and in situ measurements 
with high-resolution coupled modeling to resolve the rapid evolution of 
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 Figure 7
Cyclone Asani track (black line) overlaid on the background ocean 

conditions, between May 1 and 10, 2022 

Figure 6
(a) SST and (b) its gradient over the scene location for the entire 

month of May 2022
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post-cyclone frontal systems. Particular focus on the roles of mesoscale 
and submesoscale processes, boundary layer adjustments, and biophysical 
feedbacks will be essential. Advancing this understanding will improve 
predictive capability of cyclone aftermath impacts, contribute to more 
skillful weather and climate forecasts, and refine our knowledge of 
ocean ecosystem responses to extreme atmospheric forcing.
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