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Abstract Cyclone‐generated cold wakes enhance productivity and impact local air‐sea interaction, paths
and intensities of subsequent storms in the region. However, in‐situ observations of recovery across such wakes
are rare. A cold wake in the Arabian Sea was surveyed using multiple shipboard instruments approximately
10 days after the passage of Cyclone Biparjoy in 2023. The wake, nearly 30 km wide, had a stronger (weaker)
buoyancy gradient at its eastern (western) edge and assumed a downfront (upfront) orientation relative to the
southwesterly monsoon winds. This resulted in notable asymmetry in the vertical structure of temperature,
salinity and velocity at the edges of the wake, indicating the importance of Ekman Buoyancy Fluxes and Mixed
Layer Eddies. While the wake recovery following a cyclone is often attributed to one‐dimensional diurnal
heating and cooling, these observations underscore the role of interactions between monsoon winds and
underlying three‐dimensional submesoscale processes for a slow‐moving cyclone wake recovery.

Plain Language Summary Tropical cyclones are known to create a cold trail of water mixed upward
from deeper waters, but observations of recovery of the wake back to pre‐cyclone conditions are rare. These
wakes play a crucial role in modulating availability of nutrients in the ocean, impact local atmosphere‐ocean
interaction and future passage of storms in the region. This study describes the structure of the wake after slow‐
moving Cyclone Biparjoy traverses the Arabian Sea in 2023 and highlights processes associated with the wake
recovery. Our observations reveal that the wake is asymmetrical in its density and velocity structure. This is a
result of the interaction between southwest monsoon winds and the density differences at the edges of the wake.
Alongside the daily cycle of heating and cooling, these interactions foster small‐scale three‐dimensional
processes, that are found to be crucial for the cold wake recovery back toward typical pre‐cyclone conditions.

1. Introduction
Tropical cyclones, known for their high wind speeds, create a cold (and sometimes salty) wake due to increased
upwelling and vertical mixing, causing sea surface temperatures (SSTs) within the wake to drop by 2°C–4°C
(Stramma et al., 1986). However, this wake forms asymmetrically relative to the cyclone track, usually to the right
of the cyclone eye in the Northern Hemisphere, due to wind stress anomalies generated by cyclone passage
(Cornillon et al., 1987; Price, 1981; Sanabia & Jayne, 2020). While the cold wake's formation as a result of
upwelling and enhanced turbulent mixing is well understood (D’Asaro, 2003; D’Asaro et al., 2007; Ema-
nuel, 2003; Vincent et al., 2012; Yablonsky & Ginis, 2009), its recovery back to pre‐cyclone conditions has
received less attention. Understanding the evolution of the cold wake and its recovery is critical as it can
significantly impact ocean heat transport, and the predictability of the path and intensity of subsequent storm
systems that traverse the region (Emanuel, 2001; Gutiérrez Brizuela et al., 2023; Karnauskas et al., 2021; Pas-
quero & Emanuel, 2008). Significantly, cyclonic disturbances are often considered as the signature of the onset of
Asian Monsoons, and hence, the cyclone wake conditions can impact the subsequent sub‐seasonal predictions of
monsoons (Evan & Camargo, 2011; Krishnamurti et al., 1981, 2007).

Early hypotheses suggested atmospheric surface forcing causes a wake recovery over 10 days or more (based on
SST criterion defined in Price et al., 2008), but subsequent observational studies demonstrated that background
advection also played a major role in the recovery of the cold wake (Johnston et al., 2020; Mrvaljevic et al., 2013).
Numerical modeling results indicate that baroclinic instabilities at the edges of the cold wake lead to the formation
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of submesoscale mixed‐layer eddies (Fox‐Kemper et al., 2008; Smith et al., 2019; Yi et al., 2024). These small‐
scale eddies cause the initially vertical isopycnals at fronts to slump and become nearly horizontal, creating a
more stable state and thus contributing to the wake's recovery adiabatically (Figure S1d–S1f in Supporting In-
formation S1, Haney et al., 2012; Mei & Pasquero, 2012). In addition, winds blowing parallel to the fronts at the
wake's edges can create asymmetric recovery patterns through Ekman Buoyancy Fluxes (EBFs). Specifically,
winds that oppose the surface thermal wind shear (upfront winds) can drive cross‐front density advection via
Ekman flow, resulting in stable wind‐driven buoyancy fluxes. The sheared Ekman flow displaces the front and
causes initially vertical buoyancy gradients to become more horizontal (and thus restratifying in nature), facil-
itating wake recovery adiabatically (Figure S1a–S1c in Supporting Information S1). Conversely, winds blowing
in the direction of the surface thermal wind shear (downfront winds) lead to unstable conditions, enhancing
mixing and deepening the mixed layer (thereby destratifying in nature), while also supporting frontogenesis and
causing these fronts to remain relatively stationary (Thomas & Lee, 2005). Ekman Buoyancy Fluxes also interact
with the restratifying effects of mixed‐layer eddies and surface forcing, thereby accelerating the closure of cold
wakes and driving complex recovery dynamics (Haney et al., 2012; Mahadevan et al., 2010).

Nonetheless, in‐situ observations of lateral submesoscale processes affecting the recovery of the cold wake are
lacking. For example, autonomous profilers such as Argo are typically not fast enough to capture the spatio‐
temporal evolution of the wake, even in highly networked field campaigns (e.g., D’Asaro et al., 2007; John-
ston et al., 2021). While this challenge could be addressed with ship‐based sampling, heightened surface waves
associated with tropical cyclones along with other logistical obstacles render ship usage unfeasible unless the
sampling strategy is critically timed, typically a few days after cyclone passage.

In this study, we utilize rare ship‐based, in‐situ observations conducted in the Arabian Sea during the “Enhancing
Knowledge of the Arabian Sea Marine Environment through Science and Advanced Training (EKAMSAT)”
program, which sample the wake of slow‐moving Cyclone Biparjoy in June 2023. Our goal is to document the
horizontal and vertical variability in the cyclone wake and its vicinity. We first provide an overview of the in-
struments and satellite products used in this study (Section 2), before describing the cold wake recovery using our
unique observations and demonstrating the presence of submesoscale processes in this wake recovery (Section 3).
The summary of our findings and their broader implications are discussed in Section 4.

2. Data and Methods
A combination of measurements collected by a ship‐mounted flow‐through thermosalinograph (TSG) and an
Underway CTD (uCTD) profiler was employed to investigate the temperature and salinity structures within the
cold wake resulting from Tropical Cyclone Biparjoy in the Arabian Sea between 17 and 20 June 2023. The TSG
provides measurements at 4 m depth based on R/V Revelle's seawater intake, while the uCTD collected profiles
over the top 250 m with a vertical resolution of 4 m and a temporal resolution of 10 min (an approximate hor-
izontal resolution of 1.7 km). Meteorological conditions were measured from sensors housed on the ship's bow
mast. The velocity structure within the cold wake was measured using the Hydrographic Doppler Sonar System
(HDSS, Pinkel, 2012) over the top 550 m at a vertical resolution of 4.5 m. The mixed layer depth (MLD) is
inferred from the uCTD measurements based on a 0.125 kg/m3 density difference from surface values (Monterey
& Levitus, 1997), while the isothermal layer depth (ILD) is defined based on a 0.5°C temperature difference with
respect to the surface values (Levitus, 1983). The barrier layer thickness (BLT) is the difference between the ILD
and the MLD.

We also utilize various level‐3 remote sensing products such as the 3‐Day product from Advanced Microwave
Scanning Radiometer‐2 (AMSR‐2, Wentz et al., 2014) and NOAA 0.25° Daily Optimum Interpolation Sea
Surface Temperature (OISST, Reynolds et al., 2007), a level‐3 blended product combining microwave and
infrared data, at a spatial resolution of nearly 25 km to examine the SSTs. Additionally, we assess the SST from
level‐2 versions of Moderate‐resolution Imaging Spectroradiometer (MODIS) Aqua (NASA Goddard Space
Flight Center, 2018) as well as Visible Infrared Imaging Radiometer Suite (VIIRS) on NOAA‐20 and NPP
platforms, with a spatial resolution of 750 m (Cao et al., 2013). We also use Advanced Very High Resolution
Radiometer (AVHRR) SST data to obtain high‐resolution nighttime images from the NOAA‐18 and NOAA‐19
platforms (Casey et al., 2010).
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3. Results
3.1. Remote Sensing of the Cyclone Wake Recovery

Cyclone Biparjoy, a slow‐moving cyclone with translation speeds of 1–2 ms− 1 (Figure S2a in Supporting In-
formation S1), formed over the southern Arabian Sea on 5 June 2023. It reached its peak intensity as a category‐3
cyclone and moved northward before making landfall over Gujarat, India on 15 June (IMD, 2023). The cyclone's
passage resulted in the formation of the cold wake predominantly to the right of the track (Figure 1a), with a 4°C
drop in SST over 7 days (Figure 1b) at the ship's operational area (yellow box in Figure 1a).

Figure 1. (a) SST from AMSR‐2 on 16 June 2023. The green dots indicate the path of the cyclone Biparjoy (as obtained from
IMD, 2023). (b) Time series of mean SSTs from AMSR‐2 between 1 June and 5 July 2023. The ship surveyed the wake
between 17‐20 June and is indicated by cyan marker. Solid line indicates the mean SST over the smaller area around the ship
operations in panel (a) (yellow solid box) while the dashed line indicates the same over the larger area in panel (a) (dashed
blue box). (c) SST from AMSR‐2 over the solid magenta box on 11 June 2023. (d) same as panel (c) but for 19 June 2023.
Ship tracks are indicated by black lines in panels (c)–(d). (e) MODIS Aqua L‐2 product on 16 June 2023 over the same solid
magenta box in (a). The dots in panel (e) are flagged as clouds or ice contamination. Yellow solid box in panels (c)–(e)
indicate the area around the ship operations.
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The cyclone wake begins to recover on 13 June, which is identified by a rise in SST of 1.7°C over 8 days
(Figure 1b). With wind speeds and peak shortwave radiation in the wake area around 8 ms− 1 and 940 W/m2

respectively (Figure S3 in Supporting Information S1), the theoretical recovery period for the wake, if driven only
by surface forcing, is estimated to be 18–29 days (see Text S1 in Supporting Information S1, Price, 1981; Haney
et al., 2012). However, the rise in SST (or the surface recovery of the wake) ceases after 8 days instead (13‐21
June, Figure 1b), reaching a steady state, although it fails to return to pre‐cyclone values (Figure 1b). A large
region of the southeastern Arabian Sea (marked by dashed blue line in Figure 1a) exhibits a similar lack of re-
covery to pre‐cyclone SST. The large‐scale forcing by the Southwest Monsoon (active between June and
November each year) over the Arabian Sea prevents the SST from recovering to pre‐cyclone values (e.g., Weller
et al., 2002). Additionally, the presence of small‐scale lateral processes due to the cyclone wake, such as mixed
layer eddies as well as EBFs, can contribute to the ambiguities in the recovery timescale (e.g., Haney et al., 2012).

A comparison of satellite maps of SST between 11 June and 19 June reveals a thinning and warming trend of the
wake (Figures 1c and 1d, Figure S4c–S4f in Supporting Information S1). The western edge of the wake moves
eastward under the influence of Ekman flow while the eastern edge remains nearly stationary (Figures 1c and 1d).
This differential motion hints at the presence of EBFs around the wake. Additionally, the high resolution infrared
L‐2 images of SST highlights the complex structure of the wake, with a region of warm water surrounding two
cold water zones, each around 27.4°C (Figure 1e, see Text S2 in Supporting Information S1 for more detailed
description). The edges of the wake also reveal its meandering nature, a detail that is often missed by coarser‐
resolution satellite products (Figure 1e). Given the meandering nature of the wake, which suggests the pres-
ence of lateral processes, and the observed wake recovery rate from satellite SSTs exceeding theoretical estimates
based on surface forcing, we next analyze in‐situ subsurface measurements. These measurements help explore the
wake's structure and further emphasize the role of lateral processes in explaining the discrepancy between
observed and surface‐forcing‐based recovery rates.

3.2. In‐Situ Survey of the Wake

An in‐situ survey from the ship's TSG and the uCTD system were conducted 10 days after the cyclone's passage to
examine the structure of the generated wake (Figure S3 and S5 in Supporting Information S1). The winds during
this period were generally south‐westerly (consistent with the direction of winds during the monsoon season,
Figure S3a in Supporting Information S1). In the near‐surface layer, the edges of the wake are characterized by
colder waters (a difference of 0.72°C) compared to those in the vicinity of the wake (Figure 2a). However, the
core of the wake is slightly warmer than its edges. The core is also saltier (a 0.45 g kg− 1 difference) and denser (a
0.39 kg/m3 difference) than the surrounding waters. Due to this complex structure, the formation of the wake
leads to the development of density fronts at its edges (despite the slight density compensation, see detailed
secondary discussion in Text S2 in Supporting Information S1). Subsequent observations during this survey also
reveal the small‐scale meridional variability of the wake, highlighting its meandering nature (Figures 2a and 2b).
Additionally, the unique wake structure (with the warm wake core and cold edges) mentioned earlier is not
observed during the repeat section (see Text S2 in Supporting Information S1 and discussed further in
Section 3.2.2).

The three‐dimensional view of the sections reveals significant differences in the mixed layer structure throughout
the wake and its vicinity (Figures 2c and 2d). Given the south‐westerly winds and their orientation with respect to
the wake‐associated fronts, the presence of EBFs and mixed layer eddies is anticipated. These can potentially
influence the upper ocean structure within the wake and its vicinity by causing an asymmetric recovery (Haney
et al., 2012). To explore the vertical structure further, we next focus on the zonal section between the S2‐E and S2‐
W waypoints. This section is the longest and captures both the eastward and westward edges of the wake (other
sections only capture the westward edge, Figure 2).

3.2.1. Section Between S2‐E and S2‐W

Sharp contrasts in velocity and salinity define the western and eastern edges of the cyclone wake, both of which
are characterized by outcropping isopycnals of higher surface density (Figure 3). As mentioned earlier, the core of
the wake is associated with warm and salty waters, while colder waters are found at the edges of the wake, which
are surrounded by warmer and fresher waters. Within the wake itself, a mixed layer depth (MLD) of 32 m and a
BLT of 12 m are observed (Figures 3a and 3b). The wake is associated with weak eastward and northward flow

Geophysical Research Letters 10.1029/2024GL112413

KERHALKAR ET AL. 4 of 10

 19448007, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
112413 by Siddhant K

erhalkar - U
niversity O

f M
assachusetts D

artm
outh , W

iley O
nline L

ibrary on [25/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 2. (a) Temperature and (b) salinity from the ship's TSG during the wake survey. (c) Temperature and (d) salinity from the uCTD during the wake survey. (e) and
(f) are the same as (c) and (d) zooming into section S2‐E to S2‐W and section S3‐E3 to S3‐W3, respectively. The arrows in panels (a) and (b) are ocean surface currents
from OSCAR (Dohan, 2021). Black dashed lines in panels (c)–(f) indicate the shift in meridional velocity over the mixed layer, marking the westward edge of the wake
(see Figure 3 for more details). The red dashed line in panels (c)–(f) during the section S2‐W to S2‐E indicates the eastward edge of the wake. Panels (a), (c), (d), (e) and
(f) feature various survey waypoints described in Table S2 in Supporting Information S1. NOTE: The section S3‐E3 to S3‐W3 is on the same latitude as section S2‐E to
S2‐W. For ease of visualization, the section S3‐E3 to S3‐W3 has been offset northward by 0.1° in panels (c)–(f) while the section S2‐W to S2‐E has been offset
southward by 0.1° in panels (a) and (b).

Figure 3. Vertical sections of (a) salinity, (b) temperature, (c) zonal velocity and (d) meridional velocity between S2‐E and S2‐W. The black dots in panels (a–b) are the
individual uCTD profiles. Black contours in each panel indicate the isopycnals. The yellow (dark red in panel (a)) line in panels (b), (c), (d) indicate the MLD while the
green (red in panel (a)) line indicate the ILD. Vertical black dashed lines indicate section dividers based on change in meridional velocity. Panels (e)–(h) are the same as
panels (a)–(d) except the vertical section is between S3‐W3 and S3‐E3 (which is a shorter repeat section). The gray lines in panels (e) and (f) indicate the isopycnals
from the original section (panels (a) and (b), respectively). The black dashed line in these panels is the westward edge of the wake in the original section (panels (a)–(d))
while the red dashed line is the westward edge of the wake in the S3‐W3 and S3‐E3 repeat section.
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(Figures 3c and 3d). The velocities in the vicinity of the wake contrast sharply with those within the wake (as
further discussed below, Figures 3c and 3d).

The S2‐E to S2‐W section reveals an asymmetric nature associated with the wake recovery. To the west of the
wake, isopycnals slope downwards to the west. The MLD is slightly shallower (by about 4 m) compared to within
the wake itself (Figures 3a and 3b). This region is characterized by weak eastward flow (around 0.1 ms− 1) and
stronger southward velocities (0.3 ms− 1). This flow contrasts sharply to the flow within the wake, producing
strong horizontal shear at the front (Figures 3c and 3d).

Isopycnals east of the wake are sloping down to the east, with steeper slopes than those observed on the western
edge. This region is also characterized by smaller scale features of O (1 km) around 67.2° E (Figures 2a and 2b).
The MLD in the eastern edge is deeper (by 9 m), while the BLT is thicker (by 8 m) when compared to within the
wake. Compared to the western edge of the wake, the eastern edge has a deeper mixed layer (by about 12 m) and a
BLT that is nearly twice as thick. The flow in the eastern edge of the wake is weakly westward and northward.
Upon eliminating the effects of the background flow (by subtracting the mean velocities below the mixed layer
depth along the whole section), evidence of weak convergence is observed in this area (Figure S6 in Supporting
Information S1).

Understanding the buoyancy gradients in the wake is crucial as they serve as reservoirs of potential and kinetic
energy, which can catalyze instabilities and impact upper‐ocean mixing and stratification (Ferrari &
Wunsch, 2009; Haine & Marshall, 1998). The buoyancy gradients change signs along section S2‐E to S2‐W since
the denser (i.e., less buoyant) waters within the wake are surrounded by lighter (or more buoyant) waters
(Figure 4a). Asymmetry is observed in the surface buoyancy gradients as well, where the peak magnitude of the
buoyancy gradient at the eastern edge of the wake (2.5 × 10− 7s− 2) is 1.67 times higher than that on the western
edge of the wake (1.5 × 10− 7s− 2) (Figure 4a). The buoyancy gradients associated with the cyclone wakes are of
the same order of magnitude as within submesoscale meanders generated in the Gulf Stream (Shcherbina
et al., 2015).

Estimates of buoyancy gradients (from uCTD) and south‐westerly wind stresses (from ship‐based meteorological
measurements, Figure 4b) are used to calculate the Ekman buoyancy flux (EBF= τy

ρo f
∂b
∂x, where ρo is the reference

density, f is the coriolis frequency, τy is the meridional wind stress while ∂b
∂x is the horizontal buoyancy gradient in

the zonal direction). The temperature variation part of EBF is converted into equivalent Ekman heat fluxes (EHF
=

ρocp (EBFt)
αg , where EBFt =

τy
ρo f

αg ∂T
∂x . cp is the specific heat of water, α is the thermal expansion coefficient and g

is the acceleration due to the gravity). Ekman heat flux values are found to be of O (500 W/m2) at both edges of the
wake (Figure 4b), significantly exceeding the observed surface heat fluxes, which have a daily average of
approximately 150 W/m2 (Figure S3b in Supporting Information S1). Such elevated EHF values are capable of
triggering submesoscale processes like frontal slumping and steepening (D’Asaro et al., 2011; Brannigan
et al., 2015). This is further confirmed by calculating the Rossby number and Richardson number throughout the
section, where these numbers are O(1) near the edges of the wake (Thomas et al., 2008).

With respect to the orientation of the winds (Figure 4b) and the density gradients (Figures 3a–3d and 4a), the
western edge of the wake is forced by upfront wind component, while the eastern edge is influenced by a sig-
nificant downfront wind component. This explains the asymmetry observed in the vertical structure of the wake,
where the west side (forced by upfront winds) is undergoing restratification (and hence shallower MLDs), while
the east side (forced by downfront winds) has a stronger buoyancy gradient as a result of destratification
(Figure 4c). This is consistent with the sign of the EHFs, which are stabilizing at the western edge of the wake and
are destabilizing at the eastern edge. Despite the destabilizing effect from the EBFs at the eastern edge of the
wake, the isopycnals are not fully vertical but slope down to the east, indicating ongoing restratification. Previous
studies have shown that a front can undergo restratification even with a destratifying downfront configuration in
the presence of mixed layer eddies (e.g., Mahadevan et al., 2010). Thus, the restratification at the eastern edge,
despite its downfront configuration, provides indirect evidence of the presence of mixed layer eddies. Inferences
about active restratification arise from the fact that the fronts in this case are yet to fully geostrophically adjust (a
front is considered fully geostrophically adjusted when N2 = ( ∂b∂x)

2
/f 2, where N2 is the vertical stratification,

Tandon & Garrett, 1994).
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Using the theoretical scalings derived in Haney et al. (2012), we estimate that the separate recovery time scales
associated with the surface forcing (Tsf ) , EBFs (Tebf ) and mixed layer eddies (Teddy) are 29.6 ± 7, 25.4 ± 6 and
38.4 ± 8 days respectively (see Text S1 in Supporting Information S1 for details of the scaling analysis). Thus,
while EBFs alone lead to a slightly faster recovery rate, the combination of surface forcing and EBFs yields an
estimated recovery timescale of 9 ± 2 days, while the combination of all of the above processes (including mixed
layer eddies) results in an estimated recovery timescale of 7± 1 day (Text S1 in Supporting Information S1). This
timescale closely aligns with the observed SST recovery (Figure 1b), however high‐resolution numerical sim-
ulations are needed to further validate the recovery timescales quoted here. Nonetheless, this scaling analysis
highlights the role of lateral processes like EBFs and mixed layer eddies in causing a faster recovery of the wake,
underscoring the important role of wind‐front coupling in such cases. Given the enhanced shear at the base of the

Figure 4. (a) Surface buoyancy gradients from the ship's survey in the wake and its vicinity. NOTE: The section S2‐E to S2‐
W is offset by 0.1° to the south as to avoid overlap between repeating sections. (b) Ekman heat flux (EHF) in the section S2‐
W to S2‐E. The red arrows indicate concurrent wind directions. Black line marker and Red line marker in panels (a)–(b)
indicate the westward edge and eastward edge of the wake respectively. (c) Schematic explaining the forcing conditions and
the asymmetric response of the cold wake in section S2‐W to S2‐E (adapted from Haney et al., 2012).
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mixed layer within the wake (Figures 3c and 3d), double‐diffusive processes are not a significant contributor to
the wake recovery (e.g., Kunze, 1990).

3.2.2. Section Between S3‐E3 and S3‐W3: Repeat Section

As mentioned previously, the zonal sections of the in‐situ survey highlights slight meridional variations within the
wake, thereby revealing the meandering nature of the wake (Figures 2 and 4a). The repeat section between S3‐E3
and S3‐W3 (referred to as the repeat section hereafter) was conducted along the same latitude as the section S2‐E
to S2‐W (original section hereafter, Figure 2, Table S2 in Supporting Information S1) nearly 28 hours later, and
hence provided an opportunity to understand the variability of the wake.

The repeat section is shorter and hence does not capture the eastward edge of the wake unlike the original section
described in Section 3.2.1 (Figures 2 and 3e–3h). However, the vertical structure of the repeat section is similar to
the original section described above. The main difference is that the westward edge of the wake is displaced by
10 km to the east (Figures 3e–3h) during the repeat section survey. This is also consistent with the disappearance
of the unique wake structure (characterized by a warm core and cold edges) during the repeat section, as observed
in both in‐situ (Figures 2a and 2b) and satellite observations (Figure S7c in Supporting Information S1). This
displacement could be due to several factors, including Ekman transport due to the south‐westerly monsoon
winds, advection by the background flow and/or near‐inertial currents. While Ekman transport and advection are
plausible causes, the near‐inertial currents are less likely since Cyclone Biparjoy was initially a slow‐moving
cyclone (with translation speed of 1–2 ms− 1, Figure S2a in Supporting Information S1), resulting in a smaller
near‐inertial response (Figure S2c in Supporting Information S1, Price, 1981). Near‐inertial currents calculated
using the slab model (Pollard & Millard, 1970) forced by MERRA‐2 reanalysis product (Global Modeling and
Assimilation Office (GMAO), 2015) were roughly 0.05 ms− 1, which is about one‐sixth of the observed currents in
this section (Figures 3d and 3h).

4. Summary and Discussion
Cyclone Biparjoy created a cold wake over the Arabian Sea in June 2023. SST began recovering post‐cyclone,
reaching steady state in 8 days, far more rapidly than the 18–29 days predicted by one‐dimensional models forced
by winds and surface fluxes (Haney et al., 2012; Price et al., 2008). The scaling of recovery timescales from
Haney et al. (2012) using the observed parameters reveals that the Ekman Buoyancy Flux (EBF), surface forcing
and mixed layer eddies have similar recovery timescales when acting in isolation (25.4 ± 6, 29.6 ± 7 and 38.4 ±
8 days respectively). However, an estimated recovery timescale of 7 days due to the combination of these pro-
cesses closely matches the recovery timescale observed from satellite SSTs, highlighting the role of submesoscale
processes in speeding up the recovery of the wake (Figure 1b).

In‐situ observations across the wake reveal its asymmetrical structure during the recovery as a result of the
presence of EBF. The asymmetry is caused due to the imposition of southwesterly winds on the wake, which leads
to upfront forcing on the wake's western edge, leading to shallower MLDs and hence restratifying. In contrast, the
wake's eastern edge is forced by downfront winds, with deeper MLD and a presumably destratifying nature.
However, observations of sloped isopycnals at the eastern edge of the wake indicate a weak stratification,
providing indirect evidence of the presence of mixed layer eddies (Fox‐Kemper et al., 2008; Mahadevan
et al., 2010). The EBF (O (500 W/m2)) as well as Rossby and Richardson numbers (both O(1)) associated with the
cyclone wake were found to be sufficient to drive submesoscale processes at the edges of the wake as a result of
the density gradients and their interaction with the winds. Given that Cyclone Biparjoy was a slow‐moving storm,
the near‐inertial currents were small. Additionally, in‐situ observations across the wake also reveal its unique
structure characterized by a warmer and saltier core with colder edges, surrounded by warmer and fresher waters.
Such small scale differences within the wake structure are challenging to observe with coarser satellite
measurements.

These results present the first in‐situ observations of a post‐cyclone wake recovery in the Arabian Sea. Our
observations emphasize the significance of the interaction between monsoon winds and the underlying three‐
dimensional submesoscale fronts in shaping the wake of a slow‐moving cyclone through Ekman buoyancy
fluxes. This contrasts with faster‐moving cyclones, where near‐inertial currents primarily dominate the wake
evolution (Price, 1981). Understanding this recovery and the associated processes is vital, as it can influence
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ocean heat transport, nutrient availability (Babin et al., 2004), coral health (Dobbelaere et al., 2024), and the
predictability of future cyclones and sub‐seasonal weather patterns.

Data Availability Statement
Data from the instruments are embargoed under agreement between the U.S. and India until 2029 as one step in
fostering the international collaboration. This time frame is intended to allow for students and postdoctoral re-
searchers supported under the project to have sufficient time to publish observation‐based results. After the
embargo period, data may be requested from the corresponding author. The satellite data for AMSR‐2 as well as
OISST were obtained from www.remss.com, while the level‐2 products of MODIS‐Aqua and VIIRS were ob-
tained from https://oceancolor.gsfc.nasa.gov/cgi/browse.pl?sen=amod. AVHRR SST data were obtained from
https://search.earthdata.nasa.gov/search while OSCAR currents were obtained from https://podaac.jpl.nasa.gov/
dataset/OSCAR_L4_OC_INTERIM_V2.0. MERRA‐2 data were obtained from https://disc.gsfc.nasa.gov/data-
sets/M2T1NXLND_5.12.4/summary.
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