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Abstract Explosive cyclones are intense extratropical synoptic systems associated with severe weather in
the mid-to-high latitudes, particularly over the Southern Ocean. This study employs a recently developed
ROMS-CICE coupled model, incorporating a cyclone-removal method, to simulate and quantify the response of
the upper ocean and sea ice to an explosive cyclone traversing the Southern Pacific Ocean. The modeling results
indicate that the maximum instantaneous sea surface warming anomaly reaches up to 0.20°C around the center
of the explosive cyclone, while a cooling anomaly of about —0.15°C is observed at the cyclone's periphery.
Beneath this surface anomaly, a cooling of up to —0.15°C occurs in the area-averaged subsurface ocean layer at
depths of 20-60 m. Concurrently, the sea surface salinity experiences an increasing anomaly of up to 0.20
practical salinity units (psu), accompanied by a decrease in salinity within the subsurface ocean layer at depths
of 30—-60 m. These anomalies gradually weaken over the subsequent 28—30 days but sustain minor anomalies for
more than 1 month, particularly in the subsurface ocean layer. Further analysis of the temperature and salinity
tendency equations reveals that advection and vertical diffusion primarily contribute to both the surface and
subsurface responses, with vertical diffusion serving as the main driver behind the observed uniform patterns.
Additionally, sea ice concentration and thickness demonstrate reductions of more than 25% and 0.2 m near the
coast, respectively, resulting from dynamic forcing and the contributions of basal ice melting due to the
transport of warmer water currents beneath.

Plain Language Summary This study investigates how an explosive cyclone (strong storm system)
over the Southern Ocean affects the upper ocean and sea ice. Using an advanced ocean-ice coupled model that
removes cyclone influences in atmospheric fields, we found that the storm can create significant changes in
upper ocean temperature and salinity. Near the cyclone's center, the ocean surface warms slightly, while it cools
further out. Beneath the surface, the water cools even more at depths of 20—60 m. The storm also causes an
increase in surface salinity and a slight drop in subsurface salinity at 30-60 m depth. These changes gradually
weaken over about a month but remain noticeable, especially in deeper layers under 50 m. The study reveals that
water movement and mixing are the main drivers of these temperature and salinity changes. Additionally, sea
ice near the coast thins and decreases in concentration due to warmer water moving underneath, causing some
melting. This result helps us understand how intense storms impact upper ocean and ice systems in the Southern
Ocean.

1. Introduction

Explosive cyclones (ECs) are severe synoptic systems characterized by a rapid reduction in central pressure (at
least 24 hPa in 24 hr), strong intensification, and longer duration compared to ordinary extratropical cyclones
(Francis et al., 2021; Lim & Simmonds, 2002; Reale et al., 2019; Sanders & Gyakum, 1980). They usually occur
in mid-to-high latitude ocean (Hoskins & Hodges, 2005; Schossler et al., 2018; Vichi et al., 2019), associated with
meteorological hazards, including strong winds (Ashley & Black, 2008), heavy precipitation (Catto et al., 2015;
Osbrough & Frederiksen, 2021; Pfahl & Wernli, 2012), coastal storm surges (Colle et al., 2008), sea ice removal
(Francis et al., 2019, 2020), ice front calving (Francis et al., 2021, 2022) and ice shelf disintegration (Jena
et al., 2022; Vichi et al., 2019). The Southern Ocean is home to ECs, most of them typically follow southeastward
trajectories, undergoing net cyclogenesis in the mid-latitudes and net cyclolysis closer to the Antarctic continent
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(Reale et al., 2019; Wille et al., 2024a, 2024b). With the application of automated cyclone tracking schemes and
improved quality of atmospheric reanalysis data, analyses of ECs have become possible (Grieger et al., 2018; Lim
& Simmonds, 2002; Neu et al., 2013; Sinclair, 1994, 1995). Some studies showed that the ECs in the Southern
Hemisphere are observed to increase (Reale et al., 2019; Reboita et al., 2015; Xu et al., 2024) and this increasing
trend is expected to continue in the future under global warming (Chang, 2017; Chang et al., 2012).

These severe synoptic systems are responsible for atmospheric circulation changes, enhancing exchange of heat
and moisture at the air-sea interface and energy transport, modifying surface heat fluxes, ocean, and sea ice
(Bengtsson et al., 2009; Lin et al., 2023). The regions of increased moisture flux south of 60°S in the Atlantic are
related to the occurrence of strong cyclones (Grieger et al., 2018). It is estimated that about 60%—90% of the strong
precipitation events in the Southern Ocean are due to synoptic systems (Papritz et al., 2014). When they pass over
sea surface, they import kinetic energy into surface waves and currents, and then contribute to ocean diffusivity
and circulation. The enhanced heat fluxes at air-sea interface change the regional ocean heat uptake and modulate
sea surface temperature (Papritz et al., 2014; Vichi et al., 2019; Xu et al., 2022). At the circumpolar regions, strong
winds associated with the cyclones generate large ocean waves and swells which propagate into the sea ice zone,
breaking up the ice and leading to ice melt (Jena et al., 2022; Turner et al., 2020; Vichi et al., 2019).

Several studies have linked variability of high-latitude ocean and sea ice to synoptic cyclones events. Vichi
et al. (2019) used in situ and ship-based observations to analyze an EC crossing the marginal ice zone in 2017.
They showed that the EC contributes to the advection of warm, moist air southward in the open ocean, but the net
ocean-atmosphere heat flux is supposedly balanced by the ocean heat gain in the warm sector and heat loss in the
cold sector. When the extratropical cyclones move closer to the Antarctic continent, they often induce cold air
outbreaks on the western side (Bracegirdle & Kolstad, 2010; Papritz et al., 2014; Vichi et al., 2019), which are
expected to strongly affect heat fluxes closer to sea ice. Jena et al. (2022) used observational data to analyze the
impacts of a series of intense and explosive polar cyclones over the Weddell Sea that forced an exceptional
decline in sea ice extent during April-May 2019. The results showed that the largest anomalous net surface heat
flux can reach 138 W/m?, along with ocean mixed layer warming up to 2°C. Several works have also indicated
that ECs maybe one of the drivers of the trend observed in Antarctic sea ice extent in recent years (Maksym, 2019;
Schemm, 2018; Schlosser et al., 2018; Turner et al., 2020).

Although the study of ECs in the Southern Ocean continues, our understanding of their interactions with ocean
and sea ice around Antarctica remains incomplete. The mechanism of upper ocean variability associated with the
ECs is difficult to investigate when only using the reanalysis products, considering their uncertainty due to
inadequate in situ observations being ingested into the data assimilation (Jena et al., 2022). Moreover, the
background pressure field tends to be lower toward higher latitude regions, that means the effects of ECs derived
from the observation and reanalysis data includes the contributions of non-synoptic scale systems. To distinguish
the role of cyclone and background field, numerical simulations are required. A few studies of tropical cyclones
have applied a cyclone removal technique to examine the Tropical Cyclone-induced changes of atmospheric
environments during their evolution (Arakane & Hsu, 2020; Ross & Kurihara, 1995; Wang et al., 2015). In
contrast, this approach has been less applied to high-latitude extratropical cyclones; only a few studies have been
conducted in the high latitudes of the Northern Hemisphere. For example, Zhang et al. (2013) used the coupled
Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) to simulate the impacts of an August 2012
storm event on Arctic sea ice and upper ocean conditions. Their analysis primarily focused on comparing sea ice
conditions before and after the storm passage to quantify its effects.

As demonstrated in Xu et al. (2024), the southern Pacific Ocean sector is an important region for ECs generation
and is accompanied with increasing trend in recent decades. According to the key region with the highest and most
significant increasing trend of deepened ECs in autumn over the southern Pacific Ocean (155°W-170°W, 50°S—
65°S; cf. Figure 5 in Xu et al., 2024), here we choose an EC generated and deepened in the key region over the
southern Pacific Ocean from 24th to 30 April 2002 to quantify its impacts. We apply a cyclone-removal method
and a recently developed ocean-ice coupled model to the EC event and conduct a pair of numerical experiments.
The modeling results quantitatively assess the impacts and persistence of this EC on the upper ocean and sea ice.
We also investigate the dominant physical processes for the changes of upper ocean and sea ice induced by this
EC, to further our understanding of atmosphere-ocean-sea ice interactions.
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2. Data and Methods
2.1. Data

The 6-hourly atmospheric data used in the cyclone detection algorithm and as atmospheric forcing field for the
ocean-ice coupled model is obtained from the latest generation European Center for Medium-Range Weather
Forecasts (ECMWF) reanalysis (ERAS; Hersbach et al., 2018, 2020), including mean sea level pressure, near
surface air temperature and winds, sensible and latent heat fluxes, downward shortwave and longwave radiation,
surface air relative humidity, total precipitation rate, snowfall rate, and total cloud cover with a spatial resolution
of 0.25°. The ERAS reanalysis is based on the global Numerical Weather Prediction Model Integrated Forecast
System (IFS) Cy41r2, thus benefiting from a decade of developments in model physics, core dynamics and data
assimilation. It shows an improved fit for temperature, wind and humidity in the troposphere when compared with
radiosonde and pilot data prior to assimilation. The daily sea ice concentration data is from the National Snow and
Ice Data Center (NSIDC) Climate Data Record of Passive Microwave Sea Ice Concentration (Version 4) with a
spatial resolution of 25 km X 25 km (NSIDC CDR; Meier et al., 2021).

Initial and boundary conditions for ocean and ice in the ocean-ice coupled model are generated from the National
Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) with a horizontal
resolution of 0.5° and vertical resolution of 40 levels. CFSR is superior to previous NCEP reanalysis with respect
to improved model, higher resolution in time and space, advanced assimilation schemes, atmosphere-land-ocean-
sea ice coupling, and assimilates satellite radiances rather than retrievals (Saha et al., 2014).

2.2. The Ocean-Ice Coupled Model

In this study, we use a recently developed ocean-ice coupled model configured for the Antarctic with sufficient
flexibility (Yang et al., 2020; hereafter referred to as Y20). Specifically, we have coupled the Los Alamos sea ice
model (referred to as Community Ice CodE; CICE version 6.0.0; Hunke et al., 2018) with the Regional Ocean
Modeling System model (ROMS version 3.8; Shchepetkin & McWilliams, 2005, 2009) using the Model
Coupling Toolkit in the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) modeling system
(Warner et al., 2010). The ROMS and CICE model have been widely used in a diverse range of applications (Bi1
et al., 2020; Bruneau & Toumi, 2016; Hunke et al., 2015; Kumar et al., 2021; Perelman et al., 2024; Rae
et al., 2014; Yang et al., 2022).

The ROMS model is a free-surface, terrain-following model that primarily solves the three-dimensional
Reynolds-averaged Navier-Stokes equations under the hydrostatic pressure and Boussinesq approximations
(Haidvogel et al., 2008; Shchepetkin & McWilliams, 2005). Horizontally, ROMS employs a boundary-fitted
orthogonal curvilinear coordinate system and discretizes the equations on a staggered Arakawa C-grid. Verti-
cally, the governing equations are discretized based on bottom topography using a terrain-following stretched
coordinate system (Song & Haidvogel, 1994). This S-coordinate system, originally developed by Haidvogel
et al. (1991), offers high design flexibility. By incorporating non-uniform vertical layering and adjustable pa-
rameters, the S-coordinate can be transformed into traditional sigma coordinates, thereby enhancing grid reso-
lution. For simulating ocean physical processes, ROMS provides multiple parameterization options, including
advection schemes for momentum and tracers, vertical mixing schemes, subgrid-scale parameterizations, and
open boundary conditions. Due to its flexible configuration and reliable performance, the ROMS ocean model has
been widely applied in various marine science studies.

The CICE model consists of three main modules: dynamics, thermodynamics, and transport. Additionally, CICE
introduces the innovative Ice Thickness Distribution (ITD) concept (Thorndike et al., 1975), enabling the
simulation of spatiotemporal evolution of sea ice across different thickness categories. The model provides three
different thickness distribution boundary classification schemes based on variations in sea ice thickness. The
default setting is the “original” classification, which consists of 5 categories (plus open water). This configuration
is generally sufficient to simulate the annual cycle of ice thickness, ice strength, and surface fluxes (see Bitz
et al., 2001; Lipscomb, 2001). This feature is crucial for accurately characterizing the dynamic and thermody-
namic properties of ice cover, as these properties depend heavily on the distribution of ice within each thickness
range. For detailed technical descriptions and theoretical frameworks of the CICE model, refer to the official
documentation by Hunke et al. (2015).

XU ET AL.

3 0of 18

85U8017 SUOWWOD SAERID 3(dedl|dde auy Ag peusenob 8e il O ‘88N JO S8|nJ 10} ARIq1T 8UIUO AB]1M UO (SUOHIPUCD-pUe-SW.SH W00 A3 1M Ae1q | BUt|Uo//Sd1y) SUoRIpUOD pue swis | 38U 89S *[620z/20/TT] uo AriqiTauluo (1M ‘SOsAUd dueydsowly JO uonninsu| A #9022000202/620T OT/I0p/wod A8 1M A eiq putjuo'sgndnBey/sdny woy pepeojumoq ‘2 ‘520z ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20241C022064

The basic configuration of ROMS and CICE are referred to as Y20, except the tracer advection scheme and
vertical mixing scheme in ocean model. As suggested by Naughten et al. (2017), the upwind third-order advection
scheme performs better than other advection schemes in terms of lower incidence of spurious sea ice formation.
Here, we use the upwind third-order advection (Leonard et al., 1993; Rasch, 1994; Shchepetkin & McWil-
liams, 2005), also known as Uniformly Third-Order Polynomial Interpolation Algorithm (UTOPIA), as tracer
advection scheme. The K-profile parameterization (KPP) is chosen as a tracer vertical mixing scheme.

The model domain includes 462 (462) x- (y-) grid points with a ~25-km grid spacing for both ROMS and CICE.
The ROMS model uses 40 vertical levels of S-coordinate, and the CICE model uses 7 ice layers, 1 snow layer, and
5 categories of sea ice thickness (default setting). The time step for each model component is set as 600 s, with the
coupling frequency between components occurring at each time step. Initial and boundary conditions for the
ROMS and CICE models are from the CFSR reanalysis. Atmospheric forcing is provided by the ERAS 6-hourly
fields and linearly interpolated to each model timestep.

To validate the experimental feasibility of the model, we evaluated 40-year (1981-2020) control simulation
results against observations and reanalysis data. Comparison with observations indicates the model reliably
simulates the observed features of SST and SIC, including their spatial distributions and temporal trends (see
Figures S1-S3 and Texts S1 and S2 in Supporting Information S1 for more details).

2.3. Experimental Design and Methods
2.3.1. Cyclone Detection and Removal Algorithms

In this study, the latest cyclone detection and tracking algorithm developed by Crawford and Serreze (2016) is
used to identify the cyclone tracks and features. This algorithm identifies cyclones using 6-hourly sea level
pressure fields, which are projected onto the Southern Hemisphere Equal-Area Scalable Earth 2.0 grid with a
resolution of 100 km by 100 km, based on Lambert's equal-area azimuthal projection. It is a Lagrangian method,
which is better to provide the information of individual cyclones. As for the criterion of EC, the relative
normalized deepening rate ((NDR]r) is typically used to recognize EC (Jena et al., 2022; Lim & Simmonds, 2002;
Sanders & Gyakum, 1980; Vichi et al., 2019; Xu et al., 2024). The relative normalized deepening rate ((NDR]r) is
calculated using the equation below:

AP, sin 60
NDR]. = L. 1
[ I 24 sin|g| M

Where r of [NDR] means the relative central pressure, which is computed as the anomaly with respect to the six-
hourly ERAS SLP climatology at each grid point, which eliminates the differences of background pressure as the
cyclone moves toward higher latitudes. APr means the variation of relative central pressure within 24 hr, centered
around the time when the cyclone occurs, and ¢ represents the mean latitude during the 24-hr period. When
[NDR]r is larger than 1, the cyclone is identified as an EC. The cyclone intensity is quantified by the Laplacian of
the mean SLP field (V?P) over each grid point where cyclone center is located. Following Lim and Sim-
monds (2002), when the cyclone with a V2P value greater than 0.7 hPa/10* km? is classified as a strong one.

Employment of cyclone removal techniques is a powerful way to investigate the effects of a cyclone on the large-
scale environment. Many studies have applied this technique to tropical cyclones. The tropical cyclones removal
technique proposed by Kurihara et al. (1995) was widely used in the tropical cyclone numerical experiments
(Arakane & Hsu, 2020; Cheung & Chan, 1999; Kwon et al., 2002; Rogers et al., 2003). Following this method, we
divide atmospheric variable fields into background and disturbance fields. The disturbance domain is determined
by cyclone size, which is identified as the area within the last closed isobar with the distance of 2 hPa around the
cyclone center.

For dynamic variable fields, such as the pressure field, values within the cyclone domain are replaced with the
average of the outermost closed isobar, effectively smoothing the low-pressure center inside the cyclone domain.
For zonal or meridional wind fields, the original values within the cyclone domain are replaced with the average
of all values in the domain. This approach ensures minimal wind speeds within the cyclone domain after
smoothing the low-pressure center, as the absence of a pressure gradient results in negligible wind speeds. The
calculation formula is as follows:
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1 <
hgr = ;z,:l h; @)

Here, hgg denotes the replaced variable value within the cyclone domain, while %; represents the variable values
along the outermost closed isobar of the cyclone domain, with a total of n points. For wind fields, /; corresponds to
all values within the cyclone domain.

For thermodynamic variable fields (e.g., temperature, precipitation), the original values inside the cyclone domain
undergo a filtering process. Following Kurihara et al. (1993), a zonal three-point spatial smoothing filter is first
applied:

My =hyy+ Ky p+ M1 — 20 ) 3)

where m represents the zonally smoothed value, with subscripts 4 and ¢ denoting longitude and latitude,
respectively. Here, 241 and A—1 indicate longitudes spaced at 0.25° intervals from A. The parameter X is the filter
coefficient:

-1
Kzé(l —coszm—”> )

The filter in Equation 3 is applied successively for spatial filtering, with the parameter m taking different values in
each application: 2, 3,4,2,5,6,7,2, 8,9, 2. Grid points at the eastern and western boundaries remain unaltered.
Following the zonal smoothing, meridional smoothing is similarly performed:

hgiy =hyy + K(hy i + hy gt — 2hy,) Q)

As illustrated in Figure S4 of Supporting Information S1, after the removal of cyclone perturbations, the envi-
ronmental field retains disturbances outside the cyclone domain. This ensures that only localized cyclone per-
turbations are removed. Subsequently, both the initial field () and the environmental field (hz) are used as
atmospheric forcing fields to drive the model. The differences between their results can then be attributed to the
influence of the cyclone perturbation field (/p).

We conduct two numerical experiments using the ROMS-CICE coupled model. One is the control experiment
(CTL) forced with original atmospheric forcing fields, and the other is the sensitivity experiment (hereafter
referred to as EXP_noEC) forced with cyclone-removal atmospheric forcing fields. The response of the ocean and
sea ice to the cyclone is diagnosed as the difference between CTL and EXP_noEC.

2.3.2. Diagnostics of Physical Processes in the Upper Ocean and Sea Ice

The ROMS model calculates the temperature and salinity tendency equations (see below) in its diagnostic output.
The rate of change is determined by four primary factors: horizontal advection (HADV), horizontal diffusion
(HDIF), vertical advection (VADV), and vertical diffusion (VDIF). The surface forcing term is not considered as
an independent term in the tendency equation, but its effects are included in the advection and diffusion terms
(Steffen & Bourassa, 2020).

oT _ (0T, o\ T  af or\ o or\ o oT ©
o~ \"oax TV > ox\""ax ) T\ oy ) T 9\ 5z
S~ — — —_——

tendency horizontal advection vertical advection horizontal diffustion vertical diffusion

Here T denotes the tracer (temperature or salinity), and the left term is the tendency in time (°C per day or psu per
day). u, v and w are velocities in x-, y-and z-directions, respectively. k;, and k, is the horizontal and vertical
diffusivity with the value of 150 and 107® m?s™"', separately.

To assess the role of the sea surface slope in the impact of the EC on sea ice, we used the diagnostic term “zeta”
from ROMS as the sea surface height (Lee & Kim, 2021; Zhou et al., 2018). It represents the sum of mean
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dynamic topography and sea level anomaly—the deviation of the sea surface from the geoid—which is one of
several quantities related to sea surface height (Kerry et al., 2016).

To understand the physical factors driving the evolution of Antarctic sea ice, including ice concentration and
thickness, we analyze the mass budget of Antarctic sea ice as defined in Notz et al. (2016, Appendix E). This
includes sea ice growth in supercooled open water (frazil), sea ice growth at the bottom of the ice (basal growth),
sea ice growth due to the transformation of snow into sea ice (snow ice), sea ice melt at the air—ice interface (top
melt), sea ice melt at the bottom of the ice (basal melt), sea ice melt at the sides of the ice (lateral melt), and sea ice
mass changes due to dynamics-related processes (e.g., advection). These diagnostic variables are determined by
recording the ice mass tendency from the above processes separately at every time step and integrating them to
output the daily mean values.

3. Results
3.1. Synoptic Features During the EC

We selected an EC that occurred over the southern Pacific Ocean during the 24th —30 April 2002 (among the 34
strong ECs in autumn that passed through the region in Xu et al., 2024). This EC was chosen due to its long
duration and the fact that it formed over the ocean and passed through sea ice zone. Figure 1a shows its track with
color dots representing the evolution of mean sea level pressure (MSLP) at the cyclone center. The EC generated
over the high-latitude open ocean (~58°S, 166°E) at 06 Universal Time Coordinated (UTC) 24 April 2002 and
progressed toward the Antarctic continent following a south-eastward trajectory. In the northern Ross Sea sector
(50°S=75°S, 150°E—90°W), a low-pressure anomaly developed over Wilkes Land, Antarctica during the 3 days
preceding cyclogenesis (21st—23rd April; Figure S5, Text S4 in Supporting Information S1), accompanied by a
blocking high-pressure system to the west. During cyclone formation, a distinct meridional band of high inte-
grated water vapor transport (IVT) emerged near 180°, establishing a pronounced moisture channel between -low
and high latitudes (Figure S6, Text S4 in Supporting Information S1). During 24th —26 April 2002, the EC
developed and strengthened over the southern Pacific Ocean (55°S-70°S, 170°E —130°W), with the minimum
MSLP down to 914.9 hPa at 12 UTC 26th April. Then, it moved into the ice-covered Ross Sea and persisted over
sea ice for about 3 days, and finally dissipated near the Ross Ice Shelf at 06 UTC 30th April (Figure 1a).

Figure 1b exhibits features of the EC during its occurrence, including the changes of normalized deepening rate
and cyclone intensity (represented as the Laplacian of MSLP). It was considered as EC at 06 UTC 25th April
accompanied with [NDR]r of 1.13 at ~60°S ~160°W, which means that it deepened by more than 28 hPa in 24-hr
interval with a central MSLP of 957.6 hPa (Figure 1b). It became a strong cyclone at 06 UTC 26th April based on
the cyclone intensity (reaching the threshold of 0.7). Then, it moved over the sea ice zone where the ice con-
centration is above 90% and weakened quickly.

The large-scale synoptic conditions of several atmospheric parameters during the EC occurrence are derived from
the anomalies with respect to ERAS daily climatological fields. At 12 UTC 26th April, the central MSLP along
the cyclone track reached the minimum, with a negative anomaly of up to 50 hPa over the eastern Ross Sea
(Figure 1c). Around the core of the EC, wind speed anomalies can exceed 15 m/s. The strong southward winds on
the eastern side and the northward winds on the western side of the cyclone are associated with significant
advection of warm and moist air from the Southern Pacific Ocean into the Amundsen Sea, and cold and dry air
from the Ross Sea to the north. This leads to a warming anomaly of approximately 5°C over the ice-covered ocean
in the eastern region, and a cooling anomaly of about —10°C in the western region (see Figures 1d and 1f). The
spatial distribution of downward longwave radiation reveals the vortex structure at the cyclone center, while the
increased cloud cover in the peripheral cloud bands leads to an increase (Figure 1e). These characteristics display
the mature stage of cloud vortex with spiraling of clear air around the well definite center (Carleton & Car-
penter, 1990; Streten & Troup, 1973). Over the eastern area of the cyclone center, there is a positive downward
longwave radiation anomaly of about 40-50 W/m ™2, which might be associated with the presence of low-level
mixed-phase clouds that contributes to the surface air warming. This is consistent with the anomaly of surface
temperature in Figure 1f, indicating strong transport of energy between the high and low-latitude during the
explosion of the cyclone.

Based on the composite analysis, we can investigate the cyclone structure and roughly estimate the changes of
atmospheric environment during the EC development. However, this effect includes the influence of background
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Figure 1. Features of the EC during 24th-30 April 2002: (a) cyclone track with color dots representing the evolution of mean
sea level pressure at the cyclone center (The green and red empty circle mark the locations of cyclone generation and
dissipation separately), (b) time series of the relative normalized deepening rate (red dot lines) and the Laplacian of mean sea
level pressure (blue dot lines). The atmospheric conditions of the EC at 12 UTC 26 April 2002: anomalies with respect to the
ERAS daily climatology of (c) mean sea level pressure (colors) and geopotential height at 500 hPa (contours; the interval is
10 hPa), (d) wind speed at 10 m with direction vectors, (e¢) downward longwave radiation and (f) surface air temperature at
2 m. The gray line with black dots indicates the cyclone track, and the green, purple and red dots represent the location of
cyclone generation, occurrence and dissipation separately. The red line outlines the sea ice edge based on the contour of 15%
sea ice concentration from NSIDC.
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Figure 2. Mean sea level pressure at 12 UTC 26 April 2002 in: (a) original field, (b) cyclone-removed field and (c) the EC component. (d-f), (g-1) (j—1) are the same as the
top panel but for 10-m wind, rainfall rate, and 2-m air temperature, separately. The gray line with black dots indicates the cyclone track, and the green, purple and red
dots represent the location of cyclone generation, occurrence and dissipation separately.

circulation. To quantify the net effect of the EC, we need to remove its induced dynamic and thermodynamic
changes while maintaining the background circulation. Here we use four forcing variables as examples. As shown
in the middle column in Figure 2, the features of EC in MSLP, meridional wind, rainfall rate, and air temperature
fields are removed within an approximate ellipse domain at around 70°S, 125°W. After removal of the EC, the
weak cyclonic circulations remain in the cyclone-removed field which sustain the influences of the background
(Figure 2b). The wind speed within the defined cyclone domain is removed but the signs are maintained, ensuring
a continuity at the boundaries (Figure 2e). As for thermodynamic fields, the rainfall belt associated with the
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Figure 3. Sea temperature in the upper ocean (100 m) averaged from 27th to 30 April 2002 derived from (a) CTL, (b) the
response (CTL minus EXP_noEC). The two vertical cross-section subplots show the zonal average over 60°S—70°S and the
meridional average over 110°W—-150°W. The gray line with black dots indicates the cyclone track, while the green and red
dots represent the location of cyclone generation and dissipation, separately. The arrows indicate the surface ocean currents.
The green box highlights the region with maximum response.

circulation of the EC is smoothed and weakened, and the surface air temperature decreases near the coast
(Figures 2h and 2k). Outside the defined cyclone domain, the characteristics of circulation remain unchanged to
avoid the influences of other regions. The differences between original and cyclone-removed fields in the right
column in Figure 2 represent the net EC components, indicating that the central MSLP of above 40 hPa and
meridional wind of up to 12 m/s have been removed, along with the smoothed rainfall belt and surface air
temperature. Next, these original fields and cyclone-removed fields are separately applied to the ocean-ice
coupled model as the atmospheric forcing to investigate the impacts of the EC on the upper ocean and sea ice.

3.2. Impacts of the EC on the Upper Ocean

The control state (CTL; with EC) and response (CTL minus EXP_noEC) of sea temperature in the upper ocean to
the EC are shown in Figure 3. During the period of 3 days after EC generation to the day of cyclolysis, the strong
clockwise wind stress associated with the EC imparts positive vorticity into the ocean, inducing surface cyclonic
divergence around the cyclone center. This intensifies northward ocean currents and triggers the upwelling of
subsurface water. Accompanied by the ocean current response, the sea surface temperature response occurs along
the EC trajectory. This response developed and strengthened near the ice edge when the EC crossed over sea ice
(Figure S8 in Supporting Information S1). As shown in Figure 3b, sea surface warming of up to 0.20°C occurs
along the sea ice edge, while a cooling of about —0.15°C is observed at the outer circle of the EC trajectory. The
response of sea temperature in the upper ocean, averaged within the green box in Figure 3b (60°S-70°S, 110°W—
150°W), indicates that the impact on sea temperature is not confined to the sea surface. This warming response
could extend down to about 20 m, accompanied by a strong cooling response in the upper ocean from a depth of
20-60 m.

Meanwhile, an increase in sea surface salinity exceeding 0.20 practical salinity units (psu) is observed within the
region outlined by the green box, and the response extends to a depth of around 25 m (Figure 4b; refer Figure S9 in
Supporting Information S1 for each day during cyclone period). This increase is followed by a decrease in salinity
at depths of 30-60 m. The pattern is analogous to the temperature response and is likely driven by intensified
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Figure 4. Same as Figure 3 but for sea salinity (practical salinity units; psu).

vertical mixing due to surface divergence. This enhanced mixing deepens the boundary layer and promotes
greater diffusion between the more saline water below 20 m and the fresher water above (Figure 4a). The con-
trasting responses between the surface and subsurface ocean layers highlight the stirring effect induced by the EC,
which introduces significant perturbations to the sea surface and deepens the upper ocean boundary layer.

To better quantify the upwelling intensification mentioned above, we conducted a volume flux budget analysis
over the green box region following the methodology of Liao et al. (2024; see Text S5 in Supporting Informa-
tion S1 for details). In the upper-layer volume flux budget, vertical transport at 30 m depth, Ekman transport, and
coastal Ekman transport are all significant contributors to upwelling (Figures S7a and S7b in Supporting In-
formation S1). As shown in Figure S7c¢ of Supporting Information S1, it is clear that the total vertical transport and
Ekman pumping dominates the upwelling change during the cyclone period. The coastal Ekman transport exhibits
a negative contribution to upwelling, while the total geostrophic outflow remains weakest and nearly negligible.

Here, we consider the surface ocean layer (0-20 m) and the subsurface ocean layer (20-60 m) separately to
determine the dominant processes responsible for the observed temperature and salinity responses. We investigate
the contribution of each individual process in the temperature tendency equation, including temperature advection
(combined effect of horizontal and vertical advection), horizontal diffusion, and vertical diffusion for both the
surface and subsurface ocean layers (see Figures 5a-5d and 5e—5h). In the region exhibiting sea surface tem-
perature (SST) warming responses around the cyclone core (Figure 3b), there is a warming tendency exceeding
0.2°C per day near the sea ice edge and along the coast (Figure 5a). This warming is predominantly driven by
vertical diffusion (Figure 5d) and is attributed to the upwelling of subsurface warm water, which mixes with the
colder surface water due to anomalous surface cyclonic divergence. In contrast, the area outside the cyclone core
displays a cooling response in SST (Figure 3b), characterized by a surface cooling tendency (Figure 5a). This
cooling is primarily driven by temperature advection associated with the northern branch of cyclonic winds,
which transport cold surface water from regions near the sea ice into this area (Figure 5b). The spatial distributions
of the horizontal and vertical advection components are relatively chaotic and partially offset each other (see
Figure S10 in Supporting Information S1); hence, we combine them into a single advection term (Figures 5b and
5f). In the subsurface ocean layer, the cooling tendency (Figure 5e) is predominantly linked to vertical tem-
perature diffusion (Figure 5h).

The contributions of various ocean processes to the increase in salinity, as described in the salinity tendency
equation, were examined. These processes include salinity advection, horizontal diffusion, and vertical diffusion
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Figure 5. The response (CTL minus EXP_noEC) of the terms in the temperature tendency equation for the upper ocean layer averaged within the depth of 0-20 m:
(a) temperature tendency, (b) temperature advection, (c) horizontal diffusion and (d) vertical diffusion on 26 April 2002. (e-h) are the same as (a—d) but for the upper
ocean layer averaged within the depth of 20-60 m. The red line indicates the sea ice edge based on the contour of 15% sea ice concentration. The green box highlights the

region with maximum response.

(refer to Figure S11 in Supporting Information S1 for details on individual advection terms). In the region
exhibiting an increasing salinity response around the cyclone core (Figure 4b), there is an increase of approxi-
mately 0.16 psu per day in the surface ocean layer, accompanied by a relatively weaker decrease in the areas
surrounding the cyclone core (Figure 6a). As illustrated in Figures 6b and 6d, vertical diffusion plays a crucial role
in generating the salinity response near the cyclone core, while advection is primarily responsible for the salinity
changes observed in the periphery of the cyclone. Meanwhile, a weak decreasing tendency in salinity is noted in
the subsurface layer, which is mainly attributed to the effects of vertical diffusion.

The EC was generated on 24th April, met the criteria for EC formation on 25th April, and finally dissipated on
30th April (Figure 1b). Although it persisted for 6-7 days, its effects on the upper ocean can sustain for a longer
period. Figure 7 shows the evolution of sea temperature and salinity, area-averaged in the green box shown in

(C) 150° W

(f) 150° W (g) 150°W

psu/day

-l g
-0.2 -0.16 -0.12 -0.08 -0.04 0 0.04 0.08 0.12 0.16 0.2

Figure 6. The response (CTL minus EXP_noEC) of the terms in the salinity tendency equation for the upper ocean layer averaged within the depth of 0-20 m: (a) salinity
tendency, (b) salinity advection, (c) horizontal diffusion and (d) vertical diffusion on 26 April 2002. (e-h) are the same as (a—d) but for the upper ocean layer averaged
within the depth of 20-60 m. The red line indicates the sea ice edge based on the contour of 15% sea ice concentration. The green box highlights the region with

maximum response.
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Figure 7. The area-averaged response (CTL minus EXP_noEC) in the upper ocean during the cyclone period and the
following month for the responses of (a) sea temperature and (b) sea salinity. The averages are taken over the key region
(110°W-150°W, 60°S-70°S), as outlined by the green box in Figure 3a.

Figure 3b, during the occurrence period and the following month. The area-averaged surface warming response is
enhanced for approximately 3—4 days after the EC event (on 25th April), reaching around 0.06°C, and then
dissipates quickly. In contrast, the subsurface cooling response intensified for about 4-5 days after the EC
generation, reaching up to —0.16°C at around 40 m depth. This subsurface cooling response gradually weakens
thereafter, stabilizing at a relatively minor cold anomaly approximately 4 weeks later (on 22nd May). The cooling
response exceeding 0.08°C is primarily observed between 30 and 50 m depth, but its effect can extend down to
100 m. It is intuitive that the sea surface temperature anomaly recovers quicker than subsurface due to the ex-
change of heat flux with atmosphere at the air-sea interface. The increasing sea salinity response occurs in the
upper ocean layer down to 30 m, peaking at the surface with a change of more than 0.06 psu. This response
gradually diminished, stabilizing after approximately 6 weeks (around 7th June) with a residual anomaly of 0.03—
0.04 psu. The decreasing response in the subsurface ocean layer reduces slightly quicker than surface, eventually
stabilizing at a negative anomaly of less than 0.02 psu between 40 and 70 m depth.
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Figure 8. Sea ice response averaged during 27th—30 April 2002: sea ice concentration derived from (a) CTL, (b) the response
(CTL minus EXP_noEC). (c, d), (e, f) are the same as (a, b) but for sea ice thickness and sea surface height. The gray line with
black dots indicates the cyclone track. The black arrows indicate the ice drifts, while the red line outlines the sea ice edge
based on the contour of 15% sea ice concentration.

3.3. The Impacts of the EC on Sea Ice

In addition to the impacts of the EC on the upper ocean, it can also influence sea ice when it passes through the
edge of sea ice. In the CTL state, sea ice concentration is less than 60% and sea ice thickness is less than 0.4 m
along the edge, due to the forcing of wind stress and ocean currents (Figures 8a and 8c).

During the cyclone period, the EC crossing the ice edge results in onshore winds on the eastern side of the EC that
break up the ice and push it inland (Figures 8b and 8d). The wind-induced sea surface ocean slope could cause the
iceberg calving (Francis et al., 2021). It can be observed that the cyclonic wind induced a strong slope on the sea
surface, accompanied by height anomalies exceeding 0.1 m (Figure 8f). This process leads to a significant
reduction in sea ice concentration and thickness along the edge, with anomalies reaching as low as —25% in
concentration and —0.2 m in thickness (refer Figures S12 and S13 in Supporting Information S1 for each day). At
the western side of the EC, the offshore wind induces a light increase of sea ice thickness within the edge.

Here we assessed the EC's impact on sea ice by analyzing sea ice mass fluxes, including snow ice formation, frazil
ice growth, congelation ice growth, lateral ice melt, basal ice melt, top ice melt, and dynamic ice changes
(Figure 9). The spatial distribution and magnitude of sea ice changes induced by dynamic processes, illustrated in
Figure 9g, are broadly consistent with the total sea ice changes depicted in Figure Sh, with the most significant
decrease exceeding 3 cm/day around Antarctica. Basal ice melting emerges as the primary contributor to the
reduction in sea ice (Figure 9e), linked to the warm ocean currents transported to the coast. In contrast, the other
mass fluxes exhibit non-uniform distributions and considerably smaller values, suggesting their limited contri-
bution to the instantaneous sea ice changes induced by the EC.
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Figure 9. The response (CTL minus EXP_noEC) of each contributor in the sea ice mass fluxes (cm/day) for sea ice
concentration formation: (a) snow ice formation, (b) frazil ice growth, (c) congelation ice growth, (d) lateral ice melt,
(e) basal ice melt, (f) top ice melt, (g) dynamic ice change, and (h) total ice response on 26 April 2002.

4. Discussions and Conclusions

In this study, we investigate the impacts of an EC over the Southern Pacific Ocean on the upper ocean and sea ice
by employing a cyclone-removal method in our modeling experiments. The results show notable responses in the
upper ocean the day after the EC's explosion: the strong clockwise wind stress generates surface cyclonic
divergence, which enhances northward ocean currents and induces upwelling of subsurface water. A sea surface
warming response of up to 0.20°C is observed near the EC center, accompanied by a cooling response of up to
—0.15°C at the EC periphery. Beneath this surface temperature anomaly, significant cooling of exceeding 0.15°C
occurs in the subsurface ocean layer at depths of 20—60 m. Concurrently, sea surface salinity exhibits increasing
response of up to 0.20 psu, accompanied by decreasing response in the subsurface layer at depths of 30-60 m.
When the EC traversed the ice-covered Ross Sea, it resulted in a reduction in sea ice concentration and thickness
along the ice edge, with anomalies of approximately —25% and —0.2 m, respectively. The changes induced by the
EC are relatively smaller than those reported in previous studies (Jena et al., 2022; Vichi et al., 2019). This might
be due to the influence of the background circulation not being removed in their studies.

Many atmospheric and oceanic factors contribute to the abrupt changes observed in the upper ocean induced by
EC. Some studies have noted the challenges of quantifying the relative roles of individual factors due to limited
data availability (Turner et al., 2020; Vichi et al., 2019). However, the relative contributions of each process can
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be assessed within the modeling simulation. During the EC event, the responses of surface temperature and
salinity are primarily attributed to vertical diffusion near the cyclone core and advection in the periphery of the
cyclone. Regarding subsurface ocean layers, vertical diffusion is the predominant factor responsible for the
cooling and decreasing salinity. In terms of sea ice change, mass balance budget analyses indicate that dynamic
processes play the leading role in altering ice conditions, followed by basal ice melting.

Although some studies have suggested that the effects of EC on ocean conditions and sea ice may extend beyond
the dissipation of EC (Jena et al., 2022; Turner et al., 2020; Vichi et al., 2019), very limited research has accurately
quantified the persistence of these impacts on ocean parameters induced by ECs. Research on tropical cyclones
indicates that their effects on sea surface temperature can recover within several days to weeks (Emanuel, 2001;
Hart et al., 2007; Wang et al., 2016), while changes in sea salinity in the upper ocean can persist for approximately
10-12 days (Girishkumar et al., 2014). Here, our model sensitivity simulations demonstrate that the impacts of
ECs on ocean temperature and salinity can last for over 4 weeks, with residual anomalies detectable for more than
1 month. Notably, the larger anomalies observed in the subsurface ocean layer, particularly at depths of 20—60 m,
may persist for an even longer duration. Additionally, a series of extratropical cyclones frequently occur over the
Southern Ocean, influencing the upper ocean and sea ice in a sustained manner; however, their cumulative effects
remain an open question. Further research is warranted to address this issue.

The cyclone removal method adopted in this study could isolate the effects of cyclones, but several limitations
remain. First, the identification of cyclonic regions was based on isobaric contours, which may result in insuf-
ficient removal of wind anomalies in the outer portions of cyclones. For thermodynamic fields, the cyclone-
associated components typically exhibit asymmetric spatial structures, which can only be mitigated through
filtering techniques—often with limited effectiveness. Consequently, the results may underestimate the role of
cyclonic components. Second, the findings are derived solely from the ROMS-CICE coupled model, and un-
certainties inherent in model simulations may affect the magnitude of the responses. Future work should consider
ensemble simulations with multiple models or validate the results against observational data to assess their
robustness and accuracy. Finally, regarding the duration of subsurface temperature and salinity anomalies
induced by the EC, it should be emphasized that model results may deviate from real-world conditions. Because
the ROMS-CICE model used here is not coupled with an atmospheric component, the oceanic changes induced by
cyclonic forcing cannot feed back to the atmosphere. In the real ocean—atmosphere system, such adjustment and
air—sea interactions would likely shorten the persistence of the anomalies. However, in this experiment, the at-
mosphere is prescribed as an external forcing, and without atmospheric feedbacks, the cyclone-induced oceanic
responses tend to persist longer than they would in nature.

We also examined the results of model experiments conducted without removing the thermodynamic fields,
finding that they were consistent with the current results presented here (not shown). This finding aligns with the
established understanding that the dynamic forcing exerted by cyclones on the ocean is more pronounced.
Nonetheless, it is important to note that the air-sea interaction processes are inherently complex. For instance, the
sea spray process plays a significant role in mediating the transport of heat and momentum fluxes at the air-sea
interface. According to previous research, sea spray is responsible for over 10% of the total air-sea heat and
momentum fluxes, particularly under conditions of strong wind speeds (Andreas et al., 2008, 2015). Given its
notable thermal and dynamical effects, the influence of sea spray should be considered during events associated
with strong wind stress. Future research should employ coupled models that incorporate sea spray parameteri-
zation to simulate and quantify the impacts highlighted in the cyclone-removal experiments discussed above more
accurately.

Data Availability Statement

The ERAS hourly data on single level is provided by Copernicus Climate Change Service (C3S) Climate Data
Store (CDS) DOI: 10.24381/cds.adbb2d47 (Accessed on 01-02-2021) at https://cds.climate.copernicus.eu/data-
sets/reanalysis-eraS-single-levels?tab=download. The National Snow and Ice Data Center (NSIDC) Climate
Data Record of Passive Microwave Sea Ice Concentration (Version 4) is obtained at https://nsidc.org/data/
202202/versions/4. The ocean and sea ice data used to establish the boundary conditions were obtained from the
National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR), DOI:
10.5065/D69K487J, which is available at https://doi.org/10.5065/D69K487] (Accessed on 15-10-2022).
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