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Abstract wind power input to near-inertial motions is an important energy source for generating diapycnal
mixing in the ocean. However, the distribution and long-term trend of this input over the Southern Ocean have
yet to be quantified. In this study, we investigate the near-inertial wind power input (WPI,) to the Southern
Ocean using a global eddy-permitting coupled ocean-sea ice model forced by a high-resolution atmospheric
reanalysis product. Our results reveal a zonally asymmetric distribution of WPI, in the Southern Ocean, with the
strongest input in the South Indian Ocean and the weakest in the South Pacific. The integrated WPI, between
30°S and 60°S exhibits a significant positive trend over the past four decades due to the intensification of
mesoscale weather systems. The surface mixed-layer depth is found to modulate the spatial pattern and trend of
WPI, by altering the surface near-inertial currents.

Plain Language Summary Wind fluctuations can excite surface ocean currents that oscillate at
frequencies close to the inertial frequency. These near-inertial motions play an important role in generating
turbulent mixing in the ocean. However, the distribution and long-term trend of wind power input to
near-inertial motions in the Southern Ocean remains unquantified. In this study, we investigate this wind
power input using a global ocean circulation model driven by a high-resolution atmospheric reanalysis data
set. Our results reveal a pronounced zonal asymmetry in the distribution of near-inertial wind power input in
the Southern Ocean. Furthermore, this power input has increased significantly over the past four decades due
to the intensification of mesoscale weather systems. Results from this study have important implications for
understanding Southern Ocean mixing and circulation.

1. Introduction

Near-inertial motions dominate the internal-wave spectrum of the ocean (Kunze, 1985). They are predominantly
excited by fluctuating winds and are an important energy source for generating diapycnal mixing in the upper
and deep ocean, contributing to the cooling of the sea surface (e.g., Jochum et al., 2013) and the maintenance of
the large-scale overturning circulation (Wunsch & Ferrari, 2004). The wind power input to near-inertial motions
(WPI) has often been estimated using a combination of various wind stress products and simplified ocean dynam-
ics such as slab ocean models. The global-integrated values of WPI, range from 0.29 to 1.40 TW, depending on
the wind products used (Alford, 2001, 2003; Jiang et al., 2005; Rimac et al., 2013; Watanabe & Hibiya, 2002).
However, it is known that the slab models do not reproduce the observed kinetic energy balance during strong
wind forcing events and they tend to overestimate WPI, considerably due to the lack of a dissipation mechanism
that operates on short time scales (Plueddemann & Farrar, 2006). Ocean general circulation models (OGCM;
Furuichi et al., 2008; Simmons & Alford, 2012; Rimac et al., 2013; Flexas et al., 2019) tend to provide more real-
istic representations of near-inertial energy budget compared to slab models (Flexas et al., 2019). However, due to
the large amount of high-frequency model output required for filtering near-inertial currents, studies investigating
near-inertial wind power input based on OGCMs are often limited to relatively short periods, typically ranging
from a few months to one year (e.g., Dippe et al., 2015; Flexas et al., 2019; Rath et al., 2014). While WPI, can
also be estimated from observations such as ocean currents derived from near-surface drifters (Liu et al., 2019),
the lack of long-term drifter data and the uneven distribution of near-surface drifters make it impossible to assess
the long-term variability and trend of WPL.
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The majority of wind power input to near-inertial motions in the ocean is accounted for by winter storm activ-
ities at mid-latitudes (e.g., D’Asaro, 1985). These midlatitude winter storms encompass a combination of tran-
sient atmospheric phenomena, including synoptic weather systems, cold/warm fronts, and traveling lows that
cover a wide range of spatial scales and they provide the bulk of near-inertial wind energy input to the ocean
(Alford, 2003; Dippe et al., 2015; Zhai, 2017). Recent studies indicate a poleward shift and intensification of the
mid-latitude storm track in the Southern Hemisphere over the past decades (e.g., Chang et al., 2012; Chemke
et al., 2022). Additionally, the high latitudes in the Southern Hemisphere are also rich in mesoscale weather
systems such as polar lows which tend to form in regions where cold air masses interact with sharp sea surface
temperature gradients (Rasmussen & Turner, 2003). Satellite-based observations (e.g., Irving et al., 2010) have
reported strong positive trends in the frequency of mesoscale activities over the Amundsen and Bellingshausen
Seas during 1999-2008. However, the impact of these changes of storm activities on WPL is yet to be investigated.

In this study, we examine the spatial pattern and long-term trend of WPL, in the Southern Ocean over the past
four decades. To do this, we analyze hourly model output from a global eddy-permitting OGCM forced by a
state-of-the-art atmospheric reanalysis product. Factors that influence the distribution and trend of WPL in the
Southern Ocean are also assessed and discussed.

2. Data and Methods

The model used in this study is the MIT general circulation model (MITgcm; Marshall, Adcroft, et al., 1997;
Marshall, Hill, et al., 1997) run on the same grid and using some of the same parameters as the Estimating the
Circulation and Climate of the Ocean, Phase 2 (ECCO2), which is a high-resolution global ocean and sea-ice
data synthesis (Menemenlis et al., 2005). The model employs a cube-sphere grid projection, which permits rela-
tively even grid spacing throughout the entire domain and avoids polar singularities (Adcroft et al., 2004). The
mean horizontal grid spacing of the model is roughly 18 km, that is, eddy-permitting in the Southern Ocean.
There are 50 vertical levels with varying thickness, ranging from 10 m near the surface to 450 m near the ocean
bottom. The subgrid-scale vertical mixing processes are parameterized using the K-profile parameterization
(Large et al., 1994), and no explicit eddy parameterization schemes are used in the model. The model is forced
by hourly ERAS atmospheric reanalysis data (Copernicus Climate Change Service (C3S), 2017), obtained from
the European Center for Medium-Range Weather Forecasts (ECMWF) for the period from 1979 to 2019 (without
data assimilation). The ERAS atmospheric reanalysis data have a horizontal resolution of approximately 30 km
and include variables such as hourly net longwave radiation, net shortwave radiation, humidity, 2-m air tempera-
ture, precipitation, and 10-m wind velocity. Monthly mean outputs of surface mixed-layer depth and hourly-mean
outputs of wind stress and ocean surface currents for the entire 41-year study period are analyzed here.

The stress (7) exerted on the ocean is a combination of air-ocean stress (z,) and ice-ocean stress (z,,), and it is
calculated using the quadratic drag law:

7 = (1 = a)ra0 + atio, H

where
740 = PairCao [U10m — o |(U10m — Uo), 2)
710 = pwCiolttice — tho | (Uice — Uo)- 3)

here a is the sea ice concentration, p,;, = 1.2 kg/m® and p, = 1,027.5 kg/m® are the surface air and seawater
densities, respectively, C,  is the drag coefficient between air and ocean which is a function of wind speed (Large
& Pond, 1981), C,, = 0.0055 is the drag coefficient between ice and ocean (McPhee, 1980), and u,,, u,, and u,
are the 10-m wind, ocean surface current velocity, and sea ice drift velocity, respectively. Note that it is impor-
tant to account for relative motions in the wind stress calculation, also known as the relative wind stress effect.
This effect can lead to a notable reduction in WPI,, with a decrease of over 20% in the Southern Ocean (Rath
et al., 2013; see also Zhai, 2017).

Following Flexas et al. (2019), we use a fifth-order Butterworth filter to isolate near-inertial currents in the
frequency band of [0.8f/2x, 1.2f/2x], where f1is the local inertial frequency. The same filter is also used to extract
the near-inertial components of wind stress. The near-inertial wind stress magnitude (NIWSM) is defined as
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the magnitude of the near-inertial components of wind stress which is known to be most efficient in exciting
near-inertial currents via inertial resonance (e.g., D’Asaro, 1985; Crawford & Large, 1996; Zhai, 2015), that is,

NIWSM = /7], +17;, @)

where 7, ;and 7 ; are the band-pass-filtered near-inertial components of surface wind stress. The wind power input to
near-inertial motions is estimated as the dot product of surface wind stress and ocean surface near-inertial currents:

WPL =7 -y ()

where u, is the ocean surface near-inertial current velocity.

The mixed-layer depth (MLD), H, in the ECCO?2 state estimate is defined as the depth at which the density differs
from that at the surface by an equivalent amount to a temperature difference of 0.8°C, an optimal value suggested
by Kara et al. (2000). The modeled annual-mean mixed-layer depth is broadly consistent with the observational
estimate by Holte et al. (2017) based on Argo profiles, although it should be acknowledged that some unrealisti-
cally deep convection occurs at very high southern latitudes in the model simulation, mainly in the Weddell Sea
and Ross Sea. Because of that, in this study we focus on the Southern Ocean between 60°S and 30°S.

To investigate the atmospheric conditions associated with near-inertial wind forcing, we analyze the kinetic
energy of synoptic and mesoscale weather systems over the past four decades. For synoptic weather systems,
threshold time scales of 2 and 8 days are chosen, as atmospheric variability (e.g., wind and air temperature) on
time scales of 2-8 days is generally thought to be associated with synoptic weather systems and baroclinic storm
activities (e.g., Lin et al., 2018; Yin, 2005). The time scale definitions for mesoscale weather systems vary among
previous studies, for example, 1-4 days used in Uotila et al. (2009), 24—48 hr in Pezza et al. (2016), and 6-36 hr
in Verezemskaya et al. (2017). To distinguish mesoscale weather systems from their synoptic-scale counterparts
(2-8 days), we consider atmospheric systems with characteristic time scales shorter than 2 days as mesoscale
systems. Here we apply a 2-day running mean and a 2-8-day fifth-order Butterworth bandpass filter to the origi-
nal hourly reanalysis winds to filter out wind fluctuations that last less than 2 days (mesoscale) and those within
2-8 days (synoptic), respectively, following the method of Lin et al. (2018).

3. Results
3.1. Spatial Pattern

The distribution of NIWSM averaged over the 41-year study period exhibits a band of large-magnitude values that
is elongated in the zonal direction between 60°S and 30°S (Figure 1a). Large values of NIWSM are concentrated
to the south of the Indian Ocean and Australia, while low values of NIWSM are generally found in the South
Pacific as well as the western part of the South Atlantic. This spatial pattern broadly resembles the intensity distri-
bution of mesoscale weather systems (Figure S1 in Supporting Information S1). The average value of NIWSM
in the Indian Ocean and south of Australia (20°~140°E) is about 0.023 N/m?, while that in the South Pacific and
western part of the South Atlantic (180°-30°W) is 0.018 N/m?. Consistent with the findings of Rath et al. (2014),
the maximum values of NIWSM are shifted equatorward compared to those of the total wind stress (Figure S1
in Supporting Information S1). This shift can be explained by the longer inertial periods at lower latitudes which
effectively sample greater wind stress variability (Dippe et al., 2015; Zhai, 2015).

The surface near-inertial currents, on the other hand, display a very different spatial pattern (Figure 1b). Apart
from one localized area of strong near-inertial currents, the magnitude of near-inertial currents in the Indian
Ocean sector and south of Australia tends to be relatively modest. Large values of near-inertial current speed are
mostly concentrated in the South Atlantic region. This spatial pattern is broadly consistent with that derived from
satellite-tracked near-surface drifter observations during 1999-2006 (Chaigneau et al., 2008), albeit the magni-
tude of near-inertial currents in our model simulation is on average lower compared to the drifters which may
be attributed to insufficient atmospheric forcing and limitations in ocean model resolution (Flexas et al., 2019).
Large magnitudes of near-inertial currents are also observed at around 30°S, where the inertial frequency coin-
cides with the diurnal frequency (Dippe et al., 2015; Elipot & Lumpkin, 2008).

The marked difference in the spatial patterns of NIWSM and surface near-inertial currents can be qualitatively
understood by considering the solution of the slab model, that is, |u;|c<|7,|//H, which states that the magnitude
of near-inertial currents in the surface mixed layer is proportional to the magnitude of NIWSM and inversely
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Figure 1. (a) NIWSM (N/m?), (b) the magnitude of surface near-inertial currents (m/s), (¢) WPI, (mW/m?), and (d) MLD
(m), averaged between 1979 and 2019. Black solid and white dashed represent |z,|/H contours of 0.0002 and 0.0003 N/m?,
respectively.
proportional to the MLD (e.g., Pollard & Millard, 1970; D’Asaro, 1985; Rath et al., 2013, 2014; Zhai, 2015).
As aresult, regions with a large MLD, such as the area immediately to the south of Australia and to the west of
South America (enclosed by the white solid contours), exhibit moderate to weak surface near-inertial currents,
despite having relatively high levels of NIWSM (Figures 1b and 1d). Conversely, several regions with weak
NIWSM but small MLD experience moderate levels of near-inertial currents. The combination of large NIWSM
and small MLD results in a hot spot of near-inertial currents to the southwest of the Indian Ocean. Due to the
overall decrease of the MLD northward of approximately 50°S, the peak of the zonal-mean |u is shifted nearly
10° toward the equator compared to that of the zonal-mean Iz}l (Figure S1b in Supporting Information S1).
The spatial distribution of WPI, exhibits a pronounced zonal asymmetry, with elevated values in the South Atlan-
tic, South Indian Ocean and to the south of Australia, while lower values are seen in the remainder of the South
Pacific. The average value of WPI, in the South Atlantic (60°W-20°E), South Indian and to the south of Australia
(20°E~140°E), and the remainder of the South Pacific (140°E-60°W) is about 0.81 mW/m?, 0.85 mW/m? and
0.6 mW/m?, respectively. The overall pattern of WP, is consistent with that estimated from surface drifters and
satellite wind measurements (Liu et al., 2019), although the maximum WPI, values in our model is somewhat
smaller due to the weaker simulated near-inertial currents compared to the drifters. The average WPI, across
QIAN ET AL. 40f9
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Figure 2. Time series and trend (blue dashed) of (a) NIWSM (N/m?, green solid), (b) the magnitude of near-inertial surface
currents (m/s, black solid) and the ratio of NIWSM to MLD (N/m?, magenta solid), and (c) WPI, (mW/m?, red solid) averaged
between 30°S and 60°S and between 1979 and 2019. All trends are statistically significant at <1% level.

the entire model domain is about 0.07 TW which is greater than the 0.053 TW found by Rath et al. (2013) for
the Southern Ocean (78°S-30°S) where they employed a coarser 6 hourly reanalysis wind product. The peak
of the zonal-mean WPI, falls between the peaks of the zonal-mean mean |u,| and zonal-mean Iz}| and it is located
approximately 5° equatorward of the peak of the zonal-mean |z;| (Figure S1 in Supporting Information S1).

3.2. Trends

In this section we analyze the trends of NIWSM, surface near-inertial currents, and WPI, averaged over the South-
ern Ocean. All trends are statistically significant at <1% level by r-test.

During the 41-year study period, the domain-averaged NIWSM in the Southern Ocean has shown a significant
increase, with a positive trend of approximately 4.1 X 1073 N/m?/yr (Figure 2a). In comparison, the annual mean
wind stress exhibits a higher increasing trend of 1.6 X 10~* N/m?/yr, which is about four times of the NIWSM
trend (Figure S2 in Supporting Information S1). The strengthening of near-inertial wind forcing in the Southern
Ocean in recent decades has also been reported by Rath et al. (2014) based on analysis of a 6 hourly wind reanal-
ysis product. The average magnitude of surface near-inertial currents, on the other hand, is found to decrease
slightly during the first half of the study period which is followed by a rapid increase, resulting in an overall
upward trend of 3.8 X 1073 m/s/yr over the entire 41-year period (Figure 2b). To address the discrepancy between
the trends of NIWSM and the magnitude of near-inertial currents, we consider the changes in MLD by plotting
the time series of domain-averaged |z,|/H. The close correspondence between the time series of |z,|//H and |u,]|
highlights the importance of MLD changes in modulating the trend of surface near-inertial currents.

WPI in the Southern Ocean increases by about 17% over the 1979-2019 period, with a positive trend of
2.2 x 10~* TW per year (Figure 2c). The domain-integrated WPL, varies from 64 GW in 1984 to 75 GW in 2019.
Although the general trends of WPI;, and NIWSM appear similar, they do not consistently align with each other
on a year-to-year basis. For example, the strongest NIWSM in 1998 does not correspond to the largest WPL,. This
discrepancy can be attributed to the deep surface mixed layer in 1998 (Figure S2 in Supporting Information S1)
which results in a smaller |z,|//H and consequently weaker surface near-inertial currents (Figure 2b).
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Figure 3. The trends of (a) NIWSM (N/m?), (b) the magnitude of near-inertial surface currents (m/s), (c) WPI, (mW/m?), and
(d) MLD (m) during 1979-2019. Black solid contours mark the 95% confidence level.
Figure 3a shows that the positive trend of NIWSM is broadly distributed, with large values mostly concentrated in
the latitude band of 40°-60°S. The highest trend of NIWSM is found in the eastern South Pacific. In contrast, the
surface near-inertial currents exhibit a mixture of positive and negative trends (Figure 3b). There are three regions
where the trend of |u,| is significantly negative, including the eastern South Pacific. This discrepancy between
the trends of NIWSM and |u,| can be explained by the zonally asymmetric changes of MLD in response to air-sea
heat flux anomalies associated with the Southern Annular Mode (Figure S3 in Supporting Information S1; Sallee
et al., 2010). Over the study period, these three regions with a negative |u,| trend have experienced a significant
deepening of the surface mixed layer (Figure 3d), which results in weaker |u,| despite the strengthening trend of
NIWSM in those areas. As a result, the trend of WPI,; appears more patchy (Figure 3c), and the most significant
positive trend of WPI, is found in the Indian Ocean south of 40°S, where NIWSM has increased and the mixed
layer has become shallower. Rath et al. (2014) estimated the trend of WPI, in recent decades based on the analysis
of NIWSM alone, neglecting changes in MLD. Our study demonstrates the role of MLD in modulating the spatial
pattern and trend of WPI, and highlights the limitations of predicting future changes in near-inertial motions and
associated mixing using atmospheric forcing alone.
To assess whether the trend in NIWSM is due to changes in mesoscale or synoptic weather systems, we analyze
eddy kinetic energy associated with wind fluctuations on time scales of 1 h-2 days (EKE_,;) and 2-8 days
(EKE,_g,). Following Lin et al. (2018), EKE_,, is calculated using the difference between the hourly and 2-day
running mean wind fields and EKE,_g, is calculated using the difference between the 2-day running mean and
8-day running mean wind fields.
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Figure 4. (a) Time series of kinetic energy associated with mesoscale and synoptic weather systems. (b) Spatial distribution
of kinetic energy trend associated with mesoscale weather systems during 1979-2019. Panel (c) same as (b) but for synoptic
weather systems. Black solid contours in (b) and (c) mark the 95% confidence level.

Both mesoscale and synoptic weather systems exhibit significant increasing trends over the 1979-2019 period.
Notably, the trend of EKE_,, exceeds that of EKE,_g, by more than 50% (Figure 4a). This result is consistent with
the study of Lin et al. (2018) who analyzed three atmospheric reanalysis products of lower resolution and reported
a greater strengthening trend of mesoscale weather systems than synoptic systems in the Southern Ocean during
recent decades. Furthermore, compared to EKE,_g;, the spatial distribution of the trend of EKE_,; corresponds
more closely to that of NIWSM (Figures 4b and 4c). For example, both EKE_,, and NIWSM display extensive
positive trends within the latitude range of 40-60°S, and both have their peak positive trends situated in the South
Pacific Ocean. The significant positive trend of EKE_,, in the South Pacific aligns with the observed increase
in mesoscale cyclone frequency over the Amundsen and Bellingshausen Seas (Irving et al., 2010). This increase
in mesoscale cyclone frequency is thought to be related to the concurrent positive trend of the Southern Annular
Mode over recent decades (Irving et al., 2010; Rath et al., 2014). Our results thus suggest that changes in mesos-
cale weather systems are the main driver behind the positive trend of NIWSM over the 41-year study period.

4. Conclusions

In this study, we have examined the spatial pattern and trend of wind power input to near-inertial motions in the
Southern Ocean from 1979 to 2019 using a global eddy-permitting OGCM forced by hourly ERAS5 atmospheric
reanalysis data. The spatial distribution of WPI, is found to exhibit a pronounced zonal asymmetry, with elevated
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values in the South Atlantic and South Indian Ocean, while lower values are seen in the South Pacific, particularly
to the southwest of Australia. WPI, integrated between 30°S and 60°S shows a significant positive trend during
the 41-year study period. Our results suggest that this positive trend of WPI, is largely attributed to the increasing
near-inertial wind stress associated with the intensification of mesoscale weather systems. Our result also high-
lights the role of the surface mixed-layer depth in modulating the distribution and trend of WPI, by altering the
magnitude of surface near-inertial currents.

Recent studies based on convection-permitting atmospheric simulations (e.g., Chan et al., 2023; Schumacher &
Rasmussen, 2020) predict changes in the intensity and frequency of mesoscale weather systems under a warming
climate. The future warming of the Southern Ocean (e.g., Cai et al., 2010) may create more favorable conditions
for the generation of mesoscale cyclones. It remains an open question whether the upward trend of WPI, found in
this study will continue into the next decade. Further research is also required to investigate the consequences of
this significant increase in WPI. on ocean mixing and circulation.

Data Availability Statement

ERAS data were obtained from the European Centre for Medium-Range Weather Forecasts (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-eraS-single-levels?tab=overview). The MITgcm code was obtained
freely from http://mitgcm.org/. Our model data, configuration and input directories can be downloaded at https://
doi.org/10.5281/zenodo.8298366.
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