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Key Points:

» We assess the accuracy of global geostrophy using instantaneous model fields.

» Geostrophic balance captures the leading-order dynamics in the ocean’s major current
regions of high kinetic energy.

e The geostrophic imbalance of instantaneous fields is globally dominated by fast inter-
nal waves and turbulent stress divergence.
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Abstract

Current satellite altimeters map sea surface height (SSH) with an effective spatial scale of
O(100 km) and, as a result, surface ocean velocity can be appropriately estimated from
merged SSH fields by assuming geostrophic equilibrium. The validity of the geostrophic
assumption down to the spatial scale of O(10 km) that will be newly resolved by the next
generation of satellite altimeters, such as the Surface Water Ocean Topography (SWOT)
mission, remains unknown. In this study, the accuracy of geostrophy for the estimation of
surface currents from a knowledge of instantaneous sea level is quantified using the hourly
fields from a tide- and eddy-resolving global numerical simulation. Geostrophic balance is
found to be the leading-order balance in frontal regions characterized by large kinetic energy,
such as the western boundary currents and the Antarctic Circumpolar Current. Everywhere
else, the ageostrophic flow is of comparable or larger amplitude than the total flow. As ex-
pected, the validity of geostrophy is shown to improve at low frequencies (typically <0.5
cpd). Global estimates of the horizontal momentum budget reveal that the tropical and
mid-latitude regions where geostrophic balance fails are dominated by fast (e.g., semidiur-
nal and supertidal) unbalanced motions and turbulent stress divergence terms rather than
higher-order geostrophic terms. These findings indicate that the estimation of velocity from
geostrophy applied on SWOT raw sea level maps may be challenging away from energetic
areas.

Plain Language Summary

The geostrophic balance, which is a balance between the Coriolis force and the pressure
gradient force, is a fundamental assumption that enables the estimation of the surface ocean
circulation from SSH maps. The validity of this approximation down to spatial scales of
order 10 km is critical to next-generation satellite altimetry missions, such as the upcoming
Surface Water and Ocean Topography (SWOT) mission with a scheduled launch date in
late 2022. In this study, we assess the degree of geostrophic validity using the instantaneous
output from a high-resolution global model including tidal forcing. Our results suggest that
geostrophic balance is a satisfactory approximation in energetic regions, such as the western
boundary currents and the Antarctic Circumpolar Current. This is not the case however for
the bulk of subtropical and subpolar open-ocean regions, suggesting that directly assuming
geostrophy in these regions may lead to biased time-varying estimates of velocity. High-
frequency signals dominate the ageostrophic motions everywhere except in the Southern
Ocean, where the low-frequency wind-driven currents take over. These results suggest that
using geostrophy on the raw maps of sea level collected by SWOT will not lead to an accurate
prediction of surface currents away from energetic areas.
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1 Introduction

About 80% of the kinetic energy in the ocean is contained at the mesoscale, where ro-
tational effects are dominant and flows are approximately balanced and geostrophic (Ferrari
& Wunsch, 2009). Mesoscale eddies in the ocean include coherent vortical structures with
characteristic spatial scales of tens to hundreds of kilometers and temporal scales of weeks
to months. Our understanding of mesoscale eddies dynamics has significantly advanced over
the last 30 years owing to the availability of sea surface height (SSH) measurements that are
routinely collected by satellite altimeters (Chelton et al., 2011; Morrow & Le Traon, 2012).
The along-track SSH measurements from conventional nadir radar altimeters are typically
merged and smoothed via objective analysis and optimal interpolation method to map SSH
with uniform grid and global coverage. In doing so, gridded SSH maps typically resolve
signals with horizontal and temporal resolutions of O(100 km) and O(1 month) (Ballarotta
et al., 2019), and are widely used to infer the balanced flow field at the mesoscale and larger
scales through the geostrophic approximation.

Submesoscale processes, characterized by smaller spatial scales of O(1-10 km) and
shorter time scales (on the order of the local inertial period) than the mesoscale eddies,
have come into focus more recently. Submesoscale motions are found to have an important
contribution to vertical transport of buoyancy, nutrients and other biogeochemical tracers
(see e.g., Lévy et al. (2018) for a review), and to transfer energy downscale from mesoscale
eddies to small-scale turbulence (see e.g., McWilliams (2016) for a review). Dynamically,
submesoscale processes are characterized by the Rossby number and bulk Richardson num-
ber on the order of unity, and thus are posited to be in partial geostrophic balance (Thomas
et al., 2008). Submesoscale motions have been highlighted by a few very recent in situ ob-
servations to affect restratification of the upper ocean and to modulate the evolution of the
mixed layer on climatic time scales (du Plessis et al., 2019; Siegelman et al., 2020; Yu et al.,
2021). Numerical studies further indicate that high-frequency submesoscale motions, includ-
ing unbalanced inertia-gravity waves, may contribute to the vertical global heat transport
equally as the subinertial balanced component (e.g., Su et al., 2020). Thus, investigating
the dominance of balanced and unbalanced motions at the submesoscale and specifically,
the degree of geostrophic validity, is a fundamental requirement to gauge the relative con-
tributions of the two components, and to fully understand their respective roles in shaping
the ocean’s vertical transport and energy transfers (e.g., Schubert et al., 2020).

Investigations of geostrophic validity for instantaneous fields are motivated by the future
wide-swath altimetry missions, such as the upcoming Surface Water and Ocean Topography
(SWOT) altimeter mission (Morrow et al., 2019) and the Chinese ‘Guanlan’ mission which
is in the early designing stage (Chen et al., 2019). With the advent of wide-swath radar
interferometry, the SWOT mission is expected to measure, for the first time, the SSH
globally and at spatial scales down to 15-50 km depending on the local sea state (Callies
& Wu, 2019; J. Wang et al., 2019). For SWOT, the estimation of surface velocity from
the operational SSH maps may still be founded on the geostrophic approximation. Besides
the inherent measurement noise, critical challenges for the analysis SWOT data may also
come from the long repeat cycle of SWOT orbit and the scale overlap between balanced
motions and unbalanced inertia-gravity waves and their interactions (Ponte et al., 2017;
Torres et al., 2018; Lahaye et al., 2019; Klein et al., 2019), which result in aliased variability
associated with unbalanced motions in the SSH measurements. The inertia-gravity waves
include internal waves and tides, near-inertial waves (NIWs) and internal wave continuum.

High-resolution ocean models that include astronomical tidal forcing provide a use-
ful testbed to explore and unravel the issue of balance/unbalanced disentanglement in the
SWOT mission. For instance, Qiu et al. (2018) indicated that the spatial transition length
scale separating balanced geostrophic flows and unbalanced inertia-gravity waves on a global
scale strongly depends on the energy level of local mesoscale eddy variability. Savage et al.
(2017) provided global SSH variance associated with semidiurnal and diurnal tides and su-
pertidal motions from a yearlong HYCOM output. The SSH signature of internal tides
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and internal wave continuum may result in contamination in the SSH-derived velocity esti-
mates directly through geostrophy at the resolution of SWOT, as illustrated by a regional
simulation in Chelton et al. (2019).

Low-frequency wind-driven currents represent another important component of the
ageostrophic motions at the surface. The classical paradigm of the wind-driven current
is founded on Ekman theory (Ekman, 1905), which assumes a steady, linear and vertically
homogeneous ocean on a large spatial scale. The current arises from the balance between
the Coriolis force and the vertical convergence of the turbulent stress due to the winds
(Lagerloef et al., 1999). In this view, the vertical structure of the Ekman currents is a spiral
rotating clockwise (anticlockwise) with depth in the Northern (Southern) Hemisphere, with
a surface current directed at 45° to the right (left) of the wind in the Northern (Southern)
Hemisphere. Recent studies have extended this classical picture to time dependent config-
urations (e.g., Shrira & Almelah, 2020). Efforts have been put into approximating global
wind-driven currents from reanalysis surface wind fields in order to isolate them from the
SSH-derived surface velocity (e.g., Rio, 2003). Satellite missions that are still under devel-
opment, such as Winds and Currents Mission (WaCM; Rodriguez et al., 2018), the Surface
KInematic Monitoring (SKIM; Ardhuin et al., 2018) mission and Ocean Surface Current
multiscale Observation Mission (OSCOM; Du et al., 2021), aim at measuring simultane-
ously ocean surface winds and currents on a global scale using a Doppler scattermeter. The
instantaneous current and wind measurements from these missions will allow a more direct
estimation of geostrophic and Ekman currents globally.

In this study, we assess the accuracy of global geostrophy using instantaneous fields
at hourly intervals from a tide- and eddy-resolving ocean simulation. We decompose the
velocity field into two components: the geostrophic velocity computed from SSH derivatives
in space directly from SSH rotated gradient, and the other ageostrophic velocity defined
as the difference between the total velocity and the geostrophic one. We examine the
kinetic energy levels of geostrophic and ageostrophic horizontal velocities geographically
and spectrally, and finally explore the governed momentum balance underpinning. The
paper is organized as follows. Section 2 introduces the simulation, the momentum balance
framework, and methods of velocity decomposition and spectral analysis. Diagnostics about
geostrophic accuracy are described in section 3 along with a more detailed investigation of
surface momentum equilibriums. Discussions and conclusions are offered in sections 4 and
5, respectively.

2 Materials and Methods
2.1 LLC4320 Simulation

The output from a state-of-the-art global numerical simulation, namely LLC4320 (Su
et al., 2018), is employed to assess the validity of geostrophic approximation and horizontal
momentum balances at the surface layer of the global oceans. The LLC4320 simulation
was performed using the MITgem (Marshall et al., 1997) on a global latitude-longitude-cap
(LLC) grid (Forget et al., 2015) for a period of 14 months between 10 September 2011 and 15
November 2012. The model has a horizontal grid spacing of 1/48° (approximately 2.3 km at
the equator and 0.75 km in the Southern Ocean), and thereby resolves mesoscale eddies and
part of the internal wave field and permits submesoscale variability. Horizontal wavenumber
spectra suggest that the effective horizontal resolution of LLC4320 is about 8 km (Rocha et
al., 2016). The model time step was 25 seconds, and model variables were stored at hourly
intervals. The model was forced at the surface by 6-hourly surface flux fields (including
10-m wind velocity, 2-m air temperature and humidity, downwelling long- and short-wave
radiation, and atmospheric pressure load) from the ECMWEF operational reanalysis, and
included the full luni-solar tidal constituents that are applied as additional atmospheric
pressure forcing. The LLC4320 uses a flux-limited monotonicity-preserving (seventh order)
advection scheme, and the modified Leith scheme of Fox-Kemper and Menemenlis (2008) for
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horizontal viscosity. The K-profile parameterization (Large et al., 1994) is used for vertical
viscosity and diffusivity. In this study, we use a yearlong record of the instantaneous surface
fields at every hour, starting on 15 November 2011.

Physical processes captured by the simulation are illustrated with an SSH snapshot on
24 November 2011 (Figure 1). It includes a large-scale circulation with embedded mesoscale
meanders and eddies (e.g., in the Southern Ocean) and internal tides (e.g., east of the Luzon
Strait). Coastal regions, defined here as the areas with seafloor depths shallower than 500
m, are mainly influenced by barotropic tides. Coastal regions show distinct features (e.g.,
periodic amplitudes of SSH and velocity; see Movie S1) to open ocean regions. Furthermore,
polar regions (mostly located in the areas with latitudes higher than 60°) are covered by
sea ice seasonally or all year round. In the following analysis, we exclude both coastal and
ice-covered regions on the basis that they should deserve dedicated studies.

2.2 Vector-invariant momentum equation

The vector-invariant form of the momentum equation is employed for the LLC4320
simulation,

ou - 1 _
R Xx G+ V(@) + f x T+ gV =R, (1)
N— — ~
I fxiq
u-Vu

where @ = (u,v) is the 2-d velocity vector, t is the time, k is the vertical unit vector, ¢ is
the vertical component of relative vorticity, V is the spatial gradient operator, f = 2{)sin ¢
is the Coriolis parameter (with Q as Earth’s angular velocity and ¢ as latitude), g is the
gravitational acceleration, 7 is the SSH and R is a residual term. The terms in the vector-
invariant momentum equation are estimated using the hourly instantaneous output (i.e. off-
line). The year-long time series of surface velocity and SSH fields are used to diagnostically
estimate the terms of Equation (1).

The time acceleration term, %, is calculated as a first-order derivative by a forward

difference in time. The advection term, @ - Vi, is estimated as the sum of the nonlinear
Coriolis term (k¢ x @) and the kinetic energy divergence term (V(34?)). The sum of the
linear Coriolis term (f x @) and the horizontal pressure gradient term (gVn) yields f X .
This term represents the Coriolis force acting on the ageostrophic flow, and is referred to
as the ageostrophic Coriolis term in this study. The residual term, ﬁ, is estimated as the
sum of the terms on the left-hand side of Equation (1). Note that R includes the momen-
tum contributions from turbulent stress divergence associated with atmospheric forcing and
horizontal dissipation, sub-grid processes and all possible errors involved in the estimation
process (e.g., discretization error associated with the hourly output sampling).

2.3 Geostrophic/ageostrophic decomposition

The geostrophic balance typically holds for ocean motions characterized by small Rossby
number (Ro<k1) and low frequency (lower than the local inertial frequency) (Vallis, 2007).
If these conditions are met, a balance exists between Coriolis and pressure gradient forces,

[ xig =—gVn, (2)

where @, = (ug,vy) is the geostrophic velocity vector. Thus, the time-varying horizontal
velocity can be computed geostrophically from the instantaneous SSH field from the model
output,
g9 9n g9
= 3)

Ug = _?@, Ug = ?%

Following Chelton et al. (2019), we refer to these estimates of geostrophic velocity (ug,v,) as
geostrophically computed velocity. The potential limitations of velocity estimates from an
instantaneous tide-resolving SSH map according to the geostrophic balance will be discussed
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in section 4. The ageostrophic velocity (ug,v,) is defined as the difference between the total
and geostrophically computed velocity,

Uy = U — Ug, Vg =V — Vg. (4)

2.4 Frequency rotary spectrum

The yearlong time series of the surface horizontal velocity (u,v), geostrophically com-
puted velocity (ug,v4) and ageostrophic velocity (uq,v,) are respectively used to estimate
their rotary spectra at model grid points. We first divide velocity time series into segments
of 60 days overlapping by 50% and linearly detrend over each segment, and then compute
the 1D discrete Fourier transform of complex-valued fields (e.g., u + #v) multiplied by a
Hanning window. The spectra are formed by multiplying the Fourier coefficients by their
complex conjugates, and the spectra are averaged over segments. We also integrate rotary
frequency spectral densities over five frequency bands to compute kinetic energy components
of interest, including high-frequency (>0.5 cpd, absolute values here and hereinafter), near-
inertial (0.9-1.1f, absolute values here and hereinafter), semidiurnal (1.9-2.1 cpd), diurnal
(0.9-1.1 cpd) and supertidal (>2.1 cpd). Our results are insensitive to the choice of the band
limits (Yu et al., 2019). The kinetic energy components estimated from windowed spectra
are then multiplied by a factor of 8/3 to compensate for the Hanning windowing operation
(Emery & Thomson, 2001). Total kinetic energy is estimated from temporal averages of
instantaneous fields, and low-frequency kinetic energy is computed as total kinetic energy
minus high-frequency kinetic energy.

3 Results
3.1 Surface kinetic energy distributions

The global snapshots of the zonal component of total velocity, geostrophically com-
puted velocity and ageostrophic velocity are shown in Figure 2. At mid-latitudes (30°-60°
N and S), the zonal velocity, u, compares visually well with the geostrophically computed
velocity, ug. This is especially true for the signature of energetic features, including the Gulf
Stream, the Kuroshio Extension, the Brazil Current, the Agulhas Current and the Eastern
Australian Current. The ageostrophic velocity, u,, exhibits a spatial structure of O(1000
km) superimposed with wave-like signals of O(100 km). A somewhat different picture is
seen in the tropical and subtropical regions (30°S-30°N), where u reflects an alternating
zonally elongated current system with typical amplitudes of the order to 1 m s~! and vig-
orous internal wave features such as in the southeast of the Luzon Strait. Both u, and u,
exhibit, on the other hand, remarkably fine-scale wave-like structures associated with ampli-
tudes greatly exceeding that of the full velocity field. These unrealistically large u, and u,
mirror each other, and arise from the small-scale high-frequency variability in the SSH field
(Figure S1) combined with reduced Coriolis parameter f near the equator. This highlights
challenges for the estimation of surface velocity from future altimetric high-resolution SSH
maps through geostrophic approximation at low latitudes. We exclude equatorial latitudes
(5°S-5°N) in the following geostrophy assessment, but will explore the governing dynamics
in the framework of momentum balance for the equatorial ocean in section 3.3.

The global distribution of the year-mean surface kinetic energy, K F, indicates that the
ocean’s kinetic energy is dominated by mesoscale-to-large-scale circulations in the regions of
western boundary currents, the Antarctic Circumpolar Current (ACC) and the equatorial
ocean (Figure 3). The magnitudes of kinetic energy in these energetic regions are on the
order of O(1 m? s~2), exceeding typical values in the vast areas of other open-ocean regions
(e.g., the eastern boundary current region of each ocean basin) by at least one order of mag-
nitude. These modeled features of kinetic energy are broadly consistent with global drifter
observations (Lumpkin & Johnson, 2013). In the energetic regions, patterns of kinetic energy
resemble that associated with geostrophically computed velocity, K E,, indicating that the
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geostrophic component could explain much of the variance in these regions. By contrast, in
other open-ocean regions (such as the mid-latitude South Pacific), the ageostrophic kinetic
energy, K E,, shows comparable energy levels with K'E,. As for snapshots, both K E, and
K E, diverge in the equatorial oceans due to the vanishing Coriolis parameter. Lastly, there
is no clear correspondence between KFE, and KFE patterns, suggesting that higher-order
geostrophic terms (e.g., cyclogeostrophic balance; Penven et al., 2014) may contribute only
modestly to the ageostrophic circulation at a global scale.

The frequency rotary spectra of surface total velocity (E), geostrophically computed
velocity (E,) and ageostrophic velocity (E,) as a function of latitude and frequency are
shown in Figure 4. The velocity spectra are characterized by high-energy peaks at low
frequencies (<0.5 cpd), diurnal, semidiurnal, and latitude-varying inertial frequencies. At
low frequencies, the high-energy peaks of the surface total velocity field are reflected in
geostrophic rotary spectra across all latitudes, whereas the ageostrophic rotary spectra peak
more moderately. This translates the expected geostrophic balance holds at low frequencies.
At high frequencies (>0.5 cpd), spectra estimated from geostrophically computed velocity
and ageostrophic velocity exceed the total velocity spectra, especially at diurnal, semidiurnal
and higher tidal harmonic frequencies. The cancellation between geostrophically computed
and ageostrophic velocities indicates a failure of geostrophy at these frequencies. The energy
peaks at the latitude-varying inertial frequencies are purely ageostrophic, due to the minor
role played by pressure gradients for NIWs. The failure of geostrophy for tidal and near-
inertial motions is not unexpected, because the inertia-gravity waves intrinsically relate to
sea level according to polarization relations, which markedly depart from the geostrophic
relation.

The low-frequency component of the geostrophically computed kinetic energy, K Eg 0w,
dominates that of the ageostrophic kinetic energy, K E, ;o,, away from the equatorial band
by a factor of 2-5, which highlights that the low-frequency total kinetic energy (which
accounts for approximately 80% of the total kinetic energy globally), KFEjy,, is mainly
composed of slow geostrophic motions (Figure 5a). The ageostrophic kinetic energy, KE,,
can be decomposed into components of different frequency bands using the spectra (Figure
5b). The low-frequency component, K FE, o, tends to contribute increasingly to KE,
from low to high latitudes, and accounts for over 60% of KFE, in the Southern Ocean.
Interestingly, supertidal motions are the dominant contributor to K E, in the internal wave
field, especially in tropical latitudes (also see Figure S2). Semidiurnal tides are the second
largest component with the ratio KE, semi/KE, between 10% to 30% across latitudes.
In contrast, NIWs and diurnal tides make only a modest contribution to the ageostrophic
kinetic energy, up to 10%.

3.2 Geostrophy assessment

The ratio of ageostrophic kinetic energy to total kinetic energy, KF,/KFE, is used as a
quantification of geostrophic validity (Figure 6). A threshold of ratio 0.2 is chosen arbitrar-
ily here. The global map of KE,/KFE illustrates the dominant geostrophic character of the
velocity field in the regions of energetic kinetic energy, primarily in the western boundary
currents and the ACC in the subpolar region. The ratio KE,/KFE is commonly smaller
than 0.2 there, which means that geostrophic motions account for more than 80% of the
total kinetic energy. On the other hand, ageostrophic motions exhibit comparable or larger
levels of kinetic energy than the total kinetic energy in most of the open-ocean regions (in-
cluding the Canary Current, Benguela Current, the California Current and Peru Current),
indicating that the geostrophic approximation is not a good estimator of the surface circula-
tion with instantaneous fields there. For low-frequency motions, the ratio K Fq jow/K Eiow
is significantly reduced globally away from the equatorial ocean. In the zonal average, the
ratio KE,/KFE reaches its minimum of approximately 30% in the Southern Ocean, and
down to below 50% at latitudes of the Kuroshio and the Gulf Stream (30°-40°N). Zonally-
averaged K FEq jon, /K Ejoy is always lower than that of KE,/KFE, with a range of 10% to
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60% at extratropical latitudes. Particularly, the ratio K Eg jow/K Ejow decreases to 20% in
the Southern Ocean and to 10% in the 30°-40°N band.

In order to gain deeper insight into the temporal scale of the validity of geostrophic
balance, the ratio of the rotary frequency spectra of ageostrophic velocity to total velocity
(Eo/E) is computed (Figure 7). Across all latitudes, super-inertial (i.e., frequencies exceed-
ing f) motions are dominated by ageostrophic dynamics. There is an obvious asymmetry
between cyclonic and anticyclonic motions within the subinertial band (i.e., frequencies
lower than f), where cyclonic motions appear to be more geostrophic at higher frequencies.
For instance, the frequency scale for the validity of geostrophy under a 0.2 ratio threshold
is approximately 0.15 cpd (i.e. 6.7 days) for cyclonic motions and 0.05 cpd (i.e. 20 days)
for anticyclonic motions at latitudes of the Kuroshio and the Gulf Stream (30°-40°N). This
asymmetry is possibly due to the strongly polarized signature of NIWs extending down to
lower frequencies under the influence of mesoscale eddies. The stronger influence of NIWs
combined with their purely ageostrophic character would result in anticyclonic motions less
geostrophic than cyclonic ones. Overall, the surface flows at frequencies less than approx-
imately 0.05 cpd (i.e. periods longer than 20 days) follow the geostrophy balance (E,/FE
~0.2) to a first order, except in the quiescent subpolar region of the Northern Hemisphere
and in the equatorial region where geostrophy does not hold due to the vanishing Coriolis
parameter. This illustrates the expected result that the majority of large-scale gyres in the
global oceans are in geostrophic balance at low frequencies.

3.3 Momentum balance

In order to identify more specifically sources of ageostrophic variability, we compute
the annual root mean square (denoted as (.),ns) of each term in Equation (1).

The global distributions of the root-mean-square values of the linear Coriolis and pres-
sure gradient forces are displayed in Figure 8. Consistent with the regions of small KFE,/KFE
ratios (Figure 6a), both two terms show enhanced values in energetic regions (e.g., the South-
ern Ocean and western boundary current system and extensions). One significant difference
between the two terms is that the pressure gradient term also exhibits intense beam-like
structures in the tropical region, whereas the linear Coriolis term is largely muted due to
vanishing f. These beams emanate from known energetic internal tide generation sites (e.g.,
Amazon plateau and West of Luzon strait), which suggests that they are the signature of
propagating internal tides. The signature of these beams is also present on the root mean
square of the acceleration term, albeit with a weaker amplitude, and on the residual term
(Figure 9). Internal tides of large amplitudes may be associated with significant advection
of momentum and/or may evolve rapidly compared to the model output frequency, which
would both explain their signature on the residual. The advection term is only profound
in regions of energetic kinetic energy, and shows qualitatively similar patterns to the linear
Coriolis term but with a magnitude a factor of 2-5 smaller.

The zonally averaged root-mean-square values of the horizontal pressure gradient term
are comparable in magnitude with those of the linear Coriolis term at mid-latitudes (Figure
10a). The amplitude of ageostrophic Coriolis term ({f X @ )rms) closely follows the pressure
gradient one between 0°-30° N and S, where the value of the linear Coriolis term decreases
with decreasing latitudes. The root mean square of the momentum balance residual covaries
with (f X @g)rms, albeit with a smaller amplitude (Figure 10b). The time acceleration term
also broadly follows the latitudinal structure of (f X @4 )yms, and tend to have an increasing
contribution momentum at low latitudes. Comparison of the ratio of each term to (f x
Uq)rms in Figure 11 shows that the acceleration and residual have comparable amplitudes
with (f X @)rms in the tropical region, which suggest a necessary cancellation between
both terms. We have argued that the residual may be explained at the equator by the
signature of large internal tides. At mid-latitudes, the residual term dominates (f X @g)rms
and we speculate this residual is dominated by vertical stress divergence associated with
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winds. This is suggested by the lower frequency content of the residual (Figure S3) and
its geographical distribution (Figure 11c). Finally, the advection term has a moderate
contribution to (f X u,)rms over the global oceans, approximately 10% in the subtropical
regions and up to 30% in the subpolar regions.

4 Discussion

In the previous section, the global validity of geostrophy using the instantaneous model
fields was shown to be latitude- and frequency-dependent. We now discuss possible biases
and limitations from our model study.

The LLC4320 simulation exhibits variance 4 times higher in the semidiurnal band and
3 times lower in the inertial band compared with surface drifter data (Yu et al., 2019).
The overly energetic semidiurnal tides, which are ubiquitous over the global oceans, would
overestimate ageostrophic kinetic energy levels and thus lead to an underestimate of the
degree of geostrophy validity. On the other hand, the deficit of the modeled near-inertial
kinetic energy (which is purely ageostrophic) would lead to an optimistic geostrophy assess-
ment. Note that the overly strong semidiurnal tides and too weak NIWs in LLC4320 may
compensate one another in the estimate of ageostrophic kinetic energy.

The accuracy of geostrophic predictions of instantaneous sea level maps will be quan-
titatively improved from a simulation with more realistic levels of the unbalanced inertia-
gravity waves. Numerically, an increase of spatial and temporal resolutions of wind forcing
is a key step to improving the near-inertial kinetic energy levels (Rimac et al., 2013; Flexas
et al., 2019). The magnitude of internal tides is found to be sensitive to model damping
parameterizations, such as a parameterized topographic internal wave drag which is not
included in MITgcm (Arbic et al., 2018). For LLC4320, there is also some speculation that
the overly large semidiurnal tides may be partially caused by mistakes in the implementa-
tion of the ocean self-attraction and loading. Furthermore, Nelson et al. (2020) suggested
that increasing the model horizontal resolution improves the comparison of modeled internal
wave continuum with observations.

Practically speaking, the contamination of NIWs will be a greater challenge for near-
nadir Doppler radar missions such as SKIM than for satellite altimetry missions such as
SWOT (see Figure S1 as an illustration that NIWs have almost no signature on the SSH
field). Another challenge is that instrumental noise levels inevitably prevent the analysis
of raw sea level maps provided by SWOT and an averaging may be required (Chelton et
al., 2019). A temporal average could also smooth both instrumental noise and the high-
frequency variability that affects the accuracy of geostrophic currents for the estimation of
surface currents. Time-averaged fields may be constructed either from repeated measure-
ment swaths or from combing multiple satellite measurements. Moreover, one may speculate
on the potential of having simultaneously maps of sea level (from SWOT) and surface cur-
rents (from SKIM) to improve our understanding of high-frequency motions (e.g., one could
directly compute observed ageostrophic currents via the combination of the two).

The horizontal and vertical components of turbulent stress divergence was unfortunately
not available from the LLC4320 output for this study, and are included in the momentum
residual here. At the ocean surface, the turbulent stress divergence is typically dominated
by the frictional stress driven by wind forcing, and may be approximated from wind stress.
We estimate this vertical divergence of wind stress term using a scaling approximate of
F, ~ pio(;iﬂ, where F, is the vertical component of the turbulent stress divergence, pg is the
reference density, 7 is the surface wind stress, 0. = yu./f is the Ekman layer depth with u, =
VI71/po and v = 0.25 is an empirical constant determined from observations (W. Wang &
Huang, 2004). The results indicate that the vertical divergence of wind stress term displays
moderate large-scale structures at mid-latitudes and could explain much of the variance
of the residual term there (not shown). In the tropical latitudes, however, the residual
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term is dominated by supertidal motions (Figure S3), and one could speculate that the
turbulent stress divergence associated with horizontal dissipation might also be responsible.
Another limitation is that the LLC4320 simulation was stored as hourly snapshots, and
thus the velocity and SSH fields alias variability higher than the model output frequency. To
examine the impact of the turbulent stress divergence and higher-frequency (i.e., subhourly)
variability, an online (i.e., during model run time) momentum budget analysis would be more
adequate; a regional simulation in the tropical region forced by the LLC4320 boundary
conditions will be considered in future work.

5 Summary

Geostrophy is a fundamental approximation that has been widely applied to the present
altimetric SSH measurements on scales of a few hundreds of kilometers. In this study, we
assess the global validity of geostrophy down to the spatial scale of O(10 km), using the
hourly instantaneous surface fields from the tide- and eddy-resolving LL.C4320 simulation.
The degree of geostrophic validity at this scale is particularly relevant to the usage of
measurements from the upcoming SWOT mission. Our main conclusions are summarized
as follows:

1. Geostrophic balance is the leading-order balance in the regions of energetic kinetic
energy, such as the western boundary currents and the ACC. In contrast, for the bulk
of other open ocean regions, such as the eastern boundary currents and the interior of
subtropical and subpolar gyres, ageostrophic motions are at least comparable in magnitude
to total motions in the context of kinetic energy levels, indicating geostrophy may not lead
to accurate estimates of surface currents there if directly applied to SWOT raw sea level
maps. In the equatorial ocean, geostrophy does not hold due to the Coriolis parameter
approaching zero.

2. The accuracy of geostrophy for the estimation of surface currents is frequency-
dependent. Low-frequency component of the surface flows tends to follow the geostrophic
balance to a first order almost across the global oceans away from the equator. The range of
validity of geostrophy extends down to time scales of 20 days in the subtropical and subpolar
oceans.

3. Surface ageostrophic motions are dominated by supertidal motions and localized in-
ternal tide motions within tropical latitudes. The relative contribution of supertidal motions
decreases towards higher latitudes such that internal tides and low-frequency contributions
(associated with winds and advection) become dominant. Low-frequency Ekman flows are
found to have an increasing contribution at higher latitudes.

Our findings point out that the limitation of geostrophy will prevent the direct esti-
mation of surface currents from SWOT maps. In order to provide accurate surface current
estimates, it will be necessary, away from energetic areas, either to identify and subtract
high-frequency motions (including internal tides and internal wave continuum), or to low-
pass filter SSH measurements temporally. Given the importance of high-frequency motions
in determining ageostrophic levels, there is also an opportunity that surface drifters repre-
sent to better estimate high-frequency variability and to improve our expectations about
the errors that will be made when applying geostrophy instantaneously (Elipot et al., 2016).
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({f X Ua)rms, black). (b) Same as (a) but for the time acceleration term ((O@/Jt)rms, magenta),
the advection term ((@- Vi@),ms, purple) and the residual term ((R),ms, green)). The ageostrophic

Coriolis term ({f X @a)rms, black) is also shown as a reference.
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Figure 11. Fraction of each term to the ageostrophic Coriolis term. Global maps of the ratio of
(a) the time acceleration term over the ageostrophic Coriolis term (O%/0t)rms/{f X Ua)rms, (b) the
advection term over the ageostrophic Coriolis term (@ - V@) rms /(f X @a)rms and (c) the residual

term over the ageostrophic Coriolis term (ﬁ)rms /{f X ta)rms. Their zonal averages are shown in

(d-f).
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