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ABSTRACT

Low-frequency variability at the ocean surface can be excited both by atmospheric forcing, such as in
exchanges of heat and momentum, and by the intrinsic nonlinear transfer of energy between mesoscale ocean
eddies. Recent studies have shown that nonlinear eddy interactions can excite an energy transfer from high to
low frequencies analogous to the transfer of energy from high to low wavenumbers (small to large spatial
scales) in quasi-two-dimensional turbulence. As the spatial inverse cascade is driven by oceanic eddies, the
process of energy exchange across frequencies may be sensitive to ocean model resolution. Here a cross-
spectrum diagnostic is applied to the oceanic component in a hierarchy of fully coupled ocean—atmosphere
models to address the transfer of ocean surface kinetic energy between high and low frequencies. The cross-
spectral diagnostic allows for a comparison of the relative contributions of coupled atmospheric forcing
through wind stress and the intrinsic advection to low-frequency ocean surface kinetic energy. Diagnostics of
energy flux and transfer within the frequency domain are compared between three coupled models with ocean
model horizontal resolutions of 1°, 1/4°, and 1/10° to address the importance of resolving eddies in the driving
of energy to low frequencies in coupled models.

1. Introduction also play a role in low-frequency variability of the ocean
surface, such as in the modulation of the Kuroshio
Current Extension (Wang and Koblinsky 1995; Qiu and
Chen 2005) and coupled air-sea interaction leading to
Pacific decadal variability (Barnett et al. 1999).

We may then expect the representation and reso-
lution of oceanic eddies to influence the energetics of
the ocean surface at low frequencies in coupled cli-
mate models. Here we use the transfer diagnostic of
Arbic et al. (2012, 2014) to quantify the relative con-
tributions of wind stress and nonlinear advection to
the budget of ocean surface kinetic energy across
three coupled climate models with varying horizontal
resolution in the ocean model component. This di-
agnostic, also known as the cross-spectrum diagnostic
of Hayashi (1980) (see also Stull 2009), decomposes
the source or sink of energy due to a given process as a
function of spectral frequency or wavenumber. An
extensive description of the cospectral diagnostic and
its relationship to the transfer of kinetic energy in an
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Increasing complexity in coupled ocean—-atmosphere
models has led to an ever-improving understanding of
the climate system. Higher-resolution ocean models,
which permit or resolve mesoscale ocean eddies, agree
more closely with satellite observations of surface ki-
netic energy than lower-resolution models do (Maltrud
and McClean 2005; Delworth et al. 2012; Griffies et al.
2015). The inclusion of ocean eddy dynamics in climate
models provides a better overall representation of the
ocean circulation across space and time scales, including
the long time scales associated with intrinsic variability
and climate change. Accurate simulations of climate
change are sensitive to the representation of eddies and
mixing, particularly in regions such as the North Atlantic
and the Southern Ocean where eddy mixing transfers
surface signals into the deep circulation (Farneti et al.
2010; Griffies et al. 2015; von Storch et al. 2016). Eddies
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equation in the frequency domain can be found in
Morten (2015).

The surface kinetic energy budget can be influenced
by many terms, as discussed in the context of the ideal-
ized quasigeostrophic model used in Arbic et al. (2014).
Arbic et al.’s (2014) analysis of observations and realistic
ocean models was, however, limited to the contribution
of nonlinear advection to the kinetic energy budget.
Arbic et al. (2014) used the Hybrid Coordinate Ocean
Model (HYCOM) run as a stand-alone ocean model
(i.e., forced by an atmosphere but not coupled to it), and
the Archiving, Validating, and Interpretation of Satel-
lite Oceanographic data (AVISO) observational prod-
uct to investigate the transfer of energy to long time
scales due to the nonlinear advective term. Here we use
three fully coupled climate models to determine the
impact of wind stress as well as nonlinear advection on
the oceanic kinetic energy budget.

We focus primarily on the transfer diagnostic in the
frequency domain. As such, we can use the transfer di-
agnostic to compare the relative contributions of wind
power input and nonlinear advective dynamics to low-
frequency oceanic variability at mesoscale and lower
frequencies. Additionally, the cross-spectrum transfer
diagnostic in frequency can be applied to any model grid
point such that we are able to map the geographic dis-
tribution of these two contributions to low-frequency
variability. We focus on wind forcing and nonlinear
oceanic advection because we are able to compute these
terms from the available output and because they con-
tribute significantly to low-frequency variability.

It should be noted that we use the term ‘low-fre-
quency variability” to refer to energy contained at long
(months and greater) time scales rather than to the di-
agnosis of specific dynamical modes of variability such
as ENSO, the Pacific decadal oscillation, or the vari-
ability of the Atlantic meridional overturning circula-
tion (AMOC). We execute our diagnostics in a suite of
model runs performed at different horizontal resolu-
tions in the ocean model, anticipating that both the ad-
vective and wind stress contributions to the energy
budget will be sensitive to the representation of eddies.
Additionally, transfers via nonlinear advection are a
signature of processes associated with geostrophic
eddies, which are better resolved as the ocean model
horizontal resolution is refined.

The tendency of eddy-eddy interactions in quasi-two-
dimensional flows to drive energy across spatial scales
has been extensively studied as a part of the geostrophic
turbulence literature (Charney 1971; Rhines 1979;
Salmon 1980; Scott and Wang 2005). In the geostrophic
inverse cascade, energy in a fluid confined to roughly
two dimensions, such as that of the ocean surface due to
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the effects of rotation (Vallis 2006, section 8.3.1), is
transferred from small spatial scales, such as in un-
organized turbulence, up to larger structures like co-
herent eddies and jets. Previous work by Arbic et al.
(2012, 2014) suggests that a similar exchange of energy
can be observed in the frequency domain, wherein
ocean surface kinetic energy is transferred out of high-
frequency motions and into low-frequency motions.
Given this exchange of energy, the inclusion of high-
frequency mesoscale eddies within a coupled climate
model may impact the kinetic energy budget at lower
frequencies. Correspondingly, we hypothesize that
models that better resolve ocean eddies have more en-
ergy at low frequencies associated with the nonlinear
transfer of energy from high frequency to low frequency.
Testing this hypothesis is a primary focus of this paper.

We use the NOAA Geophysical Fluid Dynamics
Laboratory (GFDL) hierarchy of coupled climate
models (Delworth et al. 2012; Griffies et al. 2015) to
compute frequency-dependent energy budget terms and
to determine the extent to which ocean model hori-
zontal resolution impacts the surface kinetic energy
budget at long time scales. We address three primary
issues related to this topic following the work of Arbic
et al. (2012, 2014).

First we examine whether, within these GFDL simu-
lations, nonlinear advection within the ocean surface
can drive energy exchanges between frequencies in an
analogous manner to that of the inverse cascade in
wavenumber space. Using a cospectral diagnostic, we
determine whether surface geostrophic kinetic energy is
transferred from high to low frequencies due to advec-
tion in three fully coupled climate models. This transfer
diagnostic can identify a ‘“‘temporal inverse cascade’ as
an extraction of energy at high frequencies (negative
transfer) and a source of energy (positive transfer) at
low frequencies. The advective transfer of energy within
the ocean surface has been described previously by
Arbic et al. (2012, 2014) using an idealized model, sat-
ellite altimeter observations, and stand-alone ocean
general circulation models.

Second, we compare the frequency-domain spectral
kinetic energy transfer, where the transfer is also known
as the divergence of the spectral kinetic energy flux
(Scott and Wang 2005; Arbic et al. 2012, 2014), due to
nonlinear advection to that of the direct energy input by
the wind stress acting on the ocean surface. The mag-
nitude of the transfer at a given frequency will then il-
lustrate the relative impact of the wind stress and
advective terms on the kinetic energy budget. As these
models are fully coupled, changes in the ocean eddy field
will have an impact on the overlying wind stress field
(Duhaut and Straub 2006). Furthermore, changes in the
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atmospheric wind stress field can influence the ocean
eddy state (Xu et al. 2016). Thus atmospheric forcing
due to wind stress is not wholly uncoupled from the
advective transfer of energy. It is therefore not strictly
correct to think of the wind forcing as entirely ‘“‘exter-
nal” to the ocean, or of the oceanic advection as entirely
“internal.”

Last, we examine the impact of better model repre-
sentation of eddies with increasing model resolution.
Our primary focus is on the effect of model resolution
on spectral energy transfers, but we will also quantify
the effect of resolution on spectral energy levels.
Penduff et al. (2010, 2011) showed that increasing
horizontal resolution in ocean models results in a
better agreement between modeled and observed in-
terannual sea level anomalies. The results of Penduff
et al. (2010, 2011) suggest a mechanism such as that of
Arbic et al. (2012, 2014) linking the fast, small-scale
eddy field with variability at low frequencies. Model
hierarchies similar to that of GFDL CM2-O (to be
defined in section 2) have been used in previous studies
to address the impact of horizontal ocean circulation
on large-scale climate simulations (Roberts et al. 2004;
Kirtman et al. 2012; Small et al. 2014; Roberts et al.
2016), but none has yet considered the spectral prop-
erties of the kinetic energy transfer and its sensitivity
to resolution.

We begin in section 2 with a description of the three
fully coupled models that are included in the GFDL
CM2-0O model hierarchy. The transfer diagnostic is
introduced in section 3, which also describes the re-
lation of the transfer to the wind power input in
physical space (by which we mean the nonspectral
domain). We confirm that the transfer diagnostic
supports the inverse cascade of energy in wavenumber
space in section 4. The bulk of our analysis focuses on
the transfer and flux of surface kinetic energy in fre-
quency space due to advection and wind stress forcing.
The frequency-domain transfer of kinetic energy is
considered in section 5 for the globe and for three
dynamically distinct regions. Maps of the flux, or the
integral of the transfer over certain frequency bands,
are described in section 6. Finally, we summarize the
key points of this work and discuss its implications in
section 7.

2. The GFDL CM2-0O model hierarchy

We use the NOAA Geophysical Fluid Dynamics
Laboratory’s (GFDL) CM2-O hierarchy of fully cou-
pled climate models. Full model details can be found in
Delworth et al. (2012) and Griffies et al. (2015). The
hierarchy consists of three models with varying nominal
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FIG. 1. Global ocean regions used for calculations. Regions A—C
are regions in which recalculated wind stress is compared. Regions
D-F are used for frequency analysis. Region G is an open ocean
region with no land, in which frequency-wavenumber analysis is
performed.

ocean model horizontal resolution: CM2-1d at 1°,
CM2.5 at 0.25°, and CM2.6 at 0.10°. The ocean compo-
nent of all three models has 50 vertical levels. CM2-1d
includes a 0.33° equatorial waveguide and mesoscale
eddy parameterization within the tracer budget follow-
ing Dunne et al. (2012). CM2.5 and CM2.6 do not
include a mesoscale eddy parameterization in their
tracer equation, thus facilitating our ability to directly
assess the importance of horizontal grid resolution on
the energetics of low-frequency variability. A more de-
tailed discussion of the choices of mesoscale eddy pa-
rameterization in the CM2-O model hierarchy can be
found in Griffies et al. (2015).

All three ocean models are coupled to an atmospheric
model with 50-km horizontal resolution. Addition-
ally, all three models have identical land and sea ice
configurations (Delworth et al. 2012). The models are
run under constant 1990 radiative forcing and have
140 years’ worth of available output. We use 20 years
of output from the available 140-yr runs for our
analysis. All model atmospheric and oceanic fields are
regridded to a regular latitude-longitude grid. The
mixed layer depth is linearly interpolated to this grid
to preserve its sign, while all other fields are regridded
using a cubic spline.

Because of memory constraints on the calculations
performed here, we show detailed results for only select
regions as highlighted in Fig. 1. Global calculations are
performed on open ocean regions, where open ocean is
defined here as regions not within three grid points of
land and not within a marginal sea, such as the Medi-
terranean Sea and Hudson Bay. We additionally exempt
latitudes poleward of 65° due to analysis complexities
associated with seasonal ice cover.
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We require daily model output in order to capture var-
iability at fast time scales. Because of the size of the CM2.6
simulation daily output is restricted to sea surface tem-
perature (SST), sea surface height (SSH), and sea surface
salinity (SSS) fields. As such, any calculations requiring
velocity will be performed using geostrophic fields based
on SSH output from all models. We find qualitatively and
quantitatively similar results using either geostrophic or
full (ageostrophic + geostrophic) velocities in CM2.5 such
that we do not expect our use of geostrophic velocities to
influence the overall conclusions of this work. The daily
mixed layer depth in CM2.6 is calculated from a linear
interpolation of the monthly mean mixed layer depth. The
daily mixed layer depth is available in CM2.5 and CM2-1d
and is used in computations made from these models.

Recalculation of daily wind stress

For all models, the wind stress is calculated from
daily-averaged atmospheric fields using an iterative
scheme based on the Monin—-Obukhov similarity theory
employed in the CM2-O model hierarchy itself. This
offline calculation is performed due to a lack of saved
daily stress in CM2.6. This scheme produces a wind
stress that is dependent on the atmospheric stability as
determined by the bulk Richardson number and the
atmospheric and ocean surface velocities (Stull 2009).

As daily wind stress is saved in CM2.5 we can use this
model as a benchmark to test the skill of our wind stress
recalculation against the wind stress given in actual
model output. Figure 2 shows a grid point by grid point
comparison of the recalculated versus actual daily-
averaged wind stress fields over years 15-20 in three
distinct regions of CM2.5. We choose these three sam-
ple regions, displayed as regions A, B, and C in Fig. 1,
based on their comparatively different land percentage
and seasonal ice cover. There is strong agreement be-
tween model and recalculated zonal and meridional
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components of the wind stress, with correlation co-
efficients between the recalculated values and actual
model output ranging from 0.984 to 0.997 for the three
test regions. While the use of daily-averaged winds can
lead to an underestimate in the wind stress (Zhai et al.
2012), we find that the agreement between our wind
stress recalculation based on daily averaged winds and
the daily averaged wind stress output from the model is
sufficiently close for our analysis.

The open ocean region of the South Pacific (Fig. 2a)
reveals the best agreement between the recalculation and
model output with correlation coefficients of 0.997 and
0.993 for the zonal and meridional components of the wind
stress, respectively. We find that the presence of land does
not greatly inhibit our ability to accurately recalculate the
wind stress. In the Gulf of Mexico (Fig. 2b) there is more
spread between models and recalculations than in the
open ocean region shown in Fig. 2a. Nonetheless, we are
still able to accurately represent the daily wind stress using
daily averaged atmospheric and oceanic fields.

The greatest inaccuracies occur in regions with sea-
sonal ice cover, such as in the North Atlantic region
shown in Fig. 2c. Here the spread between model and
recalculated wind stress is large relative to that of Figs. 2a
and 2b; correlation coefficients are 0.986 and 0.984 for
zonal and meridional components of wind stress, re-
spectively. The larger error spread is due to the presence
of seasonal ice within part of this domain. For this reason
we restrict our analysis to latitudes equatorward of 65°.

3. Energy transfer analysis
a. Kinetic energy equation

The budget equation for ocean surface kinetic energy
following Gregory and Tailleux (2011), in units of
Wm 2, can be expressed as

(u2 + vz) = _(POH) [u(u - Vu) +v(u- V)] + [m-x + m-y] —H(u-V,p)

Horizontal Advection

i [e(vze) (35

Wind Stress Pressure Work Term

Hu-F, . 1)
——

+ Hu-Fv +
——

Vertical Advection

Here u = (u, v) are the horizontal velocity components
in the x (zonal) and y (meridional) directions, w is the
vertical velocity within the subsurface, 7, and 7, are the
zonal and meridional surface wind stresses, p, = 1027
kgm 2 is the constant ocean reference density, p is the
pressure, and H is the mixed layer depth. Vertical and
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horizontal diffusive forcing, F, and F;, respectively, in-
clude additional diffusive and viscous processes. The
vertical coordinate is given as z and the horizontal gra-
dient as V.

As outlined earlier, we focus on the relative contribu-
tions of the geostrophic component of the horizontal
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advection and wind stress terms. That is, we perform a
spectral transfer analysis using the geostrophic horizontal
velocity field so that we approximate u=~u, = (i, Ug).
The geostrophic horizontal advection and wind stress
terms of Eq. (1) may be written as

Geostrophic Horizontal Advection
= —(pOH)[ug(ug . Vug) + vg(ug . va)]
Geostrophic Wind Stress

=u,7 Ut )

The emphasis on geostrophic velocities in our analysis
neglects additional ageostrophic components in the
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FIG. 2. Grid point by grid point comparison
of model output wind stress to recalculated
wind stress using the daily averaged zonal
component 7, in red and the meridional com-
ponent 7, in blue. These calculations are shown
for (a) an open-ocean region of the South Pa-
cific, (b) a region with significant land portions
in the Gulf of Mexico, and (c) a region with
both land and seasonal ice cover in the North
Atlantic; the regions are displayed in Fig. 1.

horizontal advection and wind stress terms. As such,
the general formulation of the vertical advection,
pressure work, and diffusion terms of (1) do not impact
the conclusions presented herein. These terms are
shown in (1) for completeness only and to emphasize
that our analysis is unable to quantify the total energy
budget and energy transfer within the ocean surface.
Nonetheless, the inclusion of the wind stress term in the
transfer analysis is more than was done in the analysis
of realistic models by Arbic et al. (2012, 2014), who
only considered the advective term.

We are interested in the energy input into the
ocean surface. The pressure work term is then evaluated
at p = p,, where p; is the surface pressure. The work done
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by the atmospheric pressure on the ocean surface is not
currently included in the GFDL CM2-O model suite. As
such, it is neglected in this analysis.

b. Transfer equation

Arbic et al. (2012, 2014) used a diagnostic of the
spectral transfer and flux of eddy kinetic energy at
given frequencies and wavenumbers due to nonlinear
advection for three distinct datasets: a high-resolution
stand-alone ocean-only model, satellite observations,
and a quasigeostrophic idealized model. Here we
consider the transfer of energy due to the nonlinear
advection term, as in the stand-alone ocean-only
models of Arbic et al. (2012, 2014). In contrast to
these earlier papers, we also compute the transfer due
to wind stress. The transfer of kinetic energy due to
horizontal advection and wind stress driving are, re-
spectively, defined as

T, (x.y.0) = —p, Rl H)* @, - Vu,)+(@,H)", - Vv,
Ty (x.y.) = +RZ,*7, +5,7,]. (3)

Here hats indicate the spectral transform of a given
variable or field in frequency w space, } indicates the real
part of a complex quantity, and asterisks (*) indicate the
complex conjugate. Before a spectral transform is taken
in w space, the time mean and trend are removed from a
given field and the results are windowed in time. De-
rivatives are taken in grid space using finite difference
methods consistent with those used in the model itself.

The transfers as calculated in (3) are in units of Wm™
instead of nW kg~ ! as in Arbic et al. (2012, 2014). We use
Wm 2 to better facilitate comparisons to papers that
discuss wind power input into the ocean surface such as
Wunsch (1998). Conversion between the two units re-
quires the use of the mixed layer depth H and a constant
density p,. These terms only arise when considering the
wind stress term, which was not computed in Arbic et al.
(2012, 2014). We additionally utilize the discrete Fourier
transform to obtain transfer spectra, in terms of Wm™2,
rather than spectral density. Spectral density units
would include a normalization factor due to the
spacing of the frequency vector, which is equal to
dw =0.02 cycles per year here. For spectral transfers
in wavenumber, the normalization factor would be
equal to the spacing of the wavenumber vector dk,
with dk=2.4x107 rad km™ ! in our analysis. See
Stull (2009, section 8.6.1) for a discussion of the units
of spectra versus spectral density.

The transfer Egs. (3) are given as functions of hori-
zontal grid space (x, y). They can also be represented in
terms of isotropic horizontal wavenumber k as in Arbic
et al. (2014). When we discuss transfers in terms of

2
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wavenumber and frequency space, that is, T4 (k, w), as
in section 4, hats should be taken as spectral transforms
in both time and space.

As noted in Hayashi (1980), the frequency-domain
transfer equation between two arbitrary variables a and
b can be interpreted as the spectrum of the sample co-
variance averaged over time, ¢, given the relationship

max(w) max(w) R
2 Tanl) = g Fla(w)b*()] =a0b@). (4)

where the overline indicates the temporal average and
a(t) and b(r) are two arbitrary quantities in time with
corresponding frequency spectra of d(w) and b(w), re-
spectively. Here min(w) and max(w) are the minimum
and maximum resolved frequency.

The form of Parseval’s theorem given in Eq. (4) can
also be thought of as the frequency-dependent con-
tribution of eddy kinetic energy by a given process,
such as either advection or wind stress in (3), to the
time-mean general circulation (Saltzman 1957). For
instance, a negative T4(x, y, ) from (3) indicates the
extraction of energy from the general circulation due
to advection at a given location (x, y) and, more im-
portantly, at a given frequency w. Regions with high
overall kinetic energy, such as in western boundary
currents and the Southern Ocean, may have transfers
of either sign.

The cospectral transfer calculations in Hayashi (1980)
were primarily applied to the spatial-wavenumber do-
main as opposed to the temporal-frequency domain that
we focus on here; however, the spectral methodology
is similar in either case (Hayashi 1980). Arbic et al.
(2014) discussed the frequency, wavenumber, and
frequency-wavenumber properties of the nonlinear
advective transfer term. Additionally, Arbic et al.
(2012, 2014) used an energy equation derived from
the quasigeostrophic potential vorticity equation,
whereas Hayashi (1980) used the momentum form of
the geostrophic kinetic energy equation. The transfer
calculation can additionally be applied to other bud-
gets, including enstrophy and potential energy, as
discussed in Steinberg et al. (1971). Additional studies
utilizing the spectral transfer calculation include
Salmon (1978, 1980), Hua and Haidvogel (1986),
Larichev and Held (1995), and LaCasce (1996), all of
which focused on spectral transfers in the wavenumber
domain.

c. Deformation and Rhines scales

We utilize the cospectral transfer diagnostic of (3) to
investigate kinetic energy transfers within the ocean
surface. Primarily, we are interested in how advective
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transfers, which yield an inverse cascade in wavenumber
space, appear in the frequency domain. Scott and Wang
(2005) found that the geostrophic inverse cascade can be
identified through the wavenumber spectral energy flux.
The transfer diagnostics given in (3) may be considered
the divergence of the spectral flux. Scott and Wang
(2005) note that geostrophic kinetic energy is extracted
by advection near wavelengths corresponding to the
deformation radius, L, and cascades up to larger scales.
The inverse cascade thus shows up as a sink in the ad-
vective transfer (negative 7T) at wavenumbers near the
deformation radius and a source (positive T) at lower
wavenumbers (larger length scales). For our analysis,
the deformation radius Lp is taken from Chelton et al.
(1998). Scott and Wang (2005) found that the arrest
wavelength ki for the inverse cascade is determined by
the Rhines scale Lg given by

L 2Upys/Bs 5)

— 1 —
R kg
where Urys is a root-mean-square velocity and B is the
gradient of the Coriolis parameter.

As we will be considering exchanges of energy in the
frequency domain, it is worthwhile to note characteristic
time scales based on the deformation and Rhines length
scales discussed in Scott and Wang (2005). We define an
arrest frequency based on the Taylor hypothesis dis-
persion relation,

k (6)

where the frequency w of a turbulent eddy is related to
its wavenumber k through an advective, root-mean-
square velocity Urys (Taylor 1938; Thorpe 2007). The

deformation and Rhines frequencies are then
respectively
o, = UpysLp' and g = Upy Ly (7)

The transfer diagnostic quantifies the extraction or
supply of energy at a particular spatial and/or temporal
scale due to the actions of wind stress or advection. It
must still be noted, however, that the spectral analysis of
kinetic energy transfer across the frequency domain
using (3) cannot diagnose any particular physical mode
of low-frequency variability, such as the AMOC, or the
impact of eddy resolution on any particular known mode
of variability.

d. Wind stress terms in physical space

We now provide an interpretation of the wind stress
term in Eq. (3) in physical space using the relationship
given in Eq. (4) to provide a physical understanding of
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the transfer diagnostic. The time-mean wind stress term
can be described as the sum of the contributions from
the stationary, time-invariant flow and from that of the
time-varying flow:

total

where overbars denote the time mean and primes
denote anomalies from the time mean. For our cal-
culations the time mean is taken over 20 years. Note
again that here u, and v, are the geostrophic zonal and
meridional velocities, and not the full (geostrophic
plus ageostrophic) surface currents. Our usage of
the geostrophic velocities is consistent with the defi-
nition of wind power given in Wunsch (1998) using
altimeter data. Von Storch et al. (2007) find that using
geostrophic velocities to calculate the wind power
input is a good approximation (within 10% error) to
the overall wind-generated power input into the
deep ocean.

To perform the spectral transfer calculations given in
Eq. (3), we remove the time mean and trend from each
variable before taking the spectral transform. As such,
the transfer calculation of (3) allows us to analyze the
time-anomaly term of (8) by individual frequency con-
tributions. The sum of the frequency-dependent transfer
of (3) is equal to the time anomalous term of (8).

Figure 3 displays the total, mean, and anomalous
contributions to the global wind power input, following
Eq. (8), for CM2.6. Globally integrated, the total wind
power input for CM2.6 is 1.06 TW as compared to 0.88
TW calculated in Wunsch (1998) and 1.06 TW in von
Storch et al. (2007). The largest contribution to the total
wind power (Fig. 3a) input is overwhelmingly from the
time-mean (Fig. 3b) wind stress with only a small con-
tribution from the anomalous inputs (Fig. 3c). Global
integrals of the mean and anomalous wind power input
are 0.99 and 0.07 TW, respectively, and agree well with
the 0.84 TW (mean) and 0.04 TW (anomalous) calcu-
lations of Wunsch (1998). Von Storch et al. (2007) find
time-mean and anomalous contributions of 0.92 and 0.14
TW, respectively.

Following Eq. (4), the sum of the high- and low-
frequency wind stress flux in CM2.6 (Figs. 10a,b) is equal
to the total anomalous wind stress power input shown in
Fig. 3c. Within the strongly eddying regions, the time-
mean wind power input is a positive source of ocean
surface kinetic energy and is approximately an order of
magnitude larger than the negative anomalous wind
power input shown in Fig. 3c. The effects of anomalous
wind stress and anomalous current interactions, as seen
in Fig. 3¢, have high negative amplitudes concentrated in
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FIG. 3. Time-mean wind power input from (a) total, (b) mean, and (c) anomalous contri-
butions in CM2.6. Units are in 107> W m~2 Globally integrated wind power input for each

contribution is given in units of TW.

the eddying regions of western boundary currents and
the Southern Ocean.

Given that the bulk of the time-mean wind power
input comes from the time-mean winds acting on the
time-mean currents, as in Fig. 3b, we expect that ocean
models with lower horizontal resolution may still re-
liably capture wind-driven modes of low-frequency
variability in the absence of intrinsic eddy-eddy in-
teraction. This expectation is consistent with the
robustness of the Atlantic meridional overturning cir-
culation (AMOC) seen in low-resolution models as
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discussed in Grégorio et al. (2015). Low-resolution
models may therefore capture modes of wind-driven
variability that are dynamically insensitive to the pres-
ence of eddies. Nonetheless, the presence of eddies may
modify those modes on long time scales.

The calculation of spectral transfers, as in Eq. (3),
allows us to further separate the time anomaly term of
the wind stress, as in Eq. (8), and the action of the
geostrophic advective term into contributions from in-
dividual frequencies following Eq. (4). We are then able
to determine how low-frequency and high-frequency
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FIG. 4. Frequency spectral density of surface geostrophic kinetic energy for the (a) northwestern Pacific (region
D), (b) South Atlantic-Southern Ocean (region E), and (c) southeastern Pacific (region F) in the CM2-1d (red),
CM2.5 (blue), and CM2.6 (black) models (see Fig. 1 for regions). Spectra are averaged over all oceanic grid points
within each subregion and a 15-point running mean is applied in frequency.

motion separately influence the time-mean anomalous
energy input into the ocean through both the advective
and wind stress transfer terms.

e. Surface kinetic energy spectra

Each of the three models within the CM2-O model
hierarchy has varying ocean model horizontal resolution
and thus varying total surface ocean energy. The total
surface ocean kinetic energy can be thought of as the
reservoir from which energy is extracted or supplied.
For instance, the highest-resolution model, CM2.6, has
sufficient horizontal resolution to support a vibrant eddy
field with energy spread across temporal scales, as
shown in the surface geostrophic kinetic energy spectra
for three regions in Fig. 4.

Across strongly eddying midlatitude regions, in-
cluding the northwestern Pacific (Fig. 4a) and the At-
lantic sector of the Southern Ocean (Fig. 4b), the
highest-resolution models are most energetic across all
frequencies, particularly in the synoptic to yearly time
scales. In these eddying regions, CM2.5 and CM2.6 have
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approximately the same energy in the lowest-frequency
modes of one year and longer. This behavior suggests
that the 1/4° model is as energetic as the 1/10° model at
long time scales. The 1° model has energy at long time
scales approximately two orders of magnitude less than
that of the higher-resolution models, suggesting that the
absence of eddies in low-resolution models may reduce
the overall kinetic energy at long time scales.

Penduff et al. (2010, 2011) found that low-resolution
ocean models had deficient sea surface height variability
even at interannual time scales relative to observations.
The kinetic energy spectra of Figs. 4a and 4b and the
work of Penduff et al. (2010, 2011) indicate that sea
surface variability at time scales longer than a year is
sensitive to the representation of small-scale features of
the ocean circulation, particularly in strongly eddying
regions. Low-resolution ocean models (i.e., those with
horizontal resolutions coarser than 1/4°; Penduff et al.
2010) may thus be unable to capture the ocean’s in-
trinsic, eddy-driven variability on interannual time
scales. These low-resolution models may, however, still
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FIG. 5. Time-averaged advective transfer of kinetic energy in the South Pacific-Southern
Ocean region of CM2.6 (see region G in Fig. 1) in units of Wm ™2, as a function of wave-
number in radians per kilometer and frequency in cycles per year. Transfers are Gaussian
smoothed such that variations in the raw data are within +3. 95 X 10~8 W m 2. The black line

indicates the linear Taylor relation w = Urmsk, where Urys = 0.083 m's

be able to capture large-scale, wind-driven modes of
low-frequency variability.

While the kinetic energy frequency spectrum in
strongly eddying midlatitude regions is dependent on
ocean model horizontal resolution, in the tropical-
subtropical weakly eddying region of the southeastern
Pacific (Fig. 4c) the spectra display much less sensitivity
to model resolution. Nonetheless, the surface kinetic
energy of CM2.6 is still greater than that of the lower-
resolution models over most frequencies. An interesting
feature of the southeastern Pacific in Fig. 4c is the ap-
parent buildup of energy at high frequencies within all
three models. As this region is tropical, we suspect that
this is a feature of fast linear waves near the equator.
The kinetic energy spectra of other tropical regions (not
shown) also display this behavior at short time scales.

4. Transfer in wavenumber—frequency space

Before considering transfers in frequency space, we
examine an example of transfers in wavenumber—
frequency space. Wavenumber-domain transfers are
more familiar given the literature on the inverse cascade
in quasi-two-dimensional turbulence (Salmon 1980;
Vallis 2006; Scott and Wang 2005). Spectral transforms
of any ocean field from space to an isotropic horizontal
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wavenumber require a relatively square region of open,
island-free ocean. We can consider, for example, one
strongly eddying, open-ocean region in the South Pacific
and Southern Ocean, identified as region G in Fig. 1.
Regions D-F in Fig. 1 contain horizontal discontinuities
in the form of islands and coastlines that prohibit
wavenumber analysis and will instead be the focus of
frequency analysis in section 5. The South Pacific—
Southern Ocean region is additionally a subdomain of
that considered by Scott and Wang (2005). In this region
we will relate characteristic length and time scales, such
as those arising from the deformation radius and Rhines
scales, to the frequency transfers of Eq. (3).

Advective transfers within the South Pacific-
Southern Ocean region are shown in Fig. 5. The k —w
transfer has been Gaussian smoothed such that the raw
transfer varies about the smoothed curve with a stan-
dard deviation of 3.95 X 10 W m 2. At high frequen-
cies, there appears to be a linear relationship in the
energy transfer between wavenumber and frequency,
suggesting that high-frequency dynamics may follow the
Taylor dispersion given in Eq. (6). Included in Fig. Sis a
Taylor dispersion curve for the computed root-mean-
square velocity over the South Pacific-Southern Ocean
box of Ugyms = 0.083 ms™'. The dispersion curve follows
some of the transfers roughly, but not precisely.
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FIG. 6. Time-mean advective transfer of kinetic energy in the
South Pacific-Southern Ocean region (region G in Fig. 1) as
a function of wavenumber in radians per kilometer. Transfers in
units of Wm ™2 are multiplied by the wavenumber vector in order
to be area preserving on a logarithmic scale (Emery and Thomson
2014, section 5.4.3.4). The local deformation radius, based on the
average latitude of the box, is given by a solid black line. Solid blue
and purple lines indicate the area-averaged Rhines scales in CM2.5
and CM2.6, respectively.

Arbic et al. (2014) found that the wavenumber—
frequency eddy kinetic energy (EKE) spectrum of the
Agulhas region in HYCOM and AVISO did not strictly
follow the Taylor dispersion relation, suggesting that
more complex dynamics beyond passive advection by a
root-mean-square velocity are at play within this region.
Here we are considering the advective transfer, not
the EKE spectrum, in wavenumber—frequency space.
The transfer diagnostic represents a rate of change of the
EKE as a function of (k, w), and therefore we cannot
expect a direct correlation between features in the EKE
k — o spectrum, including that of a dispersion relation,
to apply to the advective transfer k — w spectrum.

The pattern of transfer in frequency and wavenumber
space in CM2.6 agree well with similar calculations of
Ta(k, ) in the ocean-only model and observational
products discussed in Fig. 12 of Arbic et al. (2014). The
kinetic energy transfer is more strongly dependent on
wavenumber than on frequency. This dependence on
wavenumber can be better illustrated by integrating
Ta(k, ) over all frequencies to obtain the transfer in
wavenumber only, T4 (k).

Nonlinear advective transfers in wavenumber space,
Ta(k), calculated using Eq. (3), follow the well-
documented inverse cascade of energy as shown in
Fig. 6 for the South Pacific-Southern Ocean in both
CM2.5 and CM2.6. Transfers in Fig. 6, and in later plots
of the frequency transfer, are multiplied by wavenumber
(frequency) such that they are area preserving when
displayed on a logarithmic scale (Emery and Thomson
2014, section 5.4.3.4; Stull 2009, section 8.6.4). Without
multiplication by the wavenumber (frequency) vector,
the sign of the high wavenumber (frequency) transfers
would not be identifiable due to the nature of a loga-
rithmic axis. The area under the transfer function
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represents the flux of energy into or out of certain fre-
quencies. It is therefore useful to represent the transfers
in an area-preserving manner. In addition, the transfers
of Fig. 6 and later figures of the transfer calculation as a
function of frequency are Gaussian smoothed in wave-
number and frequency, respectively. We do not show
CM2-1d in Fig. 6 as the advective transfer is negligible
due to a lack of eddy resolution.

In an inverse cascade, energy is extracted at small
spatial scales determined by the local Rossby de-
formation radius Lp and supplied up to larger
scales determined by the local Rhines scale as given in
Eq. (5) (Scott and Wang 2005). Within the South
Pacific-Southern Ocean region, energy is extracted
[T4(k) <0],in both CM2.5 and CM2.6, from scales near
the wavelength 277L, = 138 km. This extraction scale is
similar to that found in Scott and Wang (2005).

Energy is supplied to wavelengths much larger than
the deformation radius within both CM2.5 and CM2.6
as can be seen in the positive lobes of T,(k) at low
wavenumbers in Fig. 6. The maximum positive energy
transfer at large scales is centered around a wavelength
of approximately 280km. Positive energy transfers
extend out to longer scales and appear to arrest near
the Rhines wavelengths of 27 Lz = 565 km and 641 km
for CM2.5 and CM2.6, respectively. This behavior
agrees well with the results of Scott and Wang (2005) in
which the inverse cascade is halted at approximately
the wavelength determined by the Rhines scale. The Rhines
wavelengths for CM2.5 and CM2.6 differ slightly due to
changes in Urms between the two models with Urys = 6. 43
and 8.35cms ! in CM2.5 and CM2.6, respectively.

5. Advective and wind stress transfers in
frequency space

a. Advective transfer

We consider the transfer of surface kinetic energy
as a function of frequency for the three models in
GFDL’s CM2-O model hierarchy. The transfer of ki-
netic energy due to the advective and wind stress
terms is shown in Fig. 7, as averaged over the global
ocean, two strongly eddying regions (regions D and E
in Fig. 1), and a relatively quiescent region (region F
in Fig. 1).

In CM2-1d, the lowest-resolution model, advection
plays a very small role in the overall kinetic energy
balance due primarily to the lack of resolved mesoscale
eddies. For CM2.6 and CM2.5, however, we find that the
advective term in the kinetic energy budget tends to be
negative at high frequencies and positive at low fre-
quencies with overall amplitudes increasing with ocean
model resolution. The sign of the kinetic energy transfer
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term as a function of frequency in Fig. 7 indicates that
internal interaction of ocean eddies leads to a removal of
kinetic energy at high frequencies (negative transfer)
and a source at low frequencies (positive transfer) within
the eddying regions of the northwestern Pacific and
South Atlantic-Southern Ocean (Figs. 7b and 7c). This
result—that energy is transferred from high frequency
to low frequency in eddying regions—is consistent with
previous work by Arbic et al. (2012, 2014). It corre-
sponds to an advective transfer toward longer time
scales alongside the well-known inverse cascade in
wavenumber space.

b. Wind stress transfer

The contribution to the time-mean kinetic energy
budget from the wind stress is of an overall larger
magnitude than that of the advective term at nearly
all frequencies. All three ocean models are run under
the same atmospheric model such that the differ-
ences in the wind stress transfer in Fig. 7 are pri-
marily due to differences in ocean surface current
velocities as given in Eq. (3). While changes in the
ocean underlying the atmosphere may have impacts
on both atmosphere and ocean circulation in a fully
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coupled model, we find that the spectra of the wind
stress across the three models are comparable at all
frequencies (not shown).

While the advective transfer term in CM2-1d is neg-
ligible, the wind stress transfer is of similar magnitude to
the wind stress transfers of the higher-resolution models
at periods less than 3 months (high frequencies). With
the exception of the seasonal cycle and its 6-month
harmonic, the high-resolution models of CM2.5 and
CM2.6 have negative wind stress transfer at low fre-
quencies. This negative transfer is particularly apparent
in the eddying regions of Figs. 7b and 7c. At periods of
approximately one year and a harmonic at 6 months,
higher-resolution models appear to have a stronger ki-
netic energy transfer due to wind stress than that of
CM2-1d, potentially due to a coupled eddy response
that would be absent in noneddying models. The
broadness of this seasonal peak in the wind stress cal-
culation may be attributed to a 15-point Gaussian win-
dow smoothing applied to the transfers.

The similarity in the wind stress transfer calculation
across all models, particularly at high frequencies, may
suggest that these models share the same large-scale bar-
otropic response to atmospheric forcing (Hirose et al.
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2001). Hirose et al. (2001) note that the barotropic re-
sponse of the ocean to wind stress forcing occurs at high
frequencies and large spatial scales. In particular, the large-
scale wind response occurs at periods of around 20 days
consistent with the high-frequency range of enhanced
wind stress transfer in Fig. 7. As this response is spa-
tially broad, low-resolution models such as CM2-1d
will have a similar wind stress response to models with
higher horizontal resolutions. Additionally, the wind
stress source of energy at high frequencies is likely at
large spatial scales, unlike the extraction of energy due
to advection, which is presumably associated with the
action of small-scale eddies.

While wind stress is known to transfer energy into the
ocean surface through near-inertial motions, the simi-
larity of the wind stress transfer term at high frequencies
across the three models is not likely due to these fast,
small-scale features. The characteristic time scales of the
positive wind stress transfer in Fig. 7 are at periods of
5 days to upwards of 3 months, consistent with the bar-
otropic response, and are at much longer time scales
than that of near-inertial motions, which are on the or-
der of a few days throughout most of the midlatitudes
(Jayne and Tokmakian 1997). Furthermore, we are us-
ing daily averaged fields for our analysis, which will filter
out many very high-frequency signals such as that from
near-inertial waves.

We can not a priori expect wind stress transfers to
correlate with the geostrophic inverse cascade, as we
might expect of the advection transfer. The geo-
strophic inverse cascade applies to nonlinear in-
teractions of the ocean surface velocity field with itself
(Vallis 2006). The wind stress term in the kinetic en-
ergy budget u, - 7 of Eq. (1) is roughly linear, although
there is some nonlinearity due to the dependence of
the horizontal wind stress vector 7 on the horizontal
geostrophic velocities u, (Stull 2009). We thus do not
expect to see an inverse cascade in frequency space for
the wind stress term.

Indeed, we find that the wind stress term appears to
oppose the advective term. In general, particularly in
strongly eddying regions such as the South Atlantic
Southern Ocean of Fig. 7c, the wind stress in CM2.6
and CM2.5 adds energy at high frequencies and re-
moves energy from low frequencies with notable ex-
ceptions at the seasonal cycle and its 6-month
harmonic. The greatest source of globally averaged
wind-driven kinetic energy transfer across all three
models is at the yearly time scale with a secondary peak
at periods of 6 months (Fig. 7a). Within the South At-
lantic Southern Ocean region (Fig. 7c), however, the
yearly wind stress transfer peak is absent likely due to
a lack of strong seasonality within the Southern Ocean
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relative to that of the Northern Hemisphere (Hoskins
and Hodges 2005).

Zhai et al. (2012) noted that wind power input into the
ocean surface is a strong function of the sampling fre-
quency in model data. High-frequency wind stress
forcing based on 6-hourly winds adds up to a 70% in-
crease in wind power input relative to monthly mea-
sured winds, suggesting that high-frequency wind
forcing is a significant and positive contribution to the
kinetic energy budget—in agreement with the positive
wind stress transfer we see at high frequencies. Zhai et
al. (2012) additionally note a potential feedback mech-
anism, due to the difference in ocean surface eddy ve-
locities and the wind velocity, that can systematically
dampen ocean eddies (consistent with the results shown
in Fig. 3), thus providing a physical mechanism for wind
stress damping (a negative transfer) of the ocean surface
kinetic energy budget. Verifying the pathways of energy
exchange would require a complete energy budget, en-
compassing all of the terms in Eq. (1) in both physical
and spectral space, in order to confirm the energy cycle
and the relationship between the sign of the advective
transfer and that of the wind stress transfer. The analysis
of the precise physical mechanisms behind the structure
of the advective and wind stress transfers is more fea-
sible in an idealized model, such as the coupled quasi-
geostrophic model of Hogg et al. (2003), and is beyond
the scope of the three primary questions of this paper as
described in the introduction.

c. The period of transition between transfer sources
and sinks

In the higher-resolution models of CM2.6 and CM2.5,
we see in Fig. 7 a similar characteristic frequency at which
the transfer function transitions from source [7(w) > 0] to
sink [T(w) < 0] in both the advection and wind stress
terms, with notable exceptions for the transitions associ-
ated with the seasonal cycle. In both CM2.5 and CM2.6
the transition period between sources and sinks of kinetic
energy due to the wind stress transfer term, which will be
referred to herein as the transition period, appears, in
general, to be at slightly higher frequencies than that of
the advective term. The advective transfer transition pe-
riod is at approximately 6 months in CM2.5 and 3 months
in CM2.6 whereas the crossover time for the wind stress
transfer term is at periods of approximately 1.5 months in
CM2.5 and one month in CM2.6 as can be seen in the
plots made from eddying regions (Figs. 7b,c).

The period of transition from an energy sink at high
frequency to an energy source at low frequency in the
advective term is shifted to lower frequencies in CM2.5
relative to CM2.6, particularly in the eddying regions
shown in Figs. 7b and 7c. In the global average (Fig. 7a),
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the transition periods of the advective and wind stress
terms in CM2.6 are approximately 37 and 30 days, re-
spectively. The transition period of CM2.5 is not as
distinct as that of CM2.6 as shown in the globally aver-
aged advective transfer of CM2.5 in Fig. 7a. However,
the first major zero crossing of the globally averaged
transfer term occurs at approximately 115 days. The
wind stress transfer of CM2.5 transitions from a positive
to negative transfer at approximately 36 days.

Within strongly eddying regions of the northwestern
Pacific (Fig. 7b) and the South Atlantic Southern Ocean
(Fig. 7c), the transition periods for both CM2.5 and
CM2.6 are at similar time scales to that of the global
average (Fig. 7a). The lowest-resolution model, CM2-
1d, does not have a definitive transition period for either
wind stress or advection.

The zonally averaged transfer of kinetic energy due
to advection and wind stress within CM2.6 and CM2.5
as a function of latitude can be seen in Fig. 8. The
patterns of advection and wind stress transfer as
a function of latitude are largely consistent between
CM2.5 and CM2.6 with the amplitude of the signal
being the largest difference between the two models.
Characteristic time scales based on the zonally aver-
aged deformation radius and Rhines scale given in Eqg.
(7) are included.

Opverall, the transfers of kinetic energy due to wind
stress and advection have a weak dependence on lat-
itude, but the tropics and midlatitudes display distinct
characteristics. The midlatitudes, or latitudes pole-
ward of approximately 30°, are characterized by ad-
vective transfer patterns we have already seen in the
eddying regions of Figs. 7b and 7c. The advective term
transfers energy out of high frequencies near the de-
formation time scale given in Eq. (7) and into all lower
frequencies (Fig. 8a) corresponding to periods longer
than the local Rhines time scale. The Rhines time
scale, identified as a dashed curve in Fig. 8, approxi-
mately delineates the transition period at all latitudes.
Unlike the transfer in wavenumber (Fig. 6), it appears
that the Rhines frequency scale agrees more closely
with the transition frequency between advective
transfer source and sink rather than the arrest of the
inverse cascade.

Within the midlatitudes there is positive advective
transfer out to the lowest resolved frequencies cor-
responding to the 20-yr period of our analysis. Despite
tapering to zero at low frequencies due to the multi-
plication of the transfer by the frequency vector, there
is no distinct low frequency at which the advective
term maximizes transfer in the midlatitudes, and thus
no clear arrest time scale for the inverse cascade. This
apparent tapering is a consequence of our desire for
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the transfers to be area-preserving on the logarithmic
scale. If we had not multiplied by frequency in order to
display area-preserving curves, the transfers would
indeed be seen to be nonzero at long timescales, in-
cluding beyond the 20-yr time scale we have consid-
ered here.

The midlatitudes display a two-mode structure in the
advective transfer. Energy is extracted from high fre-
quencies and added to low frequencies, with only one
transition period centered approximately at a period
of three months as seen in both the CM2.6 and CM2.5
results of Figs. 8a and 8c. Within the subtropics,
however, there is a three-mode structure to the ad-
vective transfer. The advective transfer for periods
longer than four months and shorter than one month
is negative. Advection appears to pump kinetic en-
ergy out of motion at both high and low frequencies
and into time scales of approximately three months
within the subtropics, in ontrast to the behaviors seen
in the midlatitudes.

The subtropics are likewise the location at which there
is no clear separation between the deformation and
Rhines time scales of (7), suggesting the underlying
theory corresponding to the spatial inverse cascade
may not apply equatorward of approximately 20°.
Scott and Wang (2005) also find that the wavelength
associated with an energy source no longer agrees well
with that of the deformation radius equatorward of
30° and may be related to changes in the type of
nonlinear instability present within the subtropics,
notably in a shift away from midlatitude baro-
clinic instability and towards subtropical barotropic
instability.

The CM2.6 and CM2.5 wind stress frequency trans-
fer fields as a function of latitude (Figs. 8b and 8d)
display more coherent features than are seen in the
advective transfers. As we have seen in regional av-
erages across all models in Fig. 7, the sign of the zonally
averaged wind stress transfers in CM2.6 opposes that
of the advective transfer term. Over much of the
midlatitudes, energy is extracted across low frequen-
cies and supplied to high frequencies by the wind stress
term. Outside of the strongly eddying regions in the
midlatitudes of either hemisphere, the trimodal struc-
ture found in the advective term again appears in the
wind stress transfer term. Wind stress transfers in the
subtropics extract energy from intermediate frequen-
cies ranging from one to four months while adding
kinetic energy to both higher and lower frequencies.
Near the equator, wind stress transfers energy out of
the highest frequencies. At latitudes poleward of ap-
proximately 40°N and 60°S wind stress appears to add
energy at all frequencies.
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6. Flux of kinetic energy over low and
high frequencies

Spectral flux is defined as the integral over the
spectral transfers (Arbic et al. 2012, 2014; Scott and
Wang 2005). Here we define the flux for a given term
X as the sum of the transfers over a frequency bin
(low or high) by

max(w)

FX,high(x’y): > T (0,x,y),

@

@

FX,lOw(x’y) = 2 TX(w7x7y)a (9)

min(w)

where w, is a chosen transition frequency and max(w)
[min(w)] refers to the maximum (minimum) resolved
frequencies. Based on the approximate 3-month period
at which the midlatitude advective transfer term tran-
sitions from a negative transfer to a positive transfer in
frequency space, we choose w, =27 (3 months)71 as the
transition frequency. Three months is approximately the
frequency associated with the Rhines scale as seen in
Fig. 8. High- and low-frequency bins are then considered
for frequencies higher and lower than the transition
frequency, respectively.

Maps of the advective and wind stress fluxes over
high- and low-frequency bins are shown in Figs. 9 and
10, respectively. Each of the three models is shown for
comparison. The maps of geostrophic kinetic energy
flux are based on grid point by grid point analysis and
are thus inherently noisy. Spatially integrated transfer
quantities over local regions, which show the Gauss-
ian smoothed net behavior of T4(w) and Ty(w) as a
function of latitude (Fig. 8) and basin (Fig. 7), have
been discussed in previous sections. Additionally, the
globally integrated fluxes over both high and low
frequencies [Eq. (9)] for all three models are given in
Table 1.

The advective flux in Fig. 9 reveals a substantial spatial
dependence on the location of eddies within the models,
as well as patterns of positive and negative fluxes that are
dependent on the presence of eddies. The advective
fluxes of the two highest-resolution models, CM2.6
and CM2.5, generally agree in sign across high and low
frequencies. There is more spatial variance in CM2.6
than in CM2.5 due to its more energetic eddy field.
However, when spatially averaged, the transfers and
fluxes within the Southern Ocean are comparable, as
seen in Fig. 7c.

In most of the world’s oceans, CM2.6 reveals stronger
fluxes than CM2.5, likely due to the stronger eddy ac-
tivity in CM2.6. In the global average, for instance, the
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high-frequency flux in CM2.6 is —7.35 X 107> TW as
compared to that of —5.63 X 10~ TW in CM2.5 (Table 1).
The globally integrated flux at low frequencies is positive
for both higher-resolution models at 6.51 X 10~ and
2430 X 1072 TW in CM2.5 and CM2.6, respectively. The
advective flux in CM2-1d is several orders of magnitude
smaller than that of CM2.5 and CM2.6 and is only evident
near the equator at low frequencies.

Despite large spatial variation in the sign of the
advective flux shown in Fig. 9, the globally integrated
high- and low-frequency advective transfers (Table 1)
are net negative and positive, respectively. This be-
havior is consistent with the regional patterns seen in
the advective transfers of Fig. 7, particularly in the
eddying regions of the northwestern Pacific and the
South Atlantic-Southern Ocean region (Figs. 7b,c).
On average, the advective transfers in the eddying
models of CM2.5 and CM2.6 act to remove energy
at high frequencies and provide energy to low
frequencies.

The surface geostrophic kinetic energy flux due to
wind stress driving is shown in Fig. 10 and reveals a more
basinwide signal relative to that of the advective flux,
which is more strongly confined to that of eddying cur-
rent systems. The wind stress flux is of comparable
magnitude in CM2-1d and the higher-resolution
models. At high frequencies there is a clear difference
between negative tropical wind stress fluxes and positive
wind stress fluxes within the midlatitude storm tracks
across all models. At high frequencies there is a strong
negative wind stress flux in regions of high eddy activity,
such as the Southern Ocean and Kuroshio Current, that
is more noticeable at higher horizontal resolutions. Al-
though not specific to high frequencies, the damping of
oceanic eddies by wind stress has been noted as a
physical process by others, including von Storch et al.
(2007), Zhai et al. (2012), and Xu et al. (2016).

At both high and low frequencies, the wind stress flux
appears to have a strong positive coastal signal, no-
tably on the western edge of the ocean basin at high
frequencies and along the eastern edge at low fre-
quencies. This signal arises primarily from the geo-
strophic velocity field and not the wind stress field and
is therefore amplified in higher-resolution models.
From our study of energy flux it is unclear what
physical coastal process may lead to the flux of energy
into motions across all frequencies along continental
shelves.

The largest consistent signal in the wind stress flux at
low frequencies across all models is located in the sub-
tropics. Here there are alternating bands of positive and
negative flux, with the largest amplitude in the Indian
Ocean and weakening intensity to the east through the
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FIG. 9. Surface kinetic energy flux due to the advective term in (a),(b) CM2.6, (c),(d) CM2.5, and (e),(f) CM2-1d over (left) high and
(right) low frequencies. High (low) frequencies are defined as motions with periods shorter (longer) than 3 months. Nonlinear color bars
are employed in order to emphasize the sign of the low-amplitude signal.

Pacific and Atlantic. This pattern is potentially related
to monsoonal and tropical atmospheric wave dynamics.
The strong negative flux of energy out of eddying re-
gions seen at high frequencies is again found at low
frequencies.

In the global average the anomalous wind stress flux
into the ocean is positive across high and low frequen-
cies for all three models as seen in Table 1. The power
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input due to wind stress is comparable for high and
low frequencies in CM2-1d as in CM2.5. However, the
high-frequency wind stress flux in CM2.6, at 0.02 TW,
is less than the CM2.6 wind stress flux at low frequency
(0.04 TW). This difference is likely a result of in-
creased ocean surface eddy resolution in CM2.6 and
the negative wind stress flux associated with eddying
regions at high frequencies in Fig. 10a. The sum of the
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FIG. 10. Surface kinetic energy flux due to the wind stress term in (a),(b) CM2.6, (c),(d) CM2.5, and (e),(f) CM2-1d over (left) high and
(right) low frequencies. High (low) frequencies are defined as motions with periods shorter (longer) than 3 months. Nonlinear color bars
are employed in order to emphasize the sign of the low-amplitude signal.

wind stress flux over high and low frequencies in 7. Conclusions and discussion

CM2.6 totals 0.06 TW and is less than the 0.07 TW

calculated from Fig. 3. Following Eq. (4), these two Low-frequency variability within the ocean surface
values should be approximately equal. However, must be maintained by either an energy flux to motions
some energy is lost in the spectral flux calculation due at long time scales or a direct forcing at low frequency.
to time windowing and the removal of the linear time We consider here the transfer of kinetic energy across
trend within the data. the frequency domain due to nonlinear horizontal
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TABLE 1. Global averaged advective and wind stress fluxes over
high and low frequencies for the three models in the CM2-O model
hierarchy. Global advective and wind stress fluxes correspond to
the maps in Figs. 9 and 10, respectively. Values are in TW.

CM2-1d (TW) CM2.5 (TW) CM2.6 (TW)

Advection (high) —5.25X1075 —-5.63X1073 —7.35x1073
Advection (low)  —2.43X107* 6.51x1073 2.43x107?
Wind stress (high) 0.0321 0.0419 0.0185
Wind stress (low) 0.0317 0.0486 0.0382

advection and to atmospheric wind stress forcing in a
hierarchy of three coupled climate models of varying
ocean model horizontal resolution. There are addi-
tional sources of kinetic energy at long time scales,
including the conversion of potential energy to kinetic
energy, the effects of eddy viscosity, and vertical ad-
vection, that are not considered here due to the lack of
subsurface information for all three models at the daily
time scale. The full energy budget, including potential
energy and heat within both the atmosphere and ocean,
is beyond the scope of this research. In the three sec-
tions below, we summarize the conclusions drawn with
respect to the three primary questions outlined in the
introduction.

a. The geostrophic inverse cascade

Using the energy transfer Eq. (3) described by
Hayashi (1980) and Arbic et al. (2012, 2014), we are able
to observe the inverse cascade in wavenumber space
within an open-ocean region in the South Pacific-
Southern Ocean as shown in Figs. 5 and 6. Here we
find that nonlinear advection transfers energy out of
small spatial scales and adds energy to larger spatial
scales. The inverse cascade in wavenumber space is
observed in the eddying regions of both CM2.6 and
CM2.5. However, the inverse cascade is not found in
CM2-1d due to its limited horizontal resolution and lack
of transient eddies.

Corresponding to the inverse cascade in wavenumber
space, we find that energy is generally transferred from
high frequencies to low frequencies due to the nonlinear
advective term in the kinetic energy Eq. (3) as shown in
global and regional averages in Fig. 7. The advective flux
is spatially inhomogenous, as shown in Fig. 9, and attains
its largest amplitude within eddying regions of the
western boundary currents and the Southern Ocean.
Notably, the pattern of negative and positive advective
flux at high and low frequencies, respectively, is most
evident in relatively quiescent regions away from strong
currents as seen in Fig. 9. Within the narrow western
boundary currents and the Southern Ocean eddying
regions the advective flux term is of alternating sign at
both high and low frequencies.
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b. Role of wind stress

The wind stress transfer term as calculated in Eq. (3) is
of comparable magnitude to the advective term in
CM2.6 and CM2.5 as seen in the regional averages of
Fig. 7, maps of the frequency-domain fluxes shown in
Fig. 10, and global integrals given in Table 1. For these
two models, the transfer of kinetic energy into a given
frequency due to wind stress generally opposes that of
the advective term. With the exception of the yearly
time scale, the global and regional averages of Fig. 7
reveal that the wind stress generally acts to extract en-
ergy at low frequencies and add energy to high fre-
quencies. The wind stress term transfers a significant
amount of kinetic energy into the yearly time scale in the
global average (Fig. 7a), the northwestern Pacific
(Fig. 7b), and the eastern South Pacific (Fig. 7d). The
synoptic-scale wind stress between days and weeks is the
dominant source of energy within the South Atlantic
sector of the Southern Ocean (Fig. 7c).

The spatial pattern of the wind stress flux displayed in
Fig. 10 reveals that, at high frequencies, wind stress adds
kinetic energy to the surface ocean mixed layer within
the midlatitude storm tracks in either hemisphere and
suppresses energy within the subtropical easterly wind
bands. At low frequencies, the wind stress is of highest
magnitude in the subtropics and Indian Ocean and is
strongly negative within the eddying regions.

When averaged over regions, particularly eddying
regions such as the northwestern Pacific and the South
Atlantic-Southern Ocean area, wind stress removes
energy at low frequencies and adds energy at high fre-
quencies as seen in Fig. 7. It should be noted, however,
that we are only considering the effect of the anomalous
wind stress and ocean current fields in the calculation of
Tw(w) given in Eq. (3). We are not considering the large,
dominant effect of the mean winds and the mean cur-
rents, which act as an energy source as shown in Fig. 3.
The negative wind stress fluxes we observe here,
particularly within the eddying regions, are a small
correction to the overall positive flux of energy due to
the time-mean wind stress acting on the time-mean
oceanic general circulation. Nonetheless, these anoma-
lous wind stress fluxes have a signature in the frequency
domain that may impact or be signatures of embedded
modes of low-frequency variability. The time-mean
contribution, while larger than the anomalous contri-
bution, has no time dependence by definition and is thus
not indicative of the impact of temporal variability on
the long-term climate.

The wind stress transfers are qualitatively similar
across all three GFDL models, with the exception of a
negative wind stress transfer at high frequencies within
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the eddying regions of CM2.5 and CM2.6 (Fig. 10) that is
absent in CM2-1d due to the lack of resolved eddies
within this model. Given that the three coupled ocean
models operate under atmospheric models with identi-
cal spatial resolutions, we infer that the changes in the
wind stress term come primarily from changes within the
geostrophic ocean surface velocities.

At 1° ocean model horizontal resolution atmospheric
wind stress is stronger than advection across all fre-
quencies in the global average (Fig. 7a). The higher-
resolution models of CM2.6 and CM2.5 at /10° and '/4°
show a larger magnitude wind stress transfer than ad-
vective transfer. However, in CM2.6 and CM2.5 the
advective transfer of kinetic energy out of high fre-
quencies and into low frequencies, although smaller in
overall magnitude than the wind stress term, acts to
offset the effects of the anomalous wind power input.
The kinetic energy budget across all time scales up to 20
years in CM2.6 and CM2.5 reveals a relative balance
between wind stress and nonlinear advection, particu-
larly in eddying regions where nonlinear advection
is strong.

¢. Characteristic time scales and effects of
model resolution

Relative to CM2.6, CM2.5 displays slightly longer
characteristic time scales for transfers in the frequency
domain. Notably, the frequency at which transfers of
wind stress and nonlinear advection change sign, or the
transition frequency, is lower in CM2.5 than in CM2.6 as
discussed in section 5c. The shift of the characteristic
transfer signal in CM2.6 to lower frequency in CM2.5
may be related to slower geostrophic velocities in CM2.5
relative to CM2.6 following the Taylor hypothesis of
Eq. (6).

To the extent that high-wavenumber ocean eddies
have correspondingly high frequencies, we may expect
that the geostrophic inverse cascade, or the transfer of
energy from small spatial scales to large spatial scales,
will carry over to frequency. Using the advective trans-
fer diagnostic of Eq. (3) applied to CM2.5 and CM2.6,
we have shown in Fig. 7 that energy does indeed tend to
transfer from high to low frequencies in models with
horizontal resolutions sufficient to support an oceanic
eddy field. The advective term in the kinetic energy
budget acts to extract energy out of high frequencies and
supply energy to low frequencies, with a transition pe-
riod between source and sink of approximately
3 months, in an analogous manner to the inverse cascade
in wavenumber space.

Opverall, CM2.6 has greater kinetic energy at low fre-
quencies relative to the lower resolution models of
CM2.5 and CM2-1d (Fig. 4), suggesting that the
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presence and representation of small-scale features
within the ocean surface impacts low-frequency vari-
ability in coupled climate models. Through the advec-
tive transfer term, we have shown that surface
geostrophic kinetic energy can be supplied from high
frequencies to low frequencies due to nonlinear eddy—
eddy interaction, which will be better represented with
increasing horizontal resolution in the ocean model. The
nonlinear advective transfer may then support the
greater surface kinetic energy variance at low frequen-
cies in higher-resolution models as seen in Fig. 4.

d. Discussion

Intrinsic low-frequency variability is of significant in-
terest in understanding the behavior of the climate sys-
tem at long time scales. We have found that the
horizontal resolution of ocean models can influence the
kinetic energy budget at long time scales and the char-
acteristics of an inverse cascade due to intrinsic, non-
linear horizontal advection in frequency space. This
work focuses solely on the contributions of nonlinear
advection and wind stress to the frequency-domain ki-
netic energy budget. Further questions arise as to how
these kinetic energy transfers balance those of potential-
to-kinetic energy conversion, vertical advection, and
eddy viscosity. However, the exploration of a full energy
budget is beyond the scope of this research. Transfers
within the full energy budget are more easily computed
and interpreted in idealized studies that may provide
insight into the physical processes behind the exchanges
of energy in the frequency domain.

The CM2-O model hierarchy provides a foundation in
which to determine the extent to which ocean model
horizontal resolution impacts the exchange of energy
between high and low frequencies. These models are
fully coupled across the atmosphere and ocean such that
changes in the ocean eddy field may impact larger-scale
features of the climate as noted in Griffies et al. (2015).
At the 0.5° horizontal resolution currently used in the
atmospheric model, we find the wind stress field is sim-
ilar across all three models. Increasing the atmospheric
horizontal resolution may significantly and nonlinearly
change the wind stress field within these models due to
atmosphere—ocean coupling. Additionally, changes in or
the addition of an eddy parameterization in the ocean
may change the frequency response of the advective and
wind stress transfer terms. A full sensitivity study of this
nature is, however, beyond the scope of this current
research.

The highest-resolution models in the CM2-O hier-
archy, CM2.5 and CM2.6, do not include eddy param-
eterization. As described in Griffies et al. (2015), eddy
parameterization schemes such as that of Gent and
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McWilliams (1990) act to dissipate available potential
energy and do not reinject energy directly into the ki-
netic energy budget that we focus on here. The CM2-O
models do not include a backscatter parameterization
scheme as in Jansen and Held (2014). As the back-
scatter parameterization scheme approximates the
energetics of unresolved, subgrid-scale motions, it may
have an impact on the transfer of kinetic energy at high
frequencies.

In this paper we examine low-frequency variability
in terms of the spectral energy budget at long time
scales rather than diagnosing how these transfers relate
to specific dynamical modes of variability such as the
AMOC (Grégorio et al. 2015) or the variability of the
Kuroshio Current Extension as described in Wang and
Koblinsky (1995) and Qiu and Chen (2005). Nonethe-
less, this work shows that increasing horizontal reso-
lution increases the magnitude of surface ocean kinetic
energy transfers at time scales of relevance to major
known modes of oceanic variability, such as at periods of
months to decades. The relationship between resolution
and kinetic energy transfer may further suggest a dy-
namical connection between small-scale eddies and
known modes of low-frequency variability. Connecting
intrinsic eddy dynamics to those of known, named modes
of low-frequency variability is a topic of future work.
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