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Abstract Spectra and fluxes of enstrophy and kinetic energy (KE) are estimated in different parts of the
midlatitudinal oceans using geostrophic currents derived from altimetry data. The presence of a strong
inverse flux of surface KE is confirmed at scales larger than approximately 200 km, whereas a robust enstro-
phy cascading regime, accompanied by an approximate k23 KE spectrum, is observed from about 200 to
100 km. The character of fluxes and spectra is shown to compare favorably with those from a comprehen-
sive Earth system model. In addition, as gridded altimeter data are affected by smoothening and interpola-
tion, the qualitative robustness of the results is verified by sensitivity experiments using space and time-
filtered output from the Earth system model. Given the rotational character of the flow, this large-scale
inverse KE and smaller-scale forward enstrophy transfer scenario is consistent with expectations from three-
dimensional rapidly rotating and strongly stratified turbulence studies as well as detailed analyses of spectra
and fluxes in the upper-level midlatitude troposphere. In further accord with results from the atmosphere,
decomposing the currents into stationary and eddy components (demarcated here by variability greater
and less than 100 days, respectively), it is seen that, in addition to the eddy-eddy contribution, the
stationary-eddy and stationary-stationary fluxes play a significant role in the inverse (forward) flux of KE
(enstrophy). Thus, it is quite possible that, from about 200 to 100 km, the altimeter is capturing the rotation-
ally dominated portion of a surface oceanic counterpart of the upper tropospheric Nastrom-Gage spectrum.

1. Introduction

For the past decade, satellite altimetry data have been used to estimate the interscale transfer and spectral
distribution of surface kinetic energy, henceforth abbreviated as KE, in the oceans. In midlatitudinal regions
(e.g., near the Gulf Stream, Kuroshio, and Agulhas currents) with strong eddy activity, the spectral flux of KE
in mesoscales (order of few hundreds of km) is seen to be scale dependent. In particular, it has been noted
that surface KE tends to be transferred upscale in scales larger than the local deformation radius and down-
scale in smaller scales (Arbic et al., 2014; Scott & Wang, 2005; Tulloch et al., 2011). Mesoscale wave number
spectra of KE, on the other hand, are somewhat diverse with spectral slopes ranging from 2 5

3 to 23
depending on the region in consideration (Le Traon et al., 2008; Stammer, 1997; Xu & Fu, 2012). Further,
along-track raw and gridded altimeter data have been employed for the estimation of spectra, and it is gen-
erally seen that gridded data tend to produce steeper spectra in mesoscales due to the inherent spatial and
temporal smoothening (Wortham, 2012; Wortham & Wunsch, 2014). Interpreting these results concerning
the KE flux and spectra in terms of the dynamics captured by the altimeter and, more fundamentally, the
nature of the actual dynamics of the upper ocean has been the subject of numerous recent investigations
(see e.g., the discussions in Lapeyre, 2009 and Ferrari and Wunsch, 2010).

As baroclinic modes are intensified near the surface (Smith & Vallis, 2001; Wunsch, 1997), it has been sug-
gested that altimetry data mostly represent the first baroclinic mode in the ocean (Stammer, 1997). Indeed,
the energy is expected to be concentrated in the first baroclinic mode due to an inverse transfer among the
vertical modes (Fu & Flierl, 1980). Given this, at first sight, the observed inverse transfer of surface KE at large
scales was surprising, as the classical quasi-geostrophic (QG) baroclinic turbulence anticipates a forward cas-
cade in the baroclinic mode with energy flowing toward the deformation scale (Hoyer & Sadourny, 1982;
Salmon, 1980). However, a careful examination of the energy budget in numerical simulations reveals that,
while KE cascades to larger scales, the total energy in the first baroclinic mode does indeed flow downscale
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(Scott & Arbic, 2007); a feature that is comforting in the context of the traditional theory. In fact, along with
the two-layer QG study of Scott and Arbic (2007), inverse transfer of KE has also been documented in more
comprehensive ocean models (Aluie et al., 2017; Arbic et al., 2014; Schl€osser & Eden, 2007; Venaille et al.,
2011). However, the relatively smaller forward flux of KE at small scales is more delicate, and is possibly a
result of the limited resolution of the altimetry data (Arbic et al., 2013).

Noting the significance of surface buoyancy gradients (a fact missed in the aforementioned first baro-
clinic mode framework), it has been suggested that surface QG (SQG) dynamics (Blumen, 1978; Held
et al., 1995; Lapeyre, 2017) is a more appropriate framework for the oceans’ surface (Klein et al., 2008;
Lapeyre & Klein, 2006; Sasaki & Klein, 2012), and is reflected in the altimeter measurements (Lapeyre,
2009). Though the variance of buoyancy is transferred downscale (Pierrehumbert et al., 1994; Sukhatme
& Pierrehumbert, 2002), even in the presence of an ambient buoyancy gradient (Sukhatme & Smith,
2009), surface KE actually flows upscale in SQG dynamics (Capet et al., 2008a; Smith et al., 2002), consis-
tent with the flux calculations using altimetry data. Recognizing the importance of both these
approaches, there are ongoing efforts to represent the variability of the ocean surface and interpret the
altimetry data in terms of a combination of interior and surface QG modes (Lapeyre, 2009; Scott & Furni-
val, 2012; Smith & Vanneste, 2013).

Thus, much of the work using altimeter data has focused on the inverse transfer of KE at relatively large
scales (�300 km). Here we shift our focus on slightly smaller scales (�300 km) that are still fairly well
resolved in the data set. Specifically, in addition to the KE flux, we also compute the spectral flux of enstro-
phy that sheds new light on the dynamics in a range of scales that span approximately 200–100 km. We
find that the enstrophy flux is strong and directed to small scales over this range, and is accompanied by a
KE spectrum that follows an approximate k23 power law. This suggests that the rotational currents as
derived from the altimeter are in an enstrophy cascading regime from about 200 to 100 km, and in an
inverse KE transfer regime for scales greater than about 200 km. Further, in terms of an eddy and slowly
varying or stationary decomposition (defined as shorter and longer than 100 day time scale variability,
respectively), we observe that the stationary-stationary and stationary-eddy fluxes play a significant role in
the net interscale transfer of KE and enstrophy.

Given that smoothening and interpolation inherent in the altimetry product can affect estimates of spectra
and fluxes, we present a systematic analysis of space and time filtering on high-resolution data from a com-
prehensive Earth system model. Most pertinently, it is seen that, while quantitative estimates are affected,
the qualitative nature of the KE and enstrophy fluxes remains unchanged. Indeed, the character of the
fluxes and scaling of the KE spectra from altimetry are in accord with the results from the ocean eddy-
permitting Earth system model. Finally, we interpret these findings in the context of idealized studies of
three-dimensional (3-D), rapidly rotating and stratified turbulence, and also compare them with detailed
analyses of midlatitude upper tropospheric spectra and fluxes.

2. Data Analysis and Methodology

2.1. Data Description
Gridded data of sea-surface height (SSH) above geoid from the AVISO project have been used in our analy-
sis. The daily data spanning 21 years (1993–2013) is available at a spatial resolution of 0:25

�
30:25

�
. Horizon-

tal currents from SSH data were computed using geostrophic balance relations and the latitudinal variation
of the Coriolis parameter was included in the computations. Note that the data represent the maps of abso-
lute dynamic topography (MADT, delay time gridded data), i.e., sum of sea level anomaly and the mean
absolute dynamic topography. Absolute geostrophic velocities were computed using the MADT. In addition
to AVISO, we have used 1 year of data from a coupled Earth system model, which was run under present-
day greenhouse gas conditions (Small et al., 2014). The ocean component of the model (POP) is a primitive
equation model that produces daily data at a spatial resolution of approximately 0:1

�
30:1

�
. In order to com-

pare the results with the AVISO data, we only consider geostrophic velocities, which were computed using
the SSH data from POP model. The ageostrophic components of the flow are of course important and will
be addressed in future, though some comments about these divergent modes are included in the conclud-
ing discussion.
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2.2. Geographical Locations
For our analysis, we chose five geographical regions that are located far from the equator so that geo-
strophic balance is expected to be dominant. As shown in Figure 1, these regions represent relatively unin-
terrupted stretches in the Southern Indian Ocean, and in the Northern and Southern parts of the Pacific and
Atlantic Ocean (exact locations are mentioned in the caption of Figure 1). In essence, we expect that this
choice of domain minimizes boundary effects. Region 1 is the largest, and it is about 4,500 km long and
3,500 km wide. Other regions are comparatively smaller.

2.3. Computation of Spectra and Fluxes
In this paper, we compute spectra and fluxes of KE and enstrophy. For this purpose, the velocity field is rep-
resented using Fourier modes, i.e.,

UðkÞ5
ð ð

~Uðx; yÞexp ½2iðkx x1ky yÞ�dxdy; (1)

where (x, y) are the zonal and meridional directions, k5ðkx ; kyÞ, and ~U5ðu; vÞ contains the zonal and merid-
ional components of the velocity. The two-dimensional (2-D) Fourier transform technique requires the data
to have uniform grid spacing in both directions, so a linear interpolation scheme was employed to generate
the velocity data on a rectangular grid (the original data were on equidistant latitudes and longitudes). In
order to make the velocity field spatially periodic, the data were multiplied with a 2-D bump function
(exp 2 0:01

12a2 2 0:01
12b2 10:02

� �
where ða; bÞ 2 ½21; 1�) before performing a Fourier transform, thus, ensuring

that the velocity smoothly goes to zero at the boundaries.

We define one-dimensional energy spectrum E(k) as the energy content of a wave number shell
(k2Dk < jk0j � k):

EðkÞ5 1
2Dk

X
k2Dk<jk0 j�k

jUðk0Þj2; (2)

where k5jkj5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x 1k2
y

q
. In the literature, E(k) is also referred to as the shell spectrum. The temporal evolu-

tion of E(k) is given by the following equation (Scott & Wang, 2005):

Figure 1. Regions 1–5 chosen for the analysis. Region 1: lat 20
�
S to 52

�
S & lon 160

�
W to 96

�
W, Region 2: lat 30

�
S to 46

�
S & lon 46

�
E to 110

�
E, Region 3: lat 25

�
N to

41
�
N & lon 155

�
E to 141

�
W, Region 4: lat 22

�
N to 38

�
N & lon 60

�
W to 28

�
W, and Region 5: lat 34

�
S to 50

�
S & lon 40

�
W to 8

�
W. The 21 year mean of the zonal geo-

strophic velocity on the ocean surface is shown in color (colorbar range from blue to red is (21, 1) m/s).

Journal of Geophysical Research: Oceans 10.1029/2017JC013516

KHATRI ET AL. 3877



@EðkÞ
@t

5TðkÞ1FðkÞ2DðkÞ; (3)

where F(k) is the energy supply rate by an external forcing, D(k) is the energy dissipation at k, and T(k) is the
energy supply via nonlinear transfer. In a statistically steady state, @EðkÞ=@t50, and E(k) is approximately
constant in time. The energy supply rate due to nonlinearity is balanced by FðkÞ2DðkÞ.

A useful quantity called KE flux, PðkÞ, measures the energy passing through a wave number of radius k and
it is defined as,

PðkÞ52

ðk

0
Tðk0Þdk0: (4)

Here

TðkÞ5 1
Dk

X
k2Dk<jk0 j�k

<½Nðk0Þ � U�ðk0Þ�; (5)

Nðk0Þ is the nonlinear term, and < stands for the real part of the argument.

In 2-D flows, another quantity of interest is enstrophy, which is defined as:

Z51=2
ð

x2dr51=2
ð
ðr3~UÞ2dr; (6)

where x5r3u is the vorticity field. The corresponding enstrophy spectrum is defined as:

ZðkÞ5 1
2Dk

X
k2Dk<k0�k

jxðk0Þj2: (7)

Following a similar procedure as that for PðkÞ, we define an enstrophy flux (denoted by fðkÞ in the paper),
which is a measure of the enstrophy passing through wave number k. Note that there is no transfer of KE
and enstrophy from the largest wave number of the system where UðkÞ ! 0. Therefore, both KE and ens-
trophy flux vanish as k !1. Further details on spectra and flux computations can be found in Appendix A.

3. Results

We begin by considering the spectra and fluxes associated with daily geostrophic currents. Note that,
although AVISO provides daily data, the satellites take 8–10 days to repeat an orbit, so time scales less than
a month are not really well resolved by the altimeter data. Figure 2 shows KE and enstrophy spectra of the
geostrophic currents derived from the AVISO data in all five regions. As seen, these currents follow an
approximate k23 scaling (the best fits range from k23:2 to k23:6) for the KE spectra over a range of 200–
100 km in all regions. Consistent with this, the enstrophy spectra follow a power law that is slightly steeper
than k21 scaling. At these scales, the KE spectra we obtain for geostrophic currents are more in line with
those reported by Stammer (1997), global extratropics, and Arbic et al. (2014), Agulhas region, who used
the Ocean Topography Mission (Topex/Poseindon, T/P) data and the gridded altimetry data, respectively.
Arbic et al. (2014) also compared the AVISO spectra with a realistic eddying global circulation model and
found a good match in the Agulhas region. On the other hand, KE spectra computed using along-track data
(from which AVISO gridded product is generated) tend to produce shallower 2 5

3 like scaling, which was
observed by Le Traon et al. (2008) (see also, Xu & Fu, 2012, for regional dependency of the exponents).

An important issue here is the effect of smoothening and interpolation in AVISO data on observed spectra
(Chelton et al., 2011; Xu & Fu, 2012). Specifically, the scales smaller than 100 km in AVISO data are strongly
attenuated because of filtering. In addition, the data in the range 100–200 km are also not completely free
from such errors. Keeping this in mind, both along and across-track raw data have been subjected to spec-
tral analysis. Here too, at scales around 200 km, the KE spectra follow power laws but with exponents rang-
ing from 22 (Wortham & Wunsch, 2014) to 23 (Scharffenberg & Stammer, 2011), though the across and
along-track exponents can be different (Wortham et al., 2014). In general, spectra computed using the
gridded altimetry data tend to be steeper in comparison to spectra estimated using raw along-track data
(Wortham, 2012; Wortham & Wunsch, 2014). In this context, Xu and Fu (2012) noted that spectra from the
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raw along-track data tend to be shallower due to noise in the measurements. In fact, Zhou et al. (2015) used
a spatiotemporal filter to remove the high-frequency noise from the raw along-track altimetry data, and in
contrast with Le Traon et al. (2008), observed k25 scaling in the SSH spectrum near the Gulf Stream, which
corresponds to k23 power law in KE spectrum. However, slopes shallower than k25 were also observed in
the SSH spectrum in some regions even after noise removal. Though, it is worth keeping in mind that the
ageostrophic part of the SSH data may have contributed to shallowness of the spectra (Zhou et al., 2015).

In ship-track data, exponents ranging between 22 and 23 have been observed in the KE spectrum at scales
of approximately 100 km and below in different regions (Callies & Ferrari, 2013; Wang et al., 2010; Wortham
et al., 2014). Of course, comparing in situ data with the altimeter is problematic as the former has both rota-
tional and divergent components of the flow. Indeed, a match is only possible if the geostrophic portion is
dominant, something one would expect at relatively large scales. For example, a comparison in the Gulf
Stream region presented by Callies and Ferrari, (2013) shows altimetry and in situ data to be quite close to
each other at scales that range from about 200 to 100 km (both with a 23 scaling). Thus, in all, while cav-
eats regarding the data need to be kept in mind, a 23 scaling of the KE spectrum appears to be a fairly
robust feature of AVISO data at length scales from approximately 200 to 100 km.

The KE and enstrophy fluxes for AVISO geostrophic currents are shown in Figure 3. We computed the fluxes
using the daily data; the results presented here are averaged over the entire 21 year period. The qualitative
structure of the KE flux confirms the findings of Scott and Wang (2005) (see also Arbic et al., 2014; Scott &
Arbic, 2007; Tulloch et al., 2011). Specifically, we observe a robust inverse transfer of KE at large scales (i.e.,
greater than approximately 200 km). Some regions (Regions 1 and 2) show a very weak forward transfer of
KE at small scales, while in the others (Regions 3, 4, and 5), the KE flux continues to be negative (though
very small in magnitude) even at small scales. In fact, in all the regions considered, the KE flux crosses zero
or becomes very small by about 200 km. It should be noted that the forward KE transfer at small scales was
more pronounced in Scott and Wang (2005). One of the reasons for this is their use of geostrophic anoma-
lies that tend to produce stronger forward KE flux in comparison to absolute geostrophic velocities. Details
regarding this calculation are provided in Appendix B. It is worth pointing out that 2p times the climatologi-
cal first baroclinic deformation radii in the five regions of Figure 1 also lie between 200 and 250 km (Chelton
et al., 1998). Whether this is indicative of a KE injection scale due to baroclinic instability as put forth by
Scott and Wang (2005), or more of a coincidence is not particularly clear (we will return to this issue when
we examine results from the high-resolution model). Indeed, a mismatch between the deformation scale

Figure 2. The surface KE and Enstrophy spectra computed using AVISO geostrophic currents (averaged over 21 years of data). For the wave numbers between
0.005 and 0.01 cycles/km (i.e., 200–100 km), the best fits of the spectral exponents for the KE spectra yield 23:31;23:45;23:24;23:60, and 23.65 for the regions
1–5, respectively.
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and zero-crossing scale can be seen in Tulloch et al. (2011) and has also been pointed out by Schl€osser and
Eden (2007) in a comprehensive ocean model.

Examining the enstrophy fluxes in Figure 3, we observe large forward transfer of enstrophy at scales smaller
than approximately 250 km. The enstrophy flux does not show an inertial range in any of the regions; rather

Figure 3. KE (PðkÞ, blue) and enstrophy (fðkÞ, red) fluxes computed using AVISO geostrophic currents (averaged over all 21 years) versus wave number

(k5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x 1k2
y

q
). Vertical dashed lines mark the transition scale (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hKEi=hZi

p
) in each region.
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it increases with progressively smaller scales and peaks at approximately 150 km. Note that the enstrophy
fluxes do not vanish at the smallest scale, this is due to data interpolation, and is discussed further when
comparing with coarsened data from the high-resolution model. Interestingly, we note that, in most of the
regions, the scale

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hKEi=hZi

p
(where h�i denotes a domain average; KE and Z are kinetic energy and enstro-

phy, respectively) (Danilov & Gurarie, 2000)—shown by the dashed vertical lines in Figure 3—serves as a
reasonable marker for the onset of the forward enstrophy flux regime. Thus, from approximately 200 to
100 km, altimetry data suggest the presence of a forward enstrophy transfer regime accompanied by a k23

KE spectrum.

3.1. Comparison With a Comprehensive Earth System Model
We computed spectra and fluxes in the same five oceanic regions using geostrophic currents from the
eddy-permitting ocean component (POP) of a comprehensive Earth system model. As mentioned, this
model provides us with daily data at a spatial resolution of 0.18. The main advantage of using this data set is
that, unlike AVISO, POP data resolve scales up to 50 km fairly well, and viscous dissipation effects are negli-
gible at scales larger than 100 km (Uchida et al., 2017). The results, shown in Figures 4 and 5, agree very
well with the spectra and fluxes from AVISO data. Indeed, the KE and enstrophy spectra from the POP data
follow scaling close to k23 and k21, respectively. In fact, given the higher resolution, the power laws are
cleaner than those obtained using the AVISO product. Further, the flux of KE (enstrophy) is predominately
upscale (downscale) for large (small) scales in all the regions. However, there are differences between the
results from POP and AVISO data, these include: (i) the spectra of KE and enstrophy are slightly steeper in
AVISO, (ii) the fluxes are stronger in POP data than in AVISO, especially the enstrophy fluxes, which are
almost 5–10 times larger in POP data, (iii) the zero-crossing of the KE flux shifts to smaller scales (approxi-
mately 50 km) in all the regions, (iv) the peaks of KE and enstrophy fluxes shift to smaller scales in POP data.
Though note that, in accord with the AVISO estimates, the onset of a forward enstrophy flux regime is fairly
well predicted by the scale

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hKEi=hZi

p
(Danilov & Gurarie, 2000). Further, the enstrophy flux gradually

increases at larger wave numbers and peaks around 50 km before going to zero at the smallest scale
resolved. The same behavior is seen in the AVISO enstrophy fluxes (Figure 3), although the peak is around
150 km. This suggests that estimates of scales where the enstrophy flux peaks and the KE flux crosses zero
are probably limited by the resolution of the data. Thus, the observed match between the zero-crossing of
rotational KE flux derived from AVISO and the first baroclinic deformation scale (Scott & Wang, 2005), is
likely fortuitous.

Figure 4. The surface KE and Enstrophy spectra computed using the geostrophic currents from POP model data (averaged over 1 year). For the wave numbers
between 0.005 and 0.01 cycles/km (i.e., 200–100 km), the best fits for the spectral exponents for the KE are 22:26;22:98;22:91;22:97, and 22.82 for regions
1–5, respectively.
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Figure 5. KE (PðkÞ, blue) and enstrophy (fðkÞ, red) fluxes computed using geostrophic currents from POP model data (averaged over 1 year) versus wave number

(k5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x 1k2
y

q
). Vertical dashed lines mark the transition scale (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hKEi=hZi

p
) in each region.
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3.2. Effect of Filtering on Spectra and Fluxes
To probe the issue of the effect of smoothening on the nature of the results in more detail, we proceed
with systematic space and/or time filtering tests on the geostrophic currents from POP data. We are also
motivated by Arbic et al. (2013), who showed that filtered ocean model output tends to produce an
enhanced forward cascade of KE and a reduction in its upscale transfer. We focus on Region 1 for these
experiments. In particular, we used geostrophic currents in Region 1 having a grid resolution of roughly
10 km with 400 grid points in both horizontal directions, and computed KE spectra and spectral fluxes using
the method described in section 2.3. For filtering in space, the data were generated on coarser 100 3 100
and 50 3 50 grids by averaging over four and eight consecutive grid points, respectively. For smoothening
in time, a moving mean was used with 10 and 40 day windows in two separate cases. We believe that these
choices, ranging from 100 3 100, 10 day to 50 3 50, 40 day smoothening, would be useful in providing a
feel for the impacts of filtering involved in AVISO.

Comparisons between (both) filtered and unfiltered KE fluxes—shown in Figure 6—confirm a decline in the
strength of the inverse KE flux due to filtering (in space and time individually, as well as together). In addi-
tion, the zero-crossing in the KE flux shifts to larger scales in the filtered data with a presence of forward cas-
cade in all cases. For the enstrophy flux, the strength of forward flux reduces significantly and the peak
shifts to larger scales in the filtered data. Interestingly, the zero-crossing of the enstrophy flux is not as sensi-
tive to filtering as for the KE flux curve. Thus, the qualitative behavior of the fluxes remains the same as in
the unfiltered data, although the quantitative measures such as the flux strength, zero-crossing and peak
scales are sensitive to filtering. Indeed, the enstrophy (KE) flux always shows a robust forward (inverse)
transfer at small (large) scales. Note that the fluxes from the spatially filtered data do not vanish at the small-
est scale, which is due to the interpolation of the data on the coarser grids. A similar issue was observed in
the AVISO enstrophy fluxes (Figure 3). Examining the KE spectrum (shown in Figure 6), we see that it
becomes steeper on filtering either in space or time, and the steepening is especially evident in the time-
filtered data.

It is instructive to compare the magnitudes of the fluxes from the filtered POP data with AVISO. On moder-
ate smoothening, i.e., 100 3 100 grid and 10 day mean, both KE and enstrophy fluxes are almost twice as
large as AVISO estimates in Region 1. On the other hand, with strong smoothening (50 3 50 and 40 day
mean), KE and enstrophy fluxes are weaker in strength than the AVISO results. These observations are
encouraging as the resolution of the AVISO data lies between these moderate and strong smoothening lim-
its. Using the moderate smoothening stencil in the other oceanic regions under consideration, a compari-
son between results from AVISO and this moderately smoothened POP data are shown in Figure 7. Fluxes
and spectra in Regions 2 and 5 match quite well with AVISO results, but the AVISO fluxes in Regions 1 and 3
are still weaker in strength in comparison to those from the filtered POP data. With regards to Region 4, the

Figure 6. KE and enstrophy fluxes computed using filtered and unfiltered versions of geostrophic currents from POP model data in Region 1 (averaged over 1
year). Filtering in space was performed by averaging over four (eight) grid points in both horizontal directions to generate data on a resolution of 100 3 100
(50 3 50), respectively, whereas the data were filtered in time with 10 and 40 day moving means.
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Figure 7. KE and enstrophy fluxes computed using the geostrophic currents from AVISO data (yellow) and POP model data (unfiltered in blue and filtered in red)
in all regions.

Figure 8. Snapshots of stationary and transient fields (colorbar units are in m/s) from AVISO data—(a), (b) zonal velocity and (c), (d) meridional velocity—in the
summer (specifically on 16th June 2005) in Region 3 from AVISO.
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KE flux from unfiltered POP data is weaker than that from AVISO, which is surprising as mesocales are
resolved much better in POP data than in AVISO. Thus, even though there are differences, this not only rein-
forces our intuition regarding the effect of smoothening on the fluxes, it also confirms that in all regions,
the smoothened POP data (which is close in resolution to AVISO) flux estimates are closer to those from
AVISO than from the high-resolution POP data itself.

Taken together, when compared to actual surface ocean dynamics, it is likely that rotational flux estimates
(both inverse KE and forward enstrophy) from AVISO data are low, and the weak forward flux of KE at
small scales is enhanced and may possibly be spurious. Also, the position of the peak enstrophy flux and

Figure 9. Total (solid green), eddy-eddy (dashed red), stationary-stationary (dotted black), and stationary-eddy (dash-dotted blue) KE and enstrophy fluxes

computed using AVISO geostrophic currents (averaged over all 21 years) versus wave number (k5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x 1k2
y

q
).
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zero-crossing of the KE flux are likely to be over estimates. Nevertheless, the qualitative forms of the KE and
enstrophy fluxes and the implied KE and enstrophy transfer regimes are robust.

3.3. Eddy (Transient) and Stationary (Slowly Varying) Fluxes
An important difference between actual geophysical flows (the atmosphere and ocean) and idealized 3-D
rotating stratified turbulence is the presence of nontrivial mean flows and a hierarchy of prominent tempo-
ral scales. In order to quantify the KE and enstrophy flux contributions from the fast and slowly varying com-
ponents of the flow, following Shepherd (1987), we filtered the geostrophic currents derived from AVISO. In
particular, at every grid point, we consider the daily 21 year long time series and split this into two parts:
one that contains variability of less than 100 days (referred to as the ‘‘eddy’’ or ‘‘transient’’ component) and
the other with only longer than 100 day time scales (referred to as the ‘‘stationary’’ or ‘‘slowly varying’’). The

Figure 10. Total (solid green), eddy-eddy (dashed red), stationary-stationary (dotted black) and stationary-eddy (dash-dotted blue) KE and enstrophy fluxes com-

puted using POP model’s geostrophic currents (averaged over 1 year) versus wave number (k5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x 1k2
y

q
).
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choice of 100 days is a rough marker to distinguish intraseasonal variability from longer time scales. Our
investigation into the role of components is motivated in part by analyses of the troposphere, where it has
been shown that both eddy-eddy and eddy-slowly varying interactions contribute significantly to the net
interscale KE and enstrophy flux (Burgess et al., 2013; Shepherd, 1987). On a more fundamental level, a han-
dle on these contributions is important as, eddy-eddy interactions come under the purview of isotropic tur-
bulence, while a large contribution from stationary-eddy transfers implies significant wave-mean flow
interactions (Shepherd, 1987). To get an idea of the physical character of this decomposition, in Figure 8,
we show a snapshot of the zonal and meridional velocities (during summer) in Region 3 from AVISO data.
Quite clearly, the slowly varying or stationary flow has a pronounced zonal structure, as compared to the
more isotropic eddy component. Similarly, the mean meridional velocity has a larger scale as compared to
its eddy component and is oriented in a preferentially meridional direction. It is interesting to note that the
meridional (stationary and transient) velocity is always comparable in strength to the zonal flow in all five
regions (figures not shown here).

As with the original AVISO data (the total field), we computed the KE and enstrophy fluxes using the tran-
sient eddy field and the stationary velocity components. The stationary-eddy fluxes were computed by sub-
tracting the eddy-eddy and stationary-stationary contributions from the total flux. Figure 9 shows these
four terms (total: solid green curves, eddy-eddy: dashed red curves, stationary-stationary: dotted black
curves and stationary-eddy: dash-dotted blue curves) for both KE and enstrophy in the five regions consid-
ered. For the KE, we see that the total flux at large scales (i.e., greater than 200 km) has a strong contribution
from the stationary-eddy interactions. In fact, the eddy-eddy term is qualitatively of the correct form, i.e.,
upscale at scales larger than �200 km, but quite small in magnitude. The stationary-stationary contribution
is always upscale (except for a very small positive bump at small scales in Region 1), and thus, it too enhan-
ces the inverse transfer at large scales. For the enstrophy, we see that the eddy-eddy term is reasonably
strong, and along with the stationary-eddy flux (in Regions 3, 4, and 5), or both the stationary-stationary
and stationary-eddy fluxes (Regions 1 and 2) leads to the strong forward enstrophy cascading regime at
small scales (i.e., below approximately 200 km).

We also computed these flux components using the geostrophic currents from POP data (Figure 10). Here
too, the eddy-stationary interactions provide strong contributions to the KE and enstrophy fluxes. However,
the relative contribution from eddy-eddy interactions is larger in POP data, which is likely due to higher res-
olution of the model. Indeed, in a similar manner, Shepherd (1987) found stationary-eddy enstrophy fluxes
to be important in the atmosphere, but higher resolution data employed in Burgess et al. (2013) suggest
that the eddy-eddy term is the dominant contributor to the forward enstrophy flux. Note that the
stationary-stationary interactions, which played a role in AVISO, are quite muted in the high-resolution data.
Another interesting observation is that peaks of stationary-stationary and eddy-eddy KE fluxes occur at dif-
ferent scales, which was also seen in Shepherd (1987). This is likely due to the scale separation between the
slowly varying flow and transient eddy field, even though the scale separation is not as strong as in the
atmosphere (see Figure 3 in Shepherd, 1987).

4. Interpretation and Conclusion

Spectral fluxes of KE and enstrophy are estimated using surface geostrophic currents derived from 21 years
of AVISO SSH data in different midlatitudinal parts of the world’s oceans. Consistent with the previous
results (Arbic et al., 2014; Scott & Wang, 2005; Tulloch et al., 2011), we observe that the spectral flux of rota-
tional KE exhibits an inverse transfer at scales larger than about 200 km. Further, at smaller scales, specifi-
cally, 200–100 km, we find a strong forward flux of enstrophy accompanied by a KE spectrum that
approximately follows a k23 power law. The transition from an inverse KE to a dominant forward enstrophy
flux is roughly in agreement with a simple prescription based on the total enstrophy and KE in the domain
(Danilov & Gurarie, 2000). The results from AVISO are seen to compare favorably with geostrophic surface
ocean data from an eddy-permitting Earth system model. On splitting the data into high (eddy) and low
(stationary) frequencies, we observed that both the stationary-stationary and stationary-eddy fluxes play an
important role in the inverse (forward) transfer of KE (enstrophy) at scales greater (smaller) than 200 km.
Specifically, we find the stationary-eddy term to be important in both AVISO and eddy-permitting model
data. In fact, this term dominates over the eddy-eddy contribution in upscale KE transfer. However, the two
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terms are of roughly equal strength in the downscale enstrophy transfer. On the other hand, the stationary-
stationary contribution is found to be significant only in AVISO data, which is possibly due to the limited res-
olution of the altimetry product. As discussed by Shepherd (1987) and Burgess et al. (2013), eddy-eddy
interactions can be understood within the framework of isotropic 2-D or geostrophic turbulence, but the
presence of significant stationary-eddy transfers imply that eddy-mean flow interactions have to be taken
into account to understand the turbulence on the ocean surface. We emphasize that spectra and fluxes of
KE and enstrophy are affected by the smoothening and interpolation in AVISO data. In particular, as
observed from our filtering tests with model data, a lower resolution (in time and/or space) affects the mag-
nitude, zero-crossing, and peak scale of the fluxes. Nevertheless, principal qualitative features of the fluxes,
i.e., the inverse (forward) transfer of KE (enstrophy) at large (small) scales, are robust as they remain
unchanged under both space and time filtering.

Regarding the small forward flux of rotational KE in AVISO data at scales smaller than approximately 200 km
observed in a few regions, the filtering tests suggest that this is likely enhanced, or possibly even an artifact,
due to the limited resolution of the altimetry data. This is consistent with regional high-resolution ocean
model runs which show a very weak forward rotational KE flux, and that too at very small scales (Capet
et al., 2008b). In fact, a similar phenomenon was noted in the atmosphere where a forward KE flux in the
rotational modes was observed in the coarse data used by Boer and Shepherd (1983), but it vanishes in the
more recent finer scale products analyzed in Augier and Lindborg (2013) and Burgess et al. (2013) (see, Bof-
fetta, 2007, for similar issues in incompressible 2-D turbulence). We now interpret these findings in the con-
text of rapidly rotating, strongly stratified 3-D turbulence as well as spectra and flux analyses from the
midlatitude upper troposphere.

Specifically, idealized 3-D rotating Boussinesq simulations suggest that the rotational (or vortical) modes
dominate the energy budget at large scales and exhibit a robust inverse transfer of KE to larger scales, and
a forward transfer of enstrophy to smaller scales (Bartello, 1995; Kitamura & Matsuda, 2006; Sukhatme &
Smith, 2008; Vallgren et al., 2011). These transfers, akin to 2-D and QG turbulence, are accompanied by KE
spectra that follow 2 5

3 and 23 power laws in the upscale KE and downscale enstrophy flux dominated
regimes (Charney, 1971; Kraichnan, 1967), respectively. Given the rotational nature of the geostrophic cur-
rents, our observation of the upscale (downscale) KE (enstrophy) flux at scales greater (smaller) than 200 km
is therefore in accordance with the aforementioned expectations. Indeed, the observed scaling in KE spectra
is also close to the expected exponent that characterizes the enstrophy flux dominated regime. It should
also be noted that the 23 exponent (even in incompressible 2-D turbulence) is fairly delicate. As discussed
in the review by Boffetta and Ecke (2012), it is not uncommon to observe power laws for the KE spectrum
that range from 23 to 23.5 in the enstrophy cascading regime. An additional caveat that should be kept in
mind is that, in this regime, a strict k23 power law is anticipated only in the presence of an inertial range
where the forcing and dissipation scales are well separated. However, in the real world, a lack of clear scale
separation may lead to spectra that differ from this theoretical expectation.

With regard to the atmosphere, the forward enstrophy transfer regime of QG turbulence has been postu-
lated to explain the 23 portion of midlatitude upper tropospheric KE spectrum (the so-called Nastrom-
Gage spectrum, Nastrom & Gage, 1985). Starting from Boer and Shepherd (1983) and Shepherd (1987), in
addition to detecting this spectrum in progressively higher resolution general circulation and weather mod-
els (see e.g., Hamilton et al., 2008; Koshyk and Hamilton, 2001; Strauss & Ditlevsen, 1999), there have been
systematic analyses of the underlying KE and enstrophy fluxes in models as well as reanalysis products
(Augier & Lindborg, 2013; Burgess et al., 2013). These studies demonstrate quite clearly that the 23 range
of the Nastrom-Gage spectrum (spanning approximately 3,000–4,000 to 500 km in the upper troposphere)
corresponds to the dominance of rotational modes with a forward enstrophy cascade. Also, at scales greater
than the 23 range (i.e., greater than approximately 4,000 km), the upper troposphere supports an inverse
rotational KE flux (Augier & Lindborg, 2013; Burgess et al., 2013). Further, on decomposing the tropospheric
flow into eddy and zonal components (which translates to a stationary-eddy decomposition), it is seen that
the zonal mean-eddy flux contributes significantly to the inverse KE and forward enstrophy transfer (Bur-
gess et al., 2013; Shepherd, 1987).

Thus, our findings using altimeter data, i.e., employing purely rotational geostrophic currents, at scales
larger than approximately 100 km, are in fair accordance with expectations from idealized simulations of
rotating stratified flows as well as analyses of upper tropospheric reanalysis and general circulation model
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data. The qualitative similarities between the rotational KE fluxes, enstrophy fluxes, KE spectra as well as
stationary-eddy contributions to the fluxes of the surface ocean currents and those of the near tropopause
atmospheric flow are comforting as both are examples of rapidly rotating and strongly stratified fluids. In
fact, in addition to an inverse rotational KE flux at large scales (greater than approximately 200 km), it is
quite possible that the altimeter is capturing an enstrophy cascading regime (between 100 and 200 km,

Figure B1. Comparison of KE fluxes (mean over 21 years) computed using full geostrophic velocity field (solid blue) and
geostrophic anomaly field (dashed green) from AVISO data in all regions.

Journal of Geophysical Research: Oceans 10.1029/2017JC013516

KHATRI ET AL. 3889



accompanied by a relatively steep KE spectrum) that is a surface oceanic counterpart to the 23 range of
the atmospheric Nastrom-Gage spectrum.

Quite naturally, it would be very interesting to obtain data at a finer scale, and verify if the KE spectrum of
ocean surface currents (rotational and divergent together) exhibits a transition to shallower spectra—like
the Nastrom-Gage spectrum—with a change in spectral slope at a length scale smaller than 100 km. Indeed,
a flattening of the KE spectrum at scales smaller than 20 km due to an increased contribution of ageo-
strophic internal waves in the Gulf Stream region has been reported by Callies and Ferrari (2013). Further,
recent decompositions of regional high-resolution models (Capet et al., 2008b), and one-dimensional ship-
track data have confirmed steep (shallow) scaling of rotational (divergent) modes (B€uhler et al., 2014; Qiu
et al., 2017; Rocha et al., 2016), with hints at the aforementioned transition in the slope of the KE spectrum
(B€uhler et al., 2017).

Appendix A: Relations for Spectrum and Flux Computations

Numerical computations of spectra and fluxes were performed at discrete wave numbers. For calculating
the spectrum, we used a uniform spacing Dk between two consecutive wave numbers. Specifically, KE and
enstrophy spectra in a discretized form were computed using equations (2) and (7).

KE and enstrophy fluxes were estimated using the formalism of Dar et al. (2001), Verma (2004), and Chatter-
jee et al. (2018), according to which

PðkÞ5
X
k0>k

X
p�k

dk0;p1qImð½k0 � UðqÞ�½U�ðk0ÞUðpÞ�Þ; (A1)

fðkÞ5
X
k0>k

X
p�k

dk0 ;p1qImð½k0 � UðqÞ�½x�ðk0ÞxðpÞ�Þ; (A2)

where Im stands for the imaginary part of the argument, UðqÞ and xðqÞ are the Fourier modes of the veloc-
ity and vorticity fields, respectively, and U� & x� are complex conjugates. The expressions (inside the sum-
mation operators) in equations (A1) and (A2) represent the energy and enstrophy transfer in a triad
(k05p1q), respectively, where k0 mode receives energy (enstrophy) from modes p and q. These expressions
were finally integrated over all possible triads satisfying the condition k0 > k and p � k.

Appendix B: Comparison of KE Fluxes Computed Using Full Geostrophic Velocity
and Geostrophic Velocity Anomalies

In addition to KE fluxes from full geostrophic velocities, we also computed KE fluxes using the AVISO geo-
strophic anomalies. These anomalies were obtained by removing the 21 year mean of velocity from the full
geostrophic currents. As shown in Figure B1, geostrophic anomalies tend to produce a stronger forward
transfer of KE at scales smaller than �200 km. Also, the KE flux from geostrophic anomalies almost vanishes
around 1,000 km scale in all regions. Nevertheless, the KE flux magnitudes in upscale transfer do not change
drastically when compared to the estimates from the full geostrophic velocities.
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