SCIENCE ADVANCES | RESEARCH ARTICLE

OCEANOGRAPHY

Scale of oceanic eddy killing by wind from global

satellite observations

Shikhar Rai', Matthew Hecht?, Matthew Maltrud?, Hussein Aluie'*

Wind is the primary driver of the oceanic general circulation, yet the length scales at which this energy transfer
occurs are unknown. Using satellite data and a recent method to disentangle multiscale processes, we find that
wind deposits kinetic energy into the geostrophic ocean flow only at scales larger than 260 km, on a global aver-
age. We show that wind removes energy from scales smaller than 260 km at an average rate of —50 GW, a process
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known as eddy killing. To our knowledge, this is the first objective determination of the global eddy killing scale.
We find that eddy killing is taking place at almost all times but with seasonal variability, peaking in winter, and it
removes a substantial fraction (up to 90%) of the wind power input in western boundary currents. This process,
often overlooked in analyses and models, is a major dissipation pathway for mesoscales, the ocean’s most ener-

getic scales.

INTRODUCTION

It is widely recognized that oceanic circulation is driven primarily
by wind (1). Although the net path of mechanical energy is from the
atmosphere to the ocean, several recent studies have shown evi-
dence that oceanic eddies can actually lose energy to the atmosphere
(2-4) in a process dubbed “eddy killing” (5).

Determining the pathways to dissipation of the geostrophic (or
balanced) flow is a long-standing problem in physical oceanogra-
phy (6), contributing to large uncertainties in the oceanic kinetic
energy budget. Eddy killing by the atmosphere may be an important
dissipation pathway for the mesoscales [O(100) km], which consti-
tute a peak in the kinetic energy spectrum (7, 8), are a critical com-
ponent of the global circulation and its response to changes in
atmospheric forcing, and play a leading role in the transport of heat
and biogeochemical tracers (9-11). There are now considerable dis-
crepancies in estimates of wind power input into the mesoscales.
Moreover, eddy killing is misrepresented in ocean-only models where
the wind is prescribed. Such misrepresentation in ocean-only models
has implications on both large and small scales, leading to systematic
biases in the modeling of ocean circulation, its turbulence levels,
transport, and mixing (12-15).

The standard explanation of eddy killing is sketched in Fig. 1. It
shows a large-scale wind blowing over a small-scale ocean eddy. The
wind stress, T, is proportional to wind velocity relative to the ocean
velocity, which induces small-scale oceanic imprints (or variations)
onto the wind stress (3, 16). The resultant stress forces half of the
eddy positively (positive work) and the other half negatively (negative
work or damping). Because the stress is proportional to wind velocity
relative to the ocean, the negative forcing dominates over the posi-
tive, giving rise to eddy killing as sketched in Fig. 1. In strongly
eddying regions such as western boundary currents (WBCs), eddy
killing can be an important energy sink and represents a legitimate
energy pathway in ocean models (17) as we shall show below.

To date, there has been no analysis of the scales at which eddy
killing operates in the global ocean. Does wind always damp the
mesoscales? It is known, for example, that small-scale currents near
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land are actually wind-driven rather than damped (16, 18, 19).
Moreover, while wind may damp individual coherent circular eddies
of any scale ¢, as illustrated in Fig. 1, it can still deposit a net positive
amount of energy at that scale £ when accounting for all other flow
structures of size ¢, such as strain-dominated regions and irregular
meanders. Quantifying the net power deposited by wind into the
entire mesoscale flow, encompassing all possible structures, is central
to determining the eddy killing contribution to the global budget
and to understanding what oceanic scales are driven directly by wind.
From a modeling perspective, there is an immediate practical utility
to quantifying the length scales at which eddy killing operates to
guide its proper representation in models at varying grid resolution.

There have been several approaches and definitions for measur-
ing eddy killing, which do not agree in their estimates. Many of the
earlier investigations relied on Reynolds (or temporal) averaging
(5, 18-22), in which “eddy” is the ocean surface velocity deviation,
u, = u,— < u,>, from the time mean <u,>. Consistent with this definition,
the measure of wind power input into the eddy (i.e., fluctuating)

Wind velocity

Relative wind velocity

Surface ocean
current

Fig. 1. Standard explanation of eddy killing. A uniform (or large scale) wind acts
on an ocean eddy (small scale) (3). Wind stress forces the top half of the eddy neg-
atively (blue patch) and the bottom half positively (red patch). Because the stress
exerted by wind on the eddy is proportional to their relative velocity, the negative
forcing dominates over the positive, resulting in the wind extracting energy from
the eddy. Note that eddy killing in this stationary configuration cannot be detected
using a time mean and eddy decomposition of the flow.
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field is <t - u,">. However, all these studies have found this quantity
to be either positive or =0 when integrated globally and also in most
regions of interest, suggesting (misleadingly) a lack of eddy killing.
A conclusion of our study here is that eddy killing is inherently a spatial
process that cannot be captured by temporal averaging. A temporal
analysis would yield zero eddy killing for the stationary flow config-
uration in Fig. 1 because it involves no temporal fluctuations.
More recently, Xu et al. (23) pursued another approach to mea-
sure eddy killing by explicitly detecting eddies of size up to 400 km.
They found that wind power input, 7 - u®? over such structures
is —27.7 GW, where u%'Y is the velocity of detected eddies. This
measure can be regarded as a lower bound for the eddy killing mag-
nitude because it relies on eddy detection criteria that are ultimately
subjective. For example, would an unclosed or irregularly shaped mean-
der be considered an eddy? A third approach to estimate eddy killing
was developed in the form of a linear regression coefficient obtained
from the empirical correlation of wind stress curl and ocean surface
vorticity (16, 24, 25). Using such a regression coefficient, Renault et al.
(25) estimated global eddy killing to be —48 GW. Yet, regression
coefficients are sensitive to the data size and rely on a (spatial and/
or temporal) spread in the range of values being statistically correlated.
For example, the regression analysis in (25) cannot be applied to the
flow in Fig. 1 because there are no statistical fluctuations yielding a
spread in values. Renault ef al. (25) reported two other measures of
eddy killing that yielded —23 and —70 GW in that same study.
While the aforementioned studies have helped shed light on the
process of eddy killing, we still lack a first-principles method to quantify
it. This is essential given the wide scatter in eddy killing estimates
(from +22 to —23 to =70 GW), including positive values that cast doubt
on the very existence of eddy killing in the global budget (18, 19, 25).
Below, we shall quantify global eddy killing from satellite obser-
vations using a coarse-graining approach developed recently to
probe multiscale geophysical processes (26, 27). We show how we
are able to extract a physically correct value of eddy killing by coarse
graining at any length scale of choice and calculating the wind work
on those scales. By performing a “scan” over an entire range of
length scales, we are able to unravel those scales at which eddy kill-
ing operates, in addition to its magnitude. We find that wind ex-
tracts power from the ocean at scales smaller than 260 km and at an
average rate of —-50 GW globally. In WBCs, eddy killing is substantial;
it removes energy almost equal to total wind work in the Kuroshio,
removes 50% of total wind work in the Gulf Stream, and is so strong
in the Agulhas that it renders total wind work negative despite the
positive power fed into large scales. We also find that eddy killing is
persistent year-round; the wind damps scales smaller than 260 km
at almost all times, not just on average, and that it exhibits clear
seasonal variability, peaking in the winter. Our analysis also indi-
cates that eddy killing is an important dissipation pathway for the
mesoscales, acting as a sink ~60% of the strength of the inverse cas-
cade pathway in the top 100 m of the ocean. By unraveling eddy
killing as a function of length scale, our work constitutes a first-
principles guide based on observations for how to properly account
for eddy killing as a function of grid resolution in numerical models.

RESULTS AND DISCUSSION

The coarse-graining approach, described in Materials and Methods
and in (26, 27), allows us to identify the energy deposited by wind
stress, T, into any band of oceanic scales by a simple spatial filtering
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of the governing dynamics and deriving the corresponding kinetic
energy budget. It is then straightforward to show that the “eddy
power” (EP) input by wind is

EP =t m, -7 -1, (1)

Equation 1 captures the wind’s direct contribution to the ocean’s
kinetic energy at scales smaller than length ¢, with superscript “Cg”
to denote coarse graining. Here, T and &, are the wind stress and
ocean surface velocity, respectively, low-pass—filtered in space (de-
noted by the overbar, +) to account for only scales larger than length
€. This large-scale contribution, T - @,, is then subtracted from the
total wind power input in Eq. 1 to yield the residual small-scale con-
tribution, EP%lg (see Materials and Methods).

Quantity EPeCg is analogous to that obtained from the commonly
used Reynolds averaging approach (5, 18-20), which decomposes
the flow into a temporal mean and fluctuating components. There,
wind power input into the fluctuations (or “eddies”) is

EPRY = <t uy> — <t> - <up> = <t'-u,’> (2)

where <...> represents a temporal average and (...) represents tem-
poral fluctuations about that average. Superscript “Rey” denotes
Reynolds averaging. The second equality in Eq. 2 follows from a
property specific to Reynolds averaging, < < ... > > =< ...>, which
does not hold for more general decompositions such as coarse
graining or a running window time average (28).

A negative value for EP°® or EP* would indicate that wind is
extracting energy from the eddy component of the flow, i.e., it indicates
eddy killing. Consistent with previous studies, we shall show that the
traditional measure EP*, which is based on a temporal scale decompo-
sition, is generally positive and fails to capture eddy killing. In contrast,
we will show that our quantity EP®%, based on a spatial scale decom-
position, is generally negative, consistent with physical expectations.

Unraveling eddy killing

The map in Fig. 2A is, to our knowledge, the first direct measure-
ment of eddy killing in the global ocean, in which eddies encompass
any flow structure associated with a length scale rather than tem-
poral fluctuations or isolated coherent vortices. It results from our
coarse-graining analysis of the wind stress, T, obtained from QuikSCAT
satellite data and of surface ocean velocity, u,, obtained from AVISO
satellite altimetry data. We find eddy killing to be 50 GW globally,
which is the power extracted by wind from the ocean at length
scales smaller than 260 km. We also find the total power input by
wind into the ocean, without any decomposition, to be 0.920 TW
globally, in agreement with (18, 19).

Figure 2A shows that eddy killing is occurring almost every-
where in the ocean including near the equator, except for positive
values near some continental boundaries where small-scale cur-
rents are mostly wind-driven (16, 18, 19). Eddy killing is pro-
nounced in WBCs and the Antarctic Circumpolar Current (ACC).

Figure 2B shows how we unraveled the length scale £ = 260 km
below which eddy killing is operating in the global ocean. It shows a
scan of our measure E PeCg in Eq. 1 over an entire range of length
scales € to detect those scales at which eddy killing operates, in addition
to its magnitude. This scan in scale is a key advantage of coarse
graining not possible with Reynolds averaging. How can we under-
stand such a plot?
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Fig. 2. Direct measurement of eddy killing by coarse graining. (A) Wind power input (in mW/m?) to the flow at scales <260 km using our measure EP? in Eq. 1. We are
able to clearly detect eddy killing (negative values) throughout the global ocean, especially in WBCs and the Antarctic Circumpolar Current (ACC). Areas in black include
land and ocean regions with seasonal or permanent ice coverage. (B) Performing a scan over an entire range of length scales to unravel scales at which eddy killing oper-
ates globally, in addition to its magnitude. This is a key advantage of coarse graining. At any scale £, the plot shows wind power input to all scales smaller than £. By at-
taining a minimum at £ = 260 km, it implies that eddies only at scales smaller than 260 km (but not larger) are losing energy to the wind, on average. Envelope shows
interquartile range (IQR) (25th to 75th percentiles, Q1 to Q3) of temporal variation about the weekly climatology (as calculated from the 7 years of data) ofEng, and IQR/2
=(Q3 - Q1)/2. For reference, IQR/2 = 95.63 GW for the global 1 - u, without any decomposition. (C) Reproducing eddy killing using the traditional Reynolds (or temporal)
decomposition, EP*®, as had been done in prior studies. It shows a stark contrast to our measure EP%9, with sporadic values of mixed sign without a clear indication of

eddy killing. The two decompositions differ starkly in the tropics but agree near some land boundaries, where we expect winds to drive small-scale currents.

The limit £ — 0 corresponds to a partitioning of length scales in
which all belong to the “large scales,” i.e., there is effectively no coarse
graining and we retrieve the original (or “bare”) flow (29, 30). In
this limit, we should have EP{¥ — 0 because there are no eddies,
and all power is injected into the large scales,T &, = T-u, = 0.920 TW,
which is the total power injected by wind into the ocean without any
decomposition.

The opposite extreme is when € approaches the size of the do-
main such that coarse graining (--- ) is effectively a spatial average
over the entire ocean. This limit corresponds to all length scales, includ-
ing basin-sized gyres, belonging to the eddies partition. In such a
limit, we have the net power injected by wind into the ocean appearing

Rai et al., Sci. Adv. 2021; 7 : eabf4920 7 July 2021

as EP{,lCg X T-U,(29). The limit € — oo offers us a conceptual
boundary condition on the plot in Fig. 2B, but its calculation re-
quires convolutions that are too expensive (computational cost ~£%).
The largest scale that we consider here is € = 1000 km.

To summarize, by increasing the coarse-graining scale from € =
0 to £ — oo, we expect EP“8(¢ = 0) = 0 to reach the net wind power
input (a positive value) at very large filtering scales £. However, this does
not necessarily imply that EP8(¢) increases monotonically in £. Any
dip in EP“(¢) to a negative value would indicate eddy killing at scales <€.
This is precisely what is unraveled in Fig. 2B. In the Supplementary
Materials, we provide an explanation for how the eddy killing scale
is correlated with the spectral distribution of oceanic kinetic energy.
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We see that E Py reaches a minimum value of —50.47 GW at
scale € = 260 km in Fig. 2B, which implies that eddies at scales small-
er than 260 km are losing energy to the wind. What is the physical
relevance of EPCg(€ = 260 km) being a minimum? It implies that
measuring EPEg at a smaller partitioning scale, £ < 260 km, reduces
the eddy killing magnitude because there are fewer eddy scales to be
killed. It also implies that measuring EPy® at a larger partitioning
scale, £ > 260 km, reduces the eddy killing magnitude because those
additional scales larger than 260 km (wind-driven currents, now
lumped with eddies) have a net gain (rather than loss) of energy from
the wind. Therefore, a minimum of EPEg at scale £ = 260 km indi-
cates that, on the global average, all scales smaller than 260 km are
being killed by wind and scales larger than 260 km are gaining ener-
gy from the wind.

Such a result from decomposing wind power input into different
length scales is nontrivial. Without a scale decomposition, we can
only measure the net wind power input, © - #, = 920 GW. Figure 2B
allows us to appreciate that the wind feeds =970 GW to oceanic
scales larger than 260 km, while it extracts =50 GW from oceanic
scales smaller than 260 km. This insight has immediate relevance to
general circulation models of varying resolution. We can also see
from the envelope in Fig. 2B that eddy killing has relatively low tem-
poral variability compared to wind power input at large scales. The
net input of 920 GW to the global ocean has large temporal variability
(SD of 173 GW), which is mostly at large length scales according to
our analysis here. We shall present more evidence below that eddy
killing is persistent in time.

In contrast to Fig. 2A, Fig. 2C shows how eddy killing cannot be
captured by the Reynolds averaging approach traditionally used in
oceanography. This is because a temporal analysis can fail to disen-
tangle the inherent physics of eddy killing, which is spatial. A tem-
poral analysis conflates all available spatial scales that constitute the
temporal fluctuations, which (i) include large length scales that
fluctuate in time and (ii) exclude small length scales that are steady.
Both (i) and (ii) contribute to the unclear signal in Fig. 2C, which
shows sporadic values of mixed sign without an obvious indication
of eddy killing. Positive values dominate, falsely suggesting positive
power input into the eddies. Globally, EP* = + 38 GW, and if we
exclude the +3° equatorial band, then EP* = + 13 GW, which is
consistent with previous studies using the Reynolds decomposition
(18, 19). The positive values appearing in Fig. 2C are mostly absent
from Fig. 2A, especially in the tropics and in the Indian Ocean.
There is qualitative agreement, however, between Fig. 2 (A and C)
in the positive values near some continental boundaries due to the
small-scale wind-driven currents.

Significance of eddy killing
Our result that eddy killing removes a mere =5% (50 GW) of the
total wind input globally (920 GW) may suggest that it is insignifi-
cant in the global budget. Yet, this indicates only that wind drives
the large-scale (>260 km) flow much more strongly than it kills the
mesoscales (<260 km)—a necessary condition for the existence of a
wind-driven general circulation. Because it is widely appreciated
that the mesoscales are a crucial (and most energetic) component of
the oceanic circulation, it is thus more pertinent to compare eddy
killing to other energy pathways in/out of the mesoscales.

It was estimated by (31, 32) that ~100 GW enters the eddies
from the mean flow. A 50 GW in eddy killing is half that input from
the mean flow. In the Gulf Stream, Kang and Curchitser (33) estimated
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that eddies are driven at a rate of 10 GW due to barotropic insta-
bilities and =9 GW due to baroclinic instabilities. Here, we find that
winds remove a substantial fraction of that energy, ~ -5 GW due
to eddy killing (see Table 1). Similarly in the Kuroshio, Yan et al.
(34) estimated that eddies are driven at a rate of ®6 GW due to
barotropic instabilities and =18 GW due to baroclinic instabilities,
compared to the eddy killing rate of = -5 GW that we find here.

A coarse-graining analysis of the cascade that is more consistent
with our result here was done in (26). From that study, we can esti-
mate that in the ocean’s top 100 m, kinetic energy leaves the meso-
scales to larger scales at a rate ~3.5 mW/m? in the Gulf Stream and
~0.26 mW/m” in the entire North Atlantic. In comparison, eddy
killing removes mesoscale energy at a rate ~2 mW/m? in the Gulf
Stream and ~0.15 mW/m? globally (Table 1). Therefore, our esti-
mates suggest that eddy killing is a mesoscale sink ~60% of the strength
of the inverse cascade pathway in the top 100 m of the ocean.

Regional trends

We shall now show that in dynamic regions of the ocean, eddy kill-
ing removes a large fraction of the wind power input. We show this
by repeating our scan of EPEg in scale, but now averaged over re-
gions of interest.

We are able to determine the eddy killing length scale and mag-
nitude at these locations in Fig. 3, where plots of Eng as a function
of £ show a minimum at £ = 300 to 360 km in extratropical regions
of interest. This implies that eddy killing is operating at scales small-
er than ~300 km (see also fig. S7) in these regions and that larger
scales are gaining energy from the wind, on average, rather than
being killed. The eddy killing scale in dynamic regions is slightly
larger than the global eddy killing scale of € = 260 km and is proba-
bly due to a more intense upscale energy cascade in these energetic
regions (26), yielding larger scales. Despite comprising a mere 7% of
the ocean’s area, we find in fig. S7 that the dynamic regions contribute
35 GW in magnitude when combined, accounting for a majority of

Table 1. Regional wind power input. Total wind power input (first
column), seen as a culmination of feeding scales larger (second column)
and smaller (third column) than 260 km. We see that eddy killing removes
a large fraction (x90% in Kuroshio and ~50% in Gulf Stream) of wind
power input in some of these regions. It is so strong in the Agulhas

(—0.18 mW/m?) that it renders total wind work negative (=~ —1 GW) despite
the positive power +1.40 mW/m? fed into large scales. When weighted by
the regional area (fourth column), we see that much (240%) of the global
eddy killing takes place in the ACC.

Totalwind  <[7.ug]> EP<Y EP?
Regions input (mW/m?) (mMW/m?) (GwW)
(mW/m?)
Gulf Stream 4.11 6.12 -2.01 —5.25
IR 1.86 358 171 -4.70
Extension
Agulhas —-0.18 1.40 -1.58 —6.75
Brazil 5.40 6.62 -1.22 —291
Malvinas
ACC 13.84 15.10 -1.26 —22.37
SeLtel 7.23 7.69 ~045 -30.92
Ocean
Global 2.67 2.82 -0.14 -50.47
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Fig. 3. Regional eddy killing. Similar to Fig. 2B for the global ocean, but restricted to regions of interest (see Materials and Methods), we scan our eddy killing measure
EPY as a function of length scale to unravel those scales at which eddy killing operates, in addition to its magnitude. We find that eddy killing occurs in most regions (B to I),
except Kuroshio extension (A), at scales smaller than £ ~ 350 km. The equatorial region of +8° shows negligible eddy killing on average, with EP? ~ 0 at scales £ < 500 km

and increasing almost monotonically without attaining a clear minimum.

the ocean’s eddy killing, which occurs at scales smaller than 320 km.
On the other hand, eddy killing in the remainder of the global ocean
occurs at smaller scales <200 km, such that flow at larger scales
tends to be wind-driven. This dilutes the global eddy killing average
at 320 km and shifts it to slightly smaller scales of 260 km for the
global average. We also find that the eddy killing scale generally de-
creases at higher latitudes (see fig. S8).

Unlike in our global analysis, eddy killing comprises a large frac-
tion of overall wind power input in several of these regions (Table 1
and Fig. 3). In the Kuroshio, eddy killing as measured by EP“8(¢ =
360 km) is approximately equal to (minus) the total power injected
by the wind. Total power is positive only because the wind injects
twice as much energy into scales larger than 360 km via 7 - @,. In the
Gulf Stream, eddy killing is =50% of the total wind power injected
in magnitude. In the Agulhas, eddy killing dominates the balance
such that the total power injected is actually negative. Even with the
wind feeding energy to scales larger than 340 km in the Agulhas, the
intensity of eddy killing is such that on the whole (i.e., without any
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scale decomposition), wind extracts energy from the Agulhas circu-
lation. We also find (see Table 1) that the Southern Ocean accounts
for more than half (=30 GW) of the global eddy killing.

Within the equatorial band +8°, Fig. 3 shows that EP“8 ~ 0 at
scales £ < 500 km and increases almost monotonically without at-
taining a clear minimum. This implies that the idealized eddy killing
configuration sketched in Fig. 1 is unlikely to occur at the equator,
where the flow is mostly wind-driven at scales smaller than ~1000 km.
Figure S8 provides more insight; within +8°, the westward trade
winds oppose the eastward equatorial counter current and do in-
deed damp the flow at those large scales of 0(10% km, but this is not
eddy killing in the sense implied in Fig. 1. This is also clear from
Fig. 2A, which shows EP“8 ~ 0 at the equator for £ = 260 km, in
stark contrast to the Reynolds averaging analysis in Fig. 2C.

Seasonality
Our results thus far have been time averaged over 7 years of data.
How much variation and seasonality do eddy killing and large-scale
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Fig. 4. Seasonality of eddy killing. Time series of wind power fed into scales larger (blue) and smaller (red) than the eddy killing scale £ shown in each panel (A to H),
along with wind stress magnitude (purple). Thick line plots are a low-pass 91-day running average of the thin line plots. To allow for comparison, each time series ¢(t) is

normalized by its SD o )= ¢(t) /4. We see that eddy killing is persistent throughout the time series (red plots are negative), in all regions but the equator (G). Eddy
killing (red) exhibits clear seasonal variation peaking in winter and tends to be anticorrelated with wind strength (purple). We offer an explanation in the Supplementary
Materials (see eq. S-5 in the Supplementary Materials). Each panel also shows the SD of EPC9 (oin mW/mZ) and two Pearson’s correlation coefficients [“r1” between (thick)
blue and purple plots and “r2” between (thick) red and purple plots with their 95% confidence intervals].

wind driving exhibit? Figure 4 plots the time series of wind power
input into scales smaller and larger than the eddy killing scale, EP®
and T - &, respectively, in regions of interest and globally. We ob-
serve that throughout the 7-year series, there is persistent eddy kill-
ing (EP{® < 0) globally and also in all regions except the equator
where EP® ~ 0. Moreover, there is a clear seasonal variation with
eddy killing peaking in winter. Large-scale wind driving also exhibits
clear seasonality in the extratropics, generally peaking in the winter
months. The seasonality of eddy killing is strongly correlated to that
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of wind strength, also shown in Fig. 4 to peak in winter. An expla-
nation for this correlation is provided in the Supplementary Materials.
Seasonal eddy killing was proposed by Zhai et al. (35) as a potential
explanation for the seasonal cycle of eddy kinetic energy in the Gulf
Stream. Our Fig. 4 provides direct evidence from observations in
support of (35) that eddy killing contributes to mesoscale seasonality.

Using a new method of multiscale analysis of satellite data, we have
unraveled the length scales at which eddy killing operates in the
global ocean along with measuring its intensity. We have provided
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direct evidence that eddy killing operates in the ocean at almost all
times and peaks in winter. To our knowledge, such demonstration
of the scale and temporal behavior of eddy killing has not been docu-
mented before. Traditional temporal analysis approaches used in
previous work cannot detect the process of eddy killing as we have
demonstrated here. Our results from satellites are also reinforced by
analyzing a fully coupled 0. 1° Community Earth System Model
(CESM) simulation shown in figs. S2 to S6.

Eddy killing constitutes a large fraction of the net wind power
input in dynamic regions, even rendering the overall wind power
input negative in the Agulhas current. Globally, eddy killing is an
essential pathway to dissipation for the mesoscales, which are the most
energetic component of the oceanic circulation and may play a lead-
ing role in its response to changes in atmospheric forcing and in the
global transport of heat and biogeochemical tracers.

Our analysis here can be applied to future satellite altimetry and
scatterometry data, which promise to be at higher resolution. The
resolution of the current satellite data is unlikely to affect our eddy
killing length scale result of 260 km, which we believe is well resolved.
Yet, future datasets at higher resolution are likely to show that eddy killing
is larger in magnitude than the 50-GW result that we find here.

Our results here reinforce emerging evidence (16, 36) that a mis-
representation of eddy killing in models will most likely result in sys-
tematic biases in both the large and small scales and over short and long
time forecasts. Our identification that wind feeds 970 GW into oceanic
scales larger than 260 km and extracts 50 GW from smaller scales
provides a practical and objective guide to current efforts at parame-
terizing this process in ocean models with varying grid resolution (36).

MATERIALS AND METHODS
Description of datasets
Geostrophic ocean surface velocity data on a 0.25° by 0.25° grid was
obtained from satellite altimetry [AVISO Ssalto/Duacs, distributed
by Copernicus Marine Environment Monitoring Service (CMEMS)].
The dataset includes estimates of geostrophic current along the equator
using Lagerloef methodology (37) with the B-plane approximation.
Wind stress data on a 0.25° by 0.25° grid was obtained from the
QuikSCAT satellite scatterometer distributed by PO.DAAC.
Following the parameterization in (18, 38), wind stress based on the
QuikSCAT surface winds u is given as

T = g F(ug) (3)
F(uqs):a"' Buqs""Y“qsz (4)

where 1, is the magnitude of u, and 0.=2.70 x 1073pair (kg m2sh),
B=142x 10’4pair (kg m™), and y = 7.64 x IO’Spair (kg m *s). The
air density used is pyir = 1.223 kg m>,

We carried out a 7-day running average on ascending and de-
scending swaths after removing rain flagged data. We also carried out a
7-day running average on the ocean velocity data for consistency.
The wind and current records used here extend from October 1999
to December 2006 and include ocean regions with seasonal ice
coverage.

Because scatterometry measures the wind surface stress directly,
7 inherently accounts for the ocean’s velocity relative to the wind
and the dynamical feedback. An important requirement for our
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study is that the ocean and atmosphere are fully coupled and allow
for a two-way feedback (16), which is also satisfied by the fully cou-
pled CESM model used in the Supplementary Materials.

The satellite datasets that we use on a 0.25° grid are estimated to
have an effective resolution that is two to four times coarser (39-41).
However, the eddy killing length scale of 260 km is well resolved
within our current analysis. A salient assumption that we make,
similar to prior works (18, 19, 23, 25), is that the sampling of (i)
wind stress from QuikSCAT and (ii) current from altimetry are
matched in space and time. While a potential mismatch can lead to
an underestimation of eddy killing magnitude, these errors are not
expected to be important over (time or length) scales greater than
the resolution of the datasets.

Reynolds averaging
Reynolds averaging is a traditional approach that decomposes sig-
nals into temporal mean and fluctuating components. For our pur-
poses, the mean wind stress and ocean surface current are <t> and
<xtbfu,>, respectively, where <...> represents temporal average over
the entire data record.

Coarse graining
For a field ¢(x), a “coarse-grained” or (low-pass) filtered field, which
contains length scales larger than ¢, is defined as

Gex) = Ge* €

where * is a convolution on the sphere (27) and G(r) is a normal-
ized kernel (or window function) so that [d*rG,(r) = 1. Operation
in equation 5 may be interpreted as a local space average over a region
of diameter € centered at point x. The kernel G, that we use is essen-
tially a graded Top-Hat kernel

G(r) = A(0.5 — 0.5tanh((|r| — £/2)/10.0)) (6)

where |r| is geodesic distance. The normalizing factor A ensures
[PrGy(r) = 1.

Regional analysis

We generate masks for oceanic regions of interest shown in Fig. 3
over which we analyze eddy killing. The equatorial mask is the +8"
band, and the Southern Ocean mask is the (35° to 65°S) band. The
remaining masks are irregular and are intended to select strongly
eddying regions with strong currents. Specifically, the masks satisfy
% |<uo>|%+ % <|u,'|*>>0.1 m*ts® in the Gulf Stream and Kuro-
shio and % [<u,>| %+ % <|u,'|*>>0.05 m?*s” in the remaining re-
gions shown in Fig. 3. Subject to these thresholds, the masks lie
within [35° to 70°S] (ACC), [15° to 85°W and 23° to 55°N] (Gulf
Stream), [120° to 180°E and 23° to 50°N] (Kuroshio), [0° to 45°E
and 15° to 40°S] (Agulhas), and [40° to 75°W and 35° to 60°S]
(Brazil-Malvinas).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabf4920/DC1
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