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ABSTRACT

Three years of atimetric data from the TOPEX/POSEIDON spacecraft have been used to study characteristics
of eddy variability over the World Ocean. The nature of the variability and its spatial structure are characterized
in terms of the geographical distribution of eddy energy, as simple approximations of observed regional frequency
and wavenumber spectra, and in terms of associated eddy time and space scales of sea surface height (SSH)
variability and geostrophic velocity. Emphasis is put on summarizing characteristics typical for dynamically
distinct regions of the World Ocean. This effort results in an attempt to describe the observed ocean variability
in terms of universal spectral relations that depend only on few mean flow parameters such as the first-mode
Rossby radius of deformation. Regional peculiarities follow naturally as deviations from the fundamental fre-
quency and wavenumber spectra presented here.

Frequency spectra of both variables can be summarized by three basic types representing (i) the energetic
boundary currents, (ii) the bulk of the extratropical basins, and (iii) the tropical interior oceans. Extratropical
wavenumber spectra suggest a geostrophically turbulent ocean. They are basically uniform in shape and show
a plateau on long wavelength for SSH and a steep spectral decay close to k—° toward smaller wavelengths. The
transition between both regimes shifts toward longer cutoff wavenumbers from low to high latitudes, and related
spatial eddy scales can be described in terms of the first-mode Rossby deformation radius of the mean flow
field. Although consistent with estimated Rhines scales in low latitudes, inferred eddy scales are up to a factor
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of 0.3 smaller at high latitudes.

1. Introduction

Ocean variability is broadband and, in general, dom-
inated by mesoscal e fluctuations on timescal es between
20 and 150 days and spatial scales between 50 and 500
km (Wyrtki et al. 1976; Danzler 1977; Richman et al.
1977). Because eddies transport heat and momentum
and interact with the mean flow field, it is important to
understand eddy dynamics, their transport properties,
and their impact on climate.

A detailed understanding of eddy dynamics and re-
lated eddy mixing in the World Ocean is missing, partly
because of the previous lack of adequate ocean obser-
vations. Earlier field experiments during the mid-1970s
suggested that eddy energy is generated primarily by
instability processes of intense boundary currents
(MODE Group 1978; McWilliams et al. 1983; Robinson
1983) and is radiated subsequently into the interior
ocean by Rosshy waves (Pedlosky 1977; Talley 1983;
Hogg 1988). Direct atmospheric forcing by variable
wind stress (Muller and Frankignoul 1981) was consid-
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ered to be another important eddy source term in areas
remote from intense currents. In addition, small-scale
topography can transfer large-scale (barotropic) energy,
enhanced by surface wind forcing or Helmholz-type
shear instability, to smaller baroclinic scales through
mode-mode coupling (Tréguier and Hua 1988). The
geographical variation of eddy amplitude and eddy
scales (Mercier and Colin de Verdiere 1985; Krauss et
al. 1990; Stammer and Boning 1992) presents a partic-
ularly formidable challenge to the understanding of
ocean eddy dynamics and eddy source terms, and re-
quires a systematic regional investigation of observed
eddy characteristics. Comprehensive reviews on oceanic
variability based on in situ time series of moored current
meter and thermistor records were published by Wunsch
(1981) and Schmitz and Luyten (1991).

In the last century, enhanced insight was gained into
the generation and distribution of the oceanic mesoscale
through the application of modern measurement tech-
nologies or the advanced developments in numerical
ocean simulations. Stammer and Boning (1996, SB96
henceforth) give a recent review on that subject, in
which they refer to satellite altimetry as a vital obser-
vational element in gaining further insight into oceanic
low-frequency variability through its unique sampling
characteristics.
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A full discussion of near-surface variability involves
an analysis of underlying dynamical principles, and this
attempt is intimately connected to the compilation of
frequency—wavenumber spectra. From two years of high
quality TOPEX/POSEIDON (T/P) data, Wunsch and
Stammer (1995, henceforth WS95) constructed the first
global frequency—wavenumber spectrum of sea surface
height (SSH) variability and associated one-dimensional
frequency and wavenumber spectra for SSH and sea
surface slope. These spectra are important references
against which to measure local variations. For a com-
prehensive dynamical interpretation, however, adetailed
regional study is required.

In this paper, based on three years of high quality
altimeter observations now available from the T/P mis-
sion, various aspects of regional eddy characteristicsare
analyzed over the World Ocean. Our main objective is
to summarize characteristics common to dynamically
similar parts of the ocean, thereby simplifying the oth-
erwise overwhelming amount of detail inherent in the
T/P observations. Results will be used as the basis for
a dynamical interpretation of the observed eddy field,
an effort which naturally leads to a discussion of uni-
versal aspects of ocean variability. Regional detailswill
emerge subsequently as deviations from the references
given here. Although some of the provided estimates
are readily available from previous Geosat data (e.g.,
Fu 1983; Fu and Zlotnicki 1989; Wunsch 1991; Le
Traon et al. 1990; Le Traon 1991; Stammer and Boning
1992), their intrinsic uncertainties made previous dy-
namical interpretation specul ative and controversial (see
Le Traon 1993 and Stammer and Boning 1993).

The geographical distribution of eddy characteris-
ticsand their relation to mean flow properties can shed
important light onto questions regarding eddy gen-
eration mechanisms and eddy—mean flow interactions.
Here we will demonstrate a correlation of the ob-
served geographical distribution of eddy variability
with mean flow horizontal density gradients (which
arerelated to the mean available potential energy) and
discuss arelation of eddy length scales inferred from
T/P data, with a first-mode Rossby radius of defor-
mation and a Rhines scale, both of dynamical signif-
icance. In asecond part of this study (Stammer; 1997),
present results on eddy statistics are interpreted in the
context of the theory of abaroclinically unstable flow
field as pioneered by Green (1970) and Stone (1972)
for atmospheric conditions. T/P eddy statistics will
also be used there to provide an estimate of a hori-
zontally varying field of eddy diffusivity, as well as
resulting eddy heat and salt transports.

TOPEX/POSEIDON data from the period 1 Decem-
ber 1992 through 27 November 1995 (repeat cycles
8-117) were edited and corrected as discussed by King
et a. (1994) and Stammer and Wunsch (1994) with the
following two exceptionsthat significantly improved the
accuracy of the data (Shum et al. 1997, Tapley et al.
1997): first, we used the Version 3.0 ocean tide model
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provided by the University of Texas/Center for Space
Research Group (Ma et al. 1994) to remove the ocean
tide component from the SSH observations and, second,
the standard orbits based on the JGM-2 geoid model
(Nerem et al. 1994) were replaced by the improved es-
timates based on the recent JGM-3 geoid model (Tapley
et a. 1996). No data from the French instrument were
used because of enhanced noise levels in the Centre
National d’Etudes Spatiales (CNES) atimeter (see aso
Fig. 8); earlier TOPEX cycles were omitted because of
lingering questions about initial pointing errors of the
T/P instrument. In practice, however, results with TO-
PEX cycle 2—7 included are indistinguishable from the
ones shown here. Fu et a. (1994) provide details on the
mission characteristics and its performance. Numerous
recent studies demonstrated the high accuracy and pre-
cision of the T/P instrument, which are now at the 2—
3 cm level (see the T/P specia issues of Journal of
Geophysical Research from December 1994 and De-
cember 1995). The spacecraft provides SSH observa-
tions with global coverage every 9.91 days (a hominal
““10-day” ‘‘exact repeat’” cycle) and with a horizontal
alongtrack resolution of about 6.2 km.

Only the time variable SSH component is consid-
ered during this study, thus eliminating any uncer-
tainties related to the geoid and the mean ocean state.
A 3-yr alongtrack (local) mean was subtracted from
each individual repeat cycle to produce its time vari-
able part {(t) and its horizontal slope §(t) = aZ/dl,
with | being the alongtrack distance. The data are
subsequently split into areas spanning 10° in latitude
and longitude on an overlapping 5° grid (Fig. 1) for
which one-dimensional ensemble averages of  and &
spectra are computed in both the frequency and wave-
number domains. The spectra and their related au-
tocorrelation functions are used subsequently to infer
scales of ocean variability.

The paper is organized as follows in section 2 we
discuss estimates of eddy kinetic energy derived from
T/P data and its sensitivity to the applied filter length
scale. Spectra are analyzed in section 3, and covariances
and scales of oceanic variability are discussed in section
4. Their relation to the first-mode Rossby deformation
radius L, and an estimate of a ‘*Rhines’ scale Lg, of
the mean flow field are the basis of a dynamical inter-
pretation given in section 5. A global description of sur-
face variability in terms of universal wavenumber spectra
and correlation functions is provided in section 6.

2. Eddy kinetic energy

Assuming a geostrophic balance and isotropic con-
ditions, an estimate of the near-surface eddy kinetic en-
ergy Kg can be obtained from alongtrack sea surface
height anomalies as

Ke = <Ug>7 (1
where
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Fic. 1. The 5° by 5° grid on which spectra and scales of ocean variability were computed in
overlapping areas, each spanning 10° on the side. Marked for later use are the tropical ocean (open
circles), very low energy areas with y < 6 cm (small dots), the bulk of the oceans with 6 cm < vy
< 15 cm (medium dots), and the high energy areas with y > 15 cm. Bold circle mark locations of
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regional spectra shown in Figs. 8 and 9, from surface height ¢ and slope 6, respectively.

v, = — g adlal )

is the surface geostrophic velocity component normal
(positive eastward) to the local track orientation, and ¢
and | the alongtrack SSH anomaly and northward co-
ordinate, respectively. A corresponding K field is
shown in Fig. 2 (plotted in log,, form) that results from
the local cross-track velocity variance during the 3-yr
period, and after averaging in 2° by 2° geographical
boxes. Most prominent in the plate is the presence of
very high kinetic energy in the Tropics, associated with
the decreasing Coriolis parameter f = 2Q)sin(¢) toward
the equator. Maximum amplitudes are located in the
Indian Ocean, while the tropical Atlantic appear rela-
tively low in variability (compare also Fig. 3 and Stam-
mer et al. 1996).

In mid and high latitudes, T/P results are qualitatively
similar to those from earlier studies (e.g., Shum et al.
1990; Le Traon et al. 1990; Beckmann et a. 1994) in
that maximum amplitudes of K. are associated with the
paths of energetic current systems. In the interior ocean,
the field exhibits zonally banded structures with areas
of enhanced eddy activity following major mean fronts.
T/P data, however, reveal regional details that previ-
ously were hidden in the noise or were removed by
filters. In the present estimate, amplitudes of the back-
ground variability are of the order of 50 cm? s2in the
eastern North Atlantic as compared to 100 cm? s—2 pre-

viously from Geosat, about 40 cm? s 2 in the South
Pacific, and as low as 20 cm? s~2 in the northern North
Pacific. However, exact numbers depend on details of
the filtering, as discussed below.

Because Fig. 2 is dominated by the low-latitude bulk
of the high eddy kinetic energy, much more detail in
spatial structures can be seen from a field of an equiv-
adlent sea surface slope variability Ky = Kgsin?(¢),
shown in Fig. 3a. This field largely coincides in its
spatial structure with those from small-scale SSH vari-
ability (potential energy) in which contributions from
steric and other large-scale variability on wavelength
exceeding 1000 km were removed by bandpassfiltering
(see Wunsch and Stammer 1995; Stammer 1997). Note
that there are clear bands of enhanced surface slope
variability present in the Indian Ocean and along the
South Pacific intertropical convergence zone, roughly
aong 25°S. A structure similar to that in the Indian
Ocean is likewise present in the global Semtner and
Chervin model (Stammer et al. 1996), suggesting a ma-
jor frontal, yet undocumented, structure at that location.

In Figs. 2 and 3a, regions of enhanced eddy kinetic
energy appear to coincide with locations of mean frontal
structures. This is most clearly suggested in the fun-
damental difference between the mean flow pattern and
the variability of the North Pacific and North Atlantic.
The North Atlantic Current and the associated enhanced
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Fic. 2. Eddy kinetic energy, inferred from three years of TOPEX data (repeat cycle 8 through 117). Assuming isotropy, the field was
constructed from cross-track geostrophic velocity. See the text for details on the computation. (Units are cm? s—2 and the field is plotted in

log,, form.)

eddy energy reaches far into the European basin; equiv-
alent structures in the mean flow field and eddy vari-
ability are completely missing in the North Pacific be-
cause of its different thermohaline circulation.

To emphasize an intriguing relation between the geo-
graphical distribution of K. and horizontal density gra-
dients embedded in the mean flow field, we show in
Fig. 3b the kinetic energy K,, = (W + 1%)/2 as it results
from the mean thermal wind in 50-m depth relative to
1000 m in the Levitus climatology;

@ =2 f (6—” a—p) @ @

pOf 1000m ﬁy’ X

Results are plotted in Fig. 3b after scaling by sin?(¢),
similar to the field in Fig. 3a. Not surprisingly, ampli-
tudes of K,, are about an order of magnitude smaller
than K; (see, e.g., Wyrtki et al. 1976). But otherwise
most of the areas characterized by enhanced eddy vari-
ability in T/P observations are characterized by en-
hanced mean horizontal density gradients and related
mean Kkinetic energy in the upper thermocline. This
holds aso in the Southern Hemisphere along the afore-
mentioned eddy variability ridges in the Indian Ocean
and western Pacific along 25°S.

There are a few noteworthy discrepancies from this
general tendency, especialy in the vicinity of the East
Australia Current, Brazil-Malvinas confluence, and the
Agulhas Retroflection. There only weak mean baroclinic
currents can be found, suggesting primarily barotropic
fluctuations. Along the Antarctic Circumpolar Current
(ACC), differences in K and K,, are primarily located
close to topographic structures such as the Bollons Sea-
mounts southeast of New Zealand (about 50°S, 183°E),
or the Southwest Indian Ridge south of Africa (50°S,
30°E).

The close relation between the observed eddy vari-
ability and the mean horizontal density gradients is
quantified in Fig. 4, showing a comparison of related
amplitudes of the mean and the eddy velocity fields, V,,
= /K, and V¢ = \/K¢, respectively. Both fields were
previously averaged over 5° by 5° areas and result in a
significant correlation of r = 0.60. A similar relation
between the path of mean frontal structures and loca-
tions of enhanced eddy energy was previously recog-
nized by Wyrtki et al. (1976) from ship drift data. Those
authors discuss also the apparent decorrelation of high
eddy activity with patterns of high atmospheric vari-
ability. These two findings are important ingredients for

—

Fic. 3. (d) Asasin Fig. 2 but for an equivalent slope variance Ky = Kcsin? (¢). Contour interval is 25 cm? s72 (b) K, sin¥(¢) as it results
from the thermal wind shear in 50-m depth relative to 1000 m in the Levitus climatology. Contour interval is 1 cm? s2. See text for details.
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FiG. 4. Comparison of eddy velocity amplitudes V. = /K¢ with
the mean thermal wind in 50-m depth relative to 1000 m V,, = /K,
Both variable are computed from fields shown in Figs. 3a, b poleward
of 5° latitude, and after averaging in 5° by 5° areas. The correlation
coefficient r = 0.60.

adynamical interpretation of observed eddy activity and
its source mechanisms and strongly suggest internal in-
stability processes (primarily baroclinic instability) to
be a primary eddy source term as opposed to direct
atmospheric forcing (see also the discussion in SB96).
As will be discussed below, the latter term becomes
important only where the general level of variability is
low, for example, in the eastern North Pacific.

For many purposes a zonally averaged description of
ocean variability appears useful. In Fig. 5, zonal aver-
ages between 0° and 360°E of K¢, Ky, and SSH variance
are provided as afunction of latitude. In all three curves,
high variability near 40°N and 40°S is associated with
strong currents at those latitudes. But otherwise, the
fields show interesting differences in their general lat-
itudinal distribution. In terms of K., values decrease
gradually from maximum amplitudes near the equator
to minimum amplitudes in high latitudes. The opposite
is true for Ky, which is minimum in low latitudes and
increases toward high latitudes. The SSH variability, on
the other hand, is highest in mid latitudes [partly related
to maximum contributions from seasonal steric effects
in that latitude range (see Stammer 1997)], decreasing
toward the poles and the equator. Note that both Ky and
SSH variance show a clear asymmetry with respect to
the equator in that minimum amplitudes are located
south of the equator, with considerably higher variability
present at similar latitudes of the Northern Hemisphere
associated with the North Equatorial Current (NEC) and
the North Equatorial Countercurrent (NECC).

Filtering effects

Because the computation of v, isequivalent to ahigh-
pass filter, the noise component in the altimeter obser-
vations is enhanced by this operation. To reduce a noise
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Fic. 5. Zonal averages between 0° and 360°E of (a) K¢, (b) K,
and (c) SSH variance, plotted against latitude.

contamination of velocity and K. estimates, altimeter
data were traditionally filtered alongtrack prior to the
computation of v, over spatial scales of 100 km (e.g.,
Le Traon et al. 1990) or longer (Shum et al. 1990).
Because of the pronounced decrease of spatial eddy
scales toward high latitudes (see below), this filter pro-
cess removes important oceanic energy there. To retain
that signal, one could use alatitudinally dependent filter
scale. It seems more plausible, however, to keep the
filter scale small everywhere and instead correct the
resulting K¢ estimates for a noise contribution in the
SSH data. This was done in Figs. 2 and 3a, where the
alongtrack SSH data have been smoothed prior to the
geostrophic computation by applying a Lanczos (1959)
low-pass filter with a 30-km filter cutoff. A residual
noise component in the K. estimate (corresponding to
A, = 30 km, below) was corrected subsequently, which
was estimated from the slope variability as follows be-
low.

In Fig. 6a, zona averages of K, between 10° and
30°W are plotted as afunction of latitude for filter cutoff
wavelength varying between 18 and 100 km. But in
contrast to Fig. 3a, no additional noise was corrected.
To estimate a general noise level, we assume that the
slope variance on scales of 60 km and aboveisreal and
that smaller-scale variance in low latitudes resides en-
tirely in the noise component. Then slope noise ampli-
tudes of A, = 70 cm? s72 and A, = 20 cm? s~2 emerge
in the region of minimum variance at 15°S from the
variance surplus of estimates based on A, = 18 km and
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FiG. 6. (8) Equivalent slope variability Ky = K¢ sin(¢)?, (cm? s72)
zonally averaged between 20° and 40°W in the Atlantic. Curves cor-
respond to Lanczos low-path cutoff wavelength of A, = 18 km (bold
solid), 30 km (bold dashed), 60 km (thin solid), and 100 km (thin
dashed), respectively. (b) Estimates of K. (cm? s72) obtained from
TOPEX/POSEIDON data for various filter length scales: 18 km (bold
solid), 30 km (bold dashed), 60 km (thin solid), and 100 km (thin
dashed). The first two estimates are corrected for a noise contribution
of 70-sin? (¢) cm? s~2 and 20-sin? (¢) cm? s2 in the filtered data.

A, = 30 km, relative to that with A, = 60 km, respec-
tively. Although some minor fraction of this surplusis
likely to be real, the assumption that it is completely
noise related seems reasonable because eddy scales, in-
creasing toward the equator, are longer than 60 km in
low latitudes. Consistent with estimates by Fu et al.
(1994) and an independent estimate from wavenumber
spectra given below, the slope noise translates into an
equivalent SSH noise amplitude of 1.5 cm (A, = 18 km)
and 0.8 cm (A, = 30 km), respectively. Although small
in high latitudes (about 20 cm? <?), its contribution to
Ke estimates would lead to vastly overestimated values
in low latitudes (as high as 2700 cm? &? at about 5°) if
not corrected by subtracting values of A,sin(¢)? from
the (filtered) K¢ estimates. This was done in Fig. 2 and
3a, with A, = 20 cm? s72,

Figure 6b shows the resulting K. estimates for A, of
18, 30, 60, and 100 km, respectively, with a noise effect
corrected in the first two curves. Estimates of K¢ from
drifting buoys with drogues at 100-m depth (Briigge
1995; Schafer and Krauss 1995) generally fall within
the range resulting from A, = 18 and 30 km (see SB96).
Note that more than 50% of K is present on spatial
scales below 100 km in the figure.

The degree of spatial structures present in Ky on
wavelengths below 100 kmiisillustrated in Fig. 7, which
shows maps of K, determined asthe differencesbetween
individual fields obtained with filter cutoffs of 18 and
30 km, 30 and 60 km, 60 and 100 km, and 30 and 100
km, respectively (equivalent to differences between cor-
responding curvesin Fig. 6b). (Note that the noise effect
was corrected in the fields with A, = 18 and 30 km.)
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Instead of being spatially homogeneousin character, the
slope variability down to 20 km is highly correlated
with oceanic structures. As will become clearer below,
eddy scales decreasetoward high latitudes, and therefore
different filter scales have a significant effect not only
on the overall energy level but also on detailsin spatial
pattern of K. estimates. In particular, eddy energy in
high-latitude locations such as the European basin and
the Labrador Sea seemsto be dominated by scalesbelow
60 km. Thisis consistent with the pronounced decrease
of the first-mode Rossby radius of deformation to below
10 km north of 50°N (compare Fig. 23).

3. Spectral analysis

Maps of ocean variability call one’s attention to the
pronounced inhomogeneous nature of the mesoscal e and
highlight regions of intense eddy variability and eddy
mixing. But because oceanic variability is broadband,
a detailed spectral analysis is required to fully under-
stand its characteristics. Ultimately, regiona two-di-
mensional frequency—wavenumber spectra are sought,
equivalent to the global frequency—wavenumber spec-
trum in WS95. Because one-dimensional spectra are
more common in the literature (and therefore easier to
compare with previously published results), wewill start
here with a discussion of regional and globally averaged
one-dimensional spectra that are obtained separately in
the frequency and wavenumber domains. A similar dis-
cussion of ocean variability—but in its full two-dimen-
sional form—is in preparation.

To compute frequency spectra of SSH variability {(t)
and cross-track geostrophic velocity v(t), local (along-
track) time series from both ascending and descending
arcs were Fourier analyzed to produce corresponding
functions in frequency domain, {(o) and v(o), and re-
lated periodograms; for example, |{(o)|2. Here o has
dimensions of cycles per second. Time series were ta-
pered previously by using a cosine squared function
over 10% of the number of observations. Gaps smaller
than 20 days in time and 30 km in space were closed
by interpolation, and datawith larger gapswererejected.
To enhance statistical independency of results, perio-
dograms were computed at only every second along-
track position (every 12 km). Because in many cases
the spectra of surface slope 6 seems to be more appro-
priate than those of velocity, we show primarily slope
spectra, which differ from the velocity spectra by alat-
itudinal dependent coefficient (but see Fig. 13).

Estimates of power spectral density of {and 8, I' (o)
and I'y(o), were computed subsequently by ensemble
averaging all individual periodograms present in indi-
vidual 10° by 10° geographical areas. The number N of
time series present in each region istypically about 500,
which would result in a formal degree of freedom
around N4, = 1000, if all periodograms were truly in-
dependent.

Wavenumber spectra, I'(k), were computed along



VOoLUME 27

JOURNAL OF PHYSICAL OCEANOGRAPHY

1750

"2-S WD GZ S| [eAI Jnowo) ‘paljdde s, yred-mo| sozouve] Buipuodsaliod B Ylim elep HSS wou) paindwod ydes ‘spl enplAIpUl USaMIBg Saouaelip se abiows
spl 8say L “ApAnoadsal ‘wy 00T-0€E () Pue ‘W 00T-09 (9) ‘W 09—0€ (4) ‘Wi 0e—8T (e) Ssabuel Jaguinuanem ay) ulerep X3dOL 8y wouy pazAeue (P)Us™MY = PV L o

T

00F S/& 0S¢ SZ¢ 00¢ G.LZ QGZ SZZ2 00Z GLI 0SlI S¢1 00 §4 0S5 &2

IEel 3,08 308y mamww 3,68 ELAN

N0

N,09

o
{1 go1-08) P {w om-ga)

mﬂmcm

(W o8-8} q (W pg-31) B



Aucust 1997

those fractions of ascending and descending arcs that
completely span individual 10° regions meridionally,
with k being the alongtrack wavenumber. The length of
each individual arc segment was required to be 180 X
6.2 km = 1110 km. The number N of valid data series,
which is now the number of arcs times repetitions, is
typically of the order of 500 in theinterior oceans; close
to boundaries, however, N becomes as low as 100.

Aswith computationsin the frequency domain, wave-
number spectra can be computed for SSH and surface
slope. Because of the geostrophic relation, slope and
velocity wavenumber spectra are readily obtained from
the height spectra as

La(k) = (27T (K) 4
and

rw = Lm0, ®

respectively, with g being the gravity constant and f, as
before, the Coriolis parameter. Results are similar in
detail, and most of what follows is based on the latter
equation, with the advantage that filtered slope spectra
are available once filtered versions of I' (k) are provided
(see below).

An alongtrack spectrum can be converted into an iso-
tropic scalar wavenumber spectrum (e.g., Fu 1983; see
also Le Traon et a. 1990). However, because alongtrack
spectra are more common in the literature, we will con-
tinue to work with that form. To the extent that spectral
relationsin Fu (1983) did not change significantly upon
the transformation, conclusions drawn here appear in-
sensitive to the specific representation.

a. Global-averaged spectra

We begin with a discussion of those global frequency
and wavenumber spectra that result from averaging
height and slope spectra from all individual subregions
over the World Ocean. _

The global-average SSH frequency spectrum, I' (o),
(Fig. 8a) is largely consistent with the earlier estimate
in WS95 (their Fig. 4a) but shows afew important mod-
ifications, including a substantially smaller contamina-
tion by residual tidal constituents (near 60-day periods)
asaresult of theimproved tide model used in this study.
Maximum energy is found at the annual period super-
imposed on a background energy distribution, which
roughly follows a o= relation at periods longer than
250 days. Toward shorter timescales, the decrease fol-
lows a ot relation as before, but at about a 30-day
period there is now a break toward a o2 decay, not
present in the earlier estimate. Asindicated in the figure
from a spectrum that includes data from the CNES in-
strument over the same period (thin line), the primary
source for the steeper short period decay in this new
result has to be considered the decreased noise contam-
ination by the omitted POSEIDON data. A similar con-
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Fic. 8. Global-averaged frequency spectrum of (a) sea surface
height and (b) sea surface slope. In both cases the bold lines are
based entirely on TOPEX data, and thin lines indicate results with
POSEIDON data included. (c) Global-averaged wavenumber spec-
trum of sea surface height and (d) sea surface slope. Bold solid lines
show the initial spectra based on TOPEX data, and thin lines include
POSEIDON data. Bold dashed lines give results after applying an
optimal filter. See text and Fig. 11 for details on the filter. Total
variance associated with the curves is 93.8 cm?, 2.97 X 10~ cm?/
cm?, 50.9 cm?, and 3.06 X 10-*2 cm?cm?, for (a), (b), (c), and (d),
respectively.

clusion is reached from I' (k), I's(0), and I'y(k), respec-
tively (Figs. 8b—d) _

The global-mean slope spectrum, I';(o), roughly fol-
lows a o2 relation for periods between 40 and 250
days, with an almost “‘white’’ long-period plateau and
a o2 relation on shorter periods, respectively. Again,
the peak around 60 days still has to be interpreted as a
contamination by a residual tidal contribution.

Globally averaged wavenumber spectraof {and 6 are
shown in Figs. 8¢c and 8d (thin lines; for a discussion
of the bold lines see below). Those figures are similar
to Figs. 9b and 10 in WS95 except that energetic bound-
ary currents are much better represented now, resulting
in an overall energy increase by roughly a factor of 2
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Fic. 9. Regional frequency spectra of sea surface height (a—) and surface slope (d-f) from (a,d) high-
energy boundary current regions, (b,e) theinterior oceans, and (c,f) thetropical oceans. Positions of individual

spectra are marked in the inset.

to 51 cm? over the previous estimate. In terms of simple
power laws, theI’ (k) spectrum roughly followsrelations
of k-¥2 at wavelengths longer than 350 km, of k=3 for
100 < k=* < 350 km, and k=32, at shorter wavelength.
Equivaently, the surface slope spectrum, I's(k), can be
summarized by k**? and k* relations on wavelength
longer and shorter than 350 km, respectively. For adis-
cussion of the small-scale part of the spectrum and its
noise contamination see below.

The power laws stated here are provided as simple
reference relations for the globally averaged spectra.
Because these spectra characterize a mixture of dynam-
ics distributed geographically over the World Ocean and
over a wide range in frequencies and wavenumbers
space, no dynamical significance should be attached to

them at this point. A discussion on dynamics will be
given below based on regional studies.

b. Regional frequency spectra

Regional variations present in SSH frequency spectra
I' (o) are summarized in Fig. 9, which shows typical
spectra from three dynamically distinct regions—1) the
tropical oceans, 2) the bulk of the interior oceans, and
3) the energetic boundary currents—with geographical
locations of individual spectra indicated in the figure
inset. Frequency spectra of the related slope fields §,
which alow a direct comparison with results from
moored current meter data, are given in Figs. 9d—f from
the same geographical locations. The slope spectrawere
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Fic. 10. (a) Averaged frequency spectra from 1) the Tropics, 2)
the bulk of the global ocean, 3) the high energy areas, and 4) the
very low energy areas, respectively. The geographical distribution of
those regions is marked in Fig. 1 by open circle, medium, bold, and
small dots, respectively. (b) Asin (a) but for the alongtrack slope
component.

estimated from the T/P data after alongtrack smoothing
with a 30-km filter scale. Varying that scale between 20
to 100 km does not alter the general structure but tends
to make slopes slightly steeper for long wavelength filter
cutoffs.

Most striking in Fig. 9 is the pronounced similarity
in shape of al spectra from each dynamical category.
This is particularly clear from I' (o). Apart from a few
exceptions, it holds for both I' (o) and I'y(0) over the
entire World Ocean. Accordingly, three basic types of
I'(0) and I';(0) spectra can be identified from an in-
spection of individual spectra from all 10° subregions.
In combination with thelocal energy level, those spectra
give afirst-order description of observed fluctuation in
sea surface height and surface slope in the frequency
domain. Corresponding curves in Fig. 10 represent 1)
all of the tropical oceans between 5°S and 15°N, 2) the
bulk of the oceans characterized by an rms SSH vari-
ability 6 cm < y < 15 cm, and 3) the high energy areas
with v > 15 cm. These three regions are marked in Fig.
1 by open circles, medium dots, and bold dots, respec-
tively.

In accordance with previous studies (e.g., Patullo et
a. 1955 and Gill and Niiler 1973), al individual sea
surface height spectra show a pronounced peak at the
annual period, on top of a o2 long-period relation. In
mid and high latitudes, the associated SSH variability
is primarily related to the local (dynamically passive)
expansion and contraction of the water column as a
result of seasonal surface heat flux variations (see also
Stammer 1997), while in low latitudes (Fig. 9c), wind
stress fluctuations and related current changes are the
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primary cause for SSH variations at the annual period
(Philander 1978).

In the tropical regime (#1 in Fig. 10a) a second peak
is present at the semiannual frequency superimposed on
a continuous o2 decay, which characterizes the spec-
trum at periods between 30 and 200 days. A further
peak apparent in Fig. 9aaround 30-day periodsisrelated
to instability waves in the eastern tropical Pacific (Phi-
lander 1990; see also Périgaud 1990; Plate 6 in Busa-
lacchi et al. 1994; and McPhaden 1996).

In the interior ocean the general shape of the SSH
spectrum (#2 in Fig. 10a) basically agrees with the glob-
al average shown in Fig. 6a but with about 25% less
energy. Notethat its spectral decay iscloseto o2 (Fig.
9b), a relation also found in numerical simulations of
geostrophic turbulence (McWilliams and Chow 1981).

In the high-energy regions (#3 in Fig. 10a) on the
other hand, a significantly different behavior from the
previous two regimes is found in that energy stays high
at periods longer than about 100 days and follows a
steep o2 relation toward shorter periods. Wunsch
(1972) reported a similar spectral decay at periods less
than 80 days from Bermudatide gauge records (compare
also Vasquez et al. 1990).

A further spectrum (#4 in Fig. 10a), representing the
very low energy areas with y < 6 cm (small dots in
Fig. 1), can be considered a transition from tropical to
midlatitude conditions. It shows a o—%* relation at pe-
riods between 30 days and a year. At even short periods
al four curves lead into a o2 tail.

Interms of averaged slope spectra(Fig. 10b), the most
striking differences are present at long periods where
the estimate from the Tropics (#1) shows basicaly a
“white’”” energy distribution at periods|onger than about
60 days. In contrast, spectra from the interior ocean and
the energetic regions show a‘‘red’” distribution over the
full spectral range, with an intermediate o2 regime
and a short-period o2 decay. Those latter slope char-
acteristics, with a flat low-frequency part and a steeper
decay at higher frequencies appear qualitatively con-
sistent with results from moored current meter data (cf.
Wunsch 1981, 1997; Muller and Siedler 1992; Schmitz
and Luyten 1991). Altimetry, however, suggests a more
moderate decay than inferred from subsurface mooring
data, which typically follows a o2 relation at periods
less 100 days. The extent to which this difference is
related to the influence of surface-trapped signals not
present in the mooring data needs further attention.

Although deviations from those basic spectra exist,
the locations of largest anomalies are generally confined
to the boundaries of the oceans. A few examples are
given in Figs. 11 and 12, showing I, and I'; spectra
from (a) the Indian Ocean at 15°S, 54°E; (b) the western
tropical Pacific at 5°N, 125°E, the North Brazil Current
region at 15°N, 75°W, and the eastern North Pacific at
45°N, 220°E. Inthe Indian Ocean and in the North Brazil
Current region, there is a pronounced energy excessin
I'; near 60-day periods because of eddy shedding (Did-
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den and Schott 1993; Richardson et al. 1994). In the
western tropical Pacific, enhanced energy appearsin the
I"; spectrum at specific bands that are strikingly close
to tidal aliasing frequencies. They are therefore likely
to be related to enhanced residual tidal errors at that
location. In the eastern North Pecific at 45°N, 220°E,
on the other hand, energy is missing at most frequencies
except at short periods associated with barotropic wind-
induced fluctuations.

¢. Wavenumber spectra

Examples of regional ¢ and v, wavenumber spectra,
I'(k) and I' (k), are shown in Fig. 13 from several 10°
by 10° areas in the latitude band 30° to 40° N across
the North Atlantic. As can be expected from a nearly
isotropic eddy field (see Krauss and Boning 1987;
Schafer and Krauss 1995), spectra computed individu-
aly from ascending and descending arcs do not differ
significantly from each other and are therefore not
shown here separately.
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Generally, the regional wavenumber spectra are con-
sistent with the global estimates, but depict the pro-
nounced geographical variation of eddy variability in
the ocean. As aresult, the energy in I' (k) and " (k) on
wavelengths longer than about 100 km substantially in-
creases from the eastern and central low-energy sub-
tropical gyre toward the eddy-active boundary current
regime of the North Atlantic. But apart from this, the
general shape of individual spectra appear strikingly
similar across the entire basin. All T',(k) curves exhibit
along-wavelength plateau and a spectral break at about
400-km wavelength, followed by adrop in energy close
to a k=* relation. Associated velocity spectra have a
maximum in energy at the above cutoff wavelength,
with roughly k1% and k-2 relations toward longer and
smaller wavelength, respectively.

Most remarkable in the figure is that both types of
spectra lead into a unique high-wavenumber tail, which
in terms of I' (k) can be described by a k=2 behavior.
As indicated in Figs. 8c,d this finding holds over the
entire World Ocean, and there are strong reasons to
believe that this short wavelength tail of the spectrum
is dominated by noise rather than ocean signal. Apart
from the suspicious universal character over a highly
inhomogeneous ocean, the breakdown of a geostrophic
assumption at those very short spatial scales is another
reason. Miscalibration is also an important source of
uncertainty on wavelength smaller than 60 km (Rod-
riquez and Martin 1994). The “noise’” in T/P data is
also made up from a variety of complex and unknown
contributions from environmental and geophysical cor-
rections. At the present level of measurement accuracy,
it also includes physical ocean processes that are not
the subject of this study, such as the expression of in-
ternal wave and internal tide signals at the sea surface
(Radok et al. 1967; Wunsch and Gill 1976). In terms
of surface velocity and sea surface slope, the noise tail
is responsible for their unphysical *‘blue’” wavenumber
energy distribution, which, on global average, leads to
the peculiar bimodal energy in the slope spectrum (Fig.
8d).

1) OPTIMAL FILTER DESIGN

Because our present attempt is to relate observed en-
ergy distributions to underlying physical processes, it
isessential to obtain reliable estimates of spectral slopes.
To reduce noise contamination, we apply a filter to the
wavenumber spectra prior to any further analysis. Press
et al. (1992) give a useful introduction into the concept
of an optimal filter. .

Our goal is to analyze a spectrum I',(K) of the true
signal {(t). Our task is then to find a filter d(k), which
when applied to the corrupted spectrum I (k), produces
a best estimate I' (k) that is as close as possible to the
true spectrum:

() = T ()-D(K). (6)
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Fic. 14. Optima filter design in the area centered at 15°S, 0° in
the Atlantic Ocean. In (a) the thin, bold, and dashed lines are raw
I' (k) spectrum, filtered I" (k) spectrum, and noise spectrum N(k), re-
spectively. In (b) similar results are shown, but for surface slope .

The underlying assumption is that the signal ¢ and the
noise n are uncorrelated. An optimal least-squares filter
solution is given by (Press et al. 1992)

LR TR -NK
FM+NK  TH

To construct the filter, some prior knowledge of the noise
spectrum N(K) is required, but adequate information on
the noise statistics is not now available from the T/P
Project. Under such conditions, a noise spectrum is usu-
ally determined empirically from the data itself. This
was accomplished here by fitting a smooth curve to the
high-wavenumber part of I', obtained from the area of
global minimum variance, centered at 15°S, 0°E in the
South Atlantic (dashed line in Fig. 14). As before, we
assume that all short-scale energy is purely noiserelated
in this specific minimum variance location—a reason-
able assumption under present conditions. Futurerefined
applications clearly cal for detailed information on the
T/P error spectrum.

Using the dashed curvein Fig. 14a as anoise estimate

dK) =
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of N(o) in (7), (6) then leads to the spectral estimate
I' (k) (bold line), which is unaltered at long wavel engths,
but shows an increased decay close to k=2 toward short
scales as compared to k=* previously. In this specific
example, the filter process reduces the total variance by
about 50% from (2.8 cm)? to (2.0 cm)?, leaving (1.9
cm)? as the noise estimate, a number consistent with the
noise estimates in section 2 and with Fu et al. (1994).
On the global average, about 7% of the variance is re-
moved from the raw data by the filter process; but in
high energy areas, the noise component amounts only
to 1% of the observed variance. Note that the associated
surface slope spectrum, I',(k), is changed by the filter
process from completely “blue’” into “white,”” with all
short-scale energy reduced by more than a decade (Fig.
14b).

2) FILTERED WAVENUMBER SPECTRA

To produce filtered spectra on the complete global
grid, I' (k) follows from (6) with (7) evaluated in each
of the 10° areas and with the above N from the minimum
variance area used as a general noise estimate. The re-
sulting global average filtered spectrum I' (K) (bold line
in Fig. 8c) shows a steepened spectral decay of about
k=23 between the 350-km cutoff and 20-km wavelength.
In the mean slope spectrum I",(k), the ““blue’” short-
wavelength part has been completely removed; instead
the energy follows now a k=* relation at wavelengths
between 400 and 150 km, and a k=2 relation at shorter
wavelengths.

To facilitate a comparison of wavenumber spectra
from various dynamically distinct regimes of the World
Ocean, filtered spectral” were subsequently normalized
by their local variance y? to produce spectra in nor-
malized form

. 1.
Lk) = —T'y(K). ®)
2

They are shown in Fig. 15 from all 10° areas on the
5° grid along various latitude bands spanning the com-
plete sphere in both hemispheres, thus sampling all
ocean basins. The figure reveals the unexpected result
that, with the geographical variations in eddy energy
removed from the spectra, all resulting curves of I',(k)
are to first order similar in shape. Some regional de-
viations from this general behavior are evident but are
mostly confined to the eastern North and South Pacific
(Figs. 15a,b), where a relative high long-wavelength
energy component is apparent that can be associated
with barotropic (wind driven) fluctuations (see Chao and
Fu 1995 and Fu and Davidson 1995).

In contrast to extratropical conditions, spectrafrom
the tropical oceansare “‘red’’ over the full scale range
and show a k=25 relation at all wavelength exceeding
100 km. However, two limiting factors of the present
analysis have to be considered. First, it is likely that
residual noise effects are still present in low-energy
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regions. More important, though, isthat the geograph-
ical extent over which spectra are evaluated is be-
coming too small to resolve the long scales in low
latitudes. Going from a 10° to 20° box size indeed
leads to a spectral plateau at the longest wavel ength,
even in the Tropics (not shown, but see Stammer and
Boning 1992). Some tropical locations exhibit en-
hanced energy at wavelengths around 110 km (At-
lantic and Indian Ocean) and 150 km (western Pa-
cific). The origin of those features—which are ap-

parent north and south of the equator and which has
been observed previously in Geosat data (Stammer
and Boning 1992)—is not obvious and needs further
attention. Because the Tropics are largely governed
by different physics and because our main focus is
on midlatitudes, we will not go into further details of
low-latitude spectra. Instead we will limit the follow-
ing discussion on dynamics to regions poleward of
15° latitude.

To emphasize the meridional variation in spectral
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shape, Fig. 16a shows mean (I’ o) Spectrathat result from
a zonal averaging around each latitude band on the 5°
grid poleward of 20° latitude in both hemispheres. The
figure illustrates the striking similarity among extra-
tropical wavenumber spectra. All (I",) curves show a
close to universal k-¥2 long-wavelength plateau and a
steep decay of roughly k-4. However, the cutoff wave-
number k, exhibits a latitudinal dependency by decreas-
ing from high latitudes toward the equator. This merid-
ional shift in the cutoff wavenumber is even more ob-
vious from the slope spectra (Fig. 16b), which show a
maximum energy at the wavenumber k, followed by a
drop in energy similar to a k=2 relation.

Note that this general result would still hold without
the application of the filter. However, it would not be
as clean as it appears from Fig. 16, partly because the
observed variance in low-energy regions is primarily
effected by the short-scale noise and normalized spectra
I" would then appear blurred at the long-wavelength
part, which is of interest here.

In boundary current regions, baroclinic instability is
believed to be the primary source of eddy kinetic energy.
In an ideal geostrophically turbulent flow field (Kraich-
nan 1967; Charney 1971; Rhines 1979), the resulting
kinetic energy should be close to k=52 and k-2 relations
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at wavenumbers smaller and larger than the wavenum-
ber of maximum instability, and should exhibit a max-
imum in eddy kinetic energy around a scale, usualy
referred to as the ' B arrest” or **Rhines’ scale, Ly, =
\/U/B with U being a typical velocity scale and 8 =
oflay, at which the “red” energy cascade comes to a
halt as a result of Rosshy wave dispersion. In terms of
SSH spectra, thisruletranslatesinto k=12 and k=5 power
lawsin I"(K); but it is not clear to what extent isotropic
and homogeneous geostrophic turbulence is fully de-
veloped in the oceans in the sense that regions are
bounded and other dynamics might comeinto play (e.g.,
mode coupling through bathymetry).

If the turbulent energy cascade were localized in
space, asis advocated for the oceans, then, asthe energy
evolves into a wavelike form, it should simply disperse
by radiating Rossby waves. The nonlinear interaction
of energy in the wavenumber domain then would largely
cease, resulting in spectra of vastly different shape. In-
stead, the findings from this analysis can be summarized
in a strikingly universal shape of wavenumber spectra
over the entire extratropical World Ocean, suggesting
that interior ocean dynamics are not significantly dif-
ferent from those near boundary currents. Note, that
present velocity spectra are similar to previous finding
from both the atmosphere and numerical ocean models
(e.g., Julian et a. 1970; Frankignoul and Muller 1979;
McWilliams and Chow 1981; Boning and Budich 1992).

4. Covariance functions and variability scales

There are various purposes, including the estimation
of integral scales of variability or surface mapping, for
which the covariance functions C, of ¢ and & are useful.
Because the covariance function of a process is inti-
mately related to its spectrum by the Fourier transform

C(t)=r

the descriptions are mathematically equival ent, but com-
plementary. In this section we will briefly describe co-
variance functions as they emerge from £ and é in space
and time, after averaging over the same spatial extent
asthe corresponding frequency and wavenumber spectra
discussed in the previous section. Similar to the close
agreement of individual spectra, curves of individual
estimates of C from 10° regions deviate only little from
results shown.

I'(o)e? t do, 9

a. Temporal covariances and timescales

The temporal correlation functions C(7) that corre-
spond to the four averaged frequency spectral’ (o) giv-
en in Fig. 10a are displayed in Fig. 17a. Like those
spectra, all autocorrelation functions are similar in their
general shape. Variations in the first zero-crossing of
individual curves are minor (between 70 and 80 days),
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Fic. 17. Mean autocorrelation functions (a) C(7) and (b) C,(7) averaged over the same
regions as mean spectra in Fig. 7. Corresponding regions are marked in (b).

with the smallest values appearing in the high-energy
regime. At small lags, the smallest correlations are as-
sociated with the area of minimum variability, that is,
smallest signal-to-noise ratio (area 4). In terms of eddy
velocity or surface slopes (Fig. 17b), their correlation
drops rapidly below 0.5 everywhere within only a few
repeat cycles. Both height and slope autocorrelation
functions suggest an exponential decay with e-folding
timescales of about 25-30 days for SSH and roughly
10-15 days for surface velocity measurements.

A measure of characteristic timescales of ocean vari-
ability is usually obtained from an integral over the
small-lag positive fraction of the autocovariance func-
tion

To
T = C;*(0) f C.(7) dr (10
0
with T, being the first zero-crossing (e.g., Richman et
al. 1977). A corresponding timescale T of SSH vari-
ability was computed from the autocovariance functions
C, in al individual 10° by 10° areas from the T/P data
(Fig. 18). In the presence of significant negative lobes

of the autocovariance functionsit is more useful to com-
pute the integral scale in its quadratic form

T, = C2(0) f " oy o (11)

where T, is the maximum time lag, usually taken to
be one-half the length of the time series. Because this
estimate appears more sensitive to small-lag noise ef-
fects, results are not shown, which generaly agree with
those from T.

In the Atlantic, the scales are qualitatively similar to
previous Geosat results (Stammer 1992), but values are
larger by about 30% because fluctuations at long periods
(annual and interannual variability) were significantly
removed from the Geosat analysis by the dataprocessing
scheme (orbit error correction). Overall, the emerging
spatial pattern shows the largest timescales in the less
energetic centers of the ocean, while energetic current
systems are associated with shorter timescales. Inter-
estingly, this finding does not apply to the Kuroshio.

Because of the presence of the strong seasonal and
interannual (ENSO related) fluctuations in the T/P data,
values in Fig. 18a are biased toward long scales. Re-
moving al energy at annual and longer periods from
the data prior to the computation of the integral time-
scale leads therefore to a noteworthy change in the am-
plitudes and geographical distribution of the resulting
eddy timescale (Fig. 18b). Although the central sub-
tropical gyres still show the longest scales, both bound-
ary currents and the tropical ocean are now character-
ized by short-period variability. Asageneral result, eddy
timescales vary by afactor of 5 between maximain the
subtropical gyres and high-latitude minima.
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results but from C4(I). Dashed and thin solid line correspond again
to the unfiltered and filtered results. The bold solid line emerges after
the additional removal of al energy on wavelength smaller than 60
km by applying a nudge-filter.

b. Spatial covariances and scales

A pronounced drop in correlation is often found in
alongtrack SSH autocorrelation functions over the first
few lags from moderate or low energy areas of the
oceans. This is demonstrated in Fig. 19a, which shows
the C/(I) curve representing the unfiltered alongtrack
SSH data (dashed line) in the area centered at 30°N,
30°W in the Atlantic Ocean. It was argued previously
that thisinitial drop is intimately related to noise in the
altimeter observations (Stammer and Boning 1992).
Based on (9) we have computed the autocoryelation
functions as they result from thefiltered spectral’, (bold
line). It is clear that by removing the noise part of the
spectrum most of the previous short lag distortion is

eliminated, while leaving the zero-crossing basically un-
changed.
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The effect of filtering C, is demonstrated in Fig. 19b
from the same area. Without any filter applied, the cor-
relation drops to insignificant numbers after only afew
spatial lags. After the optimal filter procedure, the cor-
relation length has increased but still shows a distortion
from the small-scale (white noise) energy visiblein Fig.
16b. Upon an additional removal of all energy at wave-
lengths smaller than 60 km, the bold curve emerges.

Zonally averaged spatial correlation functions, (C,)
and (Cy;), are shown in Fig. 20 as a function of spatial
lag asthey result from thefiltered spectraand are plotted
separately from both hemispheres. The general tendency
toward amore rapid drop and reduced scal es of the zero-
crossing toward high latitudes is apparent. Otherwise,
the structure of the correlation functionsis similar. The
scale of the first zero crossing of (C;) appears to be
roughly one-half those from (C, with negative lobes
more pronounced.

Figure 21 shows the geographical distribution of the
spatial eddy scales of SSH variability estimated from
the lag of the first zero crossings of the spatial auto-
correlation function C(1). Fields are shown with (Fig.
21a) and without (Fig. 21b) long-wavelength energy (a
trend) in the data removed prior to the computation,
respectively. Outside the Tropics, this operation has a
visible impact primarily in the northeastern and south-
eastern Pacific, where a barotropic component was pre-
viously noticed in the wavenumber spectra.

A pronounced decrease in eddy scale with latitude is
apparent in all oceans that is nearly symmetric to the
equator. Optimally filtered spectralead to integral-scale
estimates that are consistent with (1/2) L,, while unfil-
tered (noisy) data lead to systematically lower integral
scales (see aso discussion in SB96). These findings are
highlighted in Fig. 22 showing zonal averages of spatial
scales as they emerge from L,, and from the integral
length scale L of the raw and optimally filtered spectra
in each individual 10° X 10° boxes. [Plotted in the fig-
ures is (1/2)L, to facilitate a comparison.] In general,

the change in eddy scale between low and high latitudes
is about a factor of 2.5, globally, both from L, and the
filtered L estimates [the somewhat different results by

Hogg (1996) can be related to details in the analysis
procedure].

5. Relation of eddy scalesto L, and Lg,

Previous results suggest that physical processes |ead-
ing to the observed mesoscale variability are surpris-
ingly homogeneous geographically. Although direct
wind forcing could be a significant eddy source term,
its contribution to observed mesoscal e variability seems
to be limited to those locations where the general vari-
ahility level islow and fluctuations in atmospheric forc-
ing are high, notably the eastern North and South Pacific
(Fu and Davidson 1995). Instead, results provided here
strongly favor baroclinic instability as the dominant
eddy source in the extratropical oceans. Supporting ev-
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FiG. 20. Zonally averaged autocorrelation functions (C)(l) (ac) and (b) (C,)(I) (b,d) from all
latitudes, plotted as a function of spatial lag separately for both hemipheres.

idence for this hypothesis is obtained from the close
relation between mean horizontal density gradients—
equivalent to mean available potential energy—and
from the spectral characteristics that are consistent with
the theory of geostrophic turbulence. An analysis of
ocean observations and numerical models in the North
Atlantic led Beckmann et al. (1994) and SB96 to come
to the same conclusion on aregional basis. Here we are
able to show its truly global character.

Under uniform dynamical conditions, we should be
ableto find a close relation between eddy characteristics
inferred from T/P data and mean flow properties. Such
relations are advocated by theories describing ampli-
tudes and transport properties of eddies in the presence
of a baroclinically unstable flow field that were pio-
neered by Green (1970) and Stone (1972). Figures 3
and 4 indeed lend strong support to those theories in
which baroclinic instability is the dynamical link be-
tween the ambient available potential energy of the
mean flow field and observed eddy amplitudes.

A discussion of present results on eddy character-
istics in the context of the theory of a baroclinically
unstable flow field and an estimate of a related field
of eddy diffusivity inferred from T/P datais provided
in Stammer (1997). Here we restrict ourselves to a
discussion of the relation of T/P eddy scales to those
following from the first-mode baroclinic Rossby ra-
dius of deformation Lg,, and the ** Rhines” scale, L.
The Rossby radius of deformation is of fundamental

importance in atmosphere—ocean dynamics, both for
the geostrophic equilibrium solution as well as tran-
sient ones. In the theory of baroclinic instability, it
isclosely related to the length scal e of maximum eddy
growth rates. In a strictly linear system both scales
would be similar; however, in reality scales of the
most unstable wave can be significantly larger (Sim-
mons 1974).

A correlation of altimetric eddy length scalesinferred
from Geosat with the first-mode baroclinic Rosshy ra-
dius was discussed previously by Stammer and Boning
(1992) from a study in the Atlantic Ocean. A similar
relation had been inferred before from local ensembles
of eddies in selected (geographically limited) areas—
for example, at the MODE and TOURBILLON sites
(see Mercier and Colin de Verdiere 1985)—and from
analysis of satellite sea surface temperature images and
drifter data (Krauss et al. 1990).

For the present global comparison, we estimated L,
on a 1° grid over the global ocean from alocal solution
of the eigenvalue problem

fé\oF
N2/ oz

subject to the boundary condition
doFloz=0at z= 0, —H.

9

+ \2F =0,
0z

(12)

Here N denotes the annual mean buoyancy frequency
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Fic. 21. Spatial eddy scale estimated from the first zero crossing of the spatial autocorrelation function C(). In (a) a least squares slope
was removed from the data prior to the computation, but not in (b). Contour interval is 20 km.
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computed from the Levitus et a. (1994) climatology.
The resulting field L, = A;¥2 (Fig. 23c) is consistent
with previous publications by Emery et al. (1984) and
Houry et al. (1987), but shows substantially more fine-
structure in the presence of a spatially variable topog-
raphy H(A, ¢).

From T/P scales a linear relation with Ly, averaged
on a 5° grid, follows on a global basis as (Fig. 24)

L, = 0.8Lg, + 88 km, (13)

with correlation = = 0.81. About the same relation is
obtained from individual basins, which in the Atlantic
Ocean reads L, = 0.7 Ly, + 88 km. [Those relations
are based on L, taken from Fig. 21a after elimination
of atrend in the data. With the trend included in the
analysis (Fig. 8b), the corresponding relation reads
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FiG. 24. Scatter diagram of L, fromindividual TOPEX areasagainst
the corresponding Rossby radii of the first baroclinic mode for the
global ocean. The correlation coefficient between both fieldsisr =
0.81.

L, = 1.3 Ly, + 99 km (r = 0.70),

consistent with an earlier finding from the North At-
lantic given in SB96.]

We aso find a linear relation between L, and the
scale of the first zero-crossing of the slope covariance
C,. Poleward of 30° latitude it results in Ly, = 0.8Lg,
+ 43 km. However, relevant for high latitudes, scales
from C, are biased toward larger values because the
applied extra filter step by which all energy at wave-
length smaller than 60 km is completely removed from
I's prior to the computation of C, (see above). On the
other hand, thereis still a considerable noise effect pres-
ent in C, in low latitudes that leads to a decrease in L,
equatorward of about 30° latitude. Because a factor of
~2 in scales between those from ¢ and 6 follows from
Fig. 20, the results based on SSH should be closely
related to those of seasurface slope (up to ascalefactor).

70°N

0

70°S
00

180° 270° 360° E

Fic. 23. First-mode Rossby radius of deformation as it follows from Levitus et al. (1994) hydrographic data as a
solution of the Sturm-Liuville problem (see text).
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A universal relation like (13), obtained from surface
pressure data, suggests that first-mode processes dom-
inate observed SSH fluctuations, globally. For a gen-
eralization of the result, a partitioning of SSH fluctua-
tions into barotropic and baroclinic components would
be necessary, which is not now generally available. An
analysis of data from moored current meters, however,
led Wunsch (1997) to the conclusion that the near-sur-
face flow field in the interior ocean is primarily baro-
clinic and that barotropic contributions are becoming
important only in the recirculation regime of boundary
currents (high-latitude regions were not adequately sam-
pled).

The high-resolution Community Modeling Effort of
the North Atlantic, which also yielded a linear relation
between eddy scales and L, similar to (13), allowed
more insight into the the effect of the barotropic energy
on this relation (Beckmann et al. 1994). It was shown
there that SSH spatial scales are increased as a result
of a barotropic SSH component and that the purely bar-
oclinic motion reflected in the sea surface variability
indeed shows a direct proportionality with the defor-
mation radius. Consequently, the offset between L, and
Lg, in Fig. 24 must be considered an artifact because
of a barotropic (long wavelength) component in T/P
observations.

A truly linear relation between L, and Lg, can be
expected only from SSH signal associated with first-
mode processes. It appears therefore straightforward to
derive scale estimates directly from the cutoff wave-
number k, present in the wavenumber spectral’,. In Fig.
253, the associated spatial scale L, = (27k,)~*isplotted
(bold dots) as it results from the zonal-average wave-
number spectragivenin Fig. 16. Indeed L, showsaclose
relation to the zonal average L, (open circles), to which
itis similar in low latitudes. However, L. is a factor of
3 larger in high latitudes (Fig. 25b).

For an interpretation of this peculiar result, it should
be recalled that L. is associated with the wavelength of
maximum slope energy. Therefore, L, either indicates
the scale of instability, or, in the presence of geostrophic
turbulence, it should be associated with Lg, = \/U/B
at which (on a 8 plane) one expects the energy cascade
from smaller to larger scales to be arrested (Rhines
1975). The occurrence of the related spectral peak at
this transfer arrest wavenumber (27Ly,)~* has indeed
been seen in a number of turbulence calculations (e.g.,
Haidvogel and Held 1980; McWilliams and Chow 1981;
Held and Larichev 1996).

An estimate of a zonally averaged Lg, scale is in-
cluded in Fig. 25a, which follows from the assumption
that U = \/K, with K. taken from Fig. 3a. Most no-
ticeably, L, is about 100 km poleward of 20° latitude
and closely resembles both L. and Lg, in low latitudes.
Moreover, the ratio Lg/L, is nearly identical to LJ/Lg,,
while Lg, is one order of magnitude larger than Ly, in
high latitudes.

The finding that L, is much closer to Ly, than to Lg,

STAMMER

1765
2
00 o a
L m}
L 2N 1
160 o [ [}
D I;
120
m O
[m] a
E ro m] = 0 o = ]
o oOo o o 0o
sof e © *
¢ oce
. ¢ o) LI
o @] o °
a0 o O Ly, o *,
* o] (o] [ ]
0?© oL o
+ 0 © 0y o
0©° O Lg, o
obet .
12
b
Y O L/ Lo o
c 8 o .LC/LHO
x L o O Lpn/ Lpo o
00
al o o .
Vg o o _ . a
. o
N ggaﬁga.g Qiﬂﬁ!ﬁﬁ
0 1. 1 ' Y i 1 L
-60° —40° -20° 0° 20° 40° 60°
Latitude

Fic. 25. (a) Zonally averaged first mode Rossby radius L., com-
puted from Fig. 18, (open circles) and spatial scale L, = (27k,)*
(bold dots), where k, is the wavenumber of maximum kinetic energy
in Fig. 13b. Open rectangles are estimates of a *‘Rhines’ scale Lg,
= VKz¥2B-1, with K¢ shown in Fig. 3a. (b) Ratios of L/Lg, (bold
dots), L Lg, (Open dots), and Ly /L. (open rectangles).

over most of mid and high latitudes does suggest that
a‘‘red”’ energy cascadeis not strongly developed there.
Instead, the energy released by baroclinic instability
from the mean-flow field appears to be kept near the
input wavelength. This interpretation is consistent with
the wavenumber spectra in Fig. 16b that reveal a k=53
regime of a ““red”’ energy cascade to be aimost non-
existent in the high-latitude range. However, both Figs.
16 and 25 suggest the presence of a broader k=52 regime
toward low latitudes. McWilliams (1989) lists various
physical mechanisms that could cause the inverse cas-
cadeto fail including too small adomain size, excessive
Rossby wave influence, or a highly dissipative regime.
[Because L, = Lg, in the Tropics, higher-mode (smaller
scale) processes are likely to dominate instability pro-
cesses there (see also Wunsch 1997).]

6. Global spectral relations

The similarity of wavenumber spectrafrom the global
extratropical oceans discussed above suggests the ex-
istance of auniversal description of wavenumber spectra
of sea surface height and surface geostrophic velocity.
In the following we will provide an estimate of such a
relation. To do so we transform the alongtrack wave-
number k to a normalized wavenumber k = k/k,, where
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Fic. 26. (a) Zonally averaged wavenumber spectra (F!>(k) and
(I )(K), k = Kk, and spectra are normalized by their respective energy
at k,. Bold lines indicate an analytic approximation (see text). (b)
Zonally averaged autocorrelation functions (C,)(7) and (C;)(7), where
7 = |/L,. Bold lines indicate approximations in terms of polynomials
(see text).

k, is the wavenumber of maximum energy inI';. Thiswas
done in Fig. 26a, showing <F{> and (I";) curves as afunc-
tion of k. In addition, individual curves were normalized
by their energy at k, to accomplish an alignment aso in
the vertical. The results indicate a first-order description
of wavenumber spectra in the general form

Lok x) = y2To(kk,)
sk ) = 322 To(kcky), (15)

where y2 and 2 denote the local variances of both fields,
k is a wavenumber, normalized by the local eddy scale
k, = (27L)"%, and I', is a universal spectrum. Figure
4, in principle, allows one to relate observed eddy en-
ergy 2 to the available potential energy embedded in
the mean-flow field. From Fig. 25 a least squares so-
lution for k, as a function of L., and latitude ¢ reads

(14)
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Ko (Lror @) = [27(0.8 + $/25)-Lg] . (16)
From Fig. 26a an approximate analytic fit of I', follows as

135k°7,  0.18 = k = 1.006
I (k) = 1135k28, 1006 = k = 2.057 (17)
501k 4, 2.057 = k = 454.

Another approximation to the spectrum for the wave-
number range 0.18 < k = 4.54, which is continuous in
its first derivatives, is the Padé form (compare also
WS95)

—a, — ak + ak?
1 — bk + bkz2 — bkd — b,k

with coefficients a, = 99.3, a, = 5.2 X 10% a, = 1.5
X 10?, and b, = 9.8, b, = 13.6, b, = 7.6, and b, =
1.6 (specific coefficients are sensitive both to the order
chosen and the way in which the fitting was weighted,
but the general shape appears stable). It is noteworthy
that, while the steep decay of k=4¢ is close to the the-
oretical k-°relation, theintermediate regimeislesssteep
than predicted by a k=52 power law for velocity.
Similar to the spectrum, a universal analytic descrip-
tion of the correlation functions for ¢ and & can be
specified in terms of a normalized spatial lag r = I/L,,
where L,, as before, is the first zero-crossing of C;; its
relation to Lk, follows from (13). An approximation of
C,(r) and C,(r) by higher-order polynomials leads to

Ik =

(18)

C.(r) = e 0831 — 2.72r> + 2.24r® — 051r*  (19)
— 0.08r5)
C,(r) = e2(1 — 7.00r2 + 5132 — 0.98r%),  (20)

which are shown in Fig. 26b together with individual
curves of (C,)(r) and (C;)(r). The SSH covariance is
related to those from the geostrophic alongstream and
cross-stream velocity components as

— Z — dZC{

R rdr and S dr2’
respectively (Bretherton et al. 1976; see also Freeland
and Gould 1976). Assuming that S is describing the
cross-track covariance, the corresponding relation holds
only approximately here. Asbefore, deviations are most
likely due to the extra filter step involved in the com-
putation of C,.

7. Concluding remarks

A magjor outcome from this study is that over most
of the World Ocean, variability of sea surface height
and surface velocity show strikingly universal charac-
teristics. The largest variations in frequency and wave-
number spectra appear to be related to the geographi-
cally varying amplitude of eddy energy. This outcome
appears to hold for both sea surface elevation ¢ and
surface geostrophic velocity or sea surface slope 6.
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Frequency spectra can be described by three basic
types representing (i) the tropical interior oceans, (ii)
the bulk of the extratropical basins, and (iii) the ener-
getic boundary currents. Apart from the tropical regime,
spectra change to first order only in their local variance,
and their shapes are aways surprisingly close to the o34
relation found in numerical simulations of geostrophic
turbulence (McWilliams and Chow 1981).

Extratropical characteristics of wavenumber spectra
were found to basically depend only on a poleward shift
of its cutoff wavenumber, with spectral shapesotherwise
being close to uniform. All sea surface height spectra
show a plateau at long wavelengths and a pronounced
cutoff followed by a steep spectral decay close to k=°
toward smaller wavelengths. In the low-latitude band,
the energy distribution is ‘“‘red” over a larger wave-
number range but leads also into along-wavelength pla-
teau when computed from lags spanning 20° latitudi-
nally.

In terms of surface slope spectra, maximum energy
is found at a wavenumber that corresponds to the
cutoff wavenumber of SSH spectra. Energy decays
toward smaller wavelengths in a manner consistent
with the theory of baroclinic instability and geo-
strophic turbulence. This result is found basically
over the entire extratropical ocean, where the vari-
ation of the eddy scale with latitude is significantly
correlated with that of the first-mode Rossby defor-
mation radius.

All those individual findings fit into the general
hypothesisthat baroclinic instability isthe major eddy
generation mechanism, not only near western bound-
ary currents, but on a broad basis. Other eddy gen-
eration mechanisms such as direct atmospheric forc-
ing are of some significance, but spatially limited to
areas of low-level eddy energy with high atmospheric
forcing. A barotropic, wind-induced, component in
oceanic fluctuations should be enhanced in high lat-
itude because of a decreasing vertical stratification
and the associated increase in vertical penetration
scale there (Philander 1978). This is consistent with
findings from Fu and Davidson (1995), who report a
significant correlation between changes in sea level
and the wind stress curl only from the eastern North
and South Pacific, and to some extent from the North
Atlantic. It is those locations where we find the evi-
dence of enhanced barotropic energy from this study
(see Fig. 21b and Fig. 15).

There are various reasons to classify the present re-
sults as preliminary, including the existing uncertainties
about the high wavenumbers in the data. But as time
goes on, the T/P dataset will extend and improve in
quality. In particular, more information will become
available on T/P error characteristics. Another route to
gain further confidence is to test numerical high-reso-
lution ocean circulation model swith respect to statistical
relations and dynamical principles specified here from
T/P data. Results will shed light on the validity of uni-
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versal relations and allow more complete insight into
dynamics than can be inferred from data alone.

It can be anticipated that the existence of universal
eddy characteristics is of value for combining and un-
derstanding observations from diverse geographical |o-
cations. For that purpose, present results provided here
only for near-surface conditions need to be extended
into a full three-dimensional form. Ultimately analytic
solutions are needed that combine eddy characteristics
observed by altimetry and in situ data into one single
theoretical framework.
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