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ABSTRACT

Characteristics of the mesoscale variability in the Atlantic Ocean are investigated by analyzing the Geosat
altimeter signal between 60°S and 60°N, The rms sea-surface variability for various frequency bands is studied,
including the high-frequency eddy-containing band with periods < 150 days. Wavenumber spectra and spatial
eddy characteristics are analyzed over 10° by 10° boxes covering both hemispheres of the Atlantic Ocean. A
comparison with solutions of a high-resolution numerical experiment, developed as the Community Modelling
Effort of the World Ocean Circulation Experiment, aids interpretation of the Geosat results in the tropical and
subtropical Atlantic and provides a test of the model fluctuating eddy field.

Results from Geosat altimetry show a wavenumber dependence close to k7° (k; being the alongtrack wave-
number) over almost the entire Atlantic Ocean except for areas in the tropical and subtropical Atlantic where
the rms variability in the eddy-containing band is less than 5 cm, that is, not significantly different from the
altimeter noise level, Characteristic eddy length scales inferred from Geosat data are linearly related with the
deformation radius of the first baroclinic mode over the whole Atlantic Ocean, except for the equatorial regime
(10°S to 10°N).

The data-model comparison indicates that the high-resolution model with horizontal grid size of 1/3° and
2/5° in latitude and longitude is quite capabie of simulating observed eddy characteristics in the tropics and
subtropics. In mid- and high latitudes, however, the model fails to simulate the pronounced poleward decrease
in eddy scales. This leads to systematic discrepancies between the model and Geosat observations, with model
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scales being up to 50% larger than deduced from altimetry.

1. Introduction

During the last 20 years considerable efforts have
been made to infer characteristics of the mesoscale
variability in the oceans. From current meter time se-
ries sampled during experiments like MODE (Mode
Group 1978) or POLYMODE (McWilliams et al.
1983), it was possible to document frequency char-
acteristics of the ocean mesoscale variability. For a
comprehensive review the reader is referred to Wunsch
(1981). Unlike frequency spectra and time scales of
the ocean eddy field, the characteristics of the corre-
sponding wavenumber spectra and spatial scales are
barely known and are unexplored over vast regions of
the World Ocean. Basically, this is because conven-
tional hydrographic measurements cannot provide
synoptic long-distance observations with spatial reso-
lution capable of resolving the ocean mesoscale. Only
a few rather preliminary estimates of wavenumber
spectra in the Atlantic Ocean have been made from
moored current-meter arrays deployed during MODE,
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POLYMODE, and TOURBILLON (Le Group Tour-
billion 1983). Based on MODE and TOURBILLON,
Mercier and Colin de Verdiere ( 1985) hypothesized a
relationship between eddy scales and the first Rossby
radius of deformation. Recently, Krauss et al. (1990)
supported those results by an analysis of surface drifter
motions and satellite IR images. According to them,
the eddy scale decreases northward from the subtropical
Atlantic and can be closely related to the Rossby radius.
In the Pacific Ocean, Bernstein and White (1974, 1977)
used BT and XBT measurements of temperature to
estimate wavenumber spectra. From all experiments
strong evidence exists that the ocean eddy field is highly
inhomogeneous both in its amplitude (see, e.g., Wyrtki
et al. 1976) and its frequency-wavenumber character-
istics (Richman et al. 1977); this means that any result
obtained locally to be nonuniversal.

Recently, the U.S. Navy’s Geodetic Satellite (Geo-
sat) has provided an altimetric dataset with unsur-
passed space-time sampling characteristics that offers
large potential for studying oceanic mesoscale vari-
ability. Because satellite altimetry provides quasi-syn-
optic, long-distance measurements of the sea surface
height (SSH), with an alongtrack resolution of the or-
der of 10 km, its space~time resolution is superior to
all conventional oceanographic measurements. The
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potential of satellite altimetry for studying the ocean
mesoscale had been demonstrated with data of the ear-
lier GOES-3 and Seasat missions (e.g., Cheney et al.
1983; Douglas et al. 1983; Fu 1983a; Gordon and Baker
1980; Menard 1983). See Fu (1983b) for an extensive
review on application of satellite altimetry to study the
ocean mesoscale. Using Geosat data, Fu and Zlotnicki
(1989, hereafter FZ) repeated previous studies on ocean
wavenumber specta. Similar to Fu (1983a), they ba-
sically obtained two mean wavenumber spectra that
represent ocean areas of “high” and “low” eddy kinetic
energy, respectively.

According to FZ, areas of high eddy activity can be
characterized by one-dimensional wavenumber (k)
spectra following a k7> power law roughly for wave-
lengths between 100 and 300 km. This result appears
consistent with the theory of geostrophic turbulence
(Charney 1971; Rhines 1979), which predicts a k3
spectral dependence of eddy kinetic energy assuming
geostrophy this corresponds to a k~° slope for SSH.
For the low-energy areas, however, a well-defined en-
ergy-containing band could not be documented and
the wavenumber spectra were represented by a spectral
power law of k72 for wavelengths smaller than about
1000 km. This result is puzzling, since it implies a white
eddy kinetic energy spectrum over vast areas of the
World Ocean. In the North Atlantic Ocean the low
eddy energy area as specified in Fu (1983a) extends
from 20° to 60°N, east of 40°W, and includes the
North Atlantic Current (NAC). To explain the marked
difference of spectral characteristics between “high”
and “low” eddy energy areas, Fu (1983a) hypothesized
a stronger effect of linear Rossby wave dynamics in
the low energy areas. Recently, LeTraon et al. {1990)
investigated the North Atlantic mesoscale variability
poleward of 20°N by calculating wavenumber spectra
and autocorrelation functions in spatially limited areas
extending 10° in latitude and longitude, respectively.
They also found a distinct geographic dependence of
wavenumber spectra, predominantly of latitude, which
they attributed to differences in eddy forcing and to
different dynamical regimes.

We feel that at least two effects have been omitted
in the previous discussions. The first, relevant to the
results of FZ, is the impact of track length, which when
extending over long distances in latitude, serves to av-
erage over different eddy scales; the second is the noise
level of Geosat data, which in the very low energy areas
of the subtropics may mask-the oceanic signal. It will
be shown later that both represent important factors
in interpreting resuits from altimeter data, and it needs
to be studied whether spectral power laws as reported
in the literature indeed resemble the oceanic signal or
to which degree they reflect uncertainties inherent in
the altimetric analysis procedure.

In this analysis we use 58 repeats of Geosat altimeter
data to investigate characteristics of the ocean meso-
scale eddy field in the Atlantic Ocean between 60°S
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and 60°N. Specific questions that will be addressed
are:

o Is there a systematic geographical dependence of
the predominant eddy scale similar to that of the first
baroclinic Rossby radius of deformation?

e To what extent is the mesoscale variability gov-
erned by a universal wavenumber spectrum?

To reinforce our conclusions about physical processes
that lead to the oceanic spectra, the results from Geosat
will be compared to the solutions of a high-resolution
numerical model of the North Atlantic Ocean.

The model of the equatorial and North Atlantic had
been developed as the Community Modelling Effort
of the World Ocean Circulation Experiment (WOCE).
It is based on the primitive equation model of the wind-
driven and thermohaline circulation of Bryan (1969)
and Cox (1984). Building upon the initial 25-year ex-
periment of Bryan and Holland (1989) at NCAR, a
sequence of model runs focusing on the model sensi-
tivity to frictional parameterization and wind forcing
was conducted both at NCAR and If M Kiel (Boning
et al. 1991). Various model-data comparisons have
demonstrated the capability of the model to produce
the salient features of the current system in the tropical
and subtropical Atlantic (Spall 1990; Didden and
Schott 1992; Schott and Boning 1991) but indicated
specific deficiencies in high latitudes; for example, in
simulating the Gulf Stream position (Bryan and Hol-
land 1989), or the level of eddy kinetic energy in the
northeastern Atlantic (Treguier 1992). In this study
we investigate the spatial characteristics of the model
surface pressure fluctuations using similar methods as
for the altimeter analysis. It will be shown that model
results can aid the statistical interpretation of altimeter
measurements in the subtropics where the rms vari-
ability barely exceeds the data noise level, and that the
eddy characteristics derived from altimeter observa-
tions provide a powerful tool to test results of a large-
scale numerical model.

In section 2 we briefly describe the Geosat data anal-
ysis procedure and the configuration of the numerical
model. The pattern of mesoscale variability and wave-
number spectra inferred from Geosat data over the At-
lantic Ocean between 60°S and 60°N are presented in
section 3, where reasons leading to disagreements with
respect to previous publications will also be discussed.
A comparison of eddy statistics as inferred from Geosat
and model data is given in section 4, and implications
concerning a close relation between the oceanic eddy
scales and the first internal Rossby radius of defor-
mation are discussed in section 5. A summary and
conclusions follow in section 6.

2. Database and method

The analysis of the mesoscale variability in the At-
lantic Ocean is based on more than 21> years of alti-
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meter data from the U.S. Navy’s Geodetic Satellite’s
(Geosat) Exact Repeat Mission (ERM ). Results from
the altimeter observations are compared to those in-
ferred from WOCE/CME high-resolution numerical
modeling.

a. Geosat altimeter data

A total of 58 repeats of Geosat ERM altimeter data
are used to study characteristics of oceanic mesoscale
variability in the entire Atlantic Ocean between 60°S
and 60°N latitude, 100°W and 40°E longitude. Cor-
responding to the 17.05-day repeat period, the data
cover the period from 8 November 1986 to 20 July
1989. The spatial resolution from ascending and de-
scending tracks is about 7 km alongtrack and 165 km
zonally close to the equator. The cross-track separation
reduces substantially toward high latitudes. See Cheney
et al. (1987) for a description of the Exact Repeat Mis-
sion and the Geophysical Data Records (GDR ).

We used the collinear method (Cheney et al. 1983)
to analyze the sea surface height (SSH) anomalies rel-
ative to a 2-year reference mean (the first 43 repeats).
Prior to the collinear analysis the data were interpolated
onto a fixed alongtrack grid with a resolution of 6.8
km corresponding to the 1-Hz sampling rate. Various
environmental corrections supplied with the GDRs
were applied to the data including the ionospheric and
the dry and wet tropospheric path delay [the latter two
taken from the Fleet Numerical Oceanographic Center
(FNOC)], and sea level fluctuations due to solid earth
and ocean tides. The sea state bias was corrected by
2% of the significant wave height; we likewise cor-
rected fluctuations in atmospheric load assuming iso-
static ocean response. Remaining “blunder” points
were edited. Because tidal corrections are somewhat
uncertain for continental shelf regions any data for
ocean depths less than 1000 m were excluded (see Fig.
la). During the collinear analysis procedure care has
to be taken to avoid the mean estimate to be biased by
data gaps due to the large orbit error (4 m rms). The
reader is referred to Willebrand et al. (1990) and Did-
den and Schott (1992 ) for a detailed description of the
method and a discussion of the applied corrections.

To analyze the Geosat data over the entire Atlantic
Ocean, the collinear method was applied separately in
subareas, each extending over 40°-50° in latitude.
Neighboring areas were chosen to overlap by 10° in
latitude, in order to minimize border effects. In each
subdomain the radial orbit error was removed using a
quadratic polynomial over arc lengths typically 5000
km long. Whenever the track length was less than 1000
km, a bias and trend was used instead. No filtering was
applied to the data prior to the derivation of statistical
quantities like rms sea surface variability or wavenum-
ber spectra.

Inherent in the Geosat data analysis are some critical
error sources, which should be kept in mind when in-
terpreting results. Perhaps the most serious degradation
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of the dataset comes from the lack of synoptic mea-
surements on board Geosat of the path delay due to
tropospheric water vapor. Therefore, information from
external sources provided with the GDRs have to be
used. Mesoscale variability of tropospheric water vapor
content, however, fails to be properly resolved by the
FNOC (Fleet Numerical Oceanography Center) anal-
ysis. In FZ, the residual water vapor error from Seasat
measurements was analyzed; they conclude that the
latter has much less variance, on average, than found
from Geosat data on the mesoscale. Yet, strong indi-
vidual water vapor anomalies may occasionally affect
sea surface height anomalies. Recently new sets of more
accurate water vapor corrections have become available
(Emery et al. 1990; Wentz 1990). While they show
major discrepancies relative to the FNOC corrections
especially in the tropics, it is only the difference relative
to a mean profile that matters for the purpose of this
study. Therefore, the influence of the water vapor (wv)
correction on Geosat results can be expected to be only
of minor importance; for example, the variation of eddy
scales estimated from the first zero crossing of mean
autocorrelation functions in the tropical Atlantic (0°-
20°N, 20°-30°W) varies by no more than 10% when
using 1) no water vapor corrections, 2) FNOC, and 3)
the new estimation of wv provided by Wentz (1990).
The influence of tropospheric wv correction on Geosat
altimetry in the Atlantic Ocean is currently under in-
vestigation (Didden and Stammer 1992).

It is noteworthy that the analysis procedure itself
contains error sources associated with subtraction of a
least-square polynomial during the radial orbit error
correction. This procedure can create a bias, especially
when large-amplitude anomalies associated with
boundary current meanders are present simultaneously
with a reduced arc length due to gaps in the data.

b. Numerical model of the North Atlantic

The numerical model of the wind-driven and ther-
mohaline circulation is based on the primitive equation
model described by Bryan (1969) and Cox (1984). It
covers the geographical domain between 15°S and
65°N, 100°W and 14°E with spatial grid resolution of
1/3° in latitude and 2/5° in longitude. In the vertical, it
has 30 levels. The initial experiment performed by
Bryan and Holland (1989) at NCAR was a 25-year
simulation starting from initial conditions as given by
the climatology of Levitus (1982). A sequence of model
runs was performed at If M Kiel, focusing on the model
sensitivity to changes in model parameters like wind
forcing and friction coefficients (Béning et al. 1991).

In the Bryan-Cox model surface gravity waves are
filtered out by applying a rigid-lid approximation at
the upper boundary, and the model is formulated in a
way such that the surface pressure gradient is not re-
quired during the course of the integration. It can,
however, be recovered diagnostically from the prog-
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FIG. 1. (a) Rms sea surface variability from 58 repeats of Geosat
ERM altimeter anomalies (8 November 1986 to 20 July 1989) es-
timated in 2° by 2° areas. Labels P and T mark POLYMODE and
TOUBILLON experimental sites from which surface streamfunction
statistics are used for comparison (see Fig. 8). Contours exceeding
30 cm are suppressed; contour increment is 2 cm. Stippling indicates
areas with no data processed during this study. (b) Number of valid
Geosat data in 2° by 2° areas. Hatched regions mark sections labeled
A to D, from which results are shown in Figs. 6 and 9. Contour
increment 2000.
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nostic model variables. Subsequently, the surface pres-
sure can be computed by integrating its horizontal gra-
dients over the model domain. The integration constant
is determined by imposing zero mean surface displace-
ment, that is, conservation of mass. We used three years
of surface pressure taken every third day from a model
run that was driven by the monthly mean wind stress
climatology of Isemer and Hasse (1987). For details
on friction coefficients see Boning et al. (1991) (ex-
periment Kiel #2). For the comparison with Geosat
observations, we converted the three years of surface
pressure fields into their equivalent surface elevations,
assuming hydrostatic balance in the form

1
§(x,y,8) = —p(x,p, 1) (1)
&Po

where { is the surface elevation, p the surface pressure,
g the earth gravity constant, and pg is a mean density.
In this study we are interested only in the surface vari-
ability rather than the mean circulation. Therefore, the
total surface elevation is decomposed into a mean and
a fluctuating part:

§x, y, 1) = §(x, ¥) + §'(x, , ). (2)

Only the deviation {’ from the 3-year mean { has been
analyzed during this study. Note that {’ is the Geosat
data equivalent due to the lack of any permanent signal
in the Geosat anomaly fields.

3. Results from Geosat altimetry

From the 21/; years of Geosat SSH anomalies, we
calculated area-averaged mean wavenumber spectra
and autocovariance functions from which integral
length scales of the ocean eddy field have been esti-
mated. Likewise, frequency spectra and eddy time
scales are studied. Size and locations of geographical
subdomains for estimating statistical quantities of the
mesoscale ocean eddy field were chosen to be consistent
with the spatial inhomogeneity of the sea surface vari-
ability.

a. Sea surface variability

The rms sea surface variability calculated from 58
repeats of Geosat SSH anomalies (8 November 1986
to 20 July 1989) in geographical boxes each spanning
2° in latitude and longitude is given in Fig. la; the
number of valid observations in each of those boxes is
displayed in Fig. 1b. The pattern and amplitude of
variability are consistent with previous publications;
such as Koblinsky (1988) or Zlotnicki et al. (1989).
Minor differences can be attributed to different eval-
uation periods and to details of the analysis procedures.
Figure 1a demonstrates that the spatial distribution of
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surface variability is highly inhomogeneous. It com-
pares qualitatively with the distribution of eddy kinetic
energy drawn, for example, from historical ship drift
data (Wyrtki et al. 1976) and from surface drifter mo-
tion (Richardson 1983). There is high variability along
major current systems, like the Gulf Stream in the
North Atlantic and the Brazil-Falkland confluence and
the Agulhas Current in the Southern Hemisphere.
Maximum variability is found to be associated with
the Agulhas current with rms values reaching 40 cm.
In the vicinity of the Gulf Stream the rms variability
reaches values of 35 cm at 40°N, 62°W and in the
Brazil-Falkland confluence maximum numbers exceed
32 cm at about 40°S, 50°W. Enhanced variability is
found also along the extensions of the boundary current
in the North Atlantic, that is, the North Atlantic Cur-
rent (NAC) (8 cm-20 cm) and the Azores front
(>6 cm).

Minimum variability occurs along latitude bands
through the center of the subtropical gyre of both the
Northern and the Southern hemispheres. In the North
Atlantic the rms variability is less than 5 cm between
10°N and 30°N. In the Southern Hemisphere the low
variability area is shifted equatorward by about 10° in
latitude; values of less than 6 cm extend across the
basin between 20°S and the equator. Sailor and Le-
Schack (1987) estimated the Geosat instrumental noise
level to be about 3 cm; this number corresponds to the
minimum variability of about 3 c¢cm found in the
Guinea Basin. Similar to eddy potential energy (Dantz-
ler 1977; Emery 1982), the sea surface variability in-
creases both pole- and equatorward from the subtrop-
ics. The maximum variability in the tropical Atlantic
occurs somewhat south of 10°N, at about 40°W; it is
associated with the variability of the equatorial current
system (see the following for further discussion).

In the Southern Hemisphere, the enhanced vari-
ability in zonal bands between 45°S and 48°S, and
close to 30°S, is associated with the current system in
the South Atlantic Ocean; that is, the Antarctic Cir-
cumpolar Current (ACC), which traverses the Atlantic
basin roughly between 50°S and 45°S downstream of
the Brazil-Falkland confluence, and the Agulhas ret-
roflection area south of Africa. A detailed review on
the South Atlantic current system may be found in
Gordon (1988). Based on Geosat SSH anomalies,
Gordon and Haxby (1990) documented the separation
of eddies from the retroflecting Agulhas Current that
subsequently moves in a westward direction close to
30°S. The enhanced variability south of the Agulhas
Current at about 50°S, 30°E is consistent with esti-
mates of eddy kinetic energy from drifting buoy ob-
servations. They show a pronounced increase in eddy
activity in the region where the ACC passes the Atlan-
tic-Indian Ridge (Daniault and Menard 1985; Piola
et al. 1987). Likewise enhanced variability is present
in numerical modeling results (Semtner and Chervin
1990). The variability in the region south of the ACC
is fairly low with numbers being less than 6 cm.
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It may be noteworthy to hint at some structures as-
sociated with the Gulf Stream variability in the North
Atlantic. The varability is fairly low over the Blake
Plateau and increases downstream of Cape Hatteras.
Maximum values occur east (downstream) of the New
England Seamounts (NES), which closely agrees with
observational evidence from drifter trajectories (Rich-
ardson 1983). Auer (1987) analyzed the position of
the Gulf Stream landward surface edge from five years
of infrared AVHRR imagery. He reported low cross-
stream excursions of the northward-flowing jet up-
stream of Cape Hatteras; this corresponds to the low
variability of SSH anomaly in the Geosat data. The
cross-stream excursion increases significantly after the
stream has separated from the continental shelf. It ob-
tains maximum values at about 38°N, 65°W in close
agreement with the location of the variance maximum
from altimetry. A secondary maximum in SSH vari-
ability (>22 cm) is present along the core of the NAC
north of Flemish Cape. There is evidence that the sharp
water mass boundary along that current, separating
cold Labrador water from warm subtropical waters, is
a major energy source for mesoscale eddy activity
(Krauss et al. 1990). The variability associated with
the NAC decreases notably in zonal direction down-
stream from that location.

In general, oceanographic variability can be caused
by a wide range of processes with a wide range of time
scales, including seasonal variations, meandering cur-
rents, or mesoscale eddies. The variability displayed in
Fig. 1a is a composite of contributions with periods
shorter than the observational period of about 21/
years. It comprises not only the eddy-containing band
in the period range 50 to 150 days (Richman et al.
1977), but also variability on longer time scales, such
as annual and interannual. In addition, any residual
environmental error that has not been corrected prop-
erly during the collinear analysis procedure contributes
to the total variability. As mentioned above, this holds
in particular for any error of the tropospheric water
vapor correction that can have a significant influence,
especially in the tropical Atlantic.

To separate the mesoscale ocean variability from
longer-period signals, we calculated the rms surface
variability from filtered input data using a Hanning
high-pass filter with a cutoff half-power period of about
150 days. Figure 2a gives the resulting high-frequency
(eddy) variability from Geosat observations. Mean
values of the total and high-frequency variability, zon-
ally averaged between 40° and 20°W, are given in Fig.
4. The geographic distribution of the eddy signal is
quite similar to that of the total variability. Maximum
eddy variability is associated with boundary current
systems; it is about 20% less than the total variability
in the Gulf Stream area and the Brazil-Falkland con-
fluence. In the Agulhas current, up to 90% can be ex-
plained by the eddy activity. However, a large fraction
of the variability in the tropical Atlantic and along the
Azores front is on longer than eddy time scales.
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FIG. 2. (a) Same as Fig. 1a, but Geosat high-frequency variability
in the eddy-containing band with periods less than 150 days. Values
are calculated from high-passed Geosat anomalies by applying a
Hanning spectral data window. (b) Percentage variability explained
by the Geosat high-frequency variability. The contour interval is 20%
for contours larger than 40%. Percentage exceeding 60% and 80%
are hatched light and dark, respectively.
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Between 20°S and 30°N, the rms variability is less
than 4 c¢m; it is only marginally enhanced (4-5 cm) in
the tropical band 0°-10°N. Thus, the eddy variability
in that area is not significantly different from the data
noise level (indicated by stippling).

The percentage of the total variability that can be
explained by the high-frequency part is given in Fig.
2b. Areas with more than 60% variability due to eddies
have been hatched. They are basically associated with
areas of high eddy activity along boundary currents.
However, high percentage south of 40°S is not asso-
ciated with the variability along the ACC as seen from
Fig. 1a but is shifted poleward by about 10°. The same
holds upstream of Drake Passage, where the ACC also
tends to be dominated by longer-period motions, while
eddy motion dominates poleward and equatorward of
the ACC. In the North Atlantic, high percentage of
eddy motion covers the area along the subarctic front
and north of it. In the tropics, enhanced percentage
can be found along the coast of northern Brazil in
agreement with results from historical ship drift data
(Richardson and McKee 1984) from which enhanced
eddy activity has been reported along the coast of
Brazil.

There is a large area in the South Atlantic equator-
ward of 20°S with a strikingly high percentage of high-
frequency variability across the entire basin. Since this
area coincides with that of low total variability, this
may partly reflect an increased degradation of the al-
timeter data due to measurement noise.

A similar but weaker pattern of high percentage oc-
curs in the North Atlantic central subtropical gyre along
a belt between the Canary Basin and the Caribbean.
From hydrographic measurements this area is known
to be characterized by enhanced values of eddy poten-
tial energy (Dantzler 1977; Emery 1983); favorable
conditions for baroclinic instability processes are in-
dicated by the distribution of potential vorticity (Keffer
1983; Gill et al. 1974; McDowell et al. 1982). From
numerical modeling the westward-flowing portion of
the subtropical gyre is likewise known to be a source
of baroclinic instability (Cox 1985).

The contribution of the annual variability was es-
timated by calculating the annual harmonic from two
years of monthly mean SSH anomaly maps produced
by averaging the alongtrack data in 2° by 2° boxes
(Fig. 3). This averaging filters out small-scale structures
with time scales less than the annual harmonic. Basi-
cally, contributions owing to the annual harmonic ex-
ceeding 40% of the input variability (from gridded data)
occur only in the tropical and subtropical Atlantic
equatorward of 10°S and of 25°N. Maximum per-
centage of the annual harmonic occurs in zonal bands
roughly along 5°N and 15°N, respectively; values ex-
ceed 80% at about 5°N, 30°W. A strong contribution
of the annual harmonic was inferred also in the Geosat
data analysis of Didden and Schott (1992), who at-
tributed it to seasonal changes of the equatorial current
system.
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FIG. 3. Percentage variability explained by the annual cycle. Values
are estimated from 24 monthly mean Geosat anomalies gridded on
2° by 2°. Contour interval is 20%. Percentage exceeding 40%, 60%,
and 80% are hatched light, medium, and dark, respectively.

b. Alongtrack wavenumber spectra

To meet statistical requirements and to avoid av-
eraging over areas dominated by different eddy dy-
namics, we calculated alongtrack wavenumber spectra
E(k,)in various 10° by 10° subdomains, which cover
the Atlantic basin as indicated in Fig. 10. To examine
the influence of the length of track segments, results
were tested against those from larger areas spanning
20° and 30° in latitude and longitude. Given isotropic
conditions, the scalar wavenumber spectrum Ey (k) and
the kinetic energy spectrum Fy(k) can, in principle, be
estimated from the alongtrack wavenumber spectrum
E,(k;). Here k denotes the scalar wavenumber and k;
denotes the alongtrack wavenumber. Examples for
Eo(k) and Fy(k) are given in Fu (1983a) and LeTraon
et al. (1990). In this study, however, we restrict the
analysis to the alongtrack wavenumber spectrum. In-
stead, we provide an estimate of the wavenumber spec-
trum in two roughly orthogonal directions by consid-
ering ascending and descending tracks separately.

In Fig. § area-averaged wavenumber spectra from
ascending (solid curve) and descending (dashed curve)
tracks are given for three different parts of the North
Atlantic Ocean, representing the Gulf Stream extension
at 30°-40°N, 60°-70°W (Fig. 5a), the central sub-
tropical gyre at 20°-30°N, 40°-50°W (Fig. 5b), and
the equatorial current system at 0°-10°N, 30°-40°W
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(Fig. 5¢), respectively. The spectra from ascending and
descending tracks in the three areas agree within the
confidence limits. It likewise holds for the entire At-
lantic Ocean that no significant differences in the spec-
tral estimates from ascending and descending tracks
can be found. There are marked differences in spectral
characteristics between the three areas, which may be
considered to represent different dynamical regimes.
The spectra representing the high-variability area of
the Gulf Stream extension (Fig. 5a) are characterized
by a distinct cutoff wavenumber, corresponding to a
wavelength of about 300 km. In agreement with results
from FZ, the drop in energy between wavelengths of
about 300 km and 100 km can be represented by a
power law not significantly different from k7>,

According to the theory of geostrophic turbulence
(Charney 1971; Rhines 1979) the kinetic energy spec-
trum should be characterized by a k> power law for
wavelengths smaller than the generation scale of the
eddies. Given isotropic conditions the same power law
should apply to the alongtrack spectrum of cross-track
velocity. Due to the geostrophic relation of the surface
current field, the theory hence implies a k1> power law
for the spectrum of the sea surface height field. The
most unstable wavelength of the baroclinic instability
process is given by Lz = 2w R;, where R; is the first
internal Rossby radius of deformation. Included in Fig.
5 are values of Ly as given by Emery et al. (1984),
averaged over the corresponding areas; in case of Fig.
5a, Lg is about 200 km.

The spectra representing the tropical Atlantic (Fig.
5¢) are somewhat less steep than in Fig. 5a, and there
is no plateau at the small wavenumber end of the spec-
trum. To examine to what degree the spectral estimates
from 10° X 10° areas in the tropics are representative
of the small wavenumber end, we calculated the com-
bined spectrum from both ascending and descending
tracks within a 20° by 20° area extending from 0° to
20°N and 30° to 50°W. The spectrum, included in
Fig. 5¢ (bold curve ), shows no significant difference at
the high wavenumber end but tends to flatten at wave-
lengths exceeding 900 km.

-
n

=
o

ple el
[TTTTTTTT

[3,}

RMS VARIABILITY (cm)

o

60°

mo

20° S 0° N 20° 60°

F1G. 4. Geosat zonally averaged sea surface variability between
20° and 40°W: total (solid line) and high frequency (dashed line).
Values less than 4 cm are stippled to roughly indicate the data noise
level.
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of sea surface height anomalies from ascending (solid)
and descending (dashed) tracks in 10° by 10° areas, rep-
resenting (a) the Gulf Stream Extension (30°-40°N, 60°-
70°W), (b) the central subtropical gyre (20°-30°N, 40°~
50°W), and (c) the equatorial Atlantic (0°-10°N, 30°-
40°W). In (c¢) the mean wavenumber spectrum from a
corresponding 20° by 20° area is included (stippled line).
Bold ticks marks represent the first-mode deformation ra-

103E J
102} Fos 3
1(I)° 2(I)°
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In contrast to the other two areas, the spectra rep-
resenting the central subtropical gyre (Fig. 5b) show
no distinct cutoff wavenumber and can be represented
by a k7?2 slope over the entire wavenumber range, ex-
cept for wavelengths smaller than 80 km, where data
noise becomes predominant. The areal extent and na-
ture of this regime, which appears to be characterized
by a white energy spectrum, will be elucidated in the

following.

Wavenumber (CPK)

dii, derived from values given by Emery et al. (1984).

An important feature of the eddy variability is the
decrease of the predominant wavelength toward higher
latitudes. This behavior is exemplified in Fig. 6, which
shows mean wavenumber spectra from ascending
tracks averaged over 10° by 10° areas along four sec-
tions (labeled A to D; see also Fig. 1b), traversing both
hemispheres of the Atlantic Ocean in zonal and me-
ridional direction, respectively. An increase of the

spectral cutoff wavenumber with latitude is obvious in
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FiG. 6. Geosat mean alongtrack wavenumber spectra of sea surface height anomalies (ascending tracks only)
in 10° areas following section A to D; see Fig. 1b for the course of the sections.

the Northern Hemisphere section along 35°W (Fig.
6a); it is even more clear in the Southern Hemisphere
along 25°W (Fig. 6c). It should be noted that the spec-
tral slope appears close to —4 to —5 over large areas of
the basin. Exceptions, with weaker slopes, are confined
to areas with low data quality. Basically, those are the
subtropical oceans in both hemispheres, 10° to 30°N

and 0° to 20°S, where the rms eddy sea surface vari-
ability was found to be less than 5 cm (Fig. 4). Cor-
responding to the asymmetry of the variability pattern
with respect to the equator, the Southern Hemisphere
regions characterized by kj? spectral relations are
shifted equatorward by 10° with respect to the corre-
sponding regions in the North Atlantic. Another region
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where it is difficult to interpret the spectra are the high
latitudes (50°-60°) in both hemispheres (e.g., see Fig.
6¢). Due to the small eddy scales there, the spectral
gap between the cutoff and the noise-contaminated
high wavenumber regime becomes very small. There-
fore, those areas are excluded from further consider-
ations of spectral shapes.

In contrast to the meridional variation in eddy scale,
no significant change can be seen in spectral charac-
teristics in zonal direction (Figs. 6b and 6d). In both
Northern and Southern hemispheres the spectra along
35° latitude exhibit a plateau at wavelengths exceeding
about 300 km; spectral slopes beyond the cutoff wave-
number may all be characterized by a k7’ relation.
Differences in the wavenumber spectra document an
increase in eddy energy toward boundary current re-
gimes rather than changing characteristics of eddy
scales. Unlike the midlatitude North Atlantic (Fig. 6b),
where high variability is associated primarily with the
Gulf Stream at the western boundary, in the South
Atlantic (Fig. 6d) both sides are characterized by high
eddy activity, associated with the Brazil-Falkland con-
fluence and the Agulhas Current.

The geographical dependence of wavenumber spec-
tra found in our analysis stands in marked contrast to
the results of Fu (1983a) and FZ, who reported weak
spectral slopes over vast regions of the Atlantic Ocean.
We find spectral slopes of about k7* to k7° in areas
that are characterized in FZ by spectral relations of
k7?%. This marked difference can be understood as a
consequence of the monotonic decrease of the eddy
scale in poleward direction. Estimating alongtrack
spectra over long track segments, spanning 30° latitude
or more, amounts to an averaging over spectra with
different cutoff wavenumbers. This ultimately leads to
a decrease in spectral slopes as demonstrated in Fig. 7.
Relative to individual spectra estimated from 10° track
segments, slopes reduce significantly when averaging
over 20° or 30°, respectively.

We do find spectra with a similar weak relation of
k72 as reported by FZ for areas of low eddy kinetic
energy only in the subtropics where the rms eddy vari-
ability is less than 5 cm. As mentioned above, the sig-
nal-to-noise ratio is very low in that part of the ocean.
Hence, it remains unclear whether those spectral char-
acteristics really represent an oceanic signal or have to
be regarded as an effect of measurement noise.

¢. Spatial autocorrelation functions and
characteristic scales

From the estimates of alongtrack wavenumber spec-
tra we calculated autocovariance functions c(s) that
are related to the wavenumber spectra by their Fourier
transforms

e(s)= [ Etkneak,. 3)
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FIG. 7. Geosat mean alongtrack wavenumber spectra from three
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respectively.

In the tropics and subtropics, measurement noise on
scales smaller than 60 km was suppressed by low-pass
filtering before calculating the autocovariance func-
tions. From the autocovariance function ¢(s) integral
length scales were calculated that may be considered
to represent characteristic length scales of the oceanic
eddy field. Instead of estimating the integral scale

L,

B c(s)ds (4)

1

¢(0) Jo
from finite length data, it has become common to use
modified definitions (i.e., Richman et al. 1977). In
this study we calculated the two scales given by

Lo

L, —Z(T) S c(s)ds (5)
_ l Smax »

L= a5 ] ewa, (6)

where Ly is the lag of the first zero crossing; the max-
imum lag s, is taken to be half of the track length.
Figure 8 displays the autocorrelation functions from
ascending (solid line) and descending (dashed line)
tracks for two selected areas, representing (a) the west-
ern (20°-30°N, 60°-70°W) and (b) northeastern
(40°-50°N, 10°-20°W) Atlantic Ocean. As seen from
spectra, there are no significant differences between as-
cending and descending tracks. Included in Fig. 8 are
two curves from analytical functions (bold lines) that
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FiG. 8. (a) Geosat mean autocorrelation function from ascending
(solid line) and descending (dashed line) tracks in the 10° by 10°
area 20°-30°N, 60°-70°W. Included is the analytic autocorrelation
function (bold line) representing typical POLYMODE sea surface
streamfunction statistics (DeMey and Robinson 1987). (b) Same as
Fig. 8a, but for the area 40°-50°N, 10°~-20°W. The bold line rep-
resents typical TOURBILLON surface streamfunction statistics (Ar-
han and Colin de Verdiere 1985). Included is the alongtrack auto-
correlation function (stippled line) of the area 50°-60°N, 10°-20°W,
which fits the analytic function more closely.

represent the local statistics of the surface dynamic to-
pography in those areas as estimated from POLY-
MODE (DeMey and Robinson 1987 ) and TOURBIL-
LON moored current-meter data (Arhan and Colin de
Verdiere 1985). For the POLYMODE area the agree-
ment between Geosat results and in situ measurements
is surprisingly close; differences in the shape of the
curves lead to somewhat different values of integral
scales; however, the first zero crossing L, is about the
same from Geosat (139 km) and POLYMODE (140
km). In the northeastern Atlantic the eddy scales from
the Geosat data are larger (Ly = 163 km) than those
from the in situ data (75 km). However, the TOUR-
BILLON experimental site (47°N, 15°W) was close
to the poleward edge of our 10° area. Therefore, we
included the autocorrelation function from the next
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area poleward (dotted line), which indeed fits to the
analytic TOURBILLON function more closely (L,
= 96 km). LeTraon et al. (1990) reported eddy scales
somewhat smaller than our results. From their Fig. 7
we deduced L, to be about 125 km. We do not have
an explanation for the somewhat uncertain lag of the
first zero crossing in this region. Those from the areas
to the west (see Fig. 10) are more consistent with the
numbers from LeTraon et al. (1990). The general
agreement between autocorrelation functions derived
from Geosat data and analytic functions estimated
from (local) in situ measurements serves to increase
confidence into the spatial eddy characteristics derived
from altimeter measurements.

Mean autocorrelation functions from 10° by 10°
areas along sections A to D are given in Fig. 9. A pro-
nounced decrease in correlation scale toward high lat-
itudes is found both in the Northern (Fig. 9a) and the
Southern hemispheres (Fig. 9¢). The lag of the first
zero crossing L decreases by more than 50% from 250
km near the equator to 90 km at 60°N. A similar ten-
dency, from 260 to 90 km, can be seen in the South
Atlantic.

Despite the spectral filtering in the tropics and sub-
tropics, the corresponding autocorrelation functions are
still distorted by the measurement noise (instrumental
error plus small-scale environmental error residuals),
leading to anomalously rapid drops of the correlation
at small lags. In the Northern Hemisphere the degra-
dation is maximum in the subtropics between 10° and
30°N; in the South Atlantic between 20°S and the
equator. In agreement with Fig. 6, basically no change
in eddy scales can be inferred in zonal direction along
35° latitude in both Northern (Fig. 9b) and Southern
hemispheres (Fig. 9d). The curves from all subareas
agree within the error bars, and there is only a slight
indication of a decrease in eddy scales close to boundary
currents.

A compilation of linear (L;) (top row), quadratic
(L,) (middle row) integral scales, and zero crossing
(Ly) (bottom row) from ascending and descending
tracks in all 10° by 10° areas, is given in Fig. 10. In
addition to the latitudinal dependency there is some
tendency toward larger scales in the basin interior. This
holds especially for Ly which, for example, varies along
35°S by about 10% from the basin center toward the
boundary currents. Zonal averages of L, L, and Ly
are displayed in Fig. 11. Each box comprising no pro-
nounced zero crossing (marked by brackets in Fig. 10)
has been omitted from averaging. Overall, there is a
close correspondence between both hemispheres. The
decrease in eddy scales tends to be symmetric about
the equator, except for the range 0° to 10°N, where
the zero crossing occurs at a slightly smaller scale than
in the Southern Ocean. In general, estimates of eddy
scales based on the linear (L, ) and quadratic (L,) form
are similar, although L; shows a systematic tendency
toward larger values and L, to more spatial variation.
It is important to note that, owing to the noise in the
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FI1G. 9. Same as Fig. 6, but for the alongtrack autocorrelation function. For labels in Figs. 9a and 9c, see Figs. 6a and 6c. In Fig. 9b,
E and W mark the zero crossing of the curves representing the most eastern and western area along 35°N.

Geosat measurements, eddy scales tend to be system-
atically underestimated between 20°S and 30°N when
using integral scales. Accordingly, the zero crossing in-
creases much faster than L, and L, equatorward of 30°
latitude.

The close correspondence between estimates of lin-
ear and quadratic eddy scales is illustrated in Fig. 12,
which gives a scatter diagram of L, against L, for the
whole Atlantic. South of 30°S and north of 30°N
(marked by asterisks) both scales show a close linear
relation L, = —31.5 + 1.4L,; the correlation is 0.93.
At 30°S and 30°N a clear break appears in this be-
havior, and a different linear relation L, = 16.9 km
+ 0.7 L, is found in the tropics, with smaller correla-
tion (0.79).

4. Model-data comparison of eddy characteristics

In this section the characteristics of the eddy field as
inferred from Geosat observations will be compared
with results of the high-resolution numerical model of

the North and equatorial Atlantic. The model results
will be used to reinforce our conclusions about physical
processes that lead to spectral characteristics from
Geosat observations. More extensively, however, we
will demonstrate that the Geosat results do indeed pro-
vide a critical test of the model eddy field and its space-
time characteristics.

a. Model sea surface variability

In Fig. 13a an instantaneous field of the total model
sea surface elevation is shown. The northward-flowing
Gulf Stream with its meandering extension and a broad
recirculation are visible. Figure 13b shows the corre-
sponding fluctuating eddy field after subtraction of the
3-year mean (Fig. 13c¢). Enhanced eddy activity is vis-
ible along the western boundary north of the Florida
Current, extending along the Gulf Stream and the NAC
into the Irminger Sea. Enhanced eddy activity is also
visible along the predominantly southwestward and
westward-flowing recirculation in the eastern and sub-
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F1G. 10. Geosat spatial characteristic eddy scales, estimated from ascending and
descending tracks in 10° by 10° areas. Each box contains values of the linear (L,; top

number ), and the quadratic (L,; central nu
zero crossing Ly of the alongtrack autocorrel

mber ) integral scale, and the lag of the first
ation function (bottom number). Brackets

mark areas with no well-defined zero crossing.

tropical model domain. Rather low eddy activity can
be found in the central subtropical gyre and in the
European basin. From Fig. 13 it can readily be con-
cluded that the model surface clevations are rather
small as compared to altimeter observations. Their
amplitudes roughly agree with Geosat observations in
the Gulf Stream near Cape Hatteras (see, e.g., Wille-
brand et al. 1990), where maximum amplitudes of
about one meter can be found. However, the model
amplitudes decrease rapidly in the downstream direc-
tion, and east of 60°W Gulf Stream meanders and ed-
dies become rather weak.

Similar to the Geosat data analysis, the rms surface
variability was calculated in 2° by 2° areas using three
years of model surface elevation anomalies (Fig. 14a).
For comparison the corresponding Geosat results are
redrawn for the same area in Fig. 14b. The model rms
variability is high along the Gulf Stream; maximum
amplitudes of about 27 cm are found at about 70°W,
35°N where the separating stream forms a large quasi-
steady loop current before turning into the basin. Sec-
ondary maxima are found north of Flemish Cap, where

the NAC turns eastward, and in the Irminger Sea
southeast of Cape Farewell. Enhanced variability is also
found in the tropical Atlantic with maximum values
off the coast of Brazil at 10°N owing to the retroflecting
North Brazil Current (NBC), which turns toward the
North Equatorial Counter Current (NECC) during
summer and sheds eddies along the continental coast.
The model evaluation of Schott and Boning (1991)
shows a good correspondence of the surface currents
with observational evidence in the equatorial region.
Didden and Schott (1991) found a rather close agree-
ment between model results and Geosat data in this
region.

While there is a first-order correspondence between
the geographical distribution of the rms surface dis-
placement from the model and Geosat data, systematic
differences are obvious in higher latitudes. The Guif
Stream variability decreases too rapidly in the down-
stream direction; east of 60°W there are basically no
values exceeding 8 cm, in marked contrast to the ob-
served maximum rms variability of more than 35 cm
downstream of the NES. A further marked model dis-
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FIG. 11. Geosat zonal averages of linear (L,) and quadratic (L,)
integral scales and lag of the first zero crossing (L) given in Fig. 10.
The error bars indicate the conrresponding standard deviations from
zonal averaging.

crepancy is associated with the NAC in the northern
North Atlantic, which is shifted westward by about 20°.
High variability found in the model along 40°W north
of 50°N corresponds to enhanced variability in the Eu-
ropean basin east of 20°W in the Geosat data. The
model variability is much too low (up to a factor of 4)
in the central and, in particular, in the eastern North
Atlantic.

In order to separate the eddy signal from variability
at longer periods, a Hanning high-pass filter with cutoff
period of about 150 days was applied to the model
SSH anomalies. The amplitude of the high-frequency
part of the model surface variability is given in Fig.
15a, and its percentage contribution to the total vari-
ability is given in Fig. 15¢. Figure 15b displays the cor-
responding Geosat high-frequency variability, Maxi-
mum values of eddy variability in the model are found
close to the western boundary southeast of Cape Hat-

Lp= 315141 x Lq (r=0.83) .
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FIG. 12. Scatter diagram of L, against L, from all 10° areas given
in Fig. 10. Numbers from areas poleward and equatorward of 30°
latitude are indicated by solid and open circles. Note the clear break
in the linear relation between both integral scales from midlatitudes
and the subtropics at about 30° latitude.
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FIG. 13. (a) Model instantaneous sea-surface elevation {. Negative
values are dashed and the first solid line indicates zero. Contour
increment is 10 cm. (b) Same as (a), but for the surface elevation
anomaly {’. Contour increment is 5 cm. (¢) Model 3-year mean
surface elevation {. Contour increment 10 cm.
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F1G. 14. (a) Model rms sea surface variability from three model
years, estimated in 2° by 2° areas. Contour increment 2 cm. (b)
Geosat rms sea surface variability as shown in Fig. 1a. Contour in-
crement 2 cm.

teras corresponding to vigorous fluctuations of the cur-
rent axis. Farther downstream the high-frequency
variability is still enhanced. However, their percentage
of the total is less than 10%. The latter finding holds
for almost the entire model domain. In particular, the
model eddy signal is less than observed by about a
factor of 5. Despite those discrepancies all parts of the
model ocean showing an increased percentage of high-
frequency variability are also characterized by an in-
creased percentage in the altimeter observations. In
particular, this holds for the southern part of the sub-
tropical gyre where an increased percentage of high-
frequency variability occurs along a narrow belt in the
westward-flowing portion of the subtropical gyre. This
enhanced eddy activity extends from the Canary Islands
across the basin into the Carribean where the percent-
age due to short-period fluctuations exceeds 70%. The
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model variability in the equatorial region is likewise
characterized by a significant contribution from shorter
time scales, and a high percentage is also found near
60°N, 30°W close to the Reykjanes Ridge. A com-
parison of model and Geosat results reveals that in
most of the model regions with eddy variability being
less than 10%, the percentage of high-frequency alti-
meter variability exceeds 50% (Fig. 26). As mentioned
before, some fraction of that percentage has to be at-
tributed to measurement noise (instrumental error plus
residual errors from environmental corrections) that
is absent in the model counterpart.

b. Comparison of wavenumber spectra and spatial
eddy scales

For a comparison with the Geosat results meridional
wavenumber spectra of the model surface elevation
were estimated for 10° by 10° areas. Every fourth grid
point zonally was used corresponding to a “cross-track”
separation of 1.6° in zonal direction. The Geosat tracks
are to first order aligned meridionally; close to the
equator the deviation of the tracks from the NS direc-
tion is only 18°. Therefore, it is suitable to compare
alongtrack spectra with model estimates in the merid-
ional direction. Spectra were estimated with a sampling
rate of 30 days and averaged over 3 years.

Model wavenumber spectra from three selected areas
are shown in Fig. 16, representing (a) the tropical At-
lantic (30°-40°W, 0°-10°N), (b) the Gulf Stream ex-
tension (60°-70°W, 30°-40°N), and (c) the north-
eastern Atlantic (20°-30°W, 40°-50°N), respectively.
Included are the corresponding Geosat wavenumber
spectra calculated along ascending and descending
tracks. Generally, the comparison indicates a failure
of the model to develop fluctuating eddy motions with
amplitudes comparable to those from observations.
Moreover, the model eddy field tends toward longer
wavelengths in middle and high latitudes as compared
to Geosat results. For wavelengths smaller than about
100 km the discrepancy is due to systematic errors in
both datasets. While the Geosat spectra approach the
altimeter noise level (which leads to “white” spectra
at high wavenumbers ), the biharmonic model friction,
necessary to keep the model stable, acts selectively on
small wavelength disturbances and leads to a rapid
drop of energy at high wavenumbers. A comparison
over the remaining wavenumber range, however, re-
veals similar characteristics of the spectra. In the equa-
torial region both model and Geosat spectra are red
over the whole spectral domain. In higher latitudes both
spectra show two distinct regimes, with a spectral re-
lation close to k7> beyond the cutoff wavenumber.

Model autocorrelation functions are drawn in Fig.
17 for the same areas as Fig. 16. Included are the cor-
responding alongtrack autocorrelation functions from
Geosat (dashed curves). One important property of
the oceanic variability is the systematic decrease of
length scales toward high latitudes (see Fig. 11). An
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F1G. 15. (a) Same as in Fig. 14a, but model high-frequency vari-
ability with periods < 150 days. Contour increment ! ¢m; solid lines
correspond to contours in (b). (b) Geosat high-frequency variability
with periods < 150 days, as given in Fig. 2a. Contour increment 2
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inspection of the model autocorrelation functions also
indicates a decrease in the predominant model eddy
scales with latitude. However, the decrease seems to
be less pronounced than in the Geosat data. While there
is some agreement between model and Geosat data in
the equatorial region, the discrepancy seems to increase
with latitude.

The latitudinal dependence of characteristic model
length scales is exemplified in Fig. 18a, which shows
zonal averages over 10° by 10° sites; included are the
corresponding Geosat values for the Northern Hemi-
sphere. The relative difference between model and
Geosat scales is given in Fig. 18b. The lags of the first
zero crossing show no significant difference equator-
ward of 30°N; in the poleward direction the difference
increases, reaching about 50% at 60°N. In the linear
(L,) and quadratic (L, ) integral scales a similar increase
of model-data discrepancy occurs toward high lati-
tudes. However, a systematic difference also appears
between both datasets in the tropics and subtropics.
To alarge degree this probably can be attributed to the
poor signal-to-noise ratio of altimeter data and the cor-
responding bias of integral scales in these areas.

The basic conclusion drawn from this comparison
is that the model is capable of resolving the energetic
ocean structures in the tropical and subtropical Atlan-
tic. The model resolution of 1/3° X 2/5° appears to be
too poor, however, to simulate the observed decrease
of eddy scales with latitude. This results in a systematic
failure of the model to simulate the energetic ocean
eddies poleward of about 30°N. The influence of spatial
grid resolution and horizontal friction on eddy dy-
namics was investigated in a sensitivity study with a
similar primitive equation model but applied to an
idealized model domain (B6ning and Budich 1992).
Decreasing the grid size by a factor of 2, from 1/3°
X 2/5° to 1/6° X 1/5°, along with the reduction of model
friction, significantly enhanced the eddy activity in all
parts of the model domain. Strongest differences in
eddy kinetic energy (up to a factor of 5) and in eddy
length scales, reduced by a factor of 2, occurred in the
subpolar areas.

5. Are eddy characteristics universal?

The MODE and TOURBILLON observations gave
some indication of a relation between eddy length scales
and the first internal Rossby radius of deformation R;
(Mercier and Colin de Verdiére 1985). Recently,
Krauss et al. (1990) investigated the relation of char-
acteristic eddy scales as derived from AVHRR infrared
images. Based on local estimates of eddy scales from
various sites north of 30°N, they reported a linear re-
lation between the lag of the first zero crossing of au-

cm. (c) Model percentage variability explained by high-frequency
variability. Contour increment 10%; values exceeding 20% and 60%
are hatched light and dark, respectively.
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FI1G. 16. Model mean wavenumber spectra of sea
surface height anomaly in meridional direction (solid
line) from 10° by 10° areas, representing (a) the trop-
ical Atlantic (0°-10°N, 30°-40°W), (b) the Gulf
Stream Extension (30°-40°N, 60°-70°W), and (c)
the Northeastern Atlantic (40°~50°N, 20°-30°W).
Dashed lines represent the corresponding alongtrack
Geosat results. The confidence intervals refer to model
spectra and the bold lines are drawn to emphasize sim-
ilarities of model and Geosat spectra.
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tocovariance functions and R;: Ly = 31.5 + 0.967R,;.
Deviations from a simple proportionality between in-
tegral scales and R; were noted in the Geosat data anal-
ysis of Le Traon et al. (1990). It will be shown, how-
ever, that to a large degree this can be attributed to the
degradation of integral scales in the low-energy areas
of the subtropics.

A scatter diagram of L, (from Fig. 10) against the
first deformation radius is shown in Fig. 19a. The values
of R; are adopted from the estimates of Emery et al.
(1984) for the North Atlantic and Houry et al. (1987)

for the South Atlantic and averaged over corresponding
10° by 10° boxes. Linear integral scales from areas
poleward of 30° latitude (marked by open squares)
show a linear relation with respect to R;. Between 20°
and 30° latitude there appears to be a somewhat dif-
ferent linear relation and close to the equator there
apparently is no relation between L, and R;. For values
poleward of 30° latitude on both hemispheres a linear
regression results in L; = 40.6 + 1.15R;, with corre-
lation r = 0.85. Doing the regression separately for the
Southern and Northern hemispheres, gives slightly dif-
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FI1G. 17. Same as Fig. 16, but for the corresponding
aurocorrelation functions.

ferent relations, with L; = 41.5 4+ 0.93R; (r = 0.93)
for the North Atlantic and L, = 38.3 + 1.38R; (r
= 0.89) for the South Atlantic.

As previously mentioned, the integral scales in the
tropics and subtropics are likely to be degraded by
measurement noise. In that area, however, no signifi-
cant difference between Geosat and model data oc-
curred in the lag of the first zero crossing. If we assume
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that in the tropics and subtropics the integral scales
inferred from the model are representative for the
oceanic signal, we may form a new integral scale L]
by substituting the integral scales estimated from the
noisy Geosat data by the model scales in that area. The
result is shown in Fig. 19b; now a linear relation L}
= 34.0 + 1.4R;, (r = 0.95) characterizes the entire
North Atlantic north of 10°N. A universal relation 1s
also obtained when using the lag of the first zero cross-
ing Ly from Geosat (only values with pronounced zero
crossing have been used). In Fig. 19c¢ a linear regression
leads to Ly = 79.2 + 2.2R; (r = 0.91) for the entire
Atlantic between 60°S and 60°N outside the equatorial
region (10°S to 10°N).

The striking fact of a linear relation between the
modified L and R; in the North Atlantic and between
Ly and R; over the entire Atlantic Ocean obviously
bears important dynamical implications. It should be
noted that the bias of integral scales in the low-energy
areas of the subtropics can severely mask the underlying
relation with R;. The use of integral scales can therefore
be misleading in those areas. In addition, the pecu-
liarities of the eddy scales in the subtropics reinforce
our conclusion that the wavenumber spectra in those
areas are severely distorted by measurement errors.
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FIG. 18. (a) Zonal averages of characteristic eddy scales L,, L,,
and L, inferred from model and Geosat data for the Northern Hemi-
sphere and (b) their relative differences.
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Geosat data over the entire Atlantic (see Fig. 10) against the corre-
sponding Rossby radii of the first baroclinic mode derived from values
given by Emery et al. (1984) for the North Atlantic, and by Houry
et al. (1987) for the South Atlantic. Values poleward (squares) and
equatorward (triangles) of 20°S and 30°N are significantly linearly
related to the Rossby radius outside the equatorial region 10°S-10°N.
In the equatorial region no relation is found. (b) Same as (a), but
only for the North Atlantic with Geosat linear integral scales L, from
areas equatorward of 30°N substituted by the corresponding values
from model data. A linear relation between L | (Geosat plus model)
and R; is found poleward of 10°N. (¢) Same as (a), but for the lag
of the first zero crossing L, of the alongtrack Geosat autocorrelation
function, revealing a close linear relation of L, with R; over the entire
Atlantic Ocean remote from the equator (10°S-10°N).
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Therefore, the altimeter data give no evidence for de-
viations from a universal wavenumber spectrum of
oceanic mesoscale variability.

A linear relation between eddy scales and R; could
be expected if baroclinic instability represents the pre-
dominant eddy generation mechanism. The existence
of such a relation and the indication of a universal
wavenumber spectrum over the entire Atlantic imply
that dynamical processes that control the eddy size are
similar everywhere. It also suggests that baroclinic in-
stability may represent an important source of eddy
energy not only close to boundary currents and frontal
structures but also in the interior basin.

6. Summary and conclusions

We have used 58 repeats of Geosat ERM altimeter
data to study characteristics of the ocean mesoscale
variability, and, in particular, its geographical depen-
dence. To reinforce our conclusions drawn from Geosat
data and to document that altimeter data can indeed
be used for a critical model test, results are compared
to those from a high-resolution primitive equation
model of the tropical and North Atlantic Ocean.

From Geosat sea surface height (SSH) anomalies
the rms sea surface variability was estimated within 2°
by 2° boxes from various spectral frequency bands.
The analysis reveals that along major current systems
a high percentage (>60%) of the total variability is due
to variability on eddy time scales with periods < 150
days. The variability on annual time scale is only sig-
nificant (>40%) in the equatorial region; there, it is
associated with the seasonal reversal of the North
Equatorial Counter Current.

Alongtrack wavenumber spectra were estimated over
10° by 10° areas and characteristic eddy length scales
were derived from the corresponding autocovariance
functions. Compared to Fu (1983a) and FZ a much
larger area of the Atlantic Ocean is characterized by
wavenumber spectra that can be represented by a re-
lation of k7% to k7>. Only in those parts of the ocean
where the rms variability in the eddy-containing fre-
quency band is less than 5 cm, we find wavenumber
spectra with slopes similar to the ki? power law re-
ported by Fu (1983a) and FZ for low-energy areas of
the oceans. The larger extent of these anomalous areas
in the earlier studies has to be regarded as an effect of
the analysis scheme, in particular, that of the meridi-
onal extension of analyzed arc segments. Due to the
inhomogeneity of eddy statistics with respect to lati-
tude, estimates of wavenumber spectra over arc seg-
ments substantially longer than the variation length
scale of the eddy field will ultimately lead to a flattened
spectrum.

There are various indications that for the very low
energy areas, such as between 20°S and 30°N, the de-
parture from a —4 to —5 power law represents effects
of measurement errors rather than an ocean signal.
There the rms variability barely exceeds the altimeter
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noise level; autocorrelation functions from those areas
show degradations at small lags that are characteristics
for measurement noise and give rise to an anomalous
behavior of integral scales. We conclude that the alti-
meter data do not provide conclusive evidence of a
significant departure from k7* to k7 type spectra. This
lends support to the hypothesis that those spectral
slopes, corresponding to the k7> power law of geo-
strophic turbulence, may represent a universal char-
acteristic of the ocean eddy field; it suggests that dy-
namical factors controlling eddy generation and inter-
actions are similar over the basin and are independent
of the eddy energy level.

From autocorrelation functions a pronounced de-
crease in characteristic eddy length scales is found from
the equator toward high latitudes. The reduction of
eddy scales toward boundary currents is comparatively
weak. The zero crossing L shows a linear relation with
the internal Rossby radius R; over the entire Atlantic
Ocean outside the equatorial region (10°S to 10°N).
This likewise holds for the integral scale L, poleward
of 30° latitude in both hemispheres, and also for the
entire North Atlantic north of 10°N if the integral
length scales in the subtropics are substituted by the
equivalent scales derived from the eddy-resolving
model. The linear relation between eddy length scales
and R; confirms and extends earlier results from SST
data in the North Atlantic (Krauss et al. 1990). It ap-
pears consistent with the similarity of the wavenumber
spectra near ocean boundaries and in the interior basin
and suggests that baroclinic instability is the leading
mechanism in generating eddy variability, not only
close to boundary currents and frontal regimes but also
in the less energetic interior of the ocear.

The model-data comparison generally suggests that
the model gives a first-order description of the regional
distribution of eddy variability in the North Atlantic.
In agreement with the observational evidence, high
variability characterizes the Gulf Stream and the North
Atlantic Current system, and enhanced variability oc-
curs in the equatorial region. However, the amplitude
of the variability in the model is systematically lower
(up to a factor of 4) than has been found from Geosat
observations. The model seems capable to simulate
eddy characteristics in the lower latitudes. The model
resolution of 1/3° X 2/5°, however, appears to be too
poor to simulate the marked decrease in characteristic
eddy length scales toward high latitudes, which lead to
a systematic departure from space—time characteristics
of model and Geosat data in the northern model do-
main. The model sensitivity study of Béning and Bud-
ich (1992) suggest that the increase of spatial grid res-
olution will serve to reduce much of the model-data
discrepancies in middle and high latitudes. With the
finer grid size of 1/6° X 1/5° a substantially increase in
model eddy activity takes place with much more re-
alistic length scales.

Aside from the model verification, the data—model
comparison bears some important implications with
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respect to future assimilation studies based on quasi-
synoptic altimeter data, which are frequently discussed
with respect to satellite data acquisition. It seems im-
portant that the dynamical model and the data coverage
both sufficiently resolve the spatial characteristics of
the mesoscale. The present comparison indicates that
a significantly higher than 1/3° by 2/5° grid resolution
has to be used poleward of 30°, in order to let the
model “feel” the data. Another conclusion might be
drawn with respect to satellite sampling requirements.
According to White et al. (1990), it is the cross-track
spatial data resolution rather than the alongtrack res-
olution that matters for assimilation experiments.
Given that characteristic eddy length scales vary ac-
cording to the internal Rossby radius, the cross-track
resolution of altimeter satellite sampling schemes
should be of the order of the Rossby radius in order to
sufficiently constrain the model wavenumber charac-
teristics in assimilation studies.
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