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ABSTRACT

This study of low-frequency oceanic variability is based on data collected during the Long Term Upper Ocean
Study (LOTUS), which was a two year program of (mainly) moored meteorological and oceanographic mea-
surements. The mooring arrays were centered at 34°N, 70°W over the Hatteras Abyssal Plain. With a distance
of about 300 km to the mean Gulf Stream axis and the continental slope, LOTUS was the most northern and
western long-term mooring site in the Gulf Stream recirculation region to date.

The observed low-frequency variability is dominated by zonally elongated motions of the secular time scale
(periods > 100 days) even at great depths (4000 m). In contrast to observations in other parts of the recirculation
region, the spectral shapes are strongly depth dependent.

The vertical structure of the variability was examined by EOF analysis. Different kinds of EOFs were tested;
the best representation of the observed variability was obtained by an EOF representing a unidirectional non-
rotating (with depth) flow. The first and second EOF together explain 96% of the observed energy. The first
EOF (66%) is almost barotropic with a slight increase at the surface and the bottom of the ocean; the second
mode closely resembles the first baroclinic dynamical mode. The barotropicity decreases with increasing frequency.
Motions with periods less than 30 days are almost surface trapped, and a strong bottom intensification additionally
exists for periods between 10 and 30 days.

The low-frequency flow at LOTUS is consistent with a stochastic, quasi-geostrophic wave field that may be
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affected by a mean current, but our observations are insufficient to test this hypothesis.

1. Introduction

During the last two decades the low-frequency
oceanic variability in the western North Atlantic has
been extensively examined in several large experiments
as part of MODE (e.g., MODE Group 1978; Fu et al.
1982) and POLYMODE (e.g., Mills et al. 1981;
McWilliams et al. 1983). Emphasis was placed on the
interaction of the eddies with the mean circulation and
on the sources for the eddies.

A dominant property of the eddy field in the western
North Atlantic is its large-scale spatial variability. A
prominent feature of the horizontal structure is the
correspondence of the kinetic energy of the mean cur-
rent with the surface eddy kinetic energy (Wyrtki et
al. 1976; Richardson 1983; Schmitz et al. 1983) as well
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as with the abyssal (4000 m) eddy kinetic energy
(Schmitz 1976, 1984).

The vertical structure and the shape of the spectra
also change geographically (Richman et al. 1977; Fu
et al. 1982; Schmitz 1978; Wunsch 1981). Explana-
tions for the horizontal inhomogeneity of the spectra
require more factors than just the geographical changes
of the mean kinetic energy. The general tendency along
70°W for a relative shift in energy toward higher fre-
quencies as one progresses northward has been sug-
gested, for instance, as being related to the bottom slope
(Schmitz 1974; Luyten 1977; Schmitz 1978); horizon-
tal changes of the wind field or vertical shear of the
mean current have not yet been considered.

Due in part to the similarity in the patterns of the
maximum kinetic energy and the mean current, the
main source of the eddy field has been thought to lie
in the baroclinic and barotropic instability of the mean
current. Wind forcing is thought to be a possible source
only for low-frequency variability in the central oceans
(Miiller and Frankignoul 1981), because the energy
level of linear quasi-geostrophic motions forced by sto-
chastic wind is thought to be much smaller than the
energy levels observed near the Gulf Stream. However,
a quantitative assessment of the role of wind forcing
in the recirculation region has not been done because
of the lack of simultaneous long-term space-time
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measurements of the relevant oceanic and atmospheric
quantities.

The Long Term Upper-Ocean Study, subsequently
referred to as LOTUS, provided new data for exami-
nation of the horizontal inhomogeneity of the eddy
field as well as the sources of the eddies. LOTUS was
a two-year program of meteorological and oceano-
graphic measurements mainly based on moorings. The
moorings were situated near 34°N, 70°W over rela-
tively smooth bottom topography in the deep water of
the Hatteras Abyssal Plain. With only 300 km distance
to the mean axis of the Gulf Stream and to the major
continental slope, LOTUS was the most northern and
western long-term mooring site in the Gulf Stream re-
circulation region to date (Fig. 1). In this region the
mean currents are historically weak, but the eddy ac-
tivity is strong. Local sources such as baroclinic insta-
bility of the mean current or wind forcing as well as
remote forcing through westward propagating Rossby
waves or Gulf Stream rings could all cause the low-
frequency variability in this region.

The LOTUS scientific design emphasized the role
of atmospheric forcing not only for the eddy variability
but for a variety of other oceanic motions having pe-
riods between a few hours and several months; see Price
et al. (1987) for one such result. In addition, a goal
was the determination of the variability and energetics
of the internal wave field over several seasons and under
different environmental situations such as in the pres-
ence of Gulf Stream rings or near oceanic fronts. A
detailed description of the experiment is given in
Woods Hole Oceanographic Institution technical re-
ports (Trask et al. 1982, 1983a,b,c; Deser et al. 1983;
Montgomery et al. 1984a,b; Tarbell et al. 1984, 1985).

Preliminary results of LOTUS based on the first year
of the mooring measurements were presented by Bris-
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FIG. 2. Schematic of the LOTUS moorings, showing current meters
(open rectangles) from 5 m to 4000 m on intermediate (left two
moorings), near-surface, and surface moorings. Those depths and
mooring types used here are shown as black rectangles; all instruments
used were Vector Averaging Current Meters (VACM) except at 75
m, where a Vector Measuring Current Meter (VMCM) was used.
All instruments used gave velocity and temperature records except
those at 75 and 4000 m, which provided velocity only. See Tarbeil
et al. (1984, 1985) for mooring and instrument details; the relevant
mooring numbers are given at the bottom of the figure.

coe and Weller (1984), who classified the variability
into high frequency, inertial and low-frequency vari-
ability. According to this classification we discuss here
the low-frequency part of the variability covering phe-
nomena with periods between 2 days and 717 days.
We have available a nearly continuous time series of
717 days length for the wind stress components, the
velocity components at seven depths and temperature
at five depths as shown in Fig. 2. A 24-hour gaussian-
filtered, daily-averaged version of the data is the basis
for these low-frequency variability studies. In this paper
only the more descriptive parts will be presented, i.e.,
the typical time scales (section 1) and vertical scales
(section 2).

2. Time scales

Spectral analyses were performed for time series of
the velocity components at those seven depths where
the two-year record was available. They are presented
here as log/log plots of the kinetic energy at different
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depths (Fig. 3a), as decadal (energy- or area-preserving )
kinetic energy spectra in Fig. 3b to permit comparisons
with results of other long term measurements (Schmitz
1978; Owens 1985) and as a special kind of decadal
depth-integrated spectrum of the velocity components
(Fig. 4).

In Fig. 3a, in which the energy-density spectra at
four different depths are presented (150 m, 500 m,
1000 m and 4000 m), the red spectral nature of the
kinetic energy is obvious. The energy level decreases
slightly with increasing depth but increases again near
the bottom; thus, the 4000 m energy level is larger than
that at 1000 m. The spectra do not show any significant
peaks, and drop off smoothly with increasing fre-

quency. At 150 and 500 m the spectrum drops off as

about (freq) %, which also corresponds to predictions
of linear quasigeostrophic models (Miiller and Fran-
kignoul 1981; Lippert and Kase 1985) for the first
baroclinic mode. At 1000 m and deeper the spectrum
drops off as (freq) ~2° and steeper.

Schmitz (1978) compared the observed low fre-
quency variability at the MODE CENTER region
(28°N, 70°W) with that observed near the Gulf Stream
during POLYMODE II (mooring. PM08: 37.5°N,
55°W) by means of decadal kinetic energy spectra. He
showed that near the Gulf Stream (POLYMODE II)
the shape of the spectrum is almost depth independent
and is dominated by a peak at the temporal mesoscales
(periods of 60-100 days). In the MODE area the tem-
poral mesoscale is prominent only at abyssal depths
(4000 m) while it is almost completely masked in the
thermocline by even lower-frequency energy (secular
scale, which has periods > 100 days). Recent results
on low-frequency variability at the Local Dynamics
Experiment (LDE; 31°N, 70°W) (Owens et al. 1982;
Owens 1985) show frequency spectra dominated by
the secular scale and a peak in the period range between
30-60 days. The shape of the spectra is not strongly
depth dependent there, either.

The LOTUS results (Fig. 3) do not support any clear
tendency in the evolution of the shape of the spectra
from south to north along 70°W and to the PMO8
mooring site near the Gulf Stream extension. Shown
in Fig. 3b are the decadal frequency spectra at 4 depths
(150 m, 500 m, 1000 m and 4000 m). Their shapes
change from depth to depth much more than in other
regions with strong mean currents (LDE, POLY-
MODE) but less so than at MODE, which had weak
mean currents. The shape at 150 m shows similarities
to that found during LDE at 500 m, but even at this
depth the secular scale dominates the variability; it
contains 40% of the energy compared to 12% in the
mesoscale and 18% in the period range of 30-60 days.
The secular scale becomes important with greater depth
(it contains 56% of the energy at 4000 m); the meso-
scale loses importance with depth and the percentage
of energy contained in the 30-60 day period range stays
about constant. A detail to be noted in this figure is
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FIG. 3. (a) (top) Kinetic energy spectra at 150 m depth (dashed
line with dots), 500 m depth (dotted line), 1000 m depth (dashed
line) and 4000 m depth (solid line). (b) {bottom) Decadal kinetic
energy spectra at the same depths as in (a). The scale along the top
shows the secular and mesoscale ranges, and the coding used in Fig. 4.

that, while the percentage of energy at all period ranges
< 30 days decreases from the top of the ocean to the
thermocline and the decrease continues for periods
< 20 days for greater depths, the percentage of the
energy contained in periods betrween 20-30 days in-
creases at greater depths. Evidence for this feature,
which is possibly connected with topographic waves,
is also given in the empirical eigenfunctions of the en-
ergy-weighted cospectral matrix for the 10-30 day pe-
riod range (section 2, Fig. 10).

To demonstrate how each velocity component con-
tributes to the kinetic energy, we prepared a decadal,
area-preserving, vertical presentation of the kinetic en-
ergy (Fig. 4). The whole shaded area corresponds to
100% of the observed depth-integrated kinetic energy.
Each area with a different shading, divided from the
others by a solid line, corresponds to the fraction of
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FIG. 4. Fraction of kinetic energy contained in various frequency and depth ranges (shaded
area plotted to the left) and the ratio of the energy of the meridional and zonal velocity components
(inset small figure). The whole shaded area corresponds to 100% of the kinetic energy. The
subscripts correspond to

¢ low frequency range (periods: > 100 days)

m medium frequency range (period: 30-100 days)
s special frequency range (periods: 10-30 days)

h high frequency range (periods: <10 days).

Inset figure to the right: The dotted curve corresponds to the values in the upper-most depth
range (0-75 m); the dashed line corresponds to the medium depth range (down to 1500 m); the

solid line corresponds to the lower ocean.

the kinetic energy integrated over the corresponding
depth and frequency range. Within each kind of depth-
frequency bin the zonal and meridional velocity com-
ponent are distinguished by coarse/fine patterns where
the coarser-grained pattern corresponds to the zonal
velocity component. The breadth of each patterned
area is a relative measure for the energy of each velocity
component averaged over the particular depth interval.
We chose four different period ranges (see also Fig. 3b)
for this presentation. The “low frequency” part (sub-
script € ) covers the secular scales of our observations
(periods between 100-717 days). The 30-100 day me-
dium frequency range (m) encompasses the 60-100
day mesoscale defined by Schmitz et al. (1983) and
the 30-60 day range. In addition, we define a “special”
range (s) for periods between 10-30 days because at
these periods the EOFs will show bottom intensification
consistent with topographic Rossby waves, and the pe-
riod range is bounded by the mesoscale on the long-
period side and by linear resonant barotropic Rossby

waves on the short-period side. Finally, there is the
high frequency (/) range (2-10 days).

The total depth interval is divided into three different
depth ranges. The first interval corresponds to the up-
permost 75 m including from the theoretical point of
view the option of quasi-geostrophic and ageostrophic
motions. The middle interval includes the main ther-
mocline (75-1500 m) and the third depth interval
covers the deep ocean. This kind of grouping is also
chosen because the same three depth intervals are
meaningful for vertical EOFs discussed subsequently
since temperature and velocity time series are complete
only for the middle depth range.

Figure 4 shows that the zonal velocity at the secular
scales (EU, ) is the largest single component of all the
low frequency variability. Even in the deep ocean about
half of the kinetic energy comes from the zonal velocity
component in the lowest frequency band. In addition,
it is remarkable that the zonal velocity at the secular
scales is almost barotropic below the surface layer. The
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importance of the zonal velocity component for the
kinetic energy, however, decreases with increasing fre-
quency. In the mesoscale frequency range the contri-
bution of the meridional velocity component to the
kinetic energy dominates in the uppermost depth in-
terval, and in middle depths is about the same as that
of the zonal velocity component. In the deep ocean
the zonal velocity component still dominates. At higher
frequencies, where the contribution of the zonal and

meridional velocity components is about the same,

their contribution to the total kinetic energy is quite
small.

Although we observe no correspondence between
the shape of the low-frequency spectra and the energy
level that is definitely related to the distance to the
Gulf Stream (Richardson 1983; Schmitz 1984), we
suggest the following synthesis based on the low-fre-
quency variability results of Schmitz (1978), Owens
et al. (1982), Owens (1985), and these results from
LOTUS.

The energy at secular scales in the thermocline is the
same at the MODE and LDE mooring sites. In the
recirculation region (LOTUS, POLYMODE) the en-
ergy in this period range is twice the energy of the sec-
ular scale at MODE. This small increase from south
to north might be related to the increase of the rms
amplitude of the wind field (Willebrand 1978) rather
than to the increase of the mean current (Wyrtki et al.
1976); we cannot tell. Nevertheless, the importance of
the secular scale for the entire range of low-frequency
variability measured as a percentage of the total kinetic
energy is strongly dependent on the energy at the me-
soscale. The temporal mesoscale energy and variability
in the 30-60 day period band also increases as the Gulf
Stream is approached, but the increase is much stronger
than in the secular band. The energy of the secular
scale at the 4000 m level changes horizontally in about
the same way as at the 500 m level, but only at LOTUS
does the secular scale account for most of the energy
observed at 4000 m (56%). At this depth the energy
contained in the mesoscale and in the period range
from 30-60 days is the same as observed at LDE, which
1s much smaller than at POLYMODE and larger than
at MODE. Thus, more factors than the distance to the
Gulf Stream are required to explain the spatial inho-
mogeneity of the low-frequency spectra. Spatial in-
homogeneity of the vertical shear of the mean current
and of deep mean currents on bottom slopes could be
possible factors; neither can be quantified well with
LOTUS data.

The zonally elongated motions (which were also
found in the thermocline at MODE, Richman et al.
1977) and the almost barotropic structure at LOTUS
(Fig. 3, see also the next section ) are characteristics of
quasi-geostrophic turbulence (Rhines 1975, 1977), in
which energy in the barotropic mode will tend to cas-
cade to low zonal wavenumbers. Zonal elongation is
also a prominent feature of linear Rossby waves in a
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certain frequency range (Lippert and Kase 1985).
However, a strong horizontal anisotropy of the velocity
field, as observed at LOTUS, which can be measured
by the ratio of the energy of the meridional velocity
component to the zonal velocity component (EV/EU,
Fig. 4, small inset), can only be found in models of
linear Rossby waves if the forcing shows the same an-
isotropy (Lippert and Kase 1985); this kind of an-
isotropy has not been found in the stochastic compo-
nent of the wind field. On the other hand, primarily
wind-forced Rossby waves secondarily amplified by
baroclinic instability of a mean shear flow (which does
not have to have very large amplitudes) can also lead
to zonal bands (Lippert 1986).

3. Vertical structure

To examine the vertical structure of the observed
variability in more detail, the empirical orthogonal
function (EOF) technique is used. The simplest EOFs
are determined as the eigenfunctions either of (i) the
average covariance matrix of a real or complex scalar
{Moore 1974) or (ii) the average cospectral matrix of
the Fourier transform of the corresponding scalar
(Wallace and Dickinson 1972). The scalar can be either
the temperature or one of the velocity components
(Kundu et al. 1975).

To get the characteristic vertical structure of a vector
quantity like the velocity field, we either have to in-
corporate the velocity components as independent
scalar quantities (the dimension of the covariance ma-
trix is doubled to twice the number of instrument
depths) or to combine the velocity components in some
way into a single quantity. One way to reduce the ve-
locity covariance matrix to one of a single scalar is by
calculating the covariance matrix as the dot product
between the velocities (Davis 1975). In this case, the
observed velocity field is represented by a unidirectional
flow for which only the amplitude is allowed to change
with depth. Another possibility lies in a complex rep-
resentation of the velocity field:

U=u+iv.

In this case the desired eigenfunctions are, in addition,
allowed to veer with depth (Kundu and Allen 1976;
Hardy 1977; Hardy and Walton 1978; Legler 1983;
Denbo and Allen 1984; Klink 1985). Each of the pos-
sible kinds of velocity covariance matrices corresponds
to a specific model idea about the velocity field,
whereby the most general (i.c., least constrained) ap-
proach is given by considering the velocity components
as independent quantities.

Finally, information about the statistical relationship
between the temperature and the velocity field can be
found from the EOFs of the covariance matrix calcu-
lated by assuming that u, v and T are independent
scalars (Owens 1985; Hogg 1985).

Owens (1985) presented a comprehensive meth-
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odology of calculating vertical EOFs and suggested
comparing the different EOFs to get some information
about the dynamics of the observed variability. We
will follow his approach to make our results directly
comparable to his results about the low frequency vari-
ability at the LDE mooring site, which was situated
300 km south of the LOTUS mooring site.

Owens used covariance matrices that, in addition to
weighting with the variance at each instrument, were
also weighted with the depth intervals between the in-
strument depths. Thus, his EOFs gave the best repre-
sentation for the depth-integrated energy; we call these
EOFEs. We will, in addition, consider the EOFs of
only the variance-weighted covariance matrix (EOFV,
here) and compare them with the EOFEs. The different
kinds of weighting can lead to different EOFs if the
measurements are not vertically equidistant, as in LO-
TUS. Which kind of weighting is preferable depends
on the application, as in most statistical methods.

We begin by considering the modes resulting from
the most compressed representation: the dot-product
velocity. The first two EOFs represent 94% (variance
weighting) or 96% (energy weighting) of the observed
variability in the velocity field. However, the EOFs of
the variance-weighted covariance matrix (EOFV) are
quite different from those of the depth-integrated en-
ergy-weighted covariance matrix (cf. Owens 1985), re-
ferred to here as EOFE. The first EOFV (Fig. 5a), which
shows a decrease in the uppermost 1000 m but stays
constant below 1000 m, represents 85% of the observed
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FIG. 5. First and second EOFV and EOFE, which are obtained
from the covariance matrix of the time-averaged, velocity dot-prod-
ucts. Panels a and b show the EOFVs obtained from the variance-
weighted covariance matrix. Panels ¢ and d show the EOFEs, for
which the covariance matrix is weighted proportionally to the sep-
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FIG. 6. (a) Vertical profile of the mean buoyancy (Brunt-Vaisala)
frequency obtained from the Levitus dataset (1982) and, (b) the first
and second baroclinic dynamical modes. The Rossby radii are 33.5
and 14.5 km, respectively. ’

variability; the second mode (5b), which describes the
observed bottom intensification, represents only 8%.
In the case of the energy-weighted covariance matrix,
more importance is attached to the observed bottom
intensification, thus the first EOFE (5c¢) (66%) shows
an increase at greater depths but generally has a weaker
depth dependency than the first EOFV. Twenty-nine
percent of the variability is described by the second
EOFE (5d), which closely resembles the first baroclinic
dynamical mode (Fig. 6b).

With the exception of the second EOFV, the EOFs
can be reasonably well described by a linear superpo-
sition of the barotropic and first baroclinic dynamical
modes. Near the surface additional dynamical modes
are necessary to describe the shape of the EOFs; this
suggests a stronger cross-modal coupling (McWilliams
et al. 1986) near the surface. It is remarkable that the
ratio of the barotropic and first baroclinic mode is about
1 to 1 for the EOFVs while the first EOFE is dominated
by the barotropic component (ratio 11 to 1) and the
second EOFE by the first baroclinic mode (ratio 1 to 9).

For comparisons of vertical EOFs of the low-fre-
quency variability at different locations, it is therefore
necessary to compare the same kind of EOFs. In Fig.
7 the EOFEs of LOTUS, LDE (Owens 1985) and
MODE (after Davis 1975) are presented. The barotro-
picity of the observed variability (in the sum of the first
two EOFs) increases from south to north, which is sup-
ported by the ratio of the barotropic to the first baro-
clinic mode of the first EOFE which is about 1 to 1 at
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Fi1G. 7. First and second EOFEs of LOTUS (triangle),
LDE (square), and MODE (circle).

MODE, 3 to 1 at LDE (Owens 1985) and 11 to 1 at
LOTUS. The increase of the barotropicity from south
to north is accompanied by a decrease of the surface
intensification and a small increase in the bottom in-
tensification. Note that all three sites are on the Hatteras
Abyssal Plain and are quite far from the continental
slope; LOTUS is closest, at about 300 km. Also at the
POLYMODE II mooring site (36°N, 55°W) even the
low frequency variability with periods greater than 100
days was found to be predominantly barotropic (Hogg
1985; Schmitz 1978). As Schmitz (1978) pointed out,
by comparing the vertical structure of the kinetic energy
at POLYMODE II and the MODE mooring site (28°N,
70°W), the increase of the barotropicity seems to be
related to an increase in the energy level, which would
support general theoretical arguments of Rhines
(1977). These results from LDE and LOTUS further
support the hypothesized relation between the baro-
tropicity and the energy level.

The next less constraining EOF case (Owens 1985)
is the veering modes resulting from the time-averaged
covariance matrix of a complex combination of the
velocity components (see above). These EOFs turned
out to resemble the EOFs of the velocity dot-product
covariance-matrix (Fig. 5) in all details, and therefore
are not shown. The corresponding phases, which de-
scribe the depth-veering from the velocity direction at
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the surface, are small and statistically not different from
zero. This indicates that the average quadrature cross
spectrum of the velocity components is zero, which is
in agreement with linear quasi-geostrophic wave dy-
namics for a random superposition of waves.

The EOFs of the covariance matrix calculated with
the assumption that # and v are independent scalars
make clear the different magnitudes of the velocity
components (Fig. 4) and that only a very small cor-
relation between the velocity components exists. The
first EOFV (Fig. 8a) is predominantly a zonal velocity
mode; the meridional component contains only about
3% of the total variance or energy; this lies inside the
error bars and is therefore statistically not significantly
different from zero. The second EOFV is mainly the
meridional component. The first and second EOFV
together describe a northeastward flow with a vertical
structure very similar to that of the first EOF’s (Fig.
5) that demand a unidirectional flow. Together, how-
ever, they contain only about the same amount of the
variance as just the first EOFV of the velocity dot-
product matrix (Fig. 5a). In Fig. 8c,d the EOFEs cal-
culated with «# and v as independent quantities show
clearly that the velocity components are strongly un-
correlated. The first and the second EOFEs are almost
zonal velocity modes with the vertical shape of the first
and second EOFE describing the unidirectional flow.
Finally the third EOFE (not shown, but statistically
significant ) describes a pure meridional velocity direc-
tion. Consequently, for the variability during LOTUS,
at least twice as many u#—v independent EOFs are re-
quired as in the case when the EOFs describe a uni-
directional flow to represent the same fraction of en-
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FiG. 8. First and second EOFV (a and b) and EOFE (¢ and d)
obtained from a time-averaged covariance matrix in which the velocity
components represent independent scalars.
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ergy. Therefore, no large, averaged, horizontal mo-
mentum transport seems to be connected with most
of the observed variability, because this would demand
a strong correlation between the u and v motions.

The correlation of the velocity components with the
temperature field is expressed in the EOFEs of the u,
v, T-covariance matrix (Fig. 9), in which the T com-
ponent has been scaled by N/(dT/dz) at each depth.
The temperature is almost uncorrelated with the ve-
locity components, as indicated by the resulting in-
dependent modes for the three components #, v and
T. The first EOFE, containing 58% of the total energy,
1s predominantly (97%) a temperature mode. The sec-
ond and third EOFE describe, respectively, primarily
a zonal (73% of the second EOFE ) or meridional (68%
of the third EOFE) flow. The differences between
EOFEs and EOFVs, which obtain for the low frequency
variability at LOTUS due to bottom intensification of
the zonal velocity component, are not available in this
case because we could not incorporate the values at
4000 m due to the lack of temperature data at this
depth.
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The best representation (i.e., simplest, most of the
variance described) for the low-frequency variability
during LOTUS is, therefore, given by an EOF describ-
ing a unidirectional, nonrotating flow; temperature and
velocity are in quadrature, which suggests quasi-geo-
strophic dynamics. Since # and v are uncorrelated, a
stochastic wave field is indicated rather than single-
wave dynamics.

Our results are therefore at least qualitatively in good
agreement with those of LDE (Owens 1985). The dif-
ferences lie mostly in the vertical structure at the two
different locations, and in the fact that at LDE small
correlations between the velocity components and be-
tween the temperature and velocity seem to occur.

The EOFs resulting from the time-averaged covari-
ance matrix are dominated by the characteristics of the
most energetic motions. Since at LOTUS the energy
is concentrated at very long periods, the EOFs pre-
sented above do not characterize the motions at shorter
periods. In addition there could be frequency ranges
in which significant heat transports and/or momentum
transports occur. We therefore present in addition the
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Fi1G. 9. First, second and third EOFE re:

sulting from a time-averaged covariance

matrix in which u, v and T are independent scalars. Here, T has been scaled by N/
(dT/dz) at each depth. The contribution of each EOFE (i.e., all three components
taken together) to the total energy is 76%, 10%, and 7%, for the first, second, and third
EOFEs, respectively. The dominating component for each EOFE has its relative con-
tribution shown as a percentage in the figure. The temperature component of the first
EOFE, for example, contains 76 X 97 = 74% of the total variance in the dataset.
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EOFs for the 4 frequency ranges defined above in sec-
tion 1 and Fig. 3.

Shown in Fig. 10 are the first and second EOFEs of
the velocity dot-product matrix for the four frequency
ranges. The first EOFE shows a strong increase of the
surface intensification with increasing frequency. The
period range between 10 and 30 days (called s here) is
considered typical for topographic quasi-geostrophic
waves (Rhines 1970; Thompson and Luyten 1976;
Csanady 1988); the EOFEs show their strongest bottom
intensification in this range. However, we should note
that the first EOFE in this period range contains less
energy than the first EOFEs of the lower period ranges,
and the second EOFE for periods between 10 and 30
days has no bottom intensification.

The temperature fluxes described by the EOF anal-
yses are small [1073 to 10~ (cm s™')°C], are maxi-
mum at about 500 m depth, and are about the same
size in the low, medium, and special frequency ranges;
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F1G. 10. First EOFE (upper panel) and second EOFE (lower panel)
in 4 different frequency ranges. The letters correspond to low-fre-
quency range { £), medium-frequency range (m), special-frequency
range (5), and high-frequency range (#), as in Figs. 3 and 4. The
origin of the zero axis for each frequency range is progressively shifted
to the right, and is located to the left of each corresponding curve.
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in the high-frequency range the temperature flux from
the EOFs is even smaller. In the medium frequency
range, the meridional temperature flux is 2 to 3 times
larger than the zonal flux; in the low and special fre-
quency ranges it is mainly a southeast temperature flux.

4. Summary and conclusions

We have presented a description of the low-fre-
quency variability observed during the Long Term
Upper Ocean Study, based mainly on mooring data at
34°N, 70°W in the northwestern part of the Gulf
Stream recirculation region.

The vanability is dominated (Fig. 4) by zonally
elongated motions of the secular time scale (periods
> 100 days). In contrast to the observations in other
parts of the recirculation region, the shape of the spectra
(Fig. 3) is strongly depth dependent. The relative im-
portance of fluctuations of the secular scale (measured
as a fraction of the total energy at each depth) increases
with depth.

The vertical structure was examined by a variety of
EOF analyses, of which we prefer the EOFE dot-prod-
uct version (Fig. 5c,d) for its simplicity and robustness.
Sixty-six percent of the observed energy can be de-
scribed by an almost barotropic mode with only a slight
increase at the surface and the bottom of the ocean.
By including the second empirical mode, which closely
resembles the first baroclinic dynamical mode, 96% of
the observed energy can be accounted for. The baro-
tropicity of the eddy variability along 70°W increases
from south to north, as observed by comparing (Fig.
7) the variability observed during MODE and LDE
(Owens 1985) with that at LOTUS. However, with
increasing frequency (Fig. 10) the motions at LOTUS
become more and more baroclinic and surface inten-
sified; LOTUS, of all the recirculation region datasets,
provides a unique opportunity to examine surface in-
tensification.

It is possible to diagnose aspects of the dynamics of
the observations without incorporating information
about the horizontal scales if one uses the information
from the cross spectra in addition to the power spectra.
Part of the information from the cross spectra was in-
cluded in the EOFs. The best representation of the ob-
served energy was given by an EOF that described a
unidirectional nonrotating (with depth) flow; this is
consistent with but does not prove linear wave dynam-
ics. However, we emphasize strongly that # and v are
uncorrelated, which demands a stochastic wave field
rather than single-wave dynamics.

We note that resonant barotropic Rossby waves are
predicted by linear theory to have periods of the order
of'one to ten days (Willebrand et al. 1980), and linear
baroclinic Rossby waves only occur at periods larger
than their critical period (which is 182 days at the LO-
TUS mooring site). Therefore, no purely linear theory
can explain our observed motions whose vertical
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structure is a combination of the barotropic and first
baroclinic mode at lower frequencies but changes to a
more baroclinic shape at higher frequencies. This sug-
gests that the barotropic and first baroclinic mode are
strongly coupled as well as having the same time scales.
We would have gotten the same result from a decom-
position of the time series into the dynamical modes
followed by a spectral analysis, by which method Rich-
man et al. (1977) obtained the result that the motions
in the MODE region are not simply linear.

Our summary statement from this study about the
dynamics of the variability during LOTUS is that the
observed fluctuations are consistent with a stochastic,
quasi-geostrophic wave field that may be affected by a
mean current. We have no criterion to distinguish be-
tween a linear quasi-geostrophic wave field and a broad
wavenumber band of Rossby waves that interact in a
weakly nonlinear way, if both are affected by a mean
current. Others are working on aspects of this (e.g.,
Owens 1979; Treguier and Hua 1987).
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