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Large-scale SST anomalies associated with subtropical fronts
in the western North Atlantic during FASINEX

by George R. Halliwell, Jr.] and Peter Cornillon1

ABSTRACT
We describe the large-scale variability of sea surface temperature (Ts) and fronts in the

western North Atlantic Subtropical Convergence Zone from January-June 1986 within an
approximately 11° longitude by 10° latitude domain. Fronts were primarily found within
interconnected bands separated by <500 km that tended to be located on the periphery of
anisotropic Ts spatial anomaly features that propagated westward at about 3 km day-I.
Relatively weak and strong (small or large J'VTsl> segments of the dominant zonally-oriented
frontal band (the Subtropical Frontal Zone, or SFZ) shifted westward with these anomaly
features. which had characteristic peak-to-peak space scales of up to ••800 km in the minor axis
direction (NW-SE) and time scales of up to ••275 days. both larger than the scales of mesoscale
eddies observed during earlier experiments. Both the main and seasonal thermoclines tended to
be elevated (depressed) by several tens of meters beneath cold (warm) anomaly features,
suggesting that the influence of eddies on Ts and fronts extends to larger space and longer time
scales than those resolved in earlier studies. Because of the very limited spatial and temporal
coverage of available subsurface data. however, this relationship could not be verified conclu-
sively. Properties of the anomaly features were consistent with the dispersion of lowest-mode
internal Rossby waves, and they were apparently not generated or significantly influenced by
wind-driven Ekman transport. A much longer data set. including altimetry and subsurface data,
will be required to verify that eddies influence Ts and fronts at these large scales. and if so, to
determine the physical processes behind this influence.

1. Introduction
The large-scale variability of sea surface temperature (Ts) and of the Subtropical

Frontal Zone (SFZ) in the western North Atlantic Ocean between January and June
1986 was studied by Halliwell and Corn ilion (1990a,b, henceforth referred to as HCI
and HC2) as part of the Frontal Air-Sea Interaction Experiment (FASINEX) (Stage
and Weller. 1985, 1986). The SFZ is a predominantly zonal band of relatively large
I\7Tsl a few degrees of latitude wide (HCI) that appears in sufficiently long temporal
averages of the Ts field (Roden, 1980; Van Woert, 1983, HCl). The SFZ is located
within the Subtropical Convergence Zone (STCZ), a zonally-oriented band typically
centered between 25N and 30N in the FASINEX region where meridionalconver-
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gence of surface wind-driven Ekman transport exists between the Westerlies to the
north and the Trade Winds to the south. One or more oceanic surface temperature
fronts are usually observed within the SFZ, distinguished by jumps of up to 3°C within
a distance of several kilometers (Voorhis, 1969; Van Woert, 1982; Niiler and Rey-
nolds, 1984). The distinction between fronts and frontal zones is discussed in general
by Fedorov (1983), and it is discussed for subtropical convergence zones by Roden
(1980), Niiler and Reynolds (1984), and Halliwell (1989).

Deformation in the horizontal current field caused by mesoscale eddies with
peak-to-peak space scales of ""100-400 km and time scales of ""100 days often
produces frontogenesis and frontolysis, and often deforms existing fronts (Van Woert,
1982; Voorhis et al., 1976). (All space and time scales will be peak-to-peak scales
unless otherwise noted.) Currents caused by smaller, shorter-period submesoscale
eddies also affect the fronts (Leetmaa and Voorhis, 1978; Voorhis and Bruce, 1982). In
this paper, we describe the distribution and variability of surface temperature fronts
(including the dominant SFZ), and the Ts variability associated with these fronts,
during FASINEX within the same 11° longitude by 10° latitude domain used in HCl
and HC2. Data limitations prohibited us from accurately resolving variability with
space scales smaller than about 300-400 km, the size of the largest mesoscale eddies.
Since the Ts variability described in this paper is dominated by variability substantially
larger than the mesoscale eddies, we will use the term "large-scale" to identify it. We
will refer to space scales much larger than the size of the analysis domain (» 1100 km),
which we could not resolve, as secular scales.

We show that fronts tend to be found on the periphery of westward-propagating
spatial Ts anomaly features with scales of up to ",,800 km and ",,275 days. The evidence
presented here indicates that the influence of underlying eddies on Ts and the fronts
may extend to the larger space and time scales resolved in this study. Unfortunately,
the time interval of this study was too short, and insufficient supporting data (subsur-
face, satellite altimetry, ... ) were available, either to conclusively prove the existence
of a large-scale eddy influence, or to identify the physical processes responsible for this
influence if it does exist. Whatever processes are involved, these westward-propagating
anomaly features dominated the Ts variability at large scales during FASINEX,
making it difficult to detect the expected response of fronts in the STCZ to the
meridional convergence of Ekman transport.

2. The data set
In previous studies, we have described basic statistical properties of the wind and

satellite-derived Ts fields during FASINEX (HCl), and quantitatively analyzed the
contributions of some physical mechanisms to both the large-scale upperoocean heat
balance and the observed large-scale variability of the SFZ (HC2). These studies
focused on an approximately 11° longitude by 10° latitude domain in the western
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North Atlantic containing the FASINEX site. We use this same data set for our
present analyses, which includes 5-day maps of Ts on a 46 x 40 grid with a resolution of
0.250 in both latitude and longitude derived from NOAA-7 and NOAA-9 A VHRR/2
infrared images, and 5-day averaged Fleet Numerical Oceanography Center (FNOC)
wind stress and wind stress curl maps on a 5 x 5 grid with a 2.50 resolution in both
latitude and longitude. We refer the reader to HCl for a complete description of this
data set. We also use FASINEX ship-of-opportunity XBT data (Evans et al .• 1986)
and FASINEX current meter data (Pennington et al .• 1988) to search for possible
relationships between the observed large-scale anomaly features and internal oceanic
eddies.

The Ts maps were spatially smoothed with a 9 x 9 point two-dimensional Hanning
window (HC2), which reduces the variance of Ts by <20% for A ~ 500 km, by about
50% for X Rl 300 km, and by >90% for X::;; 100 km. Smoothing was necessary because
smaller-scale variability in the maps was often poorly resolved due to cloud cover. Since
large-scale features in these smoothed maps were dominated by periods» 10 days, we
analyzed eight 25-day maps, each the average of five 5-day maps and separated by 20
days. The averaging and separation intervals were selected to resolve the large-scale
variability during FASINEX as well as possible with a small number of T.maps.

3. Fronts

a. Distribution. Bohm (1988) digitized frontal paths using individual AVHRR im-
ages, then plotted monthly compilations of these paths between October 1982 and June
1986. We present a compilation of these fronts, along with a contour plot of I\7Tsl, for
the second of our eight 25-day intervals (31 January-4 February through 20-24
February) in the top two panels of Figure 1. Fronts are found primarily within
interconnected frontal bands generally separated by distances <500 km, and these
same bands are outlined by ridges in the I\7T.1 field (Fig. 1). We can therefore use these
smoothed Ts maps to describe the large-scale distribution and variability of fronts at
large horizontal scales during FASINEX.

Although the width and the strength (as measured by I\7TsD of frontal bands partly
depend on the degree of smoothing, T.maps can still be used to study the distribution
and variability of frontal bands over the limited range of space scales resolved (e.g.,
White et al .. 1978) as long as the same degree of smoothing is used for each map. Ts
variability associated with the variability of these frontal bands can then be studied to
help determine the physical processes responsible for frontogenesis, frontolysis, and the
advection of existing frontal bands over the limited range of space scales resolved. The
processes that lead to frontal formation operate over more than four decades of
wavenumber space (and over a wide range of frequencies), and the relative importance
of different processes is a function of wavenumber. Results presented in this paper will
be valid over less than one full decade of wavenumber space, and will not be
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Figure I. The locations of all fronts observed in AVHRR images (top left), temperature
gradient magnitude (iV'TsD with a contour interval of I x 10-6 °C m-I (top right), the same
IV'Tsl function with a minimum contour threshold set at 6 x 10-6 °C m -I (bottom left), and the
anomaly function T;.(x, y, t) from (4.2) (bottom right), all for the second 25-day interval.
Ridges of IV'Tsi maxima are traced by dark solid lines in the top right panel, and these lines are
reproduced in the bottom right panel.

representative of the processes maintaining the O( 10) km frontal interfaces contained
within the frontal bands, nor of the processes responsible for the smaller-scale
varia bility of these frontal interfaces.

The existence of a large-scale pattern of interconnected frontal bands within the
STCZ has apparently not been well documented, with earlier studies generally
concentrating on a single front or frontal band. However, multiple interconnected
frontal bands in the upper ocean, with characteristic separation scales of several
hundred kilometers, were observed at times by Levine and White (1981) in the North
Pacific STCZ using data with coarse resolution (20 latitude x 50 longitude).
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Tn contrast to our observation of characteristic separation distances up to 500 km,
Fedorov (J 983) identified frontal crossings in several long temperature transects and
estimated characteristic frontal separation scales of 40-100 km in major climatic
frontal zones of the world ocean, which includes subtropical convergence zones, with
the smaller scales prevalent in regions with a relatively energetic eddy field. His
estimate is not necessarily inconsistent with ours because fronts will be crossed more
frequently than frontal bands, since a ship may encounter more than one front, or a
highly-convoluted front more than once, in crossing a frontal band. Also, fronts will be
crossed more frequently if a ship sails parallel to a frontal band for a long distance.

b. The SF2. This picture of multiple interconnected frontal bands is inconsistent with
simple conceptual models of the STCZ where wind-driven meridional convergence of
heat in the upper-ocean Ekman layer is expected to create a single zonally-oriented
subtropical front or frontal zone. A dominant frontal zone can be identified in the
25-day maps, however, by reproducing the contour plot of I\7Tsl with a minimum
contour threshold set (Fig. I). Proper selection of this threshold outlines one predomi-
nantly zonally-oriented frontal band, which we identify as the SFZ. During the second
25-day interval, the SFZ appears as a band that is oriented zonally to the east of 69W
and oriented SW-NE to the west (Fig. 1). It has a break, or relatively weak segment,
near 64-65W.

Perturbations in the strength of the SFZ tend to propagate westward (HC1). To
illustrate this here, we record the maximum temperature gradient magnitude (I\7Tslmax)
within the SFZ at eleven separate longitudes for alJ 25-day intervals, then contour it as
a function of longitude and time (Fig. 2). The largest values of I\7Tslmax are observed
between 69 and 72W, and this maximum appears to propagate westward at an average
speed of about 1 km day-I. East of 69W, both a minimum and a maximum in I\7Tslmax
propagate westward at 2-4 km day-to This propagating signal disappears by May
when rapid seasonal warming begins (Hel).

4. Spatial anomaly features

a. Spatial anomaly functions. We calculate 5-day maps of the spatial anomaly
function Tsa using

Tsa(x, y, t) = T.(x, y, t) - TsC<x, y, t), (4.1 )

where TsC<x, y, t) is the seasonal Ts cycle obtained from the Cooperative Ocean-
Atmosphere Data Set (COADS) (Sadler et al.. 1987). Monthly fields of Tsc were
obtained and interpolated to the central times of the 5-day intervals using cubic splines.
We average the field of Tsa over the 4-month interval from 11-15 January through
11-15 May, prior to the onset of rapid seasonal warming, and contour this temporalJy-
averaged field ['Tsa(x, y)] in Figure 3, correcting for the positive Ts bias documented in
HCI. Ts is above normal throughout nearly all of the analysis domain, being about
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Figure 2. Contours of I\7Tslmax at the latitude of the SFZ contoured as a function of longitude
and time. Propagation of extrema is indicated by the dashed lines.

0.8°C above normal near the location of FASINEX mooring F2 and reaching a
maximum of about 1.3°C above normal 200-300 km to the northeast (Fig 3). The
warm feature centered NE of the FASINEX site is anisotropic, with the major axis
oriented SW-NE.

b. Large-scale spatial anomaly features. To isolate Ts variability related to our
observed frontal bands, variability with secular space scales must be removed from the
Ts maps by least-squares fitting and removing a plane from each map:

T~a(x,y, t) = Tsa(x,y, t) - To(t) - A(t)x - B(t)y. (4.2)

We contour maps of T~a in Figure 4 for all eight 25-day intervals. The large anisotropic
warm anomaly feature evident in the temporal average of this field between mid-
January and mid-May [T~a(x, y, t)] (Fig. 3) is also evident in the first six 25-day maps
that span the same time interval (Fig. 4). The major axis of this warm feature is
oriented SW-NE, and an anisotropic cold feature with a similar major axis orientation
exists to the northwest. Other weaker features are also evident. After midoMay, these
features gradually disappear as rapid seasonal warming occurs. They propagate in a
predominantly westward direction at a few kilometers per day. For example, the large
warm feature is centered near 28.5N, 68W in late January, and near 27.5N 70.5W in
early May.

To illustrate the relationship between these anomaly features and the observed
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Figure 3. The mean anomaly functions Tsa(x,y) from (4.1) (top) and T'sa(x,y) from (4.2)
(bottom) contoured within the analysis domain. The overbar denotes a temporal average
between 11-15 January and 11-15 May 1986. A temperature value of 0.58°C was subtracted
from the Ts. (x, y) field to correct for the mean temperature bias described in Hel. Dashed
contours indicate negative values. In the bottom panel, four-month vector mean current
measured just beneath the base of the mixed layer is plotted for the three FASINEX moorings
located at the small squares, which are, from N to S, Fl (162 m), F2 (160 m), and F12
(159 m). The straight line in the bottom panel is the approximate path of the ship-of-
opportunity cross-sections used in Fig. 6.

frontal bands, we contour the field of T~.(x,y, t) for the second 25-day interval in
Figure 1, superimposing on it the paths of the ridges of large I\7T.I. Some tendency is
evident for the frontal bands to exist on the periphery of the warm and cold anomaly
features. This pattern is significantly modified, however, by the mean Ts gradient that
has been removed from the Tsa field. This causes zonally-oriented frontal bands to be
relatively strong between a warm feature to the south and a cold feature to the north,
and to be relatively weak or nonexistent between a cold feature to the south and a warm
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Figure 4. The anomaly function T:.(x, y, t) from (4.2) contoured for all eight 25-day intervals.
Dashed contours indicate negative values.

feature to the north. It is well known that fronts tend to form on the periphery of
oceanic eddies, largely due to deformation present in the horizontal current field
(Fedorov, 1983), so it is possible that we are observing the influence of underlying
eddies on Ts and fronts.

The observed SFZ variability discussed in Section 3b appears to be related to the
propagation of the large-scale anomaly features. First, the relatively strong segment of
the SFZ to the west of 69W that is evident through mid-May (Fig. 2) separates the
large warm anomaly feature in the central part of the analysis domain from the cold
anomaly feature to the northwest. The westward propagation of this strong segment
(Fig. 2) is apparently related to the westward shift of these two associated anomaly
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features (Fig. 4). Also, a cold anomaly feature that is just entering the northeast corner
of the analysis domain to the north of 29N in the first 25-day interval can be followed in
Figure 4 as it propagates westward, reaching a central longitude of 66-67W by late
May. Since a westward-propagating warm anomaly feature exists to the south of this
cold feature, the relatively strong segment of the SFZ that exists between them also
shifts westward with time (Fig. 2). Fedorov (1983) discusses observations of the
westward propagation of fronts associated with mid-ocean eddies that were made
during the USSR experiment Polygon- 70.

c. Statistical properties of the large-scale anomaly features. To estimate the charac-
teristic time and horizontal space scales of the propagating features, we calculate the
three-dimensional autocorrelation function of T~a(x, y, t) by extending the method of
calculating two-dimensional autocorrelation functions described in Halliwell and
Allen (1987). The anisotropy of the westward-propagating features is evident in this
autocorrelation function (Fig. 5), with the major axis of the central positive correlation
ridge rotated about 30° clockwise from the N-S direction at zero lag time. The rate of
propagation of the central positive correlation rid&e in lag distance space with
increasing lag time provides a rough estimate of a characteristic propagation velocity
of the features in the field being analyzed, as shown for two-dimensional correlation
functions by Halliwell and Mooers (1983) and Halliwell and Allen (1987). The peak
within the central positive correlation ridge, initially centered at the origin in lag
distance space at zero lag time, shifts westward at 3-4 km day-l up to a lag time of 40
days, after which no single dominant closed peak can be identified. The westward-
propagating pattern of ridges and troughs remains evident out to at least 100 days,
however. The peak-to-peak space and time scales estimated from this function are
~800 km (in the minor axis direction) and ,.,,275 days.

5. Possible forcing mechanisms for the large-scale anomaly features

a. Relationship to internal oceanic variability. We use oceanographic data collected
during FASINEX to search for possible relationships between the large-scale Ts
anomaly features and internal oceanic variability. Ship-of-opportunity XBT cross-
sections were run approximately twice monthly during FASINEX, with temperatures
measured to a depth of >800 m at a horizontal spacing averaging about 10 km (Evans
et al.. 1986). Many of the sections were run along the line connecting 70W, 30.5N to
68.5W, 26N (Fig. 3), and temperatures from three of these sections are contoured in
Figure 6. The XBT data were obtained from the National Oceanographic Data Center
(NODC), and the data processing is described in Halliwell (1989). To focus on
large-scale variability, the XBT data have been meridionally smoothed to remove most
of the temperature variance with meridional wavelengths <100-200 km (Halliwell,
1989). Cross-sections of T~a along the same path are also graphed in Figure 6 for
comparison to the XBT sections.
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In the first two cross-sections (late January and late March), the southern (north-
ern) part of the path is located within a warm (cold) anomaly feature. Since the major
axis of the westward-propagating anomaly features is oriented SW-NE, the anomaly
features evident in the T~a curve shift northward along the XBT path with time until
the path is entirely within the warm feature by the time of the third cross-section (late
April). The cold and warm anomaly features are visually evident in the XBT mixed
layer temperatures. The depths of both the seasonal and main thermoclines tend to
vary in phase with T~a over the horizontal scales of the anomaly features (several
hundred kilometers), being shallower (deeper) by up to several tens of meters beneath
cold (warm) features, indicating a possible relationship with underlying eddies. The
only significant disagreement with this relationship exists at the northern edge of the
path in the late-January section where the main thermocline deepens to the north. The
deepest parts of the seasonal and main thermoclines are displaced slightly to the south
of the latitude of maximum T~a' so the surface features are not perfectly in-phase
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vertically with the deeper temperature variability. The SFZ is easily identified in the
XBT cross-sections, and its southern edge coincides with the maximum value of T~a in
all three cross-sections.

If the function T~a is roughly in-phase vertically with perturbations in the main
thermocline, surface geostrophic currents should flow clockwise (anticlockwise) around
warm (cold) anomaly features. Vector currents measured just beneath the base of the
mixed layer (near 160 m) at moorings F1, F2, and F12 (Pennington et 01., 1988; Brink,
1989) have been averaged between mid-January and mid-May and overlayed onto the
contour plot of T~a(x, y, t) in Figure 3. The clockwise mean flow around the southwest-
ern part of the strong warm anomaly feature is qualitatively consistent with the above
hypothesis. We considered testing if the temporal variability of these currents between
mid-January and mid-May reflects the passage of these anomaly features as they
propagate westward past the moorings, but our analysis interval is too short to clearly
detect any major current reversals caused by the passage of the features, and none are
observed in the current records (not shown).

The preceding tests are far too limited to prove that the large-scale 1~anomaly
features are roughly vertically in-phase with underlying eddies. However, such a
relationship was also supported by analyses of the full two years of FASINEX
ship-of-opportunity XBT data (Halliwell, 1989), which demonstrated that tempera-
ture variability with meridional scales of a few hundred kilometers was significantly
correlated between the surface and the main thermocline (after removing the larger-
scale seasonal cycle of upper-ocean temperature) with a meridional phase shift small
compared to the scales of the variability. Unfortunately, because of the large space and
long time scales of this variability, two years of XBT data spanning 4° of latitude was
still insufficient to conclusively prove and accurately characterize this relationship, so it
will need to be verified with a data set (including satellite altimetry and subsurface
data) that spans a larger region for a longer time interval. For now, we can at least
perform some consistency checks in an attempt to discredit this hypothesis. We
compare properties of the large-scale anomaly field first to properties of the internal
eddy field measured in earlier studies (Section 5b), then to properties of the internal
eddy field expected from dynamical considerations (Section 5c).

b. Eddy properties estimated in earlier studies. Eddy properties near or within our
analysis domain have been documented in several earlier studies, but they were
generally conducted in domains much smaller than ours. For example, the MODE
domain is a 250 x 250 km box centered at 69°40'W, 28N (MODE Group, 1978), the
POL YMODE Local Dynamics Experiment (LDE) domain is a box about the same
size centered near 29N, 70W (Taft et 01., 1986), and the 1981 ocean tomography
experiment domain is a box about the same size centered near 26N, 70W (Chiu and
Desaubies, 1987). In all three of these experiments, the observed eddy field had space
scales smaller than those of the Ts anomaly features we observe by about a factor of 2,
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but this can be at least partly explained by the difference in domain sizes. Our use of
smoothed 25-day T~a maps to estimate space scales also contributed to the difference.
Wherever larger analysis domains have been used, upper-ocean eddies with space
scales similar to those of the large-scale Ts anomaly features have generally been
observed within subtropical gyres (Leetmaa, 1977; White, 1982; Talley and White,
1987).

Eddies observed in the earlier experiments propagated in a predominantly westward
direction at about the speed we observe for the surface anomaly features. The long
peak-to-peak temporal scale of "",275 days that we observe coincides with the energetic
temporal secular-scale variability (period > 150 days) of currents observed during
MODE (Schmitz, 1978), although the energy present at these long time scales
decreased significantly by the mid-1980's (Schmitz, 1989). These long time scales were
also visually evident in 233 m currents measured near 25.5N, 71 W between November
1980 and October 1981 (Olson et al.. 1984). Spatially anisotropic eddies, with their
major axes oriented SW-NE, were observed in MODE and POLY MODE LDE (Shen
et al., 1986; Taft et al., 1986). Shen et al. (1986) also showed that the Ts field during
the LDE was spatially coherent with the dynamic topography of the eddy field between
mid-May and mid-June 1978, with relatively warm water found over anticyclones
(deeper thermoclines), consistent with what we observe. This relationship disappeared
in mid-June after formation of the strong seasonal thermocline. Frankignoul (1981)
detected a small, but statistically significant, coherence between Ts and temperature in
the main thermocline using a 24-year record of hydrographic stations southeast of
Bermuda.

c. Dynamical considerations. If Ts is influenced by eddies with the large space and
long time scales of the surface anomaly features we observe, then linear Rossby wave
dynamics should describe the properties of this eddy field with reasonable accuracy
(e.g. White, 1983). We therefore test whether the properties of the large-scale Ts
anomalies are consistent with linear Rossby wave dispersion. Since we did not have
subsurface data to resolve the quasigeostrophic wave modes that may be present (e.g.
Chiu and Desaubies, 1987), we can only perform a very crude consistency test here.
We assume that the lowest baroclinic vertical mode is dominant, and further assume
that it consists of a single plane wave with a frequency w, and a wavenumber vector K =

(k, I) normal to (with a westward component) the ridges and troughs of the three-
dimensional autocorrelation function (Fig. 5). We assume that wand IKI equal the
inverse of the peak-to-peak scale estimates made from the three-dimensional autocor-
relation functions (Section 4c). We estimate phase velocity magnitude ICpl from the
rate that the central positive correlation ridge shifts in lag distance space with
increasing lag time. All of these parameter estimates, which are listed in Table 1, are
rough because Rossby waves are dispersive and we have sampled the large-scale Ts
anomaly features only over about 1/2-2 cycles in time and 1-3 cycles in space. The
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Table 1. Rossby wave dispersion parameters estimated from the Ts anomaly field using the
three-dimensional autocorrelation functions in Figure 5. All direction angles are in degrees
anticJockwise from due east.

Parameter

IKJ(m-l)
k (m-I)
[(m-I)

a (m)
W (S-I)
Wmax (S-I)
ICpl (km day-I)
itp = 81<1 (deg)
cjx) (km day-I)
c?) (km day-I)
Icgl (km day-I)
it (deg)
C~x) (km day-I)
ciY) (km day-I)

Estimate

7.85 X 10-6

-6.80 X 10-6

3.93 X 10-6

4.40 X 104

2.64 X 10-7

4.44 X 10-7

2.90
150

-2.51
1.45
3.42
186

-3.40
0.35

frequencies that we estimate could be Doppler-shifted by a larger-scale mean current
which cannot be estimated with available data (Kill worth, 1979). Even if the surface
anomaly features are coupled to underlying eddies, the surface features will probably
not be perfect tracers of these eddies. Out of necessity, we assume that the estimated
parameters represent those of a dominant wave in the system and that these estimates
are adequate for the crude consistency tests presented here.

We can now make two consistency tests. Using estimates of k and w, we calculate the
value of the Rossby radius a from the dispersion relation to determine if it has a
realistic magnitude. We also estimate the maximum permissible frequency of Rossby
waves at a latitude of 27 .5N to determine if the frequencies we observe are smaller than
this limit. Since IKI was found to be «a-I, we use the long wave approximation to the
Rossby wave dispersion relation (Gill, 1982):

The maximum permissible frequency is given by

(3a
Wmax = 2'

We can also estimate the group velocity using

(5.1)

(5.2)

(5.3)

allowing us to speculate on where these waves, assuming they actually exist and do
affect Ts, are generated.

The estimate of the Rossby radius is 44 km, close to the estimate of 45 km by Brink
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(pers. commun.), while the maximum permissible frequency is about 70% larger than
the estimated frequency (Table 1). The magnitudes of the phase and group velocities
are 2.90 and 3.42 km day-I, while the directions of the phase and group velocities [8e

p

and 8e ] are 1500 and 1860 (anticlockwise from due east). Chiu and Desaubies (1987)
8

obtained similar group velocities from their first-mode baroclinic wave fits using ocean
tomography experiment data. If Ts is being influenced by underlying large-scale
eddies, their source must be to the east of the analysis domain and not near the Gulf
Stream.

d. Possible atmospheric forcing mechanisms. We searched for evidence of local
coupling between wind stress fluctuations and the large-scale Ts anomalies by calculat-
ing three-dimensional cross-correlation functions between atmospheric forcing fields
(FNOC wind stress components and wind stress curl) and the T~aCx, y, t) field. The
basic statistical properties of the atmospheric forcing fields used are described in HC 1.
The cross-correlation magnitudes between the three wind stress variables and T~a (not
shown) are all small and insignificant. An attempt was made in HC2 to detect the
expected response of the SFZ and its associated Ts perturbations to wind-driven
horizontal heat advection in the Ekman layer. They showed that the westward
propagation of the large-scale Ts spatial anomaly features had the dominant influence
on Ts and the SFZ at these scales during FASINEX. The response to Ekman advection
could only be marginally detected by zonally-averaging terms of the upper-ocean heat
balance across the entire analysis domain, which effectively averaged out most of the
influence of the propagating anomaly features.

Even if underlying eddies are responsible for most of the large-scale Ts variability,
atmospheric forcing could still be indirectly important. Rossby wave fields with space
scales, time scales, and propagation velocities similar to those of the spatial anomaly
features we observe can theoretically be generated by wind stress curl fluctuations with
these long time scales interacting with an eastern boundary of an ocean basis (e.g.
Cummins et al .. 1986; Reason et al., 1987), or interacting with the mid-Atlantic ridge
(Barnier, 1988). Numerical model solutions in the latter study consist of a westward-
propagating wave field generated at the ridge by the annual cycle of wind stress curl.
This wave field is anisotropic and has a major axis orientation similar to that which we
observe. Frankignoul and Muller (1979) and Muller and Frankignoul (1981) show
that an internal eddy field can be generated over the open ocean in the absence of
topography that can account for some of the observed eddy variability in the western
North Atlantic STCZ. Unfortunately, we cannot determine how important these
forcing mechanisms are using available data. All of these models predict poor local
coherence between atmospheric forcing and the eddy response.

6. Discussion
During FASINEX, fronts in the western North Atlantic STCZ tended to be found

within distinct interconnected bands separated by up to 500 km. These bands tended to
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be located on the periphery of westward-propagating large-scale Ts anomaly features.
Much of the variability of the dominant zonally-oriented frontal zone (the SFZ) was
related to the propagation of these features, which made it difficult to detect the
expected response of the SFZ to the meridional convergence of Ekman transport
(HC2). We could not statistically detect any local coupling between these features and
wind stress or wind stress curl. They propagated at about 3 km day-l in a predomi-
nantly westward direction, had peak-to-peak time scales of "",275 days, and were
strongly anisotropic with a major axis oriented SW-NE. Peak-to-peak horizontal
scales in the minor axis direction were about 800 km, while scales in the major axis
direction were much larger than the size of the analysis domain. These features
persisted with relatively small changes in structure and amplitude from mid-January
through mid-May 1986, but they disappeared shortly thereafter due to the strong
surface heat flux and seasonal thermocline formation. A warm anomaly feature moved
slowly past the FASINEX moorings during the experiment, and Ts was consequently
"'"I °C above normal at the location of the FASINEX moorings during the experiment.

Limited oceanographic data from XBT cross-sections indicated that both the
seasonal and main thermoclines tended to be shallower (deeper) beneath cold (warm)
anomaly features, but we had insufficient data coverage to prove whether this relation-
ship was statistically significant in our analyses presented here. This relationship was
more strongly (but still not conclusively) supported by analyses of two years of
FASINEX ship-of-opportunity XBT cross-sections presented in Halliwell (1989). It is
therefore possible that Ts is being influenced in some manner by underlying baroclinic
eddies at the large scales of the observed surface anomaly features. We compared
observed properties of the anomaly features to theoretically-expected properties of
large-scale eddies, and also to properties of the eddy field measured in earlier studies,
and could find no evidence to discredit this hypothesis.

If this hypothesis is true, what are the physical mechanisms that couple mixed-layer
temperature to the eddy field beneath? The formation of Ts anomalies due to mesoscale
eddies was observed during MODE (Voorhis et al., 1976), where the horizontal
currents advected tongues of warm water northward and cold water southward around
the edges of the eddies. These tongues were substantially smaller than the anomaly
features we observed. They also were substantially out-of-phase vertically with the
associated thermocline perturbations, not close to being in-phase as we observed. This
suggests that other mechanisms must be significant at the large scales we resolve. For
example, Stevenson (1983) describes how an internal Rossby wave field can affect the
vertical advection ofheat at the base of the mixed-layer, while Klein and Hua (1988)
show that an existing internal quasigeostrophic eddy field can modulate the mixed-
layer response to atmospheric forcing to produce Ts anomalies that are related to the
underlying eddy field. We could not quantitatively evaluate the importance of these
mechanisms with available data.

In summary, we have successfully documented many properties of the large-scale
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distribution and variability of frontal bands, and also of the large-scale Ts anomaly
features associated with these bands, during FASINEX. Unfortunately, these anom-
aly features were dominated by such large space and time scales, we could not resolve
their properties very accurately. Therefore, the possible relationship between Ts and
internal oceanic eddies that we document here must be tested in future experiments.
We are presently extending our meteorological and Ts data set in both space and time
(1982-88), and obtaining other measurements of oceanic variability, including satel-
lite altimetry and subsurface measurements, for future analyses to test this hypothesis.
This will also enable us to determine how typical the observed variability during
FASINEX was.
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