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Descriptive Oceanography During the Frontal Air-Sea
Interaction Experiment: Medium- to Large-Scale Variability

GEORGE R. HALLIWELL, JR.,! PETER CORNILLON,2 KENNETH H. BRINK,3 RAYMOND T. POLLARD,*
DAviD L. EvaNs,5 LLOYD A. REGIER,S JOHN M. ToOLE,>* AND RAYMOND W. SCHMITT3

Medium- and large-scale oceanographic variability in the Sargasso Sea is examined during the
Frontal Air-Sea Interaction Experiment (FASINEX), focusing primarily on processes that influence
the formation of subtropical fronts. From Fall to Spring the mean meridional gradient of meridional
Ekman transport in the Subtropical Convergence Zone (STCZ) enhances the meridional sea surface
temperature (T,) gradients between 26° and 32°N. In the presence of this enhanced mean gradient,
baroclinic eddies with zonal wavelengths of =800 km and periods of ~200 days exert the dominant
influence on the formation of subtropical fronts at medium and large scales. These eddies generate
westward propagating T, anomaly features with the same dominant wavelengths and periods. They are
confined between 26° and 32°N and have amplitudes that occasionally exceed =1°C. T fronts tend to
be found within bands =200 km wide that roughly follow the periphery of these anomaly features.
Deformation in the horizontal eddy current field is primarily responsible for the existence of these
frontal bands. The migration of the strong front originally bracketed by the FASINEX moored array
was related to the westward propagation of the larger-scale eddy/anomaly/frontal-band pattern. The
moored array was located within a warm-anomaly feature during most of the experiment, which
produced exceptionally warm conditions in the upper ocean. These anomalies are confined between
26° and 32°N, not only because the relatively large seasonal mean T, there allows horizontal eddy
currents to force strong anomalies, but also because the baroclinic eddies with wavelengths of ~800
km and periods of =200 days are confined to the STCZ. Large meridional variability exists in many
properties of the eddy field, much of which can be traced to the influence of the Sargasso Sea mean

current field on eddy variability.

1. INTRODUCTION

The Frontal Air-Sea Interaction Experiment (FASINEX)
was designed to study air-sea interaction processes in the
vicinity of an oceanic surface temperature front, specifically
the subtropical front within the Sargasso Sea Subtropical
Convergence Zone (STCZ), over wavelengths less than 100
km. Information on the larger-scale background variability
of the ocean relevant to the FASINEX measurements was
also collected to aid in the interpretation of these measure-
ments. In this paper the variability of sea surface tempera-
ture (T,) and surface temperature fronts over horizontal
wavelengths of O(100) to O(1000) km (henceforth referred to
as medium- and large-scale variability) and periods of O(100)
days (henceforth referred to as low-frequency variability) is
examined in the FASINEX region. Another goal is to
connect the large-scale oceanographic climatology of the
region described by Hanson et al. [this issue] to the smaller-
scale ocean measurements described in other papers in this
issue.
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A brief review of properties of subtropical fronts deter-
mined from studies conducted prior to FASINEX is pre-
sented in section 2. The medium- and large-scale variability
of T,, fronts, wind stress, and wind stress curl fields during
FASINEX is then examined in section 3, focusing first on
monthly mean properties, then on six 5-day intervals during
FASINEX phase II. In section 4, dynamical processes
responsible for the observed medium- and large-scale vari-
ability of upper ocean temperature and fronts are described,
primarily synthesizing the results from several studies con-
ducted as part of FASINEX.

2. BACKGROUND

Since the FASINEX region (Figure 1) is located in the
southwestern part of the North Atlantic subtropical gyre,
long-term mean flow due to the gyre circulation is expected
to be toward the west and southwest, with speeds increasing
toward the north and west as the Gulf Stream recirculation
region is approached [e.g., Stommel et al., 1976; Olson et
al., 1984)]. However, the existence of a zonal band of mean
eastward current in the Sargasso Sea a few degrees of
latitude wide within and above the main thermocline has
been documented in a number of studies, including those of
Iselin [1936], Reid [1978], Ebbesmeyer and Taft [1979],
Rossby et al. [1983], and Olson et al. [1984]. This eastward
current is evident in the meridional cross sections of zonal
geostrophic velocity, derived from the Levitus [1982] atlas,
presented by Hanson et al. [this issue]. A similar eastward
current, referred to as the Subtropical Countercurrent, has
been documented in the western North Pacific STCZ [e.g.,
Uda and Hasunuma, 1969]. Long-term mean conditions in
the upper ocean and at the air-sea interface are discussed in
more detail by Hanson et al. [this issue].

The T, field imposed by surface vertical heat flux is
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Fig. 1. Domains used for the analyses of medium- and large-

scale variability. The box outlined by short dashed lines was used
for FASINEX T, analyses [Halliwell and Cornillon, 1990a] and
frontal path analyses (E. Bohm et al., manuscript in preparation,
1991). The box outlined by solid lines was used for the long-term
1982-1988 analyses of T [Halliwell et al., 1991]. The box outlined
by long dashed lines is the 12° by 12° box used for the descriptive
oceanic climatology presented by Hanson et al. [this issue]. The
locations of FASINEX moorings (top) F1, (center) F2-F10, and
(bottom) F12 are shown by the squares. The primary ship-of-
opportunity track [Halliwell, 1991] is shown by the solid straight
line.

dominated by very large wavelengths (>>1000 km). Physi-
cal processes then act upon this imposed background T, field
to generate surface temperature fronts a few kilometers
wide. During winter, when the magnitude of the background
T, gradient is relatively large, the fronts that form can have
temperature jumps of up to 3°C within 10 km, and they can
exceed 1000 km in length [Voorhis and Hersey, 1964;
Voorhis, 1969]. Such a front was selected for study during
FASINEX. Physical processes generating these fronts act
over several decades of wave number space, with their
relative importance varying as a function of wave number
and frequency. During summer, when the background T
gradient is small, surface temperature fronts are weak or
nonexistent, and generally cannot be observed in satellite
infrared images. However, studies conducted in the North
Pacific STCZ [e.g., Roden, 1975; White et al., 1978] show
that salinity fronts do not disappear in summer, and they also
show that temperature fronts do not disappear in summer
beneath the shallow mixed layer. Consequently, many of the
physical processes responsible for winter frontogenesis must
also operate during summer, with the absence of strong
summer T, fronts resulting largely from the weak back-
ground surface gradient.

In climatological mean T, fields, the surface subtropical
front appears as a zonal band of enhanced meridional T
gradient that is a few degrees of latitude wide [e.g., Roden,
1975]. This broad frontal band will be referred to here as the
subtropical frontal zone (SFZ) to distinguish it from actual
fronts. White et al. [1978] used historical temperature data to
describe the seasonal and interannual large-scale variability
of the North Pacific SFZ from 1954 to 1974. Based on
estimates of the zonal 0/200 dbar geostrophic shear, he
determined that the frontal zone near the western end of the
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North Pacific was strongest (had the largest magnitude
meridional temperature and density gradients) and farthest
north in spring, and was weakest and farthest south in fall.
The magnitude of this seasonal variability decreased toward
the east. Significant interannual variability in the seasonal
cycle was also documented, with the SFZ tending to be
stronger during El Nifio years. A similar detailed study of the
western North Atlantic SFZ and its variability at these
wavelengths and periods did not exist prior to FASINEX. In
the monthly meridional cross sections of temperature in the
Sargasso Sea presented by Schroeder [1965], the frontal
zone was located between 25° and 30°N from October
through May. The relatively weak near-surface meridional
T, gradients, along with the temperature perturbations due
to the presence of baroclinic eddies, made it difficult to
identify the frontal zone during summer.

In the presence of mean negative meridional temperature
gradient near the surface, the mean negative meridional
gradient of meridional Ekman transport that exists in the
STCZ between the westerlies to the north and the trade
winds to the south has long been considered a primary
generation mechanism for subtropical fronts, and theoretical
studies of this mechanism have been presented by De Szoeke
[1980], Welander [1981], and Cushman-Roisin [1981]. For
simplicity, this mechanism will be referred to as Ekman
frontogenesis. Roden [1975] showed how the mean SFZ in
the Pacific was located near the latitude where the negative
meridional gradient of mean meridional Ekman transport
was largest. The significance of this process is also con-
firmed by other observational studies [e.g., Roden, 1980;
Roden and Paskausky, 1978]. Other processes may also be
important, however. For example, Cushman-Roisin [1981]
points out that the cold (warm) wind-driven heat advection
tends to decrease (increase) the magnitude of the tempera-
ture jump across the mixed layer base to the north (south) of
the SFZ. This will influence the meridional distribution of
mixed layer entrainment, and thus the strength and meridi-
onal symmetry of the SFZ. Even more significant are the
models of De Ruijter [1983] and Cushman-Roisin [1984] that
illustrate two mechanisms by which horizontal gradients of
vertical heat fluxes can lead to frontogenesis. Also, the
numerical model of Takeuchi [1984] was capable of generat-
ing a SFZ in the absence of Ekman frontogenesis, indicating
that other (unidentified) processes must be producing fron-
togenesis in the model.

As smaller space and time scales are resolved by data, the
observed structure and variability of fronts in the STCZ
becomes much more complex. This is illustrated for space
scales in the North Pacific STCZ by the superposition of
salinity maps created from data sets with different resolution
by Niiler and Reynolds [1984]. At wavelengths of O(1000)
km, the enhanced salinity gradients associated with the SFZ
appeared as a broad zonal band, just as for temperature. As
wavelengths down through O(100) km to O(10) km become
resolved, highly convoluted isohalines and salinity fronts
appear in the maps within the SFZ. Within frontal zones
such as the SFZ, one or more fronts are often observed, and
these fronts can at times be highly convoluted. These
characteristics of frontal variability were observed in the
eastern North Pacific SFZ by Samelson and Paulson [1988].
Fedorov [1983] has discussed this scale dependence of
frontal properties.

Although the FASINEX region was located within a
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broad, zonally oriented minimum of eddy energy [e.g.,
Dantzler, 1977; Emery, 1983; Robinson et al., 1983], the
eddy field at the FASINEX site, which has been studied in a
number of earlier experiments [e.g., MODE Group, 1978;
Taft et al., 1986; Chiu and Desaubies, 1987] is still strong
enough to substantially influence subtropical fronts. Voorhis
et al. [1976] demonstrated how horizontal circulation around
mesoscale (O(100) km) baroclinic eddies influenced the
location and strength of T, fronts during MODE. These
currents advected existing fronts, and the deformation
present in this current field produced local regions of fron-
togenesis and frontolysis, strengthening some segments of
subtropical fronts while weakening or dissipating other seg-
ments. Submesoscale (O(10) km) eddies also significantly
affected subtropical fronts [Voorhis and Bruce, 1982]. Eddy
variability is therefore largely responsible for the complex
horizontal spatial structure of salinity and temperature ob-
served in high-resolution maps.

3. MEDIUM- AND LARGE-SCALE VARIABILITY OBSERVED
DurinG FASINEX

3.1. Data Sets

Several different data sets were generated to study medi-
um- to large-scale variability. Analyses performed during the
FASINEX period [Halliwell and Cornillon, 1989, 1990a, b]
were performed using T, maps derived from 5-day compos-
ite advanced very high resolution radiometer (AVHRR)
infrared images by binning and averaging all T, estimates not
contaminated by clouds onto a 0.25° resolution grid, then
spatially smoothing (necessary because of the data lost due
to clouds) to resolve wavelengths greater than 200-300 km.
The large-scale distribution of fronts during 1982-1986 was
described by Béhm [1988] and E. Bohm et al. (manuscript in
preparation, 1991), using frontal paths digitized directly from
AVHRR images. The domain for both of these data sets was
the 11° longitude by 10° latitude box enclosed by the short
dashed lines in Figure 1. Longer-term studies of T, variabil-
ity [Halliwell et al., 1991] were performed using 5-day maps
between 1982 and 1988, derived from 5-day composite
AVHRR images by using objective analysis to fill gaps
caused by clouds, then filtering in both space and time to
focus on wavelengths greater than 200 km and periods
greater than 50 days. Longer-term studies of eddy forcing of
T, variability (G. R. Halliwell, Jr., Y.-J. Ro, and P. Cornil-
lon, Westward propagating SST anomalies and baroclinic
eddies in the Sargasso Sea, 1982-1988, submitted to the
Journal of Physical Oceanography, 1991) were performed
using S-day sea surface elevation (1) maps between Novem-
ber 19, 1986, and October 14, 1988, created by objective
analysis of Geosat data processed as described by Y.-J. Ro
and P. Cornillon (How to reduce the geoid error from Geosat
altimeter by use of EOF technique, submitted to Journal of
Atmospheric and Oceanic Technology, 1991). The longer-
term studies of T, variability and eddy forcing were con-
ducted within the 16° longitude by 12° latitude box enclosed
by the solid lines in Figure 1, although the n maps were
confined to the region east of 71.5°W. Analyses of the
FASINEX ship-of-opportunity expendable bathyohermograph
cross sections [Evans et al., 1986] made along the approximate
path shown in Figure 1 were described by G. R. Halliwell, Jr.
(Ship-of-opportunity cross sections of the western North At-
lantic subtropical convergence zone, submitted to the Journal
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of Geophysical Research, 1991). Fleet Numerical Oceanogra-
phy Center (FNOC) wind fields were used in all of the above
studies, with 5-day averaged maps of wind and wind stress
created at the same times as the 7, maps.

3.2. Monthly Averaged Fields

The 5-day T, maps created for the long-term studies are
used here to describe the medium- and large-scale upper
ocean variability during FASINEX. To facilitate the com-
parison between the maps presented here and the climatolog-
ical maps presented by Hanson et al. [this issue], the fields
described in this section are displayed in the same 12° by 12°
box used by Hanson et al. (74-62°W, 22°-34°N; Figure 1).

Monthly mean T, fields (Figure 2) are too smooth to
resolve fronts, so the SFZ was the dominant frontal feature
visually evident. Between January and May the SFZ was
generally found between 25° and 32°N. During January, a
large southward (northward) meander of the SFZ existed to
the west (east) of the FASINEX moorings. At this time, the
SFZ crossed the FASINEX central mooring array with a
SW-NE orientation (Figure 2). This meander pattern shifted
westward with time, with the southward meander disappear-
ing off the western end of the domain and the northward
meander moving over the FASINEX moorings by April. By
June, after most of the rapid seasonal warming had occurred,
the SFZ weakened and shifted to the north of 30°N, while the
large-scale meanders disappeared.

Monthly composites of frontal paths from Bohm [1988]
(Figure 3) revealed a much more complex frontal pattern
than the monthly averaged T, maps. Fronts were found
throughout the domain except for May and June, when
strong solar heating made them more difficult to detect,
especially in the southern part. Fewer fronts were observed
during January than in the following 3 months owing to
relatively extensive cloud cover. Prior to June, frontal paths
tended to be found within bands that were typically =200 km
wide and had characteristic separation scales of up to several
hundred kilometers. These bands can be thought of as
regions where, over a time interval of about 1 month, there
is a greater probability of encountering a persistent T, front
than elsewhere. The bands were best developed during
February, when several well-defined bands surrounded re-
gions that were nearly free of fronts. The bands were more
diffuse in the other months. The paths of individual fronts
within the bands were often highly convoluted over dis-
tances of 10-100 km. One front was usually present within a
band at a given time, but segments of these bands occasion-
ally contained broken and multiple fronts. The strength and
location of fronts often changed dramatically within a period
of one to several days, consistent with the submesoscale
variability observed by Voorhis and Bruce [1982]. In con-
trast, frontal bands evolved much more slowly.

The monthly averaged vector wind stress field (Figure 4)
differed substantially from month to month. Monthly aver-
aging was sufficient to resolve the mean westward wind
stress at 22.5°N during all months owing to the relative
persistence of the trade winds, but it was insufficient to
resolve the mean eastward stress expected in the northern
part of the domain because the very strong synoptic-scale (2
days to 2 weeks) variability in the westerlies was not
averaged out. Consequently, the large-scale wind stress
pattern responsible for Ekman frontogenesis can only be
detected by averaging the wind stress field over a period
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Fig. 2. Monthly averaged maps of T, within the 12° by 12° box during FASINEX, derived from T, maps created
for the long-term analyses (section 3.1). The locations of FASINEX moorings (top) F1, (center) F2-F10, and (bottom)

F12 are shown by the squares in each panel.

substantially in excess of 1 month. Wind stress curl is
expected to be negative in the STCZ, and this was generally
true during FASINEX except within the northern part of the
box (Figure 4). Again, averages over a period substantially in
excess of 1 month are necessary to resolve accurately the
mean negative curl pattern. Atmospheric variability was
dominated by wavelengths larger than the analysis domain,
but wavelengths less than several hundred kilometers are
poorly resolved in the FNOC fields [Halliwell and Cornillon,
1990a].

We averaged the fields in Figures 2 and 4 and also
compiled the frontal paths in Figure 3 over January through
April (Figure 5) to see if this was adequate to detect the
expected relationship between the SFZ and the large-scale
wind stress field during FASINEX. The mean SFZ was
evident as the predominantly zonal band of relatively large
T, gradient magnitude centered between the 22° and 23°C
isotherms. The SFZ was centered near 27°-28°N at the

western end of the domain, near 29.5°-30.5°N in the center
of the domain, and near 29°-30°N at the eastern end. The
mean stress had an eastward (westward) component in the
northern (southern) part of the domain, as expected (Figure
5). The transition from eastward to westward component
occurred near 27.5°N at the western end of the domain, and
about halfway between 27.5° and 30°N at the eastern end,
agreeing qualitatively with the average WSW-ENE trend of
the SFZ evident in the T, field. This suggests that Ekman
frontogenesis contributes to the generation of the SFZ. In
the eastern half of the domain, the largest negative wind
stress curl existed substantially farther to the north (31°-
33°N) than it did in the western half (23°-26°N) (Figure 5). A
visual relationship between the curl pattern and the SFZ is
not evident.

In contrast to the single frontal zone evident in the T,
field, frontal paths were very widely distributed throughout
the entire 12° box in the 4-month compilation (Figure 5). The
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Fig. 3.

Monthly composites of frontal paths during FASINEX obtained from Béhm [1988]. Although they are

plotted in the 12° by 12° box, frontal paths were only traced in the smaller FASINEX analysis domain. The locations
of FASINEX moorings (top) F1, (center) F2-F10, and (bottom) F12 are shown by the squares in each panel.

banded structure evident in most monthly compilations was
only slightly evident owing to the temporal evolution of
bands, along with the fact that all fronts are not confined to
the bands. When frontal paths are compiled over a time
interval sufficiently long to obtain a stable estimate of the
large-scale wind field responsible for Ekman frontogenesis,
the resulting distribution of frontal paths is no longer related
to this pattern. Other processes must exert a strong influence
on the distribution of fronts.

3.3. Phase II Fields

Six gap-free 5-day infrared images spanning the Phase II
period were created by filling cloud-contaminated portions
of 4 km resolution images using objective analysis (Plate 1).
Cross-hatching denotes these interpolation regions in Plate
1. All frontal paths visible during each S-day interval have
been overlaid onto these images.

The tendency for fronts to appear in persistent bands is
very evident in the 5-day path composites (Plate 1), since
FASINEX Phase II was conducted during the period when
the frontal bands were most clearly developed. The large
space-time variability in the number of frontal paths within
different segments of the frontal bands is primarily due to
uneven sampling caused by cloudiness. The locations of
these frontal bands are generally marked by T, jumps in the
images (Plate 1). The unusually warm region that was
moving over the FASINEX moorings during this period is
also evident. There is an indication that frontal variability
within the bands during Phase II was temporally modulated.
Frontal variability was very small between February 25 and
March 1 (Plate 1d), with a long single coherent front gener-
ally present within each band that migrated no more than
20-30 km. In contrast, the variability was much larger between
March 7 and 11 (Plate 1f), with paths migrating over crossband
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Fig. 4. Maps of the monthly mean wind stress vectors and of the monthly mean wind stress curl field, derived from

FNOC wind fields in the 12° by 12° box. The locations of FASINEX moorings (top) F1, (center) F2-F10, and (bottom)
F12 are shown by the squares in each panel. Dashed contours indicate negative values in this and all subsequent

countour plots.

distances up to =100 km, and with broken or multiple fronts
present in some segments of the frontal bands.

4. DyNAMICAL PROCESSES

4.1.  Influence of Ekman Frontogenesis

Halliwell and Cornillon [1990b] attempted to detect statis-
tically the response of both T, and the SFZ to the large-scale
Ekman transport field. The influence of Ekman transport
alone on low-frequency T, variability can be derived from a
slab mixed layer model [e.g., Frankignoul, 1985]:

WT,)=— ka VT,)— T—’xk VT, 1
PoC st/ = —C f‘ ( s (4 f- s ( )

where the subscript ¢ denotes time derivative, f is the
Coriolis parameter, p0 is the water density (assumed con-
stant), ¢ is the specific heat at constant pressure, / is the

mixed layer thickness (assumed constant), k is the vertical
unit normal vector, V is the horizontal gradient operator, and
7 is the wind stress. The primes denote synoptic-scale
variability, while the angle brackets denote temporal aver-
aging over a time interval longer than synoptic. The terms
are given in units of the temporal change of heat content per
unit area. The nonlinear influence of the synoptic-scale
fluctuations on low-frequency T, variability through the
rightmost term of (1), which Paduan and De Szoeke [1986]
demonstrated to be potentially significant in the mid-latitude
westerlies, could not be accurately evaluated using 5-day
maps of T; and wind stress. The influence of horizontal
Ekman transport divergence on the entrainment rate at the
mixed layer base has also been neglected, because it cannot
be quantified without knowledge of the temperature jump
across the mixed layer base. Despite the neglect of these
potentially important influences, and despite the assumption
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of constant A, useful results were obtained by analyzing the
balance given by the first two terms of (1), referred to as the
time derivative and Ekman terms [Halliwell and Cornillon,
19905].

Calculations were performed over the period between
mid-January and mid-May 1986, which is prior to the onset
of rapid seasonal warming and a period when the assumption
of constant /& was not too unreasonable (Halliwell, submitted
manuscript, 1991). Averaging over 4 months was also re-
quired to obtain a stable estimate of the large-scale ‘‘mean’”
wind stress pattern responsible for Ekman frontogenesis, as
discussed in section 3.2. Four-month averaged maps of the
time derivative and Ekman terms (Figure 6) show that they
were spatially uncorrelated with each other. The averaged
time derivative of T equals the final minus initial T, field,
and the contribution of the seasonal cycle to this term was
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small because the seasonal minimum of T occurred near the
middle of the 4-month interval. The mean time derivative
term was dominated by a relatively large-scale anisotropic
banded structure, with the major axis oriented SW-NE. In
contrast, the Ekman term qualitatively resembled the theo-
retically expected pattern, producing cooling in the north
due to southward transport and warming in the south due to
northward transport (Figure 6). The time derivative term of
(1) was about 3 times larger in magnitude than the Ekman
term. The Ekman term was acting to maintain the SFZ
during FASINEX, but other processes obviously exert the
dominant influence on T, at the scales resolved in Figure 6.

To test if the relationship between these two terms is
detectable at very large zonal scales, the two terms graphed
in Figure 6 were zonally averaged across the entire analysis
domain [Halliwell and Cornillon, 1990b]. These zonally
averaged terms, along with zonally averaged T, are graphed
as a function of latitude in Figure 7, with mean meridional
trends removed to emphasize their meridional structures.
The zonally averaged subtropical front is confined between
about 28.5° and 31.5°N, with the largest negative 4-month
mean of zonally averaged T, located at 29.4°N. From the
time derivative term, a latitude band existed between about
28° and 29°N, roughly 1° south of the largest negative mean
zonally averaged T, , where the negative gradient increased
in magnitude over the 4-month interval. The zonally aver-
aged SFZ was therefore tending to shift southward with time
during this interval [Halliwell and Cornillon, 1990b]. Al-
though the two terms in Figure 6 had very dissimilar two-
dimensional structure within the analysis domain, the zon-
ally averaged terms had some similarities in meridional
structure (Figure 7). In particular, the zonally averaged
Ekman term was acting to increase the magnitude of nega-
tive zonally averaged T, most rapidly between about 28°
and 29°N, the latitude band where the maximum rate of
change was actually observed. However, the Ekman term
did underestimate the magnitude of this rate of change. The
similarities in the meridional structure of the two terms are
only suggestive of the SFZ responding to Ekman frontoge-
nesis. A more extensive data set must be analyzed to
validate this relationship statistically and also to determine if
other processes such as those in the frontogenesis models of
Cushman-Roisin [1984] and De Ruijter [1983] significantly
influence the SFZ.

4.2. Westward Propagating T, Anomaly Features

The westward propagating T, anomaly features identified
by Halliwell and Cornillon [1989] were responsible for the
apparent westward shift of the wavy isotherm pattern in
Figure 2 (section 3.2), and it was the propagation of these
features that masked the influence of the large-scale Ekman
transport field on T; and the SFZ. To illustrate the structure
of these features, S5-day anomaly maps of 7, (T,,) were
produced using the T, maps created for the long-term
analyses by first calculating and removing the 7-year average
seasonal cycle. A new set of anomaly maps (T%,) were then
produced by removing linear trends from each T,, map.
Maps of T, for the 5-day time intervals centered on January
13 and March 14, 1986 (Figure 8) show that the magnitudes
of the anomaly features sometimes exceeded +1°C, and that
the features were anisotropic, with a SW-NE major axis
orientation. The characteristic wavelength and periods of
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a. 10-14 February 1986 b. 15-19 February 1986
¢. 20-24 February 1986 d. 25 February -1 March 1986
e. 2-6 March 1986 f. 7-11 March 1986

Plate 1. Five-day composite AVHRR images, with all frontal paths observed within each time interval superim-
posed, during FASINEX Phase II. Diagonal crosshatching outlines regions where data were contaminated by clouds
and replaced by estimates using three-dimensional optimum interpolation. The 12° by 12° box used in Figures 2 through
S is outlined.
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Fig. 6. Contour plots of the first two terms (the time derivative and Ekman terms) of equation (1) averaged between
mid-January and mid-May 1986 within the FASINEX analysis domain (Figure 1), using the T; maps created for the
FASINEX analyses (section 3.1). The latitude of maximum |VT | across the domain associated with the SFZ is traced
by the long dashed line. (Adapted from Halliwell and Cornillon [1990b, Figure 2]).

these features were =800 km (minor axis direction) and
=200 days [Halliwell and Cornillon, 1989; Halliwell et al.,
1991]. They propagated in a predominantely westward direc-
tion at 34 km d !. It is evident from the January 13 map that
the central FASINEX mooring array was deployed between
two strong anomaly features: a warm feature located to the
east and northeast and a cold feature located to the west and
northwest. By March, these features had shifted westward,
so that the FASINEX moorings were located well within the
warm feature.

(a) (b) (c)
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Fig. 7. (a) Zonal averages of T, along with (b) the time deriv-

ative and (c) the Ekman term contoured in Figure 6, with mean
meridional trends removed. The latitude of maximum negative mean
zonally averaged T, in panel a, assumed to be the central latitude
of the zonally averaged SFZ, is shown by the horizontal solid line.
[From Halliwell and Cornillon [1990b, Figure 7].

The 4-month averaged time derivative term (Figure 6) had
approximately the same major axis orientation (SW-NE) as
the T, field (Figure 8). The westward march of these
features can account for the structure and magnitude of this
term, since the averaging interval was close to one-half
period. It was thus the physical processes generating the
westward propagating anomaly features that were primarily
responsible for masking the influence of Ekman transport on
the SFZ. Zonally averaging the two terms in Figure 6 may
have exposed a relationship between them because they
were averaged over two to three anomaly features, largely
cancelling their influence.

A contour plot of T, (x, yg, t) prepared from the 7-year
data set illustrates the life history of the FASINEX anomaly
features at yo = 28°N (Figure 9). Westward propagation is
visually evident from October 1985 through June 1986. In
particular, the cold and warm features located near the
FASINEX moorings in early 1986 (Figure 8) were in exist-
ence throughout this 9-month interval. The zonal scales and
amplitudes of these two features both increased substantially
at the beginning of January; otherwise, their properties
remained fairly constant with time.

The warm-anomaly feature that propagated over the
FASINEX moorings had a large influence on the upper
ocean heat content. A time series of the heat content at 28°N
(Figure 10) along the ship-of-opportunity path (Figure 1)
between the surface and a depth just beneath the layer
significantly influenced by the seasonal cycle (160 m) shows
that the seasonal cycle dominated as expected from June
1984 to December 1985, with the largest (smallest) heat
content occurring at the end of summer (winter). However,
the passage of the warm-anomaly feature during the
FASINEX winter caused the heat content to reach the levels
observed during the previous two summers. This heat con-
tent was anomalously large during winter 1986 because
isotherms in the seasonal thermocline were displaced down-
ward by up to 60 m (Halliwell, submitted manuscript, 1991),
and because the temperature within the mixed layer was
about 1°C warmer than normal during this winter [Halliwell
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Fig. 8. Maps of T}, and |VT,| for January 13 and March 14, 1986, calculated using the T; maps created for the
long-term analyses (section 3.1) and contoured within the long-term analysis domain (Figure 1). A minimum contour
threshold was set for |VT,]| to outline only the stronger frontal bands. The locations of FASINEX moorings (top) F1,
(center) F2-F10, and (bottom) F12 are shown by the squares in each panel. The primary ship-of-opportunity track
(Halliwell, submitted manuscript, 1991) is shown by the solid straight lines.
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Fig. 9. Contour plot of T",, (x, Yo, 1) at yo = 28°N from August 1985 through September 1986, calculated using the
T, maps created for the long-term analyses (section 3.1).
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Fig. 10. The total heat content above a depth of 160 m [Q _ 60
(1)1, the approximate depth below which the seasonal cycle was not
felt, between mid-1984 and mid-1986, graphed with the mean value
removed. Estimates of the heat content are shown for the times of 22
XBT cross sections analyzed by Halliwell (submitted manuscript,
1991).

and Cornillon, 1989] and more than 2°C warmer than it was
during the previous winter.

The typicality of these westward propagating surface
anomaly features was assessed by Halliwell et al. (submitted
manuscript, 1991). Propagating features were not evident
during any of the summers between 1982 and 1988. They
appeared during fall and persisted up to several months, with
1981-1982 and 1985-1986 (FASINEX) being the two seasons
with the longest persistence (over 7 months for some indi-
vidual anomaly features). The shortest persistence occurred
during 1984-1985, when individual features persisted for
only 1-2 months. The features were anisotropic, except
during one year (1986-1987), and they had wavelengths
between 700 and more than 1200 km in the minor axis
direction (which ranged between E-W and NW-SE from
year to year) and periods between 175 and 275 days. To the
east of 71°W, away from the western boundary influence,
they propagated almost due westward at 3—4 km d~1. They
were primarily confined between 26° and 32°N, which is
illustrated here by displaying two-dimensional longitude-
time autocorrelation functions of T%, (x, yo, t) at three
different latitudes y, (33°, 28°, and 23°N). The highly elon-
gated central positive correlation peak at 28°N (Figure 11)
reveals the dominance of westward phase propagation at
that latitude. In contrast, westward phase propagation is
only slightly evident at 33°N and is not evident at all at 23°N.

4.3. Anomaly Forcing by Baroclinic Eddies

The relationship between baroclinic eddies and T, anom-
alies was quantified by Halliwell et al. (submitted manu-
script, 1991), using a set of 7' maps produced by removing
the linear trend from each 7y map. The fact that these eddies
are baroclinic was verified by Halliwell [1991] using the
FASINEX ship-of-opportunity XBT data and supported by
zonal-time autospectra of o' presented by Halliwell et al.
(submitted manuscript, 1991). The statistical coupling be-
tween eddies and anomalies from November 1986 to October
1988 is illustrated using zonal time correlation analysis of
T, and 7' at 28.5°N (Figure 12), which was the latitude of
maximum correlation between the two fields. The two auto-
correlation functions are very similar in structure, indicating
that variability in both fields is dominated by the same
wavelengths, periods, and westward propagation speeds.
The cross-correlation function also has very similar struc-
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ture, but the central positive correlation ridge, which con-
tains statistically significant (to 95% confidence) correlation
values, is displaced toward negative space and time lags.
This displacement is consistent with warm (cold) anomalies
being located to the west (east) of topographic highs, where
warm (cold) water is being meridionally advected across
28.5°N by the eddies.

Halliwell et al. (submitted manuscript, 1991) demonstrated
that forcing by horizontal eddy geostrophic currents ac-
counted for many of the observed properties of the anomaly
response. They demonstrated that the relatively large anom-
aly response between 26° and 32°N was partly due to the
relatively large mean negative T, there. They also demon-
strated that other factors contributed to the confinement of
the westward propagating anomalies between 26° and 32°N.
First, baroclinic eddy variability at wavelengths of ~800 km
and periods of ~200 days was also confined to the STCZ.
Second, the temporal persistence of eddy features at this
wavelength and period was relatively large, so anomalies
with this wavelength and period were relatively persistent
and thus easier to detect above the noise. Eddy persistence
as a function of latitude is illustrated in Figure 13 by the
temporal persistence scale, essentially the temporal correla-
tion scale that would be estimated by an observer propagat-
ing westward at the phase propagation speed. The ‘‘mean”’
winter SFZ between late 1986 and late 1988 is evident
between 26° and 32°N, where the mean negative T, gradient
is relatively large (Figure 13). The eddy temporal persistence
scale within this band is 2-3 times larger than to the north or
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Fig. 11. Zonal-time autocorrelation functions of T, (x, yo, ¢) at
yo = 33°, 28°, and 23°N, calculated over the time interval 1982-1988.
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Fig. 12. Zonal-time autocorrelation functions of (top) T (x, yy,
f) and (center) ' (x, yg, #) (bottom) and the zonal-time cross-
correlation function between n'(x, yg, #) and T, (x, yq, 1) at yg =
28.5°N over the time interval November 1986 through October 1988.
(Adapted from Halliwell et al. (submitted manuscript, 1991, Figure
3)).

south. Also, the westward propagation speed of the eddy
field was 2-3 times larger outside of than within the STCZ
(Figure 13).

Halliwell et al. (submitted manuscript, 1991) speculated
that eddy/mean-current interaction processes may be largely
responsible for the observed meridional variability of eddy
properties. Shear in the predominantly zonal mean current
pattern of the Sargasso Sea (section 2) produces significant
meridional variability in the background potential vorticity
gradient. Halliwell et al. (submitted manuscript, 1991) dem-
onstrated, using a simple linearized reduced gravity model,
that the predicted meridional variability in the zonal disper-
sion properties of baroclinic Rossby wave modes can qual-
itatively account for some of the observed meridional vari-
ability of eddy properties, primarily for eddy variability with
wavelengths exceeding =500 km. The agreement was prima-
rily limited to longer wavelengths, because nonlinear effects
become so dominant at smaller wavelengths that simple
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linearized models of the interaction between Rossby waves
and mean current are no longer relevant. The transition
wave number below which wave dynamics becomes domi-
nant over nonlinear dynamics [e.g., Killworth, 1979; Haid-
vogel, 1983, k; =~ (B/2U)'?2, estimated using a character-
istic rms amplitude of 0.1 m s~! to represent the current
speed U in this region [e.g., Brink, 1989], indicates that the
transition wavelength is about 600 km. These dynamics are
further discussed by Halliwell et al. (submitted manuscript,
1991). They also discuss other dynamical mechanisms that
could produce meridional variability in eddy properties,
such as instabilities of the mean current field and Rossby
wave refraction due to mean current shear. Considering the
latter mechanism, Chang [1990] and Chang and Philander
[1990] demonstrate how a predominantly zonal mean current
pattern alternating between eastward and westward flow can
trap Rossby wave energy within well-defined latitude bands.

Another important question concerns the mechanisms
responsible for the mean current pattern within the Sargasso
Sea, most specifically the band of mean eastward current.
The meridional density gradient pattern due to the existence
of the mean SFZ contributes to mean eastward current shear
within the upper 100-200 m. However, evidence suggests
that other dynamical processes are probably important. For
example, eastward mean flow extends downward into the
main thermocline, much deeper than the direct influence of
meridional Ekman transport on T; and density. Also, the 0-
to 1000-dbar mean dynamic topography map presented by
Olson et al. [1984, Figure 10], along with the 100- to 700-dbar
map presented by Stommel et al. [1976, Figure 2], both
indicate that the eastward current and associated zonal ridge
in dynamic topography to the south could to some extent be
considered an extension of the Gulf Stream recirculation.
This implies that western boundary processes could be
involved in setting up this current. Another possibility is that
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Fig. 13. Meridional profiles of (left) winter mean T,y, (center)
the zonal phase propagation velocity of 7', and (right) the temporal
persistence scale of n' over the time interval November 1986
through October 1988. The latter two functions were estimated from
zonal-time autocorrelation functions of %', and the gap in zonal
propagation velocity at 25.5°N occurs because westward phase
propagation was nearly undetectable there.
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the eddy field is providing energy to the mean currents.
Sorting out these questions will require adequate subsurface
data to test appropriate models.

4.4. Frontal Variability

In coarse-resolution maps of T, such as in Figure 5, the
large-scale SFZ is the only identifiable frontal structure
present from fall through spring. The next-finer frontal
structures in the Sargasso Sea become visible in contour
plots of [VT,|, such as the one for February 1986 presented
in Figure 14. Interconnected bands of relatively large |VT,|
are evident that tend to be strongest (|VT| the largest) within
the SFZ. These are essentially the same bands within which
the monthly compilation of frontal paths are concentrated
(Figure 3). Two steps leading to eventual frontogenesis have
thus been identified. The predominantly zonal band of
enhanced background T, gradients associated with the SFZ
is set up first, in part due to Ekman frontogenesis. Other
processes then act to enhance T gradient magnitude within
the interconnected bands.

It is within these bands that strong fronts tend to form.
Consequently, the processes responsible for creating the
bands of large |VT,| form a vital link in the formation of
subtropical fronts. It is the baroclinic eddies responsible for
the propagating T, anomalies between 26° and 32°N that are
primarily responsible for producing these organized frontal
bands. Comparison of Figures 8 and 14 indicates that the
frontal bands tend to be found around the peripheries of the
warm- and cold-anomaly features. This pattern is consistent
with frontogenesis that arises owing to deformation present
in the horizontal eddy current field. Halliwell [1991] esti-
mated that a characteristic deformation rate of 1076 s ™! due
to horizontal eddy currents at the =~200-km scales of the
frontal bands acted to enhance T, gradient magnitude within
the bands. The frontogenesis model of MacVean and Woods
[1980] predicts that this deformation rate will lead to the
formation of a density discontinuity (front) in 1-2 months,
consistent with the observed long periods of frontal band
variability. Smaller eddies that can produce deformation
rates equaling or exceeding 10 s~', and thus can lead to
the formation of fronts within a few days [MacVean and
Woods, 1980], are undoubtedly responsible for the observed
smaller-scale, short-period variability of fronts [e.g., Voor-
his et al., 1976; Voorhis and Bruce, 1982; Pollard, 1986;

VTl , February 1986
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Fig. 14. Map of average |VT| February 1986, with ridges of
large |VT,| traced by the thick solid lines, calculated using the 7T,
maps created for the long-term analyses (section 3.1).
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Eriksen et al., this issue]. Horizontal current variability due
to these smaller eddies will force frontal variability relatively
effectively within the frontal bands owing to the larger
gradient magnitudes present there. Samelson and Paulson
[1988] noted that the influence of eddy variability on upper
ocean temperature in the eastern North Pacific SFZ ex-
tended down to wavelengths near 10 km. The influence of
the atmosphere on frontogenesis appears to be compara-
tively weak throughout the wave number range of this eddy
variability, although as the O(1) to O(10) km frontal scales
are approached, air-sea interaction is modified by the pres-
ence of the oceanic fronts [e.g., Friehe et al., this issue;
Weller et al., this issue], and may have a potentially signif-
icant influence on the fronts at these scales.

The frontal bands tend to propagate with the associated
anomaly features, although the propagation of the bands is
relatively difficult to follow, since they appear in derivatives
of the T field. To illustrate this, [VT,| have been contoured
in Figure 8 at the times of the corresponding T, maps, but
with a minimum contour level set to outline only the stronger
frontal bands. The strongest segments of these bands exist
where they separate a warm feature to the south from a cold
feature to the north. The strong segment with a SW-NE
orientation evident between about 69° and 72°W, which
contained the strong front across which the FASINEX
central mooring array was deployed [Weller, this issue], is
evident on January 13. This segment shifted northwestward
with time, along with the strong front within it, to be located
=2° to the north of the central mooring array during
FASINEX Phase II, as shown by the March 14 position
(Figure 8). This apparent northwestward propagation ap-
pears to be related to the westward propagation of the
large-scale anomaly features, given the SW-NE orientation
of the strong frontal band. The large-scale wind field was not
responsible for the propagation of this frontal band. Halli-
well and Cornillon [1990b] showed that the large-scale Ek-
man transport field was acting to shift the fronts near the
FASINEX site toward the south on average, not toward the
west or northwest as observed.

4.5. Remote Atmospheric Forcing

If the T, anomaly features are at least partly driven by an
underlying baroclinic eddy field, then remote atmospheric
forcing could indirectly influence the surface anomaly field if
the underlying eddies are partly driven by this forcing.
Eddies can be forced by atmospheric variability in the open
ocean [Miiller and Frankignoul, 1981; at the eastern bound-
ary [e.g., Cummins et al., 1986], or over the mid-Atlantic
ridge [Barnier, 1988].

Observational evidence of remote atmospheric forcing
[Brink, 1989] was obtained in the FASINEX region using the
long-term FASINEX moorings F1 and F12 (Figure 1). Peri-
ods shorter than about 50 days were resolved in these
analyses, so the results do not directly apply to the dominant
baroclinic eddies that forced the westward propagating T,
anomalies. At these periods, simple models for flat-bottomed
oceans predict that the ocean response should consist of
barotropic Rossby waves. Price and Rossby [1982] detected
variability due to barotropic Rossby waves in the Sargasso
Sea with periods of several tens of days using Lagrangian
current measurements. However, the current response at F1
and F12 was surface intensified and associated with isotherm



8566

fluctuations. This was attributed in part to the influence of
topography on Rossby wave modes [Brink, 1989]. A simple
linear model qualitatively predicted some of the properties of
the response but significantly underestimated the amplitude
[Brink, 1989]. Similar results were obtained in the eastern
North Atlantic by Samelson [1990]. These studies confirm
that remote atmospheric forcing will have to be considered
in studies of medium- and large-scale oceanic variability.

5. SUMMARY

The formation of subtropical fronts was strongly modu-
lated by baroclinic eddies at medium and large scales. The
first step toward frontogenesis is the enhancement of merid-
ional T gradients between about 26° and 32°N, due at least
in part to Ekman frontogenesis caused by the large-scale
““mean’’ wind stress field. Eddy with wavelengths of =800
km and periods of =200 days are relatively effective at
forcing T, variability within the STCZ, because this eddy
variability is confined to the STCZ and because the large
mean meridional T, gradient there allows horizontal eddy
currents to force relatively strong anomalies. These eddies
generate bands of enhanced T, gradient magnitude that are
~200 km wide and separated by up to several hundred
kilometers through deformation in the horizontal current
field. Smaller-scale eddies then exert the dominant influence
on frontogenesis and frontolysis within these bands. The
eddy-generated bands of enhanced T, gradient magnitude
are where strong fronts evident in AVHRR images are most
likely to form. Westward propagation of the medium- and
large-scale eddy/anomaly/frontal-band pattern exerted a sig-
nificant influence on FASINEX measurements by producing
an apparent northwestward shift of oceanic fronts that had a
SW-NE orientation. This orientation, which is noted by
Eriksen et al. [this issue], was apparently imposed by the
horizontal structure of the eddy-forced T, anomaly features,
which were anisotropic during FASINEX, with a SW-NE
major axis orientation. The propagation of a warm-anomaly
feature past the FASINEX moorings during most of the
experiment produced very warm conditions in the upper
ocean. Successful theories of the formation and variability of
subtropical fronts must consider the influence of the eddy
field over a very wide range of wavelengths. The largest
eddies that influence frontal variability are themselves ap-
parently influenced by shear in the large-scale mean current
pattern, which is itself influenced in part by the mean
large-scale meridional density gradients associated with the
mean SFZ. At the medium to large scales resolved in the
present analyses, frontogenesis involved a complex interac-
tion among the large-scale Ekman transport pattern, the
mean current pattern, the oceanic baroclinic eddy field, and
the mixed layer. We were only able to test some of the
dynamical processes leading to this complex interaction.
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