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We discuss the large-scale setting for the Frontal Air-Sea Interaction Experiment (FASINEX). A climatol-
ogy of the west-central North Atlantic, derived from various data sets, is presented, and the meteorological and
oceanographic context for FASINEX is thereby established. While the atmospheric and oceanic processes of
interest during the intensive phases of FASINEX are not resolved in this large-scale study, we are able to show
how these scales produce an environment favorable to the smaller-scale processes of frontogenesis that are the

subject of other contributions in this issue.

1. INTRODUCTION

The Frontal Air-Sea Interaction Experiment (FASINEX) was
designed specifically to focus on the atmospheric and oceanic
dynamics and thermodynamics within the vicinity of sea-surface
temperature (SST) fronts and how the presence of these fronts
modifies air-sea interaction processes [Weller, this issue]. The
research aircraft flight plans, for example, included extensive
mapping on scales of tens of kilometers, and the oceanographic
analog (the SEASOAR surveys) was also conducted on this spa-
tial scale [Friehe et al., this issue; Eriksen et al., this issue]. The
fronts of interest are the results of large-scale and mesoscale
processes that produce SST gradients of up to 0.3°C km™ [Hal-
liwell et al., this issue; Weller et al., this issue]. The large-scale
climatological environment that is favorable to this frontal activity
is the topic of this paper.

Such strong fronts are not observed everywhere in the oceans.
Based on previous oceanographic surveys showing considerable
frontal activity in the area [e.g., Voorhis et al., 1976], the Sargasso
Sea southwest of Bermuda was chosen for FASINEX research.
The time of year chosen for the intensive phases, January—March,
was thought to be a time during which the SST signatures would
be clearly visible with satellite sensors (SST gradients are washed
out by surface heating during the summer months), and this was
the case, as the papers in this series will show. However, we will
also show that the large-scale processes that set up the favorable
environment for frontal activity are not limited to the winter
months.
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1.1. Historical Background

The average large-scale circulation of the central North Atlan-
tic, between about 15° and 45°N, has long been known to consist
of a basin-scale anticyclonic gyre. The earliest hint of a unified
description of this dates back to Halley [1688]. Physical oceanog-
raphy textbooks that discuss the history of the development of cir-
culation theory point to Benjamin Franklin’s description of the
Gulf Stream system as a significant contribution [e.g., Neumann

and Pierson, 1966], and the southward (northward) course taken
by westward (eastward) bound shipping is steeped in tradition as
well as practicality. The west-central part of the gyre, the Sar-
gasso Sea, held a reputation in the early days of sail as a grave-
yard for ships: even today, this myth persists as the legendary
“Bermuda Triangle.”” Although observations of windrows of
seaweed and other debris in this part of the gyre have been made
by mariners since the very beginnings of the exploration of the
oceans, it was not until Ekman [1903] introduced the concept of a
balance between the Coriolis acceleration and friction that a sim-
ple theoretical explanation for the implied convergence was avail-
able. Even now, more than 80 years later, a complete theoretical
explanation for the scales of the convergence has yet to be deter-
mined.

Ekman theory provides a basis for the discussions in this paper
of the large-scale convergence in the Sargasso Sea, but details of
frontal circulations observed during FASINEX require more
sophisticated analyses. The convergence on large scales (O(10%)
km), averaged over months, provides the background environment
in which the smaller-scale processes leading to frontogenesis, stu-
died during the intensive field phases of the experiment, take
place. In this paper, we begin the discussion of FASINEX results
by concentrating on the largest scales. Subsequent contributions
in this issue will focus on increasingly smaller scales.

This telescoping of observational results is parallel to a
telescoping of physical processes. The gross features of the gyre
(southward drift with return flow on the western boundary) are
described by Sverdrupian dynamics. Details of westward
intensification of the return flow(that is, the formation of the Gulf
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Stream) require the introduction of friction and the variation of the
Coriolis parameter with latitude [Stommel, 1948]). Ekman theory
involves internal friction and ocean-atmosphere coupling; the
large-scale mean wind pattern produces a meridional convergence
of Ekman transport (and hence downwelling) within the gyre.
Consequently, the central portion of the gyre is often referred to as
the subtropical convergence zone. Since the meridional direction
is nearly normal to the mean surface isotherms, this wind pattern
acts to increase the magnitude of the SST gradients within a zon-
ally oriented band several degrees wide. This band is typically
found between 25° and 32°N in the Sargasso Sea [Halliwell and
Cornillon, 1990a,b]. Smaller-scale, nonlinear dynamical
processes operating within this band then act to form the strong
fronts found there. This paper focuses solely on the large-scale
climatology of the SST and SST gradient fields, along with the
large-scale climatology of surface atmospheric forcing fields. Hal-
liwell et al. [this issue] focus both on the mesoscale (O(10%) km)
and the large-scale variability of these fields during FASINEX
(January through June 1986), relating the observed properties of
these fields at large scales to the observed climatology described
here. Davidson et al. [this issue] focus on the large-scale
meteorological variability during FASINEX.

1.2. Overview

We discuss here a 40-year climatology of the FASINEX area
using the Comprehensive Ocean-Atmosphere Data Set (COADS)
[Woodruff et al., 1987] and somewhat higher resolution, shorter-
term climatologies constructed from the National Ocean Data
Center (NODC) archives. The COADS data include a number of
derived parameters as well as the (processed) observations, and
allow the larger scales of Ekman convergence in the area to be
assessed. With the NODC data, we begin the process of analyz-
ing increasingly smaller scales of variability over a time interval
of decreasing length that is converging toward the 6-month
FASINEX interval.

We begin with a discussion of surface marine observations of
SST and its variability, both annual and interannual. The marine
meteorology of the FASINEX area is then discussed in terms of
the surface pressure and winds, the sea-air temperature difference,
and the cloud cover. This is followed by an oceanographic clima-
tology, derived from the NODC archives, that describes upper
ocean currents and density structure.

2. SEA SURFACE TEMPERATURE

2.1. COADS Background

The COADS consists of a compilation of surface marine obser-
vations from all available sources; for practical purposes, the
usable data begin in the mid-1800s. The data set has been culled
for duplicate and obviously erroneous observations, and the pro-
ducts used for the climatology discussed here were monthly aver-
aged over 2° squares. Woodruff et al. [1987] discuss the data pro-
cessing; further details are given by Slutz et al. [1985]. For the
analyses that follow, we have used data from 1948 to 1987 for the
long-term climatology. Data coverage, particularly for the quanti-
ties used here in the smaller averaging domain described below, is
quite good for this period. In the cases where data was missing for
a given month (this occurred mostly for COADS squares in the far
northeast of the large domain in Figure 1), the long-term monthly
mean was substituted.

We present long-term averages of observed quantities in a 32°
square box centered approximately on the FASINEX site, shown
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Fig. 1. The 40-year average of SST (in degrees Celsius) in the

northwestem subtropical Atlantic from COADS. The inset box shows the
area used for the annual and interannual analyses; the triangle indicates the
position of the FASINEX moored array.

as the triangle in Figure 1. Variability analyses involve the 12°
square box inset in Figure 1, this in order to confine the analyses
to the central part of the subtropical gyre, away from the influence
of the Gulf Stream. All presentations of derived quantities are
confined to the 12° domain. The 2° resolution of the COADS pro-
duct used here is indicated by the tic marks around the edges of
Figure 1. It is worth noting that the compositing used in this
COADS product defines as “‘ocean’” 2° squares that are mostly
continenta! (for example, in the Florida panhandle and central
Maine). These data bias the results below in the vicinity of coasts
in two ways: first, coastal data are not necessarily representative
of open-ocean conditions in neighboring squares (thus introducing
strong gradients near the coast); second, the data points are impli-
citly moved, by the analysis, to the centers of the squares (thus
shifting the location of the data in the analysis). The 2° averaging
also causes COADS not to recognize as land significant geo-
graphic regions (for example, Nova Scotia, the Florida peninsula,
and the Caribbean islands of Cuba and Hispaniola). Because the
FASINEX area is well offshore, however, these effects do not bias
the results below in that region. Other aspects of COADS data
inhomogeneity have been discussed by Ramage [1984, 1987] and
Wright [1986]. The analysis here benefits from the relatively
data-rich area in the North Atlantic used and the recent decades
chosen to produce the climatology.

2.2. SST Climatology

Long-term average. Figure 1 shows the long-term average
SST (the 40-year annual average) for the 32° square domain, As
expected, horizontal variability in the SST signal in the western
North Atantic is dominated by the Gulf Stream. However, the
zonally oriented large-scale frontal band expected to be found in
the subtropical convergence zone is visually evident. It is confined
approximately between the 24° and 26°C isotherms (between
about 25° and 30°N) within the 12° box. In the FASINEX area
the annually averaged temperature is about 3°C warmer than the
temperatures during the intensive measurement phase, which was
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conducted near the time of the seasonal SST minimum (see
below). The smoothing implicit in this long-tenm average elim-
inates any transient features such as Gulf Stream rings. These do,
however, appear in individual monthly maps [e.g., Davidson et
al., this issue].

The stationarity of the 40-year record was tested by dividing it
into -two 20-year segments, each of which was then separately
averaged. The differences in these averages (not shown) indicate
little long-term trend, the two fields being within less than 1°C of
each other over the entire analysis domain. Slightly positive
values occur north of the Gulf Stream and negative values (indi-
cating that the years 19681987 were cooler than 1948-1967)
occur off the coast of the Carolinas. A domain-wide average of
the differences yields a net cooling of less than 0.01°C, which is
insignificant, especially considering the obvious coastal
influences.

Annual variability. The annual variability of the SST in the
smaller 12° domain inset in Figure 1 is summarized in Figure 2a
with (top) the spatial pattern and (bottom) time series of the first
empirical orthogonal eigenfunction (EOF) of the averaged
monthly averages (that is, the time series of 40 averaged
Januaries, 40 averaged Februaries, etc.). This EOF explains over
99% of the variance of the departures of these averaged monthly
averages from the annual average shown in Figure 1. This and
subsequent EOF patterns will be interpreted in terms of nondi-
mensional values of the spatial patterns and dimensional values of
the time series; thus the vertical scale of the time series in Figure
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2a ranges from 4° to 5°C. (The EOFs shown in this paper were
obtained using the covariance matrix of the relevant data set and a
least squares regression fit for the time series, and hence they
resolve patterns of standing fluctuations in the maps.) For refer-
ence, the location of the FASINEX moored array is shown in the
upper panels of Figure 2 at the triangle.

Except in the northwest corner of the 12° domain, the dom-
inant signal in the annual cycle is a zonally symmetric, N-§
movement of isotherms. Note that for the FASINEX array in an
average February, the SST is about 3°C lower than the annual
average SST, or about 22.5°C. This is about 1°C lower than the
temperatures observed in the array during FASINEX Phase II
[Weller et al., this issue]. Therefore 1986 was a warm year in this
area. These warm temperatures were also observed in the satellite
data [Halliwell and Cornillon, 1990a].

The amplitude of the annual cycle is higher in the northern part
of the domain than in the south. This implies that the large-scale,
N-S SST gradient decreases during the summer and increases
during the winter. The relatively strong large-scale frontal band
between about 25° and 30°N virtually disappears in summer.
Durinig this season the strongest meridional gradients in the Sar-
gasso Sea are found north of 30°N [see Halliwell et al., this issue].
Maximum gradients occur in late February. Because the
minimum gradients occur in early August, at the time of the
highest SSTs, the heating phase is slightly shorter than the cooling
phase of the annual cycle. This is consistent with the slightly
higher amplitude of the time series in August than in February.
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Fig. 2. (a) Annual variability of the SST in the 12° analysis domain as represented by the first EOF of averaged monthly averages
(that is, the monthly mean field: 40 Januaries, 40 Februaries, etc., with the annual average subtracted out). (Top) The spatial pat-
tem (the superimposed triangle shows the position of the FASINEX array) is dimensionless; (bottom) the time series has the
dimension of temperature (in degrees Celsius). The product of these represents 99% of the annual variance. (b) Interannual varia-
bility of the SST in the 12° domain as represented by the first EOF of the field of individual monthly departures from the long-term
mean and averaged annual cycles. This EOF accounts for 46% of the interannual variance.
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Interannual variability. The dominant mode of interannual
variability of the SST in the 12° domain is shown in Figure 2b.
This is the first EOF of the monthly departures from the two pre-
vious data sets; that is, the annual average and averaged monthly
departures have been subtracted out. This EOF represents an in-
phase interannual oscillation of SST that is largest in the northern
half of the domain. The largest magnitude is centered near 30°N,
67.5°W. The isotherm pattern is nearly zonally oriented to the
south of about 27.5°N, and hence to the south of the FASINEX
moored array. This EOF represents about 46% of the variance of
the time series. Note the nearly order-of-magnitude decrease in
the amplitude of the variability, compared to the annual cycle.
The time series exhibits variations on the 2- to 5-year scale, but
there are no obvious correlations with other, global scale variabil-
ity. For example, the significant El Nifio/Southern Oscillation
events of 1972 and 1982 are not apparent. The February 1986
contribution of this EOF in the area of the FASINEX moored
array is about 0.4°C; this shows that 1986 was an anomalously
warm Yyear in the area. In fact, for the entire 40-year record, only
the period 1959-1962 was warmer than FASINEX. Moreover,
FASINEX followed directly an anomalously cold year, 1985.

In years where the time series is positive (negative), the meri-
dional SST gradient is weaker (stronger) than usual between 24°
and 27.5°N. Thus during periods such as the early 1960s and the
FASINEX measurement period, the large-scale frontal band may
have been weaker or may have been displaced farther to the north
than average. During periods such as the late 1960s / early 1970s
and the 2 years prior to FASINEX, it may have been weaker or
may have been displaced farther to the south than average. This
hypothesis is partly supported by the satellite observations
presented by Halliwell and Cornillon [1990b], who observed that
the strongest meridional SST gradients existed near 27.5°N during
winter 1983-1984, near 28.5°N during winter 1984—-1985, and
near 29.5°N during winter 1985-1986 (FASINEX). Also, the
magnitude of this gradient was about 20% smaller during winter
1985-1986 than during the previous two winters. To some extent,
the strength and location of the frontal band are correlated (nega-
tively for strength and positively for latitude) with the average
magnitude of the SST anomaly within the 12° box.

2.3. SST Gradient

Despite the relatively smooth appearance of the SST contours
in the long-term average of the FASINEX area of interest (Figure
1), SST fronts are commonly observed there, as other articles in
this issue will describe. It is the averaging scales of COADS,
monthly and ~200 km, that smooth the fronts in this analysis.
Nevertheless, there is evidence that this area is favorable to frontal
formation. This can be seen from the magnitude of the SST gra-
dient (Figures 32 and 3b) and in the Ekman pumping by the
windstress (see section 3).

For this paper the SST gradient was computed using fully cen-
tered differences on the 12° analysis domain. (As can be inferred
from Figure 1, the gradient pattemn for the larger-scale domain
would be dominated by the Gulf Stream.) The long-term average
of the magnitude of the SST gradient (Figure 3a) reveals a ridge
of maximum gradient across the middle of the area at 30°N. This
is intensified and shifted slightly southward during winter (Figure
3b), so that the FASINEX array was located approximately at the
latitude of maximum gradient in February and March. During
summer the entire pattern relaxes, but there remains a zone of
maximum gradient toward the north of the 12° domain, as can be
inferred from Figures 3a and 3b. These results are to be com-
pared to the Ekman pumping patterns shown in the next section.
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Fig. 3. (a) The 40-year average of the magnitude of the SST gradient in
the 12° analysis domain. Units (on the time series) are 105 °C m™ (note
that 0.9 x 10 “5 °C m™ - 1 °C ( latitude)™?). (b) First EOF of the
monthly mean field of the magnitude of the SST gradient, representing
97% of the annual variance.

3. LOWER ATMOSPHERE

3.1. Surface Pressure and Winds

Figure 4 presents the 40-year average of the surface pressure
field, with wind vectors superimposed, for the 32° square domain.
The pressure field is dominated by the subtropical high, the axis of
which passes (in the annual average) about 2° north of the
FASINEX array. The wind patterns exhibit the belt of westerlies
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Fig. 4. The 40-year average of surface pressure (hPa) and wmd vectors
(the distance between tic marks represents a vector of 10 m s7) in the
northwestem subtropical Adantic.

to the north, and the trade winds to the south, of the subtropical
high. The flow becomes more geostrophically balanced toward
the north.

The annual variability of the pressure field (for which the first
EOF in Figure 5a explains 87% of the variance) is more complex
than the behavior of the SST. For most of the year (mid-
November to mid-August), the spatial pattern reinforces the sub-
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tropical high with a slight displacement southward. During winter
and spring, this contribution is quite weak, with maximum pres-
sure changes of order 1 hPa. During the summer months, how-
ever, this southward displacement is also associated with a
strengthening of the subtropical high. (This behavior is
emphasized in the individual monthly maps; see Davidson et al.
[this issue]). There is then an abrupt switchover to a weaker sub-
tropical high during the fall.

The interannual variability of the surface pressure field (Figure
5b) exhibits predominately zonal behavior, with stronger varia-
tions to the north. The first EOF in Figure 5b explains 71% of the
variance, so this is a truly dominant mode. In terms of the sur-
face pressure, 1986 was a ‘‘normal’’ year, as can be seen from the
time series. As with the SST, there is no obvious cormrelation of
this time series with other large-scale modes of variability.

It can be seen from Figure 4 that there is a large-scale Ekman
convergence, associated with the westerlies to the north of the 12°
domain and the easterly trades to the south, centered approxi-
mately on the FASINEX area. This is confirmed by Ekman pump-
ing calculations (Figure 6). For these, drag coefficients dependent
on wind speed and sea-air temperature difference [Smith, 1988]
were used with centered differences. The long-term average (Fig-
ure 6a) is everywhere negative (that is, downward motion) and
relatively flat, with variations of about 20% of the mean of less
than about 10 cm d!. The downward pumping peaks in winter
(Figure 6b), at which time the values are approximately doubled
in the northern part of the domain and enhanced by 20-30% in the
southern part. At the site of the FASINEX moorings, the aver-
aged February Ekman pumping is about -1.5%10 ® m s™!. During
summer, the Ekman pumping decreases dramatically, but there is
never upwelling in the domain.
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Fig. 5. (a) First EOF of the monthly mean surface pressure field, representing 87% of the annual variance. (b) First EOF of the
40-year field of monthly departures of surface pressure, representing 71% of the interannual variance.
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Fig. 6. (a) The 40-year average of Ekman pumping velocity in the 12°
domain. Negative values indicate downward motion, in units of 10" m
s (note that -11.6 x 107" m 5! ~ -10 cm d™Y). (b) First EOF of the
monthly mean field of Ekman pumping, representing 66% of the annual
variance.

Because most of the Ekman pumping is associated with the
curl of the zonal wind stress (that is, —9t,/dy ), the implied con-
vergence can be related to the SST gradients depicted in Figure 3.

The relatively flat field of downward pumping in the mean sug-
gests that water from north and south of the domain will converge
in a ridge, concentrating gradients there (Figure 3a), and the
approximately out-of-phase seasonal cycles of the gradient and
the pumping are also consistent (Figures 3b and 6b). However, it
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is clear that there are other processes at work on the SST field.
Other papers in this issue discuss smaller-scale processes; we con-
clude this section of this large-scale analysis with a brief discus-
sion of thermodynamic influences on the SST.

3.2. Sea-Air Temperature Difference

Energy exchange between ocean and atmosphere, including
both thermal and mechanical energy, is one focus of FASINEX.
Therefore the conditions that affect the efficiency of this transfer
are an important component of the FASINEX environment. In
order to summarize those conditions, we present here a climato-
logical analysis of the sea-air temperature difference,
ATSA = Ts - TA .

Of the several quantities that determine air-sea energy
exchange, including not only ATg but also the wind speed, the
atmospheric humidity, and the radiative fluxes, ATg, variability is
the most revealing. The stability of the atmospheric surface layer,
and thus the magnitude of the drag and transfer coefficients, is
determined largely by ATs,; the sensible heat flux is, of course,
proportional to ATg, . The latent heat flux, in the FASINEX area,
is also controlled by AT, because the atmospheric relative humi-
dity is nearly constant (for monthly averages) at ~80 * 5%.
Further, in the 12° averaging domain used here, the wind speed
hovers within about 1.5 m s of 6 m s™ in the annual average; the
seasonal variability is also about 1.5 m 57!, with maximum wirid
speeds in the late winter in the northern part of the 12° analysis
domain. The averaged total (sensible plus latent) heat flux in the
FASINEX area is 195 W m™ in February, compared to 160 W
m2 annually. Bowen ratios are much larger in winter (~0.14)
than in the summer (~ 0.03), reflecting the seasonality of the sea-
air temperature difference and the increased evaporation in sum-
mer when the SST is larger.

Figure 7 shows the 40-year average of sea-air temperature
difference ATg, (in degrees Celsius), as derived from COADS.
The influence of the Gulf Stream and the North Atlantic Current is
obvious, with a region of high ATg, covering the northwest corner
of the 12° analysis domain. In the area of the FASINEX array,
ATy, is approximately 1°C on average.
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Fig. 7. The 40-year average of sea-air temperature difference AT, (in
degrees Celsius) in the northwestem subtropical Atlantic.
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The annual variability of AT, , for which the first EOF in Fig-
ure 8a represents 98% of the variance, exhibits a similar spatial
pattern to the average in Figure 7. Consequently, the annual cycle
acts to enhance and decrease the AT, gradient most strongly in
the northwest corner of the domain and to increase and decrease
ATg4 everywhere. This behavior is clearly associated with annual
variability of the Gulf Stream system. The maximum ATg, occurs
in early December, and the minimum occurs in June (this is con-
siderably earlier in the year than the maximum SST, however).
The climatological AT, in the FASINEX array, in February, is
about 1.5°C,

Unlike the interannual variability of the SST and the surface
pressure, the first EOF of the interannual AT, represents only
36% of the variance. However, because the second EOF
represents a considerably lower amount (7.5%), the first EOF
(shown in Figure 8b) is significant. The pattern is similar to the
average and annual cycle, and, as with most other quantities, the
amplitude is considerably lower. Beyond the apparent power in
the 2- to 5-year range, there is no obvious correlation with other
variables. This is not unexpected, due to the influence of con-
tinental air masses moving off North America over the region of
interest.

3.3. Cloud Cover

We conclude our analysis of the marine meteorological climate
of the FASINEX region with a presentation of cloud cover. The
cloud cover observations in COADS are total cloud cover, so that
these statistics are not readily comparable to the discussions of
clouds observed in the marine boundary layer during FASINEX.
However, because of the importance of clouds to the global
energy budget, as well as to their role in obscuring satellite obser-
vations of SST fronts, they represent an important aspect of the

34°N

- 28°N

2.8
a 1.9
-1.8
-2.0

2 3 4 5 6 7 8 9 12111213

8523

FASINEX environment. The study by Warren et al. [1988] of the
different types of clouds observed over the ocean indicates that
the most frequently occurring types of clouds in the FASINEX
area in February are stratus and stratocumulus, followed closely
by altostratus and altocumulus. This is consistent with the obser-
vations made during the experiment.

The 40-year average (in tenths, Figure 9) shows a predom-
inantly zonal pattern over much of the area of interest, with
cloudiness increasing toward the north. In the FASINEX array,
the average is just over 40% cover. The first EOF of the annual
variability (Figure 104), which represents 75% of the variance,
acts to enhance and decrease the N-S gradient of cloud cover,
with the minimum occurring in July. The climatological cloudi-
ness in February near the FASINEX array averages about 70%.
As with AT, the interannual variability of cloud cover, as
represented by the first EOF (Figure 10b), explains a relatively
small (33%) amount of the variance, but, compared to other
EOFs, it is significant. The pattern shows a ridge of maximum
variability just to the north of the FASINEX array; the degree to
which this may be associated with interannual variability of the
frontal zone is unknown. The time series in Figure 105 indicates
that, while 1986 was a relatively normal year, there is a hint of an
overall trend toward increasing cloud cover in the area; in this
context, the cloud cover during the intensive phase of FASINEX
was 10-20% greater than the long-term average.

4. UPPER OCEAN

4.1. Annual Averages

Owing to data limitations, development of a climatology of the
upper ocean is considerably more problematic than that for the sea
surface or the marine atmosphere. We have used data from the
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Fig. 8. () First EOF of the monthly mean field of ATs4 , representing 98% of the annual variance. (b) First EOF of the 40-year
field of monthly depanures of AT, , representing 36% of the interannual variance.
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Fig. 9. The 40-year average of total cloud cover (tenths) in the
northwestern subtropical Atlantic.

NODC archive as described ny the Levitus [1982] climatological
atlas to analyze subsurface conditions in the 12° analysis domain
in the vicinity of the FASINEX array. All expendable bathyther-
mograph and mechanical bathythermograph data used by Levitus,
plus the conductivity-temperature-depth, salinity-temperature-
depth and Nansen casts, in the area 22°-34°N, 62°-74°W were
composited by season for the analyses below. As with the atmos-
pheric and surface climatologies, the resulting subsurface clima-

34°N

2 3 4 5 6 7 8 9 18 11 12 13
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tology represents features as considerably smoothed compared to
the observations presented in other papers in this issue. However,
this climatology establishes the long-term averaged environment
in which the smaller-scale processes of frontogenesis observed
during the intensive phases occur.

Figure 11 shows cross sections of the long-term, annual aver-
age potential temperature, salinity, potential density, and zonal
geostrophic current (relative to 1500 m), zonally averaged across
the 12° analysis domain, for the upper 1000 m. There is a very
smoothed seasonal thermocline above about 250 m. Between
about 250 m and 1000 m, isotherms and isohalines slope upward
to the north; that is, at a given depth, both the temperature and the
salinity decrease toward the north. The temperature field thus
tends to increase the density northward, while the salinity tends to
decrease northward. Since the isopycnals mimic the isotherms
(sloping upward to the north), it can be seen that salinity compen-
sation is not a strong factor in this layer. Below the salinity
minimum (and flat temperature field) at about 1000 m, isotherms,
isohalines, and isopycnals all slope downward to the north (not
shown).

The zonal current structure is, at the surface, eastward every-
where, with a maximum at about 25°N and a minimum at about
30°N. The eastward currents extend to about 500 m, with a weak
westward flow below. There is little evidence of horizontal shear
near the surface, where the frontal zone is found. The broad east-
ward current maximum near 25°N is probably the Sargasso Sea
analog of the eastward subtropical countercurrent described by
Japanese researchers [e.g., Uda and Hasunuma, 1969; Yoshida
and Kidokoro, 1967]. However, the eastward flow at all latitudes
between 22° and 34°N is very surprising because westward near-
surface flow along the southern part of the subtropical gyre is
expected both north and south of the subtropical countercurrent.
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Fig. 10. (a) First EOF of 1the monthly mean field of total cloud cover, representing 75% of the annual variance. (b) First EOF of
the 40-year time series of monthly departures of cloud cover, representing 33% of the interannual variance.
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Fig. 11. Annual averages, zonally averaged across the 12° domain, of

potential temperature, salinity, potential density and zonal geostrophic
current for the top 1000 m.

Inspection of the meridional temperature cross sections presented
by Schroeder [1965] indicates that from 22°N to about 28°-30°N,
isotherms tend to shoal toward the north as we observe here. To
the north of 28°-30°N, isotherms tend to deepen toward the north,
reaching their maximum depth near 36°-37°N, the latitude where
Subtropical Mode Water is often formed in late winter. This dip in
the isotherms may also be associated with the Gulf Stream recir-
culation cell. Unfortunately, this isotherm depression north of
28°-30°N is not reproduced in the Levitus data, possibly due in
part to the extreme smoothness of these fields. The relative change
of zonal velocity with latitude, in particular the existence of the
subtropical countercurrent, is more accurately represented than the
absolute velocity.

4.2. Seasonal Averages

Seasonal averages, shown in Figures 12, reveal considerably
more detail, although below about 250 m (the approximate base of
the seasonal thermocline), differences with the annual average are
small. In winter (Figure 12a), there is a strong well-mixed layer
to about 100 m with generally higher salinity, and there is a hint
of a layer of minimum vertical temperature gradient below the
seasonal thermocline. The geostrophic current structure is similar
to that of the annual average. Note that the horizontal shear at the
surface is also substantially stronger that the annual average. In
spring (Figure 12b), the surface layers have begun warm substan-
tially and the minimum surface salinity has shifted northward; this
combination changes the density structure and the associated
currents dramatically.

The summertime patterns (Figure 12c) show the effects of
strong surface heating and relatively uniform evaporation: the sur-
face salinity minimum is uniform and the mixed layer is much
warmer and shallower than that in winter. By fall (Figure 12d),
the transition toward the winter pattern has begun, with a deeper,
cooler mixed layer, a shift of the salinity minimum southward,
and the beginnings of the winter—spring current structure.
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4.3. Upper Oceanic Structure

The archived NODC data were used to determine the depth of
the seasonal thermocline and to calculate the vertically integrated
heat content and total potential energy in the water from the sur-
face to this depth. For each cast, the top of the seasonal thermo-
cline was obtained in an upward looking search beginning at the
shallower of (1) the depth where the water temperature falls below
18°C, or (2) 400 m. The depth of maximum Brunt-Viisila fre-
quency (N) above this level was selected as the middle of the sea-
sonal thermocline (neglecting the top 10 m to avoid diurnal
effects). The top of the seasonal thermocline was chosen to be the
depth at which N falls below 1/e of its maximum value. The verti-
cally integrated heat content and total potential energy were then
calculated from:

0 0
H =Ic,Tpdz ; P=Igpz dz ,

where ¢, and g are the specific heat of water and gravitational
acceleration, respectively. For the 20-year annual and seasonal
means, the three parameters were binned and averaged over 2°
squares and contoured. The fields of both heat content and poten-
tial energy resemble the mixed layer depth, so further analysis
was performed only on the mixed layer depth. Because all fields
exhibited a high degree of zonal consistency, yearly and seasonal
zonal averages for each year were also calculated for the mixed
layer depth.

The long-term (20-year) mean mixed layer depth (Figure 13a)
shows that the mixed layer is shallower in the region where the
fronts are usually found and that the mixed layer is deeper both to
the north and south of this latitude band. As noted before, the pat-
tern is distinctly zonal, with the shallowest mixed layer at any lati-
tude occurring at about 28°N. This is consistent with the mean
wind (and consequently, wind stress) pattern over the area (Figure
4). The stronger wind to the north (the westerlies) and to the
south (the easterly trade winds) of the study area should force
deeper mixed layers than in the central portion, the transition zone
between the westerlies and the trade winds. There also seems to
be a slight zonal gradient in the wind speed at the latitude of
minimum speed, which may be responsible for the shoaling of the
mixed layer toward the east at 28°N. Shallower mixed layers have
been observed in the vicinity of oceanic fronts, such as the sub-
tropical front, regardless of the wind pattern. Numerical simula-
tions of a convergent frontal region also show such a tendency
[Cushman-Roisin, 1981].

The patterns of heat content (Figure 13b) and total potential
energy (Figure 13¢c) are both similar to the mixed layer depth, as
would be expected. The minimum in both heat content and poten-
tial energy is coincident with that of the mixed layer. However,
note that the heat content is somewhat larger in the southern por-
tion of the study area, since the water is warmer to the south than
it is in the northern portion. Conversely, the potential energy max-
imum occurs toward the north of the frontal region owing to the
deeper, relatively cold mixed layers there.

The seasonally averaged mixed layer depth (Figure 14a), heat
content (Figure 14b) and potential energy (Figure 14c) all behave
generally as expected. There is strong deepening in winter, when
the mixed layer is deeper than 80 m everywhere, and is deeper
than 150 m in the extreme northern part of the study area. In both
spring and fall, there are rather strong horizontal (primarily meri-
dional) gradients in mixed layer depth, whereas in summer the
mixed layer is not only shallowest, but also somewhat more uni-
form over the domain. The deeper winter mixed layer results in
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Fig. 12. Same as in Figure 11, except for (a) winter (December-February); (b) spring (March—MayY); (c) summer (June—August);

and (d) fall (September-November).

both heat content and potential energy that is nearly twice as large
as in spring and fall, and much larger than in summer (nearly an
order of magnitude in the case of the potential energy). Thus
while the ocean is substantially warmer in the summer, the heat
content is dominated by the mixed layer depth.

In an attempt to isolate interannual variability, the mixed layer
depth was averaged zonally over 2° of latitude for each year (Fig-
ure 15) and also seasonally (Figure 16). The yearly average (Fig-
ure 15) shows that for the most part, the shallowest mixed layer
occurs around 28°N. The seasonal zonal averages (Figure 16) for

all 20 years show a distinct seasonal cycle, with a winter deepen-
ing that is strongest to the north occurring most years. Note, how-
ever, that while for most years the winter mixed layer is deeper
than 120 m, for a period of time in the early and mid-1970s
(1970-1977) the winter mixed layer was shallower than 120 m.
Another anomalous year occurred in 1985, the year before the
FASINEX experiment. While the winter mixed layer did deepen
below 150 m, the maximum depths were displaced south to the
middle of the study area (that is, where the shallowest layers nor-
mally occur).
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Fig. 15, Yearly zonal average mixed layer depth (in meters).

5. SUMMARY AND CONCLUSIONS

We have presented the large-scale, long-term climatology of
lower atmosphere and upper ocean for the northwestern subtropi-
cal Adantic, with emphasis on the FASINEX area. Both long-
term and annual variability were discussed (data permitting), and
the context for the FASINEX has thus been established.
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On the time and space scales discussed here, the large-scale
setting for the FASINEX is dominated by the subtropical high and
its seasonal variability. In February, near 28°N in the western
North Atlantic, the western end of the ridge of the subtropical
high extends over the FASINEX area, and there is averaged
southerly flow in the lower atmosphere. Conditions in 1986 were
fairly typical, but the high was shifted slightly southward, with a
concomitant tendency for mean westerly flow. This location rela-
tive to the high, on average, produces conditions favorable for
convergence, and hence frontal formation and downwelling, in the
upper ocean. However, based on the 2° spatial and monthly tem-
poral averages presented here, evidence for frontal formation is
limited to a tendency for a maximized SST gradient in the region.
No evidence for the intense fronts observed during the FASINEX
intensive period is seen on these scales. Of course, the monthly
averaging completely smooths the strong forcing of synoptic sys-
tems that pass through the area.

Also missing on these averaging scales is evidence for frontal
influence on the surface heat budget and/or on cloudiness. The
Feburary averaged total heat flux of just under 200 W m™2 is
dominated by the latent heat flux, but there is a significant sensible
heat flux (~25 W m2) as well. The cloud cover is dominated by
low- and mid-level stratus and shallow cumulus, with the mean
cloud cover close to 50%.

The timing and position of the intensive measurement periods
of FASINEX appears, from these results, to have been as nearly
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Fig. 16. Seasonal zonal average mixed layer depth, 1966-1986. The 30- and 60-m contours are dashed, 90-, 120-, 150- and 180-

m contours are solid.
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as optimal as possible, given observed variability. In particular,
near 28°N in February is a favorable time and place to observe
large mean temperature gradients and downward Ekman pumping.
There is, meanwhile, a relatively smooth field of air-sea fluxes in
the vicinity, so that oceanic forcing is dominated by large-scale
processes. Further, 1986 seems not to have been an anomalous
year, compared to the 40-year mean.

Of course, these results are highly smoothed versions of the
observations made during FASINEX, and details of frontal struc-
ture and air-sea interaction processes in the vicinity of the front
are not resolved here. Other contributions to this issue will
address these smaller scales. Our intention has been to provide
the setting in which these more detailed analyses reside.
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