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Large-Scale SST Variability in the Western North Atlantic Subtropical Convergence Zone
during FASINEX. Part II: Upper Ocean Heat Balance and Frontogenesis *

GEORGE R. HALLIWELL, JR. AND PETER CORNILLON
Graduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island

(Manuscript received 20 July 1988, in final form 18 August 1989)

ABSTRACT

We analyzed the influence of wind-driven horizontal heat advection on the large-scale [O(1000) km wavelength]
variability of both the upper-ocean mixed-layer heat content and the subtropical frontal zone (SFZ) within an
11° by 10° domain in the western North Atlantic Ocean during FASINEX (January through June 1986). By
estimating heat advection due to both Ekman transport and interior geostrophic (Sverdrup minus Ekman)
transport from a slab mixed layer heat balance equation using satellite-derived sea surface temperature (7;)
and wind analysis maps, it was found that these processes could not account for the observed variability in
either heat content or the SFZ. The annual cycle of surface vertical heat flux had the dominant influence on
the heat content. Even when the average heat balance was analyzed during a 4-month time interval when the
net influence of the annual cycle was nearly zero (mid-January to mid-May 1986), westward-propagating 7
spatial anomaly features with peak-to-peak scales of several hundred kilometers apparently had the dominant
influence on heat content. The influence of Ekman transport appeared to become marginally detectable only
when terms in the heat equation were zonally averaged across the entire analysis domain, apparently reducing
the influence of the propagating anomaly features. Ekman transport did act to maintain the SFZ during the 4-
month interval, and thus may have been ultimately responsible for its existence, but the large-amplitude variability
in heat content and the SFZ driven by other processes made this impossible to prove conclusively in the

FASINEX region.

1. Introduction

A major objective of the large-scale component of
the Frontal Air-Sea Interaction Experiment (FASI-
NEX) (Stage and Weller 1985, 1986), which was con-
ducted in the western North Atlantic subtropical con-
vergence zone (STCZ), was to determine the processes
active at large scales that generate the strong oceanic
subtropical fronts observed there. In this paper, we de-
scribe our attempts to quantify the influence of wind-
driven horizontal heat advection on the large-scale
[O(1000) km wavelength] variability of sea surface
temperature (7), and of the subtropical frontal zone
(SFZ), in the FASINEX region during the experiment
(January through June 1986). The SFZ was evident
in smoothed 7, maps as a predominantly zonally ori-
ented band up to 3° latitude wide where gradients were
at least three times larger in magnitude than the cli-
matological mean (Halliwell and Cornilion 1990,
henceforth referred to as Part I). Since we focus exclu-
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sively on large scales, we do not consider the variability
of individual fronts contained within the SFZ, across
which T can change by up to 3°C within 10 km (e.g.
Voorhis 1969). These fronts are being extensively
studied by other investigators as part of FASINEX (e.g.
Pollard 1986; Bohm 1988).

Since the STCZ is the zone separating the westerlies
to the north from the trade winds to the south in the
Northern Hemisphere, the meridional convergence of
wind-driven Ekman transport within it is assumed to
be an important large-scale mechanism for generating
the SFZ. (For simplicity, we will henceforth refer to
wind-driven horizontal heat advection as Ekman ad-
vection, and to the meridional convergence of Ekman
transport as Ekman convergence.) Models by deSzoeke
(1980), Welander (1981), and Cushman-Roisin
(1981) illustrate how Ekman advection can generate
subtropical fronts. Observations of the subtropical front
in the North Pacific Ocean (Roden 1975, 1980, 1981;
Roden and Paskausky 1978) document the tendency
for either the SFZ or individual subtropical fronts to
be located near the latitude where Ekman convergence
produces the strongest frontogenesis by either employ-
ing case studies or using seasonal mean data.

However, recent evidence has indicated that other
mechanisms may produce frontogenesis at large scales.
Cushman-Roisin (1984) and deRuijter (1983a) de-
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scribe models in which horizontal gradients of vertical
heat fluxes produce frontogenesis in the absence of Ek-
man advection. As expected, the numerical model of
Takeuchi (1984) generated a SFZ when it was driven
by a wind stress distribution that produced meridional
Ekman convergence within the STCZ. Surprisingly,
the model also generated a SFZ when it was driven by
a wind stress distribution that produced zonal Ekman
convergence. Since the Ekman transport was essentially
tangent to the T, isotherms in the latter case, other
(unknown) processes must have produced this front-
ogenesis. It is also well known that mesoscale and sub-
mesoscale eddies strongly affect the variability of sub-
tropical fronts at O(100) km and O(10) km, respec-
tively (e.g., Voorhis et al. 1976; Voorhis and Bruce
1982). However, the degree to which eddies influence
T, and fronts at wavelengths of O(1000) km is poorly
known. Although existing evidence does suggest that
Ekman advection plays a significant role in generating
subtropical fronts, its importance relative to other pro-
cesses, and how this importance depends on wave-
number and frequency, has yet to be quantified.
Although data limitations did not allow us to thor-
oughly answer these questions here, we are at least able
to crudely analyze the influence of wind-driven hori-
zontal heat advection on the large-scale variability of
T, and the SFZ observed during FASINEX. To do this,
we estimate and compare terms of a heat balance
equation for an upper-ocean slab mixed layer, focusing
primarily on the average heat balance during the FA-
SINEX “winter” season (mid-January through mid-
May 1986, henceforth referred to as the 4-month in-
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terval). We analyze the influence of horizontal heat
advection caused by both Ekman transport and interior
geostrophic (Sverdrup minus Ekman) meridional
transport. Our primary goal is to characterize the in-
fluence of Ekman advection in the FASINEX region
to help answer the existing questions about its impor-
tance. Interior geostrophic transport is also considered
since it can potentially advect the same order of mag-
nitude of heat in the winter mixed layer as Ekman
transport.

2. Data

The available data includes 5-day 7 maps from 6-
10 January through 25-29 June 1986 derived from
NOAA-7 and NOAA-9 AVHRR /2 infrared images,
along with wind stress maps calculated from Fleet Nu-
merical Oceanography Center (FNOC) wind analyses
and then averaged over these same 5-day intervals. The
T, maps were derived from 5-day composite images
by binning all 7 estimates not influenced by clouds
into 0.25° latitude by 0.25° longitude boxes, then av-
eraging these estimates within each box. FNOC wind
analyses were obtained on a grid with 2.5° resolution
in both latitude and longitude. The 7, and FNOC grids
are shown in Fig. 1, along with the locations of FA-
SINEX moorings (Pennington et al. 1988). We refer
the reader to Part I for a description of the dataset and
a discussion of the data processing that was performed.
A quality evaluation of the dataset (Part 1) indicated
that it should represent large-scale variability reason-
ably well.

FNOC Grid (squares)

Te Grid FASINEX Moorings (circles)
PRSP HP SN AU U RPN SN RN ORI AU PR E AVEN VU PN SR (PO RO B VO P O
T ve w W ® L L] [} -
32°N M -
30°N - [ . . . L
3 i N N
3 28°N - » Filo -
paas - o Io ® ) Y L
3 . [ F2-F10 -
N 26°N o s
b r Fi2o0 o
— 8 B [} [ ] [ ] —
24°N - - -
__- :_I | ] = | ] [ ] '—
22°N T l T I ¥ ] 'T‘ I Al ]fl i) ] T ‘ AJ l L] I AJ T ] ‘_r A I T ] A I T l Al l A l T ] ¥ l Al I T
73°W 70°W 67°W 64°W 73°W 70°W 67°W 64°W 61°W
’ Longitude.

FiG. 1. Grid points used for the five-day 7, maps (left) and grid points of the FNOC wind analyses
(squares, right ), along with the location of FASINEX moorings (circles, right ). The straight line in the right

panel is the FASINEX ship-of-opportunity track.
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Since the analyses performed in this paper required
the calculation of second and third spatial derivatives
of T, spatial smoothing was required to sufficiently
minimize the smaller-scale variability contained in
these fields (e.g., Part I, Figs. 13 and 14). We spatially
smoothed the 5-day T maps using a 9 X 9 point (2°
X 2°), two-dimensional Hanning window. A truncated
smoothing window was used near the boundaries of
the domain to retain as much spatial information as
possible. We evaluated the effects of this smoothing by
estimating and comparing zonal wavenumber auto-
spectra from both a smoothed and unsmoothed 5-day
T, map. The smoothing removes most of the 7 vari-
ance with wavelengths < 200-300 km (Table 1).

3. Heat balance
a. Equations

The heat balance for a slab mixed layer of constant
thickness / separated from the ocean interior by a layer
of thickness e < £, within which the velocity and tem-
perature U,,(x, y, t) and T;,(x, vy, t) are assumed to
be independent of z, is given by (e.g., deRuijter 1983b):

poChT = _pOCh(i)’m -VT,)— pOCh(<u,T,>mx
+ <v,Tl>my) — Qs+ Oy — pOC<W,T,>s
_pOCWe(Tm— Tl) (1)

The subscripts x, v, z, and ¢ denote partial differentia-
tion; the subscripts s, 4, and / denote quantities eval-
vatedat z =0,z = —h,and z = —(h + ¢), respectively;
0o 18 the density; ¢ is the specific heat; V is the horizontal
gradient operator; angle brackets denote time averag-
ing; primes denote turbulent fluctuations; Q; and Q,
are vertical heat fluxes due to shortwave radiation; and
w, 1s the vertical entrainment velocity at the base of
the mixed layer. The time rate of change of mixed-
layer heat content per unit area in this model is influ-
enced by horizontal heat advection, horizontal tur-
bulent heat diffusion, vertical fluxes of solar radiation
at the surface and at the base of the mixed layer, and
the contribution of other vertical heat fluxes at the sur-

TABLE 1. Ratio of zonal wavenumber autospectrum estimates
calculated from one of the 5-day 7, maps smoothed using a two-
dimensional 9 X 9 Hanning window to estimates calculated from
the unsmoothed 7; map for the same 5-day interval. Autospectrum
estimates were calculated at each latitude, band-averaged over zonal
wavenumber at each latitude, then averaged over latitude.

Wavelength (km) Ratio
568 -0.84

227 0.39

142 0.37

103 0.16

81 ' 0.01

67 0.00
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face (sensible, latent, and longwave radiation) and at
the base of the mixed layer.

We assume that the large-scale wind-driven hori-
zontal current velocity in the mixed layer equals the
vertically-averaged Ekman velocity (Tg) plus the ver-
tically averaged meridional component of interior geo-
strophic (Sverdrup minus Ekman) velocity (v;):

(2)

and

v; k'(V X?)‘*‘

= (x)

poBH pofH ()
We have assumed that the wind-driven interior trans-
port is confined to the upper ocean above a constant
depth H, and hence we neglect topography.

Two potentially significant decay processes for large-
scale variability in heat content are the horizontal dif-
fusive effects of mesoscale and submesoscale eddies
{assuming that they act to reduce, not enhance, large-
scale T gradients), and the tendency of the very-large-
scale [ wavelengths of O(10 000) km] pattern of surface
vertical heat fluxes to smooth out large-scale spatial T
perturbations. Diffusive effects can be modeled by the
term pockV?T,, where k is the diffusion coefficient (as-
sumed constant). The net effect of surface vertical heat
fluxes can be modeled by a term proportional to ( T
— T,), where T, is an effective equilibrium atmospheric
temperature (Haney 1971 ) that is assumed to be dom-
inated by very large space scales. Since we wanted to
represent the decay of T variability in some manner
in our analyses, we included the diffusion term in the
heat balance. The surface flux term was not included
because it turned out to be very well correlated spatially
with the diffusion term within the analysis domain if
T, was represented as a linear function of latitude. No
matter which decay term was included, the results of
our analyses were similar.

If we introduce a remainder term Oy to represent
all processes not explicitly modeled, (1) becomes

Wy = -k (vTx7) —c L[ kv x )
PoCNL g f s T 4 H [ 8 ( T

1
t7 r“‘)]ny + pochkVT; + Or, (4)

where we have assumed that T,, = 7T,. To determine
how these processes influence frontogenesis, we first
take the gradient of (4):

poch(V Ty), = — f VIk-(VT, X 7)]

- _h_ l . r l (x)
CHV{[ﬁk (VXT)+f‘r }Tsy]

+ pochkV(V3T,) + VQOr. (5)
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We then take the dot product between VT, and (5)
and divide by pgch to obtain

('_VEE) !
2, pofh

VT,-V[k-(VT; X7)]

__l_ . l . = l (x)
VT v[[ﬁk_(v XF) 4 ]Tsy}

h

Since frontogenesis (frontolysis) is occurring where the
scalar quantity | VT,|? is increasing (decreasing), we
refer to (6) as the frontogenesis equation.

+ kVT,-V(V3T,) + —17 VT,-VQr. (6)
Po

b. Problems and limitations

Wind-driven horizontal heat flux is an order of mag-
nitude smaller than some other components of the total
heat flux, such as shortwave solar radiation. Conse-
quently, Qg can be an order of magnitude larger than
the wind-driven advection terms in (4). In an attempt
to minimize this problem, we focus primarily on the
temporally averaged heat balance during the 4-month
time interval (mid-January to mid-May) in our sub-
sequent analyses. The spatially averaged value of T
within the analysis domain at the end of the 4-month
interval is nearly identical to the value at the beginning,
increasing by only 0.17°C. Because of this, the time
derivative term of (4) is the same order of magnitude
as the combined contribution of the Ekman and in-
terior advection terms when these terms are all averaged
over the 4-month interval. Consequently, the net con-
tribution of all other processes to this averaged heat
balance cannot exceed the contribution of wind-driven
advection, which increases our chance of detecting the
response to this advection.

We must also consider how accurately we can esti-
mate the influence of wind-driven horizontal heat ad-
vection considering the stringent assumptions required
to derive those terms in (4). Estimates of the large-
scale pattern of Ekman advection in a slab mixed layer
made using wind analyses or winds derived from
weather charts have been used successfully in upper-
ocean heat budget studies (e.g., Paduan and deSzoeke
1986), and in at least marginally detecting the response
of the North Pacific subtropical front or frontal zone
to Ekman heat advection (Roden and Paskausky 1978;
Roden 1980). However, the validity of the Sverdrup
balance in the North Atlantic has not been proven
(Wunsch and Roemmich 1985). Sverdrup (1947) as-
sumed that vertical velocity was driven by Ekman
pumping only, and that a depth H existed at which the
vertical velocity was zero, thus confining the resulting
transport above this depth and insulating it from the
bottom. In reality, thermohaline and eddy-driven cur-
rents in the presence of topographic relief can produce
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vertical velocities that equal or exceed vertical velocities
driven by Ekman pumping (Wunsch and Roemmich
1985). Roemmich and Wunsch (1985) also show that
the influence of the Gulf Stream recirculation, where
the Sverdrup balance is not expected to hold based on
scaling arguments, may extend eastward across the en-
tire analysis domain at 24°N. In contrast, a time-de-
pendent Sverdrup balance has been detected in two
studies. Niiler and Koblinsky (1985 ) found that interior
currents at 42°N in the northeast Pacific Ocean are
coherent with wind stress curl at periods between 10
and 100 days in a manner consistent with a local, time-
dependent Sverdrup balance. Brink (1988) detected a
surface-intensified response of currents to wind stress
curl in the FASINEX area, but it was only partly con-
sistent with a local Sverdrup balance since some of the
variability was nonlocally forced to the east of this area.
We do not consider nonlocal forcing in the present
study. Despite these questions about the validity of the
Sverdrup balance, we included the interior advection
term in (4) just to test its validity in the FASINEX
region since it can potentially be the same order of
magnitude as the Ekman advection term assuming that
H =~ 1000 m.

We do not expect the assumption of constant 4 to
cause drastic problems in our analyses. This contention
is supported by the study of Roden and Paskausky
(1978) who successfully used historical estimates of
the mean values of 4 as a function of latitude in the
Pacific Ocean, instead of measured values of 4, to detect
the effects of Ekman advection on subtropical fronts.
Using meridionally-smoothed XBT temperatures from
ship-of-opportunity cross-sections (Fig. 1) run between
26° and 30.5°N near 70°W (Evans et al. 1986; Hal-
liwell 1990), 2 was estimated to average 71.3 m with
a rms amplitude of 13.0 m (Table 2).

TABLE 2. Estimates of the depth # of the mixed layer base obtained
from three ship-of-opportunity XBT cross-sections (see Fig. 1) during
early 1986, with 4 defined as the depth where the temperature exceeds
the mixed-layer temperature by 0.25°C. The temperature field was
first smoothed to remove variability with meridional scales < 100-
200 km, so smaller-scale variability of 4 has been effectively filtered
out. A detailed description of this data set is presented in Halliwell
(1989). For these 27 estimates of /4, the mean is 71.3 m and the rms
amplitude is 13.0 m.

Depth estimates

Latitude
(°N) 27-28 Jan 24-25 Mar 21-22 Apr
30.25 76 72 65
29.75 81 60 54
29.25 83 49 47
28.75 75 63 78
28.25 72 74 88
27.75 92 60 83
27.25 100 53 77
26.75 80 61 77
26.25 65 65 74
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4. The mixed-layer heat balance during FASINEX
a. Least-squares fits

Our first step is to quantify the degree to which the
terms of (4) are in balance at large scales by performing
a least-squares fit of data to the terms. We consider the
matrix problem

Gm=d +e, (7

where G is the data kernel matrix, m is the model pa-
rameter vector, d is the data vector, and e is the residual
error vector. The system (7) can be solved for m using
inverse methods (Lawson and Hanson 1974; Fiadeiro
and Veronis 1984; Hogg 1987; and Menke 1984). If
the model is overdetermined, the solution that mini-
mizes the mean-square-error |e|? (the least-squares
solution) is normally sought.

Given multiple realizations of (4), we can derive a
matrix problem of the form (7). The jth realization of
(4) can be written in the form

ml[—ffk-(vn X ?)}'

J
1 1,
+m2[“(,'§|:5k°(vXT)+7T()]T3y]j

+ m3{pocth2Ts}j + my = {poChTst}j + ¢, (8)

where m,, m,, msz, and m, are the elements of m, the
expressions in braces on the left side are the elements
from the first three columns in the jth row of G, the
expression in braces on the right side is the jth element
of d, and ¢; is the jth element of e. We have used the
model parameter m, to represent Qg. All expressions
in braces can be calculated using smoothed 5-day T,
maps along with 5-day FNOC wind stress and wind-
stress curl maps interpolated to the 7 grid using bicubic
splines, then averaged over a specified time interval if
desired. A separate realization j of (8) can thus be ob-
tained at each T grid point. To reduce computation
time, we only used the realizations at every other point
(0.5° resolution), from point (2, 2) in the southwest
to (44, 38) in the northeast, to perform our solutions.
We used seven different temporal averaging intervals:
the 4-month interval along with the same six 25-day
intervals analyzed in Part L. The first five 25-day in-
tervals coincide with the 4-month interval.

The parameters # = 71.3 m (Table 2), H = 1000
m, and k = 1000 m? s~! were used to calculate the
expressions within braces in (8), except for the sixth
25-day time interval when 4 = 25 m (estimated from
another ship-of-opportunity cross section run during
27-28 May) was used to reflect the formation of the
shallow seasonal thermocline. With this selection of
parameters, the expressions within braces are expected
to be.the same order of magnitude, giving all terms
approximately equal weight in the least-squares solu-
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tions. The selected value of & is also the correct order
of magnitude to account for the poleward heat flux in
the mixed layer due to mesoscale eddies in the western
North Atlantic estimated by Voorhis et al. (1976). In
the solutions, the model parameter my will essentially
extract a spatially averaged rate of change in heat con-
tent over the entire analysis domain that is not ac-
counted for by the other terms on the left side of (8).
We therefore expect it to represent most of the heat
content variability due to the annual cycle, which is
dominated by space scales much larger than the anal-
ysis domain. The contributions at large scales of all
other processes not explicitly modeled will appear in
the residual error term of (8).

We constrain the model parameters m;, m,, and n;
to be positive in the least-squares solutions using al-
gorithms presented in Lawson and Hanson (1974).
We calculate the expected errors for the components
of the model parameter vector using

o lel® oo
4 N, (G'G)7'l,

(9)

where f? is the square of the expected error vector of
m, | is the identity matrix, and N, is the number of
degrees of freedom (the number of statistically inde-
pendent realizations minus the number of model pa-
rameters) (Hogg 1987). Since the terms typically had
spatial correlation scales of 200-250 km, we had only
about 15-25 independent realizations of (8). We
therefore calculated f assuming that N, = 16 for all 7
solutions. From a singular value decompostitions of G,
we found that all solutions were adequately determined
(the model was not ill-conditioned ).

b. Properties of the least-squares solutions

The Ekman and interior advection terms did not
contribute significantly to the heat balance in any of
the seven solutions because the estimates of »2; and m,
were always smaller than their expected errors. The
diffusion term only contributed significantly to the
balance during the final 25-day interval. In contrast,
the term my contributed significantly to all seven so-
lutions, apparently extracting most of the influence of
the annual cycle as expected. The model parameter m14
equalled —34.9 W m 2 for the first 25-day interval and
—77.3 W m 2 for the second (Table 3). It was positive
for the remaining four 25-day intervals, equalling 19.5,
66.5, 52.4, and 88.4 W m 2, respectively. It was much
smaller in the 4-month solution (4.8 W m ~2) since the
net influence of the annual cycle was very small over
this time interval.

To determine why the advection and diffusion terms
are insignificant in the solutions, we will describe the
properties of the heat balance during the 4-month in-
terval. Terms of (4), calculated using the selected values
of h, H, and k and averaged over the 4-month interval,
are contoured in Fig. 2. The insignificant spatial ( pat-
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TABLE 3. Summary of the seven least-squares solutions of (8) for
the 4-month and the six 25-day time intervals. Because of the
insignificance of other terms (see text), only the properties of the
solutions of m, are summarized here.

Expected
. Estimate of m, error of my

Time interval (W m™2) (Wm™?)
11-15 Jan to 11-15 May 48 1.1
11-15 Jan to 31 Jan-4 Feb -349 3.1
5-9 Feb to 25 Feb-1 Mar -77.3 3.6
2-6 Mar to 22-26 Mar 19.5 2.7
27-31 Mar to 16-20 Apr 66.5 20
21-25 Apr to 11-15 May 52.4 4.6
16-20 May to 5-9 Jun 88.4 2.9

tern) correlations among them (Table 4) are visually
evident in Fig. 2. The time derivative term, which is
proportional to the total change in heat content per
unit area during the 4-month interval, has a distinct
anisotropic banded structure with the major axis ori-
ented SW-NE (Fig. 2). These bands have a horizontal
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peak-to-peak scale in the minor axis direction of several
hundred kilometers, and the rates of change of heat
content in the bands range between —30 and +45 W
m 2, with an rms amplitude of 14.4 W m ™2 (Table
5). By choosing a time interval when the net influence
of the annual cycle was very small, we successfully iso-
lated large-scale variability in the temporal change of
mixed-layer heat content in the FASINEX region.
The other terms of (4) cannot account for this ob-
served change in heat content during the 4-month in-
terval. The Ekman advection term acts to decrease T
in the northern part of the domain and increase it in
the southern part (Fig. 2) as expected within the STCZ,
with the transition occurring at 25°-26°N (at 28°-
29°N) near the western (eastern) end of the domain.
The interior advection term tends to produce cooling
throughout nearly the entire analysis domain due to
the existence of mean negative k- (V X 7) and the
southward advection that it drives. The structure of
the horizontal diffusion term simply reflects its pro-
portionality to V2T5. Also, given the estimates of /1, H,
and k that we used, these terms are all substantially

11-15 Jan to 11-15 May
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FIG. 2. Contour plots of four terms of (4) in units of W m™

2, averaged over the time interval 11-15

January through 11-15 May 1986. Dashed contours indicate negative values, signifying decreasing heat

content per unit area with time.
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TABLE 4. Matrix of pattern correlation coefficients among the terms
of (4) and the residual error of the least-squares solution of (8), all
averaged over the 4-month time interval. Assuming that the
coefficients are estimated with about 20 effective degrees of freedom
based on zonal and meridional correlation scales, we assume that
values > 0.43 are significant to 95% confidence.

Term
Time Ekman Interior Horizontal
Term derivative advection advection diffusion
Time derivative
Ekman advection -0.04
Interior advection 0.18 0.39
Horizontal diffusion  —0.09 -0.35 0.09
Residual error 0.85 —0.13 —-0.24 -0.23

smaller in magnitude than the observed rate of heat
content change. The spatial rms amplitude of the time
derivative term is more than twice as great as that of
the Ekman advection term, nearly five times as great
as that of the interior advection term, and about three
times as great as that of the diffusion term (Table 5).
Since only the constant term 1, is significant in the 4-
month solution of (8), the residual error field of that
solution (not shown ) essentially equals the time deriv-
ative term with the mean removed. The pattern cor-
relation between this residual error field and the time
derivative term is 0.85 (Table 4).

Other physical processes must have been responsible
for the changes in heat content observed during the 4-
month interval. Halliwell and Cornillon (1989, hence-
forth referred to as HC) identified and described large-
scale anisotropic spatial anomaly features present in
the 7 field. The major axes of these features were ori-
ented SW-NE, and they propagated in a predominantly
westward direction. It is demonstrated in HC that the
propagation of these features was largely responsible
for the observed banded structure in the rate of change
of heat content during the 4-month interval. It follows
that the physical processes responsible for the existence
of these features, which were not explicitly included in
our heat balance model, may have contributed to our
inability to detect the contribution of wind-driven hor-
izontal heat advection to this balance. Analyses pre-
sented in HC and in Halliwell (1989) suggested, but
did not prove conclusively, that these features could
be driven by the underlying internal eddy field.

We have attempted to detect a balance at large hor-
izontal scales among the temporal rate of change of
mixed-layer heat content, wind-driven horizontal heat
advection, and decay processes represented by a hor-
izontal diffusion term during FASINEX. This simple
balance could not explain the observed large-scale
variability in mixed-layer heat content. The strong in-
fluence of other processes, which could not be directly
estimated with available data, made this balance im-
possible to detect, even during the 4-month time in-
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terval when the influence of the annual cycle was es-
sentially averaged out. The inability to detect a rela-
tionship between Ekman advection and the temporal
change in the upper-ocean heat content is somewhat
surprising because such a relationship was detected in
the Pacific Ocean by Roden and Paskausky (1978).
Such a relationship could still exist in the FASINEX
region, since the relatively strong influence of the
propagating anomaly features may have simply pre-
vented us from statistically detecting it. However, we
cannot determine whether the influence of the interior
advection term is undetectable because it is masked by
the influence of the propagating anomaly features or
because the Sverdrup balance simply does not hold in
the FASINEX region. Similarly, we cannot determine
whether the horizontal diffusion term poorly represents
the decay processes that are undoubtedly present. There

_are many reasons to suspect that the diffusion term

used here will poorly represent decay processes. For
example, even if horizontal diffusion is a significant
decay process, the assumption of a constant diffusion
coefficient k is questionable in the vicinity of the SFZ,
even though the analysis domain is sufficiently far from
the Gulf Stream for the eddy energy to be approxi-
mately independent of position within most of the do-
main (Dantzler 1977; Emery 1983; Robinson et al.
1983).

5. Variability of the SFZ during FASINEX

Although the results of the heat balance analysis were
disappointing, it is still of interest to search for a re-
sponse of the SFZ to Ekman advection. To perform
this analysis, we calculate terms of the frontogenesis
equation (6), and also calculate the field of |V7,]%/2,
then average these fields over the 4-month interval.
The location of the mean SFZ is illustrated in the con-
tour plot of {VT,|?/2 (Fig. 3). From the time deriv-
ative term (Fig. 3), it is evident that west of about
65°W, |VT;|?/2 increases (decreases) with time to the
north (south) of the central latitude of the SFZ. This
pattern resuits from the northward shift of the SFZ
that occurred in this region during the 4-month interval
(Part I). Also, a band where relatively strong fronto-

TABLE 5. Means and spatial rms amplitudes of the terms of (4)
contoured in Fig. 2 along with the residual error of the 4-month
solution of (8), and meridional rms amplitudes of the zonally-averaged
terms of (4) plotted in Fig. 7.

Rms Rms amplitude of
Mean amplitude  zonally averaged
Term Wm?) (Wm?) term (W m™)
Time derivative 5.0 14.4 34
Ekman advection -1.2 6.8 1.9
Interior advection =31 29
Horizontal diffusion -0.4 4.8
Residual error 0.0 16.6
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FIG. 3. Contour plots of |VT;|%/2 in °C? m~2 (multiplied by 10'2) and (| VT;|?/2), in °C?
m~? 57! (multiplied by 102°), both averaged over the 4-month time interval. Negative values
(dashed contours) in the right panel indicate that frontolysis occurred on average. The mean
latitude of the SFZ is traced by the dashed line. The path of the SFZ is split in two near 67°W
(left panel ), so the mean path that we show is located between these two paths at this longitude.

genesis occurred on average exists near 29°N between
63° and 67.5°W, a pattern that probably represents
the effects of a relatively strong segment of the SFZ
centered near 63°W in mid-January that shifted west-
ward to about 66.5°W by the beginning of May (Part
I). The Ekman advection term (Fig. 4) cannot account
for this observed SFZ variability. West of 67°W, Ek-
man' advection contributes to frontogenesis (fronto-

11-15 Jan to 11-15 May

Ekman Advection
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Frrrrrrrr

Latitude

TT T T

TT T 0

lysis) to the south (north) of the mean SFZ, and is
consequently acting to shift the SFZ to the south in a
region where it actually shifted northward. The strong
frontogenesis observed near 29°N between 63°W and
67.5°W (Fig. 3) is also not driven by the Ekman ad-
vection term.

The temporal evolution of the T gradient caused
by Ekman advection in (5) can be divided into two
components as follows:

VIk-(VT, X 7)] = (TuV7r P — T,V7 )

+ (1 WVT, — 7OVT,).  (10)

‘The terms in the first set of parentheses on the right

side of (10) represent the local convergence of iso-
therms caused by spatial gradients in the 7 field (iso-
therm convergence component), while the terms in
the second set of parentheses represent the local wind-
driven advection of the existing isotherm field (iso-
therm advection component). The separate contri-
bution of each component to frontogenesis is calculated
by taking the dot product between VT, and (10) (Fig.
5). The isotherm advection component is acting to
shift the SFZ southward at all longitudes (except near

22°N ~—rr 64°-66°W where the SFZ in weak) due to the mean
73°W  70°W  67°W  64°W  61°W eastward wind stress existing in that latitude belt (Fig.
Longitude 6, Part I). Assuming that 2 = 71.3 m, Ekman advection

F1G. 4. Contour plot of the Ekman advection term from (6) in
°C?m™2s~!, multiplied by 10%° and averaged over the 4-month time
interval. Negative values (dashed contours) indicate that the term
contributed to frontolysis. The mean latitude of the SFZ is traced by
the dashed line.

acts to shift the SFZ southward at about 0.4 km day ™'
during a period when it actually shifts northward at 2—
3 km day ! near the western edge of the domain (Fig.
15, Part I). The isotherm convergence component
contributes to frontogenesis at the latitude of the mean
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FIG. 5. Contour plots of the isotherm advection and isotherm convergence components of the

Ekman advection term from (6) in °C? m ™2

s~!, multiplied by 10% and averaged over the 4-

month time interval. Negative values (dashed contours) indicate that the term contributed to
frontolysis. The mean latitude of the SFZ is traced by the dashed line.

SFZ across the entire analysis domain (Fig. 5), in-
creasing | V7,|?/2 at the rate of about 1.2 X 10 ~1% °C?
m ™2 per day in the western half of the domain where
the observed value for |VT;|2/2 is as large as 4.5
X 10~ °C2 m~2. At that rate, it would take the iso-
therm convergence component nearly 200 days to in-
crease |VT,|%/2 from 2.5 X 107" to 5 X 107"
°C?m™2,

11-15 Jan to 11-15 May

Interior Advection
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FIG. 6. Contour plot of the interior advection term from (6) in
°C?m~%s™!, multiplied by 102 and averaged over the 4-month time
interval. Negative values (dashed contours) indicate that the term
contributed to frontolysis. The mean latitude of the SFZ is traced by
the dashed line.

Although we are probably underestimating this rate
of frontogenesis because FNOC fields have an effective
smoothing scale of several hundred kilometers, Ekman
advection affects T gradients too slowly to account for
most of the SFZ variability actually observed. It is still
possible that Ekman advection acts to generate and
maintain the SFZ over long time scales, but that this
response is masked by larger-amplitude, shorter-period
variability generated by other processes. It is going to
be difficult to quantify to what extent Ekman conver-
gence is responsible for the existence of the SFZ, at
least in the FASINEX region.

The interior advection term tends to produce front-
ogenesis (frontolysis) to the south (north) of the mean
SFZ variability observed within the analysis domain
the SFZ southward as expected due to the existence of
mean negative wind stress curl (Fig. 8, Part I). How-
ever, this southward shift is only about 0.1 km day™".
Even if the simple Sverdrup balance does hold in our
domain, it does not appear to have much influence on
the SFZ. The horizontal diffusion term (not shown),
if acting alone, would simply produce frontolysis within
the SFZ as expected.

6. The zonally averaged T balance
a. The 4-month averaged balance

Since the westward-propagating T spatial anomaly
features strongly influenced the heat balance at large
horizontal scales during the 4-month interval, it is con-
ceivable that the influence of Ekman advection on T
and the SFZ could be detected if the influence of the
propagating features was averaged out. We therefore
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zonally averaged the 4-month averaged time derivative
and Ekman advection terms of (4) at each latitude
across the entire analysis domain, then graphed. them
as a function of latitude in Fig. 7 along with zonally-
averaged T, removing the meridional means and me-
ridional trends from each of these functions to focus
on large-scale variability.

Zonally averaged T, with the negative mean me-
ridional trend removed (Fig. 7), decreases toward the
north between 28.5° and 30.5°N, so we consider this
to be the latitude band within which the zonally-av-
eraged SFZ is confined. The largest negative gradient
exists at 29.4°N, so we consider this to be the mean
latitude of the zonally averaged SFZ during the 4-
month interval. Some similarity is observed between
the meridional structures of the 7 function and the
time-derivative term (Fig. 7). The zonally-averaged
upper ocean heat content increased with time during
the 4-month interval between about 25.25° and
. 28.75°N, and decreased with time to the north and
south of this band. Relatively strong zonally-averaged
frontogenesis therefore occurred between about 28°
and 29°N, centered about 1° of latitude to the south

of the central latitude of the zonally averaged SFZ. The-

central latitude of the SFZ thus tended to shift south-
ward with time during the 4-month interval, an ob-
servation that will be confirmed in section 6b.

Some similarity is also observed between the merid-
ional structures of the time-derivative and Ekman ad-
vection terms (Fig. 7). In particular, Ekman advection
is contributing to frontogenesis on average between
about 28° and 29.5°N, nearly the same latitude band
where zonally averaged frontogenesis is actually ob-
served. However, the similarities between these two
terms do not prove that a relationship exists because
they could have occurred by chance. Some differences
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FIG. 7. Zonal averages of T, along with the time derivative and
Ekman advection terms of (4), averaged over the 4-month time in-
terval. The mean values and meridional trends have been removed
from these functions.

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 20

are also observed between the terms. The Ekman ad-
vection term substantially underestimates the observed
rate of zonally averaged warming that occurs near 27°-
28°N, and hence underestimates the rate of frontogen-
esis that occurs just to the north. The meridional rms
amplitudes of the time-derivative and Ekman terms,
3.35 and 1.90 W m ™2, respectively (Table 5), differ
substantially. These differences may exist because we
have not completely averaged out the influence of the
propagating anomaly features, because the assumption
of constant /4 distorts our estimate of the Ekman term,
or because the estimate of h used was too large. We
consider these results encouraging, but we have still
fallen short of proving whether Ekman advection is
primarily responsible for the existence of the SFZ, or
of quantifying its influence on it.

b. Temporal variability of forcing by Ekman advection

To describe the temporal variability of these zonally
averaged terms, terms averaged over the six 25-day in-
tervals were zonally averaged, then contoured as a
function of time and latitude in Fig. 8. For comparison,
we zonally averaged 25-day maps of T, and contoured
this as a function of time and latitude in Fig. 8. The
meridional means and meridional trends have been
removed from these functions within each 25-day in-
terval. _

The zonally averaged T function maintains a similar
meridional distribution throughout the entire time in-
terval, tending to increase in amplitude with time. A
strengthening and southward shift with time of the
zonally-averaged SFZ is visually evident. The meridi-
onal distribution of the time-derivative term has large
temporal fluctuations while the Ekman advection term
maintains a relatively consistent meridional distribu-
tion. This comparison illustrates the necessity of tem-
porally averaging the terms over an interval substan-
tially longer than one month to even marginally detect
the influence of Ekman advection on the SFZ.

7. Discussion

We have attempted to quantify the influence of two
components of wind-driven horizontal heat advection,
that due to Ekman transport and that due to interior
geostrophic (Sverdrup minus Ekman) meridional
transport, on the observed variability of mixed-layer
heat content and on the SFZ at large horizontal scales
[O(1000) km wavelength] during FASINEX. Unfor-
tunately, we succeeded primarily in documenting how
difficult it is to detect this influence in the FASINEX
region because other processes, whose effects we could
not estimate with available data, exerted a much stron-
ger influence. The largest changes in the mixed-layer
heat content, which can be up to an order of magnitude
larger than what can be accounted for by wind-driven
horizontal heat advection, are driven by the annual
cycle of vertical heat flux. Even when we tried to detect
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FiG. 8. Temporal variability of zonal averages of 7 in °C (left),
and also of the time derivative (center) and Ekman advection (right)
terms of (4) in W m 2, contoured as a function of latitude and time.
These functions were calculated for the first five 25-day intervals
used in the least-squares solutions (Table 1). The mean values and
meridional trends at each time have been removed from these func-
tions.

the average influence of wind-driven advection over
the 4-month time interval between mid-January and
mid-May, during which the net temperature change
due to the annual cycle was very small, westward-
propagating T spatial anomaly features with scales of
several hundred kilometers (HC) apparently had the
dominant influence on the mixed-layer heat content.
Local wind-driven horizontal heat advection was not
responsible for the existence of these propagating fea-
tures, and they may be related to the underlying in-
ternal eddy field (HC; Halliwell 1989). Neither wind-
driven advection mechanism could account for the
SFZ variability observed within the analysis domain
during this 4-month interval. For example, in the west-
ern part of the domain, the SFZ shifted northward while
Ekman advection was acting to shift it southward.
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This inability to detect the responses of both mixed-
layer heat content and the SFZ to wind-driven hori-
zontal heat advection in the Ekman layer was puzzling
because some success had been achieved in the North
Pacific Ocean (Roden 1980; Roden and Paskausky
1978). Since the large influence of the westward-prop-
agating T, anomaly features dominated the observed
changes in heat content during the 4-month interval,
we decided to zonally average the terms from the heat
balance equation in an attempt to average out the in-
fluence of these features. For terms averaged over the
4-month interval, the zonally averaged time derivative
and Ekman advection terms had qualitatively similar
meridional distributions, suggesting (but not proving
conclusively) that the zonally averaged mixed-layer
heat content could be changing with time partly in
response to the zonally averaged heat advection in the
Ekman layer. The zonally averaged SFZ was observed
to shift southward during the 4-month interval, and
this shift could be partly accounted for by Ekman ad-
vection. However, the observed rate of change of zon-
ally averaged heat content was about 75% larger than
the rate accounted for by Ekman advection, which
could indicate that the influence of the propagating
anomaly features was not averaged out, the assumption
of constant mixed-layer thickness 4 was in error, or
the estimate of /4 used was too large. It is possible that
at large scales, Ekman advection contributes signifi-
cantly to the mixed-layer heat balance and acts to
maintain the SFZ at periods = 3-4 months in the FA-
SINEX region, but further studies will need to be un-
dertaken to verify that this is true and to quantify its
importance for generating and maintaining the SFZ in
this region.
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