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Abstract

A fluorescent dye tracer, fluorescein, injected into the bottom mixed layer (BML) at the off-bank edge of the tidal front on 
Georges Bank in late May and early June 1999 has provided the first quantitative measurement o f an on-bank diapycnal 
Lagrangian flow through the front. From the warming o f the dye patch, 1.9 x 10 “ 6 and 7.6 x 10 “ 6 °C/s on the south flank and 
northeast peak, respectively, as it passed through the frontal temperature gradient, we infer a mean on-bank flow of 1.6 cm/s on 
the south flank and 3.1 cm/s on the northeast peak. The heat flux required for this warming is predominantly due to vertical 
mixing within the tidal front. From the dispersion of the dye patch, we estimate a vertical diffusivity o f 1.6 and 3.1 x I O 3 m2/s 
and a cross-front diffusivity o f 18 and 30 m2/s on the south flank and northeast peak, respectively.

The evolution o f a second dye injection on the south flank was distinctly different from the first because of the proximity of 
the foot o f shelfbreak front now displaced onto the bank by a transient meander to within 6 km of the tidal front. Although the 
dispersion o f this patch was the same as for the first injection, its cross-bank displacement was much less reflecting the 
divergence of the cross-bank flow in this region.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The tidal front surrounding Georges Bank (Fig. 1) 
defined as the transition region separating stratified 
and vertically mixed water, is generated by the pre
dominately M2 tide with amplitudes up to 1 m/s. On 
the south flank, the tidal front located between the 40 
and 60 m isobath, is distinct from the shelfbreak front
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whose foot is at the 100 m isobath. On the north flank 
where changes in bottom topography are more abrupt, 
the two frontal features are merged.

Tidal rectification generates a cyclonic jet at the 
bank edge and a cross-bank flow through the tidal 
front (Garrett et al., 1978; Garrett and Loder, 1981; 
Loder et al., 1992), both of which are intensified 
during the more stratified summertime. The general 
features o f the along-bank circulation have been 
successfully modeled (Butman and Beardsley, 1987; 
Chen et al., 1995; Lynch et al., 1996) and observed 
(Butman and Beardsley, 1987; Lim eburner and 
Beardsley, 1996; Loder and Wright, 1985). In con-
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Fig. 1. Location of the study site on Georges Bank on the south 
flank (box A) and the northeast peak (box B). Box A: Detail of the 
isobaths and the GLOBEC current meter mooring sites ( □ ) in the 
vicinity of the dye injection. The tidal front is roughly parallel to the 
local isobath. Dye injection site denoted by ® and the centroid of 
subsequent patch surveys by • .  Aliasing by tidal motion is evident. 
The shape of the dye patch during the first and last survey is given 
by tile locus where the depth-integrated dye content is He of the 
maximum value at the center. Box B: Same as for A. Tiere the tidal 
front extends eastward in a region where local isobaths are turning 
south. Gaps in the patch outline are where the survey did not fully 
extend to the edge of the patch.

trast, there have been no direct measurements of a 
significant non-zero mean cross-bank flow. There are 
several reasons for this. The anticipated speed, 1 -3  
cm/s, is small compared to the mean along-bank flow, 
15-40 cm/s, and very small compared to tidal speeds. 
Eulerian measurements o f this flow are not feasible 
since the front is not always aligned along the local 
isobath, the front undergoes tidally driven cross-bank 
displacements (7 -1 0  km) comparable with its width, 
and Stokes terms are large such that on the northern 
flank, the Lagrangian and Eulerian velocities may be 
o f opposite sign.

This cross-bank flow is a potentially important 
mechanism affecting cross-frontal exchange, the focus 
o f the U.S. GLOBEC Northwest Atlantic/Georges 
Bank Program, phase III. Therefore, a Lagrangian 
approach, the tracking o f a purposeful tracer, was 
proposed. We report here the results of dye tracer 
releases into the bottom mixed layer (BML) at the 
tidal front, which for the first time give quantitative 
estimates o f the on-bank flow through the tidal front 
on Georges Bank.

2. Experiment

The experiment consisted o f tracking a dispersing 
patch o f water tagged with a fluorescent dye that was 
injected into the BML on the off-bank side o f the tidal 
front. There were three dye injections, two on the 
south flank o f Georges Bank and one on the northeast 
peak (Fig. 1 ). Each injection consisted o f pumping 86 
kg o f fluorescein dye in a 25% water solution, mixed 
with isopropyl alcohol to achieve in situ density, into a 
well-mixed BML through a garden hose in 40 min 
diuing slack cross-bank tidal flow to produce a streak 
of dye approximately 0.5 km long.

The dye was detected using a Chelsea Instruments 
Aquatracka MKIII fluorometer sampled at 2 Hz. Dye 
was detectable to dilutions o f 1 x 10 ~ 11 parts by 
weight, which was the level o f the background signal. 
The fluorometer was mounted on a Scanfish, a towed 
undulating vehicle, provided by the University of 
Rhode Island, which was equipped with a Sea Cat 
SBE 19 CTD. The surveys o f the dye patch were 
conducted by towing the Scanfish at 6 knots while it 
undulated vertically between 5 and 10 m below the 
surface and above the bottom. The dye patch (Fig. 1)
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Fig. 2. Cross-bank sections of temperature (a, c, and e) and salinity (b, d, and f) taken prior to the three dye injections: #1 (a and b), #2 (c and d), 
#3 (e and f).
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Fig. 3. BML temperature, as a function of cross-bank distance, 
derived from the cross-front temperature sections prior to injection 
#1 (solid line) and #2 (dotted line). North is positive. Curves are 
shifted to coincide at 8 °C. Anticipated dye injection location in
dicated by •  for #1 and O for #2.

was defined by a survey consisting of at least six 
cross-bank sections through the patch with successive 
up traces separated by 500 m and with a vertical 
resolution of 0.25 m.

The horizontal displacement of the water column 
was estimated by integrating velocity data from the 
ship mounted ADCR This was used to predict the 
initial displacement of the dye patch after injection, to 
survey the patch with approximately evenly spaced 
sections, and to adjust the data position within each 
survey to a common reference time for subsequent 
analysis to minimize the spatial distortion due to water 
motion.

Prior to each dye injection, cross-bank hydro- 
graphic surveys (Fig. 2) were conducted to locate 
the front and to identify an optimal injection location. 
For injection #1 on the south flank, stratification was 
primarily the result of surface heating. The tidal front 
was situated between 7.0 and 7.8 °C although hori
zontal gradients in the vertically mixed region 
extended further onto the bank. For injection #2, also 
on the south flank, the stratification had increased due 
to continued surface heating and to an intrusion of the 
foot of the shelfbreak front from offshore. Satellite

(SST) images (courtesy of J. Bisagni) indicate that this 
was due to a meander of the shelfbreak front that was 
drifting westward through the study area. For injection 
#3, on the northeast peak, vertical and horizontal 
temperature and salinity gradients are greater and 
the frontal structure more complex. Here the tidal 
front extends approximately from 6.0 to 8.3 °C 
although some patches of stratification due to intense 
local heating persist near the surface over the bank.

The horizontal temperature gradient in the BML, 
derived from these surveys on the south flank, is 
shown in Fig. 3. The curves are laterally displaced 
to a common origin at 8.0 °C. In spite of small-scale 
temporal and spatial variabilities in the magnitude of 
the local temperature gradient, the abrupt increase in 
the temperature gradient on the seaward side of the 
tidal front is distinct. The location of this change was 
identified to establish the location of the subsequent 
dye injection.

All three dye injections (Table 1) were in a thick 
BML such that the variation of the in situ temperature 
and salinity values during injection was due only to 
ship drift through lateral gradients. Injection #1 was 
located at the off-bank edge of the tidal front (Fig. 3). 
Although the location of injection #2 with respect to 
the tidal front was similar, it was located near a local 
temperature minimum due to the proximity of the 
shelfbreak front offshore. Injection #3 was inside of 
the off-bank edge of the tidal front since during the 
large off-bank tidal excursion, this water was dis
placed to depths that could not easily be sampled by 
the Scanfish. Surveys of the dye patch were repeated 
until the signal-to-noise ratio at the center of the patch 
was reduced to 3, which occurred approximately 96 h 
after injection on the south flank and 60 h on the 
northeast peak (Fig. 4). At this time, the quantity of

Table 1
Dye injection parameters

Injection #1 #2 #3

Date 22 May 27 May 2 June
Latitude 41°4.58'N 41 °4.50' N 42°6.21'N
Longitude 67°23.17' W 67°25.69' W 66°54.81' W
Bottom depth (m) 63 63 66
BML thickness 24 30 26
Depth above bottom 5 6 6
Temperature (°C) 6.87-6.96 7.00-7.02 6.84-6.85
Salinity 32.38-32.37 32.354-32.355 32.67
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Fig. 4. Maximum dye concentration within the patch as a function 
of time after injection.

dye within the observed patch was between 50% and 
90% of the injected amount so the surveys provided 
representative sampling of the evolution of the dye- 
tagged water.

3. Observations

The lateral displacement and spreading of the dye 
patches is illustrated in Fig. 1 where the circles 
represent the center o f the patch defined by successive 
surveys. Although aliasing by tidal motion results in 
considerable scatter in the position o f the patch 
centroid, the drift of the patch is clearly evident. 
The mean along-ffont drift is 4.1, 6.3, and 11.0 cm/s 
for #1, #2, and #3, respectively. The cross-frontal 
motion is more difficult to discern since it is smaller 
and since the tidal front, especially on the northeast 
peak, is not necessarily aligned with the local isobath. 
On the south flank, however, patch #1 clearly has a 
greater on-bank displacement than #2.

3.1. Dye patch displacement

The cross-frontal motion is determined more pre
cisely relative to the isotherms (isopycnals) that define

the front. Successive cross-bank sections through the 
center of the dye patches (Fig. 5) illustrate the on- 
bank flow of dye-tagged water through the tidal front. 
Fig. 5a shows a section through #1 16 h after 
injection. The middle of the patch, now centered at 
7 °C, has clearly been displaced on-bank from its 
injection position, indicated by the crossed circle. 
Eighty-five hours after injection (Fig. 5b), there is 
no dye at the injection temperature and the maximum 
dye concentration is at 7.6 °C.

The same warming and, hence, on-bank flow is 
observed with #3 on the northeast peak. Twelve hours 
after injection (Fig. 5e), there is significant diathermal 
(diapycnal) displacement o f the patch to warmer 
temperatures. Although there is a suggestion of iso
thermal (isopycnal) spreading, it is the diathermal 
changes that predominate in the cross-bank direction. 
Nearly all of the dye-tagged water has moved on-bank 
of the tidal front 55 h after injection (Fig. 5f) and the 
patch is now centered at 8.4 °C, with virtually none 
remaining at the injection temperature of 6.85 °C.

The evolution o f #2 on the south flank was 
distinctly different from #1. Within a few hours after 
injection, the dye-tagged water shoaled along sloping 
isotherms to the base of the pycnocline (Fig. 5c) 40 m 
above the bottom. The center of the entire patch was 
located at the base of the pycnocline. Apparently this 
motion was forced by a complex 3-D circulation 
associated with the intrusion of the foot of the shelf- 
slope front from the southeast. Subsequently the dye 
mixed isothermally throughout the water column (Fig. 
5d) and then began a diathermal flow on-bank into the 
tidal front.

3.2. T/S property evolution

The evolution of the water properties of the three 
dye patches is illustrated in the T/S diagram in Fig. 6. 
The patch averaged temperature and salinity is super
posed on T/S curves defined by the data from a 
preinjection section across the tidal front and onto 
the cap of the bank (Fig. 2). These data illustrate both 
the vertical and horizontal gradients in the vicinity of 
the front. The lateral T/S changes on the well-mixed 
side of the front on the south flank are given by the 
curves that are well defined by the densely spaced 
data. Also evident is the shelfbreak front incursion 
prior to injection #2 (the green data) and the seasonal
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Fig. 6. T/S distribution of data derived from the preinjection on cross-bank sections, shown in Fig. 2, for #1 (red), #2 (green), and #3 (blue). 
Superposed are the dye patch averaged T/S values of #1 (•) , #2 (O), and #3 (■).
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warming of the water column on the vertically well- 
mixed side of the tidal front. The T/S values of the 
evolving dye patches follow but are slightly displaced 
from curves defined by the preinjection surveys due to 
changes in the local water properties during the 
intervening time and space interval between the pre
injection survey and the dye injection. For #2, there is 
a transition from when the patch first moves toward 
the shelfbreak front, becoming denser, to a later on- 
bank flow into the tidal front that decreases its density.

3.3. Dye patch temperature distribution

The temperature distribution within the dye patch 
near the beginning and at the end of each dye deploy
ment is shown in Fig. 7. Patch averaged, dye concen
tration weighted, temperature distributions are then 
calculated from an interpolated data grid derived from 
the position-adjusted sections of the surveys that 
define the patch. Dye concentrations measured at the 
deepest point of the Scanfish track were extrapolated 
to the bottom since it is in the BML. The vertical 
integration extends only up to 18 m, the base of the 
surface thermocline, in order to highlight the changes 
in the temperature of the dye passing laterally through 
the tidal front and to minimize the effect of heating 
due to vertical mixing near the surface. Because of the 
cross-bank shear in the along-shelf flow (the flow is 
stronger on the off-bank side of the tidal front), there 
is an along-shelf temperature gradient within the 
patch. This is especially pronounced for #3 where 
the trailing end of the patch was warmer since this 
water had penetrated further across the tidal front.

There is considerable variation in the time evolution 
of the patch average temperature for each experiment. 
For #1, the peak at 7.0 °C is significantly warmer than 
the injection temperature of ~ 6 . 9 ° C 1 7 h  earlier. By 
84 h, dye is distributed between 7.0 and 8.9 °C with a 
patch mean temperature of 7.62 °C. The broad dis
tribution is due in part to the along-front gradient 
within the patch. On individual cross-frontal sections, 
the distribution is more peaked over a narrower tem
perature range. For #2, the temperature distribution is 
much narrower, since for the first 30 h, the patch was 
undergoing predominately isothermal displacements 
in the region between the tidal and shelfbreak fronts. 
A significant diathermal shift and dispersion only 
occurred later as the dye patch began to enter the tidal

(A)

♦ w *

(B)
O
Ö<D
>aHH

^  0 A ~Q
<D
N
3  0 . 2 -

O
£

7 8 9
Tem perature (°C)

Fig. 7. Dye distribution throughout the patch in 0.1 °C temperature 
increments of two patch surveys for each injection: #1 (A), #2 (B), 
and #3 (C). All curves normalized to unit area. Time (hours) from 
injection for a particular survey is indicated.
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front. For #3, the temperature distribution broadened 
rapidly because of the more energetic tidal motion of 
the northeast peak and because the dye injection was 
well within the tidal front. By 51 h, most of the dye 
was at temperatures greater than 8.0 °C, i.e., it had 
passed through the front.

3.4. Dye patch dispersion

The dispersion of the dye patch is illustrated by the 
vertical (Fig. 8) and lateral (Fig. 9) distribution of the 
dye within the patch. The vertical distribution is 
calculated up to 5 m depth, the maximum vertical 
excursion of the Scanfish. The decreasing dye inven
tory near the bottom is due to the sloping bottom 
across the patch. The maximum at 20 m depth in the 
dye profile for #2 is due to the shoaling event forced 
by the shelfbreak front incursion. For all three injec
tions, the dye was uniformly mixed throughout the 
water column by the end of the experiment.

The lateral distribution of the vertically integrated 
dye is partitioned into a major axis and minor axis. 
The major axis is defined by the rotated axis that 
produces maximum variance. The minor axis is then 
the perpendicular. These are roughly the along-front 
and cross-front axes, respectively.

4. Results

4.1. Diapycnal velocities

The diapycnal passage of the dye patch through the 
tidal front is inferred from the changes in its water 
properties. We use temperature since it is measured 
with the greatest precision and since temperature 
gradients across the front are the least ambiguous. 
Changes in the temperature distribution and, hence, 
patch mean temperature can be the result of spatial 
variations of the diffusivity and/or the temperature 
gradient. However, the fact that hardly any dye 
remained at the injection temperature suggests that

Fig. 8. Same as Fig. 7 except for the vertical distribution of the dye 
in 1-m increments. The shape of the depth distribution distorted by 
the bottom depth changes and the vertical extent of the survey. The 
irregular distribution at depth for #3 (13 h) is due to under sampling 
of the dye patch at depth greater than 80 m.
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Fig. 9. Same as Fig. 7 except for the lateral distribution of the dye in 1-km increment resolved into the major (along-ffont) axis and minor (cross- 
front) axis (see text for definition). In E, the distribution at 51 h is truncated at ± 10 km because the survey did not extend across the entire 
patch.

the first-order change in the patch mean temperature is 
due to diapycnal flow and not asymmetric dispersion.

The time dependence of the patch-averaged tem
perature is shown in Fig. 10. For #1, the warming is 
roughly linear throughout the experiment. By the time 
that it has warmed to 7.8 °C, the centroid of the dye 
patch has passed through the tidal front although 
warming could continue due to the horizontal temper

ature gradients within the vertically mixed water on 
the cap of the bank. For #3, the initial warming is 
more rapid but then decreases as the centroid of the 
dye patch has passed through the tidal front into an 
interior region with weaker horizontal gradients. The 
temperature change for #2 is more ambiguous. Fig. 6 
indicates that for the first 30 h, there was a slight 
warming and increased density as the patch moved
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Fig. 10. Time dependence of patch averaged temperatures for #1 
(□), #2 (A),  and #3 (O).

off-bank toward the shelfbreak front. The subse
quently more rapid warming and density decrease 
indicate an on-bank flow toward the tidal front.

The motion of the dye patch across the tidal front is 
inferred from its temperature increase and the cross
bank temperature gradient in the BML observed 
during the course of the experiment. However, some 
of the temperature increase is due to the seasonal 
heating of the water column, i.e., the thermal structure 
of the front during each dye experiment is not quite 
steady-state. We estimate the water column warming 
from the vertical displacement of the preinjection T/S 
curve of #2 from #1 shown in Fig. 6. Over the T/S 
interval appropriate to the experiment #1, the average 
warming is 0.2 °C over a 6-day interval, which 
implies a 0.12 °C warming during the 3.5 days of 
experiment #1. We subtract this warming rate, 0.034 
°C/day, from the observed warming for each of the 
three dye experiments.

On the south flank, the observed dye patch #1 
temperature increase of A T= 0.76 °C over 83 h implies 
a net warming due to its cross-frontal motion of 0.64 ° C 
or arate of dT/dt = 2A x 10 "  6 °C/s. The cross-frontal 
temperature gradient between 6.8 and 7.7 °C, an 
average of repeated sections crossing the front, is 3 77 
3y= 1.3 x IO- 4  °C/m. The on-bank cross-frontal dis
placement of the patch centroid is thus Ay = A77(377

3y) = 4.9 km with a mean speed v = ¿Sy/¿At= 1.6 cm/s. 
This is comparable to the speed of 1.4 cm/s derived 
from a similar calculation using the patch salinity 
changes and the frontal salinity gradient which, how
ever, is less precise than the temperature calculation. 
For injection #2, the adjusted net temperature increase 
of AT= 0.15 °C during the last 48 h of the experiment 
and a mean temperature gradient o f 3773y=1.0- 
X I Q - 4 °c /m  implies an on-bank dispacement of 
Ay = 1.5 km and a speed v = 0.9 cm/s.

On the northeast peak (#3), we take the net temper
ature increase AT= 1.15 °C in the first 43 h to represent 
the cross-frontal passage. This rate of warming, 3 77 
3¿=7.4 x IO- 6  °C/s, is more than three times that 
observed on the south flank. With a mean cross-bank 
temperature gradient of 3773y = 2.4 x IO- 4  °C/m, 
about twice that on the south flank, we infer an on- 
bank displacement of Ay = 4.8 km and a mean cross- 
frontal speed of v = 3.1 cm/s. Thus, the mean on-bank 
Lagrangian flow on the northeast peak is approxi
mately twice that on the south flank. These results are 
tabulated in Table 2.

The magnitude of the cross-front flow varies within 
the tidal front. Using the cross-frontal variation of 3 77 
31 derived from a smooth curve fitted data in Fig. 10 
and 3 T/dy from a smooth curve fitted to repeated cross- 
front BBL temperature sections, we calculate v=(377 
dt)/(dT/dy) as a function of position within the front 
(Fig. 11). The on-bank flow is greatest at the off-bank 
edge of the tidal front and decreases monotonically to 
effectively zero on the on-bank side. This decrease is 
consistent with model calculations (Chen et al., in 
press) consisting of an on-bank flow through the base 
of the tidal front feeding into upwelling on the stratified 
side. Thus, the dye tracer data suggest that the on-bank 
flow in the base of the tidal front does not continue onto 
the cap of the bank.

Table 2
Cross-frontal velocities

South flank Northeast peak

#1 #2

Net warming: AT  (°C) 0.64 0.15 1.15
Duration: At (h) 83 48 43
dr/d/ ( X  io -6  °C/s) 2.1 0.9 7.4
d T/dy(xIO“ 4 °C/m) 1.3 1.0 2.4
On-bank displacement: Ay (km) 4.9 1.5 4.8
On-bank velocity: v(cm/s) 1.6 0.9 3.1
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4.2. Temperature flux divergence

As the dye-tagged water passes through the quasi- 
steady-state temperature gradient of the tidal front, 
there must be sufficient heat flux divergence to 
account for its warming. In the Lagrangian reference 
frame of the patch

dT/ d t  = d /dz(KzdT/dz)  + d/dy(Ky dT/dy)

~ K z d2T/3 z 2 + Kyd2T /  ( 1)

where y is the cross-front axis and we omit the so- 
called pseudo-advection terms dKJdzdT/dz  and 3K J  
dydT/dy. We apply this equation in a patch average 
sense assuming constant diffusivities as a rough 
diagnostic to compare the dye patch warming with 
an estimate of the local temperature flux divergence.

The cross-front diffusivity, K „ is estimated from 
the time dependence of the lateral variance of the dye 
patch (Fig. 12) vertically integrated from the bottom 
up to 18 m depth. The lateral variance is partitioned 
into the major axis and minor axis, which are essen
tially equivalent to the along-front and cross-front 
components. There is considerable uncertainty in 
these variance calculations because, in part, the appro
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Fig. 12. Same as Fig. 10 except for lateral variance along the major 
axis (solid) and minor axis (open) for #1 (square) and #3 (circle).

priate velocity field required to adjust the data posi
tion is uncertain, a survey occasionally failed to define 
the along-front ends of the patch, and the dye inven
tory decreased near the end of a survey as a greater 
proportion of the dye was diluted to concentrations 
below detectable levels.

We estimate the diffusivity by fitting the variance 
to a linear regression (a Fickian model) between 18 
and 84 h for #1 and between 12 and 48 h for #3. The 
error associated with this diffusivity estimate is espe
cially difficult to quantify. However, to estimate the 
error, a range of possible slopes were fitted to the data 
points excluding those whose large deviation from a 
smooth curve can be attributed to a specific sampling 
problem. The magnitude of these deviations gives a 
rough indication of the error in the individual variance 
calculation. The range of slopes thus fitted yields an 
uncertainty of approximately 25% to the values tabu
lated in Table 3.

Table 3
Tidal front diffusivities

South flank Northeast peak

Along-front (m2/s) 28 116
Cross-front, Ky (m2/s) 18 30
Vertical, Kz ( x 10 “ 3 m2/s) 1.4 2.5
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For the vertical diffusivity, Kz, we use the time 
dependence of the patch average vertical variance (Fig. 
13) calculated from the bottom up to 18 m depth, i.e., 
through the bottom mixed layer up to the base of the 
thermocline where the buoyancy frequency is approx
imately 3 x 10 "  3 rad/s. For both the south flank and 
northeast peak, the variance increases approximately 
linearly for the first 24 h before becoming roughly 
constant as the patch has mixed uniformly up to the 
base of the summer pycnocline. Again, using a Fickian 
model fitted to the first 24 h and estimating the error 
for the individual data points from the fluctuations of 
the subsequent variance calculations, we get KZ= I A  
and 2.5 x 10 m /s on the south flank and northeast 
peak, respectively, with an uncertainty of approxi
mately 20%.

These diffusivities are combined with estimates of 
the temperature gradients to evaluate the temperature 
flux divergence terms in Eq. (1). Because o f the 
considerable scatter among the individual temperature 
sections, an ensemble average of all cross-front sec
tions taken in the course of surveying the patch is used 
to construct average temperature gradients. In the BML 
of the tidal front between 7 and 7.5 °C on the south 
flank, d2T/dy2 is approximately 0.39 x IO- 7  °C/m2. 
With Kv = 18 m2/s, this implies a lateral temperature 
flux divergence Kv32T/3y2 = 0.1°C  x IO- 6  °C/s or
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Fig. 13. Same as Fig. 10 except for vertical variance.

about 30% of the observed flux into the dye patch. 
On the northeast peak, the inflection point o f the 
temperature gradient, i.e., where 92779y2 = 0, is at 7.5 
°C. Since dT/dy is approximately constant from 6.8 to
8.2 °C, the dye patch is in a region where d2T/dy2 ~  0 
and the lateral temperature flux divergence is negli
gible. Thus, the cross-bank temperature flux diver
gence makes at most only a minor contribution to the 
observed warming of the dye patch within the tidal 
front on both the south flank and the northeast peak.

The vertical temperature flux divergence is esti
mated in a similar way. Because o f the vertical 
temperature gradient changes across the tidal front, 
it is difficult to estimate the d2T/dz2 that is appro
priate for the dye patch as it passes through the tidal 
front in the course of the experiment. Taking the 
difference between a mean 3T/dz in the BML and at 
the base of the thermocline, where the buoyancy 
frequency is approximately 1 2 x l 0 - 3  rad/s, from 
repeated temperature profiles, we get d2T/dz2 = 2 and 
4 x  IO- 3  °C/m2 on the south flank and northeast 
peak, respectively. The uncertainty in this calculation 
is particularly difficult to estimate. Across the tidal 
front, 32T/3z2 varies by a factor o f 4. The values 
given above are biased to the profiles on the strati
fied side of the tidal front. This presumably is the 
location of the dye patch during the period of rapid 
vertical dispersion used to estimate Kz. Combining 
these with diffusivities of Kz = 1.4 and 2.5 x IO- 3  
m2/s, we have a temperature flux divergence KZ32T! 
dz1 = 2.8 and 10.0 x IO- 6  °C/s on the south flank 
and northeast peak, respectively. These values are 
comparable to patch warming rates o f 1.9 and
7.6 x IO- 6  °C/s on the south flank and northeast 
peak. Although the level o f agreement is certainly 
fortuitous, it strongly suggests that the warming of 
the dye patch within the tidal front is due predom
inantly to vertical mixing of heat.

5. Discussion

5.7. Cross-front flow

These results provide the first opportunity to test 
model predictions o f the cross-frontal exchange. 
An earlier study by Loder and Wright (1985) sug
gested Lagrangian cross-bank speeds in the range of
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1 -2  cm/s. A more recent study (Chen et al., in press) 
used a 3-D primitive equation model with level 2.5 
M e lio r-Yamada turbulent closure, climatological 
stratification, and wind and M 2 tide forcing. They 
calculated 30-day trajectories o f Lagrangian particles 
released at the bottom on the south flank at the 60 m 
and terminating at the 40 m isobath with a mean on- 
bank speed of 1.4 cm/s. Particles released at the 140 m 
isobath at the northeast peak shoaled to 10 m depth 
over the bank 30 days later for a mean on-bank speed 
o f 2.7 cm/s. Although these trajectories are not 
equivalent to our dye patch displacements, the sim
ilarity o f the speeds is striking though perhaps fortu
itous.

The difference in the evolution o f injections #1 and 
#2 suggest significant temporal and spatial variations 
in the flow field. The two injections on the south flank 
were virtually in the same location with respect to the 
tidal front but #2 was in a cross-bank temperature 
minimum because of the proximity o f the shelfbreak 
front offshore. A convergent flow toward the foot of 
this front has been modeled by Chapman and Lentz 
(1994) and observed by H oughton (1997) and 
Houghton and Visbeck (1998). The initial isothermal 
shoaling o f #2 (Fig. 5c) suggests a complex 3-D 
circulation associated with the intruding shelfbreak 
front. Its subsequent increasing salinity and density 
while the temperature remained virtually constant 
(Fig. 6) implies a patch displacement toward the 
shelfbreak front. The more rapid increase in temper
ature and decrease in density after 31 h indicate a 
patch displacement toward the tidal front. These 
results suggest that there is a divergence in the near 
bottom cross-bank flow between the tidal and shelf
break fronts consistent with modeling results by Chen 
et al. (in press).

For mass continuity, we expect a compensating 
off-bank flow in the upper water column at the tidal 
front. Model studies by Chen and Beardsley (1998) 
and Chen et al. (in press) produce a Lagrangian 
residual cross-bank circulation consisting o f on-bank 
flow in the lower water column, upwelling on the 
mixed side o f the front, and off-bank flow in the 
upper third o f the water column that then subsides 
beneath the pycnocline on the stratified side o f the 
front. There is no evidence o f a near surface off-bank 
flow during experiment #1. The distribution o f the 
dye, even when mixed uniformly to 10 m depth (Fig.

5b), has no off-bank displacement near the surface. 
Perhaps the off-bank flow is confined to the upper 
10 m or incorporated in circulation with 3-D struc
ture.

In experiment #3, the upper portion o f the dye 
patch (Fig. 5f) is displaced off-bank into the pycno
cline suggesting off-bank flow there. The dye, initially 
injected near the bottom, passed through the tidal 
front then mixed to the surface in the interior region 
with weaker lateral gradients. The upper portion o f the 
dye patch then protrudes off-bank into the pycnocline. 
Whether this protrusion is due to a mean off-bank 
Lagrangian flow or just enhanced isopycnal mixing in 
the pycnocline is not clear. However, the dye in the 
pycnocline at mid-depth at the edge o f the bank 
apparently did not get there by direct vertical mixing 
from the injection location below but via the on-bank 
flow through the front, the vertical mixing in the 
interior o f the bank and then the off-bank flow or 
isopycnal dispersion at mid-depth. It is the short time 
scales o f these processes compared to direct vertical 
mixing that make the role of this secondary circulation 
in the vertical exchange across the pycnocline dis
cernable in the data.

5.2. Cross-front heat exchange

The on-bank flow through the tidal front provides 
a mechanism for cross-frontal exchange. We consider 
here the contribution o f this exchange to the heat 
budget on the bank. The possibility o f heat export 
from the cap of Georges Bank was first suggested by 
Loder et al. (1982), who noted that the climatolog
ical surface heat input calculated by Bunker (1976) 
implied a summertime increase in SST about twice 
that observed. From a model fit to the observed 
lateral thermal structure, they infer horizontal diffu
sivities of 150-380 m2/s on the cap o f the bank. The 
temperature gradients observed inside the tidal front 
(Fig. 3a) supports the notion o f an off-bank heat 
flux.

In order to make a crude but quantitative estimate 
o f the heat flux, we model the bottom depth on the cap 
o f Georges Bank, following Loder et al. (1982), as an 
axisymmetric eone with a water depth o f 10 m at the 
center and 43 m at the 45-km radius which is 
constructed such that the surface area inside each 
depth contour closely approximates that estimated
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from bathymetric charts. We take this to represent the 
well-mixed portion o f the bank inside the tidal front. 
Hydrographic data from the monthly GLOBEC broad- 
scale surveys indicate that this water warmed at a rate 
o f 1 x 10 "  6 °C/s during May and June 1999, which 
is equivalent to a heat increase o f 8.6 x IO11 W. The 
clim atological surface heat flux calculated from 
COADS data (Beardsley, personal communication) 
is approximately 190 W/m2, equivalent to a warming 
o f 12.1 x IO11 W. However, a 5-year record o f heat 
flux using GLOBEC south flank long-term mooring 
data (courtesy o f J. Irish and R. Beardsley, personal 
communication) shows interannual fluctuations o f the 
flux that range over an interval o f 100 W/m2. They 
also show that diuing the spring o f 1999, the siuface 
heat flux was above the record average. So, if  we take 
the siuface heat flux to be in the range o f 200-230 W/ 
m2, then the excess heat to be exported is approx
imately 4 - 6  x IO11 W.

We estimate the cross-bank heat flux implied by 
the dye patch velocity measiuements in the following 
way. Consider a boundary around the bank situated on 
the seaward, stratified, side o f the tidal front. In oiu 
axisymmetric model with a tidal front 5-km wide this 
would be a cylinder with radius o f  50 km. We 
approximate the net cross-bank heat flux with a 
bottom slab 30 m thick o f 7 °C water moving on- 
bank at 2 cm/s with a siuface layer o f 8 °C water with 
the same flux moving off-bank. The net horizontal 
heat flux off the bank is then 8 x IO11 W, a value with 
the same order of magnitude as oiu estimate o f the 
required heat export from the cap o f the bank.

6. Conclusions

With a dye tracer, we have observed an on-bank
diapycnal Lagrangian flow in the BML through the 
tidal front o f 1.6 cm/s on the south flank and 3.1 cm/s 
on the northeast peak. The cross-bank flow appears to 
terminate at the vertically well-mixed side o f the front. 
This result, consistent with recent model predictions
(Chen et al., in press), could never have been obtained 
with Eulerian measiuements, especially in such an
energetic tidal regime. Tracer technologies are essen
tial to measiue this cross-frontal flow.

From the dispersion of the dye patches, we obtain 
vertical diffusivities o f 1.4 and 2.5 x 10 ' m2/s and

cross-frontal diffusivities of 18 and 30 m2/s within the 
tidal front on the south flank and northeast peak of 
Georges Bank, respectively. It is predominantly ver
tical mixing within the front that affects the required 
property changes in the water column as dye-tagged 
water flows diapycnally through the front.

Summertime satellite (SST) images (Loder et al., 
1982; Bisagni et al., 2001) show an annulus o f cold 
water surrounding the cap of Georges Bank. There is 
evidence of this featiue in oiu cross-bank sections 
(Fig. 2a and b). This is a signature of the tidal front. 
The vigorous vertical mixing there mixes heat into the 
cold water upwelled onto the bank in the BML. Thus, 
the available reservoir o f cold water at depth is greater 
than that implied by the thickness of the water column 
at the front. The rate o f warming o f the dye patch 
implies a downward flux o f heat within the tidal front 
of approximately 300 W/m2, which is comparable in 
magnitude to the siuface heat flux. It is evident that the 
observed cross-front flow plays a significant role in the 
Georges Bank heat budget and thermal structure.
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