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The Deep Flow through the Northeast Channel, Gulf of Maine!
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ABSTRACT

The flow dynamics, volume, heat, and nitrogen transport, and water mass structure in the Northeast Channel
(42°17'N, 65°58'W) are investigated using two years of moored velocity and temperature data. Measurements
were made from September 1976 to September 1978 at three moorings across the channel just inside the sill
with instruments at 100 m, 150 m, and 16 m off the bottom. Energetic water motions occurred at three time
scales: 1) tidal frequencies; 2) low-frequency motions in the 4-10-day range; and 3) mean motions with periods
of three months or longer. The dominant tidal constituent was the semidiurnal (M,) tide, whose elipses all
rotated clockwise, with magnitudes ranging from 61 cm s~ at 150 m depth decreasing to 41 cm s™* 16 m off
the bottom. The low-frequency currents showed strong seasonal variability: In winter, these motions took the
form of strong bursts of current up to 50 cm s™' both into and out of the channel, and were the dominant
subtidal motions; in summer, these bursts were small and were superimposed on a steady inflow (northeast
side) or outflow (southwest side). The low-frequency currents were strongly correlated with surface wind stress
and coastal synthetic subsurface pressure (SSP), suggesting that outflows and inflows in the 4-10-day range were
associated with a large-scale setup or setdown of the Gulf of Maine by the wind stress, The mean currents were
partitioned year-round into an inflow and an outflow region. Outflows occurred at 100 m and 150 m depth on
the southwest side of the channel with mean magnitudes of 7 and 2 cm s™!, respectively. Inflows occurred
everywhere else, with magnitudes of about 10 cm s™' at 100 m decreasing to about 3 cm s™* toward the bottom.

The total integrated volume transport below 75 m depth at two week intervals was highly variable, but when
averaged over the entire dataset, it was in-channel at a rate of 262 + 58 (X10° m? s™*), which gave a replacement
time of about 11 + 2 months for deep waters of the Gulf of Maine. The temperature time series suggested that
the inflowing water consisted of both Warm Slope Water (WSW) and Labrador Slope Water (LSW). The eddy
heat flux added heat to the deep waters of the Guif of Maine at a rate of 173 X 10° keal s™*. A highly simplified
nitrogen transport estimate suggested that at least 4.05 X 10° umol s~ was advected through the channel, and
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possibly as much as 5.87 X 10° umol s™! if the NH, contribution was included.

1. Introduction

Two years of current measurements in the Northeast
Channel below 100 m were completed in September
1978 by the Northeast Fisheries Center, NMFS/NOAA.
Northeast Channel, with a sill depth of about 230 m,
is the only deep passage connecting the Slope Water
of the Northwest Atlantic Ocean with the basins of the
Gulf of Maine. The channel, with mooring locations
and surrounding bathymetry, is shown in Fig. 1 in re-
lation to regional land masses. The purpose of the ex-
periment was three-fold: 1) to estimate the transport
of warm, high-salinity, nutrient-rich Slope Water into
the Gulf of Maine through this passage, where it may
ultimately be mixed upwards to the photic zone and
be utilized by marine organisms; 2) to examine the
important time scales over which the variability of the

* Contribution Number MED/NEFC 82-7 of the NMFS Marine
Resources Monitoring, Assessment and Prediction (MARMAP) Pro-
gram.

* Present Affiliation: Associated Scientists at Woods Hole, Inc.,
Woods Hole, MA 02543,

channel flow occurs; and 3) to examine the forcing
mechanisms that drive the flow.

Previous research focused on the Northeast Channel
is limited, although it is sometimes mentioned in stud-
ies of the entire Gulf of Maine region. Bigelow (1927)
commented on many features of the flow in the chan-
nel. He suggested that in the deep water, inflow occurs
on the northeast side of the channel, while outflow
occurs on the southwest side. He also suggested that
the flow occurs in distinct “pulses,” has definite sea-
sonal variability, and that large indraft events or “in-
vasions” of Slope Water may occasionally occur
through the channel. Wright (1979) documented one
such event using hydrographic data. Lauzier (1967) and
Bumpus (1973, 1976) both noted a divergence in the
bottom flow in the channel based on results from a
small number of bottom drifiers. They inferred a
northeastward flow on the northeast side of the channel,
and southwestward drift on the southwest side; their
results, however, were highly biased by the location of
maximum fishing effort in the area that determined
where most of the drifters were recovered. Colton
(1968, 1969) demonstrated that the type of water flow-
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FIG. 1. The Gulf of Maine, offshore banks, and the Northeast Channel, showing bathymetry,
mooring positions, and locations where coastal sea level and offshore bottom pressure measurements

were made.

ing through the channel is variable, and may sometimes
be “Labrador-Coastal”” Water instead of Slope Water.
Previous volume transport estimates for the channel
have been inferred from hydrographic.data rather than
measured directly (Brown and Beardsley, 1978; Hop-
kins and Garfield, 1979).

In this paper, two years of moored current and tem-
perature data from across the channel are used to de-
scribe the flow field in this important passage to the
Gulf of Maine. Processing methods and supplementary
data sources are described in Section 2. Basic results
including the tidal analysis, mean flow, temperature
time series, and low-frequency currents are described
in Section 3, and the transport estimates are presented
in Section 4. Some ideas concerning the relationship
between the wind stress, the subsurface pressure field,
and the currents measured in the Northeast Channel
are discussed in Section 5, with the summary following
in Section 6.

2. Data and methods

Nine vector-averaging current meters (VACMs) were
maintained on three moorings set across the channel
axis from September 1976 to September 1978. Four
six-month deployments were planned, but because of
logistical problems, the second deployment was delayed
and a two-and-a-half-month gap exists from 21 April
to 12 June 1977. The current meter moorings were
deployed along a southwest-northeast line across the
channel just inside the sill, with VACMs at depths of
100, 150, and 16 m off the bottom. In the following
text, specific instruments are referred to using a three

digit code. The first number is the deployment number
(1-4), the second number is the mooring number (1-
3), and the third number represents instrument depth
(1 =100 m, 2 = 150 m, 3 = 16 m off the bottom).
The data are also referred to by season. The “winter”
refers to mid-September through March, “spring” refers
to April through May, and “summer” refers to June
through mid-September.

A schematic view of the array looking into the Gulf
of Maine is shown in Fig. 2 with the mooring and in-
strument numbers for each instrument. The data return
for the experiment is included in Table 1. All instru-
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FIG. 2. Cross-sectional view of the Northeast Channel array, looking
northwest into the Guif of Maine. The first number is the mooring
number and the second represents instrument depth. “IN” and
“QUT?™ are explained in the text.



VOLUME 15

JOURNAL OF PHYSICAL OCEANOGRAPHY

1792

60-8L £0-8L
L $6 (4144 Lee LT v'é y'Ll 6v 90 Il €08L  60°LL ELY cLe 1z
6C1 |4 1'9% 'L 91 €= £ LT 90 91 60-LL 90-LL 87 66 861
60-8L €0-8L dop w 677
O1-LL  60°LL MET0.99 ‘NLOToTY
oSt I'L 1344 89 80 79— LSt 8¢ 0 ¢t 60-LL  90-LL 61¢ 61¢ 801 € s
£0-8L  60°LL
LO-LL 90-LL
9 194 (1884 8¢l 2% S 4 L'91 8t yo <0 Yo-LL 60-9L 147 wy 91T
60-8L €0-8L ydop w zeg
€l V9 viv 6l €T 79 Lot L9 80 ¥l €0-8L  60-LL $99 (433 391 MO'LSoS9 ‘N8I TY
114 LT T - 60 S0-8L £0-8L 1Lz €9 S01 [
60-8L  £0-8L
10-8L  60-LL
60-LL 90-LL .
S €t '8¢ 8Tl aroee SEl 6t €0 €0 vO-LL  6079L 109 109 4114
60-8L £0-8L
£0-8L 60-LL
60-LL  90-LL
9t 8L 9ty sTl 't 8L 6Ll s 0 90— VOLL  60°9L 3% $S9 TSl
60-8L £0-8L
T-LL  60°LL Wdap w §7g
60-LL  90°LL MI96:59 ‘NIToTY
€ 1’01 S1E (A I ot oSt LS s0 90 ¥O-LL 60-9L 1339 999 201 1 ang
(L9p) (,_Swd) -ASP'PIS AP PIS IOLD UBIN CASP PIS AP PIS Joud ueN (ow-ik) (ow-1f)  (sAep) erep (sAep) yidop
uonoan§  poads [eoL bt ‘IS oL J1 IS doys ue)g  aInjersdwo] ®lEp  judWnIsuj
DESA K100 A
(;_s wo) (;—s wo)
a n

“WONBIO0] YOB 1¥ BIEp JJQE[IBAR [[e SUISN ‘UONIAIIP PUB Paads UBSW 3Y} SE [[9M St JUIUodwod AND0[9A Yord JOJ UMOYS 31 (Ap "PIS [210 L) UONEIASD Plepue)s [£)0) pue
~ ("ASp "PIS J7T) UONBIASD pIepur)s Aouanbolj-mo] {(I01I9 ‘PI) JOLIS pIepUER]S ‘Gealll 9Y ], ‘[oUUEY)) ISESYLION SY) WOIJ Blep JUSLIND 3y} JOJ SONSHE)S OISeq pue winjal eje | T4V,



DECEMBER 1985

ments were recovered except those on mooring 3, de-
ployment 1. The data were processed using time-series
software developed at the Woods Hole Oceanographic
Institution. The original 15-minute series of east (u),
north (v), speed (s), and direction (f) were vector-av-
eraged to hourly time series. Hourly temperature series
were formed by scalar-averaging. The coordinate sys-
tem was rotated counter-clockwise 48 degrees from true
north so that the v component represented along-
channel flow (positive in-channel) and the u compo-
nent represented across-channel flow (positive north-
east). For investigating wind forcing and other subtidal
phenomena, the hourly records were low-passed with
a digital filter having a half-power point at 33 hours
(Flagg et al., 1976).

Six-hourly estimates of geostrophic surface wind and
wind stress vectors at 42°N, 66°W (about 18 km south
of mooring 3), as calculated from large-scale pressure
fields were obtained from Fleet Numerical Oceano-
graphic Central in Monterey, California. The wind
stress vectors were calculated using a constant drag
coefhicient C; = 0.0013, and were rotated to match the
coordinate system used to present the current data.
Relative to the bathymetry of the continental slope,
the v wind component represents cross-shore wind
(positive onshore) and the 4 component is alongshore
wind (positive northeast).

Hydrographic data were taken along the mooring
line during each of the five deployment and recovery
cruises. These data were supplemented with more hy-
drographic data taken during a cooperative sampling
program in the channel from September 1975 through
June 1977 (Pawlowski, 1977). Nitrogen values from
the Slope Water region near the channel mouth have
been obtained from two sources: histortcal data (1933~
71) in the files of the National Oceanographic Data
Center, and recent (1976-78) data from Georges Bank
and vicinity reported by EG&G Environmental Con-
sultants, Inc. (EG&G, 1978, 1979a).

3. Results
a. Tidal currents

Tides dominated the current velocity field in the
Northeast Channel year-round. The tides always ac-
counted for at least 50% of the current variance, and
sometimes as much as 85% when the low-frequency
events were small. The tidal analysis was conducted
using the harmonic method of Dennis and Long (1971),
as described by Moody ez al. (1984). Results for the
M,, S,, N,, K, and O, tidal lines are shown in Table
2. The table shows that the M, tide was the dominant
tide by far, with all other tides having a magnitude no
greater than about one-fifth of the M, tide. Diurnal
tides were small (1-3 cm s'), and made little contri-
bution to the kinetic energy in the channel. The M,
tidal ellipses at all the instruments were highly polarized
by topography and had current vectors that rotated in

RAMP, SCHLITZ AND WRIGHT

1793

a clockwise sense around the ellipse. The major axes
of ellipses at 100 m depth were typically aligned with
the channel axis and had a magnitude of about 50 cm
s~} compared to about 20 cm s™! for the minor axes.
The tides had their greatest magnitudes at the 150 m
depth (Table 2), possibly because of the contribution
of the baroclinic (internal) tides. Toward the bottom,
the magnitude of the tidal ellipses decrease by about
10 cm s~} for each axis, and the entire ellipse rotated
about 20° clockwise. This is apparently due to the in-
teraction of the tidally oscillating current with the
depth-averaged mean current (Tee, 1979) and is con-
sistent with the results of Brown (1984).

b. Mean currents

The mean current vectors for each of the four de-
ployments are shown in Fig. 3. The mean currents at
moorings | and 2 and near the bottom at mooring 3
were directed into the Gulf of Maine with speeds rang-
ing from 12.8 to 2.2 ¢cm s~'. The mean currents at
mooring 3 at the 100 m and 150 m depths were directed
out of the Gulf of Maine, at speeds ranging from 12.0
to 2.2 cm s~ Thus, there were two distinct regions of
inflow and outflow to the Gulf of Maine, as shown
schematically in Fig. 2. The speed decreased with depth
at moorings 1 and 2, and reversed with depth at moor-
ing 3, resulting in a strong shear zone between the 158
and 211 m depths at mooring 3. The inflow near the
bottom was stronger at mooring 3 (9.4 cm s™') than at
moorings 1 and 2 (3.3 and 4.5 cm s7!, respectively).
The best estimates of the mean speed, standard error
of the mean, total standard deviation, and low-fre-
quency standard deviation using the combined data
for all four deployments are shown in Table 1.

¢. Low-frequency currents and winds

The horizontal and vertical distribution of current
in the channel is illustrated in Fig. 4 for the second
deployment, which is typical of all four deployments.
Instruments 231 and 232 (top two panels) are in the
outflow region. At 231, the flow was primarily out-
channel at 5-15 cm s7!. At 232 (162 m), the flow was
of mixed direction but the mean flow was also out of
the Gulf of Maine. The bottom four panels of Fig. 4
show a steady inflow of about 20 cm s™!. Like the tides,
the low-frequency flow at all instruments was strongly
polarized by topography, with strong axial current and
little cross-channel flow. The weak cross-channel com-
ponents showed no significant coherence either hori-
zontally or vertically, indicating space scales of less than
the mooring separation of 10 km. Coherence and phase
calculations for the second year’s data (Fig. 5) showed
the axial currents in the inflow region to be highly co-
herent at near-zero phase lag at periods ranging from
2 to 30 days. During array 4 (Fig. 5, right half) there
was a low in the coherence plots between instrument
411 and other instruments due to a spectral peak at 5
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FIG. 3. Mean flow vectors in the Northeast Channel for each six-month deployment.

days at 411, which was not present at the other loca-
tions. Inadequate data return at mooring 3 precluded
a rigorous analysis of the coherence and phase between
the inflow and outflow regions.

The seasonal variation of the surface wind stress and
current in the inflow region is shown in Fig. 6 for Sep-
tember 1977-September 1978. The wind measure-
ments presented agree with earlier meteorological da-
tasets that show that the prevailing winter winds are
from the northwest, and are stronger and more variable
than the prevailing summer winds from the southwest.
Autospectra calculated from the wind stress (not
shown) show that the winter winds were approximately
three times more energetic than the spring and summer
winds during the experiment. The dominant periods
for the wind variability during winter (Fig. 6) ranged
from 2 to 10 days. The transition to summertime
southwest winds occurs at about 20 May in Fig. 6.
Prior to that time, wind stress in excess of 4 dyn. cm™2
was common. After 20 May the wind stress rarely ex-
ceeded 0.5 dyn cm™2.

The current vectors displayed in Fig. 6 also exhibit
strong seasonal variation, with the changes occurring
at approximately the same time as the seasonal changes
in wind. These vectors are from instruments 312 and
412 and are taken as representative of currents in the
inflow region because of the strong coherence previ-
ously demonstrated. From 1 October through 25 April
there is strong variability in the current field at 4-11
day time scales. There are strong “bursts” of current,
both into and out of the Gulf of Maine, with speeds
up to 60 cm s~'. The inflowing bursts occur more fre-
quently and have greater magnitude and duration than
the outflow bursts, so that the net mean flow is into
the Gulf of Maine. During late spring (25 April-20
May) the currents in the Northeast Channel were still
variable, but the magnitude of the bursts of current
was much reduced from winter months. The summer
currents then flowed steadily into the channel at about
20cm s,

During summer when the wind stress was quite
small, there was no significant coherence between wind
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FIG. 4. Stick vector plot of low-passed currents from six different instruments from June through
September 1977. The speed scale is in mm s~ and the “up” direction represents in-channel flow.

and current. During both winters, however (Fig. 7),
significant coherence existed between axial current and
both stress components in the 5-30 day band. For the
cross-shore (v) wind stress component, the coherence
is greatest in the 4-7 day band with a phase lag not
significantly different from 180°, indicating that the
offshore wind is associated with inflowing current, and
vice versa. For the alongshore (1) wind stress compo-
nent, the wind leads the current by about 1 day, so
that southwest winds are associated with inflowing
current, and vice versa. The possible significance of

these relationships is investigated in the discussion sec-
tion.

d. The temperature time series and water mass struc-
ture

Plots of the low-passed temperature time series cor-
responding to the stick vector plots in Figs. 4 and 6 are
shown in Figs. 8 and 9, respectively. During summer
(Fig. 8) there was a seasonal warming trend of about
1°C per month at the 100-m instruments, which was
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FIG. 5. Low-frequency coherence and phase for axial (v-component) currents measured from September 1977 to March 1978 (left half)
and March 1978 to September 1978 (right half). The dashed line on the coherence plot is the 95% significance level.

somewhat reduced at the 150-m instruments and not
present near the bottom. Temperatures at mooring 3
(top 3 panels) were quite steady, including instrument
233, which was in the inflow region. The temperature
records from moorings 1 and 2 (Fig. 8, bottom 5 panels)
were quite different, characterized by large fluctuations
with amplitudes from 2 to 5°C, and periods ranging
from 4 to 20 days. Figure 9 shows that these fluctuations
occurred throughout the year with little seasonal vari-
ability. These temperature fluctuations were not well
correlated with the bursts of current. Comparing Figs.
4 and 8, for instance, shows that the largest fluctuations
at moorings 1 and 2 occurred during a period of very
steady channel inflow. Some interannual variability is
also evident in the temperature records in Fig. 9. Dur-
ing February-March 1977, temperatures were fairly
constant at about 9°C. During this same time period
in 1978, temperatures dropped steadily from 10°C to
less than 6°C, and remained low throughout the spring.

The water entering Northeast Channel in this 100-
220 m depth range comes from similar depths in the
Slope Water region between the continental shelf and
the north wall of the Gulf Stream. The water masses
of this region have been characterized by McLellan
(1957), Fuglister (1963), and Gatien (1975, 1976). Two
types of Slope Water, the Labrador Slope Water (LSW,
T = 6.5-9.0°C, § = 34.25-34.90%0) and the Warm
Slope Water (WSW, T = 9.0-12.5°C, § = 35.10-

35.50%0) may potentially enter the channel in the 100-
200 m depth range. The two water types are separated
by the subsurface front whose position is highly variable
{Worthington, 1964; Colton, 1968; Gatien, 1975;
Horne, 1978), allowing either water type to enter the
channel. Hydrographic sections made across the chan-
nel can show the presence of either water type (Fig.
10). In Fig. 10a, WSW fills the channel between 100
m and the bottom, whereas in Fig. 10b, LSW occupies
this depth range. The range of temperature (6.5-12°C)
observed at the current meters moored in the inflow
region of Northeast Channel is consistent with the no-
tion that both WSW and LSW enter the channel at
different times, and the time scales of the fluctuations
suggest that this variability occurs over periods ranging
from 4 to 20 days. The outflowing water at mooring 3
consisted of the lower reaches of the Maine Interme-
diate Water (MIW). This water mass is well mixed
within the Gulf of Maine (Hopkins and Garfield, 1979)
and therefore shows little variability in temperature
when compared with the inflowing water.

4. Transports
a. Volume transport

For the volume transport calculations, the area of
the channel below 75 m depth was divided into nine
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FI1G. 7. Coherence and phase between axial current and the along-
shore (u—heavy line) and across-shore (v—light line) wind stress
components during winter 1976-77 and 1977-78. The dashed hor-
izontal line is the 95% significance level.

boxes with a current meter centered in each box (Fig.
11). The 75 m depth was chosen as the upper limit
since it represents the bottom of the seasonal ther-
mocline and the upper limit of the Slope Water intru-
sions. The velocity data were averaged over 2-week
intervals to allow the analysis of the seasonal variation
in the volume transport. Biweekly transports were
found for each box by multiplying the area of each box
by the velocity component normal to the box. The
transports in the individual boxes were then summed
to obtain the total net transport for that period. Gaps
in the record for individual boxes were filled by taking
advantage of the very high coherence between certain
pairs of instruments mentioned earlier. If an instrument
failed at a given location during any one deployment,
then data from that location during the other three
deployments were correlated with data from adjacent
positions to determine how best to estimate the missing
values. Overall shear in the water column was also
considered, and small adjustments in the magnitude
of the interpolated estimates were made to match the
overall velocity profile. No effort was made to inter-
polate across the gap of two-and-one-half months in
spring of 1977 when no instruments were in the water.
Transport values obtained for the entire channel for
each two-week period using these techniques are dis-
played in Fig. 12. There are three different flow regimes:

1) During summer months there is a steady net
transport into the Gulf of Maine averaging about 350
"X 10° m3 57! (0.35 Sv).
2) During winter months the transport varies dra-
matically from —25 to +700 (X10° m? s™') calculated

VOLUME 15

at two-week intervals, but the mean transport for these
months is also into the Gulf of Maine at about 260
X 103 m? 57! (0.26 Sv).

3) During the spring of 1978, April to early June,
inflow was at a minimum with some significant out-
flow. Available data from March to early April 1977
also show reduced transport, prior to the gap until early
June.

The mean value of the 46 transport estimates shown
in Fig. 12is 262 X 10> m®s™! with a standard deviation
of 199 X 10* m3? s7'. Assuming that each biweekly
transport estimate is independent, the 95% uncertainty
in the mean transport value is given by fygs(n
~ 1)(s/ ‘/—r;), where s is the estimated standard deviation
of the biweekly time series containing »n data points
and fg025(n — 1) is given by the Student t distribution
for n — 1 degrees of freedom. Within this uncertainty,
the mean transport into the Gulf of Maine below 75
m depth during the entire experiment was 262 + 58
(X10° m® s71). If the volume of the Gulf of Maine below
75 m is taken as 7.45 X 10° km?, then this mean trans-
port results in a replacement/flushing time of 329 days
or about 11 + 2 months for the deep waters of the Gulf
of Maine. This transport is two-three times greater than
previous estimates. Brown and Beardsley (1978) cal-
culated a transport of 120 X 10° m3 s™! using a box
model which conserved volume and salt. Hopkins and
Garfield (1979) estimated a channel transport of 80
X 10° m* s™! from thermohaline considerations.

A search was made for seasonal variation in the vol-
ume transport by fitting the function

N
T() = M + > (a,sinc,t + by, cosc,t)

n=1

where g, = 27n/(365 d) to the biweekly transport time
series using multiple least-squares regression methods
(Fofonoff and Bryden, 1975; Butman and Beardsley,
1983; Beardsley et al., 1985). This technique was cho-
sen since it works well with short time series in which
gaps may be present, and allows the assignment of
confidence limits to the results. For this application
the biweekly transport estimates were considered in-
dependent giving 46 — 2N — | degrees of freedom. The
mean and two pairs of coefficients representing annual
and semiannual variation were found to be statistically
significant. The resulting coefficients and their confi-
dence limits are shown in Table 3, and the fitted curve
is shown as a dotted line in Fig. 12. The annual vari-
ation consisted of reduced transport in springtime
with higher transport during the rest of the year. There
was also a marginally significant variation consisting
of a slight reduction in transport in the fall relative to
approximately equal transport in midsummer and
midwinter. It is emphasized that this technique is used
only to describe statistically the data in hand, and may
not be used to imply that a similar seasonal variation
exists in other years in the Northeast Channel.
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b. Heat and nitrogen transport

This section focuses on the transport of heat and
nitrogen through the channel. An estimate of the salt
flux is not included. An attempt was made to create a
salinity time series using 7-S correlations for the region
surrounding the channel, but this series was question-
able owing to the overlap in water types between LSW,
WSW, and MIW, which prohibited the establishment
of a unique 7-S relationship.
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FIG. 8. Low-passed temperature time series from six different instruments from June through

September 1977. This temperature plot matches the stick vector plot of Fig, 4.

1801

An accurate heat budget for the Gulf of Maine has

not yet been achieved owing to the lack of data at the

important boundaries where inflows and outflows oc-
cur. The Northeast Channel is one such boundary and
data are presented here which will be of use in calcu-
lating future heat budgets for the region. Only the sec-
ond vear’s data (September 1977-September 1978)
have been used for the heat calculations since instru-
ment performance was superior during that time and
little interpolation was needed to fill gaps in the data.
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The eddy heat flux (Q,) was calculated for each box in through Nantucket Shoals, and over Georges Bank).
Fig. 11 using the covariance between velocity and tem- However, Mountain and Jessen (unpublished data)

perature: found a mean temperature below 100 m in the Guif
Q.= pC,V'TA of Maine from 1979 to 1982 of 6.68 + 0.70°C. If their

data are representative of the long-term conditions in

where the deep waters within the Gulf, then the deep inflow
p  density of seawater in g cm™3 through the Northeast Channel during 1977-78 most

C, specific heat of seawater at constant pressure in likely warmed the deep waters of the Gulf of Maine.
cal/g-°C The mean advective nitrogen transport through the

V' (= V — V) = deviations from the time-averaged channel has been calculated as the product of the sea-
current velocity in cm s™!, with ¥V the velocity sonal mean transport through the channel and the sea-
component normal to the section Sonal n‘lean nitrate (NO3) content of the Slope Water.

T' (= T — T) = deviations from the time-averaged Only nitrate was used since quantities of nitrite (NO,)
temperature in °C present in the Slope Water were negligible by compar-

A area of the box in cm?2 ison. The winter mean values were 7.3 umol 17! for the

: NODC data and 15.7 umol I"! for the EG&G data for
and overbars denote time averages. The contributions an average winter value of 11.5 umol 1-!. The summer
from each box were then summed to find the eddy heat mean values were 15.0 umol 1! for the NODC data
flux for the entire channel below 75 m, which was 173 and 20.4 umol 1! for the EG&G data for an average

X 10% kcal s™'. The positive sign indicates that theeddy  value of 17.7 umol 1!, Systematic differences in nitrate

heat flux added heat to the Gulf of Maine, i.e.,, the content between the Slope Water masses (LSW and

temporally fluctuating inflows were warmer than av- WSW) did not exist, and a single average value was
erage while the outflowing events were colder. A spec- used to represent both water types. These data agree
tral decomposition of the covariance showed that about  closely with those of Pastuszak er al. (1982), who de-

60 percent of the eddy heat flux was due to tidal fluc- termined an annual mean nitrate concentration of 16.4

tuations and about 40 percent was due to longer-period umol 17! from data collected in the Slope Water be-

fluctuations in the 4-10 day band. tween 120 to 300 m depth along the southern side of
The mean volume transport into the Gulf of Maine Georges Bank. These average values were multiplied

of 262 + 58 (X103 m> s™') had a mean temperature of by the seasonal mean volume transports to estimate a

7.86 + 0.42°C. The nonzero mass flux makes it im- mean advective nitrogen transport for each of the four

possible to quantitatively assess the importance of this  arrays. These were then averaged to obtain an annual

inflow to the Gulf of Maine heat budget without ad- mean value of 4.05 + 1.70 (X10° umol s™') through
ditional data from the other important inflows and the channel (Table 4). Matte ef al. (1979) suggest that
outflows to the Gulf of Maine (i.e., around Cape Sable, the ammonium concentration in the upper Slope Wa-
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FIG. 10. (a) Hydroéraphic section across the Northeast Channel (7 May 1975) when a parcel of Warm Slope Water was
present; (b) a second hydrographic section (21 May 1975) across the channel when Warm Slope Water was not present.

ter may be as high as 45% of the nitrate concentration.
In this case, an additional 1.82 X 10° pmol s~! would
be advected through the channel in the form of am-
monium, or 5.87 X 10° umol s™! total. This represents
about 33% of the nitrogen demand (17.70 X 10° umol
s 1) estimated by Schlitz and Cohen (1984) for the Gulf
of Maine and Georges Bank region.
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FI1G. 11. The cross-sectional areas assigned to each current meter

for the mzmsport calculations. The number in each box is its area
X 1073 m%

5. Discussion
a. Wind, pressure, and current

Atmospheric pressure and sea level data from Jan-
uary through September 1978 were obtained for the
Gulf of Maine region from Wendell Brown, University
of New Hampshire. The synthetic subsurface pressure
(SSP) was calculated from the data at Boston, Massa-
chusetts, Portland and Bar Harbor, Maine, and Yar-
mouth, Nova Scotia (Fig. 1). The SSP is the algebraic
sum of the coastal sea level fluctuations (expressed in
pressure-equivalent units) and the atmospheric pres-
sure, and may be used as a proxy for direct bottom
pressure measurements (Brown et al., 1984). A single
direct bottom-pressure measurement was also obtained
from station M, (Fig. 1; 42°N, 68°W, 200 m depth)
on the north side of Georges Bank (EG&G, 1979b,c,d,
1980). All the pressure time series had the mean re-
moved and were low-pass filtered with the same filter
used on the wind and current data. Pressure differences
across the Gulf of Maine were also computed. The east—
west gradient was approximated by the SSP at Boston
minus the SSP at Yarmouth, and the north-south gra-
dient was approximated by the SSP at Portland minus
the bottom pressure at M.
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The SSP field in the western Gulf of Maine was
found to be almost totally coherent, as described by
earlier investigators (Noble and Butman, 1979; Ver-
mersch et al., 1979; and Brown and Pettigrew, 1984).
Using this result, the SSP at Portland was chosen as
representative of the coastal SSP field for comparisons
with the wind stress and currents measured at Northeast
Channel.

The pressure and Northeast Channel time series
overlapped only for the January-September 1978 time
period, which included only three winter months, Jan-
uary-March 1978. The wind stress components, SSP

TABLE 3. Results of multiple regression fit of a seasonal model to
the biweekly transport estimates. Those coefficients statistically dif-
ferent from zero at 95% confidence are marked with an asterisk.

at Portland, axial current at instrument 412 (northeast
side, 150 m depth), and the pressure difference time
series are plotted together in Fig. 13 for comparison.
The major peaks for all six series were well correlated
visually, with the strongest correlation between SSP
and current, which were nearly mirror images of each
other. The one exception was a large inflow event on
10-15 February that did not appear to be correlated
with any of the other series. The autospectra for these
series are shown in Fig. 14. Current, SSP, and along-
shore wind stress had coincident spectral peaks at a
period of 5.6 d. The cross-shore wind and north~south
difference spectra peaked at a slightly shorter period

TABLE 4. The transport of volume and nitrate-nitrogen through
the Northeast Channel for each of the four six-month arrays.

Regression coefficients for
gtrransport estimates Array Transport Mean NO; N Transport
(X10° m? s°) number (X10° m?s7%) umol 1! (X10° umol s7)
M 46 + 53 1 255 11.5 2.93
*, _f23 + 75 2 372 177 6.58
b 18 %72 3 284 115 327
1 x
s 80 + 75 4 192 17.7 3.40
*by 83+72 Mean 405+ 1.70
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FIG. 13. Time series plots of cross-shore wind stress (positive onshore), alongshore wind stress (positive northeast),
SSP Portland, axial current at location 12, east-west pressure differences (Boston—Yarmouth) and north-south pressure
differences (Portland-M,) for the January-March 1978 time period.

(4.5 d) and the east-west differences a bit longer (7.5
d). The coherence and phase between chosen pairs of
series (Fig. 15) all show significant low-frequency co-
herence. Current and SSP were coherent over the entire
2-22 day range, except for one point at 3.75 days which
was a spectral valley in both time series. The phase lag
in the 4.5-11 day range was not significantly different
from 180 degrees, meaning that inflowing currents were
associated with drops in coastal SSP and vice versa.
The SSP was coherent with alongshore (1) winds at
5.6-22 day periods, but only at 5.6 days with the across-

shore wind, with phasing such that drops in SSP were
associated with southwest and offshore winds. The
wind-current relations for this time were the same as
those described earlier using the full six-month time
series for both winters, i.e., inflowing currents were as-
sociated with offshore and southwest winds, and vice
versa. Axial current was coherent with pressure differ-
ences at 7-22 day periods with phasing such that pos-
itive (inflowing) current was associated with negative
differences (Portland-M1 and Boston-Yarmouth) in
both the north-south and east-west time series.
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FIG. 14. Variance-conserving autospectra for each of the time series shown in Fig. 13.

During the April-September 1978 time period (not
shown), the axial current and SSP time series remained
strongly coherent at all periods ranging from 2 to 30
days. This is in marked contrast to the wind stress series
which were not coherent with current during the sum-
mer months. Another important seasonal difference in

SSP and current is that from mid-May to mid-August, -

the current fluctuations at 2-30 day time scales were
small compared to a mean channel inflow of order 20
cm s~ . This mean inflow was not correlated with a

long-term set down of coastal SSP that was near zero
during this time.

These observations of wind, SSP, and current in
Northeast Channel are consistent with a conceptual
model in which the current fluctuations in the wind-
forced (2-11 day) frequency band are driven by exter-
nal (barotropic) pressure gradients across the channel
sill which are due to the setup and setdown of the Gulf
of Maine by the wind stress. Onshore winds and along-
shore winds from the northeast create a pressure head

JANUARY - MARCH 1978

SSP -~ WIND CURRENT - SSP CURRENT -WIND CURRENT -LDIFFS
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FIG. 15. Coherence and phase plots for pairs of variables plotted in Fig. 13. For pairs involving wind, the heavy line
is the alongshore (u) stress component and the thin line is the across-shore (v) stress component. The coherence between
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horizontal line on the cohierence plots is the 90% significance level. A positive phase indicates that the first series lags

the second by the amount shown.
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within the Gulf which is detrimental to channel inflow,
while opposing winds have the opposite effect. The data
of Table 5 are consistent with this model and sum-
marize the phase relationships for the predominant 5.6-
day period. The SSP response lagged alongshore wind
stress by 17.6 hours and across-shore wind stress by
near O hours, consistent with the results of earlier in-
vestigators (Noble and Butman, 1979; Vermersch ez
al., 1979; Brown and Pettigrew, 1984). Once the pres-
sure field had been established, the current response
was rapid (approximately 3.7 hours).

Certain seasonal aspects of the channel flow such as
the reduced transport in spring and the strong steady
inflow in summer are not explained by the above
model, and are believed instead to be associated with
changes in the internal (baroclinic) pressure gradients
across the sill. A mean inflow with a low in the spring-
time due to the internal pressure field combined with
a fluctuating flow of varying strength in the 4-11 day
band due to the external pressure field could explain
most observed features of the Northeast Channel flow.

b. Gulf Stream forcing

A source of channel variability that has not yet been
considered is the water movement associated with large
Gulf Stream meanders and warm core rings (WCRs).
Weekly charts showing the position of these features
(Atlantic Environmental Group, Narragansett, Rhode
Island) have been closely examined for evidence of any
correlation between the positions of meanders and/or
WCRs and variations in the current and/or tempera-
ture fields in the Northeast Channel.

The only close approach of a Gulf Stream feature
to Northeast Channel in the ring data base for the
1976-78 time period was the passage of WCR 77D
(Mizenko and Chamberlin, 1978). Between 2 and 22
August 1977, the ring 77D moved straight at the chan-
nel mouth at a rate of about 4.6 km day™!, and stopped
when its northern edge shoaled on the continental slope
directly off the mouth of the channel. The observed
channel currents and temperatures during this time
(Figs. 4 and 9) were not affected by the ring, which was
apparently constrained by its depth, width, and rota-
tional rigidity from ever reaching the channel sill where

TABLE 5. Coherence and phase relationships between wind-stress
components, coastal SSP, and axial current in Northeast Channel at
the dominant 5.6-day period. The 95% significance level is indicated
following the coherence. The phase is the time in hours required for
the current (SSP) to respond to the forcing. An S or NS following
the phase indicates whether the phase value is or is not significantly
different from zero.

Alongshore wind Cross-shore wind

Coh/Sig Phase Coh/Sig Phase
Wind-current  0.93/0.53  21.2 (S) 0.80/0.53 7.2 (NS)
Wind-SSP 0.73/0.73  17.6 (S) 0.79/0.73 1.1 (NS)
SSP-current 0.92/0.73 3.7(NS) 0.92/0.73 3.7 (NS)
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the current meters were located. This same result was
true of all other Gulf Stream meanders and WCRs that
were studied, and it is concluded that Gulf Stream fea-
tures did not play an important role in driving the cur-
rents through Northeast Channel.

6. Summary

Moored current and temperature data have been
obtained from below 100 m depth in the Northeast
Channel from September 1976 to September 1978. The
mean flow consisted of an outflow at the 100 and 150
m depths on the southwest side of the channel and an
inflow everywhere else., Mean speeds ranged from 2.1
to 7.0 cm 5! in the outflow region and 3.3 to 10.1 cm
s7! in the inflow region. The temperature time series
and associated hydrographic sections suggest that the
outflowing water was mostly Maine Intermediate Wa-
ter while the inflowing water consisted of both Warm
Slope Water and Laborardor Slope Water. Low-fre-
quency motions varied seasonally in character. During
winter, strong bursts of current with periods ranging
from 4 to 11 days and magnitudes of up to 60 cm s™*
flowed into and out of the channel. During summer,
much smaller fluctuations were imbedded on a larger
steady flow of about 20 cm s™'. Correlations between
the observed low-frequency currents, the surface wind
stress, and coastal SSP are consistent with a model in
which the current fluctuations are driven by external
(barotropic) pressure gradients set up by the wind stress
over the Gulf of Maine. Additional field work and
modeling efforts are needed to confirm the suggested
relationships.

The mean and seasonal variation in the volume
transport of the deep flow was computed from a time
series of 46 biweekly transport estimates. The mean
transport was into the Gulf of Maine at 262 + 58 (X 10?
m? s7!). A multiple least-squares fit to the transport
series showed a strong, significant reduction in trans-
port in the spring, and a weak, marginally significant
reduction in the fall. The heat transport through the
channel could be only partially determined, since the
mass flux through the channel was not locally balanced.
The eddy heat flux added heat to the Gulf of Maine at
a rate of 173 X 10° kcal s™". The nitrogen flux added
at least 4.05 X 10° umol s~! to the Gulf of Maine, and
possibly as much as 5.87 X 10° umol s7! if the am-
monium contribution were included.
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