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The Gaspé Current carries the relatively fresh surface waters of the St. Lawrence estuary along the Gaspé
peninsula to the Gulf of St. Lawrence. It presents complex dynamics including the development of meanders.
A density front separates the fresher surface waters of the estuary from the saltier surface waters of the
gulf. Over the past 40 years, upwellings and downwellings observed on the edge of this front have been the
subject of several investigations. Tang (1982) proposed an analytical model featuring a permanent circulation
consisting of an upwelling offshore of the front and a downwelling below the front. Using a unique set of
in situ observations made with CTD (Conductivity Temperature Depth) profilers and ADCP (Acoustic Doppler
Current Profiler) data collected between September 1991 and June 1993, upwellings and downwellings were
inferred using a water masses analysis. Even if their presence is predominant (~ 80% of the total number of

Keyw: ?rdS: sampled transects), they are not a permanent feature over the entire length of the Gaspé Current front, and
Gaspé (,:urrent their positions relative to the front vary. This data set also made it possible to determine via the ® equation
Upwelling . . . . .

Downwelling that these vertical currents mostly result from frontogenesis and frontolysis (strengthening and weakening of
Water masses analysis the front). A new method to combine the @ equation with the nonlinear Ekman pumping shows that wind-
Frontogenesis driven vertical motions were generally weaker and much shallower than those due to frongenesis/frontolysis.
Frontolysis This analysis shows that upwellings and downwellings are dependent on favorable conditions leading to the

Nonlinear Ekman pumping establishment of Gaspé Current instabilities and to frontogenesis or frontolysis.

1. Introduction

The Gaspé Current is an important surface circulation feature in the
northwestern Gulf of St. Lawrence, originating at the end of the lower
estuary (near Pointe-des-Monts) and extending to the Magdalen Islands.
Its formation is the result of the relatively-fresh water outflow from
the St. Lawrence estuary along the south shore (Fig. 1). Occasionally,
this outflow is complemented by an episodic current along the estuary’s
north shore that veers southward along a salinity front south of Pointe-
des-Monts (Mertz et al., 1992; Sheng, 2001). Downstream, the Gaspé
Current is then intensified by the cyclonic Anticosti Gyre. Its main
characteristics are: a depth that can reach 40 m, a velocity that can

exceed 1 m s~! in the summer and a width that can reach 20 km. These
characteristics also vary seasonally. Being driven by salinity gradients,
one of the main feature of the Gaspé current is a front along its northern
edge that separates coastal brackish waters from saltier waters of the
northwestern Gulf of St. Lawrence (Benoit et al., 1985).

The first survey of the Gaspé Current was realized in 1895 by
William Bell Dawson, a pioneer local hydrographer whose conclusion
about the dynamics of this current was that it was regulated by as-
tronomical forcing (Farquharson, 1962). More recent research about
the dynamics of the Gaspé Current have shown that it is actually a
buoyancy-driven coastal jet subject to baroclinic instabilities causing
meanders of its front (Mertz et al., 1988; Sheng, 2001).
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Fig. 1. The study area: the Gaspé Current (located in the northwestern Gulf of St. Lawrence).
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Fig. 2. Schematization of frontolysis and frontogenesis (Hoskins and Bretherton, 1972) modified from McWilliams et al. (2009) and adapted to the Gaspé Current front area.

In this context, upwellings and downwellings near the front have
been a subject of research for 40 years. Observations showed a min-
imum of temperature near the front for some CTD transects lead-
ing to the proposal of an analytical model to explain vertical cur-
rents (Tang, 1982, 1983). The interfacial Ekman transport associated
with a front was the hypothesis put forward to explain upwellings
and downwellings on the edge of the Gaspé Current. Horizontal den-
sity gradients create vertical shears, through thermal-wind balance,
causing an interfacial Ekman transport under the front (permanent
downwelling) while offshore of the front, a permanent upwelling is
created. This model has however never been fully tested using in
situ data, and does not consider the effect of wind-driven nonlinear
Ekman transport (Stern, 1965) nor the effect of the Gaspé front me-
anders which could lead to frontogenesis or frontolysis (Hoskins and
Bretherton, 1972). Frontogenesis or frontolysis leads to intensification
or weakening of a front. When a front in quasi-geostrophic equilibrium
is subjected to straining by background currents, an ageostrophic cir-
culation involving vertical currents develops to restore the geostrophic
equilibrium (Fig. 2). The upwellings present along the Gaspé Current
front could also be generated by nonlinear Ekman transport due to the
relative vorticity of the Gaspé Current (Stern, 1965; Niiler, 1969). Up-
wellings are caused by the divergence of the nonlinear Ekman transport
created by westerly winds and downwellings by easterly winds (Fig. 3).

In light of the above-mentioned limitations of the frontal model
proposed by Tang (1982), this paper addresses the following questions:

are vertical motions present along the Gaspé current and what are the
main physical mechanisms causing upwellings and downwellings near
the Gaspé Current front?

2. Data and methods
2.1. Data

Between 1991 and 1993, four cruises were carried out in the
Gaspé Current to collect high resolution hydrographic data (Larouche,
1993a,b,c,d, 2023) between Les Méchins and Gros-Morne where the
current is the fastest. These cruises were designed to evaluate the
possibility to detect horizontal surface shears of the Gaspé Current
using ERS-1 (European Remote-Sensing Satellite 1) synthetic aperture
radar images (Larouche, 1996). These high spatial resolution hydro-
graphic data will be used to diagnose vertical motions near the Gaspé
Current front. They consist of 12 transects (with some repetitions)
for each cruise realized respectively in September 1991, May 1992,
July/August 1992, and June 1993 (Fig. 4). During the first three
cruises, conductivity, temperature and depth data were acquired at
a grid of stations with a Guildline 8715 CTD, while currents data
were acquired along each transect continuously with Teledyne RDI
Workhorse ADCPs (Acoustic Doppler Current Profilers). During Cruise
4 (June 1993), vertically oscillating CTD data (ENDECO V-FIN System,
Model 1074) were collected along each transect simultaneously with
the ADCP. This technique is a continuous acquisition of temperature



T. Leclercq et al.

WESTERLY WINDS

() ()

Regional Studies in Marine Science 69 (2024) 103325

EASTERLY WINDS

T -
. Estom @ Estorn O

< ° ) T: Wind stress
. u:

Horizontal currents

Water surface

Gaspé current front

Fig. 3. Schematization of nonlinear Ekman transport (Stern, 1965) adapted to the Gaspé Current front area with westerly winds (left) and easterly winds (right).
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Fig. 4. Cruise 1 (September 1991) and Cruise 4 (June 1993): localization of the 12 transects of CTD casts, ADCP data and the 8 transects of CTD V-FIN.

and salinity data with a sawtooth pattern (V-shape) in the water column
to study small-scale variability with better horizontal resolution. The
CTD V-FIN system acquisition rate was 1 Hz, its averaged horizontal
velocity was 1.48 m s, and its averaged vertical velocity, 0.18 m
s~1. The difference in resolution between CTD casts and CTD V-FIN
data has been tested by creating synthetic CTD casts from CTD V-
FIN objectively-interpolated data, showing that major upwellings and
downwellings can be inferred with the lower CTD casts resolution (see
Appendix A.1).

Raw CTD data (including CTD V-FIN profiles), were processed using
standard quality control procedures (Sea-Bird, 2017) including remov-
ing pressure loops. Conservative temperature, absolute salinity, and
seawater density were computed using the TEOS-10 algorithms (Mc-
Dougall and Barker, 2011).

The ship-borne ADCP (150 kHz for the first cruise, and 600 kHz
for the other three) was operated with bottom-tracking during Cruise
1 to correct the measured water velocities for the motion of the ship.
A temporal averaging over 6 min and 30 s, corresponding to an av-
erage horizontal resolution close to 1000 m, was performed to reduce
measurement noise. Unfortunately, bottom tracking was not possible
during Cruise 2 to 4 due to the higher frequency of the ADCP used to
increase the vertical resolution of the currents, at the expense of the
accuracy of barotropic currents. Ship GPS data was used to compute
the ship velocity, but the accuracy was insufficient to properly remove

the ship motion from the water velocity data due to the positioning
method (non-differential GPS), the presence of Selective Availability
(SA) before May 2000 (Adrados et al., 2002) and less satellite coverage
in the 1990s. The position accuracy was ~ 10 m, and the resulting of
horizontal currents was ~ 0.1 m s~1. Since water velocity is required to
test the different mechanisms that could cause vertical currents, these
tests will be performed only for Cruise 1. Data near the bottom biased
by side-lobes reflection were discarded.

Daily sea-surface temperature (SST) data were obtained from the St.
Lawrence Global Observatory (SLGO) using AVHRR (Advanced Very-
High-Resolution Radiometer) satellite sensors with a resolution of 1
km. Wind data (the velocity at 10 m above the sea surface) were
obtained from reanalyzes produced by the ERA5 model available from
ECMWEF (The European Center for Medium-Range Weather Forecasts).
The temporal resolution is 1 h and the spatial resolution is a 0.25° x
0.25° grid.

2.2. Characterization of the frontal zone

Since CTD stations were not regularly spaced along each tran-
sect, salinity, temperature, and density were objectively-interpolated
(Bretherton et al., 1976) on a regularly-spaced 2-D (depth, distance)
grid for each transect. The horizontal decorrelation scale was chosen
to be the average first baroclinic deformation radius, computed at each
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Fig. 5. Example of horizontal density gradient versus the distance along transect 2 of Cruise 1 (September 1991) to localize the Gaspé Current front (maximum absolute value of

the gradient) with its estimated uncertainty (horizontal error bars).

CTD station (Chelton et al., 1998). The vertical decorrelation scale was
chosen to be the smallest value of the vertical auto-correlation function
zero-crossing for temperature, salinity, or density computed at each
CTD station. Referring to instrumental error, the noise level is assumed
to be 5.1073 °C for temperature and 5.10~3 g/kg for absolute salinity.
The density is calculated from temperature and salinity with TEOS-10
algorithms at each CTD station, and then objectively-interpolated. In
Fig. 5a, the standard error of the interpolated density is calculated with
the propagation of uncertainty (Thomson and Emery, 2014):
ap? ap?

0'5 = % .0'% + % .0'5, (€8]
where p is the density, T the temperature and S the salinity. By
linearizing the equation of state, we obtain :

dp

ot *Po @
dp _

P B-po @)

where « is the coefficient of thermal expansion, # the haline contraction
coefficient, and p,, the average density of the water column. « and f are
computed using TEOS-10 algorithms.

The position of the front is defined as the distance from the CTD
station closer to shore of the horizontal density gradient maximum
absolute value, where density has been averaged over a 10 m depth
from the sea surface (depths of 5 and 15 m were also tested yielding
similar positions, see Fig. 5).

To estimate uncertainties of the front positions, the first step is to
average the standard error of the interpolated density over the length
of the transect and the depth between the surface and the maximum
depth of the isopycnal that defines the front. The resulting density error
is called o,,. The next step is to determine the horizontal distance and
the maximum depth of the front isopycnal o, +0,,. The differences in
front distance and the maximum depth yield the resulting uncertainties.
The uncertainties for the front distance are shown in Fig. 5, and are
much smaller than the differences in front position due to the choice
of the depth averaging interval from the surface (5 m, 10 m or 15 m).

2.3. Analysis of water masses

The effects of upwellings and downwellings on the distribution of
water masses across a density front are best visualized by estimating the
percentages of different water masses mixed together across the front.
As many water masses as there are conserved properties measured
can be determined. Gasparin et al. (2014) used the same method to
determine and differentiate the water masses inside the Coral Sea. Here,
neglecting surface heat and freshwater fluxes, we use conservation of
temperature, salinity, and mass to determine the percentages of up to
three water masses within each CTD transect. Although there are more
than three water masses present, we restrict our analysis to the three
least dense water masses (Egs. (4),(5),(6)). Once the water masses have
been defined (see Section 3.2), their percentages X; (i = 1, 2, 3) can be
computed for each data point lying in the “mixing triangle” (Fig. 6) by
solving the linear system of equations:

T=T X, +T,X, +T;X; “4)
S=5,X,+5,X, +S3X; 6
l=X,+X,+X;3 (6)

The percentage of each water mass is then optimally-interpolated
similarly to the CTD data.

2.4. Diagnosing vertical velocities

2.4.1. Frontogenesis and frontolysis

The ® equation (Eq. (7)) is a 3D partial differential equation devel-
oped by Hoskins et al. (1978). It is used to calculate vertical currents
in the case of frontogenesis/frontolysis (Pinot et al., 1996) with Q
(Eq. (8)) corresponding to the geostrophic forcing:

2
V2(N2w) + fZ‘ZT‘;V —2v.0, @

du

du
_ _ & g g
0=(0,,0)= —po(—ax Vp, o .Vp), (8)
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interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where N is the Brunt-Vaisila frequency, w the vertical currents, f the
Coriolis parameter, u, the horizontal absolute geostrophic currents, p,
the average density of the area and p the density. The @ equation has
been generalized to account for ageostrophic forcing (Vitdez et al.,
1996; Giordani et al., 2006). However, we will restrict our analysis to
the first order geostrophic forcing Q.

Here, the method to calculate vertical currents using the @ equation
relies upon the work of Rudnick (1996) where he studied vertical
currents of the Azores front. The first step is to remove all den-
sity overturns using a least squares method with a constraint % <
0 (Lawson and Hanson, 1995), since density overturns in the omega
equation lead to aberrant values of w. In a second step, Rudnick
(1996) calculated absolute geostrophic currents using both vertical
geostrophic shear obtained with density data from CTD casts and
horizontal velocities (u and v) from ADCP data (see Appendix A.2).
To do so, he used a stream function y (x, y) and interpolated density
and horizontal currents for each depth on a 2D grid (horizontal plane).
Hence, geostrophic currents which could be calculated with just CTD
casts differ from absolute geostrophic currents needing both ADCP
data and CTD casts. In contrast, we use a 3D interpolation with a
smoothness constraint (Nicholson, 2021), which approaches an optimal
3D interpolation and avoids a vertical decorrelation of interpolated
data that can occur using Rudnick’s method. Considering the unstable
behavior of the Gaspé Current, we only interpolate three consecutive
CTD and ADCP transects in time and space (e.g., transects number
1,2,3, or 2,3,4) to perform this 3D interpolation. The interpolation grid
has a resolution of dx = 200 m, dy = 200 m and dz = 1 m. The size
of the grid is 100 x 150 x 75. The values chosen for the smoothness
parameter are 10~3 for CTD and 10~2 for ADCP data and reflect the
accuracy of the measurements: the higher the noise, the higher the
smoothness parameter should be.

We solve the @ equation using SOR (Successive Over Relaxation)
method, specifically the Jacobi relaxation method (Press et al., 1992),
which is particularly useful for speeding up calculation time. The
boundary condition at the surface is w = 0 m s~1, but the lateral
and bottom boundary conditions must be chosen arbitrarily. Follow-
ing (Rudnick, 1996), we push the lateral and bottom boundaries far
away from the region of interest (i.e. 5 km away in the north/south
direction, 10 km away in the east/west direction due to the interpola-
tion of 3 consecutive transects, and 75 m away in the vertical) and use
either w = 0 (Dirichlet) or (:)—‘;V = 0 (Neumann, where n is the normal to

the boundary), resulting in variations in the solution of less than 2%.
Differences between Dirichlet and Neumann boundary conditions are
shown in Appendix A.3.

The uncertainty of vertical currents is calculated by repeating 20
times the calculation of the @ equation with slightly modified horizon-
tal velocities and density fields. These fields are modified by adding
vertically non-correlated errors taken from a normal distribution with a
standard deviation of 1072 kg m~3 for density, and vertically correlated
errors taken from a normal distribution with a standard deviation of
3.1072 m s~! for horizontal velocities, which represent bottom track
errors. The standard deviation of the 20 repetitions of the vertical cur-
rents computations represents the uncertainty of the vertical currents.
Most of the vertical currents had an uncertainty (s,,) of one tenth of
their value. If o, > |w|, the corresponding values are non-significant.

2.4.2. Nonlinear Ekman transport

Vertical currents created by winds near the front can be calculated
with the following equations, the nonlinear Ekman transport (Eq. (9))
and its horizontal divergence (Eq. (10)):
Txk

E=—"—
(f+O)

©)

wg(0m) = -V.E (10)

where ¢ is the relative vorticity calculated with ADCP data ({ ~

=44 peglecting the % component), which includes geostrophic and
ageostrophic motions.

To test the nonlinear Ekman transport, wind velocity at 10 m above
the surface and C,, the drag coefficient, are used to calculate wind
stress. The drag coefficient, also called a “friction coefficient”, is the
resistance that ocean waves exert on the atmosphere. It was calculated
with a wave model as the ratio of the square of the friction velocity,
to the square of the wind speed at a height of 10 m above the surface

(ERA 5). Wind stress is calculated by the following equations:

Ty = Poir-Cy.lUl.uy, an

7, = Pgir-Cy. 1], 12)

Where u, and u, are the zonal and meridional components of the wind
speed at 10 m above the sea surface, and |4 is its norm.
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measured currents (Cruises 2, 3, 4).

To obtain the boundary condition at the surface for the @ equa-
tion, we decompose the vertical velocities into an Ekman (wz) and a
geostrophic (w,) components:

w(0m) = wz(0m) + w,(0m) =0, 13)

which yields the boundary condition for the geostrophic vertical veloc-
ity of the w equation:

W,(0m) = ~w(0m) = V.E. a4

Variations of w, between the surface and 2 m are neglected be-
cause absolute geostrophic currents are calculated from 2 m below
the surface (shallowest density data). The uncertainty of the resulting
vertical currents is estimated in the same way as for the frontolysis and

frontogenesis diagnosis.
3. Results
3.1. Variability of the Gaspé current front

Fig. 7 shows the front position along each transect of each cruise,
overlaid on an SST satellite imagery averaged over a week during the
period of each cruise. Near-surface ADCP currents and ERA 5 winds are
also shown. The most notable result is that the front moves significantly
from one cruise to the next. Its position cannot be predicted without
in-situ data because it is a buoyancy-driven coastal jet with baroclinic
instabilities leading to meandering (Sheng, 2001). Indeed, the general
shape of the Gaspé Current front looks like a wavelike pattern due to
the presence of meanders (Tang, 1980). The front position could not
be detected for some transects due to the absence of a local density
gradient maximum. Furthermore, the front position can vary over time
scales ranging from a few hours to several days, as shown for Transect
10 of the first cruise which was repeated six times over two days
(Fig. 8).

Fig. 7 also shows that the Gaspé current front is not characterized by
a SST minimum. This is contrary to what has been reported by Tang’s
observations and model (Tang, 1982, 1983). Furthermore, the front
retains a wavelike shape for all surveys.

Fig. 8 shows the short-term spatial and temporal variability of the
Gaspé front. In 48 h, the maximum depth of the frontal isopycnal
shallowed from 28 m to 6 m below the water surface and its horizontal
position moved relative to the coast (Fig. 8a). The most pronounced
shift occurred between the fourth and fifth repetition of the transect
when the Gaspé Current and its front moved offshore (about 3.5 km
in 18 h and 49 min), then moved inshore between the fifth and sixth
repetition (about 2.5 km in 4 h and 17 min). These horizontal and
vertical variabilities over a short period (48 h) characterize the unstable
behavior of the Gaspé Current.

3.2. Detection of upwellings and downwellings

Water masses analyses were performed to detect occurrences of
upwellings and downwellings near the Gaspé front. T-S diagrams of
the different cruises showed the presence of four water masses (Fig. 9):
(i) the estuary surface water (the least salty water mass) whose source
is the St. Lawrence River upstream, (ii) the St. Lawrence Gulf surface
water (the saltiest of the surface waters) which is composed of surface
Atlantic waters coming from Belle-Isle and Cabot Straits, (iii) the inter-
mediate cold water (the coldest water mass), which is created in winter
and lies between the surface and the bottom water masses in spring and
summer and (iv) the bottom water (the densest water mass) which is
composed of deep Atlantic waters coming from Cabot Strait (Saucier
et al., 2003).

For Cruise 4, there are obviously more than 3 reference water
masses for the least-dense waters (Fig. 9d). Since we are restricted to 3
water masses for our analysis, we defined a hypothetical surface water
mass for the estuary lying on the tangent to the mixing line between
the intermediate cold water and the freshest surface waters observed
in the T-S diagram at a temperature of 6 °C, corresponding to the sea
surface temperature measured by satellite during the cruise (Fig. 7d).
This hypothetical water mass encloses most of the CTD measurements
in the resulting mixing triangle (Fig. 9d).

Mixing occurs between the surface waters of the estuary and Gulf
of St. Lawrence and the intermediate cold water for all cruises (Fig. 9).
After the water mass analysis of the 54 transects, Figs. 10 to 13 show
examples of typical upwelling and downwelling situations near the
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vertical intervals show uncertainties (see Section 2.2).
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Conservative temperature, water mass percentage and vertical currents (w equation) / Transect 4 / Cruise 1 (September 1991)
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boundary condition) for transect 4 of Cruise 1 (September 1991). Black hatchings represent the values where ¢ w > |w|. Distance increases offshore from the station closest to

shore.

Gaspé front. Transect 4 of Cruise 1 (Fig. 10) shows a downwelling of
the relatively warm (9 °C) St. Lawrence Gulf’s surface water offshore
of the Gaspé front and an upwelling of the intermediate cold water
just beneath the front, causing a surface temperature minimum (6 °C)
at the edge of the front. This circulation pattern is opposite to that
predicted by Tang (1982). Below the front (around 40 m depth), the
estuary surface water is horizontally expelled offshore.

For transect 6 of Cruise 1 (Fig. 11), the distribution of water masses
shows a downwelling of the surface estuary water occurring inside the
Gaspé Current and an upwelling of the cold intermediate water crossing
the front (around 20 m depth). Mixing between the three water masses
takes place in the Gaspé Current explaining the high concentration
(30%) of St. Lawrence Gulf’s surface water. A downwelling of the
St. Lawrence Gulf’s surface water offshore the Gaspé Current is not
observed in this example.

Configuration of water masses is more complex for transect 9 of
Cruise 1 (Fig. 12). The distribution of water masses shows a down-
welling of the St. Lawrence Gulf’s surface water offshore the Gaspé
Current front (local maximum horizontal density gradient) and under
the offshore front (maximum horizontal density gradient). This down-
welling occurs below 20 m depth. An upwelling of the intermediate
water takes place under the Gaspé Current front. Another downwelling
of the surface estuary water occurs inside the Gaspé Current.

An even more striking example similar to that shown for transect
4 of Cruise 1 (in Fig. 10) is shown for transect 4 of Cruise 4 (Fig. 13)
from a CTD-VFIN transect with a better horizontal resolution. This time,

however, a downwelling of the relatively warm (8 °C) St. Lawrence
Gulf’s surface water takes place just underneath the front and an
upwelling of the intermediate cold (2 °C) water crosses the front, enters
in the Gaspé Current and ascends to the surface just above the front,
causing a surface temperature minimum (4 °C) on the shoreward edge
of the front. This circulation pattern is again opposite to that predicted
by Tang (1982, 1983).

For all transects of all cruises, we defined an upwelling event as
the presence of a percentage of the cold intermediate water mass
greater than or equal to 30% overlying waters with less that 30% of
the cold intermediate water mass. Results are summarized in Table 1.
The ® equation computations (with or without the nonlinear Ekman
pumping) purpose is to confirm, or not, if these inferred upwellings
and downwellings on the edge of the Gaspé Current result from the
frontogenesis/frontolysis or nonlinear Ekman transport processes. Even
if their presence is predominant (a percentage superior or equal to 71%
of the total number of transects) for all four cruises, they are not a
permanent feature over the entire length of the Gaspé Current front,
and their positions relative to the front vary.

3.3. Generation mechanisms for upwellings and downwellings

3.3.1. Frontogenesis and frontolysis

Vertical currents obtained with the @ equation are shown for tran-
sects 4, 6 and 9 of Cruise 1 in Figs. 10, 11, and 12. Transect 4 of Cruise
1 (Fig. 10) shows an upwelling under the front and a downwelling
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Fig. 11. Transects of conservative temperature, each water masses percentage and vertical currents (m s') calculated with the ® equation (without and with the Ekman surface

boundary condition) for transect 6 of Cruise 1 (September 1991).

Table 1

Number of transects with upwelling for each cruise.
Cruises Number of With upwelling near Ratio

transects (A) the front (B) (B/A)

Cruise 1 — CTD 17 12 0.71
(September 1991)
Cruise 2 — CTD 12 9 0.75
(May 1992)
Cruise 3 - CTD 11 9 0.82
(July/August 1992)
Cruise 4 — CTD Vfin 14 13 0.93
(June 1993)
All cruises 54 43 0.8

offshore of the front via the water masses analysis, which matches
well with the vertical currents diagnosed by the ® equation. This
suggests that these inferred upwelling and downwelling are caused
by frontogenesis (strengthening of the front). Transect 6 (Fig. 11) of
Cruise 1 is particularly interesting as it displays the presence of a strong
downwelling of the estuary surface waters occurring inside the Gaspé
Current with a velocity approaching —3.10™* m s~! (the minimum
value of the transect) and an upwelling of the intermediate cold water
occurring under the front crossing it with a velocity approaching 6.10~*
m s~! (the maximum value of the transect). This phenomenon is visible
in the intermediate water mass percentage, with an overturn occurring
where the upwelling crosses the front. This is the manifestation of a
frontolysis case (weakening of the front). Transect 9 (Fig. 12) of Cruise

1 is more complex showing two fronts. One local front corresponds
to the Gaspé Current front (a local maximum of density gradient) and
one offshore front (corresponding to the maximum value of the density
gradient which is positioned the most offshore). The transect displays
the presence of two downwellings: one with the Gulf surface waters
occurring under the offshore front with a vertical velocity approaching
—1.107*m s~! and another one occurring inside the Gaspé Current
with the estuary surface waters and a vertical velocity approaching
—-1.5 x 10~% m s~!. An upwelling of the intermediate waters occurs
below the Gaspé front with a velocity approaching 0.5 x 10~% m s1.
As for transect 6, this is the manifestation of a frontolysis case. Overall,
frontogenesis and frontolysis diagnosed with the o equation match with
upwellings and downwellings inferred from the water masses analysis
near the Gaspé Current front for all transects of Cruise 1 except for
transect 2, without counting the first and last transects and the repeti-
tions of transect 10 as frontolysis and frontogenesis cannot be tested in
these cases (see Section 2.4). Fig. 14 shows vertical currents diagnosed
from the ® equation and isopycnals interpolated over the entire area of
Cruise 1 at 10 m depth, with a typical example of frontogenesis along
the transect 4, where the isopycnals are contracting (frontogenesis),
with vertical circulation tending to counteract frontogenesis. However,
not all cases of frontolysis and frontogenesis during Cruise 1 can be
seen as they occur at varying depths.

3.3.2. Nonlinear Ekman transport
Vertical currents calculated with the @ equation, and the surface
boundary conditions associated with the nonlinear Ekman transport
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boundary condition) for transect 9 of Cruise 1 (September 1991).

(Eq. (14)) are also shown in Figs. 10, 11, and 12. For transects 4 and 6
of Cruise 1 (Figs. 10 and 11), the effect of nonlinear Ekman transport
is negligible compared to the frontolysis and frontogenesis mechanism
since the southerly winds (Fig. 15) do not affect the formation of
upwellings and downwellings near the front. However, the nonlinear
Ekman pumping can become significant near the surface (Fig. 12) when
westerly or easterly winds occur like during transect 9 of Cruise 1
when winds were westerly (Fig. 15). A surface trapping (created by
winds) is formed near the surface (first 10 m offshore of the Gaspé
Current front) and affects the water column’s composition. A part of
the Gulf water mass downwelled offshore is retained at the surface
near the edge of the offshore front, which explains the observed high
percentage (40%). Without the divergence of the nonlinear Ekman
transport, a downwelling would be diagnosed from the ® equation.
Overall, for all transects of Cruise 1, winds cannot explain upwellings
and downwellings formation at the depth of the cold intermediate
water mass.

4. Discussion

Tang (1982) proposed an analytical model of frontal upwelling to
explain the generation mechanism of upwellings and downwellings
observed near the Gaspé Current front. This model postulated the
existence of an interfacial Ekman transport beneath the front, causing
a permanent downwelling of offshore surface waters below the front,
and a permanent upwelling of intermediate waters further offshore to

10

close the cross-frontal circulation. The water masses analysis of in-
situ observations of temperature and salinity across the front do not
support the predictions of Tang (1982). Upwellings and downwellings
are not permanent features and upwellings are not always located
offshore of the front. In fact, the circulation pattern most typically
observed is in the opposite direction to that predicted by Tang (1982)’s
model. Our results are in line with previous observations showing that
the temperature minimum near the surface appears inside the Gaspé
Current (Levasseur et al., 1992).

Considering the discrepancies between the model proposed by Tang
(1982), summed up as a permanent upwelling offshore and a perma-
nent downwelling under the Gaspé Current front, and observations, we
investigated whether upwellings and downwellings could be caused by
more classical mechanisms such as nonlinear Ekman pumping (Stern,
1965) and frontogenesis/frontolysis (Hoskins and Bretherton, 1972).

The frontogenesis/frontolysis hypothesis (Fig. 16) appears to be
at work for 87.5% corresponding to seven out of eight transects of
Cruise 1 presenting an upwelling or a downwelling without counting
the first and last transects as well as repetitions of transect 10 (see
Section 2.4). For the other 12.5%, three hypotheses can be made: (i) an-
other mechanism generates upwellings and downwellings, (ii) the trace
of a high percentage of the intermediate water near the front may be
the manifestation of an ancient upwelling, or (iii) interpolation of three
consecutive transects not sampled closely enough in time and space
leads to biased results due to the fast-evolving Gaspé Current dynamics.
Indeed, repetitions of transect 10 of Cruise 1 showed that short events
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can occur and move the front relative to the coast. Furthermore, frontal
instabilities of the Gaspé current typically have wavelengths of 40 to
60 km (Mertz et al., 1988; Mertz and El-sabh, 1989), hence the ~10
km spacing between our transects should resolve them.

Concerning Ekman pumping, the results showed that nonlinear
Ekman transport is not the key mechanism that causes deep upwellings
of the intermediate waters and deep downwellings of the Gulf of
St. Lawrence surface waters near the front during September 1991.
However, the low resolution of winds data (0.25° x 0.25° grid) may
underestimate winds stress curl caused by small scale variations of
winds, hence underestimating the contribution of nonlinear Ekman
transport to vertical motions. Another possible effect could be the wind
modulation by SST gradient. Using the relation between wind stress
curl and SST gradients found by Chelton et al. (2001), their Figs. 10 and
11, we estimated that for a SST gradient of 5 degrees Celsius over 20

km (Fig. 7d), the vertical velocities caused by this SST-induced winds
stress curl would be of about 2.5.107 m s~1, which is one order of
magnitude smaller than the velocities diagnosed by the omega equation
(Figs. 10 to 14). Nevertheless, with these data, results showed that for
shallow waters, upwellings and downwellings could be the result of
along front winds (e.g. Fig. 12). Moreover, winds could have an indirect
effect on vertical motions caused by frontogenesis and frontolysis, since
wind pulses could help trigger instabilities of the Gaspé Current (Mertz
et al., 1988).

According to Benoit et al. (1985), considering the seasonal cycle,
an increase in salinity occurs from the end of June to November in the
current due to the decrease of less saline waters flow from the estuary.
Being controlled by this salinity front (Benoit et al., 1985), the estuary
flow variation thus affects the Gaspé Current dynamics. A strong flow in
May and June with a peak of 0.03 Sv (Koutitonsky and Bugden, 1991)
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Fig. 17. (a) Example of a CTD V-FIN intermediate water percentage transect versus (b) downsampled data (Transect 5, Cruise 4).

will increase the vertical shears and could be favorable to the formation
of baroclinic instabilities (Mertz et al., 1988; Sheng, 2001), leading to
the variation of the Gaspé Current general shape as shown in Fig. 7.
However, even if the flow’s intensity starts decreasing at the end of
June, the results also showed that in September 1991 and July/August
1992, the front retains a wavelike shape. Mertz et al. (1988) have also
observed meanders even when the estuary runoff is only 60% of its
maximum spring value.

We have not considered the effect of bottom topography on vertical
motion, because the position of meanders from one cruise to another
radically changed (Fig. 7), and therefore are not associated with bathy-
metric features. Vertical motions diagnosed by the ® equation are
consistent with our water masses analysis, suggesting that vertical
motions are mostly generated by frontogenesis and frontolysis rather
than topographic accidents. Moreover the Gaspé Current is mostly
parallel to the coastline, and confined in the top 50 m well above the
seafloor at the location of the front, which ranges between 150 m and
300 m.

In conclusion, when the Gaspé Current meanders, strain-induced
frontogenesis and frontolysis of the Gaspé Current front will generate
upwellings and downwellings near the front, a phenomenon which has
been shown to be at play at many other fronts in the ocean, such as
the Azores front (Rudnick, 1996), the Mississippi plume front (Kobashi
and Hetland, 2020), the Gulf Stream (Thomas and Joyce, 2010a),
and the subpolar front of the Japan/East Sea (Thomas et al., 2010b),
among others. Vertical motions at fronts may also be caused by other
mechanisms, such as non-linear Ekman pumping (Niiler, 1969) or near-
inertial oscillations (Thomas et al., 2010b). For the Gaspé Current
front, our results suggest that non-linear Ekman pumping may generate
significant vertical motions near the surface, but strain-induced fron-
togenesis and frontolysis remains the dominant mechanism for deeper
motions reaching the nutrient-rich cold intermediate layer. We have not
investigated the effect of time-dependent processes such as inertial or
superinertial motions, despite the observed variability of the front on
short time scales (Fig. 8), due to the limited spatio-temporal sampling
of the front. Taking into account the effect of time-dependent processes
will require new observational campaigns with higher spatio-temporal
resolution.
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Data availability

This unique set of CTD casts, CTD V-FIN, and ADCP data acquired
by Pierre Larouche, third author of this manuscript, between 1991
and 1993 on the edge of the Gaspé Current has been submitted and
published to the SLGO (St. Lawrence Global Observatory) data man-
agement office to create a publicly accessible ERDDAP database and
generate a DOIL.

The DOI of this data set is https://doi.org/10.26071/0gsl-9acdc006-
20cb, its URL is https://catalogue.preprod.ogsl.ca/dataset/ca-cioos_
9acdc006-20cb-4c7e-8aae-cal007cf9b63 and the citation is Larouche
(2023).

SST data and their technical report are publicly available at SLGO:

https://ogsl.ca/en/satellite-remote-sensing-data-information/

https://ogsl.ca/en/satellite-remote-sensing-application/

CTD V-FIN Data are available via this SLGO link:

Click here to access CTD V-FIN data.

Wind reanalysis data are publicly available with the ERA5 model
however you need to subscribe to have them:

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5
-single-levels?tab=overview.
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Currents and density (kg.m'a) at 51 m - TRANSECT 9/ CRUISE 1
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Fig. 18. ADCP data (black arrows) vs absolute geostrophic currents (red arrows) on a horizontal plane with interpolated density at (a) 15 m and (b) 51 m depth. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Appendix A
A.1. Test of CTD casts horizontal resolution

During Cruise 4 in June 1993, a CTD V-FIN was towed behind the
ship, profiling the water column in a V-shape pattern, and providing
a much higher horizontal resolution than that obtained with the stan-
dard CTD casts of the other cruises. An example of the percentage of
intermediate water is shown in Fig. 17a revealing, in particular, some
upwelling across the front within the first 8 kms of the transect. To
verify whether this upwelling would have been observed using the
lower spatial resolution CTD casts of the previous cruises, synthetic
CTD data having the average separation distance of the casts of the
three other cruises were calculated by interpolating the high-resolution
optimally interpolated CTD data from the V-FIN. The synthetic CTD
casts were then used to determine the percentage of the reference water
masses, which were then optimally interpolated (Fig. 17b). Although
some small-scale features are missing, the upwelling in the first 8
kms of the transect is still observed, confirming that the lower spatial
resolution of the CTD casts sampling of the first three cruises can
resolve the prominent horizontal and vertical processes within the
Gaspé Current.

A.2. Geostrophic versus ADCP currents

Absolute geostrophic currents (Figs. 18a, b, 19b) are calculated
using (Rudnick, 1996) method by using a stream function y (x,y) and
interpolated density and horizontal currents for each depth on a 2D
grid (horizontal plane). They are shown on a horizontal (Fig. 18) and
vertical plane (Fig. 19). Absolute geostrophic currents are compared to
ADCP currents (Figs. 18a, b, 19a). As expected, the fronts correspond
to the near-surface maximum values of the along-shore geostrophic
currents (Fig. 19b).

A.3. Test of boundary conditions for the » equation

Vertical currents diagnosed with the ® equation are obtained using
(20a) Dirichlet or (20b) Neumann boundary conditions for transect 9 of
Cruise 1. Their differences are shown in panel c. The root mean square
of the differences is less than 2% of the root mean square of w.

14

Appendix B. Open research

B.1. Data availability statement (CTD, CTD V-FIN, ADCP, SST, and ERA5
data)

This set of CTD casts, CTD V-FIN, and ADCP data acquired by Pierre
Larouche between 1991 and 1993 has been made publicly available
on the SLGO (St. Lawrence Global Observatory) portal at https://
catalogue.preprod.ogsl.ca/dataset/ca-cioos_9acdc006-20cb-4c7e-8aae-
cal007¢f9b63 and the citation is Larouche (2023).

SST data and their technical report are publicly available at SLGO:
https://ogsl.ca/en/satellite-remote-sensing-data-information/
https://ogsl.ca/en/satellite-remote-sensing-application/

Wind reanalysis data are publicly available at this link (requires
registration to access the data): https://cds.climate.copernicus.eu/cds
app#!/dataset/reanalysis-era5-single-levels?tab=overview

B.2. Software availability statement

Raw CTD cast data were processed using standard quality control
procedures (Sea-Bird Scientific, 2017) by the data management section
of the Maurice-Lamontagne Institute.

Raw CTD V-FIN data were also processed using the same quality
standard procedures by Leclercq T., first author, including pressure
loops correction.

Conservative temperature, absolute salinity, and seawater density
were computed using the TEOS-10 algorithms (https://www.teos-10.
org/pubs/gsw/html/gsw_contents.html) on R2019 MatLab version.
Procedures can be found following this reference (McDougall, T. J.,
and Barker, P. M. (2011). Getting started with TEOS-10 and the Gibbs
Seawater (GSW) oceanographic toolbox. SCOR/IAPSO Working Group,
127, 1-28.).

3D interpolation with smoothness parameter was processed using
Nicholson, J. (2021) algorithms. (Nicholson, J. (2021), “regularizeNd”
MATLAB Central File Exchange, version 2.4.0, available from https://w
ww.mathworks.com/matlabcentral/fileexchange/61436-regularizend).

Maps were created with M_Map package following this reference:
Pawlowicz, R., (2020), M_Map: A mapping package for MATLAB. ver-
sion 1.4 m, [Computer software], available online at www.eoas.ubc.ca
/"rich/map.html.

All other analyses and processing was performed on R2019a MatLab
version by Leclercq, T. (first author).
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ADCP currents VS Absolute Geostrophic currents / Transect 9 / Expedition 1
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Fig. 19. (a) ADCP vs (b) absolute geostrophic along-shore currents on a vertical plane for Transect 9 of Cruise 1 (September 1991). The dashed white line represents the offshore
front, and the white line represents the Gaspé Current front.
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Fig. 20. Vertical currents calculated with (a) Dirichlet boundary conditions, (b) Neumann boundary conditions and (c) their differences.
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