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Fortnightly Modulation: Geyer and Cannon (1982) and Griﬃn and LeBlond (1990) identiﬁed the
modulating inﬂuence of the spring-neap tidal variations in turbulent mixing and deep water renewal.
During spring tides, mixing is elevated, the volume of the estuarine exchange increases, and the
salinity of the surface water exiting Juan de Fuca Strait is elevated (Sutherland et al, 2011). In the
summer, this enhanced surface salt export coincides with enhanced nutrient ﬂux onto the continental
shelf (Crawford and Dewey, 1988). During neap tides in the late summer, mixing is reduced, volume
ﬂows decrease, stratiﬁcation is enhanced, and in-ﬂowing bottom water is salty (undiluted), dense, and
rich in upwelled nutrients. These neap-tide renewals replenish nutrients in the inner basins.
The VENUS cabled observatory includes
installations in the southern Strait of Georgia,
ideally situated to capture the deep renewal
ﬂows.
Shown here is the ﬁve year record of Oxygen
and seawater density, salinity and temperature
from the Central node at 300m depth. Annual
cycles of warming and freshening are
punctuated by periodic events during the
summer upwelling season, roughly once per
month, associated with the weaker neap tide
intervals.

The Salish Sea is a large complex estuary, with several
deep inner basins, and many constricted passages. The
main rivers include the Fraser in the Strait of Georgia, and
the Skagit and Snohomish in Puget Sound. All the rivers
show an increase ﬂow in the winter due to rain run-oﬀ,
while the Fraser also peaks in June from snow-pack melting
(freshet). Total fresh water input can exceed 104 m3/s.

Deep Water Renewal: During the
weaker neap tides, mixing in Haro
Strait and Boundary Passage is
reduced, and dense salty water
spills into the Strait of Georgia
during subsequent ﬂood tides.

Estuarine Circulation: The
export volume is enhanced at
each constriction by tidal
mixing, resulting in a volume
ampliﬁcation of between
10-20. Upwelling along the
west coast of Vancouver Island
in the summer enhances the
nutrient content of the deep
in-ﬂow.

Tidal Mixing: Shown is a
chart of tidal energy
dissipation (Foreman, etal
2004) showing sites of
elevated mixing, with
inserts of the along axis
(black-line) salinity
structure and a satellite
image of nutrient fed
primary production (Chla).
Isohalines are nearly
vertical in Boundary
Passage. Variations in
tidal mixing over the
spring-neap cycle
alternately support
primary production over
the continental shelf and
in the Strait of Georgia,
respectively.

Estuarine Parameterization: There is a range of important time and
length scales associated with the variable dimensions, buoyancy
forcing, and dynamics of this estuary. Geyer and MacCready (2014)
present one reduction, by comparing the freshwater Froude number
(Frf) against a mixing parameter (M). Velocities are based on tidally
averaged volume ﬂows, and depths are based on the vertical scale of
the stratiﬁcation and shear. For the Salish Sea, natural partitions
include the Fraser River, the Strait of Georgia, Boundary Passage,
Haro Strait, Puget Sound, and Juan de Fuca Strait. Together they span
the entire estuarine parameter space.

The lower panel shows the Griﬃn
and LeBlond (1990) proxy for tidal
mixing, the cube root mean cube
of the barotropic currents (e.g.
Active Pass). A ten day (Masson,
2002) series of renewal pulses
starts with each weak neap period
(dashed lines), bringing upwelled
nutrients into the deeper recesses
of the Strait of Georgia.

Temporal Variations: Variability in the system includes seasonal forcing
of the fresh and deep waters (months), fortnightly modulations over the
spring-neap tidal cycle (weeks), gravitation adjustment associated with
internal hydraulics (day), and turbulent mixing and stirring during each
ﬂood and ebb (hours). As a result, the system is never really in a “steady
state’.
Spatial Variations: The entire estuary is physically divided into a number
of deep basins, separated by sills and narrow passages. Tidal currents are
enhanced (1-3m/s) at each constriction, resulting in elevated mixing and
enhanced diapycnal ﬂuxes.

Ocean Networks Canada Observatories: The VENUS and NEPTUNE
cabled observatories operated by ONC are now augmented
throughout the Salish Sea by autonomous moorings in Juan de Fuca
Strait, and sensor systems on Ferries and Gliders.

Ten Days of Pulsed Renewal:
The observatory CTD has captured the pulsed
nature of the renewal ﬂows, one pulse for each
of the dominant ﬂood tides of the day. The
density anomalies are between 0.2 and 0.5 kg/
m3, and the gravity current can reach 50m in
height (ADCP, not shown).
Along with the
elevated salinity, these pulses are rich in
upwelled nutrients emanating from the deep
western entrance of Juan de Fuca Strait.

Flood Tide and Density Current: During each
ﬂood tide in the neap renewal period, dense
nutrient rich salty water ﬂows over the sill at
Boundary Pass, and transits past the VENUS
CTD, 41.5km down-thalweg, 36 hours later,
with a mean speed of ~0.32m/s (Benjamin,
1968).
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