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Fig. 4: The effects of .an alongshore jet on surface Ekman
transport in the northern hemisphere - (a) alongshore
velocity, positive poleward, (b) density (contours)

and velocity

o

'winds simply stop (but not reverse), then the front
-should undergo a geostrophic adjustment, but remain
essentially stationary. Only turbulent dissipation
would allow the isopycnal surfaces to flatten out, thus
causing the decay of the front. If the wind, instead of
stopping, reverses to a downwelling-favourable state,
then the front should be advected back towards the
coast, a "decay" mechanism which is, in some ways,
analogous to that of its formation. Finally, there is a
high likelihood that upwelling fronts in the absence of
a sustaining wind will be hydrodynamically unstable
(Killworth et al. 1984). Indeed, the surface thermal
patchiness often observed after the cessation of
upwelling-favourable winds (Brink 1983) would
suggest that instability is acommon occurrence. Such
instability to small eddies would, in turn, be a major
agency for producing biological patchiness.
Overall, the capability for modelling upwelling

fronts still has a long way to go. The associated
dissipative and stability processes especially need
more attention. Nonetheless, the available physical
models are sufficiently advanced to allow the develop-
ment of a new generation of embedded biological
models with which to investigate the implications
which have been suggested, but never verified or
disproved rigorously.

the mixed layer is

w=

provided that the alongshore divergence of flow is
zero. The consequences of these formulae in the
presence of a uniform wind and a frontal jet are
sketched in Figure 4. Essentially, the Ekman transport
is enhanced offshore of the front and decreased
within it. This, in turn, implies downwelling inshore
of the front and at the outer edge of the jet, and
upwelling at the jet core. The cross-shelf scale of the
vertical circulation is then set by the scale of the jet. If
alongshore divergence is possible, then there need be
no vertical motion near the front, but rather the
strength of the jet could vary in the alongshore
direction. It should be noted that a cross-frontal flow
remains possible. These possibilities, owing to the
cross-shelf advection of alongshore momentum, have
not yet been studied in isolation, but they require
further attention as to their physical and biological
implications. For example, frontal downwelling of
near-surface waters could lead to the formation of a
subsurface chlorophyll maximum for purely kine-
matic reasons.
None of the models mentioned above treat the

decay of the upwelling front. Presumably, if the

NEEDED FIELD STUDIES

Overall understanding of processes near upwelling
fronts will not improve greatly until a new generation
of field studies begins. Present physical models have
produced predictions which cannot be tested using
existing data. Two observational issues which are in
particular need of further study, cross-frontal ex-
change and stability, are now discussed in more
detail. It is important to emphasize at the outset that
the field studies should be multidisciplinary, not just
physical, in character.
Circulation and exchange in the cross-frontal

plane is a particularly important problem, both from
the view of understanding the physics and for
biological reasons. Convergence at a front, for
example, would imply a concentration of passively
floating organisms, with consequent effects through-
out the food chain. Further, sinking and upwelling at
fronts would permit losses and gains to the euphotic
zone. The rate and the locations of these fluxes will
have considerable implications for system primary
productivity, and the horizontal transfer of upwelled
water across the front will have further implications
for productivity, as already discussed.
The goal of a frontal exchange programme would

Cartoon adapted from Brink (1987) Upwelling 
fronts: implications and unknowns
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Upwelling or downwelling can occur even 
if there is no wind stress curl if the 
relative vorticity 𝜁 is comparable to 𝑓

𝜁 =
𝜕𝑣
𝜕𝑥

−
𝜕𝑢
𝜕𝑦

Nonlinear Ekman upwelling velocity:

Questions

Where does upwelling occur 
(inshore/offshore)?

What processes drive upward 
motion?

Three potential mechanisms for 
wind-driven upward motion (𝑤):

• Inner shelf upwelling

• Curl-driven Ekman pumping

𝑤'( = ∇ ×
𝜏
𝜌)𝑓

• Nonlinear Ekman pumping

2019 upwelling season, as defined by Pierce and Barth 
(April 19 – August 28) 

HF radar – 2km product provided by UCSD Coastal 
Observing Research and Development Center 

Wind and ADCP current velocity and glider data from 
Ocean Observatories Initiative Oregon Shelf site

Strong positive (cyclonic) vorticity 
on inshore side of coastal jet

Range of 𝜁 is a significant fraction 
of 𝑓 (submesoscale dynamics)

HF radar observations reveal 
small-scale variability in the 
coastal jet (e.g. Kosro et al. 1997)

𝑤 = ∇ ×
𝜏

𝜌# 𝑓 + 𝜁

curl
(spatial gradient) buoy wind stress (time-

varying, spatially uniform)

relative vorticity from HF 
radar surface currents 

Coriolis parameter 
(based on latitude)

Theory indicates broad 
region of upwelling 
following coastal jet

Downwelling inshore of jet 
core

glider transect 

Upwelling transport (per m coastline) can 
be a substantial fraction of Ekman transport

Contribution diminishes over 
course of upwelling season

Take home messages

The “spin” (vorticity) associated with surface currents in the 
coastal jet off the Oregon coast is strong enough to affect the 
spatial patterns of wind-driven upwelling and downwelling 

Downwelling can occur over parts of the shelf during periods of 
upwelling-favorable winds. This may bring phytoplankton to 
lower light levels or concentrate buoyant particles

Background: Nonlinear Ekman pumping

Data sources

Spatial patterns

Temporal variability

Detailed look at an equatorward wind event

OOI glider transect extends inshore during a period of equatorward wind stress

downwelling

Complex offshore/offshore cross-shelf velocity profiles are consistent with 
theoretical upwelling/downwelling at similar salinity values.

wind stress 𝜏
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Cartoon inspired by Jacox and Edwards (2012), Upwelling 
source depth in the presence of nearshore wind stress curl, JGR

Inner shelf (surface 
and bottom boundary 
layer overlap)

Bottom boundary layer

Stern (1965) Interaction of a uniform wind stress 
with a geostrophic vortex. Deep Sea Res. 

Kosro et al. (1997) The coastal jet: Observations of 
surface currents over the Oregon continental shelf 
from HF Radar, Oceanography

Average vertical and 
cross-shelf velocities 
during glider transect


