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Figure 6. (continued) 

ward flow across the mouth of the canyon that dips into 
the canyon mouth. The onshore transport (Su) is larger 
than the offshore (Nu) as required for net downwelling 
•a v •:;/ •//• •,c•J.J.•V •jj.j.. 

The deep transports (Figure 11a) are largely oppo- 
site, with a direction change around 7 days. There 
is a net offshore deep transport in the first few days, 
as the downwelling winds depress the isopycnals in the 
canyon. Around 7 days, the transports switch sign with 
the development of an anticyclone in the canyon. The 
strength of the deep transports decline over the second 
week of the simulation. 

The vertical transport through the four areas at the 
top of the canyon (Figure 11b) is downward over the 
canyon (Ni, dotted line, and Si, solid line) as well as off- 
shore of the canyon on the north side (No, dash-dotted 
line). Upwelling occurs offshore south of the canyon 
axis (So, dashed line). Offshore, upwelling on one side 
of the canyon axis is stronger than downwelling on the 
other side. Downwelling occurs over the whole canyon 
and is stronger over the upstream rim (Si compared to 
Ni). 

4. Discussion 

4.1. Circulation Forced by Upwelling Winds 

The three-dimensional canyon circulation driven by 
constant upwelling favorable wind forcing has the fol- 
lowing general structure. Above 100 m, there is only 
small influence of canyon topography with onshore flow 
over and upstream of the canyon (Figure 2a) and off- 
shore downstream of the canyon. An upwelling front 
develops near the coast and is closer to the coast up- 
stream of the canyon and more offshore downstream as 
the shelf flow turns offshore (anticyclonic) downstream 
of the canyon. Near the canyon rim (100-200 m), flow 
is onshore (Figure 2b) within the canyon, particularly 
along the downstream (southern) rim. The deep flow 
largely follows isobaths (Figure 2c) with some trans- 
port imbalance that produces upwelling that extends 
to 300 m depth. 

These results are consistent with previous observa- 
tions, except for the closed cyclone above the canyon. 
We can deduce mechanisms driving canyon circulation 
from these simulations in response to several questions. 
How does the wind drive up-canyon flow and ultimately 
upwelling of water onto the shelf? What is the cause 
of the cyclonic circulation trapped within the canyon? 
What is the role of momentum advection in canyon cir- 
culation? What are the timescales over which these 

patterns of circulation develop? 
4.1.1. Dynamics of canyon circulation. The 

answer to the first question lies in the traditional ex- 
planation of up-canyon flow, where the key point is 
the across shore pressure gradient and the narrow steep 
canyon topography, which inhibits alongshore flow. The 
canyon topography breaks the geostrophic constraint, 
allowing across shore flow. Upwelling wind stress cre- 
ates a geostrophicaily balanced alongshore flow, which 
is supported by an onshore pressure gradient over the 
,.,.-,.d-: ......d-_l ,.1 :_ T'• .... _' .... :1__ f'•___• _ _1 

elibile tU•tbb•ti UUIIIELIII. UUI'1II• tile IlI'S13 Week this pres- 
sure gradient drives water into the canyon, creating up- 
welling. At the head of the canyon, water in all layers 
is lifted; some water is lifted out of the canyon and de- 
posited on the shelf. There is flow across isobaths along 
whole rim of the canyon and not just at the head (Fig- 
ure 2b). Deep upwelling exists within the canyon on 
the upstream edge (Figure 2c), even though this water 
never reaches the shelf. 

Over time, upwelling tilts the isopycnals largely com- 
pensating the surface pressure gradient (Figure 12a) 
over the top of the canyon. There remains an unbal- 
anced onshore pressure gradient force over the inner 
canyon except at the head (Figure 12b), which continu- 
ally drives water into the canyon (Figure 2b). A positive 
residual offshore force develops along the outer canyon 
to oppose flow into the canyon and to drive water off- 
shore. 

Model results indicate that wind-forced coastal up- 
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Figure 7. Vertical and time behavior of flow at station 5 for upwelling winds over reduced 
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Figure 8. Time series of transport for upwelling winds over reduced stratification. The units 
are 1000 m 3 s-1: (a) across shore transport at the canyon mouth (40 km from the coast) over 
four planes created by 150 m depth and the canyon axis, and (b) vertical transport across the 
top of the canyon (150 m) over four planes created by the extension of the shelf break and the 
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welling is much weaker away from the canyon than over 
it. The former produces density changes at the shelf 
break of 0.1a (Figure 3b), while the latter produces 
changes at the head of the canyon about 0.5a that ex- 
tend over a greater thickness of water (Figure 3a). The 
enhanced vertical motion within the canyon is due to 
onshore flow, which is due to the narrow canyon. 

4.1.2. Cause of the canyon cyclone. There are 
two sources of cyclonic vorticity in the canyon, which 
play a role in the development of the cyclone (Fig- 
ure 2b). First is the cyclonic turning of the flow into 
the canyon, the strength and location of which depends 
on the flow speed and the details of the bathymetry at 
the canyon entrance. The circulation considered here 
is sufficiently strong for momentum advection to cause 
separation at the upstream corner, pushing the onshore 
flow closer to the downstream rim. The second source 
is stretching of planetary vorticity by the vertical mo- 
tion within the canyon. The water below the maximum 
density change (Figure 3a) is the region of stretching, 
while vortex compression occurs above the maximum. 

The cyclonic vorticity in the model is comparable to 
that observed [Hickey, 1997]. The swirl speed in the cy- 
clone (Figure 2b) is about 0.1 m s -1, which compares 
with measurements by Hickey [1997, Figure 9a]. The 
estimated relative vorticity is about 0.4f (0.1 m s -1 
swirl with a diameter of 5 kin), which is about half of 
the value calculated by Hickey [1997, Figure 12]. Pro- 
cesses not included in these simulations could further 

strengthen the cyclone. Flow rectification [Holloway, 
1987] due to random eddies interacting with topogra- 
phy was proposed as the cause of a trapped cyclone in 
regions with weak wind forcing [Hunkins, 1988]. Phase 
shift between transient wind forcing and flow generates 
stronger cyclones (Klinck et al., submitted manuscript, 
2000). 

4.2. Influence of Stratification 

Stratification allows vertical gradients in the flow, re- 
ducing the influence of bathymetry. As stratification is 
reduced to zero (and assuming weak friction), the flow is 
strongly constrained to follow bathymetric contours. As 
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Figure 9. Horizontal velocity vectors at selected depths at model day 12 for downwelling winds 
over Astoria stratification: (a) at a depth of 150 m, and (b) at a depth of 300 m. Vectors are 
shown at every other model grid point, only in the vicinity of the canyon. Solid lines are isobaths 
with an interval of 100 m. 

stratification is made very strong, then slight changes 
in the density structure due to initial upwelling isolates 
the circulation from the bathymetry. 

In the cases considered here, weaker stratification al- 
lows more influence of the bathymetry (Figure 6a) on 
the near-surface flow, weaker onshore flow in the upper 
canyon but covering more of the width (Figure 6b), and 
weaker deep flow within the canyon (Figure 6c). Inter- 
estingly, the weak stratification case has larger cross- 
shore transports below 150 m (Figures 5 and 8), but 
they tend to compensate so that the net onshore trans- 
port is smaller. The across shore pressure gradient (Fig- 
ure 13a) is comparable to that with stronger stratifica- 
tion (Figure 12a), which is not surprising since it is due 
to the free surface tilt created by the wind. The residual 
pressure gradient (Figure 13b) is consistently onshore, 
indicating the inability of the weaker density structure 
to isolate the canyon from the pressure gradient due to 
the surface slope. 

An additional simulation was run with stratification 
4 times that of Astoria driven by constant upwelling 
winds. In spite of the further doubling of the radius of 
deformation the resulting flow is not markedly differ- 
ent from the first case. The structure of the flow looks 
rather like Figure 2 with flow speeds about the same. 
The depth of upwelling in the canyon was around 300 m. 
There was reversal of the flow in the deeper sections of 
the canyon with the development of a deep anticyclone 
(flow follows isobaths). Such a deep flow was less evi- 
dent with the Astoria stratification. There is no further 
qualitative difference in the flow with such increases in 
the stratification of values stronger than observed near 
Astoria Canyon. 

4.3. Circulation Forced by Downwelling Winds 

Circulation forced by downwelling winds is largely op- 
posite to that forced by upwelling winds. A strong anti- 
cyclone in the canyon (Figure 9), which is comparable to 
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the cyclone generated in the upwelling case (Figure 2), 
is driven by vortex compression or frictional coupling 
to the alongshore flow. The flow at 150 m (Figure 9a) 
is directly into shallower water, creating strong flow to- 
ward the shelf (causing downwelling, not upwelling). In 
the upwelling case the cyclone tends to fill the canyon. 

Previous numerical results [Klinck, 1996] show that 
right bounded (downwelling) Circulation past a canyon 
causes little net cross-shelf exchange, while left bounded 
flow produces significant exchange. Wind-driven sim- 
ulations discussed here differ from previous results by 
showing a net exchange for either direction of wind forc- 
ing. However, upwelling winds produce stronger ex- 
change than downwelling, as seen in the vertical trans- 
port time series (Figure 5b and 11b). Also, note that 
changing the sign of the wind forcing changes the sign 
of the vertical transport for the first 5 days; that is, the 
response is largely linear over that time. Beyond that 
time the transport time series are no longer opposite 
because of differently developing density structure and 
nonlinear effects. 

The across shore pressure gradient is almost oppo- 
site of upwelling with offshore force throughout (Fig- 
ure 14a). However, it remains nonzero over the canyon, 
while the upwelling case has a sign reversal; the down- 
welling case cannot develop sufficient density contrast to 
compensate the surface gradient. It is interesting that 
circulation near the top of the canyon with downwelling 
winds is more alongshore (except at the upstream rim), 
while upwelling winds create mainly across shore flow. 
The residual pressure gradient (Figure 14b) has along- 
shore antisymmetry with onshore residual force up- 
stream and offshore downstream. The residual force in 
the upwelling case is across shore antisymmetric with 
onshore force near the canyon head and offshore over 
the outer canyon. 

We note in passing that a thick bottom boundary 
layer (figure not shown) develops, which also plays a role 
in decoupling the alongshore flow on the shelf from the 
bottom topography. This difference between upwelling 
and downwelling winds also occurs in these simulations, 
but these features are discussed elsewhere [Chapman 
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and Lentz, 1997; Middleton and Cirano, 1999], and 
these processes are not dominant in these simulations. 

4.4. Influence of Momentum Advection 

Momentum advection is important in creating the ob- 
served flow patterns near canyons. Upwelling winds 
drive upwelling within the canyon even without mo- 
mentum advection (figure not shown). However, the 
onshore flow is constrained to the upstream edge of 
the canyon unless advection pushes this flow toward the 
downstream rim. Thus up-canyon flow, though driven 
by the surface pressure g;adient, requires momentum 
advection to expand over the canyon. Also, shelf flow 
is pushed close to the coastal wall (Figure 2a) by on- 
shore flow upstream of the canyon. Without momentum 
advection the flow along the shelf is largely symmetric 
(figure not shown), with the water returning to its orig- 
inal distance from the coast after a quick trip around 
the canyon. 

Momentum advection is found to be essential in form- 

ing the surface flow across the canyon and the trapped 
cyclone within the canyon. Without the momentum ad- 
vection the near-surface flow follows the canyon bathy- 
metry, and the cyclonic vorticity occurs only below 
400 m depth (figure not shown). 

4.5. Timescale of Response to Winds 

We need to know how rapidly circulation near a 
canyon responds to a change in the wind stress. The 
timescale allows an estimate of the amount of the dense 

water transported to the continental shelf by subma- 
rine canyons. For Astoria stratification the circulation 
near the head of the canyon (Figure 4) becomes approx- 
imately steady after 5-6 days. The vertical velocity is 
nonzero as long as the winds blow, so onshore trans- 
port continues. Over many weeks it is possible for slow 
adjustments to modify these results, but we have not 
investigated such slow changes. Winds over the west- 
ern North America shelf rarely persist longer than a 
week [Hickey, 1998]; it does not make much sense to 
ask about the ultimate steady state. Additionally, the 
periodic model domain produces unrealistic circulation 
after about 20 days so this model setup is not appro- 
priate for a long simulation with steady forcing, in any 
case. 

What we do learn from the initial transients is that 

the circulation in the canyon reacts in a few days to 
an increase in the strength of surface stress. Over an 
additional few days, nonlinear effects modify the circu- 
lation, spreading the across shore flow over the canyon. 
Density advection reduces the pressure gradients over 
a week or so, In spite of these adjustments, upwelling 
in the canyor, continues at rates that allow considerable 
water (20 mSv or 1.6 km 3 d -1) to move onto the shelf. 
By continuity, there must be an equivalent transport of 
water off the shelf across the adjacent shelf break, flush- 
ing the continental shelf. If there were one canyon per 

100 km of a shelf (100 m deep and 100 km wide), then 
steady upwelling would flush this shelf in about 2 years 
(1000 km 3 water volume over exchange of 2 km 3 d -• 
gives 500 days). 

5. Conclusions 

This paper considers steady flow near and within a 
narrow submarine canyon driven by surface wind stress. 
The thermal and dynamic features in the solutions are 
consistent with the observations, which suggest that the 
ocean model can be used in a comprehensive canyon- 
shelf flow interaction study. On the basis of model re- 
sults some unresolved issues in canyon dynamics are 
analyzed. 

In the upper layers (above 100 m) the influence of 
canyon topography on the flow is gentle, with the ef- 
fect being reduced as stratification increases. Alongshelf 
flow turns slightly onshore upstream of the canyon and 
turns offshore downstream. Near the rim (100-200 m), 
flow turns into the canyon mouth and moves across 
shore on the downstream side of the canyon. Upwelling 
or downwelling occurs near the canyon rim depending 
on the direction of the winds. A closed circulation is cre- 

ated within the canyon in response to vortex stretching 
(upwelling) or compression (downwelling). Upwelling 
winds create persistent across shelf transport, while 
downwelling winds lead to small net exchanges. 

This picture is consistent with the previous obser- 
vations, and we are able to deduce mechanisms that 
drive this circulation. With upwelling winds, onshore 
flow in the canyon is driven by the pressure gradient 
because of the tilted free surface and the reduction of 

alongshore flow by the canyon topography. The con- 
trary baroclinic pressure gradient reduces but does not 
eliminate the surface pressure gradient so the force ex- 
tends deep into the canyon. This mechanism does not 
depend on momentum advection. Cyclonic vorticity is 
produced by flow detachment from the upstream rim 
and by vortex stretching due to continual upwelling. 
Closed circulation in the canyon develops in response 
to these two processes. Downwelling winds produce op- 
positely directed circulation in the upper and middle 
layers. These circulation patterns develop in about a 
week but change slowly over an additional 2 weeks with 
continuous forcing. 

This study has practical importance because it calcu- 
lates the amount of the dense water transported to the 
continental shelf through submarine canyons, resulting 
in shelf flushing times of a few (2-5) years. There is also 
a rectification of this cross-shore transport as upwelling 
causes exchange but downwelling does not. Thus trans- 
ports from reversing winds do not cancel, and canyon 
circulation can still flush the shelf even in cases of winds 

with zero mean. Better estimates of the flushing times 
are obtained with time variable winds, which will be 
considered in the following paper (Klinck et al., sub- 
mitted manuscript, 2000). 
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