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ABSTRACT

Sixty-day simulations of the subinertial continental shelf circulation off
Oregon are performed for a hindcast study of summer 1999. In Part |, the
model results are shown to compare favorably with in situ currents and
hydrographic measurements obtained from an array of moored instruments
and field surveys and high-frequency radar—derived surface currents. In this
paper, the modeled three-dimensional, time-varying circulation and dynamical
balances are analyzed, providing a detailed synoptic description of the
continental shelf circulation off Oregon for summer 1999. The circulation is
clearly wind driven and strongly influenced by alongshore variations in shelf
topography. In the region of the coast where the alongshore topographic
variations are small the upwelling circulation is consistent with standard
conceptual models for two-dimensional across-shore circulation. In the
regions where the alongshore topographic variations are greater, the upwelling
circulation is highly three-dimensional. Over Heceta Bank the upwelling
circulation is complicated, with weaker direct coupling to the wind forcing
over most of the shelf. It is demonstrated that the upwelled water that is
found over the midshelf off Newport is upwelled to the north and is advected
to the south. Additionally, upwelled water over Heceta Bank is drawn from a
different location to the south. The dynamical balances over the inner shelf
are divided into two regimes; in the coastal jet and inshore of the coastal jet.
In the coastal jet the tendency of the alongshore depth-averaged velocity V, is

large and is driven by the difference between the surface and bottom stresses
during upwelling. Inshore of the coastal jet, V, is smal and is driven by the

difference between the surface stress and a negative alongshore pressure
gradient during upwelling. When the wind stress becomes small after
upwelling, V, is primarily balanced by the negative alongshore pressure
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gradient and a northward flow is generated. Subsequently, the alongshore pressure gradient decreases, the flow
becomes geostrophic, and the northward flow persists until the next significant event. A region to the south of
Newport over the inner shelf is identified as the region where the northward momentum is initialy generated.

1. Introduction




A modeling study of the coastal ocean circulation off Oregon during the 1999 upwelling season is presented. In Part | of
this study (Oke et al. 2002b) model results are compared with in situ velocity, temperature, and salinity measurements and
high-frequency radar—derived surface currents obtained during the summer of 1999 as a part of the Oregon State University
(OSU) National Oceanographic Partnership Program (NOPP) project. A series of sensitivity experiments designed to assess
the model's sensitivity to initia stratification, surface forcing, domain size, and river forcing demonstrate that surface heating
is important, and that the model results are sensitive to initial stratification. The model configuration that compares most
favorably with observed velocity and hydrographic fields is identified by comparing the model's skill, based on mean-squared
error statistics, relative to a basic test case. The best model results are obtained from a simulation with time-varying,
spatially uniform wind stress and with time varying surface heat. Three-dimensional, time-varying fields from this smulation
are investigated in detail in this manuscript.

One of the aims of this study is to provide a complete synoptic description of the three-dimensional, time-varying
continental shelf circulation off Oregon for summer 1999. We also aim to determine where the upwelled water comes from
during wind-driven upwelling, and to determine to what extent the wind-driven upwelling circulation is two-dimensional in
the across-shore plane as assumed in standard conceptual models (e.g., Allen et al. 1995). These aims are addressed by
analyzing the time evolution of modeled fields during a strong upwelling event, and by performing an empirical orthogonal
functions (EOF) analysis of modeled fields for the entire 60-day simulation.

We also aim to better understand the dynamical balances that prevail during upwelling, relaxation from upwelling, and
during the generation of the northward flow over the innershelf off Newport that is commonly observed after strong
upwelling events (e.g., Kundu and Allen 1976; Stevenson et al. 1974). The above-mentioned processes of interest are all
time-dependent. Results from observations made during the Coastal Upwelling Experiments, CUE-I and CUE-I1, show that
while the mean aongshore current is baroclinic, dominant fluctuations of the alongshore currents in the vicinity of Newport
(44.65°N) and Cascade Head (45.05°N) are nearly barotropic (Smith 1974; Kundu and Allen 1976). We therefore address
the aims outlined above by performing an EOF analysis of the modeled dynamical balances in the depth-averaged aongshore
momentum equation. Additionally, we analyze time series of these balances from fixed locations in space in order to isolate
the dominant processes that govern the reversal of the alongshore currents after strong upwelling favorable winds.

The dynamics that govern the generation of a northward flow over the inner-shelf after upwelling in the region of the
Coastal Ocean Dynamics Experiment (CODE) off Californiais investigated by Gan and Allen (2002). The alongshore
variations in shelf topography in the CODE region are strongly related to the presence of headlands. Gan and Allen (2002)
show that an alongshore pressure gradient that is set up by the interactions of the wind-driven flow with topography drives
northward currents when the wind becomes weak. The alongshore variations in topography off central Oregon are mainly
due to the presence of Heceta Bank. The continental shelf width broadens by greater than 40 km between Cascade Head
(45.05°N) and Heceta Bank (44.05°N) over approximately 100 km in the alongshore direction. The qualitative consistencies
between the reversals associated with wind relaxation off California and Oregon suggest that equivalent dynamics are likely
to govern the reversals in both regions. However, the difference in the nature of the alongshore variations in topography that
are important in both regions naturally leads to questions concerning the equivalence of the dominant dynamics in these
regions. Flow reversals after upwelling events appear to be a robust feature of the upwelling circulation off the U.S. west
coast, so it isimportant to understand the dynamics in different regions.

The outline of this paper is as follows. A description of the model configuration is presented in section 2 followed by a
representative set of the model—data comparisons in section 3. An analysis of the three-dimensional modeled circulation and
dynamical balances are given in section 4, followed by a summary in section 5.

2. Model configuration

The Princeton Ocean Model (POM: Blumberg and Mellor 1987) is configured for the Oregon continental shelf. The model
grid (Fig. 1 @=) extends 220 km offshore and 365 km in the alongshore direction. The maximum horizontal grid resolution is
2 km over the shelf in the vicinity of Newport, with decreased resolution toward the offshore and alongshore boundaries.
The grid is rectangular and the axes have been rotated to 7°N in order to better aign with the coastline. The horizontal
velocity vV has components (u, 13) corresponding to the across-shore and alongshore velocities [depth averages denoted by V
and (U, V)] in the (x, y) directions, so that u is positive onshore and 1» is positive toward the north. The vertical grid consists
of 31 sigmalevels, with 8 levels concentrated near the surface, and 4 near the bottom in order to resolve the respective
boundary layers.

The model topography (Fig. 1 @=) is linearly interpolated from a 1-km resolution dataset and smoothed to reduce the
effects of pressure gradient errors due to the sigma coordinates. The minimum depth is 10 m. The maximum depth is set to
1000 m in order to reduce the constraint on the time steps that are 6 and 180 s for the barotropic and baroclinic modes,
respectively. The vertical and horizontal viscosity (and diffusion) coefficients are flow-dependent according to the level-2.5
turbulence closure model of Mellor and Yamada (1982) and the formulation of Smagorinsky (1963), respectively. The

horizontal diffusion coefficients are small (typicaly <10 m? s_l) throughout the experiment considered in this study.

The alongshore boundary conditions are periodic for all variables. Consistent with this condition, an f-plane approximation

is used, with f = 1.037 x 10 %s L In addition, an across-shore topographic section near the southern extent of the domain
is interpolated over 10 alongshore grid cells to match an across-shore section near the northern extent of the domain, so that
the topography is periodic in they direction. The use of periodic boundary conditions establishes a well-posed and robust




model, but is alimiting feature of this configuration. The most limiting aspect is the model's inability to represent net
alongshore pressure gradients that might result from large scale, alongshore gradients in elevation or density. Additionaly,
periodic boundary conditions require the modeled flow at the northern and southern extent of the domain to be equal.
Clearly, thisis inconsistent with conditions in the real ocean. Despite these limitations, we find that this configuration is
capable of reproducing a substantial fraction of the observed variance of the horizontal velocity field in the vicinity of
Newport (Part 1).

The offshore boundary conditions are zero gradient for the tangential velocities and elevation Tl, a modified radiation
condition for the normal velocities (e.g., Chapman 1985), and an upstream advection condition for the potential temperature
6 and sdinity S. The horizontal diffusion coefficient is increased smoothly over five grid cells adjacent to the offshore

boundary to a maximum of 1000 m’s ! at the boundary in order to damp out unwanted reflection.

The alongshore component of the applied wind stress Y is calculated from time-varying winds measured at Newport and
is assumed to be spatialy uniform. To reduce the excitation of inertial oscillations the wind is low-pass filtered with a 40-h
half-amplitude filter. The applied surface heat flux is calculated using observed meteorological variables and includes a
feedback term between the observed air temperature and the modeled ocean surface temperature. Details of the heat flux
formulation are presented in Part | of this study.

The initia fields of 8 and S are horizontally uniform and the initial velocity fields are zero. The initial hydrographic profile
is the mean observed offshore profile during CUE-II off Newport with the pycnocline raised by 20 m in order to better
match with hydrographic observations during summer 1999. The model fields are spun up over 10 days with 5 days of
constant 0.1 Pa, upwelling favorable winds followed by 5 days of no wind. This spinup alows the pycnocline to be
upwelled to the surface and then relax to a quasi-equilibrium position. Across-shore sections off Cascade Head (CH),
Newport (NP), northern Heceta Bank (NHB), and southern Heceta Bank (SHB) (denoted in Fig. 1 @=) of v and potential
density o, at the end of the spin-up period are shown in Fig. 2 @=. The fields of v at the end of the spinup period have a

baroclinic southward coastal jet with maximum current magnitudes of approximately 0.4 m s L located over the 80-m
isobath, and a weak northward flow (v = 0.1 m s_l) over the innershelf off NP and NHB. The fields of o, after the spinup
period are characterized by isopycnals that are uplifted over the shelf and generally tilt upward toward the coast.

3. Model-data comparisons

The period of interest for this study is between 18 June 1999 and 17 August 1999. In Part | of this study, modeled fields
were compared with a variety of observations that were obtained during the 1999 OSU NOPP field program, including time
series of u, v, and 6 from inshore (IS; water depth 50 m) and midshelf (M S; water depth 80 m) moorings (Boyd et al.
2000), hydrographic observations from a series of MiniBAT (Austin et al. 2000) and SeaSoar surveys (Barth et al. 2001),
and a land-based HF-radar system (e.g., Kosro et al. 1997).

Time series of modeled and observed V and surface 6 from the IS and M'S moorings are compared in Fig. 3 @=. For
these comparisons both the observed and modeled V is calculated by averaging 12 from locations where measurements were
collected on the IS mooring (Fig. 1 ©@=) and do not contain information from the top and bottom 10% of the water column.
These comparisons demonstrate that the modeled fields are in good quantitative agreement at the IS mooring and good
gualitative agreement at the MS mooring. Clearly, the agreement between the modeled and observed velocity field at the IS
mooring improves after 8 July but it is not clear whether that is because the model is still spinning up until 8 July, or because
the physics aren't well represented before 8 July.

For additional model—data comparisons, including comparisons with hydrographic surveys and HF radar—derived surface
currents, the reader is referred to Part | of this study (Oke et al. 2002b). These comparisons demonstrate that the model
results represent a substantial fraction of the observed variance for summer 1999.

4. Analysis
a. The upwelling event

The continental shelf off Oregon broadens between CH, NP, NHB, and SHB, where the shelf width is approximately 10,
30, 45, and 55 km, respectively (Fig. 1 @=). As aresult of this variation in topography, the circulation varies considerably
between locations. The behavior of the coastal jet during the 12 July upwelling is demonstrated in Fig. 4 @= where daily
averaged fields of V(x) are plotted for sections off CH, NP, NHB and SHB, denoted in Fig. 1 &=, between 7 and 18 July.
Cascade Head, NP, and NHB are 40 km apart in the y direction, and SHB is 20 km south of NHB. These fields show that
during the 12 July upwelling the magnitude of the coastal jet increases at al sections and the core of the coastd jet shifts
onshore off CH and NP and offshore off NHB and SHB. After the upwelling, the jet weakens and the core shifts offshore
off CH and NP and onshore off NHB and SHB. Figure 4 &= also shows the development of the northward flow over the
innershelf off NP after the 12 July upwelling between 14 and 17 July. The northward flow first appears adjacent to the coast
before it broadens by a few kilometers over the next few days. Additionally, at NHB and SHB there are clearly two separate
coastal jets that accelerate during the 12 July upwelling; one over the innershelf and one over the shelf break. Throughout
the 12 July upwelling, however, the alongshore currents off NHB and SHB remain relatively small compared to those off CH
and NP.




Daily averaged fields of 1, o, and u for across-shore sections off CH, NP, NHB, and SHB, denoted in Fig. 1 ©=, on 10,

12, 14, and 16 July during an upwelling wind event, when the daily averaged Y is—0.03, —0.22, 0.0, and 0.03 Pa,
respectively, are presented in Figs. 5, 6, 7, and 8 @=.

1) CASCADE HEAD

The evolution of u, v, and g, off CH (Fig. 5 ©=) is qualitatively consistent with the conceptual two-dimensional, wind-

driven across-shore circulation. During the strong upwelling favorable winds on 12 July, there is a well defined offshore
Ekman transport in u over the top 20 m of the water column and onshore flow through an upwelling bottom boundary layer
(BBL) over the bottom 10-15 m of the water column. The seasonal averages and standard deviations of u and 1 obtained
during CUE-I near NP (Huyer et al. 1978) show 1 with relatively strong southward currents near the bottom during spring,
at the start of the upwelling season, in qualitative agreement with fieldsin Fig. 5 @=. Additionally, during spring, the standard
deviation of u is high near the surface and bottom, with a minimum at middepth. This is consistent with an across-shore
circulation that involves fluctuations in the surface and BBL s as depicted in Fig. 5 @=. However, by summer during CUE-I
(Huyer et al. 1978) a poleward undercurrent is evident, the mean 1 near the bottom is more positive and the mean coastal jet
does not penetrate to the bottom. Consequently, the strong near-bottom 1y that is necessary for a BBL flow to become
established is absent and the standard deviation of u is high at middepth relative to near the bottom suggesting that the
dominant across-shore circulation does not involve upwelling through a BBL consistent with conclusions from other
observational studies (e.g., Huyer 1976; Halpern 1976; Smith 1981). The model results do not adequately represent a
poleward undercurrent and consequently, the nature of the modeled upwelling circulation off CH may be more representative
of spring conditions rather than summer conditions. The modeled BBL flow is continuous between the coast and beyond the
135-m isobath. The coastal jet accelerates towards the south, with its core shifting toward the coast around 12 July when

Y peaks. Thisis consistent with the fields of V(x) presented in Fig. 4 @=. Dense water is upwelled through the BBL and the
near-surface o, becomes well mixed. By 14 July the core of the coastal jet begins to move offshore, the extent of upwelling,

evident in o, peaks, and the 26.5-, isopycnal is uplifted to shallower than the 30-m isobath. Also by 14 July, o, begins to

restratify near the surface in response to surface heating. By 16 July, 11 has weakened considerably and is approaching its
preupwelled state, u is near zero, o, continues to restratify near the surface, and isopycnals over the interior begin to relax

toward their preupwelled state.
2) NEWPORT

The fields of v off NP (Fig. 6 @=) show a southward acceleration between 10 and 12 July when the core of the coastal
jet moves onshore. The near-surface o, decreases and becomes well mixed, o, becomes uplifted over the shelf, and u is

offshore near the surface and over the interior and onshore in athin BBL. In contrast to the CH section, the upwelling BBL
only extends between the coast and about the 100-m isobath. By 14 July, 1» begins to weaken, the core of the jet moves
offshore and a northward flow is generated over the innershelf. A region of dense water with ¢, > 26.5 appears over the

midshelf. This water mass does not appear to have been upwelled from directly offshore of NP since the 26.5-5,, isopycnal

is not continuous across the shelf. The across-shore flow is directed offshore over most of the shelf demonstrating that U is
nonzero so the across-shore circulation is not two-dimensional in the x—z plane. By 16 July, the northward flow over the
innershelf has strengthened and extends several kilometers farther offshore compared to 14 July. The across-shore flow
remains offshore over most of the shelf and the isolated dense water mass over the midshelf is still evident and has become
slightly denser. The modeled development of this isolated dense water mass over the midshelf off NP is compared to
hydrographic surveysin Part | of this study with good agreement between the observed and modeled fields.

3) NORTHERN HECETA BANK

The time evolution of u, v, and o, fields off NHB (Eig. 7 ©=) demonstrate that the circulation is more complicated over

Heceta Bank compared to CH and NP. At each time there appears to be two distinct jets in1; one over the innershelf and
one over the shelf break. This feature is also evident in Fig. 4 @=. Between 10 and 12 July, during the strong upwelling

favorable winds, the magnitude of v increases by about 0.35 m s L over the innershelf and only 0.1 m s L over the shelf
break and the core of the shelf-break jet moves offshore. This is again consistent with the fields of V(x) presented in Fig. 4
O=. By 14 July, the 26-0, isopycnal is uplifted to the surface over the midshelf and water with o, > 26.5 appears near the

shelf break. By 16 July, v is northward over the midshelf and the doming of o, over the midshelf is characteristic of a

cyclonic eddy. Throughout this event the depth average of u is nonzero over the entire shelf and a large au/ax becomes
evident by 14 July. This corresponds to the period when an eddy appears to be spinning up.

4) SOUTHERN HECETA BANK

Off SHB (Fig. 8 ©=) the flow is again complicated compared to CH and NP. The differences between the circulation off
SHB and NHB, described above, include the absence of the strong au/six over the midshelf and the position of the 26-0,,

isopycnal. Thisisopycnal is not uplifted as much off SHB compared to NHB but the near bottom water over the midshelf is
denser compared to NHB. For each time period, water with o, > 26.5 is evident over a fairly substantial region over the




midshelf. Hydrographic surveys showing similar features in o, fields have previously been observed by Huyer et al. (1974).

5) WHERE DOES THE UPWELLED DENSE WATER COME FROM?

The description of the upwelling event presented above demonstrates that the flow off NP is considerably more three-
dimensional than off CH during the 12 July upwelling. Additionally, the development of the isolated dense water mass over
the midshelf off NP appears to be due to the alongshore advection of water that is upwelled to the north, perhapsin the

vicinity of CH. This suggestion is verified by considering fields of (u, 'IJ)B and O'Be where the superscript B denotes variables

from the bottom grid cell (Fig. 9 ©@=). Fields of (U, V) and |rB| are aso presented in Fig. 9 @@= in order to assess the role of

the coastdl jet and the potential role of mixing in the development of this feature. On 12 July, (u, 'IJ)B shows a strong
upwelling BBL that extends between the coast and the 200-m isobath off CH and the 100-m isobath off NP. Clearly, the BBL

flow that is evident in (u, 'IJ)B on 12 and 14 July varies considerably with topography.

The sequence between 10 and 14 July shows the 26.5-a, isopycnal to the north of 44.8°N being uplifted from about the
100-m isobath to less than the 50-m isobath. On 14 and 16 July, (u, u)B over the mid- and innershelf are southward in the
vicinity of NP. In this region a thin tongue of water with 5, > 26.5 is advected along the coast. This sequence corresponds

to the development of the isolated dense water mass off NP that is evident in Fig. 6 @=. This analysis indicates that dense
water is uplifted to the north of NP and is advected southwards by near-bottom alongshore currents. The larger near-bottom
(u, ) are not directly beneath the coastal jet. Along the NP section, the water over the midshelf is denser than water over

the shelf break. This feature of aBH persists throughout the rest of the simulation (not shown) and does not descend down
the shelf as a gravity current presumably because the flow fields around it are in near-geostrophic balance. Additionaly, Fig.
9 ©= shows water with o, > 26.5 being advected by up to 80 m in the vicinity of NHB and SHB. Fields of aBg demonstrate
that this water mass is not directly connected to the dense water off NP. Rather, (u, u)B fields show that the dense water

over Heceta Bank is being uplifted from the south. The fact that these water masses are not directly connected may have
significant biological implications. The upwelled waters off NP and SHB originate in different locations and thus may have

different nutrient compositions and may support different biological ecosystems. Fields of aBg after 16 July (not shown)

show that these dense water masses merge after a few more days asUB in the north continues to advect the dense water
southward.

The seguence of (U, V) and |rB| during the 12 July upwelling (Fig. 9 @=) shows the coastal jet accelerating over the entire

shelf between 10 and 12 July with aregion of larger |rB| generated beneath the jet off NP. On 12 July, there are two distinct
jets over Heceta Bank that are also evident in Figs. 7 and 8 @=. The strongest V over the innershelf during the upwelling is

north of 44.4°N, in the region where the strong upwelling BBL flow is evident in (u, 'IJ)B. The (U, V) fields remain weak
over the midshelf over Heceta Bank throughout the entire event. In this region, V begins to reverse by 14 July, at which time
V over the innershelf off NP is aso northward. By 16 July, (U, V) quaitatively resembles its preupwelled state, although
quantitatively the strength of the coastal jet on 16 July is stronger than on 10 July.

Figure 9 @= also shows a sequence of T and the depth-averaged ageostrophic currents UAC and VAC during the 12 July
upwelling, where

UAG = U — US, where fUS = P,p;', and (4.1)
VAG = V — V6, where fV6 = P p;", (4.2)

where U® and V€ are the depth-averaged geostrophic currents, f is the Coriolis parameter, P is the depth-averaged
pressure, p is areference density, and subscripts x and y denote across-shore and alongshore derivatives, respectively. The

depth-averaged horizontal momentum equations can be written symbolically as

W, V), +--- =V —=Pp', —fU— Pp;') (4.3)
{fVAG, _fUA“}a (44}

where ellipses denote other terms. The components of the ageostrophic current that are relevant to the across-shore and
alongshore momentum equations are VAC and —UAG, respectively. The vector field (V, —U)AG is therefore presented on

Fig. 9 ©@=. Between 12 and 16 July, (V, fU)AG is directed northward, and onshore between HB (124.7°W, 44°N) and NP
(124.1°W, 44.65°N). This period corresponds to the time when the reversal inV is developing in the same region [see (U,
V) in Fig. 9 @=] suggesting that the dynamics that govern the flow reversal are highly ageostrophic. The fields of Tl for the

same seguence indicates that the alongshore pressure gradient is negative in the region where (V, —U)AG is northward. The
dynamics of this reversal are discussed in greater detail below.




To the north of NP (V, ~U)"® is directed offshore between 10 and 16 July indicating that U*® is near-zero and VAC is
approximately 20% of V. In this region VAC is a maximum on 12 July when Y peaks. The sign of VAC indicates that VC >
V so that V is stronger to the south compared to VC. The rms of VAC off CH a 50- and 80-m depth is 0.031 and 0.042 m
s_l, respectively; and NP at 50- (1S mooring) and 80-m (MS mooring) depth is 0.023 and 0.016 m s_l, respectively. The

region where VACis large during the 12 July upwelling corresponds to a region of relatively high local Rossby number (see
Fig. 13 @= and the discussion below) indicating that nonlinear effects are important in this region.

b. EOF analysis of the baroclinic circulation

The mean and dominant EOFs of the detrended fields of v and o, for across-shore sections off CH, NP, NHB, and SHB,

denoted in Fig. 1 @=, are shown in Figs. 10 and 11 @=, respectively. The EOFs of each section are calculated separately in
order to determine to what extent the three-dimensional circulation varies together and to determine what the phase
relationships are between sections. The time series of modal amplitudes of the EOFsin Figs. 10 and 11 &= are presented in
Fig. 12 ©=. For each of these calculations, the modeled fields that are unevenly distributed on the model sigma levels are
weighted according to the square root of the area of each grid cell.

1) MEAN CIRCULATION

The center of the mean southward coastal jet is located approximately 10, 20, 35, and 50 km from the coast off CH, NP,
NHB, and SHB, respectively (Fig. 10 ©=). The width of the continental shelf broadens to the south in proportion to the
across-shore location of the jet. The mean 1 fields indicate that the mean southward coastal jet is vertically sheared with a
mean ifaz = 3-4 x 10 ° s L off CH and NP. These characteristics of the location and vertical shear of the mean coastal jet
are consistent with observations from CUE-I (off NP) and CUE-I1 (off CH) (Smith 1974; Kundu and Allen 1976). The mean
o, fields (Fig. 11 ©=) show that isopycnals are uplifted over a broader region off NHB and SHB compared to NP and CH.

Isopycnal's are not outcropped in the mean fields due, in part, to the effects of surface heating. The 26-0,, isopycnd is

uplifted to 50-m depth within 10, 20, 30, and 40 km of the coast off CH, NP, NHB, and SHB, respectively. In general,
isopycnals slope upward toward the coast. Thisis consistent with a southward geostrophic, vertically sheared alongshore
current. However, over the midshelf off NHB and over the innershelf off NP, the isopycnals slope downward toward the

coast. In these regions the mean 1 (Fig. 10 @=) isweak (<0.05 m s_l) and northward. The mean northward flow over the
innershelf off NP is again consistent with results from CUE-1 (Kundu and Allen 1976). Off NHB and SHB thereisaso a

weak (<0.1m 571), narrow, southward jet over the innershelf (Fig. 10 C=).

2) MODE 1

The correlations between the modal amplitudes of 13(1), where the bracketed values refer to the EOF mode number, off
CH, NP, NHB, and SHB (Fig. 12b ©@=) are all greater than 0.9 indicating that these modes typically vary together. The

maximum lagged correlations between these modes and Y are 0.7, 0.64, 0.52, and 0.45 with lag times of between one and
two inertia periods off CH, NP, NHB, and SHB, respectively. Additionaly, the correlations between the moda amplitudes of
oy(1) off CH, NP, NHB, and SHB (Fig. 12c ©=) are al greater than 0.87 and the maximum lagged correlations between

these modes and ¥ are 0.53, 0.53, 0.44, and 0.34 with lag times of approximately two inertial periods off CH, NP, NHB,
and SHB, respectively. These calculations demonstrate that 1(1) and o4(1) vary together and represent responses to the

wind.

The percentage of total variance explained by (1) is 70%, 65%, 53%, and 49% off CH, NP, NHB, and SHB,
respectively. The calculations above show that these modes represent the dominant wind-driven modes. The trend in the
percentage of total variance explained implies that the fluctuations in 1» are not directly linked to the wind-forcing as strongly
over Heceta Bank where the continental shelf is wide compared to CH and NP. Evidently flow-topography interactions
complicate the circulation in this region. The structures of 1x(1) off CH and NP are similar (Fig. 10 @=). Off CH, u(1)
represents the acceleration of a nearly barotropic coastal jet over the entire shelf and off NP, 1(1) represents the acceleration
of acoastal jet that is nearly barotropic over the midshelf, with increased vertical shear over the innershelf. Thisis consistent
with the conceptual picture of the shelf circulation off Oregon obtained from CUE-I and CUE-II (Smith 1974; Kundu and
Allen 1976) that demonstrated that the mean 1y is vertically sheared, and that the fluctuating components of 1 are nearly
barotropic. Additionally, the structure of (1) off CH and NP shows a maximum in the strength of the accelerating jet
shoreward of the maximum of the mean coastal jet, indicating that the core of the coastal jet shifts toward the coast during
upwelling, and away from the coast after the upwelling favorable winds relaxes. Thisis consistent with the fields of V(x)
presented in Fig. 4 C=.

The structure of 1»(1) off NHB and SHB (Fig. 10 @=) are similar to each other, but are quite different to (1) off CH and
NP. The EOFs off NHB and SHB represent the acceleration of two distinct jets; one over the innershelf and one over the
shelf bresk. There is also a weak northward acceleration over the mid-shelf during upwelling off both sections. From the
time seguence of 1y off NHB and SHB, presented in Figs. 7 and 8 @=; (U, V), presented in Fig. 9 ©@=; and V(X), presented in
Fig. 4 @=, for the 12 July upwelling this region of suggested northward acceleration really corresponds to an offshore shift




of the core of the shelf break jet during upwelling. Thisisin contrast to the CH and NP sections where the coastal jet shifts
onshore during upwelling.

The structure of g,(1) off CH and NP indicates that upwelling off CH and NP extends between the coast and the 120- and
80-m isobaths, respectively. The offshore near-surface signature of o,(1) is consistent with surface mixed layer dynamics

where the surface mixed layer deepens during strong wind followed, when the wind is light, by restratification due to
surface heating. During the mixing o, increases near the surface due to entrainment of denser water from below and

decreases below the mixed layer due to entrainment of lighter water from above. Off NHB and SHB, the structures of o,(1)

are similar with larger amplitude fluctuations over the midshelf and both represent fluctuations that are consistent with the
development of a cold-core eddy over Heceta Bank. This is consistent with the sequences presented in Figs. 7 and 8 C=.

3) MODE 2

The maximum lagged correlation between the modal amplitudes of 1(2) off CH and NP (Fig. 10 ©=) is 0.9 with CH
lagging NP by half an inertial period. The most significant fluctuation of 13(2) off CH and NP is the negative acceleration
during the 12 July upwelling and the positive acceleration after the upwelling favorable wind stops (Fig. 12d). The structures
of 1(2) off CH and NP are similar. Both represent a southward accel eration over the inner-shelf during the 12 July upwelling
and a northward accel eration over the inner-shelf during the upwelling relaxation. The negative acceleration of the modal
amplitude of 13(2) off CH and NP during the 12 July upwelling immediately precedes the negative acceleration of 13(1). This
isinterpreted as alocal response to wind and is consistent with the standard conceptual model of wind-driven upwelling
where the wind-driven coastal jet accelerates first adjacent to the coast before accelerating in a broader region over the entire
shelf. The positive acceleration of the modal amplitude of 1(2) off NP after the 12 July upwelling is interpreted as the
generation of the northward flow that is aso evident in Fig. 6 @=.

The structure of 1(2) off SHB (Fig. 10 @=) suggests that this mode is related to the generation of an eddy over Heceta
Bank. The modal amplitude of 13(2) off SHB (Fig. 12d @=) is positive between 28 June and 12 July and is negative between
25 July and 7 August. This quasi—step-wise variability (Fig. 12d ©=) may be related to the generation of a cyclonic eddy
over Heceta Bank. Thisis probably associated with the eddy-like structure in the o, field over SHB that is represented by o,

(1) (Fig. 11 @=), which shows a similar step-wise variation before and after the 12 July upwelling (Fig. 12c @=).
c. EOF analysis of the barotropic circulation

The mean, dominant EOFs and modal amplitudes of the detrended (U, V) fields are shown in Fig. 13 @=. Also shown in
Fig. 13 ©=isthe local Rossby number Ro = |V, — Uyh‘*l of the mean field and of the EOF modes, using the rms amplitude

for each EOF. In the regions where Ro is not small, nonlinear advection is likely to play an important role in the modeled
dynamics.

1) MEAN CIRCULATION

The mean (U, V) field (Fig. 13 =) shows the coastal jet to the north of HB flowing southward along isobaths. To the
south of HB the currents flow onshore, realigning with the coast at around 43.7°N. The local Ro (Fig. 13 @=) is greatest on
the shoreward side of the coastal jet off NP with values around 0.5. The same calculation for the mean surface (u, ) field
yields a maximum Ro = O(0.8) on the shoreward edge of the coastal jet. This region of relatively high Ro corresponds to

the region where VACis relatively large (Fig. 9 @=). The mean (U, V) field is similar to the fields obtained from an

assimilation experiment that utilized the same model configuration for summer 1998 (Oke et al. 20023).

2) MODE 1

The maximum lagged correlation between the amplitude of (U, V)(1) (Fig. 13 @=) and Y is—0.7 with 7~ lead ng (U, V)
(1) by 0.2 days. Clearly, this mode represents the dominant wind-driven mode. While the structure of (U, V)(1),
representing 56% of the total variance, is similar to the mean (U, V) field (Fig. 13 @), representing fluctuations of along-
isobath flow, there are some important differences. The mean (U, V) field shows very weak mean flow on the shoreward
side of the coastal jet between 44°N and 44.5°N. In contrast (U, V)(1) is relatively large in this area indicating that thereis a
significant wind-driven response over the inner-shelf between HB and NP. Additionally, the across-shore location of the
maximum in (U, V)(1) is on the shoreward side of the maximum of the mean flow, indicating that as the coastal jet
accelerates, it also moves toward the coast. These characteristics are consistent with the fields of 13(1) (Fig. 10 @=), which
shows a strong wind-driven response over the innershelf off CH, NP, NHB, and SHB.

3) MODE 2

The structure of (U, V)(2) (Fig. 13 @), representing 9% of the total modeled variance, represents the acceleration of the
northward flow over the innershelf after upwelling. The maximum lagged correlation between the modal amplitudes of (U,
V)(1) and (U, V)(2) is 0.56 with (U, V)(1) leading (U, V)(2) by approximately one inertial period. Thisis consistent with the
interpretation that (U, V)(2) represents fluctuations associated with relaxation from upwelling. The structure of (U, V)(2)




also suggests it is related to the development of an eddy in the vicinity of Heceta Bank. When the amplitude of (U, V)(2) is
positive, asit isfor a 10-day period after the 12 July upwelling, this eddy circulation is cyclonic. This eddy is probably
spinning up when the coastal jet crosses f/H contours, with H increasing, during the 12 July upwelling. The water column
subsequently stretches and spins up in a cyclonic fashion.

d. Analysis of the modeled dynamics

An analysis of the depth-averaged alongshore momentum equation, hereafter the V-ME, is presented in order to examine
the dominant term balances of the modeled circulation. The V-ME is given by

TENDENCY + ADVECTION + AGEOSTROPHIC — SURFACE  BOTTOM _

STRESS STRESS
W (VD) + V-V(VD) = F + fUD + DP,p;' — 79p;' + 7p;'] =0, (4.5)
(Click the equation graphic to enlarge/reduce size)

where ¥ =ialax + jalay; D = h + Tl where h is the water depth and T is the elevation; FY = [(2hA Uy, + (hAm(Uy +V,))
is the horizontal diffusion term; A, is the horizontal diffusion coefficient; subscriptsx, y, and t denote derivatives; f is the

y]

Coriolis parameter; Py is the alongshore pressure gradient; p, is a constant reference density; and ¥ and 7Y are the

alongshore components of the surface and bottom stress, respectively. The horizontal diffusion term does not make a
significant contribution to the term balance, however it is included in the advection term for completeness. The mean of the
alongshore pressure gradient and the Coriolis terms are an order of magnitude greater than the other terms indicating that the
dominant balance in the V-ME (4.5) is geostrophy and that the mean fU is geostrophically balanced. This in part reflects the
geostrophic balance of the alongshore current and the fact that the local alongshore direction is not necessarily aligned with
they axis. To assess the effects of the departure from geostrophic balance we consider the sum of the alongshore pressure
gradient and the Coriolis terms in an ageostrophic term to identify when and where the flow becomes significantly
ageostrophic.

The mean, dominant EOFs and modal amplitudes of the terms in the V-ME (4.5) are shown in Fig. 14 @=. This analysisis
performed by constructing an N x K matrix "|F, where N is the number of pointsin time and K is the number horizontal grid
points multiplied by the number of termsin the V-ME (K = 69 x 114 x 5). The columns of s represent time series of each

term at each horizonta grid location. An eigenvalue decomposition of the covariance matrix of "|‘, with the tempora means
subtracted, is performed to obtain the EOFs and EOF amplitudes. The EOFs are normalized by their largest value and the
appropriate elements for each term at each grid location is extracted. The normalized EOFs of the terms sum to zero and are
therefore considered to represent balanced modes of the termsin the V-ME (4.5).

Also shown in Fig. 14 @= are time series of observed and modeled V at the IS mooring location and V derived from EOF
modes. The time series of V derived from EOF modes are reconstructed by multiplying the modal amplitude and the EOF

values for the time derivative at the IS location. This is done using just the mean and V-ME(1), denoted as_.r Vy(1) dt, and

using the mean, V-ME(1) and V-ME(2), denoted as _.r Vi(1) +V(2) dt. These tendencies are then integrated over time to

obtain atime series of V that is represented by the modes. This reconstruction is plotted in Fig. 14d @= and is compared to
the observed and modeled V from the IS mooring. Clearly, V-ME(1) is dominated by the southward acceleration during the
12 July upwelling. The relaxation of V after this event is not represented by V-ME(1), because it is dominated by negative
tendencies. Fluctuations of V-ME(2) represent the relaxation from upwelling. The sum of V-ME(1) and V-ME(2) does not
totally represent the northward flow that is evident in the full modeled and observed V after the 12 July upwelling. The
dynamics of this reversal are analyzed separately below.

1) MEAN BALANCE

The mean fields in the V-ME (4.5) (Fig. 14a ©=) show that the advection, ageostrophic, surface stress, and bottom stress
terms are all important for mean dynamical balance over the continental shelf off Oregon. The dominant mean ageostrophic
balance is between the advection and the ageostrophic terms. The mean surface stress is important over the innershelf. To
the north of NP the surface stress is balanced, in part, by bottom stress, but to the south of NP the mean surface and
bottom stresses are clearly not balanced. In that region the surface stress is balanced by a combination of the advection and
ageostrophic terms. The mean bottom stress is important between 44.4° and 44.6°N over the midshelf where the mean (U,
V) field in Fig. 13 @= starts to flow offshore and where Ro has alocal maximum (Fig. 13 @=). This bottom stressis
balanced by a combination of surface stress and advection.

2) MODE 1

As demonstrated by the reconstruction of V using V-ME(1) and the dominance of the surface stress term in this mode, V-
ME(1) represents the dynamical balances associated with wind-driven upwelling. The amplitude of V-ME(1) becomes more
negative during the 12 July upwelling and during the weak upwelling pulses that follow. These fluctuations correspond to a
negative increase in the tendency term (southward acceleration), a positive increase in the surface stress (upwelling




favorable) and a negative increase in the bottom stress term (opposing the surface stress). To the south (north) off NP

during upwelling the ageostrophic term becomes increasingly negative (positive) with values of up to 10 °ms 2 two
orders of magnitude greater than the mean values of the ageostrophic term. In this region the ageostrophic term is the
dominant term that balances the surface stress. The ageostrophic term increases in magnitude when the Coriolis and
pressure gradient terms become unbal anced.

3) MODE 2

The northward acceleration of V-ME(2) after the 12 July upwelling (Fig. 14e @) represents the dynamical balances
associated with the relaxation of the coastal jet after upwelling. The main differences between V-ME(1) and V-ME(2) are in
the tendency, surface stress, and bottom stress terms while the structure of the advection and the ageostrophic terms do not
vary significantly. These differences are sufficient to make V-ME(1) and V-ME(2) orthogona. When the amplitude of V-ME
(2) is negative the tendency is positive, accelerating V to the north. The only terms that could balance the tendency near NP
in V-ME(2) are the bottom stress and ageostrophic terms because advection has the wrong sign and the surface stress is too
weak. The similarities between the fields of bottom stress in V-ME(2) and the tendency in V-ME(1) suggest that bottom
stress is acting to retard the flow in the locations where it was accelerated during the upwelling. Additionally, to the south of
NP over the innershelf the ageostrophic term is negative, representing either a negative ageostrophic alongshore pressure
gradient, or an ageostrophic offshore flow.

As noted above, the flow becomes increasingly ageostrophic during upwelling. The similarities between the ageostrophic
fields in V-ME(1) and V-ME(2) indicate that the large ageostrophic term, that partially balances the surface stress during
upwelling [V-ME(1)], is the dominant term balancing the tendency [V-ME(2)] between 44.2° and 44.6°N over the
innershelf.

4) ANALYSIS OF THE V-ME AT THE IS MOORING

Time series of the modeled and observed U and V and the modeled terms in the V-ME (4.5) during the 12 July upwelling
are shown in Fig. 15 @=. As demonstrated in section 2 and Fig. 15 @= the modeled and observed U and V are in good
quantitative agreement at the IS mooring, giving us confidence in the validity of the modeled dynamical balances. Time series
of U are multiplied by three in order to show the details of the fluctuations. A close comparison between the modeled U and
fUD show some differences in the fluctuations. This is because both the observed and modeled U and V are calculated by
averaging u and v from locations where measurements were collected on the IS mooring (Fig. 1 @=) and do not contain
information from the top and bottom 10% of the water column.

All terms are plotted for values on the left-hand-side of the V-ME (4.5). During the 12 July upwelling the tendency is
approximately balanced by the imbalance between Y and Y. This balance is maintained until 13', rBy, and V approach zero.

Just before TQ/, rBy, and V become zero the Coriolis and advection terms (Fig. 15c ©=) increase in magnitude. The increase
in the Coriolis term corresponds to an increased ageostrophic, barotropic across-shore flow, during which time thereis a
corresponding positive increase in the tendency. Once V reaches zero the tendency remains positive and is not balanced by

either =¥ or Y. The ageostrophic term decreases and the advection term becomes more negative, bal ancing the persistent
positive tendency. At the time of the reversa the advection term UV, + Wy < 0 (ignoring variationsin D); V = 0; and so

Wy =0. The term fU < 0 and so V,, > O, corresponding to a weaker southward (or stronger northward) flow near the

coast. Therefore, at the time of the reversal, the balance in the V-ME (4.5) at the IS mooring location is

V + UV, +fU,g =0, (4.6)

where fU 5  is the ageostrophic component of fU. After the reversal fU 5  approaches zero and advection balances the
persistent northward tendency. We interpret this increase in UV, to be effecting the across-shore adjustment of the coastal

jet that is evident in1(2) (Fig. 10 @=) and to be advecting northward momentum offshore, resulting in the northward
tendency. Advection is a transfer of momentum and so the question now becomes, how and where is the northward
momentum generated?

During the 12 July upwelling, V is southward throughout the entire domain (Fig. 9 @=). In order to address where the
northward momentum is generated we calculate the time interval after 12 July, relative to the time of the peak in the

magnitude of Tsy’ when V first becomes northward for every location (Fig. 16 ©=). This demonstrates that V first flows
northwards over Heceta Bank, located approximately 90 km away from the IS mooring. The region where V reverses
corresponds to the region where the depth-averaged ageostrophic currents became large and northward during the 12 July
upwelling presented in Figure 9 @=. The time delay between the reversal over Heceta Bank and the IS mooring is not
monotonic between the two regions, indicating that the northward momentum generated over Heceta Bank is not simply
advected to the IS mooring location. Additionally, these locations are too far apart for advection to transfer the momentum
over 4-5 inertial periods as suggested in Fig. 16 ©=. The region over the innershelf to the south of Newport, outlined in
white in Fig. 16 @, is alocation where northward flow devel ops within three inertial periods of the 12 July upwelling peak.
This region is the site where the northward momentum is generated before being advected to the IS mooring location. The

speed of advection required to transfer this northward momentum to the IS mooring location is 0.04-0.25 m s L This
description is consistent with the modeled circulation.




A detailed analysis of the area-averaged terms in the V-ME (4.5) for the generation site denoted in Fig. 16 @, is presented
in Fig. 17 @=. This analysis clearly shows that during the upwelling favorable winds the surface stress is primarily balanced
by a negative alongshore pressure gradient. Notably, bottom friction is small compared to the IS mooring because this region
is shoreward of the coastal jet, so bottom currents and hence the bottom stresses are small. When the wind stops, the
alongshore pressure gradient balances a northward tendency, effecting the reversal and acting to drive the alongshore
currents to the north. As the northward flow becomes established the alongshore pressure gradient relaxes and becomes
balanced by the Coriolis term, positive fUD. After this adjustment the flow is approximately geostrophic and the northward
V persists for several days.

5. Summary

Sixty-day simulations of the sub-inertial continental shelf circulation off Oregon are performed for a hindcast study of
summer 1999. In Part | of this study (Oke et al. 2002b) the model results are shown to compare favorably with in situ
currents, HF radar—derived surface currents and hydrographic measurements obtained from an array of moored instruments
and field surveys. The correlations between observed and modeled currents and temperatures in water depths of 50 m arein
excess of 0.8.

The detailed analysis of the modeled flow fields provides a complete synoptic description of the three-dimensional, time-
varying continental shelf circulation off Oregon for summer 1999. The circulation is clearly wind-driven with significant
alongshore variations caused by the alongshore variations in topography. In the region of the coast where the a ongshore
topographic variations are small, the upwelling circulation is qualitatively consistent with the standard conceptual two-
dimensional across-shore circulation. Thisis in agreement with observations off Oregon during spring (Huyer et a. 1978).
In the regions where the alongshore topographic variations are greater, the upwelling circulation is highly three-dimensional.
The analysis of the baroclinic fields for sections off CH, NP, NHB, and SHB demonstrates that the response to upwelling
favorable winds involving acceleration of a southward coastal jet, occurs in unison at all four sections. The percentage of
total variance explained by the dominant wind-driven mode at each section and the correlation between the wind and the
mode-1 amplitudes for each section show that the circulation over Heceta Bank has a weaker connection with direct wind
forcing than the circulation off CH and NP. Over Heceta Bank there are two distinct southward jets that accelerate during
upwelling favorable winds; one over the innershelf and one over the shelf break. During upwelling the coastal jet moves
toward the coast over the narrow continental shelf off CH and NP, while the component of the jet that is located over
Heceta Bank moves seaward. The analysis of the barotropic response demonstrates that the dominant wind-driven flow is
along-isobath, with large fluctuations over the innershelf.

It is demonstrated that the upwelled water that is found over the midshelf off Newport is upwelled to the north, and is
advected southward beneath the coastal jet. Additionally, upwelled water over Heceta Bank is advected northward from a
different location to the south.

The analysis of the term balances in the V-ME (4.5) shows that in general the flow becomes increasingly ageostrophic
during upwelling. During relaxation from upwelling, bottom stress plays an important role acting to retard the alongshore
flow over the inner- and mid-shelf to the north of 44.4°N. To the south of 44.4°N, the alongshore flow is retarded by a
negative alongshore pressure gradient.

The dynamical balances over the innershelf are divided into two regimes; in the coastal jet and inshore of the coastal jet. In
the coastal jet V, islarge and is driven by the difference between the surface and bottom stresses during upwelling:

(WD), = (¥ - My, (5.1)

Inshore of the coastal jet V, is small and is driven by the difference between the surface stress and a negative alongshore
pressure gradient during upwelling:

(VD), = (=¥ - DPy)pflo. (5.2)

When the wind stress reduces to zero, V, is balanced by a negative pressure gradient

(VD), = —DPyoflo, (5.3)

and a northward flow is generated. After the northward flow is generated, the alongshore pressure gradient relaxes and
the flow becomes geostrophic. The northward flow persists for several days. A region to the south of Newport over the
innershelf isidentified as the region where the northward momentum is initially generated following the sequence of term
balances outlined above. This northward momentum is subsequently advected by the currents and a northward flow is
generated at the IS mooring through the approximate balance,

V, + UV, +fUpg = 0. (5.4)

The generation of this northward flow after upwelling is frequently observed off Newport (e.g., Huyer et al. 1974; Kundu




and Allen 1976), but the mechanism by which this northward flow is generated has not been previously explained.
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Figures

FIG. 1. Model topography (contour interval is 25 m for H <300 m and 100 m for H > 300 m; 100- and 200-m isobaths are bol d)

showing the mooring locations (%) and the across-shore sections off Cascade Head (CH), Newport (NP), North Heceta Bank
(NHB), and South Heceta Bank (SHB) that are referred to throughout the manuscript

FIG. 2. Fields of v (Ieft) and o, (right) for across-shore sections off CH, NP, NHB, and SHB (denoted in Fig. 1 =) at theend of

the 10-day spinup period. The zero 1 and 26-0, contours are bold (contour intervals: Au=0.05m s_l, Agy=0.25kg m_3)
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Click on thumbnail for full-sized image.

FIG. 3. Time series of (a) TS", (b) Q, observed (dashed) and modeled (solid) (c) V and (d) surface 6 from the IS mooring, and (e) V
and (f) surface 9 from the M'S mooring. The cross-correlation (CC) between the observed and modeled variableis presented in
each panel

Click on thumbnail for full-sized image.

FIG. 4. Daily averaged modeled V(x) off CH, NP, NHB, and SHB (l€ft to right) during the 12 Jul upwelling event. The daily

averaged Ts,/ isrepresented by the black vector on the left panel, and the scale for Vinm s tand rs)' in Pais at the bottom of the
left panel




Click on thumbnaul for full-sized i image.

FIG. 5. Daily averaged modeled 11 (l&ft), o, (middle), and u (right) off Cascade Head (CH) during the 12 Jul upwelling event (A
=0.05m sﬁl, solid is southward, dashed is northward; A, = 0.1kg m73; Au=0.03m sﬁl, solid is offshore, dashed is onshore,
boldiszero). The x axisis offshore distance (km)

Click on thumbnall for full-sized i image.

FIG. 6. Asfor Fig. 5 @= except off Newport (NP)
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FIG. 7. Asfor Fig. 5 @= except off Northern Heceta Bank (NHB)
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FIG. 8. Asfor Fig. 5 @= except off Southern Heceta Bank (SHB)
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FIG. 9. Daily averaged fields of (u, v)® and 6", (top), (U, V) and |¢°] (middle), and (V, ~U)"*® and Tl (bottom) showing every

third vector (superscript B denotes bottom); aBH = 26.5 iswhite. The across-shore sections off CH, NP, NHB, and SHB are shown
on the | eft panels. The 50-, 100-, and 200-m isobaths are gray
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FIG. 10. Modeled mean (left) and EOFs (right) of 12 for across-shore sections off CH, NP, NHB, and SHB (denoted in Fig. 1 &=).
Positive, negative, and zero values are contoured with solid, dashed, and bold, solid lines, respectively. Contour intervals are 0.05

m s_1 for the means and 0.1 for the EOFs
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FIG. 11. Modeled mean (left) and EOFs (right) of o, for across-shore sections off CH, NP, NHB, and SHB (denoted in Fig. 1 O=).

Positive, negative, and zero values are contoured with solid, dashed, and bold, solid lines, respectively, for the EOFs and the

contour interval is 0.1. For the means, o, = 26 isbold; o, > 26 is dashed; o, < 26 is solid; and the contour interval is 0.25 kg m

Click on thumbnail for full-sized image.

FIG. 12. Time series of (a) rsy; (b), () mode-1 amplitudes; and (d), (€) mode-2 amplitudes of v and o, off CH (solid), NP
(dashed), NHB (dashed—dotted), and SHB (dotted). The timing of the 12 Jul upwelling and the relaxation is marked by the vertical

dashed lines.
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FIG. 13. The modeled mean (left) and EOFs (right) of (U, V), showing every fourth vector (EOF mode 1 and 2 represents 56%
and 9% of thetotal variance, respectively); and the time series of the mode-1 (solid) and mode-2 amplitudes (bottom). The local

Rossby number Ro = |V, — Uyh‘*1 is contoured using the rms amplitude for each mode.
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FIG. 14. (a) Mean, (b) mode-1, and (c) mode-2 normalized EOFs from the V-ME, and time series of (d) observed, modeled and
reconstructed V from the IS mooring location [denoted in (b) and (c) by ¢], and (€) mode 1 (solid) and mode 2 (dashed) modal

amplitudes. The time series of reconstructed V are the time integral s of the tendency represented by the mean and mode 1 [J' Vi

(2) dt] and the mean and mode 1 and 2 [_.r Vi(2) + V{(2) dt] at the IS mooring location.

Click on thumbnau wa-or fullszed image.

FIG. 15. Time series of (a) modeled and observed U x 3and V and (b), (c) termsin the V-ME for the 12 Jul upwelling at the IS
mooring location. All terms are for values on the |eft-hand side of the V-ME. The vertical dashed line denotes the time of the
reversal of the modeled V at the |S mooring

FIG. 16. Thereversal time of V relative to the time of the peak of Y duri ng the 12 Jul upwelling for each location. Where the
reversal timeis not shown, V does not reverse. The topography is contoured at intervals of 10 m, and the 50-, 100-, 150-, and 200-
m isobaths are bold. The location of the | S mooring is denoted by the star and the generation site for the location of the IS
mooring isoutlined in white
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FIG. 17. Time series of area-averaged (a) modeled U x 3 and V and (b), (¢) termsin the V-ME for the 12 Jul upwelling for the
generation region (denoted in Fig. 16 @=). All terms are for values on the left-hand side of the V-ME. The vertical dashed line
denotes the time of the reversal of V at the IS mooring




Current affiliation: School of Mathematics, University of New South Wales, Sydney, New South Wales, Australia
top

Corresponding author address: Dr. Peter R. Oke, School of Mathematics, University of New South Wales, Sydney, NSW 2052, Australia. E-mail:

petero@maths.unsw.edu.au

@avffﬂ i © 2008 American Meteorological Society Privacy Policy and Disclaimer
& g—‘-\\‘.‘ Headquarters: 45 Beacon Street Boston, MA 02108-3693
-. T —‘é_ DC Office: 1120 G Street, NW, Suite 800 Washington DC, 20005-3826
q'.‘,q""",':‘:‘.%'.'.sf‘:f/;e" amsinfo@ametsoc.org Phone: 617-227-2425 Fax: 617-742-8718
Hopre e Allen Press, Inc. assistsin the online publication of AMSjournals.




