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Abstract 

A series of numerical experiments is conducted in order to examine the role of topo
graphic irregularities in generation of subinertial cross-channel barotropic currents and 
to obtain quantitative estimates of the offshore flow amplitude, its ratio to the magnitude 
of the alongshore currents and the alongshore correlation scale. 

A periodic (along the coast) channel with geometry representative of continental 
margins is considered. Topographic disturbances have mult iple alongshore wavenumber 
contributions, kr , and the amplitude proportional to kr2 (except one experiment). The 
motion is forced by spatially uniform and temporally varying alongshore wind stress, 
which drives t he background current a long t he channel. The background current adjusts 
to topographic disturbances and, in particular, Barotropic Shelf Waves (BSW) result. 
That gives rise to the offshore currents. 

The amplitude of the cross-channel flow is shown to increase with kr in the long wave 
limit (order of 100 km in the model) and , in contrast, to decrease with kr in the short 
wave limit (less than 20 km in the model). As a rule, the strongest response is attained 
on t he intermediate scales where lee waves form most efficiently. 

Hart's {1990} quasi-geostrophic solution provided quantitative parameters to explain 
the scale dependence and helped to interpret the results of simulations meant to examine 
sensitivity of the cross-channel flow characteristics to variation of the governing parame
ters. It is shown that the structure of the resonant wave is established by the combination 
of spatial properties of the bottom bumps, and by the period and amplitude of the fluc
tuating background current. On the basis of this analysis, it is demonstrated how the 
BSW dispersion diagram can be used for diagnostic purposes. 

The averaged (in time and along the channel) amplitude of subinertial cross-channel 
currents ranged from negligible values to about 5.5 em/ sec , indicating that, indeed, 
rather substantial offshore flow can be generated due to the effect of t he topographic 
irregularities. T he alongshore correlation scale was no smaller than about 5 km and in 
a few simulations (for instance, with lee-wave-favourable mean wind included) reached 
30 -50 km. 

Thesis Supervisor: Kenneth H. Brink 
Title: Senior Scientist, Woods Hole Oceanographic Institution 
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Chapter 1 

Introduction. 

Low-frequency (period longer than inertial) alongshore currents in the interior of the 

water column over continental shelves are relatively successfully predicted in terms of 

the linear theory of wind forced or free coastal t rapped waves, CTWs.(See, for instance, 

Battisti and Hickey) 1984)· Chapman) 1987)· Mitchum and Clarke) 1986.) To a large 

degree, success is achieved due to the fact that most energy of the alongshore velocity 

component is contained in large scales so that the long wave approximation (Gill and 

Schumann ) 1974) can be made and CTW theory applied. 

However , t he same models poorly describe the cross-channel flow, which tends to have 

short alongshore correlation scale, e.g., less than 25 km according to Winant ( 1983) and 

Brink et al. {1 994}; 4 - 30 km as pointed out by Dever {1995} . Brink et al. {1994} noted 

that observations in the different shelf zones reveal the amplitude of the offshore velocity 

component which is smaller but, nevertheless, not negligible (i.e.,approximately, 3 t imes 

rather than the order of magnitude smaller, as CTW theory assumes) with respect to the 

alongshelf current . T hey hypothesized that the small-scale wind might be responsible 

for t he variability of the cross-shelf currents , although they demonstrated that t he wind 

stress does not possess enough energy at the necessary wavelengths. Similarly, Dever 

{1995) emphasizes t hat the wind can explain the offshore flow variability on the scales 

no shorter t han 15 - 30 km. 

Apparent ly, it is necessary to consider other physical processes leading to the gener

ation of the offshore currents and associated with them small-scale variability. Among 

possible mechanisms Brink et al. {1994}, for example, mention the influences of the 

alongshore topographic irregularities. It is the goal of the present study to explore the 
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detailed physics and to obtain quantitative estimates of the time dependent (period from 

1 - 2 days to about 2 - 3 weeks) cross-shelf flow characteristics (such as, the ampli

tude, its magnitude relative to the alongshelf velocity component, and the alongshore 

correlation scale) resulting from the disturbances in the bottom topography. 

We use the fact known from observations , that typically the wind stress is a primary 

energy source for the subinertial flow over the shelf. In order to isolate the effect of 

the bottom topography, a spatially uniform alongshore wind is considered as the driving 

mechanism here. Most energy of such a forcing is spent here on the generat ion of the 

alongshore currents, which are, in turn, uniform along the coast provided that there are 

no irregularit ies in the alongshore direction. Under these conditions the offshore flow 

is negligible. However , in the presence of topographic disturbances, the flow adjusts to 

variations in the bottom topography and enhanced cross-shelf currents result. 

Bathymetric maps of different shelf zones show alongshore topographic irregulari

ties with many scales of variat ion. Accordingly, the influences of a continuum of bot

tom bumps (rather than of an isolated feature) represented by a reasonable alongshore 

wavenumber spectrum (rather than by single sinusoid, for instance) are examined. The 

alongshelf scales of the bottom bumps are chosen to range from the order of 10 km to 

the order of 100 km. 

Thus, in essence, we investigate the interaction of wind-driven alongshore flow with a 

series of the topographic disturbances. The bottom bumps can have arbit rary amplitude 

(not necessarily vanishingly small relative to the ambient depth). Also, the low-frequency 

wind-forced alongshore currents are about 10 em/ sec over the shelf. Hence, for the 

characteristic length (L f"'V 10 - 100 km) , velocity (V f"'V 10 em/sec) and time (T f"'V 

10 days) scales, the ratio of the local to advective accelerations magnitude, Er = !:..__ , 
c UT 

(Pedlosky, 1981), ranges from 10- 1 to 10°. Therefore , it is expected that non-linearity or, 

at least, the interaction of the background (alongshore) current with the flow disturbances 

caused by the topographic bumps, plays a significant role in the dynamics and should be 

taken into account. 

The problem , in general, is rather complicat ed and in order to make some progress, 

attention is limited to a purely barotropic case. (The possible restrictions in the appli

cability of t he barotropic analysis to a strat ified flow are discussed in Chapter 5.) 

There exists an extensive literature addressing issues related to the effect of topo-
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graphic irregularit ies on barotropic oceanic flow both in general circulation theory and 

in coastal studies. For instance, Charney and De Vore {1979}, Hart {1979), Pedlosky 

{1981} and Rambaldi and Flierl {1981) consider the possibility of multiple equilibria and 

blocking resulting from the non-linear interaction of a resonant topographic Rossby wave 

with steady eastward flow. However, the response in such physical systems is steady or 

very slowly varying (on a time scale corresponding to the development of nonlinearity). 

In contrast, Martell and Allen {1979 ), while studying the generation of barotropic shelf 

waves (BSW's), which are similar to topographic Rossby waves, by isolated topography, 

describe properties of the waves excited in a time variable (linearly increasing) back

ground current . Note t hat t ime dependence of t he forcing is an important feature over 

the shelves where a considerable amount of energy is supplied to the flow by fluctuating 

winds with periods ranging from a few days to a few weeks. 

Recognizing t hat, Haidvogel and Brink {1986) used a numerical model to obtain 

quantitative estimates of the time-mean alongshore flow resulting from topographic drag 

exerted by zero-mean oscillating alongshelf currents in an environment representative of 

a continental margin (exponential offshore depth increase, magnitude of friction, wind 

stress parameters, etc.) . The rectified flow originates from differences in the response 

between two halves of a forcing period: first, when the wind-driven alongshore currents 

and BSW propagate in the same direction, and second, when they oppose each other 

and lee waves form producing an extra drag on the flow. Samelson and Allen {1987) and 

Hart {1990) further develop the problem of alongshore flow rectification by investigating 

quasi-geostrophic solutions. 

Technically, we adopt the Haidvogel and Brink {1986) approach. In particular, the 

study is based on analysis of results of numerical experiments carried out with differ

ent values of the governing parameters. Also, we use a configuration similar to that 

of Haidvogel and B rink {1986) to describe representative coastal conditions. However, 

the goal of the present investigation is to explore the physics and to obtain quantitative 

characteristics of the subinertial cross-shelf currents rather than to examine a rectified 

alongshore flow. Accordingly, we consider alongshore lengths of the topographic irregu

larit ies which are shorter than those used by Haidvogel and Brink {1986}: 10- 150 km 

instead of 30- 300 km (or larger). In addition, in most of the numerical experiments 

carried out for the purposes of our study, the bottom bumps have multiple scales of 
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variation in contrast to monochromatic (single sinusoid) alongshore structure most often 

used by H aidvogel and Brink ( 1986). Further, our method of analysis is different. 

A brief overview of the numerical model used in this investigation along with a dis

cription of its particular configuration is given in Chapter 2. In Chapter 3, the basic 

experiment is int roduced. First, the major features of the response are outlined. Then, 

we analyze the generation of the time-mean alongshore currents. T he main part of Chap

ter 3 is devoted to a detailed analysis of the cross-shore flow in the middle of the shelf. A 

Fourier decomposition of terms in the vorticity balance helps to recognize physical pro

cesses governing the response on different alongshore scales. Further, we consider how 

these processes contribute to the generation of the time-mean and fluctuating compo

nents of the cross-shore flow. Then, based on Hart 's (1990) quasi-geostrophic solution, 

it is shown how the BSW dispersion diagram can be used to diagnose the most energetic 

scale of the cross-shore currents. The results of the basic experiment analysis are ex

ploited in Chapter 4 to explain sensit ivity of the offshore flow characteristics to variation 

of the governing parameters, such as the amplitude and period of the wind stress, the 

amplitude and the alongshore structure of the bottom bumps, friction, etc. Finally, some 

conclusions and discussion close the thesis . 
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Chapter 2 

The Semi-Spectral Primitive Equation Model 

(SPEM). 

2.1 The Basic Model. 

This study is based on the results of numerical experiments conducted using the semi

spectral primitive equation model (SPEM). The detailed formulation, numerical solution 

technique and testing of the SPEM has been provided by Haidvogel et al. (1991) and 

Hedstrom (1994), so only a brief overview of the model is presented here. 

The primitive equations for an incompressible fluid, after making the hydrostatic and 

Boussinesq approximations, may be written as: 

where 
(u, v, w) 

f 
</> 

Ut + ( i1 · 'V )u - fv 

vt+(il· 'V)v+fu 

0 

Pt + (u· 'V)p 

(u)x + (v)y + (w)z 

-<l>x + pu + n u, 

-</>y + pv + nv, 

-</>z- pg' 
Po 

FP + DP, 

0, 

(x , y, z) components of velocity vector u; 

Coriolis parameter; 

perturbation pressure (fa); 
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g 

\7 

Fu, Fv, FP 

n u, n v, Dp 

The total density is 

acceleration of gravity ; 

gradient operator; 

forcing terms ; 

dissipative terms. 

Ptotal (X, Y, Z, t) = Po + P (X, Y, Z, t) . 

A rigid lid approximates the surface of the ocean. This eliminates surface gravity 

waves and enables t he use of a streamfunction. The model allows other lateral, bot

tom and surface boundary condit ions to vary, dependent on the physical problem under 

consideration . 

The governing equations are discretized using t radit ional, centered second-order finite 

differences in the horizontal. The vertical structure of the variables in the present version 

of the model is represented as an expansion in a set of Chebyshev polynomials. 

The numerical solution for each time step advances through several consecutive proce

dures. First, the time rate of change of depth-averaged vorticity is determined exploit ing 

t he values of all variables at the starting t ime level. Then, an updated value of vortic

ity is computed using a leapfrog-trapezoidal t ime-differencing method. The associated 

streamfunction field is obtained from the known vort icity distribution as a solution of 

a generalized elliptic equation with specified boundary conditions. The depth-averaged 

components of the velocity are found directly from the streamfunction. Internal modes 

are calculated by t ime stepping the momentum equations after removing the depth

averaged components. Next, t he density field is determined by advancing the density 

equation in t ime. Finally, at the new time level, the vertical velocity and the baroclinic 

pressure field are diagnosed t hrough integrating the continuity equation and hydrostatic 

relation respectively. 

2. 2 Model Configuration. 

We concentrate on studying influences of alongshore irregularities in the bottom topog

raphy on purely barotropic flow. For t his purpose, t he total density is set equal to a 

constant. 
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The continental margin is represented as a cyclic coastal channel of length Lx and 

width LY on an f-plane (Fig. 1) . Simple straight coastal and offshore walls bound the 

channel. The background depth increases exponentially offshore and topographic bumps, 

variable in both cross- and along-channel directions, are superimposed over the back

ground topography: 

H (x , y) Hb(y) + HP(y) · X(x) 

hb · eay + ho sin ( ;Y y) · 'f hn sin ( ~; x + <fJn) . (2.6) 

In all t he experiments, the channel width LY = 90 km, the depth at the coast hb = 20 m 

and the e-folding scale of the background topography a = 5.2 · 10- 5 m - 1 . That makes 

the depth at the offshore boundary equal to approximately 2200 m. The length of the 

channel Lx = 150 km in most experiments. In fact, only during testing of the model 

performance were different channel lengths selected. 

The flow is forced by a spatially uniform alongshore wind stress which varies sinu

soidally in time: 

{ 

Tx = T0 + ~ T m sin ( ;: t + Bm) , 
rY = 0. 

In most experiments T 0 ,the time mean wind stress, is zero. 

The effect of vertical friction is parameterized according to a linear bottom stress law, 

in which the bottom resistance coefficient is assumed to be constant. The lateral friction 

is represented by a biharmonic term and serves only to suppress small-scale computa

tional noise. A comparison of model results for an early stage flow development shows 

that biharmonic friction (biharmonic friction coefficient 105 m4 /sec is used) does not 

appreciably influence the solution at the scales of interest (larger than a few kilometers). 

Both wind stress and friction are applied as a body force. 

During testing of model performance, the along channel structure of bottom topog

raphy consisted of a single sinusoid. However, the main body of experiments has been 

accomplished with a spectrum of bumps constructed from 15 sinusoids with alongshore 

wavelength from 10 km up to 150 km and randomly selected phases. It has been antici

pated that for the surveyed set of model parameters and physical situations, the shortest 

significant alongshore scale of the excited flow would be close to the shortest along channel 

wavelength of topographic bumps. Thus, in order to describe wave dynamics properly, 
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grid resolution has been set to 6.x = 0.625 km ( 16 grid steps per 10 km, which is the 

shortest wavelength of the bumps) in the alongshore direction and 6.y = 0.5 km in off

shore direction. Further refinement of spatial resolution did not substantially alter the 

results discussed below. The time step was of the order of 10 min. and varied depending 

on the particular experiment to be performed. Overall, if t he Courant-Friederichs-Lewy 

condition 

I U lmax · (~~) ~ 1, 

has been satisfied, further improvement of the time step would not significantly affect 

the results. 

The vertical resolution was Nv = 2 Chebyshev polynomials analogously to the choice 

of Haidvogel et al. (1991) in a similar simulation. The results remained depth-independent 

to machine accuracy as expected because the fluid was homogeneous and the surface 

(wind) and bottom (friction) stresses were applied as a body force. 

The lateral boundary conditions are no normal flow and no slip at the solid walls and 

periodicity in the along channel direction. The latter, allows description of the channel 

as an infinite one with the topographic irregularities repeating on a lengt h Lx. 

A typical model experiment star ts from a state of rest ( i1 = 0). The governing 

equations are integrated in time for 100 days. After t = 60 days the response in water 

shallower than 800 m does not change from one period of forcing to another, so that the 

results for t = 60 - 100 days are used for analysis. 
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Chapter 3 

The Basic Experiment. 

3.1 General description. 

The character of the flow in the model depends on several dynamic and topographic 

parameters. A number of numerical experiments have been carried out to illuminate the 

dependence. A description of the model runs is summarized in Appendix 1. 

In order to appreciate better the kind of flow we study, a detailed discussion of one 

simulation is provided first. For that purpose, experiment 3 is chosen (further, we refer 

to it as to the basic experiment) since the the governing parameters in it are, first of 

all, typical for the subinertial wind-driven flow over the shelf and, then, 1 ) the wind 

stress amplitude and period are in the middle of the surveyed range, so that they do not 

represent low /high frequency or weak/strong forcing limits; 2 ) the amplitude of bumps 

is the lowest and the friction is the strongest, so that the influences of non-linearity are 

the weakest and therefore, the dynamics is easier to understand. In later sections, the 

results of other runs have been compared with those from the basic one. 

The bottom topography used in the basic experiment is depicted in Fig. 2 a. As noted 

in Chapter 2, the alongshore pattern of topographic irregularities is constructed as a sum 

of 15 sinusoids with wavelengths varying from 10 to 150 km and phases selected ran

domly. In the basic experiment, the amplitude associated with each sinusoid is inversely 

proportional to its wave number, so that the spectrum of the bottom bumps corresponds 

to kY,2 law ( kr is an alongshore wave number of the topographic irregularities). The total 

rms amplitude of the bottom perturbation at the alongshore section in the middle of the 

channel in this case is 11.4 m . 
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The spatially uniform alongshore wind stress has an amplitude T1 = 71 = 10- 4m2
/ sec2 

Po 
(equivalent to 10- 1 N/m2) and varies sinusoidally in time with a period of 10 days. T he 

bottom resistance coefficient r = 3 · 10- 4 m/ sec-1, so that the associated e-folding fric

tional time scale, ( ~), ranges between less than a day and more than 80 days , increasing 

with depth. Consequently circulation reaches an equilibrium sooner in shallow water. 

The flow is forced from a state of rest and computed for 100 days. The results are 

studied for the last two periods of forcing, t = 80 - 100 days. 

It is useful for the analysis to express the total flow as the sum of the background cur

rent and a perturbation to it. The background flow is a special solution of the barotropic 

equations: 

Ut + (u · \7)u- fv 

Vt+(i1· \7)v+fu 

(uH)x + (vH)y 

Tx r 
-c/Jx + H- Hu, 

r 
- c/Jy - H v, 

0. 

(3 .1) 

(3.2) 

(3.3) 

For the case of purely periodic (in time), spatially uniform wind forcing and alongshore

uniform topography, Hb(y) = hb · eaY, the background solution is: 

{ 

U(y, t) = Hb~y) · ( r 
1
) + 

2 
• [ -w cos(wt) + Hb(y) sin(wt)] , 

Hb(y ) W 

v = 0, 
(3.4) 

where w is the wind stress frequency. Then, the perturbation flow is the difference be

tween the total and the background flows and is caused by the existence of topographic 

irregularities. 

3. 2 Structure of the response. 

First, we consider how the flow develops throughout a period and what are the major 

components of the response, and then we try to understand the physics that governs the 

essential components of the response. 

A sequence of snapshots of the total streamfunction field (Fig. 3) shows the flow in the 

channel during the last period of forcing. The sinusoidal (in time) background current 
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dominates the circulation. The topographic bumps exhibit their influences through the 

meandering structures in the flow. 

Complete history records of both the cross- and along-channel velocity components 

have been collected at the alongshore sections shown by dotted lines in Fig. 2a. The 

mean depth at the along-channel section situated approximately 17 km offshore is about 

48.8 m . This section is meant to represent a mid-shelf location. It is the circulation in 

its vicinity that is of primary concern here. 

Evolution of the along-channel flow at the mid-shelf section for the last period of 

forcing is shown on a time-space diagram (Fig. 4). Again, the resemblance to the back

ground flow is quite close. However, along-channel disturbances are present. Besides that, 

a difference in the absolute values between maximum and minimum velocities suggests a 

non-zero time mean flow. 

To analyze the perturbation dynamics, it is convenient to use the cross-channel ve

locity component since it filters out the background current which is directed only along 

the channel. A t ime-space diagram of the offshore flow in the deep part of the basin 

(H ~ 2000 m, Fig. 5) indicates consistent propagation of the disturbances in the along

channel direction. The speed of propagation is of the order of 10 em/ sec and is pre

sumably rather weakly affected by the background flow, which is only of the order of 

1cm/ sec at this depth. The sense of the propagation corresponds to that of Barotropic 

Shelf Waves (BSW), although it is difficult to identify it with any single mode of BSW 

at some particular a longshore wavelength. 

The diagram of the offshore velocity (Fig.6) for the mid-shelf section reveals a much 

more complicated structure. Fort= 90- 96.5 and 99 - 100 days the disturbances travel 

northward (toward positive x) at variable speeds. During that t ime the alongshore flow 

increases, roughly, from -15 em/ s to its maximum and then diminishes to zero. As it fur

ther decreases from 0 cm/s to minimum (t = 96.5-99 days), the disturbances propagate 

southward. In addition to travelling disturbances, fort = 92.5-99 days the field acquires 

a quasi-stationary (non-propagating) component which is still evolving in time locally. 

A comparison of two diagrams, for the total cross-channel velocity (Fig. 6a) and the 

time-dependent portion of it (Fig.6b), suggests that a t ravelling wave dominates during 

the alongshore flow transition from being maximum southward (negative) to northward 

(positive), t = 90-93 and 99-100 days. After the flow reaches a certain positive magni-

20 



t ude (about 15 em/ s), a circulation trapped by topography develops. Further evolution 

is characterized by the combination of the travelling BSW-like disturbances and those 

that are quasi-stationary in space. 

An example of a time series of the velocity components at a single point (x =50 km) 

on the mid-shelf section (Fig. 7) demonstrates temporal changes in the flow more clearly. 

The flow contains a non-zero t ime mean, a low frequency component with the period of 

forcing and higher frequency oscillations with periods of the order of one day. Note that 

the higher frequency components take place only when the background flow is toward 

the north, in the direction of free wave phase propagation. 

3.3 Generation of the time-mean alongshore flow. 

The spatial structure of the time-mean velocity components is shown m Fig. 8 and 

Fig. lla. The rectified flow is most pronounced over the shelf in the vicinity of the 

region of the maximum ratio of the topographic perturbation to background topogra

phy (H'(x, y)/ Hb(y)) (see Fig. 2b). The time mean alongshore current is of the order 

of 1 em / s over the mid-shelf and reaches its maximum of approximately 2.2 em/ s near 

shore over the two steepest northern slopes. 

Generation of an alongshore time mean flow in similar conditions has been described 

by Haidvogel and Brink (1986) . It is associated with the topographic drag asymmetry in 

the oscillatory background current. The asymmetry arises due to excitation of the shelf 

lee waves only by the southward background current . Then, the current pumps its energy 

into the lee waves and, thus, slows down. In contrast, shelf waves propagate freely and 

do not impose any extra drag while the background flow is northward in the direction 

of the shelf wave propagation. Consequently, the time mean northward flow results 

after averaging over a period. This process is highlighted on the time-space diagram 

of the difference between the total alongshore velocity component and the background 

flow at t he mid-shelf section (Fig. 9) : t he difference is mostly positive during southward 

background flow (t = 90 - 91.5 and 96. 5 - 100 days) . 

Haidvogel and B rink {1986) have demonstrated how the residual alongshore flow re-
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lates to topographic irregularities by analyzing the (x-t) averaged x-momentum balance: 

a x t t -;-;-;----xt 
ay(Huv) +rux +H<Px =0, (3.5) 

where ITt denotes averaging in x and t . The terms of this equation are shown in Fig. lOa 

and demonstrate that the primary integrated balance is between topographic stress and 

bottom friction, similar to the basic experiment of H aid vogel and Brink ( 1986) . 

It is interesting to look at how the balance evolves in time (Fig. 10 b,c,d ,e) . If the 

averaging is done along the channel only, the momentum balance becomes 

--x a X --x 
(H u)t + ay (Huv) + rux + H <Px = 0. (3.6) 

The local rate of change of momentum is estimated as a residual term. The time evolution 

of the advective term, :y (H uv t, most clearly demonstrates that a non-zero mean flow 

over a period arises from accumulation of momentum of the same sign during the half of 

a period when the background current is to the south (negative) , t = 90- 91.5 days and 

t = 96.5 -100 days, and lee waves can form. During the other half, the :y (Huvt term 

is weaker and its sign alternates, so that an average over this half is negligible. 

3.4 Physics governing the cross-channel flow. 

The structure of the time-mean cross-channel flow (Fig. lla) is closely reflected in the 

pattern of its standard deviation (Fig. llb). Such a resemblance suggests that knowledge 

of the physics which governs the time-mean offshore flow may be helpful in understanding 

what determines the gross characteristics (amplitude and the along-channel correlation 

scale) of the time variable component of the cross-channel flow. 

The time-averaged offshore flow seems to be a good indicator of the alongshelf ir

regularities in bottom topography: positive values (offshore current) are found on the 

southern slopes of ridges while negative values (onshore current) are located on the north

ern flanks. The magnitude of the rectified cross channel flow varies from about -3.6 to 

+2.2 em/ s. In terms of vorticity, such a structure of the flow corresponds to the existence 

of a negative (anticyclonic) anomaly over ridges and a positive (cyclonic) anomaly over 

canyons. It is apparently associated with the along channel advection of water columns 

over the irregular bottom topography. 
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The effect of such a mechanism is most clearly seen when the ambient topography is 

flat and the along-channel background current is uniform, so that there is no gradient of 

the ambient vorticity. Imagine that in these conditions the northward background flow , 

U > 0, passes an isolated ridge (Fig. 12a). Then, a fluid column originally at the point 

A is advected to B and compressed due to topography. In the steady case, in order to 

preserve potential vorticity , Dt(<~f) ::::::; 0, an anticyclonic (negative) relative vorticity, 

( = Vx - uy, is generated over a ridge indicating a presence of the onshore flow over the 

northern slope and offshore flow over the southern slope of the ridge. 

In the present study, the background current is not steady. Instead, it varies sinu

soidally in time. For the sake of argument, imagine that the change happens stepwise, so 

that U = U1 =canst > 0 during the first half of a period and U = U2 = -U1 during the 

second half of a period. In addition neglect all the transients, i.e. , take the period to be 

long enough for the flow to reach a steady state during each half period. Then observe 

that the offshore current is not sensitive to the direction of the background flow, i.e., both 

U1 and U2 give rise to the same steady cross-channel circulation (Fig. 12a,b) , which, 

therefore, represents offshore flow, averaged over a period. Call this type of adjustment 

the relative vorticity response for the future use. 

However, the presence of cross-channel variations in t he background topography sub

stantially changes the physical properties of the system. 

First of all , if an ambient current is not too strong or the along-channel length scale 

of topography is large enough, then the water columns may be advected along isobaths 

(in essence, around a bump rather than over it) producing negligible (with respect to 

f) relative vorticity. Hence, the lowest order flow is purely geostrophic flow. Now, 

consider the above mentioned case of the stepwise evolution of the background current. 

Then, if the total flow follows isobaths, the cross-channel current at any given location 

is antisymmetric in time (compare F ig. 12c and 12d). Thus, no cross shelf flow averaged 

over a period results and its standard deviation is comparable with the amplitude of the 

cross-channel current during one of the halves of a period. Call this type of adjustment 

the geostrophic response. 

In the more general case, a combination of the relative vorticity change with the 

lateral advection of ambient vorticity allows barotropic shelf waves. The BSW's, in 

essence, contain and balance the tendency of flow to follow isobaths and its ability to 
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cross them . Thus, physically, BSW's fall in between two steady limits, the short and 

the long wavelength, represented by the relative vorticity and the geostrophic responses 

respectively. It has been demonstrated above that the cross-channel flow resulting from 

the relative vorticity response gives rise t o a time-mean component while that originated 

from the geostrophic response produces a time-fluctuating component . In contrast to the 

dynamics in the limits, the BSW, in general, is not necessarily a steady feature,i.e., it can 

eit her propagate or form lee waves depending on the background flow. Then , how would 

the BSW's influence the t ime-mean and the fluctuating components of the cross-channel 

current ? 

Again, for simplicity, take the stepwise in t ime and the uniform across the channel 

background current. Assume, that this ambient flow generates some resonant BSW and 

neglect a possible contribution from any other wave. Then, during t he first half of a 

period, when U > 0, the BSW propagates freely with an increased speed due to Doppler 

shift ing. Subsequently, at any fixed location the currents generated due to t he BSW 

alternate in t ime and do not cont ribute substantially to the averaged (over a period) 

cross-channel flow even if t he amplitude of the BSW is amplified due to resonance. During 

the second half of a period , U < 0 and a lee wave is formed. Then , at a given location the 

cross-channel flow is of the same direction th roughout the half a period. Its amplitude 

somewhat increases as the lee wave gains more energy from t he background current . 

Accordingly, a non-zero contribution of the BSW to the mean (over a period) flow comes 

from the generation of the lee waves while the magnitude of the fluctuating component 

of the cross-channel flow, which we estimate by taking the standard deviation over a 

period , depends on the amplitude of the BSW during the both parts of a period. 

Obviously, t he physics in the basic experiment is even more complicated . The back

ground current varies sinusoidally in t ime and is sheared across t he channel, and several 

length scales occur due to the complicated structure of the topographic irregularit ies . 

Subtle effects of friction and nonlinearity pose several questions , t he answers to which 

are not clear apriori: 

1. What is the forcing of pert urbation relative vor ticity and how does it vary with 

alongshore scale ? 

2. What is the physics of t he response to forcing at the different length scales and how 

is it reflected in t he structure of t he t ime-mean and t he fluctuating components of 
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the cross-channel flow ? 

3. Are there any simple tools to diagnose the dependence of the cross-channel flow 

characterisics on the parameters of the background current and a structure of to

pography? 

Looking for the answers to these questions, we evaluate a vorticity balance first (3.4.1). 

Then, based on the results of the numerical experiments in which t he along-channel 

structure of the bumps was relatively simple, we consider how the time mean and the 

fluctuating components of the cross-channel flow are established at the different x-scales 

(3.4.2) . Finally, t he cross-channel flow structure in the basic experiment is analysed in 

details using the quasi-geostrophic solution due to Hart (1990) and the BSW dispersion 

diagram (3.4.3). 

3.4.1 Analysis of the vorticity balance. 

In order to assess the importance of the competitive physical processes in a generation 

of the cross-channel velocity, consider the vorticity balance. 

After splitting the flow into a variable (in time and across the channel) background 

current U defined by equation ( 4) and an along-shore dependent perturbation to it u, 
the vorticity equation may be written: 

(' ( f ( (' 
Dt (H) + Dt (H) + U Dx (H) + U Dx (H) + U Dx (H ) 

+(u. v) L + (u. v )_f_ + (u . v).t 
H H H 

where 
(total = ((y, t ) + ( ' (x, y , t) 

((y, t) = -Uv 

('(x, y, t) = Vx - Uy 

T x 1 r U r u --a (-) + -a (-) - -(v x -)(3 7) H Y H H YH H H. 

total relative vort icity; 

relative vort icity due to the background current; 

perturbation relative vorticity due to 

t he topographic disturbances in the flow. 
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All the terms of the equation (3. 7) have been calculated for one period of forcing 

(t = 90 - 100 days) at the mid-shelf section, where the standard deviations of the 

offshore flow and along-channel gradients in topography reach their maxima. 

The dominant terms in the averaged (over a period) vorticity balance (Table 1) are 

the alongshore advection of perturbation relative vorticity by the background current 

and the advection of background vorticity by flow disturbances: 

(3.8) 

Therefore, generation of the t ime mean structure of vorticity and, thus, of the time 

mean offshore currents in the basic experiment can not be explained by only the relative 

vorticity response (in (3.8) represented by the first term) as it has been proposed in the 

beginning of section 3.4. 

Table 1. The standard deviation (taken in the along-channel direction) of time mean 
terms in the vorticity balance (3.7) in w- 12m - 1sec- 2 . 

Ot ( §j) Ot ( fi) Uax( f) Uax( fi) f.. Uax(H) 
0.00 0.00 0.00 0.18 1.51 

(il· V)f (il · V)ft (il · V) §j ~; Oy (-if) I...[} ( f!._) H Y H fi(Vx!J) 
1.31 0.03 0.26 0.00 0.00 0.46 

Evolution of terms throughout a period is represented by their along-channel mean 

value with a range given by a standard deviation at each time step (Fig.13,14) . Thus, 

F ig. 13 and 14 show the magnitude of terms in the vorticity equation (3. 7) for a period 

of forcing. Their comparison helps to extract the primary time-dependent balance. In 

order to do that, first, rearrange equation (3. 7) by collecting all the terms representing 

either forcing or damping of perturbation relative vorticity on the right-hand side: 
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Now, note that 

(3.10) 

essentially represents the background current balance. Indeed, a sum of these terms 

calculated based on the model results is approximately zero (Fig. 15a) . Then, observe 

that ( i1 · \7) ft is negligible relative to the other left-hand side t erms and so is U Ox ( ft) in 

comparison with the other forcing terms (Fig. 13) . 

Thus, the primary time dependent balance for the perturbations is: 

(3.11) 

Nonlinearity,(ii· \7)~, and the damping of perturbation relative vorticity, ;1 (\7 x ~),are 

not negligible, although, on average, they are less than any other term. Moreover, the 

standard deviation of their sum (Fig. 15b) is larger than that of either of them taken sepa

rately. Comparison with all the other terms in (3.11) taken together (linearized, inviscid 

balance) depicted in Fig. 15c suggests that nonlinearity acts mainly as an additional 

damping of vorticity in the system. 

The primary balance (3.11) , while much simpler than the full vorticity equation (3.7), 

still describes several distinctive physical mechanisms dependent on the magnitude of 

parameters involved. 

In an attempt to distinguish the dominant processes at the different alongshore scales, 

Fourier analysis of all terms in the equation (3.7) has been carried out assuming that 

the balance holds at every length scale. As a result, an amplitude of each term has been 

calculated at every time step throughout a period of forcing. 

Incidentally, a Fourier decomposition confirms that the background current balance 

(3.10) dominates the vorticity equation at the largest length scale: mode 0 (no alongshore 

variations) . The terms constituting that balance become of secondary importance at all 

other scales and, moreover, still cancel each other out. Therefore, they are excluded from 

the further analysis of the perturbation relative vorticity. 

Overall , for alongshore modes higher than 0, evolution of perturbation vorticity is 

well approximated by equation (3.11). The importance of each term at the different 

scales may be appreciated through a comparison of their time-mean amplitudes plotted 

in Figure 16. 
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First of all, note t hat despite the strong dependence of the amplitude of the topo

graphic irregularities on the along-channel length scale (the x-spectrum of the bumps is 

proportional to ky.2
), the amplitude of t he main forcing term, U Ox ( k), does not vary 

much from one mode to anot her. In other words, the forcing itself does not depend 

on the alongshore scale and, subsequently, any variation of the cross-channel flow is an 

intrinsic feature of the response. The fact that the forcing changes weakly with k could 

be ant icipated from an estimat e of the weighting factor , (1 t· It might be shown that, 

if the streamfunction is used, that factor appears as Hx in the vorticity equation and at 

the any given y = Yo is: 

_ P N (2mr) (2mr ) Hx - H (Yo) · L Lx hn COS Lx X + l.fJn · 
n=l 

Since the amplitude of each topographic mode, hn, is inversely proportional to its number,n, 

the magnitude of this factor does not depend on the alongshore scale: 

P (21r) N (2n1r ) Hx OC H (Yo) LX ];_ COS LX X + l.fJn · 

Thus, the production of vort icity, U Ox ( k), is about the same at all along-channel scales 

equal to or shorter t han 150 km. 

According to the results of the calculation, the forcing produces t hree main kinds of 

adjustment , depending on the alongshore scale (Fig. 16). 

At the long scales, 150 km and 75 km , the leading term is advection of ambient 

vort icity by t he flow disturbances, (it · '7)-if . If the relative vort icity part, (ot + Uox) (~), 

were completely neglected, t he geostrophic balance, which expresses a tendency of flow 

to follow isobaths, results in: 

Uox (~ ) + (it · \l) ~ = (ittotal · \7) ~ ~ 0. 

It is expected then, that at the long scales, the cross-channel flow is close to that which 

is antisymmetric in time at any given point (a property of the geostrophic response) . 

Another ext reme covers scales of 21.4 km (mode 7) and shorter on which the change 

in relative vorticity overwhelms the advection of the background vorticity by the pertur

bations. In the limit of negligible (it · 'V) k such a balance states t he relative vorticity 

response, described in the beginning of the chapter: 
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The main feature of this type of adjustment is generation of the time-mean cross-channel 

flow. 

At the intermediate scales, 50 - 25 km (modes 3-6) , both the relative vorticity and the 

geostrophic terms are of the similar magnitude. Therefore, it is anticipated that at these 

scales, BSW dynamics plays the most noticeable role in a determination of a v-structure. 

3.4.2 Structure of the cross-channel flow at different alongshore 

scales. 

The properties of the cross-channel velocity field generated at different scales by the 

distinct physical mechanisms are demonstrated by results of three numerical experiments 

in which the topographic bumps are represented by an alongshore structure simpler than 

in the basic experiment . 

Short scale ( relative vorticity) response. (Experiment 23.) 

An example of the response on the short scale is given for the case in which the topo

graphic perturbation is a single sinusoid of 10 km wavelength (mode 15) . At this scale 

the evolution of relative vorticity dominates the vort icity balance and the response should 

not be sensitive to the direction of the background flow. Indeed, the time-mean com

ponent, which is negative/positive over the northern/southern flanks of the underwater 

ridges, overwhelms the total cross-channel velocity field (Fig.l7a) . Taken over a period 

and averaged over a channel length the standard deviation of the fluctuating component 

of v does not exceed 20 % of the mean. 

Thus, the short scale response contributes mainly to the mean field and much less t o 

oscillations in time. 

Long scale (geostrophic) response. (Experiment 21. ) 

Results of a numerical experiment in which the bumps are constructed from a sum of 

mode 1 and 2 (alongshore wavelength 150 and 75 km) demonstrat e properties of the long

scale adjustment. A t ime-space diagram of v (Fig.l8a) shows the geostrophic tendency of 

flow to follow isobaths and to produce the antisymmetric (in time) cross-channel current , 
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manifested through the change of sign of v at a given location between the two halves of 

a period: when U > 0 and when U < 0. 

Nevertheless, the v-structure is not perfectly antisymmetric. 

First, t he amplitude of the cross-channel flow is larger when the background current 

is negative, presumably, due to excitation of lee waves. A Fourier analysis of the t ime

means of v taken over two distinct parts of a period, t = 93 - 95 days (quasi-stationary 

regime during no-lee-wave part) and t = 98 - 100 days (quasi-stationary regime during 

lee-wave part) , shows (Fig. 18c) that the difference in amplitude between the two parts 

is considerably larger for the second alongshore mode. Therefore, in this experiment the 

BSW's of the shorter (75 km) wavelength are more efficient in producing the cross-channel 

flow. 

Second, the antisymmetry is disturbed by the along-channel phase shift in the v

structure between the two parts of a period. (To see the shift, compare, for instance, 

the alongshore position of extrema of v during the two distinct parts of a period in 

Figure 18a. Remember that the cross-channel flow switches sign, so that the position 

of a maximum during t = 93- 95 days should be compared with a minimum during 

t = 98- 100 days.) The magnitude of the shift may be estimated through finding a 

lag corresponding to a maximum of the absolute value of the cross-correlation function 

between the above mentioned time-means of v. The correlation coefficient has a maximum 

absolute value when it is negative, -0.98, and the mean taken during the lee-wave phase 

(t = 98- 100 days) is shifted southward by 9.4 km. The origin of the shift is associated 

with influence of friction as explained by Hart (1990}. 

Note that both the difference in amplitude and the along-channel shift in v structure 

produce the non-zero time-averaged offshore flow. In the given case, both factors are 

larger for the wavelength 75 km. Thus, a contribution of this length scale to the time

averaged cross-channel flow is stronger than that of 150 km. 

The time variable component of the offshore current at long scales results mainly from 

the antisymmetric (geostrophic) part of the solution. 

Intermediate scale response (BSW dynamics) . 

On intermediate scales, the terms representing change of the flow due to generation 

of relative vorticity and due to advection of the ambient vorticity are of a similar magni

tude. To demonstrate what kind of cross-channel flow is established from such a type of 
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adjustment, an example with topographic disturbances composed from a sum of modes 

4,5 and 6 (alongshore wavelength of 37.5, 30 and 25 km respectively) is used. 

Again, during the no-lee wave phase, the extrema of cross-channel velocity are found 

over the slopes of the ridges in bottom topography (Fig.19a). Qualitatively, the structure 

of v is in agreement both with the geostrophic tendency of the flow to follow isobaths 

and with an offshore flow originating from the relative vort icity response (when U > 0 

both mechanisms give rise to a v of the same direction). 

During the lee-wave part of a period, t he offshore velocity has a larger amplitude 

(Fig.l9c) . T he largest difference in amplitude between the two means is for mode 4 

(37.5 km wavelength). Thus, t he BSW's produce the cross-channel flow most efficiently 

on the scale 37.5 km, which is t he longest one in this experiment. (In contrast to the 

long scale response, where the largest contribu tion came from the shortest wavelength.) 

In addition, the whole structure is shifted southward in comparison with the no-lee 

wave part of a period. The correlation coefficient between the time-means taken during 

t = 93 - 95 days and t = 98 - 100 days is -0.98 with the lee-wave part being shifted 

southward by 11.3 km. Note that such a distance shift, which is comparable to that 

observed in t he long scale response, translates into an appreciable (in contrast to the 

long scale response) phase shift due to decreased wavelength. 

Both the mean and fluctuating component of the cross-channel circulation at the 

intermediate scales have significant amplitude (Fig.20). Besides, the resemblance of their 

alongshore structure with the v-field during the lee-wave part suggests that a dominant 

role in their determination belongs to the considerably stronger (2-3 times) amplitude 

of v at that stage relative to the no-lee wave part of a period. T hat is, the standard 

deviation of v calculated for a whole period is dominated by the more intensive increase 

of the offshore flow amplitude during the lee-wave part. Again, this is in contrast to the 

long scale response, where the fluctuating component is produced mainly by the change 

of the cross-channel flow direction (rather than change of its amplitude), i.e., by the 

antisymmetric in time (geostrophic) part of the solution. 

The calculation of the mean (over a period) autocorrelation function of the fluctuating 

component of v further supports the dominant importance of lee-waves in the cross

channel velocity structure. The autocorrelation function has a significant maximum of 

0.62 at 37.5 km lag which we recognize as a correlation scale of the oscillating part of the 
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offshore current. Note, that this length coincides with the most energetic scale during 

the lee wave phase of a period. 

Also, note that when the topographic bumps have a more complicated alongshore 

structure, the maximum of the autocorrelation function is not so well established and a 

definition of the alongshore correlation scale becomes obscure. For a comparison of re

sponses between different experiments we adopt an e-folding scale of the autocorrelation 

function as a correlation scale. 

3.4.3 Cross-channel flow in the basic experiment. 

So far we have recognized physically distinct alongshore scales and analyzed how the time

mean and fluctuating components of the cross-channel flow are established at those scales 

taken separately. Next, the offshore velocity is considered in the basic experiment, in 

which the topographic perturbation is represented by a mix of modes 1-15 and , therefore, 

different mechanisms act simultaniously. Then, a discussion of the quasi-geostrophic 

solu tion due to Hart {1990) is provided and, based on Hart's theory, the structure of the 

cross-channel flow in the basic experiment is interpreted. 

A Fourier analysis of the cross-channel flow in the basic experiment shows a differ

ent spectral shape during the no-lee-wave and the lee-wave parts of a period (Fig.21a). 

When U > 0 (no-lee-wave phase, t = 91.5 - 96.5 days) energy of the cross-channel 

flow monotonically increases as alongshore wavelength increases (ignore the amplified 

power at intermediate scales 50 - 25 km (mode 3-6) during t = 91.5 - 93 days as a 

remnant of the lee-wave phase activity). Throughout the lee-wave part (t = 90- 91.5 

and t = 96.5 - 100 days) the offshore velocity spectrum has a maximum at interme

diate scales. Overall, most of the total variance of v is concentrated in the modes 1-6 

(150- 25 km). Observe that at all these scales the amplitude starts to increase as U 

becomes negative. From the beginning (t = 96.5 days) it happens more powerfully at 

50 km wavelength (mode 3). Only during t = 90- 92.5 days the next scale, 37.5 km, 

becomes more energetic. Thus, the lee waves of alongshore scales from 150 km to 25 km 

are excited simultaneously although with a different efficiency in the sense of generating 

a cross-channel flow. 

It follows from the discussion in the previous section that the long-scale modes 1 
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and 2 provide most of their energy to the fluctuating component of v, while modes 

3-6 contribute bot h to the fluctuating and t ime mean parts of the cross-channel flow. 

Figure 2lc shows that , in general, the rat io of the energy of the oscillating component 

of v to the t otal power of v increases with along-channel scale. Nevert heless, the most 

energetic absolute cont ribut ion to the total offshore velocity, to its fluctuating component 

as well as to the t ime mean over a period , is supplied by the alongshore mode 3 (50 km) 

(Fig. 2l b) , which is the most energetic wavelength during the lee-wave phase of a period. 

Is it then possible to recognize t he most energetic scale a priori, i.e., based on t he 

known background current and a structure of the topographic irregularit ies ? And why 

does the spectrum of the cross-channel flow have the shape described above ? 

Here we rely on t he analysis of a similar quasi-geostrophic problem due to Hart 

{1990 ) . He considered an equivalent ,8-plane flow over irregular bot tom topography forced 

by the time-periodic axisymmetric background current in a cylinder. Hart's solution is 

adopted for a case of t he straight channel with a linearly increasing (in y) ambient bottom 

topography. T he background current is sinusoidal in t ime, but in contrast to the basic 

case, is uniform across the channel. 

T hen , the quasi-geostrophic vorticity equat ion can be written in non-dimensional form 

as (Pedlosky, 1981) 

[8t + U(t)8x] \12¢ + .Bc/Jx + El (¢, \12¢) + J (¢, TJB) = -f\12¢- U OxTJB 
f. 

(3.12) 

where'¢ = -U0 ysin (t) + E¢ is the geostrophic streamfunction such t hat '1/Jv = - Utotal, 

'1/Jx = v; the t ime scale is advective t ime U0 / L , U0 is an amplitude of the velocity and 

L is a characteristic horizontal length; ,B is the ambient vor ticity gradient represented 

by t he cross-channel gradient of t he background topography and scaled by a typical 

value of the relative vorticity gradient U0 / L2
; friction acts through an Ekman layer of 

typical t hickness oE: f = ~0 ~, while D is a characteristic depth of the channel; J is a 

J acobian operator. T he topographic per turbation has the same structure as in the basic 

experiment and its magnitude is chosen to be of the order of f. : 778 = Eh0 cos(kx) sin(ly). 

It has been noticed in the previous sections (dicussion after equation (3.11)) that 

nonlinearity in t he basic experiment acts essentially as an addit ional friction. T herefore, 

attent ion is limited to the linearized dynamics. Formally, the t erms of the order of E2 are 
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neglected in (3.12) and the vorticity equation becomes: 

(3.13) 

Similar to Hart, look for solution 

¢ = Re [F(t) sin(ly)eikx] . 

Then, the problem is to find a complex amplitude F from the first order equation: 

dF + f F- i f3k F [1 -~ sin(t)] = -iUok h sin(t) 
dt K2 f3 I K2 K2 o 

(3.14) 

. f3k f3 
where K

2 = k 2 + l2 1s a total wavenumber. Note also, that Wn = K 2 and Cn = K 2 are 

the frequency and phase speed of the topographic Rossby wave. 

After the decaying component, necessary to satisfy the initial conditions, is dropped, 

the solut ion is 

. Uo ( ) !bJs. ZWn - COS t oo · _ 

F( ) __ 2 J<2 I c '\;"' - i.,wf2J ( Uo) 1 sm(vt) v cos(vt) 
t - u 1.0 e n ~ve v Wn 2 2 , 

Wn~ v Cn 1/ + 'Y en 

(3.15) 

where 1 = f- iwn and lv is a Bessel function of order v. In general, the solution exhibits 

quite a complicated time evolution and the reader interested in all the details is referred 

to Hart {1990}. We concentrate on several features important for us and,first of all, on 

evaluat ion of the dependence of amplitude of v on the alongshore wavenumber k. 

The largest (resonant) amplitude ofF occurs for integer values of wn , i.e. , when the 

frequency of the excited topographic Rossby wave corresponds to one of harmonics of the 

fundamental (forcing) frequency. The response is strongest at the fundamental frequency 

and somewhat diminishes for the higher harmonics. In addition, the amplitude of F 

depends also on the ratio Uo/ en, which would determine a resonance if the background 

flow were steady. 

At the resonant frequency, v = Wn =integer number, the amplitude ofF varies as 

If h0 = ho/ k as it is in the basic experiment, then the amplitude of the cross-channel 

velocity changes as 

(3.16) 
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For long alongshore wavelengths (larger than the cross-channel length scale, k/ l < 1) , 

!{2 
rv l2 ' so that: 

Note that l v grows monotonically for argument less than 1. Thus, in the long scale 

limit, the amplitude of the cross-channel flow increases with wavenumber. Physically, 

in this limit, flow follows isobaths and at the same U0 possesses a larger cross-channel 

component for larger curvature of topography, i.e., for shorter alongshore length scale. 

In cont rast, at short along-channel lengths (such that k2 j l2 » 1): 

lvl rv ~;. 

Hence, in this limit, the amplitude of the cross-channel velocity diminishes with k. T hat 

happens due to the fact t hat, as the alongshore scale of the topographic perturbation 

decreases, the water columns become advected over the bumps too quickly, so that they 

do not have enough time t o "feel" t he variation in bottom topography. 

Note that in the amplitude equation (3 .14), these two limits resul t from consideration 

of the ratio Ua/cR: in the short wave limit (relative vorticity response) U0 /cn » 1 and 

advection of relative vorticity dominates; in the long wave limit (geostrophic response) 

Ua/ Cn « 1 and advection of t he background vorticity by the perturbation flow prevails. 

The intermediate scales (BSW response) are t hose for which Ua/ Cn rv 1. Since the 

dynamics at t he intermediate scales contains the features of both limits, namely, lv l 
increases with k at long lengths and decreases at short scales, it is concluded that the 

maximum of the cross-channel amplitude occurs on the intermediate scales. For inst ance, 

Hart (1990) shows that the largest amplitude of the time-averaged solut ion, which is 

directly related to the generation of lee waves, occurs at t he resonant frequencies and at 

U0 /cR = 1 (see Fig. 3 and 4 of Hart, 1990). (Mathematically, one should find a maximum 

of (3.16).) Note, that qualitatively, a dependence of lv l on k described above is consistent 

with the time mean spectrum of the cross-channel flow in the basic experiment . 

Physically, the whole sit uation may be outlined as follows. The topographic Rossby 

waves are excited by the oscillating (in t ime) background current at alongshore wavenum

bers determined by the bottom bumps and at different frequencies, preferentially, at those 

corresponding to harmonics of the fundamental (forcing) period. Consequently, the ex

cited waves have different phase speeds and are advected by the background flow with 
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different velocit ies. T he largest amplitude is obtained by t he waves which have U0 / Cn 

of the order of 1, since they remain stationary when the background current 1) is the 

most powerful comparatively to other parts of a period (more energy available to transfer 

to the wave), and 2) retains this critical value for the longest duration (time derivative 

of the sinusoidal-in-time background current is the lowest, when the flow is close to a 

maximum amplitude) . 

How does this discussion apply to the results of the basic experiment ? 

Consider a BSW dispersion diagram (Fig. 22). It has been shown that parameters 

of the excited waves are controlled by the combination of 1) spatial structure of the 

topographic irregularities, and 2) by the amplitude and frequency of the background flow. 

In the basic experiment, the x-structure of the bumps coincides with that of the BSW's, 

so that the BSW's are generated at the alongshore wavenumbers of the corresponding 

topographic disturbances. The y-structure of bumps, sin (;Y y), favors the excitation 

of the first cross-channel mode of the BSW, e ~Y sin ( ;Y y) . The period of forcing is 

10 days, so that its subsequent harmonics are 5, 3.3, 2.5, 2, .. . days. Note that the resonant 

harmonics are more densely distributed in the upper part of t he dispersion diagram. 

Consequently, the set of t he resonant harmonics is richer (more resonant frequencies 

available at particular k) for the along-channel scales longer than 30 km. 

The last important parameter is the ratio U0 /cn. We take Cn to be a phase speed 

of the first cross-channel mode BSW. A choice of Uo is not well determined since in 

contrast to Hart 's problem, where the background current is uniform across the channel, 

U is y-sheared in the basic experiment. The amplitude of U = U0 varies across the 

channel from about 0 em/ sec near the deep boundary to approximately 25 em/ sec in 

the vicinity of the shallow coast. As a brief study shows (see Appendix 2) , the sheared 

flow affects dispersion characteristics and the cross-channel structure of the BSW in a 

rather complicated manner. For purposes of a simple-as-possible qualitative analysis, it 

is assumed that we can still use a uniform (across the channel) background flow and 

the corresponding y-structure of the BSW. However, the choice of the background flow 

amplitude, U0 , becomes somewhat arbitrary. We select U0 which is of the order of the 

phase velocity of the first cross-channel BSW mode of the most energetic alongshore 

wavelengths (37.5 and 50 km), and observe that such a choice is comparable to the 

amplitude of the background current in the vicinity of the maximum amplitude of the 

36 



main forcing, U8x (-ft ), in the vorticity equation (3.7) . Across the channel, that maximum 

occurs near y corresponding to the midshelf section. Based on this argument , the value 

of U0 in all other experiments is t aken to be equal to the amplitude of t he background 

current at the midshelf section. In the basic experiment U0/ cR is of the order of 1 for the 

first cross-channel mode of the BSW's of 50, 37.5, 30 and 25 km along-channel scale. The 

shorter waves are advected back and forth rather quickly (Uo/ cR is large) and can not 

gain appreciable amplitude. At long scales (150 and 75 km) the energy is gained through 

the quasi-st atic geostrophic-like response and the generation of the cross-channel modes 

higher than the first, so that Uo/ CR rv 1. 

In summary, the most energetic alongshore scale of v in an ideal case is found on 

the BSW dispersion diagram in a point of t he 4 lines crossing: 1) a vertical line corre

sponding to one of the along-channel wavenumbers, kr , present in the x-structure of t he 

bumps; 2) a curve representing first BSW cross-channel mode as t hat which most closely 

corresponds to the cross-channel structure of the bumps; 3) a horizontal line depicting 

one of the resonant harmonics det ermined by the wind period; 4) an inclined straight 

line, U0 k, showing both an amplitude of the advective velocity, U0 , and t he phase speed 

of the BSW and, thus, representing the ratio U0 /cR , which should be approximately 1. 
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Chapter 4 

Dependence of the Offshore Flow Characteristics on 

the Governing Parameters. 

The magnitude and alongshore correlation scale of the t ime-variable offshore current 

( vt) as well as the ratio of amplitudes of the two components (cross- and along-channel) 

of the time dependent flow in the middle of the shelf are of the primary concern in 

this study. In this chapter, their sensitivity to the governing parameters of the model, 

namely, the amplitude and period of the wind, the amplitude and alongshore structure 

of the topographic irregularities, and friction, is discussed. In addition, other parameter 

combinat ions are then considered. 

We estimate the amplitude of the time-variable cross-channel flow by its standard 

deviat ion, O"(vt ), calculated for each point for a period of forcing and then averaged 

along the channel. Accordingly, the ratio of amplitudes of the two components of the 

time-dependent flow ( ut and vt) is evaluated by the ratio of their standard deviations, 

O"(vt)/O"(ut) . Note that the amplitude of the alongshore velocity corresponds essentially 

to a standard deviation of the background flow. Finally, the alongshore correlation 

scale of vt is measured by the e-folding scale of its mean (over a period) along-channel 

autocorrelation function. 

4.1 Dependence on the wind amplitude. (Experiments 24,25). 

A variation of the wind amplitude causes a change in the amplitude of the background 

current, U0 • As equation (3.4) shows, Uo ex r 1 . 

The response of the cross-channel flow to modification in U0 is twofold. 

39 



First, not surprisingly, an enhanced ambient flow produces proportionally larger cross

channel flow. Mathematically, this follows from (3.16) where non-dimensional lvl should 

be multiplied by U0 in order to receive a dimensional value. Hence, the amplitude of v 

depends linearly on U0 • Indeed, the results of experiments show that the time-dependent 

cross-channel flow increases with the background current (Fig. 23a). T he rate of increase 

varies across the channel but, in agreement with an estimate based on quasi-geostrophic 

theory, t he rate of change of the time dependent cross-channel flow with U0 is approxi

mately constant (linear dependence) in the middle of the shelf (y = 10 - 30 km), where 

vt reaches maximum magnitude. 

Second, by affecting the ratio Uo/ en, a variation in t he amplitude of the background 

current influences the distribution of energy of vt between the alongshore scales and, 

thus, the alongshore correlation scale. For instance, if the two limits (short and long 

wavelength) are reached for some fixed values of U0 /cn, then the ranges of the along

shore wavenumbers for which these limits hold are dependent on U0 and shift toward 

smaller(larger) k as U0 increases( decreases), since Uo ex U0 e. Similarly, the along-
en 

channel wavelength containing most of the cross-channel flow energy increases with U0 

since Uo = 1 for larger en, i.e., for smaller k. Therefore, it is expected that t he along-
en 

shore correlation scale of the cross-channel flow increases as the background flow becomes 

stronger. The rate of the alongshore scale increase, again, can be estimated from the fact 

that for some particular value of U0 / Cn, 

The results of the experiments 24,25 (Fig. 23c) are consistent with the statement 

about the increase of the vt along-channel correlation scale and, to some extent, support 

the estimated rate of that increase. 

Finally, F igure 23b demonstrates that in the middle of the shelf (y = 10 -30 km) the 

ratio of amplitudes of the time-variable cross- and along-channel components is of the 

order of 10-20 % for T 0 = 0.5 · 10-4 m 2 
/ sec2 and diminishes with increasing T0 . As we 

have seen, a stronger wind forces both along- and cross-channel flow of larger amplitude. 

Apparently (since e7(vt)/e7(ut) diminishes with T0 ), the rate of increase is larger for the 

time-dependent alongshore component. 
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4.2 Dependence on the wind period. (Experiments 1-5). 

A variation in t he wind period is associated with a change of both the frequency and the 

amplitude of the background current. 

The effect of Uo has been considered above. In agreement with that discussion, the am

plitude of vt increases with the period of wind (Fig. 24a) since U0 also becomes stronger. 

The increase is not linear though, due to non-linear dependence of the background flow 

amplitude on the wind frequency in equation (3.4). 

Again, in the middle of the shelf (y = 10 - 30 km), the amplitude of vt diminishes 

relative tout as Uo becomes larger, i.e., as the wind period increases (Fig. 24b). 

The alongshore correlation scale of vt increases (Fig. 24c) as the wind period varies 

from 5 to 20 days in accordance with the growth of U0 . However, that scale diminishes 

as the wind period increases from 2 to 5 days while U0 still becomes stronger. 

Such a behaviour of the alongshore correlation scale is related to the fact that, besides 

the effect of increase in amplitude of the ambient current, a change of the wind period 

restructures the set of the resonant harmonics. A dispersion diagram (Fig. 22) shows that 

as the frequency of forcing increases, the range of alongshore wavenumbers, for which a 

resonance is possible, narrows. Clearly, a decrease of the fundamental period from 20 to 

5 days is associated with a cut off of the BSW's of short alongshore lengths, which are 

not important in the response anyway due to large values of U0 / Cn for them. Hence, in 

this period range, the tendency in the a longshore correlation scale is determined by the 

change of Uo and, in particular, by the decrease of the most energetic (in t erms of v) 

scale, described by k ex: ~- However, further decrease of the wind period (from 5 

to 2 days) cuts off waves of all alongshore scales shorter than 50 km and, among them, 

those with Uo ,......, 1 (most energetic otherwise). Essentially, the response becomes made 
Cn 

of just longer waves and the correlation scale increases. 

Thus, as long as the along-channel scales for which Uo "" 1 remain within a range of 
Cn 

wavenumbers available for response, despite the decrease of the wind period (for instance, 

from 20 to 5 days), the alongshore correlation scale diminishes (since Uo diminishes and 
u 
_!!_ ,......, 1 for larger k) . Otherwise, a decrease of the wind period (for instance, from 5 to 
Cn 
2 days) causes an increase in alongshore correlation scale of the cross-channel flow. 

One more observation. On the dispersion diagram we consider a forcing frequency,wp, 

as the lowest possible for the response, and the highest frequency, WA , corresponding to 
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that of intersection of the U0 k with the vertical k = kr and the first cross-channel mode 

curve, as a Doppler shift of the possibly excited BSW. These two frequencies characterize 

the rate of local change and the strength of the alongshore advection, respectively. As 

long as w F is of the order of w A or less, lee waves can be efficiently generated and dominate 

the response. However, when Wp is much larger than WA (as in experiment with 2 days 

period , for instance) lee waves can not be formed. The dynamics is completely linear, 

i.e., even the background current- perturbation flow interaction is unimportant. In that 

sense, this, say, high-frequency limit is similar to the long wavelength limit. 

F inally, we note that the similar dependence of the cross-channel flow characteristics 

on the wind period is observed also in experiments with other, larger , values of h0 , the 

amplitude of the topographic irregularities (experiments 6-15) ,suggesting that dispersion 

properties of the BSWs, in particular, the narrowing of the alongshore wavenumber range 

with decreasing period and growth of Cn with decrease of k, are qualitatively the same 

for the inspected values of h0 • 

4.3 Dependence on friction. (Experiments 16-20). 

The dependence of the characteristics of vt on the friction is tested for different periods 

by making simulations with a decreased value of the friction coefficient relative to the 

basic case. We have chosen a new value of r- = 1.5 · 10-4m/ sec which is a half of the 

basic one. 

The results for all five periods qualitatively are the same, so that we discuss them 

only for the basic period, T = 10 days. 

In essence, the dependence is determined by the variation of U0 . As the friction 

diminishes, U0 becomes larger. Then, in agreement with an increase of U0 , the amplitude 

and the alongshore correlation scale of vt grow (Fig. 25 a,c). 

The ratio CJ(vt)/CJ(ut) is about 10 - 20 % in the middle of the shelf and does not 

change considerably between the two values of r (Fig. 25 b). 
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4.4 Dependence on amplitude of the bumps. (Experiments 

1-15). 

In order to study the dependence of the cross-channel flow characteristics on the bump 

amplitude (h0 ), in addition to simulations 1-5 in which the basic value of ho = 11.4 m 

has been used, experiments 6-10 have been run with h0 = 30 m and experiments 11-15 

with h0 = 45 m. 

Again, the dependence is qualitatively the same at all tested wind periods. Therefore, 

attention is limited to experiments with the basic wind period, T = 10 days . 

Hart's quasi-geostrophic theory implies that the amplitude of the cross-channel flow 

linearly depends on the amplitude of the bumps (see equation (3.16)). Our results show 

(Fig. 26 a) that , indeed, the magnitude of vt increases with h0 , although the functional 

dependence is not linear, presumably, due to the non-quasi-geostrophic effects. 

Since the background flow, which dominates the variation of the along-channel cur

rent, is the same in these experiments, while the amplitude of the cross-channel flow 

grows with h0 , the ra tio CJ(vt)/CJ(ut) increases with ho and becomes about 0.3-0.6 in the 

middle of the shelf (Fig. 26 b). Moreover, the ratio reaches values larger than 1 for the 

wind periods of 2 and 5 days. 

The alongshore correlation scale of vt somewhat decreases with h0 (Fig. 26 c), demon

strating that relatively more energy is contained at shorter alongshore scales. Probably, 

an increase of h0 affects the ratio U0 / Cn for a given wavenumber k. First, as h0 becomes 

larger , t he time mean background flow intensifies ( H aidvogel and B rink, 1986). Ac

cordingly, t he amplitude of the time dependent flow, U0 , diminishes and Uo/ Cn becomes 

approximately 1 for a smaller k. Second, possibly, the topographic bumps of large am

plitude may affect the dispersive properties of the BSWs so that for a given k the waves 

become faster as h0 increases causing the necessary change in Uo/ en . (We did not elabo

rate on this. For instance, Brink, 1980 studied t he influences of topographic irregularities 

on dispersive properties of the BSW, addressing the problem of t he BSW scattering by 

the bottom bumps. His calculations show that the BSW dispersion characteristics and, 

in particular, their phase speed change linearly with h0 . ) 
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4.5 Sensitivity to the spectral shape of the bumps alongshore 

structure. (Experiment 26). 

In experiment 26 a different spectral shape of the alongshore structure of t he topographic 

irregularities (kr3 instead of t he kr 2 in the basic case) is used. The total variance of the 

bumps is preserved, so that the amplitude of the topographic disturbances of the first 

alongshore mode (150 km wavelength) is amplified while at all other scales the amplitude 

is decreased. 

Accordingly, t he alongshore correlation scale of vt increases (Fig. 27 c), i. e., larger 

portion of t he fluctuating cross-channel flow energy is contained in the long x-scales. 

Meanwhile, the amplit ude of the time dependent offshore current decreases (Fig. 27 

a) indicating that vt is produced less effectively on the larger alongshore scales, presum

ably, due to less effective generation of lee waves. 

4.6 Sensitivity to a non-monochromatic wind spectrum. (Ex

periments 27,28). 

Two frequency wind. 

In experiment 27 the idealization of monochromatic wind spectra is relaxed and the 

wind t ime dependence is represented by two frequency components of different ampli

t udes: 75 % of the wind energy is supplied by the 14 days period and 25% by t he 

4 days period. The total wind stress variance is the same as in the experiment 4 with 

monochromatic (14 days period) wind. (Results of experiment 4 are used for comparison 

here.) 

T he studied characteristics of the cross-channel flow remain almost unchanged relative 

to the monochromatic wind. Note although, that standard deviation of vt somewhat 

decreases and correlation scale slightly increases in the two-frequency case (Fig. 28 a,c) . 

Why does t his happen ? 

Apparently, the amplitude of U0 , corresponding to 14 days period, decreases from 

about 25 em/ sec to about 20 em/ sec as a result of providing less wind energy at t his 

frequency. T he decrease in U0 is associated with diminishing of t he amplitude of the 

resulting cross-channel flow and of the alongshore correlation scale. Meantime, by sup

plying a portion of the energy at a shorter ( 4 days) period, we completely "cut off" the 
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alongshore wavelengths smaller than about 20 km from those available for response. As 

a result, the correlation scale should increase. In addition, Uo produced from the input 

of 25% of the wind energy through the 4 days period is rather small (about 3.5 em/sec), 

so that lee waves are generated inefficiently and the vt amplitude decreases. 

A combination of these two effects, as results show, amounts to the decrease in the 

cross-channel flow amplitude and increase of its correlation scale. 

Real wind. 

In experiment 28 the low-frequency wind stress data (with time-mean subtracted) 

for 120 days of observations from the CODE-2 are used to force the circulation in the 

channel with the geometry the same as in the basic experiment. The main purpose of this 

experiment is to see the quantitative characteristics of the cross-channel flow resulted from 

application of the real wind and, in particular, with a continuous spectrum of frequencies. 

The last 40 days of the wind stress time series, along with the x-averaged along-channel 

flow component , which can be used as the background current estimate, are depicted in 

Figure 29. Note, that relative to the wind stress, the amplitude of approximately 2 days 

period oscillations of Ux is smaller, so that a larger portion of the Ux energy is contained 

in longer periods (roughly, 5 - 20 days ). It follows from the previous analysis, that for 

such periods the amplitude of the background flow plays a decisive role in determining 

the magnitude and the correlation scale of the cross-channel flow. In this experiment , Ux 

is about 35 em/ sec and of the other simulations is closest to experiment 25 with wind 

period 10 days and the amplitude 2 · 10- 4m2
/ sec2 . Presumably, due to this reason all 

the characteristics of vt are quite similar in these two experiments (compare Figure 30 

with Figure 23). 

4. 7 Addition of non-zero time mean wind. (Experiments 29,30). 

Experiments 29,30 were carried out with the wind containing non-zero t ime mean and 

oscillations with a 10 day period. The total wind stress variance, again, was the same as 

in the basic experiment. The time mean wind supplied 3/4 of the total energy while the 

oscillations accounted for 1/ 4 of the total energy. Calculations were made for 140 days 

and the results are provided for the last 20 days when the circulation in the middle of 

the shelf did not change noticably between consecutive two periods of forcing. 

A negative time mean component of wind (experiment 29) favors the excitation of 
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lee waves. Consequently, a vigorous time mean cross-channel circulation develops which 

can be seen in the t- x diagram of the total offshore velocity (Fig. 31a). Averaged in 

time and along the channel, the alongshore flow is about 21 em/ sec on the mid-shelf 

section. Then, according to the BSW dispersion diagram (Fig. 22), lee waves of the first 

cross-channel mode have alongshore scales 37.5 and 50 km. Figure 31a suggests that 

the alongshore scale of the total cross-channel flow is comparable to that estimate. 

The t- x diagram of the fluctuating component of v (Fig. 31 b) reveals quite a regular 

pattern: the positive and negative "cells" 1) are of approximately the same amplitude, 

2) alternate in time following oscillations in the background flow and 3) have along

channel scale coincident with that of the total cross-channel flow. In fact, the mean 

autocorrelation function of vt (Fig. 32) has a well determined maximum at 40.6 km 

which can be regarded as the alongshore scale of the time dependent cross-channel flow 

and is consistent with the estimate of the x-scale of the excited lee waves. 

A careful comparison of the two t- x diagrams, for the total cross-channel flow and for 

its time dependent component (Fig. 31a,b) , shows that anomalies of v are situated at the 

along-channel locations where the offshore flow changes sign. In essence, these locations 

correspond to the centers (or axes) of the positive or negative topographic vortices (or 

meanders in vorticity field). In the background flow which opposes to propagation of the 

BSW's, the vortices are shifted sout hward relative to topography as has been described 

by Hart {1990} and mentioned in the discussion of the long scale response (section 3.4.2). 

For a fixed value of friction, the shift is larger (smaller) for a stronger (weaker) southward 

background current, so that the posit ion of the vorticies undulates and gives rise to the 

oscillations in cross-channel flow. 

If the mean wind is positive (Experiment 30), lee waves do not form. As a result, the 

cross-shelf currents are much weaker (Figure 33a) than that caused by the negative time 

mean wind. The magnitude of the fluctuating component of v is essentially negligible 

(Figure 33b). In essence, the results of this experiment, once again demonstrate the 

importance of lee waves in the generation of cross-channel flow of considerable amplitude. 
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Chapter 5 

Conclusions. 

The goal of this study was to explore the physics and to obtain quant itative characteristics 

of topographic influencies on t ime dependent wind-driven offshore flow. 

First, we analyzed the results of the basic experiment to clarify what kind of physics 

determines the response in the system as a whole and, then, at the different alongshore 

scales. It has been shown that the long scale (geostrophic) response contributes mostly 

to the time dependent component of v and is relevant for the 150 and 75 km alongshore 

scales in the basic experiment. In contrast, the adjustment at short scales is due to 

changes in the relative vorticity of water columns advected over a rough bottom and 

gives rise mainly to the time mean cross-channel flow. In the model, the short scale 

response takes place at alongshore lengths smaller than , approximately, 20 km. In most 

cases, the portion of the offshore flow generated at the short scales is negligible. As a rule, 

the most energetic cross-channel currents are produced at intermediate scales (25- 50 km 

in the model) due to efficient excitation of lee waves. 

An analysis of the vorticity equation revealed some similarity of the problem at hand 

to a quasi-geostrophic model studied by Hart (1 990}. Hart's solution has been adopted 

and allowed fruitful diagnostic application to the BSW dispersion diagram to determine 

the separation of different scales and to interpret the results of the model experiments. 

Summarizing, the topographic irregularities establish a " potential" spatial structure of 

t he response (first cross-channel mode BSW's with the alongshore wavenumbers corre

sponding to kT) which is finally chosen by the wind-driven background current . The 

wind stress determines t he period and amplitude of U, which, in turn , sets t he resonant 

harmonics and the most energetic alongshore scale of vt that usually, but not necessarily 
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always, corresponds to the wavelength at which Uo/ Cn = 1. In essence, the separation of 

scales into long, short and intermediate is based on comparison of the magnitude of the 

geostrophic term (advection of the background vorticity by perturbation flow) with the 

change in relative vorticity which is established by the rat io Uo/ en: 

Uo « 1 determines the long scale (geostrophic) limit at which the amplitude of v in
en 

creases with k. Almost all energy of vat these scales is in the fluctuating component 

of the cross-shelf velocity and this contribution is rather substantial. 

Uo ~ 1 corresponds to the short scale (relative vorticity) limit with amplitude of v 
Cn 

diminishing with k . These scales contribute mainly to the time mean component 

of v. Our calculations show that the amplitude of v at these scales is negligible. 

Uo rv 1 characterizes the intermediate scales where lee wave dynamics is most pro
en 

nounced. The most energetic alongshore scale of v is found in the vicinity of 

Uo/ Cn = 1 and has the largest contribution both to the time mean and fluctuating 

component of the cross-channel flow. 

Analysis of the basic experiment shows that lee waves were effectively excited at the 

length scale ranging from approximately 25 to 50 km. Then, with U0 ~ 20 em/ sec, the 

intermediate scales are determined by, roughly, 0.3 :::; Uo :::; 3. 
c 

In general, the magnitude of the time variable off~ore current increases with the 

wind amplitude and period , with decreasing friction (in essence, due to growth in the 

background flow amplitude in all three cases) and with increasing amplitude of the topo

graphic irregularities. The largest value of vt, about 5.5 em/ sec, among all simulations, 

was reached in experiment 15 with ho = 45 m (more than 50% of the mean depth) and 

the wind period 20 days. (For comparison, Martell and Allen (1979), using digitized 

topographic data for the Oregon shelf from Peffley and 0 'B rien {1976 ), calculated an 

amplitude of approximately 40 m for the alongshore wavelength about 30 km and mean 

depth 100 m.) In this experiment and in an experiment with h0 = 30 m, vt constituted 

40 - 60% of the alongshore current amplitude in the middle of the shelf, indicating the 

possibility of generation of considerable temporally varying offshore flow due to irregu

lar bottom topography. In most of the experiments, however, the ratio O'(vt)/O"(ut) was 

10-20% with exception of the higher values, 20-30%, for the shortest period of forcing, 

T = 2 days, when the alongshore current is rather weak. 
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The along-channel correlation scale of vt, determined as an e-folding distance of its 

autocorrelation function, varied between about 5.5 km (experiment 24, small wind am

plitude) and 11 km (experiment 26, spectrum of the bumps varies as k:;,3
) . Again, 

for comparison, D ever (1995 ), using velocity observations over the Northern California 

shelf, estimates the correlation scale of the time variable cross-shelf current between 4 

and 30 km. In addition, he finds some support for a stat ement that the larger of those 

scales, 15 - 30 km, is determined by the corresponding spatial wind variations. He left 

smaller correlation scales unexplained. 

Experiment 29, with non-zero negative mean wind included, as well as experiments 

with simple structure of the topographic irregularities, demonstrate that in certain cir

cumstances, the vt autocorrelation function can exhibit a well-determined maximum close 

to the most energetic alongshore scale of vt . However, if t he energy of the cross-channel 

flow spreads out between several alongshore lengths, the secondary maximum of the 

autocorrelation function becomes insignificant or disappears . 

Dependence of the characteristics of the time variable offshore current on several 

governing parameters has been considered. 

We emphasize that our results, obtained for a continuum of bottom bumps, supple

ment, rather than oppose, results that consider the influences of isolated topographic 

features on the flow (e.g., among coastal studies: Martell and Allen, 1919; Wilkin and 

Chapman, 1990; in general circulation: Thompson, 1990) . For example, our results are 

hardly applicable to the Coastal Ocean Dynamics Experiment (CODE), the site for which 

(Fig. 34) was chosen, among other reasons, due to relatively straight (in the alongshore 

direction) bottom topography. Meanwhile, the abrupt changes in the coast line orienta

tion and in the bottom topography evident both to the South and to the North of the 

CODE area can be interpreted as isolated topographic features. T he length scale of the 

influence of such a feature depends, in part icular, on t he size of the feature itself and 

on the fric tional decay scale. In a quasi-geostrophic case, assuming that the dDnamics 

is dominated by a resonant lee wave, the wavelength corresponds to L 2 = Uo b . The 
fHY 

frictional scale, Lf , comes from assumption that f = 1 in (3. 12) . Then L f = ~o ~, 
Hb 

or Lf = 
6
; L2

. For t he representative values of 6E "" 10 m, L f ranges from 10 km 

(Hi rv 10- 3
, L "" 10 km) to about 300 km (Hi rv 10-2 , L rv 100 km) showing that 
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disturbances excited by an isolated topographic feature can play a noticeable role in the 

dynamics of quite distant regions. 

In addition, it is not well understood how the results might change in the presence 

of stratification. For instance, Samelson and Allen (1987} note that a typical N, the 

Brunt-VaisaJa frequency, over the shelf ranges from 10- 3 to 5 · 10- 2sec1 . Then the 

vertical decay scale of linear bottom-trapped disturbances estimated as ~ even for the 

shortest wavelength considered here (10 km) and N = 5 ·10- 2sec-1 is 200 m. Therefore, 

in this sense, the barotropic analysis may not be a bad approximation especially for 

depths shallower than 200 m and/or weaker stratification. On the other hand, however, 

the dispersion properties of the Coastally Trapped waves differ from those of BSW's 

quantitatively and, for strong stratification, even qualitatively (e.g., Chapman, 1983) 

so that, for instance, the generation of lee waves may not be possible at all. Also, in 

the presence of stratification, new possibilities arise for instabilities to develop. Then the 

results of the barotropic analysis presented here can be strongly affected by stratification. 
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Appendix 1. Governing parameters in numerical 
experiments. 

Wind Wind stress Bumps Alongshore Alongshore Friction 

period, amplitude, amplitude, wavenumbers spectrum coeff. 

days 10-4 m 2 sec- 2 h0 , m in bumps of bumps r , m · sec-1 

1 2 1 11.4 1-15 k -2 3. 10- 4 

2 5 1 11.4 1-15 k- 2 3. 10- 4 

3 10 1 11.4 1-15 k-2 3. 10-4 

4 14 1 11.4 1-15 k-2 3. 10-4 

5 20 1 11.4 1-15 k-2 3. 10-4 

6 2 1 30 1-15 k-2 3. 10- 4 

7 5 1 30 1-15 k -2 3. 10- 4 

8 10 1 30 1-15 k-2 3. 10- 4 

9 14 1 30 1-15 k-2 3. 10- 4 

10 20 1 30 1-15 k-2 3 . 10- 4 

11 2 1 45 1-15 k-2 3. 10- 4 

12 5 1 45 1-15 k-2 3. 10- 4 

13 10 1 45 1-15 k-2 3. 10- 4 

14 14 1 45 1-15 k-2 3. 10- 4 

15 20 1 45 1-15 k- 2 3. 10- 4 

16 2 1 11.4 1-15 k-2 1.5 . 10- 4 

17 5 1 11.4 1-15 k-2 1.5. 10- 4 

18 10 1 11.4 1-15 k-2 1.5. 10-4 

19 14 1 11.4 1-15 k-2 1.5. 10- 4 

20 20 1 11.4 1-15 k-2 1.5. 10- 4 

21 10 1 11.4 1,2 k -2 3. 10-4 

22 10 1 11.4 4-6 k -2 3. 10-4 

23 10 1 30 15 3. 10- 4 

24 10 0.5 11.4 1-15 k-2 3. 10- 4 

25 10 2 11.4 1-15 k -2 3. 10-4 

26 10 1 11.4 1-15 k-3 3. 10- 4 

27 4, 14 1/4, 3/4 of total energy 11.4 1-15 k-2 3. 10- 4 

28 CODE-2 rms 1.25 11.4 1-15 k-2 3 . 10- 4 

29 negative mean ,10 3/ 4, 1/4 of total energy 11.4 1-15 k -2 3 . 10- 4 

30 positive mean,10 3/4, 1/4 of total energy 11.4 1-15 k-2 3. 10- 4 

53 



54 



Appendix 2. Influence of a steady sheared 
background flow on the BSW 
dispersion characteristics. 

Consider a problem of BSW interaction with a steady nonuniform (across t he channel) 

background current over an exponential bottom topography. The vorticity equation for 

the free, inviscid BSW can be written as: 

[ (' l [!+(] [8t + U(y)ox] Hb(y) + v Hb(y) Y = 0, (Al) 

where ( and ( ' are t he background and perturbation relative vorticity respectively (as 

in equation (3.7)). Int roduce a streamfunction , '1/Jy = - uHb , '1/Jx = vHb, and look for a 

harmonic solution: '1/J(x , y , t) = ¢(y)eik(x-ct)_ Then, t he vorticity equation (Al ) becomes: 

[ H~ ~2 l [ ( H~] -[U(y) - c] cPyy- c/Jy Hb - k ¢ + ¢ -Uyy- f- Uy) Hb - 0, (A2) 

which may be written as 

[U(y)- c] q' + ¢qy = 0. (A3) 

where q and q' are the background and perturbation tot al vorticity respectively, and 

solved numerically. 

This is a standard normal mode barotropic instability problem. For some typical shelf 

conditions it has been solved analytically by Tareev {1971) . We calculated t he phase 

speed and the structure of the normal modes for several y-profiles of the background 

current U(y) determined by equation (3.4) corresponding to some part icular t ime. First 

of a ll , it turned out that the necessary condition for instability to occur, qy = 0 wit hin a 

channel, is not satisfied , so that the waves generat ed by the present sheared background 

flow are stable. 

Two examples of the BSW dispersion diagram for the first 5 cross-channel modes are 

depicted in Figure A.l for U(y) at t = 3.9 days and t = 8.9 days when an averaged (across 

t he channel) ambient current reaches its maximum (no-lee-wave phase) and minimum 

(lee-wave phase) respectively. For comparison , the dispersion diagrams of BSW's in a 

uniform ambient flow (y-averaged value of U(y) is used) are shown. Clearly, t he frequency 

(and so phase speed) of t he BSW's increases in a sheared background flow no matter what 
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sense of that shear is, positive or negat ive. The shear itself does not significant ly affect 

a magnitude of the ambient vorticity gradient : t erms Uyy and u/fft are at least an order 

of magnitude less than J;ft. Rather, a structure of the normal modes changes depending 

on the shape of the shear and allows them to select a virtual advective velocity which 

is different from that averaged across the channel. That choice becomes an intrinsic 

property of the system once a background current profile is provided. 

However , in a time variable background flow like that determined by (3.4) the shear 

constantly evolves throughout a period and so does the structure of the normal modes. 

Then, it is unclear whether is it possible to apply an analysis similar to that in Section 

3.4.3 which is based on assumption of the uniform background current and uses the 

property that the cross-channel structure of the BSW does not depend on U. 

56 



57 



References 

Battistiti, D.S., and B .M. Hickey, 1984. Application ofremote wind-forced coastal 

trapped wave theory to the Oregon and Washington coasts. J. Phys. Oceanogr., 

14, 887-903. 

Brink, K .H. , 1980. Propagation of barotropic continental shels waves over irregular 

bottom topography. J. Phys. Oceanogr., 10, 765-778. 

Brink, K.H., J.H. LaCasce, and J.D. Irish, 1994. The effect of short-scale wind 

variations on shelf currents. J. Geophys. Res., 99, 3305-3315. 

Chapman, D.C., 1983. On the influence of stratification and continental shelf and 

slope topography on the dispersion of subinertial coastally trapped waves. J. Geo

phys. R es., 13, 1641-1652. 

Chapman, D.C., 1987. Application of wind-forced, long, coastal-trapped wave theory 

along t he California coast. J. Geophys. R es., 92, 1798-1816. 

Charney, J .G., and J.G. DeVore, 1979. Multiple flow equilibria in the atmosphere 

and blocking. J. Atmos. Sci., 36, 1205-1216. 

Dever, E.P., 1995. Subtidal cross-shelf circulation on the Northern California shelf. 

Ph.D. dissertation, Joint Program in Oceanography/ Applied Ocean Science and 

Engineering, Massachusetts Institute of Technology, Cambridge, Mass., Woods Hole 

Oceanographic Instit ution, Woods Hole, Mass., 157 pp. 

Gill, A .E., and E.H. Schumann, 1974. The generation of long shelf waves by wind. 

J. Phys. Oceanogr. , 4, 83-90. 

Haidvogel, D.B., and K.H. Brink, 1986. Mean currents driven by topographic drag 

over the continental shelf and slope. J. Phys. Oceanogr., 16, 2159-2172. 

Haidvogel, D.B., J .L. Wilkin, and R. Young, 1991. A Semi-spectral primit ive equa

tion ocean circulation model using vertical sigma and orthogonal curvilinear hori

zontal coordinates. J. Comput. Phys., 94, 151-185. 

58 



Hart, J .E. , 1979. Barotropic quasi-geostrophic flow over anisotropic mountains. J. 

Atmos. Sci. , 36, 1736-1746. 

Hart, J .E., 1990. On oscillatory flow over topography in a rotating fluid. J. Fluid 

Mech. , 67, 437-455. 

Hedstrom, K .S., 1994. User 's manual for a Semi-spectral primitive equation ocean 

circulation model. Version 3.9. Tech. Rep. #93-23, Institute of Marine and 

Coastal Sciences, Rutgers University, 131 pp. 

Lentz, S.J . , 1987. A description of the 1981 and 1982 spring transitions over the North

ern California shelf. J. Geophys. Res., 92, 1545-1567. 

Martell, C .M., and J.S. Allen, 1979. The generat ion of continental shelf waves by 

alongshore variations in bottom topography. J. Phys. Oceanogr., 9, 696-711. 

Mitchum, G.T., and A.J. Clarke, 1986. Evaluation of frictional, wind forced long 

wave t heory on the West F lorida shelf. J. Phys. Oceanogr. , 16, 1029-1037. 

Pedlosky, J ., 1981. Resonant topographic waves in barotropic and baroclinic flows. J. 

Atmos. Sci., 12, 2626-2641. 

Pedlosky, J ., 1987. Geophysical fluid dynamics. Springer-Verlag, 710pp. 

Peffley, M.B., and J .J. O'Brien, 1976. A three-dimensional simulation of coastal up

welling off Oregon. J. Phys. Oceanogr., 6, 164-180. 

Rambaldi, S., and G.R. Flierl, 1981. Form drag instability and multiple equilibria 

in the barotropic case. Il Nuovo Cimento, 6, 505-522. 

Samelson, R.M., and J .S. Allen,1987. Quasi-geostrophic topographically generated 

mean flow over a continental margin. J. Phys. Oceanogr., 17, 2043-2064. 

Tareev, B.A., 1971. Gradient-vorticity waves on the continental shelf. Izv. Akad. 

Nauk SSSR, Fiz. Atmos. Okeana, 7, 431-436 (in Russian). 

Wilkin, J.L., and D.C. Chapman, 1990. Scattering of coastal-t rapped waves by ir

regularities in coastline and topography. J. Phys. Oceanogr., 20, 396-421. 

59 



Winant, C.D., 1983. Longshore coherence of currents on the Southern California shelf 

during the summer. J. Phys. Ocean ogr., 13, 54-64. 

60 



61 



List of Figures. 

Figure 1. A sket ch depicting the coastal channel geometry. (From H aid vogel and Brink, 

1986.) 

Figure 2. (a) Bottom topography (m) in the channel with parameters corresponding to 

the Basic experiment (3). Dashed lines depict sect ions in the mid-shelf and near 

the deep boundary where dat a have been collect ed ; (b) ratio of the t opographic 

disturbance to t he background depth (%). 

Figure 3. Evolut ion of the st reamfunction field through a period of forcing: (a) t = 

90 days; (b) t = 93 days; (c) t = 95 days; (d) t = 98 days. Solid lines correspond 

to posit ive values; dashed lines- to negative values. (Basic experiment.) 

Figure 4 . Alongshore flow on t he mid-shelf sect ion for a period of forcing (em/ sec) . 

Solid lines correspond to posit ive values; dashed lines - to negative values; dotted 

lines - to 0 em/ sec; dash-dot lines - to axes of the most pronounced topographic 

ridges or canyons. The same is t rue for other t - x diagrams, unless otherwise 

stat ed. (Basic experiment. ) 

Figure 5 . Cross-channel flow (em/ sec) in the deep part of the channel, depth about 

2000 m . (Basic experiment .) 

Figure 6. (a) Cross-channel flow (em/sec) in the middle of the shelf. (b) F luctuating 

component of the cross-channel flow (total - t ime mean) at t he same location . 

(Basic experiment .) 

Figure 7. F low components (cmjsec) on the mid-shelf section at x =50 km: (a) cross

channel current ; (b) along-channel current . Dashed line corresponds to t he back

ground current. (Basic experiment .) 

Figure 8. (a) Time-mean alongshore currents (em/ sec); (b) standard deviation of along

shore currents (em/sec). (Basic experiment .) 

Figure 9 . Difference between t he tot al alongshore flow and the background current 

(em/sec) in the middle of t he shelf. (Basic experiment .) 
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Figure 10. (a) Components of averaged (over a period and over the channel) x-momentum 

balance (10- 4m 2 j sec2
) . Terms of the averaged along the channel x-momentum bal

ance (10- 3m 2/sec2
): (b)H¢/, (c) rUX, (d) %Y(Huvt, (e) (Hu)t, (Basic experi

ment.) 

Figure 11. (a) Mean over a period offshore currents (em/sec); (b) standard deviation 

of cross-channel currents (em/ sec) . (Basic experiment.) 

Figure 12. Sketchs of the relative vorticity response with (a) positive and (b) negative 

background flow; and of the geostrophic response with (c) positive and (d) negative 

background flow. 

Figure 13. Mean (over the channel length) with a range given by± standard deviation 

terms in the vorticity balance (3. 7) at the mid-shelf section for one period of forc

ing: (a)8t(~), (b)8t(ff), (c)Uox(fi) , (d)Uox(~) , (e)Uox(-/i) , (f)(u · 'V)ff. (Basic 

experiment.) 

Figure 14. The same as in Figure 13 but for (a)(u · 'V)~ , (b) (u · 'V)-fi , (c)~oy(~), 

(d):fJoy(~ ), (e) ~('V x ~), (f)imbalance. 

Figure 15. The same as in Figure 13 but for different physically meaningful combina

tions of terms: ( a)the background current balance (3.10), (b )the balance associated 

with linear, non-viscous interaction of the background current with perturbation 

flow and topographic disturbances: (8t + Uox)(~) + (u · 'V )-/i = -Uox(fi) , (c)sum 

of non-linear term and friction due to perturbation: ( i1 · 'V) ~ + ~ ('V x ~). 

Figure 16. Time-mean amplitudes of alongshore Fourier components of terms in vor-

ticity balance (3.11): (a)8t(~), (b)Uox(~), (c)Uox(-/i), (d)(u · 'V)~, (e)(u · 'V) -fi, 

(f)~('V x %). 

Figure 17. (a) The t - x diagram of the cross-channel flow (em/ sec) from experiment 

23 demonstrating short scale (relative vorticity) response; (b) a wavelength of topo

graphic perturbation which is constructed from single sinusoid in this experiment. 

Both (a) and (b) taken from the mid-shelf section. 

Figure 18. (a) the same as in Figure 17a but for experiment 21 (long wave response 

demonstration); (b) topographic perturbation due to a sum of mode 1 and 2; (c) 
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amplitude of v Fourier components averaged over t = 98 - 100 days (lee wave 

phase) - solid line, t = 93 - 95 days (no-lee wave phase) - dashed line and over 

whole period - dash-dot line. 

Figure 19. The same as in F igure 18 but for experiment 22 in which bottom bumps 

represented by the intermediate scales disturbances: modes 4,5 and 6 (alongshore 

wavelengths 37.5, 30 and 25 km, respectively). 

Figure 20. For experiment 22 (intermediate scale response): (a) time mean offshore 

currents (em/sec); (b) standard deviation of cross-channel currents (emf sec). 

Figure 21. Basic experiment , mid-shelf section:(a) evolution of v alongshore spectrum 

for a period; (b) mean (over a period) alongshore spectrum of the total cross

channel flow (solid line) and the fluctuating component (dashed line); (c) portion 

of the fluctuating energy component of total v (mean over a period alongshore 

number spectrum). 

Figure 22. Barotropic Shelf Wave dispersion diagram for the background (exponential) 

topography. 

Figure 23. Dependence of the cross-channel flow characteristics on the wind amplitude 

(experiments 3,24 and 25): (a) standard deviation of the fluctuating component 

of v as a function of cross-channel distance; (b) its ratio to the amplitude of the 

alongshore fluctuating component vs. y; (c) alongshore correlation distance (e

folding scale of the vt autocorrelation function) at the mid-shelf section. 

Figure 24. The same as in Figure 23 but for experiments 1-5: dependence on the wind 

period. 

Figure 25. The same as in Figure 23 but for experiments 16-20: dependence on friction. 

Figure 26. T he same as in F igure 23 but for experiments 3,8 and 13: dependence on 

the bump amplitude. 

Figure 27. The same as in Figure 23 but for experiments 3 and 26: sensitivity to 

the bump spectral shape. On the x-axis 2 corresponds to topography with ky. 2 

spectrum, while 3 to ky.3 spectrum. 
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Figure 28. The same as in Figure 23 but for experiments 4 (14 days wind period) and 

27 (two-frequency wind: 4 and 14 days period). On the x-axis 1 corresponds to 

experiment 4; 2 - to experiment 27. 

Figure 29. (a) last 40 days of CODE-2 low-frequency wind stress data used in experi

ment 28; (b) x-averaged alongshore flow resulted from the forcing by the CODE-2 

wind. 

Figure 30. The same as in Figure 23 but for experiments 25 and 28. On the x-axis 

1 corresponds to experiment 25 (10 days wind period with 2 · 10-4 m2
/ sec2 to 

experiment 4; 2- to experiment 28 (CODE-2 wind data). 

Figure 31. The t- x diagram for (a) the total cross-shelf flow; (b) its fluctuating com

ponent. Experiment 29: 75% of wind energy is supplied by the negative mean wind 

stress, 25% - by the wind with 10 days period. 

Figure 32. Autocorrelation function of the fluctuating component of v for experiment 

29. There is a well-determined maximum at x ~ 40.6 km corresponding to the 

most energetic scale of v. 

Figure 33. The same as in Figure 31 but for experiments 30 with positive mean wind. 

Figure 34. Map of the CODE region. (From Lentz, 1981.) 

Figure A.l BSW dispersion diagrams for the sheared background flow determined by 

equation (3.4), dashed lines with circles, and for the uniform (averaged in y value of 

U at some particular time) across the channel flow, solid lines: (a) the background 

flow profile and its y-average value are taken at t = 93.9 days when fJY = 9.8 em/ sec 

(maximum, no-lee wave phase); (b) (a) the background flow profile and its y-average 

value are taken at t = 98.9 days when fJY = - 9.8 em/ sec (minimum, lee wave 

phase). 
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Figure 1. A sketch depicting the coastal channel geometry. (From Haidvogel and Brink, 1986. ) 
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Figure 2: (a) Bottom topography (m) in the channel with parameters corresponding to the Basic exper

iment (3). Dashed lines depict sections in the mid-shelf and near the deep boundary where data have 
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Figure 3: Evolution of the streamfunction field through a period of forcing: (a) t = 90 days; (b) 

t = 93 days; (c) t = 95 days; (d) t = 98 days. Solid lines correspond to positive values; dashed lines

to negative values. (Basic experiment.) 
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(b) along-channel current. Dashed line corresponds to the background current. (Basic experiment.) 
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Figure 21: Basic experiment, mid-shelf section:(a) evolution of v alongshore spectrum for a period ; (b) 

mean (over a period) alongshore spectrum of the total cross-channel flow (solid line) and the fluctuating 

component (dashed line); (c) portion of the fluctuating energy component of total v (mean over a period 

alongshore number spectrum). 
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Figure 22: Barotropic Shelf Wave dispersion diagram for the background (exponential) topography. 

88 



00 
<0 

Figure 23. Dependence of the cross-channel flow characteristics on the wind amplitude (experiments 

3,24 and 25): (a) standard deviation of the fluctua ting component of v as a function of cross

channel distance; (b) its ratio to the amplitude of the alongshore fluctuating component vs. y; (c) 

alongshore correlation distance (e-folding scale of the vt autocorrelation function) at the mid-shelf 

section. 

(a) 

60 I . . . . . . . . 
50~ · ..... ~ . . .... : ...... ~·. -:· ..... -1 

. . . . E z ..:.::_ 40 ...... ; .. . . ... : .. .. . 
Q) • • 
u . . 
c : : co . . .... . 
~30 ... . . . : ( 
Q) • 
~ . 
0 . ..c . 
~ 20 · · ····: · . . . . ····:· · ···· 
0 . 

10~ · ..... \.:1- ·~ .:. ~- ·~· . . .. . -l 

0 
0.5 1 2 

wind stress amplitude, 10- 4m2sec-2 

(b) 
60 

50 

E 
..:.::-40 
Q) 
u 
c 
co 

.1G 30 
"0 
Q) 
~ 

0 

~ 20 = 0 I / . . 

~ 1l : · ···· ···· · · · ·~ 
0 ' ' 

0.5 1 2 

wind stress amplitude, 1 o-4m2sec-2 

(c) 

12 • . ... . . . .. . . . . - . ... .. . ......... . .. . . . 

11 
E 
..:.:: 

ai 10 u c 
co 
:§ 9 
"0 
Q) 

_g 8 
en 
0> 
c 
.Q 7 co 

. . .... ' .. . . . . ... . .. . . . . . ... .. ... .. . . . 

. . . . . . ' . ·f· . . ·:· . . ...... .. . . ·'· .. ... . 

6 ~· ... . ·)/,· . . ... ·: . . . .. . . . . . ... ·:· ... . . . 

s~--~--~------~--~ 
0.5 1 2 

wind stress amplitude, 1 o-4m2sec-2 



<0 
0 

Figure 24. The same as in Figure 23 but for experiments 1-5: dependence on the wind period. 
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Figure 25. The same as in Figure 23 but for experiments 16-20: dependence on friction. 
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Figure 26. The same as in Figure 23 but for experiments 3,8 and 13: dependence on the bump amplitude. 
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Figure 27. The same as in Figure 23 but for experiments 3 and 26: sensitivity to the bump spectral 

shape. On the x-axis 2 corresponds to topography with ky2 spectrum, while 3 to ky3 spectrum. 
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Figure 28. The same as in Figure 23 but for experiments 4 (14 days wind period) and 27 (two-frequency 

wind: 4 and 14 days period). On the x-a.xis 1 corresponds to experiment 4; 2- to experiment 27. 
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Figure 29: (a) last 40 days of CODE-2 low-frequency wind stress data used in experiment 28; (b) 

x-averaged alongshore flow resulted from the forcing by the CODE-2 wind. 
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Figure 30. The same as in Figure 23 but for experiments 25 and 28. On the x-axis 1 corresponds to 

experiment 25 (10 days wind period with 2 · 10- 4m 2 / sec2 to experim~nt 4; 2 • to experiment 28 
(CODE-2 wind data). 
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Figure 31: The t-x diagram for (a) the total cross-shelf flow; (b) its fluctuating component. Experiment 

29: 75% of wind energy is supplied by the negative mean wind stress, 25% - by the wind with 10 days 

period. 

97 



0 .8 

0 .6 

0.4 

0.2 

-0.2 

. . ' .... . .... ... ·.· ...... . .... '•' ... . -0.4 

- 0.6 .... ·:· . ........ . . ·: ....... ..... : . . ... ....... -:· ...... .... . ·:· . .. . 

-0.8 .................... .... . 

-1L-------~~------~~------~--------~--------~---------L---------L--~ 
0 10 20 30 40 50 60 70 

alongshore distance, km 

Figure 32: Autocorrelation function of the fluctuating component of v for experiment 29. There is a 

well-determined maximum at x ~ 40.6 km corresponding to the most energetic scale of v. 

98 



140 

138 

136 

134 

~ 
132 

"' =_ 130 
Q) 

,§ 
1 28 

126 

124 

122 

120 

~ 
-c_ 1 30 
Q) 

E = 

0 

: 

v:> 

' 

25 50 

(a) 

I I 
I 

I I 
:11 I 

I 
I I I \ 

' i1 I I I 
•,1 I I ~ : Ill I 

I \ :i I I I I I I I 
" I I I I I I .-: II 

:'II I I \I 
: II 

I I I 

:\\ 
I I I I 

I I I : I 
I 

I I J- 1 
I I I 

I I 
I 
I I I I 
I I I I I~ 

I I I I I \ 
I 

I .!.. \ I I I 
I \I I I I I I 

I 

75 
a lo ng-shore distance, km 

(b) 

75 
a lo n g-sh ore dis t ance, km 

I I I r 

I \ I I 

\ I 
-r : 

I 
I 

v:> I 

~ 
I I ~ I \ I I v 

\.I I I 
I 

I I 
I 1\ ~ I\ I \; I \ I 

I 
I 

.!.. I 
I r\, I 

100 125 

Figure 33: The same as in Figure 31 but for experiments 30 with positive mean wind. 
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Figure A.1: BSW dispersion diagrams for the sheared background flow determined by equation (3.4), 

dashed lines with circles, and for the uniform (averaged in y value of U at some particular time) across the 

channel flow, solid lines: (a) the background flow profile and its y-average value are taken at t = 93.9 days 

when UY = 9.8 em/sec (maximum, no-lee wave phase) ; (b) (a) t he background flow profile and its y

average value are taken at t = 98.9 days when ff' = -9.8 em/ sec (minimum, lee wave phase). 
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