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Measurements of current velocity and temperature made during the

CUEA JOINT-I experiment at 21°40'N off Northwest Africa in early 1974

are used to investigate the dynamics of subinertial (ui < 0.6 cpd)

currents over the broad and shallow continental shelf. The local wind

is the dominant driving mechanism for tue currents over the shelf, which

doesnt appear to be the case for the motions offshore.

Most of the study was conducted at niidshelf, 32 km from the coast

and in 73 m of water depth. Turbulent bottom friction, estimated from

the dominant alongshore currents, is found to be dynamically important

and well correlated to the local wind. Because of this the structure

of the water column is extremely time dependent; when the wind is

strong both the surface and bottom Ekman layers become thick enough

to merge into each other arid dominate the entire water column. When

the wind relaxes the Ekmari layers thin down to about 10 m, allowing a

presumably inviscid interior region to develop.

The vertically integrated mean heat budget evaluated at midshelf
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shows that the mean .cross-srielf circulation transports about 350 Wm

offshore and fluctuations iithe cross-shelf circulation transport an

additional 60 Wrn2. The radiative gain, 150 Wm2, and the net cooling,

13 Wm2, are clearly insufficient to balance the loss of heat offshore.

The result is a progressive cooling of the water as it flows to the

south along the coast.

The mean cross-shelf momentum balance at midshelf is geostrophic,

with the alongshore transport balanced by the onshore pressure gradient

and all other terms an order of magnitude smaller. For the mean along-

shore momentum budget, the surface wind stress is partially balanced

by bottom friction and by the Coriolis force of the net cross-shelf flow.

Simple Ekman dynamics, however, predict an offshore momentum flux of

about 0.1 Pa, in contrast with the observed onshore momentum flux of

0.09 Pa; this requires the presence of a mean alongshore pressure

gradient equivalent to a slope of the sea surface of 26 cm per 1000

km of coastline.

The vertically integrated, time-dependent momentum budgets show

the circulation over the shelf responds on a time scale of one to

two days to changes in the wind's intensity, which has a typical time

scale of five to ten days; such a rapid response indicates the dynamics

are quasi-steady and the time-dependent momentum balances behave

essentially in a manner identical to the mean. For both the surface

and bottom Ekrnan layers the measured cross-shelf momentum fluxes are

about 0.6 times those predicted by Ekman dynamics and the pressure

gradient required to balance the time-dependent alongshore momentum



budget has a standard deviation that is somewhat smaller, but quite

comparable to the mean.

Attempts to provide an explanation for the alongshore pressure

gradient cannot dismiss the role of the offshore large scale circula-

tion, although the evidence for this mechanism is scarce and inconclusive.

On the other hand, some crude calculations show that the wind stress

curl over the region can attain a sufficient magnitude to drive the

observed onshore flow.

In conclusion, the circulation over the shelf off Northwest Africa

is governed by horizontally non-diffusive, strongly three-dimensional

dynamics, which are quasi-steady owing to strong turbulent friction. In

addition it appears important to consider the contribution of the local

wind stress curl to the ci rculation in coastal regions.
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ON THE DYNAMICS OF SUBINERTIAL CURRENTS

OFF NORTHWEST AFRICA

I. INTRODUCTION

The coastal seas are fundamentally different from the open ocean,

due mostly to the presence of the coastal barrier, to the limited

depth and to the slope of the ocean floor. As a result the circula-

tion processes close to shore are markedly different from what they

are in the deep ocean and these two provinces may even be dynamically

uncoupled. The early part of the decade of the 1970's saw some

progress being made in the evaluation of the mechanisms that govern

the circulation over continental shelves. Because data were scarce

(e.g. Bumpus, 1973), advances were mainly in the theoretical evalu-

ation of such mechanisms (Stonimel and Leetmaa, 1972). Since that

time, massive increases of observational and theoretical work on

coastal regions have taken place in various parts of the world,

substantially supported by the development of new instrumentation and

perhaps by the growing realization that coastal oceans are not, in a

sense, as inextricably complicated as they might have appeared on

first approach. This broad observational effort has provided much

supportive evidence for the theoretical advancement of the under-

standing of nearshore circulation. But theory, unhampered by the

logistics of field experimentation, has proceeded ahead of the latter
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in this process. New experiments are needed, as is the reexamination

of existing data, guided by the recent theoretical developments.

The reader is directed to the reviews by Allen (1980), Winant (1980),

Beardsley and Boicourt (1980) and Mysak (1979, 1980) for a thorough

overview of recent advances in this topic.

The purpose of this dissertation is to evaluate the dynamical

character of the subinertial coastal circulation off Northwest Africa

in light of recent models of coastal circulation. This region is

particularly interesting in that its broad and shallow shelf seems to

make turbulent bottom friction especially relevant dynamically (Kundu,

1977). I shall proceed by examining some of the important dynamical

balances that govern the flow, computed from the results of current

meter measurements made during the CUEA JOINT-I experiment at 21°40'N.

The dissertation is organized in five chapters, as follows: This

Introduction provides a basic description of the coastal circulation

and presents the Empirical Orthogonal Modes of the current and

temperature structures, and their relation to the wind, thus

complementing the earlier description of Mittelstaedt, Pillsbury and

Smith (1975). The remaining chapters will be based on the current

meter measurements made at midshelf, because that was the only loca-

tion where the near surface layer was sampled and the time series

obtained are also the longest. Based on the suggestion of Kundu

(1977) that bottom friction is important in this region, I estimate a

bottom drag coefficient in Chapter 2 and examine the vertical
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structure of the water column and of the cross-shelf transport in

relation to the intensity of the wind. Chapter 3 examines the

relative importance of the terms in the vertically integrated mean

heat and horizontal momentum equations. Chapter 4 examines the

corresponding time dependent behavior of the vertically integrated

momentum budgets and their relation to the wind. In addition, I

examine the dynamical balances within each of the layers that

constitute the vertical structure of the water column, discussed in

Chapter 2. In Chapter 5, I summarize the results and attempt an

explanation of the observed dynamical characteristics of this region.

The conclusions of the dissertation are listed at the end of

Chapter 5.

A. The Experiment

The JOINT-I observational scheme was designed primarily to

obtain physical data that would allow the study of the motions of the

water and serve as background information for the biological and

chemical sampling. In addition to the wind sensors mounted on some of

the surface buoys (Stuart, Buchwalter and Garcia-Meitin, 1975), the

instrumentation used during the experiment consisted of four vector

averaging current meters (VACM's) and of 37 Aanderaa recording current

meters equipped with temperature sensors and, for most of them,

pressure and conductivity sensors as well (Pillsbury, Bottero, Still

and Mittelstaedt, 1975). The standard shipboard hydrographic
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measurements done during the experiment are reported by Barton,

Stevenson and Gilbert (1975).

The moorings were deployed on a line at latitude 21°40'N

(Figure 1) in such a way as to monitor the water motions over the

shelf with five moorings, Rhododendron, Lisa, Weed, Urbinia and Oregon

Grape; over the slope with one mooring, Lupine; and two additional

moorings, Forest Fern and Foxglove, to sample motions offshore in deep

water. The sensors were set at depths ranging from 1 in to 500 m,

with the moorings deployed in water depths ranging from 52 m to the

deepest one in 1200 m of water (Figure 1). All moorings with the

exception of Lisa were of the subsurface type and supported the

Aanderaa instruments; Lisa was a surface mooring deployed at midshelf

within 1 km of Urbinia and Weed (Figure 1) and supported the four

VACM's in the upper 16 m of water (Halpern, 1977).

The use of the Aanderaa instruments at depths relatively close to

the surface introduces the possibility of contamination of the current

measurements by wave and mooring motions. The magnitude of this

contamination is very difficult to evaluate; considered negligible

by Mooers (1970), it has been shown to cause, on occasion, appreciable

overestimations of the vector speed (Beardsley, Boicourt, Huff and

Scott, 1977; Koblinsky, 1979) and, hence, this possibility should be

kept in mind in the interpretation of the measurements.

The basic sampling rate of the instruments was set initially to

be every 10 minutes; some instruments had a five minute sampling rate
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but were averaged to yield values every ten minutes. The velocity and

temperature ten minute time series were run twice through Cosine-

Lanczos filters. The first run was made through a filter with a half

power point at 12 cpd (two hours) and subsampled every hour. These

time series were then refiltered with a half power point at 0.6 cpd

(40 hours) to eliminate inertial and higher frequency oscillations

and subsampled every six hours (Nlooers, Bogert, Smith and Pattullo,

1968). The hourly series will be referred to as low-passed (LP) and the

six hourly as low-low-passed (LLP).

Two installations were lost during the experiment, presumably as

a result of the intense fishing activity in the region (Mittelstaedt,

Pillsbury and Smith, 1975). This and other logistical constraints on

the deployment and recovery of the moorings resulted in a rather

unequal distribution of the sampling windows amongst the various

installations, which has made the intercomparison of data series from

any two different moorings difficult. The duration of the measure-

nients at each mooring is summarized in Figure 2. Further details on

the compilation and processing of the data may be found in Pillsbury,

Bottero, Still and Mittelstaedt (1975).

B. General Characteristics of the Velocity and Temperature Fields

A brief description of the measurements collected by the record-

ing current meters during the experiment as well as some of the

structural characteristics of the fluctuations follows. The velocity
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time series were resolved in cross-shelf and alongshore components,

with these being positive to the east and to the north, respectively.

The justification for choosing local geographical coordinates will be

presented in later sections, where I show that the qualitative results

of this study are not significantly affected by the choice of the

system of reference.

An extensive description of the data series has been presented by

Mittelstaedt, Pillsbury and Smith (1975), but a brief one will be

given here for completeness. The stick diagram of the LLP filtered

time series of the wind is shown in Figure 3, and those of the current

velocity and of the temperature time series are given in Figure 4.

The currents are shown both as the total measured vectors and with the

mean removed, providing an illustration that emphasizes the fluctua-

tions that will be analyzed in a later chapter.

The winds remained equatorward and, thus, favorable for upwelling

during most of the experiment, with the exception of two reversals in

direction. The first one was in late February, at the beginning of

the experiment (Figure 3) and the second one was centered on 9 April,

towards the end of the experiment. During the remaining times the

wind was generally strong north to northeasterly, resulting in a mean

alongshore wind component of 6.0 m sec1 to the south, with a

standard deviation of 3.5 m sec. Thus, there was a well established

mean upwelling favorable forcing over the region. As a result the

mean velocity field (Figure 5) and the mean temperature field
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(Figure 6) show general characteristics that suggest a strong

influence of the wind, typical of coastal upwelling regions. The

mean cross-shelf velocity is offshore in the upper 20 to 30 ni in what

can be taken to represent the surface Ekman layer (Figure 5a) and

onshore below that level, with particularly strong values over the

outer shelf, at about 60 m depth. The standard deviation of the

cross-shelf velocity (Figure 5a) diminishes in general towards the

coast, reflecting the presence of the boundary, but over the shelf it

tends to a two layer distribution, with larger values near the surface

and near the bottom. This reflects the importance of the bottom

friction, which generates a bottom Ekman layer. The alongshore mean

velocity (Figure 5b) shows a strong southward flow over the shelf,

which will be shown to respond strongly to the intensity of the wind,

and a poleward countercurrent hugging the continental slope between

200 and 300 ni depth. The standard deviation of the alongshore flow

is particularly large near the surface, reflecting the local forcing

by the wind.

As a result of this velocity distribution, upwelling exists near

the coast, reflected in the mean upsioping of the isotherms towards

the coast (Figure 6). The coldest water over the shelf is found at

midshelf and suggests that it might be upwelled from as deep as 200

to 300 m. The standard deviation of the temperature field (Figure 6)

suggests that the sources of variability over the shelf are close to the

surface and bottom boundaries, in accordance with the presence of
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the two Ekman layers. It also shows a maximum of temperature

variability centered at about 150 m depth, 100 km offshore. This

feature is clearly part of a different process, possibly an offshore

eddy, which is difficult to resolve with the present data set,

although Mittelstaedt, Pillsbury and Smith (1975) suggested this to be

part of a semi-permanent feature of the larger Canary Current system.

The time series of current vectors and temperature (Figure 4)

clearly reflect the influence of the wind. Over the continental

shelf the turning of the current with depth is also evident in the

fluctuations and the two layer structure of the cross-shelf flow is

well defined, particularly at the midshelf stations, Urbinia and Weed.

There appears to be some evidence over the outer shelf (Oregon Grape)

that the countercurrent may sometimes climb onto the shelf, causing

major reversals of the flow as, for example, during 6 to 10 March,

when the wind's intensity diminished considerably. However, the counter-

current doesn't appear at Urbinia and, thus, doesn't penetrate very

far over the shelf.

Over the continental slope, at station Lupine, the flow

diminishes rapidly with depth and the wind driven fluctuations are

replaced beyond about 150 m depth by the predominantly poleward

countercurrent, which is strongest between 200 and 300 m depth.

Farther offshore, at stations Forest Fern and Foxglove, the behavior

of the currents is rather different and unrelated to the local wind.

The motions there probably reflect the passage of some large scale
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disturbance, as indicated by the strong reversal of the cross-shelf

velocity towards the end of March. The data available offshore is pro-

bably insufficient to resolve this feature completely.

The temperature time series, also shown in Figure 4, show that

the temperature over the shelf diminishes considerably, by about 2°C,

when the wind and the alongshore velocity increase in magnitude. This,

of course, is consistent with the idea that the intensification of the

wind causes an increased upwelling of cool water onto the shelf. An

exception to this scheme is the station at the inner shelf, Rhododen-

dron, where the temperature shows a warming tendency and the lower

layer currents are not always onshore when the wind is strong. This

may be because this mooring was installed in only 50 in of water, which

appears to be shallow enough for vertical mixing to reach from the

surface to the bottom and thus, inshore of the main upwelling circula-

tion.

The temperature time series at the two offshore moorings also

show a very different behavior from those on the shelf. The effect of

a distinct offshore regime is particularly evident at Foxglove where

the temperature between 70 m and 300 n depth was strongly depressed

during the last week of March (Figure 4).
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C. The Physical Properties of the Flow and Thermal Fields

This section describes the structure of the fluctuations of the

flow and thermal fields through the use of Empirical Orthogonal

Function (EOF) Analysis, and speculates on the possible dynamical

character o-ff the region. This method, first introduced by Kosambi

(1943), has been extensively used in meteorology since its application

by Lorenz (1956). It has found application recently in the study of

oceanic processes (Kundu, Allen and Smith, 1975; Davis, 1976; Wang

and Walsh, 1976; Brink, Allen and Smith, 1978). Most of the refer-

ences given above contain a description of the method; I shall only

provide a brief development of it, following Preisendorfer and

Barnett (1977).

The data represent a physical field F(,t) at locations l<i<N

and time o<t<r. The data set is centered so that its temporal mean is

zero. The NxN variance-covariance matrix is then computed as:

C = T tF(X,t)F(Xt) (1.1)

The N eigenvectors (Empirical Orthogonal Functions) and N real non-

negative aigenvalues (principal components) X of C are computed,

where n is the mode number. The eigenvectors are orthonormal, obeying

Ek1kj(Xk) (1.2)



where cS.. is the Kronecker delta
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The time dependent amplitude of each

mode can be computed using (1.2) as:

A(t) = EkE k,tnk) (1.3)

where the time series are uncorrelated. The eigenmodes are ordered by

decreasing variance (decreasing )
and, in most cases, the first few

modes explain a high percentage of the total variance of the field.

C.l. Horizontal Velocity Modes

The scatter diagrams formed with the horizontal velocity compo-

nents show a strong turning with depth, rather than the topographic

steering of the flow found, for example, off Oregon (Kundu and Allen,

1976). This is associated with the dominance of turbulent friction

in this region, as will be shown in Chapter 2. The principal axes

of the motion turn markedly with depth and make choosing the along-

shore direction by taking their depth average quite meaningless. For

this reason I have first approached the EOF Analysis of the flow field

by using the cross-shelf and alongshore components of the velocity

from all the sensors at each mooring taken together, as inputs to the

analysis (Winant and Olson, 1976; Winant, personal communication). In

all of them the length of the input series was the common record

length of the records at each individual mooring, described in

Figure 2.



The results are shown by plotting the vectors resulting for the

two most energetic eigenmodes of the flow at each depth (Figure 7).

These first two elgenmodes account for more than 85% of the total

variance at all moorings, and the first eigenmode of the wind,

obtained likewise by computing the from the original components of

the wind, accounts for 93% of its variance (Figure 7). This is

equivalent to showing the wind in the direction of its principal axis.

The spatial structure of the first two current elgenmodes shows

a marked difference between a shelf regime (Rhododendron, Weed,

Urbinia and Oregon Grape) and an offshore regime (Forest Fern and

Foxglove), which appear to be separated by a transition region over

the slope (Lupine). The shelf regime is characterized by an energetic

first mode which accounts for about 85% of the variance. The shallow

components of the first eigenmode are well aligned in the direction of

thewind and the flow direction rotates counterclockwise with depth.

Exceptions are some shallow current meters (Weed, 23 m and 31 m;

Oregon Grape, 20 m and 40 m) in which the rotation is clockwise with

depth, suggesting that the wind driven Ekman layer here is of the

order of 35 to 40 m depth. Alongshore components show little

dependence with depth whereas the onshore-offshore components over

the shelf and slope form a two layer regime, with their respective

flow in opposite directions. That agrees also in form with the mean

onshore-offshore flow field (Figure 5a) presented before. The second
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empirical modes of velocity on the shelf are mainly oriented in the

onshore-offshore direction and account for less than 10% of the

variance (Figure 7).

The offshore region is dominated by a first empirical mode with

a predominantly onshore-offshore oriented structure in the upper 150 m.

In general its components rotate counterclockwise with depth, opposite

from what would be expected if it was frictionally wind driven. The

offshore second modes contain most of the alongshore variance and

their configuration strongly resembles that of the first eigenmodes on

the shelf.

The overall distribution of the modal structures suggests that

the first mode at the shelf moorings and the second mode offshore

represent the same physical process, dominated by alongshore current

fluctuations which are related to the wind and strongly influenced by

turbulent friction. The first mode offshore and the second mode on

the shelf are dominated by onshore-offshore fluctuations, perhaps

generated offshore, since they decrease in magnitude towards the coast,

although the data appear insufficient to confirm this. The linear

correlation between the detrended time series of the first two

elgenmodes of the currents and that of the first eigenmode of the

wind are given in Table 1. Whereas the second mode shows no

apparent relation to the wind anywhere, the first mode is correlated

with the wind at or above the 95% level of confidence (Sciremarnmano,



TABLE 1. Correlations of the elgenmodes of the flow field with the first elgenniode of
the wind.

Zero Lag Correlation Maximum Lagged Correlation/Lag (days)

Rhododendron 0.79** 0.08 0.84**/0.5

Urbinia 0.77** 0.09 0..83**/0.5

Weed 0.74** 0.12 0.81**/0.5

Oregon Grape 0.64* 0.40 0.72**/0.5

Lupine 0.47* 0.47 0.47*/0.25 0.55*/_l.O

Forest Fern 0.58 0.25 0.62*10.5

Foxglove 0.71 -0.45 0.71/0.0 -0.59/1.0

*
Significant at 95%

**
Significant at 99%

Positive lag indicates wind eigenmode leading current eigenmode. All maximum lagged
correlations less than 0.35, and those not significant at 95% with a negative lag
have been deleted as meaningless.

0
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1979) everywhere but at the two farthest offshore moorings, with lags

that are all 0.5 days or less, supporting the concept that motions

over the shelf are strongly driven by the wind and respond rapidly to

its fluctuations, and that offshore motions are part of a distinct

regime (Mittelstaedt, Pillsbury and Smith, 1975).

C.2. Temperature Modes.

The structure of the temperature fluctuations can be obtained

similarly, by calculating the Empirical Orthogonal Modes at each

mooring with the temperature time series as inputs. The two most

energetic modes of the thermal field account for well over 95 percent

of the variance over the shelf, and about 75 to 80 percent of the

variance offshore (Table 2). Of this the first mode accounts for

about 70 to 80 percent of the variance over the shelf and at the

mooring farthest offshore (Foxglove); it accounts for somewhat 'less

variance at the intermediate moorings. The second mode is strongest

at the mooring closest to shore (Rhododendron) and at moorings near

and offshore of the shelf break (Lupine and Forest Fern).

The most energetic mode shows no vertical zero crossing at any

of the shelf moorings; it does however suggest that a larger

variability is found near the boundaries, either near the surface,

near the bottom, or both. Over the slope a similar maximum in the

structure of the first mode is observed near the surface, and a second

maximum is found between 100 and 200 m depth, suggesting the



TABLE 2. Eepirical elgeninodes of temperature and their maximum correlation with the first eigenmode
of the wind.

Tu*odes T modes

,T

Rhododendron 7, variance 76.6 23.1* Lupine % variance 55.0 17.5
C (lag)t C (lag) _0.56*(_2) O.63*(_4.0)

30 in 0.28 0.96 a
19 m 0.52 -0.34

45 m 0.96 -0.28 58 In 0.29 -0.50
97 in 0.47 -0.12

Ui-bjnjn % variance 12.2 19.9 194 in 0.54 0.19
C (lag) 0.41*(3) 0.51*(l.5) 291 m 0.28 0.59
rn

25 in 0.63 -0.70 388 in 0.23 0.49
45 in 0.48 0.02
66 m 0.61 0,71 Forest Fern varIance 52.8 24.8

C(lag) _0.52*(2.5) 0.57*(1.5)
Weed % variance 87.1 10.7 17 -0.25 0.52

C (lag) O.65*(2.5) 0.52*(3.5) 57 in 0.48 -0.18
23 in 0.35 0.65 99 m 0.70 0.03
31 a 0.32 0.55 151 a 0.39 0.37
41 a 0.37 0.04 202 n 0.05 0.74
61 m 0.58 -0.42 305 a -0.26 -0.05
67 a 0.55 -0.31

Foxglove variance 76.4 9.0
Oregon Grape % variance 87.5 8.7 C (lag) .0.7O*(1) 0.73*(2.5)

C (lag) 0.56 *(l.5) 12 a -0.09 -0.02
20 m 0.62 -0.21 25 a 0.06 -0.33
40 in 0.52 -0.35 45 n 0.24 -0.66
61 m 0.41 -0.10 70 m 0.34 -0.31
82 0.33 0.37 95 a 0.32 0.30
99 iii 0.28 0.83 151 a 0.68 0.21

200 m 0.45 0.05
298 in 0.21 -0.25
400 in -0.09 -0.33
495 in 0.00 0.15

*
Significant at 95%

Positive lag (in days) indicates wind elgenmoile leading current eigeninode. All correlations less than
0.35 have been deleted as meaningless.

-J
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motions of the thermocline at that depth might be rather energetic.

Farther offshore in deep water (Forest Fern and Foxglove), the maximum

in variability in the first mode is also found at 100 to 150 m depth,

but the near surface maximum is not present. This, of course, is in

agreement with the strong maximum of temperature variance observed at

that depth in Figure 6, and reflects the presence of strong internal

motions possibly associated with the passage of an offshore eddy or with

the semipermanent offshore counterflow suggested by Mittelstaedt,

Pillsbury and Smith (1975).

The second mode over the shelf (Table 2) has a pronounced two

layer structure, similar to that of the mean cross-shelf flow (Figure

5a), with a zero crossing near the middle of the water column. Over

the slope (Lupine) this mode shows levels of maximum variability at

about 60 m depth, where the top of a weak thermocline is found (Barton,

Huyer and Smith, 1977) and at about 300 m to 400 m depth, where the

countercurrent is strongest (Figure 5). A very similar structure of

the second mode is found at the two offshore moorings, Forest Fern and

Foxglove, although the second maximum is found closer to the surface.

The lagged correlations between the time dependent coefficients

of the first and second modes of temperature and those of the first

mode of the wind are generally significant at lags between one and a

half and three days (Table 2). Exceptions to this rule are the two

modes at the mooring closest to the shore (Rhododendron) and the

second mode at the outer shelf mooring (Oregon Grape). The correlations

indicate a tendency for the waters over the shelf to cool when the
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northerly winds intensify, in accordance with the presence of wind

driven upwelling, and an opposite tendency at the offshore moorings.

These results suggest that the wind is the primary factor responsible

for driving the temperature fluctuations, particularly over the shelf.

The first mode appears to reflect the temperature fluctuations associ-

ated with the upwelling of cooler water by the wind, whereas the second

mode probably reflects thermal changes brought about by wind induced

vertical mixing. Nonetheless, care should be exercised in the inter-

pretation of these correlations, particularly at the offshore moorings,

where records are not long enough to rule out the presence of spurious

correlations.
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II. FRICTION AND BOUNDARY LAYERS OVER THE SHELF

A. Introduction

Some evidence that the flow over the Northwest African shelf is

highly frictional is presented in the previous chapter and in work by

other investigators (Mittelstaedt, Pillsbury and Smith, 1975; Kundu,

1977; Kullenberg, 1978). The purpose of this chapter is to character-

ize turbulent frictional effects on the flow as manifested by the

dynamical structure of the water column.

The gross dynamical effects of friction on the flow over a

continental shelf have been studied by others, amongst them Gill and

Schumann (1974), Csanady (1978) and Brink and Allen (1978); a summary

may be found in Allen (1980). In general, strong friction tends to

bring the flow response more into phase with the forcing and to favor

a form of forced quasi-steady state after a prescribed spin-up time.

Structurally, friction implies the presence of a bottom boundary layer

(BBL), composed of several sublayers that are identified with the

dominant physical processes in each one (Bowden, 1978). The develop-

ment of the BBL is important with respect to the rest of the water

column because it can provide a mechanism for the onshore transport

that tends to compensate for the near surface offshore Ekman transport.

Disregarding the effects of stratification, Kundu (1977) concluded

that, indeed, the water column over the shelf off Northwest Africa con-

sisted of two superposed Ekman layers during selected times when the
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wind was strong. Whether the onshore flow is confined to the bottom

Ekman layer has been inadequately demonstrated in this region because

of the difficulty in distinguishing between the BBL and a geostrophic

interior.

The results of this chapter suggest that the effect of stratifi-

cation is important, but support the results of Kundu (1977) for

those times when the wind is strong. When the wind weakens the

diminished friction and the effect of stratification allow a friction-

less interior region to develop.

B. Bottom Boundary Layer Structure and Drag Coefficient

B.1. The Bottom Boundary Layer.

Because of the friction at the boundary a shearing flow develops

above it. In the lower part of the BBL the turbulent shear Stress is

nearly constant and equal to the stress at the boundary 'r0. An

important parameter in the BBL is the friction velocity Ui., defined as:

= [.2.] ½ (2.1)

where p 'is the fluid's density. Within a distance

211

6 = (2.2)
log fG

above the bottom, the velocity is given by the well known law (e.g.

Winibush and Munk, 1960):

u- in , (2.3)



for which (2.2)is known as the logarithmic layer. In these expressions

U is the velocity at a height z, f is the local Coriolis parameter, G

is the mid-water geostrophic' velocity (at 45 m depth), k0 0.41 is

von Karman's universal constant, and z0 is a length scale associated

with the boundary roughness. This last parameter arises because the

flow over the bottom may be hydrodynamically smooth or rough, depending

on the velocity of the flow and on the characteristics of the bed. If

the sea floor is smooth enough it allows the formation of a thin sub-

layer dominated by viscous processes whose thickness is about

= 12 (2.4)

where is the molecular kinematic coefficient of viscosity and the

roughness length scale becomes:

z = 0.1 (2.5)
0 *

But if the roughness elements at the boundary exceed about one-

fourth of S, the viscous sublayer breaks down and the flow becomes

turbulent throughout the BBL. Taking U 0.03 G (Caldwell, 1978),

suggests that the transition between smooth and rough flow should take

place for roughness elements only a few tenths of a millimeter high.

For the case of rough flow:

d
zo= (2.6)
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where I shall adopt d = 1 cm for the characteristic dimension of the

roughness elements, following Weatherly (1972). This choice will be

justified below.

If the region where the logarithmic profile of velocity applies

extends sufficiently into the fluid it is possible to formulate a use-

ful relation. Using (2.1), the velocity profile (2.3), and the

classical definition of stress, the drag coefficient can be expressed

as:

k
2

CD-[ 0
3 (2.7)

zo

where z = 7 rn is the height of the measurements above the bottom.

Assuming a hydrodynamically smooth flow and using (2.5) yields:

CD = 1.0 x lO (2.8)

whereas assuming the flow to be rough and using (2.6) leads to:

CD = 1.6 x l0 . (2.9)

This shows that the value of the drag coefficient is not very sensitive

to variations in the measure of roughness, as was found by Kundu

(1977). For the purpose of all subsequent calculations, I shall adopt

the value of the drag coefficient corresponding to a hydrodynamically

rough flow (2.9). This value compares favorably with others

presented in the literature (Kraus, 1972) and probably is within
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(2.9) is indicative of the uncertainty of the drag coefficient.

The earth's rotation will produce a turbulent Ekman layer directly

overlying the logarithmic layer. An appropriate scaling length for

the Eknian layer is , and observations in the absence of stratifica-

tion indicate its thickness to be (Monin, 1970):

kU4
E f

(2.10)

However, Weatherly and Martin (1978) have shown that the presence of

stratification can substantially reduce the thickness of the BBL, and

that the appropriate scaling length should become where is a

function of . They propose that the new BBL thickness be

identified with the height at which the shear generated turbulence

first vanishes and suggest, for the range 0 < < 4 x 10k, that a

reasonable estimate of the thickness is:

1.3 U (2.11)
hb =

f[l +

where N0 is the Brunt-Visl frequency, assumed to be constant

outside the BBL. This value of hb is probably more accurate, though

it does not take into account the further modification that can be

brought about by the presence of a bottom slope. Weatherly and

Van Leer (1977) have shown that the flow up or down the bottom slope

will govern the rate of warming or cooling of the BBL, and therefore,
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its stability. In the region of this study the flow near the bottom

is predominantly onshore and so will tend to stabilize the BBL.

Thus (2.11) is probably a slight overstimate of the true value of the

BBL thickness.

B.2. Veering.

Simple Ekrnan dynamics predict that the presence of friction should

cause a considerable amount of veering through the water column. I

have examined the veering in three different but related ways (Kundu,

1976) in the hopes of verifying a scale thickness of the BBL. This

should also provide an idea of the directional stability of the flow

because of the different way of estimating the veering in each case.

The first calculation is done by computing the instantaneous

veeringa(t) between two vertically successive sensors and taking the

time average:

= a(t) = (tan' Y2 - tan' Li)
U1

= (tan'
u1v2 VIUZ) (2.12)
u1u2 - v1V

where the indices refer to the two sensors involved, and the overbar

() indicates an average in time.

The second method estimates the average veering as the difference

in orientation of the two mean vectors:
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= tan (D_ tan1

1 (V) (;) (ti;)
(2 . 1 3)tan + ()()

This method tends to average out higher frequency components, which

are not expected to have an Ekman-lIke behavior.

Finally, the third method proposed by Kundu (1976), consists of

evaluating the phase angle of the complex correlation between the two

series. This, in terms of local geographical coordinates can be

written as:

(u1u + v1v2) + (u1v2 - u2v1)
(2.14)

- (,,2 \ 2
(u vf)½ (u + vfl1 + V½ (4 + v2j

from this, the phase angle is:

1(u1v2 - v1u) (2.15)ct3 = tan

(u1u2 - v1v2)

This last method possesses the considerable advantage that it

weights the contribution of each vector according to its instantaneous

magnitude. I performed these calculations using all the sensors of

the midshelf moorings, Lisa, Urbinia and Weed, grouped together in

order to obtain maximum vertical resolution, since the three moorings

were within 1 km of each other. The three resulting hodographs plotted

from the mean components given in (2.12), (2.13) and (2.15), respectively
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I msec

Figure 8. Velocity hodographs at midshe1f calculated by the
three methods explained in the text, and referred to
the mean direction given by tan'[v/ü] at 1 m depth.
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(Niercado and Van Leer, 1976), are remarkably equivalent

(Fig. 8). demonstrating a very high directional stability of the flow

over the shelf. The curves describe the bulk frictional behavior of

the flow, with two Ekman layers meeting at about 30 iii depth,

resembling the description of Kundu (1977). There is a slight

indication that there might be an inviscid interior between 20 and

30 m, but the data are insufficient to provide adequate resolution.

It is sometimes possible to evaluate an eddy viscosity from the

rate of rotation (Mercado and Van Leer, 1976; Brown, 1974). But the

estimates obtained in this manner are extremely sensitive to the

profi]eof velocity and for the present case had an uncertainty of

about two orders of magnitude and, therefore were rejected.

C. The Bottom Stress

In regimes dominated by low-frequency motions, it is customary

to parameterize the bottom stress according to the well known

quadratic drag law (Lurnley and Panofsky, 1964):

'B PD!V. (2.16)

In the case of a mean estimate when strong higher frequency currents

are present a linear relation between the low-frequency current

velocity and the bottom stress of the form:

TB = pry (2.17)
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has been advocated as a more appropriate choice (Rooth 1972; Csanady,

1976). In this form r is a resistance coefficient with dimensions of

velocity.

By considering the shallow water, highly frictional limit H 0,

where H is the water depth, the momentum equations reduce to a balance

between the surface wind stress and the turbulent friction at the

bottom; T TB. This and the two parameterizations (2.16) and (2.17)

suggest that the surface wind stress is related to the current near

the bottom by relations of the form:

and

= a1 + b1 (2.18)

a2 p , (2.19)

respectively (Scott and Csanady, 1976; Winant and Beardsley, 1979).

Here the wind stress appears as the independent variable in order to

minimize the effect of processes excluded by the shallow water approxi-

mation. Estimates of the nondimensional drag coefficient CD and of

the resistance coefficient r can be computed from these expressions,

in order to obtain a rough verification of my earlier choice for a

value of CD. In these calculations I have used the alongshore

component of the wind stress measured at niidshelf and both the hourly

(LP) and six-hourly (LLP) data series of the currents measured at the

deepest sensors on the four shelf moorings (Table 3). It is evident



TABLE 3. Results of the regressions estimates of CD and r on the shelf using both hourly (LP) and six-hourly
(LLP) data series. Also given are tile correlation coefficients of the regressions, the values of the
linear lagged correlations between the surface wind stress and the current measurements, and estimates
of the vertical eddy coefficient of viscosity and Ekinan layer thickness, computed from r by assuming
simple Ekman dynamics (see equation 2.20).

REGRESSIONS CORRELATIONS

t' pv<u2-i- v2Y pV
Mooring W

A

[z(m); 11(m))1 C CD C r (unsec1) C Cm (102m2.s1) (iu)

Rhododendron LP 0.55 (1.67+&07)x103 0.60 (4.50-FO.17)x1O 0.58 0.65 11 0.76 16.8
r45;52]

LLP 0.70 (?.29+O.1G)xlO 0.76 (5.99+O.36)xlO 0.74 0.80 12 1.34 22.4

Urbinia LP 0.58 (1.49+O.06)x103 0.65 (4.57+O.lS)xlok 0.63 0.76 14 0.78 17.1
[66;73}

LLP 0.73 (l.92+O.13)xlO 0.80 (5.5O+O.30)xlO 0.78 0.81 18 1.13 20.5

Weed LI' 0.50 (1.25+0.08)x103 0.54 (4.16+O.23)x1O' 0.52 0.63 14 0.65 15.5[bl;73]
LLP 0.72 (1.B?+O.17)xlO 0.75 (5.99+O.49)xlO ' 0.73 0.84 18 1.34 22.4

Oreton Crave LP 0.39 (1.4#0.15)xiO 0.39 (2.79.3l)x10 0.39 0.51 12 0.29 10.4
{9;l06]

LL1 0.64 (3.35+0.49)xlO 0.10 (S.90+0.74)xlO 0.69 0.82 18 1.30 22.0

z = depth of Sensor; II = water depth
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that the results are not very sensitive to the frequency content of

the records although the values of CD and r are somewhat larger for

the data series retaining only the subinertial content, presumably

because of the reduction in current variance by the filtering process.

The correlation coefficients associated with the regressions

indicate that both formulations tend to be equivalent, though with a

slightly better relationship expressed by the linear model. The

correlations support the notion that the models are somewhat better

expressed by the purely subinertial (LLP) series. As found by Winant

and Beardsley (1979) in shallow water records from various regions, it

is difficult to discriminate between the appropriateness of the

models from these results.

Also shown in Table 3 are the linear correlations between the

wind stress and the bottom current series. All the correlations are

high and the maximum values are found within less than a day's lag.

This development of the bottom stress indicates a very rapid response

of the flow over the shelf to the forciig by the wind. This is also

rather comon to other upwelling regions. Contributing to this is a

rapid response of the surface frictional layer, because its development

is generally not a complete spin-up from rest but, rather, a departure

from a mean state with already well established upwelling. This drives

a cross-shelf flow through the no normal flow condition at the coast,

which in turn is related to the acceleration of the alongshore

flaw and the development of the bottom boundary layer. The
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correlation between the wind stress and bottom current series support

the notion that surface and bottom stresses are well related and that

a frictional model is appropriate for this region.

The linear formulation (2.17) suggests a similarity with the form

of the stress terni for a bottom boundary layer governed by linear

Ekman dynamics with a constant eddy viscosity (Allen, 1980):

(2.20)

where = is the thickness of the Ekman layer with constant

eddy coefficient A. From this I have taken r in order to

estimate the values of and A, which are listed in Table 3 as well.

The results suggest that the eddy coefficient is close to iO_2 m2 sec1,

a value commonly assumed. The corresponding values of fall in the

neighborhood of 20 rn, providing a typical thickness scale for the

bottom Ekman layer.

In conclusion, the shallow water frictional models tend to

describe correctly the bulk behavior of the flow over the shelf.

Although these models grossly neglect the remaining dynamical

processes expressed by the equations of motion, some of which will be

shown to be important in this region, they support the idea that

turbulent friction is indeed an important process and provide a rough

verification of the adequacy of my earlier estimate of the drag

coefficient. These calculations can, however, only be taken as an

order of magnitude verification of these results.
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D. Time Dependent Structure of the Water Column

The time evolution of the temperature and velocity depth

distributions, as they were measured at midshelf are given in Figure

9. There is a predominance of cool water over the shelf during the

strong upwelling favorable wind events as, for example, from 12 to

18 March, 21 to 25 March, and 30 March to 6 April. These are

associated with a clearly developed two layer structure in the cross-

shelf flow, with strong onshore flow of approximately 0.15 to 0.20

m sec at about 10 in above the bottom, and a somewhat lesser offshore

flow near the surface. At the same time the southward alongshore flow

intensified strongly showing, at times, a separation between the near

surface velocity maximum and a secondary maximum somewhat deeper in the

water column.

Between the strong northerly wind events, the wind was weak but

reversed in direction only twice, at the beginning of the experiment

and during 7 to 8 April. During these times of weak winds, the sur-

face layer is occupied by warmer water; the velocity distributions pre-

sent during the strong winds tend to disappear and the motion lacks

organization.

The rest of this chapter will examine the time variability of

the characteristics of the water column, in relation to the forcing

by the wind and in light of the variability of the temperature and

velocity distributions described above.



Figure 9. Time dependent behavior of the vertical distribution
of temperature, cross-shelf velocity and alongshore
velocity at niidshelf.
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of the intensity of the wind stress, in hopes of understanding the

variability of the frictional dominance of the regime over the shelf.

In order to estimate what fraction of the water column is dominated by

turbulent friction during the various phases of the experiment, I

must examine the thickness of both the near surface frictional layers

and of the bottom boundary layer. For the near surface layers I have

done this by estimating the depth of the surface mixed layer, mx'

and also by computing an Ekman layer depth following the more

dynamical considerations of Pollard, Rhines and Thompson (1973). This

implies that the mixed layer and the Ekman layer are equivalent, an

assumption forced by the small choice of methods available here to

determine the thickness of the frictional layers. Nevertheless, some

arguments to justify this interchangeability may be found in Thompson

(1973).

I formed the time series of the surface mixed layer depth by

comparing the temperature of the shallowest current meter at midshelf

(1 m) with that of the subsequent sensors below (Brink, 1979). This

was done using the hourly (LP) temperature data, containing the higher

frequency oscillations, and testing several temperature difference

criteria for the definition of the mixed layer. The depth of the mixed

layer was set to be that of the deepest sensor for which the tempera-

ture difference did not exceed the criterion of definition. For

example, if the temperature difference between the two shallowest

sensors exceeded the criterion of definition, the depth of the mixed
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The resulting time series were then

low pass filtered to eliminate inertial and higher frequency variations

of the mixed layer depth. Of these, I have retained only the one re-

sulting from a definition based on a temperature difference of 0.1°C,

chosen because it provided a maximum depth range while still vanishing

when the wind was very weak (Figure 11).

As an alternative way to estimate the surface Ekman layer I have

followed the suggestion of Pollard, Rhines and Thompson (1973) that

the surface frictional layer is due to the erosion of a stably

stratified ocean by wind induced inertial oscillations within the

mixed layer. They have postulated that the depth of the mixed layer

increases rapidly within half a pendulum day or 16.3 hours for the

case at hand, after which it reaches a maximum value given by:

; Vt>'rrf11.7

0

(2.21)

This equation resembles (2.11) proposed by Weatherly and Martin (1978)

for the bottom Ekman layer in the presence of stratification, sug-

gesting that the qualitative natures of the surface and bottom layers

as calculated by these expressions are directly interconiparable. These

calculations for h were done with the hourly (LP) data series of wind
T(y) I

stress, taking U.,. = [ ] , where is the density of the air, and

filtering to retain only the subinertial components. The results show

that the mean thickness of the surface Ekman layer (h5) is about twice

that of the mixed layer defined by temperature differences
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(Table 4). This discrepancy might be attributable to the temperature

difference used in defining the mixed layer, to the applicability of

the constant used in equation (2.21) or to the effects of heating at

the surface (Niiler, 1975), which are not taken into account by (2.21).'

The variability of the surface Ekman (h5) and mixed
mx

layers,

however, is quite similar (Figure 11). Indeed, they are found to be

well correlated (Table 5), with the Ekman layer leading the mixed layer

by about twelve hours, which is a manifestation of the spin-up time

required by the surface boundary layer to reflect changes in the wind.

For the bottom boundary layer I have shown in the first section

of this chapter that the relevant elements for the present problem are

the thickness of the logarithmic and Ekman layers in the presence of

stratification. I examine here the time dependent behavior of these

layers by computing their instantaneous values from (2.2) and (2.11)

respectively, using the hourly (LP) data series recorded at the mid-

water sensor at midshelf, approximately at 28 meters above the bottom.

The series resulting from this calculation were then filtered to re-

move inertial and higher frequencies. Both layers show a strong time

dependence that is well related to the intensity of the wind (Figure 11),

1 Noted added in revision: P. P. Niiler has pointed out that the
recent results of the MILE experiment (Davis, de Szoeke, Halpern and
Niiler, in preparation) suggest that (2.21) probably overestimates
the thickness of the mixed layer by up to a factor of two. This
would bring the estimates of h5 in much closer agreement with those
obtained by temperature differences.
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TABLE 4. Some basic statistics of the (LLP) thickness of
the principal layers in the water column. Units
are meters.

Layer Mean + error Std. 0ev.

slog 10.0 f 0.9 3.5

hb 21.3 + 2.5 9.5

60.2 + 5.5 21.1

h5 30.4 2.9 10.9

13.5 + 2.3 8.6
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TABLE 5. Linear correlation amongst the thickness of the various
layers in the water column. Lags are in hours.

5 h S h S
log b E s mx

5 0.94 1.00 0.48 0.68
log

- - 0.70 (24) 0.69 (6)

h,0 3.38 0.94 0.51 0.63

- - 0.69 (24) -

3.55 3.38 0.48 0.68

- - 0.70 (24) 0.69 (6)

h 1.67 1.81 1.67 0.81
S

2.44 2.43 2.44 0.86 (-12)

5 2.43 2.25 2.43 2.71
mx

2.49 - 2.46 2.90

S: 1.7 = 90.0%

2.0 95.0%

2.6 = 99.0%

3.3 = 99.9%

(zero lag)

0

S
max

Co

iiiax )

lag

(Maximum)
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which arises again because of the dependence of bottom friction on

the alongshore velocity of the fluid over the shelf. The logarithmic

layer includes the lowest sensor during more than 90 percent of the

experiment (Table 4), and particularly when the wind is strong

(Figure 11). This supports the applicability of the quadratic law

(2.16) and adds confidence to the estimate of the drag coefficient

(2.9).

I have also computed the values of the bottom Ekman layer thick-

ness in unstratified conditions
E'

from (2.10) for comparison with

hb (Table 4). Although these are not shown in Figure 11, they suggest

that stratification reduces the thickness of the Ekman layer to about

30 percent of its neutral value. Whereas the Ekman layer in un-

stratified conditions would be thick enough to occupy most or all of

the water column (Kundu, 1977), stratification reduces it to where it

occupies at most half of the water column, and is restricted to only

ten or so meters above the bottom when the wind relaxes (Figure 11).

Because of the similarity of equations (2.11) and (2.21) it is

reasonable to suppose that the BBL has the same 12 hour spin-up time

as the surface Ekman layer. For this reason I have delayed both the

surface and bottom Ekman layers, h5 and hb by twelve hours for

all subsequent calculations and in the graphical representation of

Figure 11, where the excellent agreement between the surface Ekman and

mixed layers is then evident. Of course, for the surface Ekman layer



the shift in time is supported by the twelve hour lag of the surface

mixed layer (Table 5). That this is somewhat less than predicted by

Pollard, Rhines and Thompson (1973) is consistent with the observation

that, in many regions, the boundary layers tend to spin-up faster than

predicted by present theories (Kundu and Allen, 1976; Brink, Allen and

Smith, 1978; Millot, 1979). The reason for this is not well under-

stood. By contrast, there is little with which a spin-up time scale

of the bottom Ekman layer can be verified. In a numerical model of

the time-dependent BBL at 25°44'N latitude, Weatherly (1975) concludes

that the tdp of the layer defined by the height above the bottom where

the turbulence vanishes, lags the BBL defined for neutral conditions

(2.10) by approximately six hours. Alternatively the BBL can be

thought of adjusting to changes of the forcing on a time scale

proportional to , which is on the order of one to two hours for the

present conditions. These results suggest that the BBL can spin-up

rather quickly and probably set a lower limit for that typical time

scale. The shift of the BBL of twelve hours, chosen here, is quite

arbitrary. But, be that as it may, even the longer time scale of half

a pendulum day is short in relation to the dominant periods of the

fluctuations of the BBL, and the effect of shifting it by twelve hours

is quite negligible on the relevant quantities to be calculated later,

as will be shown in the next section.

It is worth noting that the surface (h) and bottom (hb) Ekman layers

are well correlated, with the development of the surface layer leading by
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about one day (Table 5). This provides a time scale for the response

of the BBL to changes in the forcing by the wind. In short, the

structure of the water column changes considerably in response to

changes in the intensity of the wind at the surface (Figure 11).

During those times when the wind is strong the water column consists

of two Eknian layers directly abutting each other and is entirely

dominated by turbulent friction, as had been postulated by Kundu

(1977). By contrast, when the wind relaxes the frictional layers

reduce to a small fraction of the water column and large interior

layers, presumably inviscid, may develop. The water column alternates

between these two extremes, by responding quickly, on the order of one

day, to changes in the wind.

E. Distribution of Crass-Shelf Flow in the Water Column

The results of the previous section show clearly that the

structure of the water column alternated between total dominance by

turbulent friction and the development of large interior regions in

rapid response to changes of the wind's intensity. This would still

be true even if the estimates of the thftkness of the frictional

layers were off by a factor of two or three. This event structure

appears to be well related to that observed in the temporal behavior

of the temperature and velocity fields (Figure 9). In particular

there appears to be a good correspondence between the presence of

thick frictional layers and strong events in the cross-shelf flow as,



for example, in the neighborhood of 15 March. By contrast the total,

vertically integrated cross-shelf transport is almost constantly

onshore and doesn't appear to vary considerably in response to the

changes in the wind (Figure 12). An exception is during 9 to 11 April

when a reversal in the direction of the alongshore wind caused a major

readjustment of the water column to take place.

It is important to verify further that the development of the

turbulent frictional layers may provide a mechanism for the cross-

shelf flow. For this I have computed by simple trapezoidal integration

at each point in time, the cross-shelf transports in the surface and

bottom Ekman layers in order to compare them to the expected transports

(y)

from simple Ekman dynamics . The integration of the measured

transports was done within both the lagged and unlagged frictional

layers, as explained in the previous section. But, as is evident in

Table 6, shifting the frictional layers by twelve hours failed to

modify the transports by more than about three percent and, therefore,

its effect can be considered negligible.

Comparing the basic statistics of the measured and calculated

transports (Table 6) shows that their variability compares satis-

factorily, but that the mean transports are less well related.

Particularly near the surface the calculated mean offshore Ekman

transport exceeds that measured within the surface Ekman layer by more

than a factor of two. Near the bottom the reverse s true; the

measured onshore transport within the bottom Ekman layer somewhat



6

4

2

'3) 0
(I)

E-2
4
8
8
10

10

10

B

6

4

o 2
ci)

(1) 0

E-2
-4

6
G
10

10

15 20 25 1 5 10 15 20

Figure 12

r

15 20 25 1 5 10 15 20

MARCH APRIL

Cross-shelf transports at oiidshelf. a) Total. b) Net onshore. c) Net offshore.
-J



62

TABLE 6. Some basic statistics of the cross-shelf transports
within the three principal layers in the water column,
as indicated by the subscripts, and of the transports
expected from Ekman dynamics. The transports measured
within both the lagged and unlagged layers are given
for comparison. Units are m2 sec-1.

Transport Mean ± error Std. Dev.

0.88 + 0.27 1.30
S

0.35 + 0.24 1.16
1 -

1.68 ± 0.36 1.14

M 0.91 + 0.27 1.33
S

M. 0.36 ± 0.22 1.05

NB 1.69 ± 0.35 1.16

(y)
T -2.23±0.36 1.30

pf

B
1.01 + 0.26 0.85

pf

*

Limits of integration have been displaced back in time by
12 hours.
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exceeds the expected calculated Ekman transport. The same is evident

in the time dependent values shown in Figure 13. Although the visual

agreement between the measured and the predicted transports is

generally quite good, particularly for the bottom Ekrnan layer, it

appears that a general onshore transport throughout the water column

is superimposed on the cross-shelf Ekman transports.

The excellent correspondence between the fluctuations of the

measured and predicted Ekrnan transports is verified in Table 7, where

they are shown to be correlated with a statistical significance of

about 99 percent, within each respective Ekman layer. For both the

surface and bottom Eknian transports the regression fits approximately

= +0.6 (2.22)

respectively, where is the observed layer transport and t

the observed stress. The surface and bottom Ekman transports are

also very well correlated at the appropriate lags, expected from the

discussion in the previous section. The correlations with the

transports within the inviscid interior are also given in Table 7 for

completeness.

From these results it is probably safe to conclude that the

development of the surface and bottom turbulent frictional layers is

associated with and provides a mechanism for a major portion of the

cross-shelf transport over the shelf during strong winds. It is

evident, however, that additional mechanisnis are also at play in this
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TABLE 7. Linear correlation arnorist the measured and expected
cross-shelf transports in each layer. Lags are in
hours. See legend in Table 5.

M M.
BS 1 B w
IDf

M 0.45 -0.35 0.62 -0.57
S

0.50 (12) -0.53 (-30) - -0.63 (-12)

M. 2.16 -0.22 0.39 -0.39
1

2.41 -0.22 (-.6) - -0.39 (-6)

MB -1.40 -0.92 -0.67 0.86

-2.10 -0.93 -0.78 (18) -

(y)

2.63 1.72 -2.10
pf

- - -2.46

(y)
TB -2.22 -1.56 2.58 -2.33
pf

-2.47 -1.57 - -2.63

-0.70

-0.80 (-18)



region. The following chapters will examine the dynamics of the flow

over the shelf in order to determine these additional mechanisms.

There remains to discuss the thermal structure associated with

the development of the bottom boundary layer. It is evident in

Figure 9, that when the wind strengthens and the BBL grows, the

stratification near the bottom increases. This apparently contradicts

the notion that the BBL is well mixed as is true, for example, of

the surface frictional layer during those times. However, the BBL is

associated with an onshore transport of deeper, cooler water, thus

providing the mechanism for the prevalent upwelling at this region.

The influx of cooler water acts to increase the stability of the water

column and, in turn, reduce the thickness of the BBL itself (Weatherly

and Martin, 1978; Weatherly and Van Leer, 1977). These opposing

processes contribute to a much reduced BBL and to the remarkably little

overlap between the surface and bottom turbulent frictional layers

during strong winds, depicted in Figure 11.
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III. MEAN HEAT AND MOMENTUM BUDGETS

A. Introduction

Large exchanges of heat and momentum take place in upwelling regions.

Usually the upwelling is driven by the alongshore wind but keeping the

upwelling water near the surface requires the absorption of large amounts

o-F heat to reduce the density of the upwelled water sufficiently to

prevent it from sinking back. As a result, the Northwest African upwell-

ing region plays a major role in the large scale processes of the North

Atlantic Ocean as an important sink of heat for the atmosphere (Bunker

and Worthington, 1976). This chapter will examine the mean heat and

momentum budgets at rnidshelf in the JOINT-I region over the duration of

the experiment.

The heat and momentum balances in a coastal upwelling region depend

upon the cross-shelf and alongshore transports of these quantities,

exchanges with the atmosphere and, for the momentum, dissipation through

bottom friction. Connonly, the flow in upwelling systems is assumed to

be two dimensional, with no alongshore variations, in which case the net

cross-shelf transport vanishes. Nevertheless, Ralpern, Smith and

Mjttelstaedt (1978) failed to find a two dimensional mass balance off

Northwest Africa, though Mittelstaedt, Pillsbury and Smith (1975) have

suggested that an approximation to it may occur during periods of strong

sustained winds.

The results of this chapter suggest that the cross shelf momentum

balance is very nearly geostrophic. In the alongshore direction, however,
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the bottom stress is too small to balance the surface wind stress

entirely; a mean alonqshore pressure gradient must be invoked in order

to balance the wind stress and the Coriolis farce resulting from the

net cross-shelf transport. Furthermore, the heat budget indicates that

more water is being upwelled than can be warmed by the sun, requiring

an alongshore transport of cool water to the south.

Abundant evidence of three dirnensionality in upwelling systems

exists. Bryden, Halpern and Pillsbury (1980) required an alongshore

heat transport associated with alongshore temperature gradients in

their heat budget off Oregon; Allen and Kundu (1978) also found little

evidence far a two dimensional dynamical balance off Oregon and Smith

(1978) documented propagating sea level variations along the coast of

Peru.

The budgets of heat and momentum are examined in terms of flux

divergences using the measurements made at station Urbinia and at

nearby Station Lisa (Figure 1). The calculations are restricted to these

two moorings because they together provide the longest common reccrd

length with measurements in the surface layers during the experiment.

The low pass filtered series were truncated to the common interval of

measurements, starting at 1800 hours on 9 March and extending to 0600

hours on 25 April 1974, for a total series length of 46.5 days. The

distance between the rnidshelf moorings and the coast is L = 32 km;

the floor of the shelf, z = -H(x), varies from a small depth at the

coast to z = -H0 = -73 m at midshelf. I assume a rigid lid at the



surface, but allow exchanges of momentum and heat with the atmosphere.

No exchange of heat is permitted through the bottom, but a bottom stress

is allowed.

I take as reference a Cartesian coordinate system (x,y,z) with

corresponding velocity components (u,v,w) aligned eastwards, northwards

and upwards, respectively. Because the coastline and the isobaths in

the vicinity are oriented only slightly clockwise from north-south, I

shall also refer, for convenience, to the x and y axes as the cross-

shelf and alongshore directions, respectively.

The choice of coordinate system is not an obvious one. The use

of averaged or individual principal axes for the measurements is

meaningless, given the pronounced turning with depth documented in

Chapter 1. In the local geographical coordinates a net onshore volume

transport fudz = 1.63 m2sec is found at midshelf. This mean cross-

shelf flux can be brought to vanish through a counterclockwise rotation

of the coordinate system of about 6°, but, as will be shown, there is

no additional indication that this should be the optimal system of

reference for mean processes on the shelf. In the same way, the general

orientation of the coastline is 006°-186°True on scales up to 200 km

(Halpern. Smith and Mittelstaedt, 1977), and rotating the coordinate

system in that direction would only aggravate the volume imbalance.

I will show that the results are not affected substantially and the

conclusions remain qualitatively unchanged by the choice of coordinate

system.
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Because of the limited sampling in time, all variables will consist

of a component varying on a long time scale T, of the order of the

duration of the experiment or longer, on which are superimposed

fluctuations of a much shorter time scale t, say, for example;

u = + u'(t), (3.1)

where

(T) =
tt0

f
udt (3.2)

and
0

u'(t) = U

over the interval of sampling, t-t0, chosen here to be the common

(3.3)

'interval for the data series used. It should be noted that I call i

here the mean, with the provision that it only refers to the sampling

time and may be a poor representation, in the statistical sense, of

either the true mean of the processes studied here or of the averages

calculated over other relevant time scales, such as the yearly scale,

which are impossible to estimate with the present data set.

B. The Mean Heat Budget

B.l. Formulation

This section examines the processes that contribute to the mean

heat budget. The conservation of heat is expressed by:

2T 2T a2T (3.4)- + U + V- + = K + +
t x y z
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where I is temperature, K is the coefficient of molecular heat diffusivity

and q is the radiative heat transfer. I neglect the effects of pressure

on temperature, since the shelf is everywhere shallower than 100 iii. The

Pc1et number P = is the ratio of advective heat transport to

molecular diffusion. For the flow over the shelf this number is at

least of the order of l0, so the molecular heat diffusion terms can

be safely considered unimportant, in favor of turbulent heat transport

processes. Applying mass continuity v = 0 to simplify, equation (3.4)

can be rewritten in terms of the divergence of heat flux:

1q.I+ -p-- (ur) + (VT) + i_ (wr) =;; (3.5)
t BX y

I now decompose the terms into their mean and fluctuating parts,

and take time averages:

+ - (tT) T) + (wT) + (3.6)

+ (u'T') + (Tt) 4) =
pocp z

This mean heat balance depends on the transport by the mean

circulation and by eddy motions.

I now vertically integrate (3.6) over the entire water column:

Tdz +ff üTdz f_;Tdz +}_f'T'dz +

+

10

(3.7)
37 H
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Here I hive equated the fluxes at the surface and the radiative transfer

with the net surface input, -Q, and specified that any flux normal to

the bottom should vanish there. That is:

twT]4f+CwTJ_qH__ -i l -i J !.

-H-H -H-H

u'Tt
3H

v'T''
1-H . (3.8)

Expressing the heat conservation equation in terms of the divergence

of the heat flux (3.6) required the addition of a quantity, approximated

where x is a constant amount of heat. Physically, this

represents the portion of heat that flows passively through the system;

but its contribution has to be corrected for in the evaluation of

each individual term in (3.7), especially since its numerical value

depends on the arbitrary scale of units used for the temperature.

Integrating the passive term vertically yields:

0

I xVUdZ = xH[<> + <>y]
(3.9)

-I-I

where < > refers to a vertical spatial average. This can be subtracted

from (3.7) to yield:

f idz + f°()dz + .. f°()dz xHC<> + +

- Q (3.10)+ f°(uT')dz + f (v'T1)dz
OXH -H

-pccp
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which is rewritten as:

fdz + [ - <>dz + <>][i - <T>]dz +

+ f°(uITl )dz + f (v'T )dz = (3.11)

-H H
PDCp

Thus, I have effectively redefined the temperature scale such that its

local vertical average vanishes, by choosing x = -<i> (vide Bryden,

Halpern and Pillsbury, 1980).

B.2. Evaluation

Most of the terms in this balance can be evaluated from the

available data, assuming the velocity field and the heat flux vanish

at the coast. All vertical integrals are evaluated by simple trape-

zoidal integration. Then, the cross-shelf heat flux due to the mean

advection is:

0

opx - - <T>]dz = 350 + 80 W'm2, (3.12)

which are removed from the shelf. In this and other mean quantities

presented the estimated error is the standard error of the mean,

calculated with effective degrees of freedom, following Davis (1976)

and Allen and Kundu (1978). Because of the geometry of the problem,

a positive value indicates an offshore removal of heat from the inner

shelf region.

The vertical distribution of the cross-shelf heat flux terms
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Figure 14. Vertical distribution at niidshelf of the mean cross-shelf and along-
shore velocities, of their corresponding standard deviations and of
the mean temperature.
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(Figure 15) is illustrative. Th.e mean offshore heat flux shdws a well

defined two layer structure: It is strongly intensified near the

surface and near the bottom. The vertical distribution of th.e mean

cross-shelf component of the velocity, presented in Figure 14, shows

an offshore flow in the surface layers and onshore near the bottom.

This supports the association of the mean heat flux with the well

defined mean state of upwelling in the region. The importance of the

near surface layer is evident in Figure 15. The water that is being

warmed by the sun is driven offshore by the mean circulation, mainly

in the upper 20 ni. It tends to be 'ep1aced by the onshore flow of

cool water near the bottom.

The cross-shelf eddy transport of heat contributes an additional

removal of heat from the shelf, estimated to be:

p0C f uTdz = 60 + 28 (3.13)

-H

This differs substantially from the results of Bryden, Halpern and

Pillsbury (1980) who found an onshore eddy flux to be the main term

balancing the mean offshore heat transport off Oregon.

The eddy heat flux also has a vague two layer structure (Figure

15). The largest individual values, and the only ones significantly

different from zero, are found away from the boundaries, particularly

near the surface. This might be due to the near surface vertical

mixing processes masking the eddy transport of heat. Although the

eddies contribute somewhat to the offshore transport of heat, they
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Figure 15. Vertical distribution of the mean and eddy
cross-shelf heat fluxes at midshelf, showing
the distinct two layer structure associated
with upwelling.
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probably are negligible, since the value given by (3.13) is smaller

than the estimated error of the mean cross-shelf heat flux.

The time series of hourly values of eddy heat fluxes were low-pass

filtered with a half power point at 40 hours (0.6 cpd) to distinguish

between the contributions of inertial and higher frequencies from

those of subinertial components. The high frequency contribution is at

least one order of magnitude smaller than that of the subinertial

frequencies, and will thus no longer be treated separately.

The local change of heat content term, evaluated with a central

finite difference scheme shows that the temperature of the water

increased by a negligible amount, equivalent to 13 + 63 Wm2 over

the sampling period.

The total loss of heat is compensated in part by the surface input,

which can be estimated by standard methods as outlined by Kraus (1972)

and by Bowden (1977). It is:

= s b
(3.14)

where is the heat absorbed from solar radiation,
b

is the heat loss

by back radiation, is the exchange of heat by direct conduction and

e
represents the latent heat exchange due to evaporation. Unfortunately,

total incoming radiation measurements were not made during this part

of the experiment, so no direct estimate of exists. A value for

this term has been reported from a study conducted somewhat farther

north by Bowden (1977) as = 267 Wm2. I shall adopt this value,



for lack of an alternative.

The remaining terms were computed as follows:

Q5 = 687crK4(O.39 - O.O5e)(1.-O.6c2) Wn12 (315)

from Kraus and Roath (1961). = 5.6697 x io8 W.m2K4 is the Stefan-

Boltzmann constant, K is the absolute temperature of the sea surface

and c represents a cloudiness factor, which was typically about

twenty-five percent coverage; thus, its omission causes an error in this

term of less than ten percent. ea is the water vapor pressure in the

air, given by:

ea = e - 0.675 (ta_tw) nib, (3.16)

where ta is the temperature of the air, is the wet bulb reading and

e is the saturated vapor pressure over water at wet bulb temperature

This is given approximately by

e = 6.108 exp[l9.85(l4)] mb, (3.17)

where T0 = 0°C = 273.16 K is a reference temperature, (Kraus, 1972, p.

44). The expressions for and
e

can be reduced for practical

purposes to (Bowden, 1977):

a rid

= 1.57(t3 t ) W W-m2 (3.18)
a

= 2.35(e0 -en) Wio W.rn2 (3.19)
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respectively, where is the wind speed in m sect adjusted for 10 m

height above sea level and e0 is the water vapor pressure at a sea

surface temperature, to.

These quantities were estimated from measurements taken during

routine hydrographic stations and reported in Barton, Stevenson, and

Gilbert (1975). The wind speed values were calculated from daily

averages of the low-frequency winds measured at midshelf. The

temperature measurements were not made on some days, causing gaps in

the evaluation of some of the terms, but the values were estimated by

averaging those that were available and considered to be representative

of the entire experiment.

The individual heat fluxes, calculated as indicated above are

given in Table 8. The corresponding values obtained previously by

Bowden (1977) are also shown for comparison. The total heat exchange

for this study is very similar to Bowden's, mainly because I have

simply adopted his suggested value for Q5. Nevertheless, the remaining

numbers seem reasonable and are probably a good approximation to the

real values during the experiment.

Thus, the exchange through the sea surface is estimated to

represent a net gain of 149 Wm2. This number agrees well with other

numbers in the literature (e.g. Hastenrath and Lamb, 1977). It is

difficult to evaluate the error associated with this term, but it is

probably safe to assign an arbitrary uncertainty of 100%. Therefore,

the surface heat flux provides less than half of the heat removed by



TABLE 8. Terms in the heat exchange with the atmosphere.
The value of Q for the present Study was
adopted from Bwden (1977). The remaining
values obtained by that author are also pro-
vided for comparison. Units are Wm-2.

Joint-i Bowden (1977)

(267) 267

-74 -59

17 3

-61 -71

totai
149 140
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the cross-shelf fluxes. Only the mean and eddy alongshore heat fluxes

remain to balance the budget. Assuming the alongshore volume transport

is non-divergent, that Is, upwelling doesn't diminish along the coast,

a progressive cooling of the alongshore current as it flows tQ the

south should result.

8.3. The Alongshore Heat Flux

In the evaluation of the mean alongshore heat flux, the redefined

temperature and velocity scales in the form (3.11) must be used. Then,

the mean alongshore heat transport is:

J0 E <>]Ci-xJdz. (3.20)

-H

Recalling that the local vertical average <i> is the best estimator the

data can provide for the constant quantity x I rewrite:

_f0[7 <><T>]dz , (3.21)

-R

or

+ dz. (3.22)

The terms under the second integral are expected to cancel within a

small error, to the extent that the mean alongshore velocity is

independent of depth (Mlttelstaedt, Pillsbury and Smith, 1975).

The remaining term in (3.22) may be estimated from examining the

general thermal structure of the region. The large scale surface

distribution of temperature shows a slight warming toward the south,
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which intensifies at the very pronounced front that separates the

upwelling active Canary Current system from the much warmer tropical

surface water to the south (Nehring, Schemainda, Schulz and Kaiser,

1974). It is therefore implausible to invoke the large scale thermal

characteristics of the region to balance the heat budget. However,

smaller scale surveys done aver the shelf in the region between Cap

Blanc and Cabo Corveiro (Halpern and Holbrook, 1977) show a consistent

cooling to the south (Figure 16) and yield estimates of the temperature

gradient in the upper 30 to 40 m that range from 3.1 x i06 °c rn

to 1.5 x 10 C tn. The value of 5.0 x io_6 °C m reported by

Halpern (1977) for this region appears to be a reasonable one to

adopt.

Then, since the alongshore temperature gradient is approximately

depth independent in the upper 35 m or so (Figure 16), the mean along-

shore heat flux term can be written as:

,. o-7
p f v dz pC fdz 160. Wri(2 (3.23)
0

I have no way of directly estimating the alongshore eddy heat flux,

but it is unlikely that this term will play a significant role, however.

Assuming it has the form J v'f_ dz by analogy to the alongshore mean
-H

advective heat flux (3.23), it is possible to estimate an upper limit

to its value. From Chapter 1, I can take v'- i-and if -r I get

a value of 80 Wm2 for this term, assuming a perfect correlation

of the velocity and thermal fields. However, the (v',T') correlations
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TABLE 9. The terms in the mean heat budget. All terms have
the proper siqn so their sum vanishes, linits are
W' nr 2

Value Error

pC 13 610 p aT

ap C f
3x [T-<>3 Ef-<f>] dz 352 82

aT op C f vdza p a35

p C f (u'T')dz
o p aXH

159 ?

60 28

p C 0
(vTT' ) d z small ?

0

*

From Table 8.

149*
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are not significantly different from zero at most depths and the largest

is only 0.26. Thus, it appears safe to neglect the alongshore eddy

heat flux.

In summary, a heat budget balanced within the rms error of the

calculations (Table 9), does emerge from the calculations. The dominant

terms are the surface heat flux and a mean alongshore heat flux

contributing in roughly equal proportions to compensate for the mean

flux of heat towards the deep ocean.

C. The Mean Momentum Budget

C.l. Formulation

This section will examine the terms of the mean momentum budget

at midshelf. Because the Reynolds number of the flow over the shelf

is generally very large, of the order l0-l0, I will neglect

the molecular friction terms by an argument similar to that in the

preceding section. Then, assuming the hydrostatic approximation

applies, the equations of motion are:

v + w - fv = - (3.24a)
p

+ jj F + v F + w + fu - (3.24b)
p ay

o = 1.a+ g. (3.24c)
p z

I require, further, that the sea surface remain rigid. By invoking

continuity of mass, the equations of motion can be rewritten as



1-

+ + (uv) + (uw) - fv = - (3.25a)
at ax ay ax

ft + f- (uv) -- (vw) -f fu = - - (3,25b)
-:v az ay

o = g. (3.25c)
p az

By decomposing the variables into mean and fluctuating parts and

averaging over the interval of observations, I get:

+ + + - = - 1.2. (3.26a)
at ax ay az ax ay az

+
au'v' +

av'w'
+ fu = (3.26b)

at ax ay az ax ay at ay

where I have used the Boussinesq approximation:

p = p + p'(t)

o = + g, (3.26c)

(3.27)

Integrating the horizontal equations of motion vertically, they become:

-j udz + -;--J (u <U>
a .a a -

)2dz ( <> ) <>)dz +
oxH

x w
- (3.28a)

+ -f° 'dz + fjf°u'v'dz f[°dz = -1i x x

and

f0 dz +
J

( ). <>)dz + f0( -<>)2dz +

axH

a °dU Z II + -y (3.28b)
ax

H uv'dz + 7 y w 'B
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In equations (3.28) a correction for the presence of passive momentum

flux, in the individual terms, analogous to equation (3.9), was made

and the vertically integrated pressure gradient terms are indicated

as In a fashion similar to the heat balance equation, no normal

flow through the bottom is allowed. The mean and eddy vertical fluxes

of momentum at the surface and at the bottom are given by the applied

wind stress and a bottom stress, respectively.

The pressure terms can be developed by vertically integrating

the hydrostatic equation and using the form for the density field

given by (3.27) to yield:

c
(3.29)

where
a

is the atmospheric pressure at the surface and is the

departure of the sea surface from a reference levelz 0. From a

Taylors expansion the density field is, as a first approximation:

p(x) = x z. (3.30)

Then, proceeding with the cross-shelf pressure gradient term,

z

cj -H

J [g + (z + ) + iX (x,y)]dz (3.31a)

-f-I

X p0 p
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and, similarly for the alongshore pressure gradient term:

-- (3.31b)= gH,
2p0 Py

In this development I have considered, as a first approach, that the

isopycnals slope up toward the coast at a constant rate in the mean'

field, as supported by the observations of Barton, Huyer and Smith

(1977). Other, nonlinear, forms for () were examined, but they

did not yield results that were significantly different. In this

form the pressure gradient terms consist of two component parts. The

first one is associated with a slope of the sea surface and will

hereafter be referred to as barotropjc, whereas the second part

depends on horizontal density gradients and will thus be referred to

as baroclinic. That is, equations (3.31) can be rewritten as:

where

and

bt bc (3.32)
x,y x,y x,y

= (3.33)

bc
. (3.34)

x,y x,y

This, of course, is a purely functional definition adopted here for

convenience. It does not preclude, for instance, that there may be a

significant steric contribution to the sea surface elevation. This

has been shown to be the case off Oregon (Brunson, 1973), off Peru



(Huyer, 1980) and, in fact, some preliminary calculations suggest

this might be the case in this region also (Richman, personal

communi cati on).

C.2. Evaluation

The terms in the mean momentum budgets above can now be estimated

from the data, by assuming again that all velocities and fluxes vanish

at the coast. The time dependent terms and those involving cross-

shelf derivatives can be evaluated directly as were those of the mean

heat budget, whereas those involving alongshore derivatives must be

estimated indirectly, for lack of sufficient information. A

summary of the results of the evaluation of the terms in the mean

momentum budgets is provided in Tables 10 and 11.

The local accelerations are calculated in both equations by a

central difference scheme, with At = 6 hours, and averaged over the

sampling period as a measure of the rate of change of momentum as a

function of the large scale -r (Allen and Kundu, 1978). I found both

to be at least two orders of magnitude smaller than the rest of the

terms and, thus, they can be safely eliminated.

Both the mean flux of momentum due to the mean cross-shelf

circulation and the cross-shelf eddy momentum fluxes also seem to

play a negligible role. Their values, calculated directly, are

given in Tables 10 and 11, where it is apparent that they are at least

one or two orders of magnitude smaller than either the stress or



TABLE 10. The terms in the mean cross-shelf momentum budget,
tabulated with signs corresponding to the
of the equation. Units are 10-1 Pascals

same side
= dynes.cm2.

Value Error

-0.001 0.049
o

p0
[-<_>)2

dz -0.065 0.014

p
3 0-- --

I [u-<u>] [v-<v>] dz small
o

-H

0
1° 2

dz -0.12 0.01

o

3 O
(u'vT) dz small ?

-H

_P0 7,9 0.6

bc
-1.6

0
(_7.2)* 7

0.74 0.12

0.3 0.04

*

3 cm132 km
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TABLE 11. The terms in the mean alongshore momentum budget,
tabulated with signs corresponding to the same side of
the equation. Units are 10-1 Pa = dynes.crir2.

Value Error

p -0.003 0.07
o at

p f
j0

[u-<u>J [v-<v>] dz '-0.024 0.021

<> 2
dz small

-H

o

,.O

ax
uv) dz -0.01 0.02

p
0-r

3X
v dz small 7

0

p fM 0.87 0.26

0.04 7oy

p

*
-1.9 7

o y

1.5 0.2

TB -0.5 0.07

*

26 cm/1000 kin
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Coriolis force terms, whose calculation will be detailed in the

following section.

The mean and eddy momentum fluxes associated with the alangshore

circulation cannot be evaluated directly, but a few alternative

approaches can be explored. In the cross-shelf momentum equation

I consider the mean alongshore flux of crass-shelf momentum to consist

of a change of its calculated pointwise value, over a typical alongshore

scale A:

- <>]dz
78 Pa'm (3.35)

where 1 Pa 1 Ntm2 = 10 dynescm2. It is clear from Table 10

that for this term to have any influence in this budget, the typical

alongshore scale would have to be A ' 500 m or smaller. It is highly

unlikely that a mean flux would be associated with such a small

spatial scale. In similar fashion, the corresponding eddy momentum

flux has an estimated value of:

p0 f (u'v)dz = Pain. (3.36)

The appropriate alongshore scale for this term is then about 200 m.

The unimportance of this term is supported by an average correlation

of only (u' v ) 0.30. Thus, it appears reasonable to neglect both

the local acceleration and the non-linear terms in the cross-shelf
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momentum equation (3.28a).

Identical arguments show that the alongshore flux terms in the

alongshore momentum equation are equally small, associated with

slightly different scales of 2 km and 100 m, respectively. Addition-

ally, it is worth noting that the mean alongshore flux is:

<v>] dz
0

2[ dz small. (337)

-H -H

That is, this term tends to vanish inasmuch as the mean velocity tends

to be independent of depth and the correction for the passive nionien-

turn flux in the fashion of (3.9) is correctly approximated by the

constant quantity <v>.

The alongshore velocity fluctuations are even less depth-depen--

dent than the mean (Mittelstaedt, Pillsbury and Smith, 1975; Huyer,

1976) so that the eddy term can be evaluated in terms of x derivatives,

with the help of the equation of continuity (Allen and Kundu, 1978):

0

f vdz 2<v'>f --dz
H -H

= -2<v'> i f u1dz

-H

Taking <v>-> = 0.101 ni sec and <us> 4<> = 0.089 m-sec

the term becomes:

(3.38)



-2p <v'>-- f° u'dz -p0 (4) -4.1 x io2 Pa., (3.39)
0 XH

suggesting this term is small. The results of this section then

suggest that the circulation over the Northwest African shelf can

be considered to be in approximate steady state and the nonlinear

terms to be unimportant in the mean over this sampling period.

C.3. The dominant terms in the mean momentum equations.

To have shown that the mean circulation may be represented ade-

quately by steady, linear, equations simplifies this description

considerably.

In the cross-shelf momentum equation the most important term,

found directly from the data, is the Coriolis force associated with

the alongshore component of the transport:

where:

0f M = 0.79 ± 0.06 Pa, (3.40)

(x,y)
= ()dz.

-H

(3.41)

The next term that can be obtained is the baroclinic cross-shelf

pressure gradient. An average value for the cross-shelf density gra-

dient is 6.3 x io_6 kg . rn4, corresponding to a change in density
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of 0.2 units between the midshelf station and the coast (Barton,

Huyer and Smith, 1977). This gives a value of the baroclinic pressure

gradi ent:

-0.16 Pa. (3.42)

This value is not negligible, but is quite insufficient to balance

the Coriolis term calculated in (3.40). The barotrapic pressure

gradient term cannot be evaluated directly with the available data

set but the terms that remain to be examined are the surface and

bottom stresses. The surface stress is taken to be the applied

wind stress, calculated from the wind velocity corrected to a height

of 10 m (Halpern, 1976). The value obtained for its cross shelf

component is:

_(x)
= -0.074 ± 0.017 Pa. (3.43)

This term appears only to generate a slight northward Ekman drift,

which weakens the alangshore flow near the surface (Halpern, Smith

and Mittelstaedt, 1977). It is clearly insufficient to contribute

in any major way to this cross-shelf balance. The same can be said

about the cross-shelf bottom stress. This term is evaluated from the

velocity record closest to the bottom in the manner explained in

Chapter 2, to yield:

_(x)
= 0.03 ± 0.0004 Pa. (3.44)



These calculations are summarized in Table 10. The largest of the

terms calculated this far is clearly p0fM' and it is evident that

the rest are insufficient to balance this term. There only remains the

pressure gradient term associated with the slope of the sea surface,

Though there is no direct way to evaluate this term, it must be, by

elimination,the main quantity balancing the Coriolis term. Its

necessary value for the cross-shelf momentum budget to balance, shown

in brackets in Table 10, is
11bt

= ..072 Pa. This value corresponds

to a slope of the sea surface of approximately -1. x io6, or a change

in sea surface elevation of 3 cm between the midshelf station and the

coast, the midshelf elevation being higher. Inasmuch as over 90% of the

momentum balance is accounted for by these two terms and their values

appear to be reasonable, an immediate conclusion is that the mean

cross-shelf momentum is predominantly in geostrophic balance.

In the alongshore momentum budget, the dominant quantity is the

alongshore component of the windstress, calculated from the wind

measurements to be:

= -0.15 + 0.02 Pa. (3.45)
w

The balancing terms are the Coriolis force of the cross-shelf transport:

= 0.087 + 0.026 Pa, (3.46)

and the stress at the bottom:
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= -0.05 + 0.007 Pa. (3.47)

In a similar way to the cross-shelf momentum equation, these are

insufficient to balance completely the dominant term. It is therefore

necessary to invoke an alongshore pressure gradient to balance

momentum. Part of this pressure gradient must be associated with the

alongshare density structure resulting from the alongshore cooling due

to the upwelling, noted earlier. The alongshore temperature gradient

used for the heat budget calculation is 5.0 x l06°C m. The general

relationship between temperature and density for this region is

a -1.5 x l0 kg.m3.°C. From this the alongshore density gradient

is about -7.5 x l0 kg m4. Then, from (3.34), the baroclinic

pressure gradient is:

-bc = - 4.5 x l0 Pa, (3.48)

where = -35 m is the depth to which the alongshore thermal structure

was found to be consistently present (Figure 16). The calculated

value is very small and therefore the presence of a mean alongshore

slope of the sea surface is necessary to balance the alongshore

momentum budget. The required value of the barotropic pressure

gradient term is
bt

= -0.19 Pa (Table 11), corresponding to a

slope of the sea surface of -2.6 x l0, or about 26 cm/l000 km,

sloping down from south to north, i.e. opposing the mean wind stress

at the surface. This number agrees in magnitude with, for example,



Sturges' (1974, 1967) estimates of sea level slopes along the west

coast of the United States.

An alternative way to rationalize this mean alongshare pressure

gradient is to note that the calculated surface wind stress must drive

2 -1
a mean offshore Ekman flux w -3.17 rn sec . Correspondingly,

pf
the bottom stress estimated fom the deepest current meter must drive

2 -1
an onshore Ekman flux

T3
= 0.93 in sec . For comparison this value

pof
computed from the average alongshore velocity through a quadratic

stress law CD <>2/f 1.22 ni2 sec, or from a mean linear resistance

law r<>/f = 2.05 m2 sec1. But the measured net cross-shelf flux

is 1.63 in2 sec onshore. This, added to the Ekman imbalance leaves

a transport of 3.87 m2sec1 unaccounted far by the surface to bottom

stress difference. The onshore transport must then balance an alongshore

pressure gradient, which, of course, is of the same magnitude as was

calculated above.

Thus, it is evident that the alangshore momentum budget requires

the presence of an alongshore slope of the sea surface. This means

that, in the mean, the cross-shelf flow is not exclusively driven

through Ekman dynamics, but rather that a substantial geostrophic

component exists, superimposed on the prominent Ekman regime. Possible

causes for the alongshore sea surface slope will be discussed in a

later chapter.



D. The Effect of Coordinate System Rotation

I noted earlier that a net onshore mass flux exists in the natural

coordinate system during the experiment. This of course, implies the

existence of alorigshore variability in the velocity field in order to

conserve mass. A 6° counter-clockwise rotation forces mass to balance

two-dimensionally in the mean but it is quickly apparent that the heat

budget is rather insensitive to coordinate rotation owing to the

relatively equal advective contributions from each direction (Table 9).

The main effect of the rotation is to aggravate the cross-shelf heat

imbalance by about four percent.

In the momentum budget, the rotation, of course, causes the

Coriolis force of the cross-shelf flow to vanish, but the remaining

terms are not very sensitive to the change of coordinates (Table 12).

the cross-shelf momentum budget remains essentially geostrophic, whereas

the alongshore balance now appears to take place between the alongshore

pressure gradient and the surface to bottom stress difference. In

other words, the sea surface slope opposes that portion of the surface

wind stress that is not balanced by the bottom friction. Although

the magnitude of the alongshore pressure gradient has been reduced to

the equivalent of -15 cm/lOUD km of sea surface slope, it is still

substantial and it is clear that forcing mass into a two-dimensional

balance cannot bring the heat and momentum budgets to do the same.

This indicates that the qualitative results of this study are unaffected
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TABLE 12. The terms in the mean cross-shelf and alongshore
momentum budget equations, recomputed for a 60
counterclockwise rotation of the coordinate system,
which forces the net coss-she1f mass transport to
vanish. Units are 10 Pascals =dynes cnr2.

Cross-shelf Alongshore

_P0 7.9 p fN 0.0

be
-1.6 ii

be
-0.22ox o y

* -bt **
P II -7.4 p 11 -1.1
o x 0 '

0.9 1.4

TB 0.24 -0.52

*

-
-. -3 cm/32 kin

ax

**

-15cm/i000 km
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by rotation of the reference coordinates.

E. Conclusions

The mean flow regime over the Northwest Africa shelf is adequately

described by a steady, linear model. Both the heat and momentum

budgets are composed of mean processes; horizontal eddy processes are

unimportant in both.

It is impossible to disregard the three-dimensionality of the flow

over the shelf. The previously suggested view that it consists of two

directly abutting Ekman layers is not quite correct. A substantial

fraction of the cross-shelf flow is in geostrophic balance with an

alongshore sea surface slope.

The three-dirnensionality of the flow is at least partially due

to the presence of strong upwelling. Because solar heating is in-

sufficient to warm the upwelled water an alongshore temperature gradient

develops. On the other hand, an alongshore pressure gradient, associated

with a slope of the sea surface, develops as well. This may be due

to a direct response of the fluid over the shelf to the imposition

of a wind stress at the surface, or be a manifestation of the large-

scale offshore circulation. The three-diniensionality of the heat and

momentum budgets are not otherwise related1

that is, the baroclinic

pressure gradient induced by the alongshore temperature gradient does

not play a substantial role in the alongshore momentum balance.
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Shaffer (1974) has suggested in a study done farther to the south,

off Banc d* Arguiri, that the marked three dimensionality of the flow

found in that region is closely related to the alongshore variability

of the bottom topography. This is mainly in the form of canyons at

the edge of the shelf acting as funnels to guide the upwelling water

onto the shelf. Although the continental shelf and slope between

Cabo Corveiro and Cap Blanc are certainly not devoid of such topographic

irregularities, the mean heat budget suggests that three dimensional

processes may exist independently of the local bottom topography. It

is not implausible, however, that irregularities of the bottom topo-

graphy may act to force the alongshore variability into the typical

alongshore scales considered.
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IV. DYNAMICS OF LOW-FREQUENCY FLUCTUATIONS
AT MIDSHELF

A. Introduction

The examination of the structure of the water column in chapter 2

suggested that there are important time dependent changes in the fric-

tional dominance of the flow at midshelf. It appears that these changes

are well related to variations of the wind1s intensity and it is to be

expected that important modifications in the dynamical structure occur

as well. I showed, in Chapter 3, the circulation over the shelf has

a well defined mean state. In it the cross-shelf momentum balance is

essentially geostrophic, whereas the alongshore momentum balance is be-

tween the effective forcing by the surface to bottom stress difference,

the Coriolis force associated with the cross-shelf flow and a residual

alongshore pressure gradient. In this mean state the alongshore flow is

well developed and friction at the sea floor is important as are three-

dimensional effects. Thus, although the most directly evident forcing

mechanism for the midshelf circulation is the local wind stress

(Mittelstaedt, Pillsbury and Smith, 1975) there is evidence that addi-

tional mechanisms are at play as well. The purpose of the present

chapter is to examine the dynamical balances that govern the time de-

pendent low-frequency fluctuations about that mean state and their re-

lation to the fluctuations of the surface wind stress.
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B. Formulation

The horizontal momentum equations for the fluid over the shelf are

Esee equations (3.24)J:

+ u - + v + w - fv = - .2. (4.1.a)
at ax az p0 ax

+ -p.!. + v + w + fu
-

(4. 1 . b)
cat

U
ax ay az 0

and the continuity equation is

= 0.
(4.2)

ax ay az

This chapter will examine the temporal behavior and relative importance

of the terms in (4.1), but it is useful to attempt to simplify these

first. It is helpful to rewrite (4.1) in the form:

+ U ( f)v + w = - L 2 (4.3.a)

at ax ay az p0 ax

+ v + (..!. + f)u + w = - (4,3.b)
at ay ax p0 ay

where the terms in parenthesis in each equation are components of the

local and planetary vorticity effects, respectively. If I consider that
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the velocity components (u,v) have typical values (U,V), associated with

typical spatial scales (Lx. Ly) the ratio of the varticity terms in

(4.3) yields the familiar Rossby number and
-,

resPectivelY:

these, the one corresponding to (4.3.b) can be readily evaluated if it

is assumed that L is adequately represented by the width of the shelf.

The calculation was done with the data collected at 45 m depth, in 73 m

of water (Fig. l7f), this being representative of the remaining measure-

ments at midshelf. The Rossby number did not exceed a value of 0.15

during the experiment, and had a mean value of 0.08 (Table 13). That

the relative vorticity term in (4.3.b) is negligible is illustrated by

the time series of its expected value, (Ro)fu, in relation to the

Coriolis term (Fig. l7e).

The Rossby number corresponding to (4.3.a) cannot be determined

directly, because I lack information about the typical alongshore scale

L. Nevertheless, it is reasonable to expect from (4.2) that

U V W

L L H'
x y

(4.4)

where H is the local water depth. Then, presumably and the

relative vorticity effects in (4.3.a) can safely be neglected as well.

Of the remaining horizontal nonlinear terms, can be calculated

directly from the data by assuming that the cross-shelf velocity van-
2

ishes at the coast, and evaluating it as -, where L = 32 km is the

distance between the station and the coast. This term is not shown in
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Figure 17. Time series of some terms in the horizontal equations of
motion at 45 in depth. Units are 106m sec-2. Also shown
for reference are the components of the surface wind
stress (101 Pascals) and the dimensionless Rossby number
Ro V at 4.5 m depth.
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Fig. 17, because its small size in relation to fv would make it undis-

tinguishable from the x-axis, but its statistics (Table 13) show it to

be two orders of magnitude smaller than fv, supporting the notion that

the horizontal nonlinear terms in (4.3.a) can be neglected.

Of the horizontal non-linear terms there remains v--, which cannot

be calculated with the help of the data. But because of (4.4) I expect

this term to scale like and hence, its size in relation to fu is also

the Rossby number , shown earlier to be small. Thus, it appears

safe to neglect this term as well.

From the data available I can examine the local accelerations as

well. Their instantaneous values, determined by a central difference

scheme (Allen and Kundu, 1978), are plotted in relation to the respective

component of the Coriolis term in Fig. 17. It is evident that is

quite negligible; its standard deviation is an order of magnitude

smaller than that of fv and it is more than two orders of magnitude

smaller in the mean (Table 13).

On the other hand, the local acceleration term, in (4.3.b) is

only smaller than fu by a factor of three (Table 13) and, thus, cannot

be neglected.

From these preliminary siniplifications I can rewrite (4.3) as:

w - fv = - L (4.5.a)
p0 x '

+ w fu = - L 2. (4.5.b)
3z 20 Y



Table 13. Statistics of some terms in the horizontal equations of

motion at 45 iii depth. Units are io6 msec2. Also

given are the statistics of the dimensionless Rossby number

VRo-.

Term Mean+Error Std. Dev.

u/Dt 0.023+0.076 0.70

u au/ax -0.16+0.02 0.12

fv -10.4+1.63 7.06

fu

Cay/at + fu)

(Ra)fu

-0.053+0.12

3.06+0.38

3.01+0.42

-0.27+0.05

0.89

2.26

2.51

0.26

Ro 0.08+0.007 0.04



The vertical non-linear terms in these require particular atten-

tion. Using equations (4.2) and (4.4) these can be rewritten and

expected to scale as:

i-(uw) -(UW)
U

, (4.6.a)

x

L(vw). 1 UV

3z L-.
x

(4.6.b)
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Both of these were shown to be small earlier in this section and, thus,

are expected to be small here as well. This is not, however, uniformly

true throughout the water column, as these terms also represent the

turbulent flux of momentum across horizontal surfaces, which can become

important in the boundary layers. Hence, these terms must be retained

and equations (4.5) can be rewritten as:

+
p0 X

(4.7.a)

fu = - (4.7.b)
p0 y

These can now be integrated vertically over the entire water column

whence, using the notation introduced in the previous chapter, they

become:
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- fM - + (x) (x)

x w TB , (4.8.a)

+ fM + (4.8.b)
at 11y w TB

where the stress terms are equal, by definition, to the vertical flux

of momentum at the surface and at the bottom, respectively.

I showed in Chapter 2 that the water column can be divided into

three layers defined by turbulent regimes near the horizontal boundaries.

The turbulent Ekman layer depths were defined in the presence of strati-

fication, following the criteria of Pollard, Rhines and Thompson (1972)

for the surface and of Weatherly and Martin (1978) for the bottom.

That portion of the water column that occupied neither the surface nor

the bottom boundary layers was considered to represent an interior

region where the effect of both the surface and bottom stresses has

vanished and, hence, is assumed to be nonturbulent. It will be of

interest to evaluate the dynamical balances expressed in (4.8) in each

of the three layers. The integration of (4.7) within each layer, with

the simplifications made earlier and assuming that no turbulent vertical

transfer of momentum takes place between the Ekman layers and the

interior, results in the following sets of equations:

-fM = - II
+ T (4.9.a)

S XS W

S + fM = 11 , (4.9.b)
at s ys w



and

- fM = 11 , (4.iO.a)

+ fM = - (4.1O.b)

fM' (x)

B
=

11xB
-

' (4.11 .a)

+ fM II (4.l;l.b)-
yB tB

These allow evaluation of the dynamical balances for the surface,

interior and bottom layers, respectively, as indicated by the appropriate

subscripts.

C. Results

I shall now attempt to assess the relative importance of the terms

in the equations integrated over the entire water column (4.8) and

within each layer (4.9 -4.11), by using data collected at stations

Urbinia and Lisa, the same set of data used in the previous chapter to

study the mean momentum budget.

During that part of the experiment when sufficient data exist to

evaluate the integrated equations (4.3-4.11), which extends for about

six weeks after the 11th of March 1974, there were four well
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defined events in the wind record (Fig. 17). The first and second

event were separated by only one day of weakened winds on 17 March.

After six more days of intensified winds a period of weak winds

occurred for four days, starting on 19 March. The third event was the

longest recorded, lasting about eleven days, and separated from the

fourth event by a period of calmer winds which, in fact, reversed

direction from the 7th to 9th of April, the only such occurrence during

the experiment. These well defined events in the wind should allow

examination of the response of the fluid over the shelf during phases

of intensifying, sustained and decaying winds.

In this analysis I shall consider all variables as consisting of

a mean val ue plus a departure about it:

u(t) = + u'(t) , (4.12)

½
and the standard deviation is = (u1 ) . The local inertial accel-

eration terms are estimated by a central difference scheme with t 6

hours. The surface stress is made equal to the local wind stress,

estimated from the wind measurements corrected to a height of 10 rn above

sea level (Halpern, 1976). The bottom stress is calculated from the

current measurements closest to the bottom using the standard quadratic

law on the hourly values. The drag coefficient used was C0 = 1.6 x

justified in chapter 2, since I showed that the average log layer was

close to 10 m thick. All vertical integrations are done by the simple

trapezoidal rule.
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As elsewhere in this study, the calculations are done in local geo-

graphical coordinates, where there exists a net mean onshore flow. All

calculations were repeated with a rotated reference frame, forcing a

local two-dimensional mean mass balance, but the results were qualita-

tively identical and are not shown.

C.1. Dynamical Balances Over the Entire Water Column

Because of the convenience of introducing the surface and bottom

stresses directly into the comparison I shall examine the dynamical

balances primarily as they are expressed by the equations of motion

integrated vertically throughout the entire water column in (4.8). The

data allow evaluation of all the terms in (4.8) except the pressure

gradients. Because I have no way of estimating these directly, I

assume that an appropriate estimate is provided by the residual after

the evaluation of the remaining terms. The mean values of the terms

in (4.8) were the subject of the previous chapter, but are given here

for completeness.

In the cross-shelf momentum equation, the standard deviations of

the terms (Table 14) support the notion that the local acceleration is

negligible; its standard deviation is at least an order of magnitude

smaller than that of the Coriolis term. The surface and bottom stresses

in this balance are also quite small. From this it follows that the

Coriolis force is the dominant quantity and, hence, largely determines

the residual cross-shelf pressure gradient. Both these terms are then

an order of magnitude larger than any other in the cross-shelf balance,
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TABLE 14. Basic statistics of the terms in the momentum balances

integrated over the total water column. Units are 10_i

Pascals (dynescm2).

Term Mean+Error Std. Dev.

p0 0.006+0.04 0.30

p0 fM -8.0+0.9 3.3

- fM) 8.0+0.9 3.4

'Ix
-8.9+1.4 4.4

Cx) -0.7+0.2 0.7

(x)
TB 0.3+0.1 0.3

p0
t

0.02+0.09 0.5

p fM(X)
0

0.9+0.2 1.1

+ fM) 0.9+0.3 1.4

II -1.8+0.3 1.4
y

-1.4+0.2 0.8

-0.5+0.1 0.5
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which can then be regarded as being predominantly geostrophic.

In the alongshore momentum balance (4.8.b), the acceleration term

remains generally smaller than the Coriolis term by a factor of

two or three, but is probably not small enough to be neglected (Fig. 19).

Moreover, the standard deviation of the sum of the two terms, (M' +

fM) sometimes called the geocentric acceleration, is larger than that

of either one of them, suggesting that in general these terms do not

act strongly to cancel each other. The lagged correlation between these

two terms (Table 15) tends to support this by showing a negligible value

at zero lag. In fact tends to lead fM', by somewhat less than a

day, but the maximum correlation is not very significant because the

relationship between these two terms is quite depth dependent and,

therefore, is masked by the vertical integration, as will become evi-

dent in the balances within each layer and at individual depths.

The largest term in the integrated alongshore momentum balance is

the geocentric acceleration (- + fNl') which, thus, largely deter-

mines the value of the residual alongshore pressure gradient
ll

(Table

14). Because of this, their magnitudes are similar and they are well

correlated (Table 16). The alongshore pressure gradient has a standard

deviation equivalent to a slope of the sea surface of 2 x or 20 cm

per 1000 km. This is comparable to its mean value, discussed in

Chapter 3, and it indicates that an important component of the motion

remains once the Ekman flow response has been discounted.

The alongshore component of the wind stress is smaller than



Table 15. Linear correlations between the and fM.X1 terms

integrated over the entire water column, over each layer
and as nieasureçl at each level. A positive lag, in days,

M(Y) (x)indicates leading fM . S is a measure of the
statistical significance of the correlation, following
Sciermanimano (1979).

Total 0.27 0.35
(4)

148 1.95

Surface 0.11 0.44
(..)

0.69 2.84

Interior 0.12 0.27
(-2)

0.84 1.86

C(o) C max

(lag)
S(o) S max

S: 1.7 = 90%

2.0 = 95%

t, p. nflO/
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= 7o

Bottom -0.01 0.49
(-li-) 3.0 = 99.9%

-0.02 2.64

25 m -0.10 0.27
(1)

1 m 0.10 0.58
3()

0.70 3.98 -0.71 1.91

10 m 0.08 0.47
(i-)

45 rn 0.05 -0.43
(2)

0.61 3.61 0.31 -2.81

12 m 0.11 0.55 '3 66 ni -0.04 -0.43
(2k)

0.84 4.14 -0.21 -2.28
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Table 16. Correlations between the terms in the integrated momentum
equations, their corresponding pressure gradient term and
the alongshore component of the wind stress. Lags are in
days and a positive lag indicates column leads rows.

See legend of Table 15.

(xy)
T
w

fM' 0.99 0.99
(0)

0.69 0.80
3()

2.81 2.81 2.18 2.53

- fM -0.99 -0.99 -0.69 -0.80
(0) (.-)

-2.85 -2.85 -2.22 -2.60

II - - 0.77 0.85
x

- - 2.43 2.70

-0.42 -0.44

()
0.39 -0.46

1(J
-1.99 -2.09 1.86 -2.15

fM -0.91 -0.91
(0)

0.17 -0.49

(212)

-3.96 -3.96 0.74 -2.09

M(Y) fM -0.91 -0.91
(0)

0.29 -0.60
(2.)

-3.96 -3.96 1.24 -2.55

fly

- 0.06 0.63
(2)

- - 0.24 2.33

TB
0.05 0.46 -0.70 -0.80

3
(-2) (.)

0.17 1.59 -2.33 -2.63
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the Coriolis term, but larger than the local acceleration. This term

is expected, of course, to represent an important forcing mechanism

for the motions at midshelf. The alongshore pressure gradient is well

correlated with the alongshore wind stress, because it is calculated as

a residual and thus depends strongly on the largest terms, which are the

cross-shelf Coriolis term and the alongshore wind stress itself (Table

14). However, the correlations between this and the remaining terms in

the alongshore momentum balance are only marginal, apparently because

the response to changes in the wind is strongly depth-dependent (Table

16). In particular the correlation with the cross-shelf transport is

weak apparently because this term represents a residual between opposing

flows near the surface and near the bottom.

The smallest of the terms retained in the alongshore momentum

balance is the bottom stress. I showed in Chapter 2 that it is well

correlated to the alongshore wind stress, which is mostly because it

depends strongly on the alongshore component of the velocity, which in

turn is well related to the wind (Table 16).

C.2. Dynamical Balances Within the Layers

It followed from the results of Chapter 2 that there is an excellent

correlation between the transports predicted by simple Ekman theory and

the cross-shelf transports integrated within each respective turbulent

Ekman layer. This result suggests that the frictional character of the

water column and the cross-shelf transports depend strongly on the local

wind stress and that the cross-shelf flow response is quite depth
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dependent. Thus, it is of interest to examine the dynamical balances

integrated within the three layers separately. The value of the terms

in equations (4.9) through (4.11) are obtained by integrating (4.7)

within the instantaneous values of the layer's thicknesses, which have

been delayed in tIme by twelve hours to account for the spin-up

time of the boundary layers, as discussed in chapter 2.

The results are, of course, in line with those obtained through

the examination of (4.8), save for those terms that have a strong depth

dependence which is masked by the integration throughout the entire

water column. In the cross-shelf momentum equation the Curious term

is the dominant quantity in all three layers (Table 17); hence, it

determines most of the cross-shelf pressure gradient term, and, as in

(4.8), the cross-shelf momentum balance is essentially geostrophic

throughout.

In the alongshore momentum equation the local acceleration

remains the smallest term throughout, though it is as much as half the

I.'
size of the Coriolis term (Table 17). The sum ( + fM'<') is large,

indicating that -- and fMX1 do not act strongly to balance each

other, consistent with their small correlation coefficient (Table 15).

Indeed, the time series of the terms in the alongshore momentum

equations (Fig. 18) show clearly that, with the exception of occasional

(x
one to two day instances, and fM / are poorly related.

In the surface layer the wind stress is the dominant single term.

The Coriolis term is also of a comparable magnitude, and well related
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Figure 16. Time series of some terms in the alongshore
momentum equation, integrated within the three
layers in the water column. Units are
10-1 Pascals.



Table 17. Basic statistics of the terms in the momentum equations integrated within the three

layers in the water column, as defined in the text. Units are i0 Pascals. (dynes cm2).

Mean+Error Standard Deviation

Surface Interior Bottom Surface Interior Bottom

p LI 0.001+0.04 0.001+0.003 0.002+0..02 0.25 0.18 0.11

-3.6+0.6 -1.3+0.3 -1.9+0.5 2.23 1.27 1.59

P(Mt -fM) 3.6+0.6 1.3+0.3 1.9+0.5 2.26 1.30 1.60

-4.2+0.8 -1.3+0.3 -2.3+0.6 2.81 1.30 1.83

T -0.7+0.2 - 0.66 - -

TB(x)
0.3+0.08 - - 0.25

p0 0.004+0.06 -0.005+0.04 0.001+0.05 0.43 0.29 0.30

p0 fU -0.5+0.1 0.2±0.1 0.9+0.2 0.70 0.63 0.62

p0(M) -fM) -0.5+0.2 0.2+0.1 0.9+0.2 0.87 0.72 0.69

-0.90.2 -0.2+0.1 -0.4+0.09 0.74 0.72 0.48

T(y) -1.4+0.2 - 0.81 - -

TB -0.6+0.1 - 0.48
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to the wind (Fig. 18), but when all the terms in the surface layer have

been determined, there remains an imbalance, attributable to an along-

shore pressure gradient, which is itself of the order of fM and

TW(Y) (Fig. 18). This pressure gradient is such that it is most of the

time equivalent to an accumulation of water to the south and, therefore,

should drive an onshore flow. Nevertheless it is clear that the off-

shore Ekman flow is quite dominant over the geostrophic effects within

the surface layer (Fig. 18).

In the interior layer I assume that the effect of the surface and

bottom stresses has vanished. The balance is then purely geostrophic

in the cross-shelf momentum equation (4.1O.a) and very nearly so in the

alongshore momentum equation (4.lO.b), since plays only a small

role (Table 17, Fig. 18).

In the bottom layer the Coriolis term is clearly dominant over

(Fig. 18). The alongshore component of the bottom stress, al-

though an important term in this layer, is not quite large enough to

explain all of the measured onshore flow (Table 17) and, hence, it is

necessary to invoke the presence of an alongshore pressure gradient in

this layer as well, in order to explain its magnitude.

The time series of the residual depth-integrated pressure

gradient in the three layers are shown in Fig. 18. The magnitude of

the pressure gradient term is clearly related to the wind in both the

surface and bottom layers, in that it attains maximum values when the

wind is strong. In the interior the opposite is true, and the pressure

t
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gradient is present during times when the wind is weak. This is in

part because when the wind is strong the interior region disappears,

whereas it occupies a large portion of the water column when the wind

relaxes. This suggests that the alongshore pressure gradient may also

be present at times when the wind is weak, supporting the notion that

a substantial component of the flow is unrelated to the local alongshore

wind. It is clear that the pressure gradient is present throughout the

water column, opposing the surface Ekman flow, but enhancing the on-

shore near bottom Ekman flow. Correlations of the terms evaluated

within the layers with the alongshore component of the wind stress are

not given, for they reflect the variations of the layers thicknesses in

addition to the variation of the dynamical quantities themselves.

C.3. Dynamical Balances at Individual Levels of Measurement

The dynamical character of the region has been explored by the

evaluation of the vertically integrated balances presented above. The

terms in the momentum equations evaluated at each individual level of

measurement provide essentially the same picture. I shall nevertheless

describe them briefly, for they reflect the strong vertical variation

of the dynamical structure of the water column and its dependence on

the variations of the wind stress.

The standard deviations of the terms in the momentum equations at

each level show that they are all 10 to 20 percent larger near the

surface (Table 18). The cross-shelf momentum equation is dominated by

the Coriolis term throughout, as expected. This term shows a maximum



Table 18. Depth distribution of the basic statistics of the terms in the momentum equations.
Units are Pa-nr1

Mean +Error

p0 Ut p fv p0(ut_fv) p0 v pfu p0(vt+fu)

1 0.002+0.01 -1.5+0.6 1.5+0.6 0.004+0.01 -0.30.07 -0.3+0.08

10 0.0006+0.01 -0.9+0.1 0.9+0.1 0.003+0.01 -0.2+0.05 -0.2+0.06

12 0.00080.01 -1.0+0.1 1.0+0.1 0.003+0.01 -0.2+0.06 -0.2+0.06

25 0.001+0.01 -L3-FO.1 1.3+0.1 0.003+0.01 -0.1+0.06 -0.1+0.06

45 0.002+0.009 -1.3+0.1 1.3+0.1 0.003+0.001 0.3+0.05 0.3+0.05

66 -0.001+0.006 -0.7+0.1 0.7+0.1 0.004+0.001 0.5+0.08 0.5+0.08

Standard Deviations

1 0.09 0.58 0.59 0.11 0.34 0.37

10 0.09 0.47 0.48 0.09 0.28 0.30

12 0.09 0.44 0.46 0.09 0.27 0.29

25 0.09 0.43 0.44 0.08 0.29 0.30

45 0.07 0.50 0.51 0.09 0.23 0.25

66 0.05 0.47 0.47 0.07 0.25 0.26

-a
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value near the surface and a secondary maximum deeper in the water

column, in accordance with the description of the alongshore flow given

in Fig. 9.

In the alongshore momentum balance the local acceleration is

always smaller than the Conchs term by about a factor of three. The

standard deviation of the sum of these two terms is again somewhat

larger than that of fu, indicating that these do not balance each other

strongly. This is supported by the correlations between these two

terms (Table 15), which are small everywhere at zero lag. However, the

lagged correlations are, with a couple of exceptions, well above the

99 percent level of significance. The three sensors closest to the

surface show a strong positive correlation between these two terms,

meaning that an intensification of the southward alongshore flow is

associated with an intensified offshore flow near the surface, where

leads fu by about one day. At the two deepest sensors they become

strongly negatively correlated, in accordance with the expected on-

shore flow associated with the acceleration of the southward flow. Near

the bottom leads fu by about a day and a half. These results sug-

gest that there is no tendency for these terms to balance, but, instead,

that fu is more closely related to the alongshore velocity rather than

to its acceleration, supporting the idea that the flow is governed by

quasi-steady Ekman dynamics. It should be noted that the correlations

in this study only provide some supportive evidence, but should not be

given too much importance, in light of the nonstationarity of the



126

dynamics evidenced by the rapidly changing water column structure diS-

cussed in chapter 2.

The relationship between the dynamical terms at each measurement

depth and the alongshore component of the wind stress, examined in

Table 19, is illustrative of the depth dependence of the dynamical

characteristics of the water column. In the cross-shelf momentum

equation the correlation between the alongshore wind stress and the

alongshore current over the shelf is statistically significant through-

Out almost all of the water column. The maximum correlation is always

found within a one day lag, suggesting that the alongshore flow

responds rapidly to changes in the wind stress.

In the alongshore momentum equation the local acceleration is

weakly correlated with at the near surface sensors. Below 25 m

depth the correlation becomes significant and is maximum at 45 m depth,

which is the sensor most likely to be representative of an inviscid

interior region. It is evident that leads the wind throughout the

water column by about a half a day, which is small in this context, but

supports the notion that the dynamics are quasi-steady. The Coriolis

term in the alongshore momentum balance is, as expected, very well

correlated with the wind stress throughout. Near the surface, at the

upper four sensors, the maximum correlation is positive and found at

zero lag, reflecting an immediate response of the offshore flow in the

near surface Ekman layer. Near the bottom the correlation becomes

negative such that a southward wind stress causes an onshore flow, with



127

lags of about one day. As mentioned in chapter 2, this provides a time

scale for the spin-up of the entire water column.

D. An Interpretation

The results of the previous section show that there is a strong

Ekman component in the dynamical character of the flow at midshelf. It

is also evident that an additional contribution, associated with the

alongshore pressure gradient, is found throughout the water column.

Clearly, this entire dynamical structure depends strongly on the wind,

to which it responds quickly. I shall here discuss these results,

focusing on the event structure of the wind stress fluctuations and in

light of existing theoretical results (e.g. Allen, 1980).

As I explained earlier, it is possible to distinguish several well

defined events in the wind record and, consequently, several stages in

the flow response at midshelf (Fig. 19). Following an intensification

of the wind stress, the flow is expected to adjust accordingly, in what

I shall term the Spin-up phase. If the wind then remains nearly con-

stant, the flow presumably will attain a stage that can be qualified as

steady-state. Eventually, the wind's intensity diminishes and the flow

should return to its initial state in what I shall refer to as the spin-

down phase.

0.1. The Spin-up Phase

The intensity of the wind stress increased markedly in at least

three instances, during 17 and 18 March, from 28 to 30 March and, after
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a wind reversal, from 8 to 11 April (Fig. 19). During these times,

which correspond to the initial stages of major upwelling events ob-

served during the experiment, the offshore flow in the surface Ekman

layer intensified accordingly, as expected from simple Ekman dynamics

(Fig. 20). This was accompanied by a rapid deepening of the surface

Ekman layer itself, which typically evolved from 10 to 20 m thick to 40

to 50 ni thick (Fig. 11). The response time of the surface layer is

expected to be on the order of half a pendulum day or 16.3 hours at this

latitude (Pollard, Rhines and Thompson, 1972) but, instead, the corre-

lations (Table 19) indicate an almost immediate response in the upper

layers. This was discussed earlier in chapter 2, and is consistent with

observations in other regions (Kundu, Allen and Smith, 1975; Brink,

Allen and Smith, 1978; Millot, 1979).

Assuming the effects of Ekman divergence are unimportant over the

shelf, the forcing of motions below the surface Ekman layer must be

introduced through the boundary condition at the coast (Gill and

Schumann, 1974; Allen, 1980). The presence of the coast interrupts the

surface offshore flow and continuity of mass then requires a flaw from

deeper layers into the surface layers, which is expected to take place

within a scale the internal Rossby radius of deformation,

from the coast (Allen, 1976). Though this distance is ill defined since

H varies across the shelf, it probably is about 20 or so km for the case

at hand. This constitutes the baroclinic response, which is generally

manifested by an upwarping of the isotherms near the coast.



TABLE 19. Lagged cross-correlations between the ternis in the moinentunt equations at individual depths
and the alongshore component of the wind stress (y). Positive lags (in days) indicate

W
leading. See legend of Table 15.

fv ut-fv v fu v+fu

1 0.73 0.76 -0.72 -0.79
()

0.19 0.31
(-

0.12 0.72
(0)

0.72 0.13

2.36 2.45 -2.28 -2.51 1.16 1.91 2.87 2.87 2.87 2.78

10 0.44 0,54 -0.43 -0.60 0.21 0.24 0.47 0.47 0.50 0.51
(1) (1) (_-) (0) (--)

1.48 1.82 -1.44 -1.97 1.41 1.61 2.09 2.09 2.04 2.05

12 0.53 0.63
(i-)

-0.51 -0.68
(1)

0.23 0.27
(_-)

0.58 0.58
(0)

0.61 0.61
(0)

1.74 2.05 -1.66 -2.20 1.52 1.78 2.55 2.55 2.44 2.44

25 0.68 0.77
(-)

-0.67 -0.80
(i.)

0.32 0.38
(_-)

0.61 0.61
(0)

0.68 0.68
(4)

2.29 2.60 -2.25 -2.69 1.98 2.35 2.37 2.37 2.63 2.64

45 0.65 0.78
(-)

-0.67 -0.78
(1)

0.38 0.41
(4)

-0.28 -0.51 -0.13 -0.61

2.15 2,61 -2.27 -2.64 2,05 2.22 -1.18 -2.13 -0,55 -2.65

66 0.74 0.86
()

-0.77 -0.86
(..)

0.40 0.46
(-k)

-0.70 -0.80
(..)

-0.56 -0.83
(1.1)

2.32 2./1 -2.42 -2.70 1.82 2.20 -2.15 -2.47 -1.74 -2.59

-I
()
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Hence, continuity forces an interior onshore flow below the surface

Ekman layer, which, particularly in the early stages of the forcing,

occupies a large fraction of the water column. This response, outside

of the baroclinic response region, is expected to be related to a cross-

shelf length scale L, given by the width of the shelf itself and to have

a tendency to be barotropic, which is particularly favored by a strati-

fication that is up to ten times weaker than in other regions (Huyer,

1976). The sloping sea bottom in this region may play an important

role by interacting with the forced onshore flow through conservation

of vorticity (Allen, 1976; Csanady, 1978).

In its early stages, the response is expected to consist mainly of

a balance between and fu in the initially iriviscid region underneath

the surface Ekman layer, whereby the onshore flow drives an accelera-

tion of the alongshore flow (Allen, 1976). This in turn will increase

the magnitude of the bottom friction, which increases as v or

(Csanady, 1972). Indeed, Fig. 19 shows that every major increase of the

intensity of the wind stress at the beginning of an event is accompanied

almost immediately by an increase, of the same sign, of - as, for

example, between 17 to 19 March, 28 to 30 March and 8 to 9 April. As a

consequence the total alongshore velocity responds within a day or so

to the winds intensification and the bottom stress which depends on

the alongshore flow close to the bottom, responds within the same time

scale. The wind itself increases with a typical time scale of about

two days. Thus, two to three days after the onset of the wind, when its



132

intensity becomes more constant, the bottom stress eventually becomes

of a magnitude comparable to that of the alongshore acceleration (Fig.

19). In this manner the bottom friction acts to check the growth of

the alongshore flow and decays in consequence, to be replaced in the

alongshore momentum balance by the bottom stress itself. This provides

a mechanism that limits the growth of the flow response over the shelf

and allows it to reach an approximate steady-state. During this

development the bottom Ekman layer grows until it becomes thick enough

to occupy the entire portion of the water column underlying the surface

Ekman layer, replacing the inviscid interior as a mechanism to carry

the compensatory onshore flow near the bottom. This is seen clearly in

Fig. 19, where vanishes as the bottom stress reaches a maximum,

a day or so after the wind has attained its maximum intensity. At the

same time both the bottom Eknian layer and the onshore flow within it are

seen to be fully developed as, for example, during 20 March and 30 March

(Figs. 11 and 18).

This entire response takes place within a day or two of the onset

of the wind. This being a time scale considerably shorter than that of

the fluctuations of the wind stress justifies considering the dynamics

as becoming quasi-steady. In effect, the fluid over the shelf appears

to respond initially like a shelf wave (Allen, 1976, 1980), but friction

at the sea floor quickly prevents any further development.

D.2. Steady State

After the rapid spin-up described above, the wind sometimes remained
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sufficiently constant to justify considering the system as approximately

steady. This occurred, for example, during 19 to 22 March and from 30

March to 6 April where, typically, -was very small. The alongshore

momentum equation then consists of a balance between the forcing by the

surface to bottom stress difference, the cross-shelf flow and an along-

shore pressure gradient.

The importance of friction and the thickness of the Ekman layers

(Fig. 11) attest to the importance of the Ekman component. Neverthe-

less, important departures from pure Ekman dynamics suggest that a

superimposed geostrophic onshore flow is also important. This is evi-

dent, for example, around 25 March when the wind remained calm for

three to four days, but a strong onshore flow, presumed to be geostro-

phic, appears on the 26th (Fig. 19). Alternatively, both on 1 to 2

April and 4 April the wind was strong, but the offshore flow within the

surface Ekman layer diminished to values considerably smaller than

those expected from simple Ekman theory (Fig. 18). Moreover, where the

wind has a typical time scale that ranges from about five to ten days,

the cross-shelf flow and the alongshore pressure gradient term have a

distinct variation on a scale of three to five days, supporting the

idea of a component of the onshore flow unrelated to the local wind.

0.3. The Spin-Down Phase

As the intensity of the wind weakens during a spin-down phase the

offshore transport in the surface Ekman layer will be reduced according-

ly and, thus, the forcing of the onshore flow below the surface Ekman
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layer will be reduced as well. As the wind driven fraction of fu

diminishes, the alongshore momentum balance is temporarily dominated

by the bottom stress, which is now balanced by . This in turn

reduces the alongshore flow, and the part of the flow response that

is locally wind driven slows down to readjust to the intensity of the

driving. Major spin-down phases appear to have occurred during the

experiment on 15 to 17 March, 22 to 24 March and 6 to 8 April, marking

the end of the major upwelling events and Figure 19 shows that

becomes positive during those times. The effect is not visible in the

time series of fu and TI integrated within the entire water column

(Fig. 19) nor within the three layers (Fig. 18), presumably because

during these times the geostrophic component dominates the flow and

is able to mask the effect of the slackening of the wind.

D.4. A Possible Geostrophic Component

The flow response I have described above essentially takes place

at two different levels; the surface Ekman layer, which responds to the

wind directly, and the subjacent layers, forced through the boundary

condition at the coast. Because of this I have integrated the time de-

pendent values of the terms in the alongshore momentum equation within

these two layers, rather than the former three, joining the bottom

Ekman and interior layers into a single one. The resulting time series

indicate that responds as I described earlier and is not shown

here, but the cross-shelf transport integrated within these two layers

is compared to that expected from simple Ekman dynamics in Fig. 20, and
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it is evident that there are large discrepancies at certain times.

These are particularly large within the surface Ekman layer, for

example, during the first two to three days of April and between 4 to 6

April. Another major departure between the two occurred in the sub-

jacent layer during 26 to 29 March, as had been noted earlier in Fig.

18. It appears that some of these discrepancies are somewhat more in-

tense or entirely confined to the surface Ekman layer, suggesting the

possibility of barocliriic effects in the alongshore pressure gradient.

Others, between 18 to 22 March have time scales suggestive of inertial

oscillations.

These observations are summarized in Figure 21 , where I have plott-

ed the time series of the residual flow in each layer, that is, the

difference between the cross-shelf flow predicted by simple Eknian

theory and the measured cross-shelf flow. It should be kept in mind

that the magnitude of any term integrated in the two layers separately

will vary also as a function of the variation of the layer thicknesses

that serve as limits to the integration. Also shown in Figure 21 is

the total residual flow for the entire water column as well as the

total pressure gradient term computed as an imbalance term. It is evi-

dent that the residual cross-shelf flow balances very well the pressure

gradient term, which is to be expected inasmuch as fu dominates the

calculation of n,,. Nevertheless, this illustrates that once all the

predicted Ekman response is subtracted from the observed flow, a

considerable component, which appears to be in geostrophic balance,
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remains.

This shows that three dimensional effects are of primary impor-

tance in the time dependent dynamics of the flow at midshelf and, in

this sense, the dynamical character of the low frequency fluctuations

is similar to that of the mean flow, described in Chapter 3. The

following chapter will attempt to discuss the nature of this three-

dimensional component, prevalent both in the mean and in the fluctua-

tions.
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V. DISCUSSION

A. Introduction

I have examined the circulation over the shelf off Northwest

Africa, mostly by using the records available at midshelf because the

sampling there extended into the upper layers of the water column and

the data series were the longest obtained during the experiment. One

of the most notable results of this study is that three-dimensional

effects are of fundamental importance in determining the behavior of

the flow at midshelf. Because of the lack of sea level measurements

and the insufficient information in the alongshore direction, it is

difficult to determine the exact nature of this three-dimensional com-

ponent of the flow. Nonetheless, this chapter summarizes the principal

evidence that supports the three-dimensional character of the flow over

the shelf, and offers some possible explanations that might be invoked

in light of recent progress made in modelling the circulation of

coastal regions and of results obtained in similar studies done else-

where. At the end of the chapter the most relevant conclusions of this

dissertation are listed.

This study has concentrated exclusively on subinertial motions;

the behavior of some of the tidal components in this region have been

examined by Gordon (1978, 1979) and by Mittelstaedt, Bottero, Halpern

and Smith (in preparation). On the low frequency end of the spectrum I

am limited by the length of the measurements, which varies at different

moorings from two to six weeks. It is possible to distinguish two
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basic time scales in the data at niidshelf. There is an evident time

scale provided by the atmospheric forcing, ranging from three to ten

days, which I will refer to as the event or synoptic time scale. The

second one is the time scale of the mean, which I have taken for conven-

ience in Chapter 3 to be the length of the experiment at midshelf, with

full awareness that this might not correspond to any particular physical

time scale. Whereas it is clearly longer than that of the wind forcing,

it might not be representative of other natural time scales predominant

in this region, such as the seasonal variability. It is the distinction

between these two time scales that dictated the separation of the analysis

into Chapters 3 and 4.

In addition I showed in Chapter 4 that the residual or non-Ekman

cross-shelf flow and consequently, the alongshore pressure gradient

appear to vary with typical periods ranging from three to five days,

superimposed on a slower variation of 5 to 10 days, which is related to

the wind. It is clear that I am limited to a mostly qualitative des-

cription of the fluctuations of the dynamical character of this region,

on the event or synoptic time scales, with a maximum period of a few

days.

B. The Three Dimensional Character of the Flow

The results of Chapter 2 showed clearly that friction is dynamically

important over the shelf and that the dynamical structure of the water

column is highly dependent on the intensity of the wind. During strong

winds a two layer configuration is present, in which the surface and
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bottom Ekman layers abut directly in the middle of the water column,

as was suggested by Kundu (1977). When the wind is calmer the Ekman

layers appear to be sufficiently thin to allow a substantial interior

layer to exist, assumed to be inviscid. In examining the question of

how much of the onshore compensatory upwelling flow is confined to a

bottom layer it becomes evident that a substantial fraction of the cross-

shelf flow is not related to the local wind through Ekman dynamics but,

rather, is in balance with an alongshore pressure gradient.

The mean heat and momentum budgets support the need for alongshore

contributions. In the thermal budget this is manifested by the inability

of the solar radiation to warm the upwelled water sufficiently, result-

ing in the water being progressively cooler as it flows to the south.

This, in itself, is insufficient to affect the mean momentum budget sub-

stantially. That is, the resulting alongshore density structure does not

seem to introduce a significant mean cross-shelf flow through a baroclinic

alongshore pressure gradient. The coupling between the fluid and thermal

dynamics of this region must then occur in a different way. Nevertheless,

the mean momentum budget requires the presence of an important barotropic

alongshore mean pressure gradient, equivalent to a slope of the sea sur-

face of 26 cm per 1000 km, rising to the south. The time dependent

momentum balance also requires the contribution of an alongshore pressure

gradient with a standard deviation that is somewhat smaller than, but

quite comparable to its mean value. The rest of this chapter will attempt

to explore possible mechanisms for the generation of this ubiquitous

alongshore pressure gradient.



142

C. The Mean and Slowly Varying Alongshore Pressure Gradient

An alongshore pressure gradient can play a substantial role in the

behavior of the flow in coastal regions. For example, Sverdrup, Johnson

and Fleming (1942) postulated an alongshore pressure gradient, of a

magnitude comparable to that found in the present study, for the Middle

Atlantic Bight off the eastern seaboard of the United States, where the

alongshore circulation flows against the local wind. This was later sup-

ported by the models of Stonunel and Leetrnaa (1972) and Csanady (1976L

and by the observations of Beardsley, Boicourt and Hansen (1976) and of

Scott and Csanady (1976). The reader may find an excellent discussion of

these and other aspects of the circulation in the Middle Atlantic Bight

in Beardsley and Boicourt (1980).

Several explanations for the generation of an alongshore pressure

gradient have been proposed. Csanady (1978, 1980) showed that a mean

alongshore pressure gradient may result from local wind forcing when

bottom friction is sufficiently strong to arrest the flow response over

the shelf. Alternatively, Csanady (1976, 1979) proposed that, in the

Middle Atlantic Bight, the alongshore pressure gradient may be imposed

onto the coastal regime by the large scale offshore circulation, whereas

Sturges (1974) noted that a similar effect can result from a large scale

flow crossing lines of latitude. Finally, the curl of the local wind

stress can drive a net onshore flow through a simple vorticity balance.

I shall examine these mechanisms as possible explanations of the along-

shore pressure gradient observed off Northwest Africa.
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C.l. The Arrested Topographic Wave

A predominant, time-dependent fraction of the alongshore pressure

gradient varies with typical scales that range between five and ten days,

and are well related to the wind. In general, the alongshore accelera-

tion terms remain small , except during the rapid spin-up phase that takes

place in adjustment to an intensification of the wind stress. As the

fluid spins up, bottom friction becomes dominant, curtailing the growth

of the alongshore velocity and replacing the acceleration term in the

alongshore momentum balance. This suggests that the response in the

initial part of an event conforms to a wave-like behavior, which evolves

rapidly into a quasi-steady, frictionally dominated limit. The response

of the flow in terms of shelf waves will depend on several factors.

Amongst these, and of utmost importance in this region, is bottom fric-

tion. Its presence tends to bring the flow response into phase with the

wind forcing (Brink and Allen, 1978), instead of the inviscid 900 phase

difference (Gill and Schumann, 1974) of about two days in the present

case. The typical time scale for the frictional adjustment of the flow

response can be obtained as (e.g. Pedlosky, 1979, p. 180);

T = f_I t_
Hf

(5.1)

where Hf is a frictional height scale and H is the total water depth.

For this region let Hf - 25 m, the typical thickness of the Ekman layer

over the bottom, and H = H0 73 m. This yields Tf 15 hours, which is

in reasonable agreement with the estimate of one day obtained earlier for
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the spin-up time scale. This, of course, is much shorter than the

typical time scale of the wind fluctuations, which indicates the response

is quasi-steady and the flow system is responding as if to a steady forc-

ing, i.e. with a very rapid frictional adjustment. An immediate conse-

quence of this result is that both the mean and the slowly-varying

fractions of the alongshore pressure gradient, inasmuch as they are well

related to the wind, can be treated together.

The fluid response to atmospheric forcing over a highly frictional

shelf region, the arrested topographic wave, has been studied by Csanady

(1978). In his model, bottom topography H(x) is allowed to vary only in

the cross-shelf direction; the fluid is taken to be homogeneous and

bottom friction is parameterized as a linear function of the depth-

averaged alongshore velocity. Neglecting the time derivatives and the

cross-shelf components of the surface and bottom stresses, it is shown

that the sea surface elevation field is governed by:

0
r dx y

(5.2)

where r is the resistance coefficient defined in Chapter 2. If the

bottom slope is linear, H = sx, equation (5.2) reduces to a diffusion

equation and can be solved exactly. The forcing by the alongshore wind

stress enters the problem through the boundary condition at the coast.

The solution will depend on the alongshore structure of the wind field

or, by extension, on the shape of the coastline.

Because of the configuration of the coastline, which changes
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abruptly in direction at Cap Blanc (Figure 1), it appears particularly

suitable in the present case to examine the arrested topographic wave

response to a step-like wind stress field of the form:

F = F0 constant ; y > 0

F=0 ;y<O
(5. 3)

where F is the alongshore kinematic wind stress. This assumes that Cap

Blanc (y = 0) is acting effectively as a dynamical barrier and prevents

any signals from propagating past it from the south. In this case the

sea surface elevation is given by (Winant, 1979)

2fF
rg0 (KyY ierfc Z (5.4)

where g fr is, in this problem, the analog of thermal conductivity and:

z
X (55)

2(Ky) 2

From (5.4) the sea surface slope can be shown to be:

2F

Ze . (5.6)

gH/

This expression can be evaluated by taking F0 = -1. x m2 sec2 as a

typical value for the alongshore kinematic wind stress; the bottom slope

is approximately s 2. x l0', r = 5.5 x l0 m sec from Chapter 2

and, thus, K 5. x m; the distance between Cap Blanc and the mid-

shelf mooring makes y = Y = 1. x 10 ni, whereas the distance between the

mooring and the coast is x = -3.2 x l0 ni. Then, the solution yields
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-7.4 x 10 or an equivalent change of sea surface elevation of

7.4 cm/lOGO km of coastline. At the coast (x = 0), the solution yields

a slope equivalent to 12.3 cm/l000 km of coastline. These numbers are

smaller than those obtained earlier from the measurements by about a

factor of three. Nonetheless, given the various sources of error in

these calculations, the agreement is reasonable.

Some natural scales emerge from the solution (5.3) used here

(Winant, 1979). The cross-shelf scale arises as the geometric mean of

the conductivity analog and the alongshore length scale, L0 (KY)½

2.3 x l0 m. Typical velocity scales can also be obtained; for the
F

alongshore velocity this is - 0.2 iii sec', and for the cross-shelf
F

r

velocity it yields 0.025 m sec , which agree remarkably with the

mean values obtained in Chapter 3. The typical sea surface elevation
F

scale is given by
gsL0

0.02 in which, over the distance V. represents

an average equivalent sea surface slope of 2. x 10 , which is in

excellent agreement with the mean alongshore sea surface slope obtained

in Chapter 3.

The corresponding solution for the alongshore component of the

vertically averaged velocity that arises from the arrested topographic

wave solution (5.4) is:

F

v = .2. erfc Z , (5.7)

which is -6 cmsec at midshelf.

The cross-shelf component of the same can be written as:



147

a
F0

rv

f
+

2F F0
= Ze + erf Z , (5.8)

fHi

and its corresponding value at midshelf is -0.5 cmsec.

Equation (5.7) indicates the alongshore velocity is in the same direction

of the wind stress, generating a southward jet in the present case, in

good agreement with the observations. Equation (5.8) shows the cross-

shelf component is the result of two opposing effects. The first term

on the right hand side of this expression is the effect of the along-

shore pressure gradient, which balances an onshore flow. The second term

is the cross-shelf flow resulting from the surface to bottom stress

difference, which in this case is clearly directed offshore, since the

surface wind stress is larger than the bottom stress. At the coast

(x = 0) both terms vanish, thus independently satisfying the no normal

flow constraint. Offshore, as x + , the geostrophic component vanishes

and (5.8) reduces to a simple Ekman flux. The numerical evaluation of

(5.8) shows, however, that the net offshore Ekman flux dominates over the

onshore geostrophic component everywhere over the shelf and, hence, this

solution cannot provide a satisfactory explanation for the alongshore

pressure gradient, inasmuch as this term is based on the presence of a

net onshore flow. Thus other mechanisms to explain the alongshore pressure

gradient must be explored.
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C.2. Influence of the Open Ocean Circulation

The notion that the large scale open ocean circulation can impose

an alongshore sea surface slope over the continental shelf is not new;

this mechanism is believed to be responsible for the behavior of the

coastal circulation over the Middle Atlantic Bight (Beardsley and Boicourt,

1980). The mechanism of interaction of the large scale pressure gradient

with the coastal circulation has to do with the boundary condition at

the coast. The pressure gradient offshore drives a geostrophic flow to-i

wards the coast, which then requires a return flow in order to conserve

mass in the two-dimensional limit. This is provided through a poleward

flow over the shelf which, because of bottom friction, drives an offshore

flow in an Ekman layer close to the bottom. This is, of course, not ob-

served in the region of this study, where the flow is strongly equator-

ward and the flow near the bottom is predominantly onshore, but the net

effect of superimposing the large scale alongshore pressure gradient to

the local pure Ekman regime could account for the imbalance between the

surface wind stress and the bottom stress.

The problem of the forcing of barotropic motions over the shelf by

the offshore circulation was solved by Csanady (1978) for the highly

frictional, arrested topographic wave case. Any number of offshore

pressure distributions could explain the observed onshore flow but, un-

fortunately, not enough is known about conditions offshore to narrow down

the possibilities. I can only conclude that driving by the deep ocean is

a plausible mechanism in the present case, but one that cannot be ade-

quately evaluated.
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C.3. Effect of Meridional Flow

An alternative explanation for the presence of an alongshore

pressure gradient has been offered by Sturges (1974), who suggested it

might be generated because of the variation of f as a large scale ocean

current crosses lines of latitude. Because the cross-shelf momentum was

shown to be geostrophic, I let fv = g . Then:

L1 = V
(5.9)ayax gy g

where = 1.62 x i01 m1 sec is the variation of f with latitude.

If I assume that is only due to changes at the coast, decaying off-

shore in a cross-shelf scale x L, I get:

-Aç
vL

g y +
(5.10)

vL
8This gives -f. 10 for L = 50 km. the width of the shelf. This

value is an order of magnitude too small and, therefore, this mechanism

can probably be excluded.

C.4. The Curl of the Wind

It is a common assumption in the study of the circulation of coastal

regions that the wind field varies over scales that are considerably

larger than the width of the continental shelf and, therefore, that the

cross-shelf variations of wind stress are dynamically unimportant (Allen,

1980). If the circulation is in approximate steady-state, the cross-

shelf transport due to the coastal Ekman divergence causes a stretching
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of vortex lines that results in a steady vorticity distribution as,for

example, in the arrested topographic wave solution (Csanady, 1978).

There is, however, increasing evidence that the wind field can possess

a considerable spatial structure near the coast, probably owing to

frictional effects, topographic steering, &c. The relaxation of the

assumption that the wind field is locally homogeneous introduces a

mechanism that is potentially capable of directly driving the observed

geostrophic onshore flow. In this case the vorticity equation can be

written (e.g. 4llen, 1980; eqn. 4.3):

H H

fj1-tp x (y) (y) j_, (Y) - .Y)) , (5.11)
y ii_

- T3 )
X TW

where i = Hu is the cross-shelf transport, which can be enhanced by the

cross-shelf gradient of the surface to bottom stress difference. Con-

ceptually this is because the surface wind stress gradient generates a

divergence of the Ekman transport, which results in a net vertical motion

at the base of the Ekman layer; the presence of the coast and of the sea

floor cause this vertical motion to be balanced by a cross-shelf trans-

port below the surface Ekman layer.

There are some indications that the curl of the wind stress can, in

fact, drive a substantial fraction of the cross-shelf flow. Halpern

(1976) calculated values of wind stress curl off Oregon and found them to

be of the correct magnitude to explain some of the vertical motions

inferred from the density structure. For the JOINT-I region, aircraft

observations of the wind field during the experiment (Stuart, 1980) show

many occasions when strong cross-shelf gradients of alongshore wind stress
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occurred over the shelf. Figure 22, reproduced from Duval (1977), shows

an extreme situation, but illustrates some of the features common to most

of his remaining wind field maps. It is evident the cross-shelf gradient

of alongshore wind is strongest over the inner shelf, roughly between the

coast and the midshelf mooring. Over the outer shelf its magnitude de-

creases sharply and it may even, on occasion, reverse sign. In order to

get a rough, order of magnitude verification of the importance of the

wind stress curl during JOINT-I, I have calculated some values of the

cross-shelf gradient of the alongshore wind from velocity profiles pre-

sented by Duval (1977)..

The results are listed in Table 20, where two values are provided

for each flight, corresponding to estimates of the gradient over the

outer and inner shelf, respectively, as explained above. The assumed

balance, neglecting the bottom stress, is fH u - where =

s=-2. x lOs. I happens that for this particular case, the values of

wind stress curl given in lO Pam1 in Table 20 are also approximately

those of the equivalent onshore velocity at midshelf in cm sec1. From

Chapter 3, the mean onshore flow observed at niidshelf was of the order of

2 cm sec, so the magnitudes of wind stress curl, particularly over

the inner shelf, are indeed adequate to explain the observations. It is

also evident, however, that there is a large amount of temporal varia-

bility of the spatial structure of the wind field and that because of the

sporadic nature of these aircraft observations, this constitutes only a

rough check on the plausibility of this mechanism to force the observed

cross-shelf flow.
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Estimates of wind stress curl during JOINT-I from aircraft
data presented by Duval (1977). Values are presented for both
the inner and outer portions of the shelf area to illustrate
the widely differing pattern across the shelf. Units are
10-6 Pa.m1

Flight Date Time Outer shelf Inner shelf

10 Mar 5 AM 0.00 1.77

11 5 PM 0.71 0.71

12 6 AM 0.00 0.00

13 6 PM -0.24 -0.24

14 7 AM 0.32 2.37

16 8 AM 0.00 2.71

17 9 AM 0.00 0.00

18 9 PM 0.00 4.46

19 12 AM -0.92 2.73

20 12 PM -2.69 -2.96

21 13 AM -0.68 -0.68

22 15 AM 1.04 1.04

23 16 AM 2.61 2.61

25 17 AM -0.75 -0.75

26 17 PM -1.76 -1.76

27 18 AM -1.55 9.35

29 19 AM -4.89 11.40

30 20 AM -1.26 3.28

31 20 PM -1.76 -1.76

32 21 Noon -1.90 3.29

33 28 AM 1.63 1.63
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0. Ringing

The evaluation, in Chapter 4, of the terms in the alongshore

momentum equation showed that a non-negligible residual cross-shelf flow

remains after the Ekman flow and the alongshore acceleration have been

accounted for; this required the presence of an alongshore pressure

gradient in order to satisfy the alongshore momentum balance. A sub-

stantial fraction of this alongshore pressure gradient was seen to vary

with the same typical synoptic time scale of the wind. It is clear

however, from the time series of the residual cross-shelf transport

(Fig. 23.b) that oscillations with typical periods shorter than that of

the wind also appear to be present. These oscillations offhand seem to

be unrelated to the wind, but their characteristic amplitude is com-

parable to that of the background wind induced flow. The purpose of this

section is to explore possible explanations for the presence of these

oscillations, to which I shall refer, for convenience, as the ringing in

the alongshore momentum balance.

The ringing appears to be real , and not the product of some for-

tuitous mechanism associated with the processing of the data, to the

extent that it can be seen in the individual records of the cross-shelf

velocity (Fig. 23.c), particularly in the four sensors closer to the

surface. On the other hand, it can be found neither in the alongshore

velocity records (Fig. 23.d), nor in the temperature records (Fig. 23.e);
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thus, it seems to affect only the alongshore niomerttum balance, or to be

small enough to be undistinguishable from noise levels in the cross-

shelf momentum balance.

In comparing the integrated residual cross-shelf flow to the along-

shore component of the wind (Fig. 23) it is evident that whereas the wind

Stress is predominantly to the outh, the cross-shelf flow is predomin-

antly onshore and that when the wind is strongest is when the onshore

flow tends to be strongest as well. This of course suggests the effect

of an intensified alongshore pressure gradient set up by the wind. Some

major discrepancies with this pattern are visible, though. A markedly

diminished onshore transport is observed on March 14, 21 , 31 and on

April 3rd, all corresponding to times when the wind was strong northerly.

In contrast, onshore flow was observed during March 17 and during March

26 and 27, when the winds intensity was small. These departures from a

clearly wind related response constitute the ringing in the alongshore

momentum balance. However, the occurrences of diminished onshore flow

mentioned above are seen to take place at a rather consistent lag of

about one day after the times when the wind reached its maximum intensity,

appearing as a suddenly increased efficiency in the offshore Ekman

transport. This differs somewhat from the results of Chapter 1 and 4,

which suggested the response of the surface layer to the wind was almost

immediate; but the apparent discrepancy could result from the time de-

pendence of the initial response and from the scheme used to integrate

the cross-shelf flow throughout the water column. Indeed, it can be seen

in Figure 23 that the near surface layers respond rapidly to the
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intensification of the wind; when the wind peaks the offshore flow can

reach 25 m depth or more, about a day later. When it does, it appears

that the onshore flow is abruptly diminished, because the deeper sensors

have a large impact on the value of integrated quantities, owing to the

wider separation between sampling points. Thus both the sharpness of

the offshore flow events and their lag in relation to the wind are proba-

bly the effects of the integration scheme, although the presence of an

intensified offshore flow in the near surface layers is real, as attested

by the records at individual depths and by the results of the previous

chapters.

There remains to examine the events of onshore flow observed during

periods of calm winds. The first one corresponds to a period, centered

on March 17, when the wind diminished for about two days, between two

events of strong upwelling favorable winds, whereas the onshore flow re-

mained strong throughout. A second, major occurrence of onshore flow was

observed on March 26 and 27, starting two days before the beginning of a

strong wind event that lasted until April 7. Onshore flow continued to

occur for two days after, and in spite of, the reversal in direction of

the wind that followed. Possible explanations include the effect of the

wind stress curl examined in the previous section, and the non-local

distribution of forcing mechanisms. The order of magnitude calculations

of wind stress curl presented earlier showed that it can easily reach

magnitudes that could explain the observed onshore flow. This, of course,

would require the wind field to have sufficient spatial structure for the

curl to act over the shelf while the wind itself is not felt at the
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niidshelf buoy. This coincidence appears unlikely. On the other hand,

the presence of onshore flow after the storm has passed is conceptually

easier to explain; signals in the northern hemisphere propagate with the

coast to their right, poleward in the present case. Correspondingly,

the region of measurements can be affected by forcing taking place be-

tween it and Cap Blanc or farther south if Cap Blanc fails to act as an

effective dynamical barrier. In this case, it is conceivable that the

effects of the wind should be observable after the local wind has vanished,

since the storms propagate from the north in this region.

E. Concluding Remarks

The thesis of this dissertation consists of an evaluation of the

dynamical character of a continental shelf circulation regime in a region

where frictional effects are dominant, as a verification of previously

developed modelling results and as a stimulus to new ones. This section

presents the principal conclusions of this study.

The wind is clearly the dominant driving mechanism for the motions

over the continental shelf; this does not appear to be the case for the

motions offshore. The forcing by the wind takes place in the mean and at

the typical synoptic time scale of the storms. Its effect occurs both

through local Ekman dynamics and possibly through a wind stress curl over

the shelf. The effect of remote forcing mechanisms, either by the wind

or the influence of the large scale offshore circulation cannot be ruled

out entirely.
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Various natural time scales emerge from this combination of forcing

mechanisms. Fundamental are the mean, which represents slowly varying

fluctuations of period longer than the experiment, and the synoptic time

scale of the wind forcing. In addition, the surface Ekman layer appears

to respond to the local wind very rapidly, on the order of a few hours.

The subjacent layers, and by consequence, the bottom Ekman layer, respond

in about one day. The frictional adjustment time scale is of the order

of one day and hence, the flow responds initially in the form of a shelf

wave. But, because these time scales are short in relation to that of

the wind, the local dynamics can generally be considered quasi-steady.

The mean upwelling found over the shelf exports heat offshore,

which is replenished over the shelf by solar radiation and by an along-

shore mean heat flux, both of these contributions being roughly equiva-

lent. In other words, more water is being upwelled than can be heated

locally by the sun; hence, the water over the shelf cools progressively

as it flows to the south and, as a result, the mean heat balance is

strongly three-dimensional. The mean momentum balance is also strongly

three-dimensional, requiring an alongshore pressure gradient correspond-

ing to a sea surface slope on the order of -2.0 x to balance the

mean momentum budget.

The fluctuations about this mean state are considerable. The

dominant time scales are the synoptic period of the wind forcing of about

a week and a more rapid fluctuation of about three to five days that

appears unrelated to the local wind, but might result from the curl of

the wind or from remote forcing effects. The fluctuations are also
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strongly three-dimensional in nature.

Both in the mean and in the subinertial fluctuations considered

here the dynamics appear to be predominantly linear most of the times

baroclinic effects appear unimportant and the cross-shelf momentum

balance is approximately geostrophic.

In summary, the motions over the continental shelf in this region

appears best described by a linear, three-dimensional and non-diffusive

model, where the wind is the principal forcing and turbulent bottom

friction allows us to consider it quasi-steady. The results of this

study also suggest that the curl of the wind should be considered

dynamically important in coastal circulation studies.
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