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Ocean basins are connected by straits and passages geometrically limiting important heat and salt 

exchanges which in turn influence the global thermohaline circulation and climate. Such exchange 

can be modelled in an idealised way by taking into consideration the density-driven two-layer flow 

along the strait and the influence of rotation, in particular when the first mode baroclinic Rossby radius 

is of the same order or smaller than strait width. Some straits have complex bottom topography, such 

as the Strait of Sicily or the Straits of Hormuz. It is is the objective of this study to understand when 

and why this has to be taken into consideration. 

We use a laboratory model of a lock exchange between two reservoirs of different density through 

a flat-bottom channel with a horizontal narrows, set up on two different platforms: a Im diameter 

turntable, where density interface position was measured by dye attenuation, and the 14m diameter 

turntable at Coriolis/LEGI (Grenoble, France). On the latter, this type of experiment was carried 

out for the first time, measuring velocity using Correlation Imaging Velocimetry, a particle imaging 

technique. In all experiments, the influence of rotation is studied by varying a parameter, RQ, the ratio 

of the Rossby radius to the channel width at the narrows. In addition, the simple channel is modified 

by adding a central island to represent straits with non-uniform topography at the narrows. 

Results show that the quasi-steady exchange flux for simple channels varies in a way similar to 

a theoretical prediction by Whitehead et al. (1974). When an island is introduced, the dimensional 

flux is larger than without an island for i?o ~ 1- However, the total exchange is less than the sum 

of exchanges that would be expected from each individual channel. Furthermore, for i?o > 1 the 

non-dimensional cross-channel slope at the narrows is shallower than predicted by Dalziel (1988)'s 

semi-geostrophic theory for simple channels. However, scaling RQ using a reduced channel width 

in the island cases leads to a variation of these quantities with RQ in accordance with theory. For 

i?o > 1 two-layer flow persisted across the channel at the narrows with or without an island, but 

distinctly different flows occurred for lower RQ. One quasi-steady state with RQ ~ 0.7 showed 

a 'split' regime with upper and lower layer currents passing on different sides of the island (left, 

looking downstream, respectively). A recirculation near the island tips was noticeable, particularly 

for i?o < < 1, where distinct jets circulated around the tips, opposing the flow of same density on the 

other side of the island. A similar phenomenon has been found in some oceanic strait flows. Flow at 

very low RQ did not appear to reach a steady state but instead showed an oscillating current around the 

narrows associated with several, often barotropic, vortices. Instantaneous flow fields in those cases, 

however, still showed an exchange between the reservoirs, with one island case showing a flow split 

by the island and almost barotropic on either side. There, fluxes were twice as high as predicted by 

two-layer theory. 

Our study showed that the combination of rotation and an island introduce significant 3-dimensional 

aspects to the flow, not present in non-rotating exchange flows. 
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List of symbols 

® (RHS, LHS): the side of the channel with (y < 0, y > 0) 

® W{s, i)\ width of the channel at the narrows (simple channel width,reduced channel width) 

' width of each side-channel (RHS,LHS) between island and side walls at the narrows 

" H\ total depth of water 

' depth of layer (1,2), i.e. (light,dense) 

" hR-. mean depth of layer 1 on RHS at narrows cross-section 

* ^ 2: volume of reservoir (1,2) 

" / : Coriolis frequency 

® T: period of rotation 

» t\ time 

» p(Ap): density (difference between reservoirs) 

® g': reduced gravity at the density interface 

' ^,gf,r,res,a: time scale (see details in section 4.1, p.80) 

» q*: dimensional volume exchange flux (absolute value of either layer) 

® q: non-dimensional volume exchange flux 

' gw/iik/ieod: maximal theoretical, zero potential vorticity value of g by Whitehead gf aZ. (1974) 

' qnr- non-rotating (dimensional) value of q 

' R: Rossby radius of deformation (based on inherent baroclinic gravity wave speed) 

® RQ: Rossby number (based on R and W; also a form of the Burger number) 

' ^(8,2): Rossby number based on 

= u: kinematic (molecular) viscosity 

® Ek: Ekman number (based on u) 

• Re: Reynolds number 

' ^Ek (Ss): scale for Ekman (Stewartson) boundary layer thickness 



Contents 

1 Introduction 21 

2 Background on strait exchange and hydraulics 24 

2.1 Hydraulic exchange and budget theory 24 

2.1.1 Knudsen relations and hydraulic exchanges 24 

2.1.2 Non-rotating hydraulics 25 

2.1.3 Rotating hydraulics 29 

2.2 Experimental and environmental example cases 34 

2.2.1 Rotating hydraulic experiments 34 

2.2.2 Representative environmental exchanges 35 

2.3 Channel dividing obstacles . 39 

3 Laboratory methods 42 

3.1 Schematic layout and non-dimensionalisation 42 

3.2 platform 45 

3.2.1 Layout and setup 45 

3.2.2 Density and fluxes 49 

3.2.3 Dye concentration and interface height 50 

3.3 Coriolis platform 54 

3.3.1 Layout and setup 54 

3.3.2 Water modification and density sampling 57 

3.3.3 Correlation Imaging Velocimetry 58 

3.3.4 Parallax correction 67 

3.3.5 Interface depth 69 



CONTENTS Mil) Hiesbll.Itatw! 3 

3.4 Viscosity and boundary layers 73 

3.5 Measurement errors 75 

3.6 Experiments and parameter variations 78 

4 Transient phenomena in experiments and steadiness 80 

4.1 Time scales and criteria for steady flow 80 

4.1.1 Start-up of experiment 80 

4.1.2 End of experiment 82 

4.2 Time series of properties at the narrows 85 

4.2.1 CIV fluxes (Con'o//j platform) 85 

4.2.2 Local interface height (SOC platform) 92 

4.3 Velocity and interface height evolution 96 

4.3.1 Initial adjustment and establishment of the exchange flow 96 

4.3.2 Non-steady flows (RQ < < 1) 99 

4.4 Summary 104 

5 Quasi-steady and instantaneous flow fields 105 

5.1 Non-rotating exchange 105 

5.2 Width of current at the Narrows 108 

5.2.1 Attached flow (% > 1 ) 108 

5.2.2 Partially stagnant or separated flow (i?o < 1) 114 

5.3 Flow regimes 119 

5.4 Flow separation and paths 125 

5.4.1 Simple channel 126 

5.4.2 Channel with island 130 

5.5 Summary 131 

6 Fluxes and hydraulic control 133 

6.1 Fluxes 133 

6.1.1 Variation with rotation 133 

6.1.2 Two separate baroclinic exchange flows? 140 

6.2 Continuity 144 



CONTENTS PliDTThesislg.llatM! 4 

6.2.1 Velocity extrapolation 144 

6.2.2 Layer flux divergence 146 

6.3 Hydraulic control 150 

6.3.1 Non-rotating case 150 

6.3.2 Rotating control 152 

6.3.3 Island tip circulation 156 

6.4 Viscous effects, boundaries and initial conditions 160 

6.5 Summary 165 

7 Discussion 168 

7.1 How does the island separate the flow inside the channel? . 168 

7.1.1 Two separate baroclinic exchange flows? 168 

7.1.2 Stagnant zones and flow separation 171 

7.2 Hydraulic control in Rotating Exchanges . 172 

7.3 Validity of the two-layer assumption 174 

7.4 Relevance of laboratory cases to real ocean exchanges 177 

7.4.1 Laboratory fluxes and accuracy 177 

7.4.2 Strait bathymetry and the island case 179 

8 Conclusion and future work 183 

8.1 Conclusions 183 

8.2 Future work 184 

A CIV peak-locking error 186 

B Time-series of fluxes and interface depth 189 

C Time-averaged flow fields 197 

D Additional figures 201 

E Typical experimental procedure at Coriolis 204 



List of Figures 

2.1 Position of the shear interface with changing be for lock-exchange flows (no net flow) 

in constant depth channels. Top panels show side view with dashed (solid) lines 

showing the interface at the RHS (LHS) wall of the channel. Bottom panels show 

plan view with dashed (solid) lines representing the interface intersection with the 

surface (bottom). Also shown is the Ag parameter (= 6^ )̂, which is also deGned 

in section 3.1 (p.42). The interface intersections with the surface and bottom move 

toward the narrows as rotation is increased (BE increased, RQ lowered). D88 found 

that generally in this type of flow the control is at the narrows or near the channel 

ends (6c = -Ro = !)• Note that for BC> I {RQ < 1) the exact position of the interface 

and channel crossing cannot be well predicted. However, D88 found in experiments 

that this crossing is usually around the narrows, oscillating along the channel in time 

with regions of stagnant fluids toward the walls 32 

2.2 Topography of the Strait of Sicily in the vicinity of the Sicily channel (plot on left). 

The region of the sills is divided by a ridge submerged to about the level of the bor-

dering shelf. The location of a hydrographic cross-section of velocity is shown by 

the thick red line, located at the North-western end of the ridge. This cross-section 

represents Lowered Accoustic Doppler Current Profiler (LADCP) data merged with 

ADCP measurements from an autonomous underwater vehicle, AUTOSUB, all taken 

in May, 2000 (Stansfield et al., 2001) and is shown in the plot on the right. Velocity 

is given in ms~^, where positive (shaded) contours represent flow into the western 

basin. The figure is modified from Stansfield et al. (2003). The deep flow from the 

Eastern to the Western Mediterranean can be seen on both sides of the ridge. How-

ever, a reverse flow occurs in the left side of the right-hand channel. This has been 

shown to originate in the left-hand part of the section and to circumvent the ridge in 

the form of a jet (Stansfield et al., 2003) 38 
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3.1 Principal geometry and important parameters for hydraulic investigation. The coor-

dinate origin is in the centre of the channel at the surface with y increasing along to 

the right, a; across to the channel left and z vertically downward. and are 

the upper (lower) layer depth and density, respectively, and H the total water depth. 

^{R,L) is the channel width on the RHS (LHS) of the island, Wg the total channel 

width from "coast to coast" and WI = WR + WL, i.e. the whole channel width less 

the island. VL is the rotational vector, where the Coriolis parameter, / = 20. Note the 

barrier is not marked in the figures. It is on the y < 0 (dense reservoir) side of the 

island in most cases, except experiments 703 and 15. The exact location also differs 

between the two platforms 43 

3.2 Overview of SOC setup. The channel, camera and other major components are in-

dicated in the image. Please note that in our experiments the channel floor was at 

approximately the same level as the reservoirs, as opposed to this image taken from a 

previous setup. The halogen lights (same as can be seen mounted on the table in this 

picture) were positioned underneath the tank at each channel end to indirectly light 

the channel bottom via upward reflecting plastic-covered cardboard facing each set of 

lights at an angle 46 

3.3 Sketch of SOC setup. The channel, camera and other major components are indicated 

in the image. Note each sketch is in one vertical plane except the cyan-coloured 

component, which is located out of the page. The lights at each channel end illuminate 

the perspex channel via the reflector. The camera records plan view images of the flow 

via the mirror above the channel. 48 

3.4 Dye concentration vs. background removed absolute light intensity as viewed from 

^IQ ' above the fluid {j-). Note the steep slope at high intensities, which gives a large error 

when inferring c from . 51 

3.5 Direct calibration of h vs. ln{j^) at constant dye concentration Cp, using a verti-

cally slanting container with a uniformly dyed fluid (p of similar magnitude as in the 

experiments). This gives a horizontal variation in h by geometric considerations. . . 53 

3.6 Elevated view of the setup in the Coriolis rotating tank. The scanning laser head and 

mirror were fitted inside the grey box fixed to the tank rim with a steel bar. The obser-

vation bridge held the actual laser (connected to the laser head below) and computer 

acquisition equipment, connected to the camera located above the centre of the chan-

nel below. The channel was connecting the two large reservoirs and had a removeable 

island and barrier. 55 
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3.7 Plan view schematic of setup in the ConoZw rotating tank. The camera Held of view 

is centred in an across-channel direction but offset slightly from the channel centre 

toward the laser. The barrier is located just to the left of this field. Note the field of 

view varied slightly with depth (see section 3.3.4, p.67) and some shading occured 

near the island and the walls on the channel half opposite to the laser. 56 

3.8 Schematic of CIV process after Fincham and Spedding (1997). The pattern box in 

image a is correlated to the same size box moved within a search distance (search box) 

in image b. The centre of each pattern box in the latter image gives a displacement 

relative to the centre point of the search box. The displacement with the highest 

correlation is the actual pixel displacement within the time dt between the images. . 59 

3.9 Schematic of Hart process after Hart (1998). Correlation fields at neighbouring grid 

points are multipUed to eliminate spurious correlation peaks within the search box. . 64 

3.10 CIV processing procedure using the steps described in this section. 65 

3.11 Comparison of instantaneous velocity fields on the near-bottom level (9) in experi-

ment 6 on the Coriolis platform. The data is from background-removed images and 

processing to the CIV3/patch stage (on right) and unprocessed images with CIV to 

stage 2 / patch (on left). Note that the main difference in the velocity fields can be 

seen near the dense reservoir {x < 0). Here the laser light has been absorbed both 

horizontally (from laser to particles) and vertically (from particles to camera) by the 

particle-laden water, so that the images yield no useful signal for the particles. . . . 66 

3.12 Schematic of parallax in the Coriolis setup. L(0) is the length of the object as per-

ceived by the camera if raised to the water surface (z = 0), i.e. if the whole field of 

view is considered, the camera actually sees less horizontal distance near the surface 

than near the bottom. Through simple geometry and some approximation, a factor is 

applied to the horizontal grid at each laser level to correct for this 68 

3.13 OutHne of algorithm for layer (zero-velocity / "shear") interface calculation. Note the 

processes inside the dashed line are applied three times 70 

3.14 Example of different interpolation schemes to determine the depth of the zero isotach 

(interface). The solid lines represent the different interpolants used on the u-velocity 

profile and the dashed line the local shear from the cubic spline profile 71 

3.15 Non-dimensional viscous boundary layer thickness vs. RQ for both platforms. Note 

that the Ekman layer is an order of magnitude smaller than the Stewartson one. Cori-

olis values are generally lower than SOC ones. Note the Stewartson layer here is 

the one responsible for the non-slip sidewall condition on along-channel flow and the 

cross-channel flux, i.e. the Ek^ layer. 74 
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4.1 Time series of flux {q) for experiment 7 (simple channel, RQ = 6,37). Error bars and 

flux non-dimensionahsation as in figure B.l (p. 190). Time is non-dimensionalised 

by f~^. Note the initial adjustment within t ~ A period of almost constant q 

then persists before the peak around t = 24.5/"^ and the following gradual decrease 

due to changing reservoir conditions. The increased error from the middle of the 

experiment toward the end is caused by bad and missing data in the surface laser level. 86 

4.2 Time series of g as in figure 4.1 (p.86) for experiments 2 and 4 (island, Ao = 1.28 

and 2.49, respectively). Note the initial adjustment is less rapid in the lower RQ case 

and missing the initial strong peak. This case does not show the signs of adjustment 

near the end of the experiment due to changing reservoir conditions, which are visible 

in experiment 4. Spin-up time denoted by thick vertical dashed lines 88 

4.3 Time series of q as in figure 4.1 (p.86) for experiments 3 (island, RQ = 0.67). Note 

the very steady periods near just after the initial adjustment and at the end of the ex-

periment showing almost the same flux magnitudes. Slightly higher fluxes are present 

around t = 130/"^. From instantaneous velocity fields (not shown) we found this 

period to be associated with a difference in flow regime. Spin-up time denoted by 

thick vertical dashed line 89 

4.4 Time series of q as in figure 4.1 (p.86) for experiments 5 (island, RQ = 0.27) and 

8 (simple channel, RQ = 0.21). Fluxes for experiment 5 are vertically offset by 

0.125gnr- Red arrows denote the instantaneous velocity fields used in subsequent 

analysis. Note the approximately regular oscillations during most of experiment 8 

and the less regular (but similar amplitude) oscillations in experiment 5 followed by 

almost constant flux. Spin-up time denoted by thick vertical dashed line 90 

4.5 Time series of interface height on RHS near narrows for experiments 709, 703 and 

701 with corresponding RQ = 0.34, 0.49 and 0.51. Measurement error is 7% as 

shown. Also shown are the times chosen for averaging, marked by solid horizontal 

lines corresponding to experiment time series of same colour. Where no quasi-steady 

period could easily be identified in the time-series, the instantaneous times of interest 

are marked by coloured arrows. Spin-up time denoted by thick vertical dashed lines. 93 

4.6 Time series of interface height on LHS (RHS) near narrows for experiments 803, 

806 and 807 with corresponding RQ = 0.73, 0.9 and 1.3. Measurement error is 

7% as shown. Also shown are the times chosen for averaging (solid horizontal lines 

corresponding to experiment time series of same colour) and the instantaneous times 

of interest (coloured arrows) where no quasi-steady period could easily be identified 

in the time series. Spin-up time denoted by thick vertical dashed lines 95 
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4.7 Gravity current intrusion represented by velocity fields near the channel bottom {Cori-

olis platform) and interface depth {SOC platform, small plots) for RQ > 1. Both ex-

amples with and without an island are shown. Times after barrier opening are given. 

Note the intrusion becomes more variable across the channel with decreasing RQ, 

ranging from an almost uniform front to several step-like ones propagating toward 

the light reservoir end. Velocity is highly variable near the propagating fronts. . . . 97 

4.8 Gravity current intrusion as in figure 4.7 (p.97) but for i?o < 1. Note the bulge on the 

LHS half of the channel and the separate gravity current propagating close to the RHS 

wall. With an island this situation leads to the same split gravity current as before but 

the one on the LHS circumvents the island tip and actually recirculates back toward 

the dense reservoir. This means that an exchange of some sort may already start to 

set up on the RHS of the island while the LHS is still in the initial adjustment stage, 

i.e. the initial intrusion front is still propagating along the channel toward the light 

reservoir. 98 

4.9 Selected instantaneous horizontal velocity fields in experiment 8 (simple channel, 

i?o = 0.21) at times shown in figure 4.4 (p.90). Data from levels 1 (near-surface) and 

9 (near-bottom) shown in the left and right columns, respectively. Absolute velocity 

is shown in colour. The initially dense reservoir is on the left and the light one on 

the right. Note the slightly barotropic nature of the flow with near-surface and near-

bottom flows not horizontally coincident, i.e. less baroclinic 100 

4.10 Velocity field as in figure 4.9 (p. 100) near the surface and bottom. Also shown is 

the along-channel velocity at the narrows cross-section. Note the vortex present at 

the narrows leading to the impression of strong flow in both directions through the 

corresponding cross-section. Such periods cannot be identified in the flux time series 

presented earlier in this chapter but only in the horizontal velocity fields. Vortices at 

the narrows are avoided in the exchange flux analysis in chapter 6.1 (p. 133) as part of 

the flow is recirculating inside the channel and not passing between the reservoirs. . 101 

4.11 Selected instantaneous horizontal velocity fields in experiment 5 (island, RQ = 0.27) 

arranged in the same way as figure 4.9 (p. 100). Note the meandering nature of 

the currents near the surface (left column) and the bottom (right column), except 

at t ~ 340/"^, where the flow on either island side is practically uni-directional and 

barotropic. 103 
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5.1 Steady non-dimensional along-channel velocity and shear interface depth for the non-

rotating cases with island on the Coriolis platform. Time-average taken for 7.2;^^^ < 

t < 36-^^. The 2-d field of hi is also shown. Both plots show that there is gen-

erally little cross-channel variability and a degree of symmetry in the vertical at the 

narrows. Frictional effects at the bottom are thought to be responsible for the small 

shift in interface depth, along the channel in figure 5.1(b) and toward the surface in 

figure 5.1(b) 106 

5.2 Along-channel velocity and contours of the zero velocity interface at the narrows 

cross-section for RQ > 0.9 during the quasi-steady period (corresponding averaging 

times listed in appendix D, p.201). View is downstream with respect to lower layer. 

The ^/-coordinate is reversed for experiment 15 as reservoir p was reversed. Note 

the increase in interface slope with decreasing RQ (except experiment 1, showing 

asymmetry) and the different overall depth of the interface on either side of the island. 

The offset toward the surface over the whole section is due to the difference in surface 

and bottom boundary conditions 109 

5.3 Schematic of the principal conditions at the narrows in experiments with RQ > 1, 

where barochnic flow occupies the whole cross-section. The red and green circles 

represent flow from the dense and light reservoir ends of the channel, respectively. 

The blue dashed line indicates the distinct shear interface. The results show that for 

siniUar f&o liw: island (JRo == jRoi) zuid snrydccdiannel (JRo == jRba) cases shcnv die 

same cross-channel slope, represented by d z w ^ i ^ and given in equation 5.2 

(p. 110) 110 

5.4 Cross-sections of non-dimensional interface depth at the narrows from simple channel 

experiments on the SOC platform {RQ > 0.9), averaged over suitable time-periods as 

given in section 4.2 (p. 85). The first three digits in the legend give the experiment 

(RQ given in brackets) while consecutive multiple averaging periods for the same 

experiment are denoted by the final digit. View is downstream with respect to the 

lower layer. Note the banking up of the lower layer on the RHS. Cross-channel slope 

generally increases with decreasing RQ but width of the sloping part of the interface 

decreases for RQ < 1. Some vertical offset, more on the LHS wall, represents the 

viscous effects present on this platform I l l 

5.5 Cross-sections of non-dimensional interface depth as in figure 5.4 for island exper-

iments on the SOC platform, y is reversed for experiments 802 to 806 as reservoir 

densities reversed. Regions near the walls and the island are obscured, leading to er-

roneous data there. Note that the lower layer (as displayed) is generally banking up on 

the RHS wall or the island, with some vertical offset on either island side. Variation 

in interface position between the different time periods is evident 112 
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5.6 The inverse of cross-channel slope at the narrows, d z ^ = vs. Rq. The values 

of d z ^ from the interface position at the narrows as presented in the figures in this 

section are shown as well as the theoretical (inviscid) values, expected from equation 

5.2 (p. 110). A reverse calculation, using the measured dzw, can be found in table D.l 

(p.203). The values generally agree with the inviscid prediction, except for > > 1, 

where viscous effects cause the interface to flatten near the sidewalk. This effect is 

enhanced in the island cases, which is the reason for the greater agreement of the SOC 

results (largely simple channel) with the inviscid prediction (viscous boundary layers 

were actually less significant on the Coriolis platform overall, as shown in section 

3.4, p/73) ll/l 

5.7 Along-channel velocity and zero velocity interface at the narrows cross-section dur-

ing quasi-steady and instantaneous regimes for island experiments with RQ < 0.7 

View is downstream with respect to lower layer.Note the 'split' and 'dual' regimes in 

experiment 3. Experiment 5 also shows an almost split regime in both instantaneous 

cross-sections, but with velocities at t = 342/""^ on the opposite island side com-

pared to experiment 3. The shear interface is seen to deviate significantly from the 

edge of the current core in some cases 116 

5.8 Cross-sections of non-dimensional interface depth at the narrows as in figure 5.4 for 

simple channel experiments with RQ < 0.5. Note that 7091 is during the initial ad-

justment stage. The upper layer is dyed in experiment 703 instead of the lower one 

(all other experiments). However, this should give the density interface position in 

the same way as the experiments with the lower layer dyed. The initial conditions in 

experiment 703 are different in that the barrier is positioned at the other channel end, 

leading to an intruding light, upper layer gravity current. Note the interface generally 

"leans" on the RHS wall with the cross-channel extent of the strongly sloping part re-

ducing with RQ, where irregularities in experiment 703 are likely due to movement of 

both currents and dye mixing. The differing extent of the upper layer in experiments 

701 and 703 {RQ ̂  0.5), suggests that initial conditions have some influence on the 

quasi-steady state of the flow. The different interface positions in experiment 709 are 

likely to be associated with across-channel movement of the exchange currents, as 

observed in experiment 8 118 

5.9 3-D view (from LHS, dense reservoir) of horizontal velocity vectors, speed and shear 

interface position for experiment 7 {RQ = 4.16, simple channel) during the quasi-

steady period. Note the shear interface slopes approximately linearly at the narrows 

and is near the top (bottom) near the dense (light) reservoir. Although velocity is still 

primarily in an along-channel direction there is considerable cross-channel shear near 

mid-depth, not present in the non-rotating case 120 
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5.10 Horizontal velocity vectors, speed and shear interface position as in figure 5.9 for 

experiment 15 (RQ = 1.22, island) during the quasi-steady period. Note that the 

horizontal coordinates have been inverted as reservoir densities are reversed. Cross-

channel slope of h is strong and the currents flowing out of the channel near the 

bottom separate from the wall to their left. However, nowhere is the flow entirely 

separated and stagnant throughout the whole water column. 121 

5.11 Horizontal velocity vectors and speed as in figure 5.9 for experiment 3 (RQ = 0.67, 

island) during the quasi-steady 'dual' regime (figure 5.13(d), p. 124). The shear in-

terface is visible throughout most of the channel (black areas) with a clear two-layer 

flow on the RHS and a deep current with a sluggish return flow on the LHS 122 

5.12 Horizontal velocity vectors and speed as in figure 5.9 for experiment 3 (RQ = 0.67, 

island) during the quasi-steady 'split' regime (figure 5.13(c), p. 124). The shear in-

terface is not visible throughout most of the channel and the exchange flow is split 

between both channels 123 

5.13 Schematic of distinct regimes in island experiments 3 (Ao = 0.67) and 5 (.% = 0.27). 

The red and green lines represent flow from the dense and light reservoir ends of the 

channel, respectively. The blue dashed line indicates a distinct shear interface or 

edge of the current core. Both plan views of the channel and narrows cross-sections 

are shown. The schematics for experiment 5 were drawn from velocity fields at all 

vertical levels, such as the velocity fields near the bottom and the surface in figure 

4.11 (p. 103). Note only the dual regime with RQ = 0.67 shows a bidirectional flow 

on both island sides that is traceable along the whole channel (the dashed green hne 

indicates a relatively weak flow) 124 

5.14 Horizontal velocity vectors and speed as in figure 5.9 for experiment 1 (RQ = 0.90, 

simple channel) during the quasi-steady period. No vertical slices have been plotted 

as only three depth levels were sampled. A schematic of the core of the upper (lower) 

layer flow is also shown as a green (red) line. Note the asymmetric nature of the lower 

layer, crossing the channel near the dense reservoir and keeping to the RHS wall from 

there on. The remainder of the channel is occupied by upper layer flow in the dense 

reservoir direction with its core also located along this wall 127 

5.15 Time-averaged density interface depth for simple channel experiments on the SOC 

platform for < 1 during the quasi-steady periods. The data has been filtered 

with a 15x15 grid point (~ 0.105x0.075W^) moving window median smoother to 

eliminate small-scale error and the parallax error but still give adequate (effective) 

resolution to allow comparison to the Coriolis experiments. Note that flow from the 

dense reservoir (x < 0) banks up on the RHS wall as it crosses the narrows 128 
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6.1 Time-averaged exchange fluxes {q = i ^*3—) vs. RQ for experiments on both plat-

forms. Averaging periods for Coriolis velocity (CIV) based estimates used as outUned 

in section 4.1 (p. 80) and presented in chapter 5 (p. 105). Other estimates are from 

density measurements of the reservoirs before and after the experiments (both plat-

forms). Error bars as shown; fluxes from density measurements without error bars are 

hydrometer-based estimates with an error ~ 50% (SOC) and ~ 10% {Coriolis) of q. 

Note the generally linear relationship between RQ and q for ^ < 1 and the flattening 

of the slope for higher RQ. The CIV fluxes are generally lower than those from den-

sity and the SOC simple channel fluxes show lower values for RQ > 1. Also shown 

are density fluxes for the cases where the island was shifted nearer to one channel wall 

(both RHS and LHS cases shown). The correction of W (= WI) for the island cases 

is generally coherent. Inviscid hydraulically controlled, maximal exchange flux with 

zero potential vorticity (p.v.) after Whitehead gf oA (1974) is also shown 

This is equivalent to the extended semi-geostrophic theory by D88 and Dalziel (1990) 

in the zero p.v. limit 137 

6.2 Time-averaged dimensional exchange fluxes (q*) from CIV velocity on the Coriolis 

platform. Note that for the same RQS fluxes are higher in the island cases than the 

simple channel ones, except for RQS » I due to viscous effects. The parameter 

RQS represents mainly the influence of rotation but also includes small variations in 

reduced gravity, g', between experiments. RQS is independent of the presence of an 

island, which is useful for comparing the dimensional fluxes. It can be seen that the 

dimensional flux with an island is higher for RQS ~ 1 than the simple channel case. 

This is reversed for Rg > > 1, likely due to additional viscous effects at the island. . 138 

6.3 Time-averaged (non-dimensional) exchange fluxes as in figure 6.1 (p. 137) but enlarg-

ing the range RQ < 1. Note the distinct quasi-steady states at RQ ~ {0.7; 0.3; 0.2}. 

The first set shows only small differences in flux between the "dual" regime (higher 

flux) and the "split" one. The second set has a flux similar to the hydraulic (zero p.v.) 

prediction for the barocUnically split regime but the barotropic one is associated with 

a more than doubled flux (barotropic split regime in experiment 5). The latter is not 

seen in any distinguishable regime in the simple channel case at slightly lower RQ- • 139 
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6.4 Along-channel flux on each island side, Qside*̂  in % of the theoretical total flux, 

QWHITEHEAD*' VS. RQ. In this non-dimensional representation, a value of 50% repre-

sents half the theoretical simple channel exchange flux through the narrows section. 

Regimes for i2o < 1 are circled as shown. Theoretical estimate for each side-channel, 

as given in equation 6.2 (p. 140), is also shown (gwAiteAeodaide*)- the relatively 

small difference in fluxes on either island side for i?o > > 1, increasing slightly as 

RQ I, with a much lower theoretical flux throughout this range. Only for RQ < lis 

a difference between both side-channels evident and theoretical estimates are closer 

to the measured values. In particular for the barotropic split regime the theoretical 

estimate is very close to the measured flux in each channel half; c.f. section 6.1.1, 

p. 133, where the measured q is much higher than the theoretical one 142 

6.5 Net along-channel flux vs. RQ. The net flux is given relative to the exchange flux 

in the channel over which it is calculated, i.e. is divided by as presented above 

(blue and green marks), or the whole-channel one (red marks). The value over the 

whole channel is representative of the percentage error in the exchange flux over the 

whole channel cross-section, whereas the values for each channel half are generally 

larger and represent true net flux through each half cross-section. Note the generally 

smaller net fluxes in each channel half for RQ > 1 and the extremely large (absolute) 

values for the split barotropic regime at -Rq ~ 0.3 143 

6.6 Interpolated horizontal absolute velocity (speed) at different along-channel positions 

for the non-rotating experiment (14); CIV data values also shown (crosses). Colours 

are used to distinguish consecutive profiles. Magnitudes of speed is relative to dashed 

grid-lines (divided by W)-, note that this representation is not strictly dimensionless 

but illustrates the shape of different speed profiles within the same experiment. Also 

shown is the position of the zero velocity interface (black line), which shows the 

vertical offset noted before. Extrapolation at surface/bottom of profiles was done 

using the respective hnear gradients at each available endpoint. This works well at the 

narrows but leads to an overestimate of layer velocity in regions where the interface 

is close to the surface or bottom boundaries 145 

6.7 Schematic of a partially viscous exchange (fluxes represented by blue arrows) with 

entrainment (red arrows) at either end of the channel. The respective thinner layer 

will gain volume and thus displace the shear interface (green line) toward mid-depth, 

as shown by the green arrows (see also Hogg et al, 2001a; Stenstrom, 2003) 147 
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6.8 Along-channel horizontal flux as a fraction of narrows exchange flux (g*) for different 

X. Experiments and RQ as given. Note that the narrows exchange flux is also sub-

tracted, so that a flux of 0% represents the same along-channel flux as at the narrows. 

This is representative of the cumulative, from the narrows outward, divergent verti-

caVdiapycnal flux with respect to the upper layer (1), g, = g(0)*, 

as used throughout this thesis. Data shown for Coriolis experiments with RQ > 1. 

Only the locally thicker layer is used so that divergence values are corresponding to 

those of layer 1 for a: > 0 and the negative ones of layer 2 for a; < 0 (i.e. positive 

values mean layer 1 gains) 149 

6.9 Composite Froude number (G^) for the non-rotating experiment (14). Both the 2-d 

field over whole channel and the cross-channel average (G^) are shown. The val-

ues of Ui used in calculating are from vertically interpolated and extrapolated 

velocity profiles (see section 6.2.1, p. 144). Note conditions around the narrows are 

sub-critical (control region), bounded by super-critical regions toward the two reser-

voirs, in agreement with previous work on exchange with some influence of interfa-

cial friction and mixing. The control regions are centred near the narrows, on the light 

reservoir side, which agrees with the offset in /ii due to bottom friction (section 5.1, 

p. 105). Accordingly, is slightly lower near the light reservoir than the other end, 

representing increase in Ag and reduction in U2 there 151 

6.10 Composite Froude number (G^) field as in figure 6.9 (p. 151) for RQ » 1. Note the 

flow is locally super-critical near either reservoir where one layer is very thin, e.g. Ag 

is very low on LHS near light reservoir, but sub-critical elsewhere. The along-channel 

offset of the super-critical regions toward the light reservoir can still be noticed. In 

the simple channel case, nowhere is a whole cross-section occupied by super-critical 

regions. Thus such a distribution says little about the propagation of rotating internal 

gravity (Kelvin) waves, as these have uniform speed across the channel. The island 

case shows super-critical conditions on the LHS near the light reservoir island tip, 

which could prevent waves entering this side of the channel from this reservoir end. 153 

6.11 Schematic of the semi-geostrophic flow cross-section used for the hydraulic control 

problem. All variables, Ui and hi are essentially reduced to the cross-channel mean. 

In this sense it is similar to the non-rotating Froude number approach, where only one 

value of is used for each cross-section 154 
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6.12 Composite Froude number from semi-geostrophic variables, GyQ, and the cross-channel 

mean of the fields in figure 6.10 (p. 153), Note the sudden drop-off near high 

and low values of x are due to bad interface depth data. Experiments with i?o > > 1 

shown for the the island (expt. 6) and simple channel (expt. 7) case, experiments 7 

and 6, respectively. is just critical near x = {—0.8; 1}W, i.e. the island tips. 

shows generally lower values, likely caused by a departure from the semi-geostrophic 

assumption, i.e. non-linearities in the flow 156 

6.13 Local horizontal velocity field in plan view on near-bottom level 9 in the vicinity of 

the island tip (a; ~ 1). Note near-surface level 1 is shown for experiment 15 as reser-

voir densities are reversed. The white areas represent speed above 5cms~^. The very 

small zero-velocity (black) area that surrounds the island tip was hidden from camera 

view by the island; however, we do expect velocity there if the surrounding region 

does not show separation. Note that with increasing RQ the joining of both currents 

from either island side is moved toward the reservoir and the separation region be-

comes wider and moves toward the RHS. Such a region does not exist in the simple 

channel cases 158 

6.14 Experimental (dotted) and theoretical (solid) interface depth estimates at the nar-

rows reproduced from D88. Data and theoretical prediction is for a constant depth, 

horizontally-contracting channel with rigid top and bottom boundaries. D88's labo-

ratory experiments used fluorescene dye in upper layer to visualise the interface, and 

the theory used the semi-geostrophic assumption. The latter also includes a viscous 

correction incorporating the Stewartson sidewall boundary layers effectively reducing 

the channel width available to the inviscid flow. Note that despite this the theory does 

not agree with the experimental interface depth which was proposed by D88 to be 

due to Ekman transport from the centre of the interface toward the walls. This can be 

seen in the RQ ~ 0.4 example, where only part of the cross-section is sloping and the 

other almost flat, likely stagnant with slow supply of fluid by Ekman transport. . . . 163 

7.1 Latitude-longitude plot of bathymetry in the North-eastern part of the Straits of Hor-

muz region (depth given in m). The region of interest is located at the tip of the South-

em peninsula. A cross-section there, marked as a red line, has an island separating 

the deep outflow in two parts. Both the real and simplified rectangular cross-sections 

are shown. The latter has the y-axis in the way used throughout the rest of this thesis. 

The plot of bathymetry and the interface location are courtesy of David Smeed. . . . 182 
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A.l Probability density function (pdf) for the ^-component of a time series of displace-

ment vector fields (experiment 15 is chosen as an example). Note the histogram bars 

(binned pdf, Dhiat) and the splined mean pdf {DspUne) both have the same integral 

over a 1-pixel bin, which eliminates any peak-locking (mean-bias) error. The real pdf 

(Dreal) includes this error. The total integral over the whole pixel range is conserved 

for all pdf's 187 

A.2 Peak-locking (mean-bias) error from comparison of splined mean pdf and real pdf in 

figure A.l (p. 187). Note the period of approximately one pixel in error variability 

with pixel displacement. Values are generally ~ 0.1, with some peaks ~ 0.15. . . . 188 

B.l Time series of narrows exchange flux (q) for experiment 14 (island, non-rotating). 

Error bars represent the difference between the flux in each layer (in each along-

channel direction), so that the ends of the bars represent | the flux in each layer and 

the crosses the mean exchange flux. Also shown are the exchange fluxes within each 

island side-channel, both of which add up to the total exchange flux. Fluxes are non-

dimensionahsed as described in section 3.2.1 (p.45). In this non-rotating example, 

time units are non-dimensionalised by the time it takes the gravity current to pass half 

the channel (t is multiplied by The initial rise of fluxes occurs within 

t ~ 1, i.e. TL, and show fairly steady fluxes afterwards with some oscillations of 

similar order as the error bars. Note the fluxes in each island side-channel are almost 

the same, differences being within the margin of the error in the total exchange flux. 190 

B.2 Time series of q as in figure 4.1 (p.86) for experiments 1 and 15 (simple channel, 

RQ = 0.90 and island RQ = 1.22, respectively). Note the similarity in the variability 

of q, despite the difference in channel geometry (i.e. presence of the island); differ-

ences in q are found when analysing the time-mean fluxes in section 6.1 (p. 133). In 

both experiments, the initial adjustment is less rapid than in the higher RQ cases and 

missing the initial strong peak. Conditions are quasi-steady toward the end, which 

gives an averaging time period (as marked by the arrows) around the spin-up time, so 

that any boundary layers should be fully developed 192 

B.3 Time series of q as in figure 4.1 (p.86) for experiment 6 (island RQ = 6.37, respec-

tively). . 193 

B.4 Time series of interface height on RHS near narrows for experiments 710 and 712 

through to 715. Corresponding Rossby numbers are given. Measurement error is 

7% as shown. Also shown are the times chosen for averaging (solid horizontal lines 

corresponding to experiment time series of same colour) 194 
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B.5 Time series of interface height on RHS near narrows for experiments 711, 708, 707 

and 706. Corresponding Rossby numbers are given. Measurement error is 7% as 

shown. Also shown are the times chosen for averaging (solid horizontal hnes corre-

sponding to experiment time series of same colour) 195 

B.6 Time series of on RHS near narrows for experiments 801, 802, 804 and 805 

with corresponding Rossby numbers given. Measurement error is 7% as shown. Also 

shown are the times chosen for averaging (solid horizontal lines corresponding to 

experiment time series of same colour). Note the very gradual initial adjustment but 
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i?o > 1-5 (figure B.4, p. 194 196 

C.l Horizontal velocity vectors, speed and shear interface position as in figure 5.9 for 

experiment 6 (RQ — 6.37, island) during the quasi-steady period. The no-data area 
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C.2 Horizontal velocity vectors, speed and shear interface position as in figure 5.9 for 

experiment 4 (RQ = 2.49, island) during the quasi-steady period. No separation 
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of the current from the island tip and the turning of the current toward the RHS due 
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C.3 Horizontal velocity vectors and speed as in figure 5.9 for experiment 3 (RQ = 0.67, 

island) during the first quasi-steady period (table D.2, p.202). The shear interface 
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Chapter 1 

Introduction 

The deep basins of the world's oceans are separated by ridges and coasts and connected 

by oceanic straits and passages. These are important for heat and salt fluxes between the 

basins and therefore the large-scale thermohaline circulation and climate (e.g. Mediterranean 

outflow, Bigg et al, 2003). Dynamical processes in the straits are thought to control the 

exchange and are generally associated with constricting topography, such as narrows or sills. 

Extrema in strait geometry may be associated with the process of hydraulic control giving a 

maximal bound on the steady exchange flux through the strait. Such control can be observed 

in flow over a weir which is dependent only on the depth of the water on the upstream side 

relative to the top of the weir. Any change in upstream conditions, such as water depth, is 

'communicated' to the weir flow by small amplitude surface gravity waves and vice versa, 

but these waves cannot travel to the weir from directly downstream of it due to the speed of 

the flow there (super-critical). Waves are arrested at the weir, marking the control or "critical" 

condition. Further downstream, the super-critical flow is joined by a hydraulic jump to a 

sub-critical region, where gravity waves can travel in both directions. However, in straits 

the situation is usually modelled by one active layer with overlying passive or active layers, 

the waves now being internal ones, travelling on the density interface and influenced by the 

velocity in the layers above and below (Armi, 1986; Dalziel, 1991). In addition there may 

be multiple geometric extrema, such as a combination of sills and narrows, time variability, 

such as tides, and frictional effects. 

An additional effect in wide straits is the cross-strait acceleration by the Coriolis force. 

Here wide means that the strait has a width similar to or greater than the baroclinic Rossby 

deformation radius. As we shall show, rotation also enhances the effect of non-uniform 

topography across the strait. Many straits have islands or ridges dividing the strait into 

multiple channels throughout all or part of the water depth. This can be seen in the Cretan Arc 
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Straits (e.g. Theocharis et al., 1999), the Indonesian archipelago (e.g. Gordon et ai, 2003), 

the Straits of Hormuz (Johns et al., 2003) or the Strait of Sicily, where complex interaction 

between Coriolis acceleration and topographic steering is observed (e.g. Stansfield et al, 

2001,2003X 

Despite the importance of oceanic straits, current ocean general circulation models (OGCMs) 

do not resolve the exchange processes and topography in many straits. On the other hand, 

theoretical treatment of exchanges has mostly been limited to one-layer or non-rotating in-

viscid two-layer exchange, often in channels with simplified cross-section geometry, for 

example rectangular or parabolic. Studies of specific straits by oceanic measurements and 

specialised process-modelling are often hampered by problems with synopticity, such as 

tides or seasonal variability, spatial resolution (see Dickson et al., 1999) and parameter-

isation of the physical processes (e.g. Denmark strait overflow, Kase et al., 2003), al-

though several large programs exist to study such straits and their role in global climate 

(e.g. http://www.clivar.org/science/atlantic.htm). Further description of previous work on 

exchange flows is given in chapter 2 (p.24). 

This study simulates rotating, two-layer lock-exchange flows in the laboratory. Some such 

studies have been undertaken on small platforms with channels of rectangular cross-section 

(Whitehead et al., 1974; Dalziel, 1988), where exchange fluxes were measured and flow 

features qualitatively observed. In this work, a constant depth channel with symmetrically 

contracting walls (narrows) is used, which will be termed the 'simple channel' case. This is 

the first such study on a large rotating platform. In addition to this simple channel case, many 

oceanic straits have topographic complexities that separate all or part of the flow laterally 

across the strait. Therefore, an island is placed in the centre of our simple channel for some 

of the experiments, dividing the narrows cross-section of the channel into two passages. 

This will be termed the 'island' case. To the author's knowledge this is the first study to 

address this problem in a two-layer exchange. The focus is on the difference in the quasi-

steady state between the simple channel and island cases as well as the influence of rotation 

on the exchange flow in general. The experiments were realised on both a small and a 

large platform. In general the split strait was symmetric in the across- and along-channel 

directions. A few cases of an island offset toward one of the channel walls were also studied, 

but those results will only be mentioned briefly in this thesis. The corresponding setup and 

measurement methods as well as the data processing are described in chapter 3 (p.42). 

Time series of quantitative measurements of the two-layer density interface as well as 

the 2-dimensional velocity field at different depths within the channel are analysed with the 

aim of finding a quasi-steady state in chapter 4 (p.80). Chapter 5 (p. 105) then analyses 

the resultant time-averaged fields with respect to the rotational influence and categorises 

http://www.clivar.org/science/atlantic.htm
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the distinct flow regimes. The fluxes associated with different rotation rates and regimes are 

given in chapter 6 (p. 133). That chapter will also deal with viscous effects, interfacial mixing 

and hydraulic control. A discussion of the results and wider-ranging issues is presented 

in chapter 7 (p. 168) followed by conclusions and suggestions for future work in chapter 8 

(p. 183). 



Chapter 2 

Background on strait exchange and 

hydraulics 

2.1.1 Knudsen relations and hydraulic exchanges 

One of the earlier works by Nielsen (1912) showed that a two-layer exchange flow can be 

determined by mass (salt) conservation between two basins. The upper- and lower- layer 

volume fluxes are respectively given by and 2̂ = — , also known as ± e 

Knudsen relations, where S is the salinity in the upper (1) and lower (2) layer and E the net 

evaporation over the saltiest basin. An application of this is the Harzallah and Crepon (1993) 

prediction of exchange Bows within the Mediterranean and between the Mediterranean and 

the Atlantic. 

This alone is only a diagnostic method. Although applicable to any two-layered exchange 

flow dynamics and strait geometry this method requires knowledge of the often difficult to 

estimate basin evaporation parameter and either S[i^2) to calculate g(i,2) or vice versa from the 

conservation relations above. To fully determine the flux requires knowledge of the dynamics 

within the strait, such as the process of hydraulic control. Hydraulic control theory suggests 

that non-rotating multi-layer exchange flows are limited by the strait geometry, such as sill, 

narrows, and the layer density difference(s), that together constrain the flow and specify so-

called control sections in the channel, entirely describing the flow. This incorporation of 

flow dynamics and topography determines the maximum possible exchange but may have 

to take into account forcing by reservoir conditions, such as a net flux, friction in long, 

narrow channels, rotation, especially in wide passages, and time variability, e.g. atmospheric 
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to include these effects into hydraulic theory will be given in the rest of this chapter, but 

the main focus of this thesis is the quasi-steady state in a rotating, approximately inviscid 

exchange flow. 

The geometric constraint in rectangular cross-section channels can be divided into hori-

zontal (narrows) and vertical (sill) constrictions. Throughout this thesis, a; (it) is deflned as 

the along channel/strait coordinate (velocity) and y {v) the across-channel coordinate (veloc-

ity), unless otherwise stated. The across-strait section of minimum horizontal width will be 

called the 'narrows'. 

2.1.2 Non-rotating hydraulics 

The classical, non-rotating, hydraulics problem describes a single layer flow exiting a reser-

voir over a weir and can be found in many standard fluid dynamics textbooks (e.g. Hender-

son, 1966, p. 40). The appropriate non-dimensional parameter to describe the hydraulic state 

of such a flow, assuming a free fluid surface, is the Froude Number, F = (e.g. Tritton, 

1988, p. 95), representing the importance of flow speed U to the surface gravity wave speed, 

determined by the depth H and gravity acceleration g. The two-layer or exchange 

version of this problem was introduced by Stommel and Farmer (1953), who investigated 

the two-layer dynamics in a rapidly narrowing channel, and was further developed by Long 

(1956, 1970,1974). The internal hydraulics of the fluid can be described using a composite 

Froude number 

G^ = Ff + f | = ^ + ^ = l + - J ^ c , c , . (2.1) 

where subscripts 1(2) are referring to upper (lower) layer quantities. W(i,2) are the along-

channel layer velocities, the layer depths, the layer Froude numbers, g' = ^ is 

the reduced gravity at the layer interface, p the mean density and Ap the density difference 

between both layers, assumed to be much smaller than p. C(^i,2) are the phase velocities of 

the two small-amplitude, inter-facial gravity waves in the frame of reference of the channel 

and are given by ^ _ i H ^ ) (Dalziel, 1991). Here, 

the dynamics of both layers are deemed important for along-channel propagation of long 

internal gravity waves. Two super-critical states are given by > 1 when ci is of the same 

sign as cg, so that waves can only travel in one direction along the channel. The sub-critical 

state is given by < 1 when C(i_2) are of opposite sign, so that waves can propagate in both 

directions. Further references can be found in Armi (1986) who used the G^ parameter in 

describing the two-layer flow through channels with rectangular cross-section. He found that 
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internal dynamics are independent of those at the surface if the density difference between 

both layers is small, i.e. Ap « p. This means that a free upper surface or rigid lid both have 

the same internal hydraulic controls. This assumption will be used throughout this thesis. 

An approach different to the Froude Number analysis was introduced by Gill (1977) who 

related different geometric and flow parameters in the following theoretical framework: 

1. The flow can be described in terms of a single dependent variable D, where the func-

tional W, ...]D) = constant, i.e. the y dependence of D is entirely implicit in 

terms of the geometric variables H, W, etc. 

2. The function J is multiple-valued, i.e. for a given range of h, w, ... there are several 

values of D. The surface J — constant is also assumed to be smooth. 

3. The geometry involves some sort of 'constriction' in the sense that + 
aw , 

= 0, which reduces to ^ = 0 for a simple siU or ^ — 0 for a simple narrows. 

The location where J is defined as described in 1 and where the conditions = 0 and 

1^ = 0 are satisfied denotes the position of the control section (i.e. where the supercritical 

and sub-critical surfaces intersect). This approach was extended to two-layer non-rotating 

exchange flows by Dalziel (1991), who also related it to the criticality condition. Lane-

Serff et al. (2000) further extended this functional approach to three-layer flows through a 

channel of rectangular cross-section with a single geometric constriction represented by a 

narrow and/or a shallow sill. The rotating version of the functional approach by Dalziel 

(1988) and Dalziel (1990) is explained in the context of rotating hydraulics in the next sec-

tion. An example of the use of such a functional in hydraulic control analysis of our labora-

tory flows can be found in section 6.3.2 (p.152). 

Armi (1986) showed that exchange flow through a narrows with specified upstream con-

ditions leads to two possible flow solutions which are determined by conditions downstream 

with respect to each layer. In both cases, the control is located at the narrows. For all such 

flows, the narrows is felt by both layers equally. In contrast, a simple sill only directly in-

fluences the lower layer with a weak coupling to the upper layer. This leads to a splitting of 

the control into a real topographic one at the sill top and a virtual one, usually located at the 

foot of the sill, downstream of the sill crest with respect to the upper layer (Dalziel, 1991). 

Virtual in this context means that conditions at a particular location are such that = 1 

without any topographic extremum at the same location. Virtual controls also occur if there 

is unequal flux in each layer, equivalent to barotropic forcing in an exchange flow (Armi, 
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1986). If the volume flux in the lower layer exceeds a certain threshold value, dependent 

on the ratio of the two layer speeds, the virtual control is no longer coincident with the real 

one (at the narrows) but becomes a virtual one upstream, in the direction where the net flow 

originates. If the flux in the slower layer has -70% or less than the flux in the faster layer, 

the flow may be described by one active layer alone. This means that the latter assumption is 

valid if the net flux in an exchange flow is strong enough to make one layer almost stagnant. 

In rotating flows this threshold for the ratio of layer velocities is thought to be much lower 

(e.g. Borenas and Lundberg, 1990). 

In controlled exchange flows in general, hydraulic jumps are thought to be responsible for 

isolating the sub-critical reservoirs from the supercritical region near the ends of the strait or 

channel. This is necessary in particular if the reservoir conditions are such that the interface 

is near the surface or bottom in dense and light reservoirs, respectively. However, jumps are 

usually assumed to be relatively weak in amplitude, so that momentum (but not energy) is 

conserved and no entrainment takes place across the density interface. Such weak hydraulic 

jumps were found by Armi (1986) to change the reservoir interface height in relation to the 

reservoir Froude numbers based on energy conservation between layers. Any internal jumps 

may only exist up to the maximum flow rate allowing sub-critical flow. If the matching of 

controlled flow to the reservoirs requires mass and/or momentum transfer between layers, 

e.g. entrainment, a so called "shear region" will form followed by a "classical internal hy-

draulic jump". This may occur if jumps form not only to join the interface associated with 

the supercritical flow inside the channel to the sub-critical one in the reservoirs but also due 

to friction (Dalziel, 1991). Jumps will be considered further in the following section on 

rotating hydraulics. 

As in Farmer and Armi (1986)'s study, the flow in the aforementioned theories is generally 

assumed to be quasi-steady; any adjustments to internal hydraulics are considered rapid 

in relation to the forcing, e.g. winds, atmospheric pressure gradients or tides. This may 

not always be so, however, as has been shown for several straits by Helfrich (1995). He 

investigated the effects of time variable barotropic forcing on the hydraulics of two-layer 

exchange flows. The quasi-steady assumption is found to be invalid for situations where long 

internal waves cannot pass through the length of the strait on the timescale of the barotropic 

flow or when the time variability is of the same order as the spatial variability, i.e. ^ % 

u ^ . Two main parameters were identified to quantify this: the ratio of strait length to 

the distance any internal signal will propagate within one barotropic forcing period, and the 

magnitude of the barotropic transport normalised with respect to internal gravity wave speed. 

For example, Helfrich (1995) found for the Strait of Gibraltar that the inclusion of time 

dependence accounts for some of the differences between observations and the theoretical 
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quasi-steady estimate without barotropic forcing (net flux). To get the average transport 

through the strait, not only the control sections, as for usual hydraulic control concepts, but 

the geometry of the whole of the strait is important. This would considerably complicate any 

parameterisation or simplification of strait exchange. 

In addition to time variability, many environmental examples show considerable mixing 

across the density interface (e.g. the Bosporus Gregg and Ozsoy, 2002) and vertical shear 

in the exchange flow. This is not easily incorporated into hydraulic theory, as the concept 

of internal waves simply travelling on the density interface cannot be applied. Non-rotating 

homogeneous but inviscid shear flows have been investigated by Garrett and Gerdes (2003) 

who found internal waves are still arrested at a point of hydraulic control. For non-rotating 

vertically sheared and stratified flows, Hogg et al. (2001b) showed that two principal internal 

wave modes can exist: a density mode, with a maximum amplitude centred on the region of 

strongest vertical density gradient; two other modes, called vortical modes, have their max-

ima on the vertical shear derivative maxima on the edges of the sheared region. The vortical 

mode waves are not arrested at the control section, but transform toward the reservoir in 

such a way that they get trapped in one layer, outside the mixed/sheared region. Hogg et al. 

(2001b) argue that this effectively prevents any information propagation from the reservoirs 

to the control regions with respect to baroclinic dynamics. The influence of mixing on the ve-

locity and density fields and fluxes in non-rotating exchange flows was investigated by Hogg 

et al. (2001a) using numerical experiments. They found the hydraulic controls, if analysed 

with the inviscid criterion given by equation 2.1 (p.25), generally split into real and virtual 

ones, similar to the case where a barotropic flux is present. However, the findings by Hogg 

et al. (2001b) show the inviscid analysis is not fully applicable to determine hydraulic con-

trol in partially sheared and mixed flows if only the density mode waves are relevant to the 

interfacial dynamics. Hogg et al. (2001a) tested the limits set by two-layer hydraulic theory 

(e.g. Armi, 1986) and a turbulent mixed flow theory, termed the viscous advective diffusive 

(VAD) solution, where the exchange is dominated by turbulent eddy viscosity and diffusivity 

instead of advection. They described the variation of the modelled exchange flux in terms 

of a single parameter, GrT^^- GrT is the turbulent Grashof number, measuring the ratio of 

viscous to buoyancy forces, and A the ratio of depth at the narrows to the length of the mixed 

region extending along the channel. They assume a turbulent Prandtl number of unity. This 

makes sense if turbulence is present, reducing the Prandtl number from it's usual value of 

6 for water (p. 170 Tritton, 1988), based on kinematic molecular viscosity. Several envi-

ronmental exchange flows were classified using an inferred value for showing the 

relative validity of the hydraulic and the VAD solutions. They found that volume and mass 

flux increase non-linearly with from a lower limit set by the VAD solution to an up-
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per limit set by the hydraulic solution. Although this thesis will not analyse the propagation 

of internal waves as done by (Hogg gf a/., 2001b) due to the lack of simultaneous density 

and velocity measurements, the parameter will be used forjudging the experimental 

results of this thesis in section 7.3 (p. 174). 

2.1.3 Rotating hydraulics 

In rotating flows, the additional influence on the flow is represented by the Coriolis param-

eter, / = where w is the angular rotation rate of the earth or a laboratory platform 

and (j) the latitude. This causes the horizontal velocity to be accelerated perpendicular to it's 

direction, depending on the latitude in the ocean or the rotation of the experimental platform. 

Any density interface between two exchanging layers will thus be sloping not only along but 

also across the strait or channel. Rotating flow through a rectangular channel connecting two 

'infinitely' deep reservoirs was first considered by Whitehead et al. (1974). This includes 

forced flow of a single reduced gravity (11) layer and a two-layer lock-exchange. Whitehead 

et al. (1974)'s theory is based on the shallow water version of the Navier-Stokes equations, 

assuming homogeneous, inviscid layers and hydrostatic flow. In their semi-geostrophic ap-

proximation quantities, such as velocity, are expected to vary slowly along the channel, i.e. 

^ < < ^ for geometric and interface height variations, and the flow to be approximately 

straight, i.e. v » m, and in along-channel geostrophic balance. Assuming no relative vortic-

ity in the "upstream" reservoir, the potential vorticity IT = ^ (E = ^ in Whitehead et al., 

1974), based on the Coriolis parameter, / , and upstream depth, Hu- They further assume 

conservation of potential vorticity and oo'm the upstream reservoir, resulting in zero 

potential vorticity throughout the exchange flow. For 11 layer flow in the fast rotating limit, 

where the interface intersects the channel bottom, the flux is q = This is equal to the 

maximal flux bound for free surface flows in rotating channels of arbitrary topography with 

non-negative potential vorticity found by Killworth and McDonald (1993), which suggests 

that potential vorticity, and thus the depth of the upstream basin, does not influence the flux 

to a great extent for most of the parameter range. This was also shown for two-layer flows 

by (Dalziel, 1988), hereafter referred to as D88. 

Gill (1977) used his hydraulic functional approach, explained in the previous section, to 

describe a semi-geostrophic flow through a rectangular cross-section channel with a sill con-

necting two reservoirs. Width scales are based on the upstream Rossby radius, R = 

depth on and velocity on ^/gh^. Potential vorticity is assumed to be non-zero and constant 

( ^ ^ = 0) so that reservoirs are of finite depth but wide relative to R. As in non-rotating 

hydraulics long gravity wave phase speeds vanish at the control sections, although the nature 
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of such waves is influenced by significant cross-channel variations due to rotation and the 

Rossby radius, i.e. Kelvin waves. Three parameters are given to determine the upstream 

reservoir condition: the sidewall boundary layer fluxes and the interior basin depth, e.g. a 

constant depth reservoir resulting in uniform H. These are related such that specifying either 

the fluxes or the basin depth together with the channel geometry determines the remaining 

parameter(s) and thus fully describe the flow. Furthermore, if the channel is much wider than 

i? or a sill of sufficient height is present, the current separates from the left hand boundary 

(for / > 0). In such a case, changes in width do not affect the flux that is only dependent on 

the ratio of sill height to upstream reservoir depth. This is similar for two-layer flows as will 

be shown below. 

In the absence of single-layer hydraulic control, sub-critical flow may still be controlled 

geostrophically (e.g. Toulany and Garrett, 1984). First investigated theoretically and exper-

imentally by Shen (1981), this phenomenon occurs if the downstream reservoir height is 

above the level of the sill. The free-surface height across the channel is then determined by 

the surface level difference between both reservoirs. This type of control is not possible in 

two-layer exchange flows. Further treatment of single layer rotating sill flows can be found 

in Pratt et al. (2000). 

Although single (or reduced gravity) layer flows often occur in environmental settings, 

many cases require a multi-layer approach, as shown in the previous section for non-rotating 

flows. A theoretical treatment of two-layer hydraulics in channels of width much larger than 

the internal but smaller than the external Rossby radius is given in Pratt and Armi (1990). 

Here we are primarily interested in channels, where the external dynamics can be neglected, 

which in the rotating case not only requires Ap « p but also the external Rossby radius to 

be much larger than the strait, so that the water surface is practically level. For a two-layer 

lock exchange in a rectangular channel Whitehead et al. (1974) found the dimensional flux 

through the lower layer to be 

gwAite/teod — g V ^ 

at low rotation, with the interface intersecting both channel walls, and 

Qwhitehead — ^ r ; > 1 ( 2 . 3 ) 

at high rotation, with the interface intersecting both surface and bottom, where g' is re-

duced gravity, / the Coriolis parameter, H the channel depth, W the width and ho the layer 

thickness in the channel. The transition between these two states is continuous, where the 

interface spans from the left hand corner of the channel to the upper right hand wall. The 
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exchange flow is reduced relative to the non-rotating value, by about | for R. As in 

the single-layer case, g at high rotation is independent of M/, but the maximal flux is now g 

the value Whitehead et al. (1974) found for forced layer flows. 

An extension of the Gill (1977) functional approach was used by D88 and Dalziel (1990) to 

model hydraulic exchange flows both with and without rotation. The functional approach can 

principally be applied to any arbitrary channel geometry; however, the equations are greatly 

simplified by specifically considering rectangular and parabolic channel cross-sections with 

controlling narrows and sills of arbitrary height. Both the constant and zero potential vor-

ticity constraints were investigated. The latter showed a maximal flux equivalent to the one 

found by Whitehead et al. (1974) and given in equations 2.3 (p.30) and 2.2 (p.30). 

In accordance with previous authors, D88 found that the exchange is maximal for con-

trolled flows, the same as in non-rotating channel flows. The fundamental difference between 

a sill and narrows in any two-layer system is also found in the rotating case (c.f Armi, 1986). 

The narrows equally influence both layers whereas a sill mainly affects the lower layer. D88 

further notes that this asymmetry is reduced by rotation. As pointed out by Gill (1977) for 

single layer sill flows, if the upstream reservoir is wide, the only reservoir conditions needed 

for the hydraulic problem are the surface level in the reservoir interiors and the (arbitrary) 

fluxes in the side wall boundary layers; however, the latter cannot be arbitrarily defined for 

two-layer flows, meaning that flow between reservoirs of different interface depths has to 

pass through a hydraulic transition. Therefore, the case of a geostrophic control mentioned 

before is not realisable in two-layer exchange flows but is replaced by a partial control of the 

flow, where the control area is isolated from only one of the reservoirs with respect to long 

gravity wave disturbances (D88). This is associated with sub-maximal, but still controlled, 

exchange flux. 

The ratio, be, of the channel width, W, to the Rossby radius, R, is used by D88 as a 

measure for the importance of rotation. In a rectangular constant depth channel with equal 

layer potential vorticity and ^ < 1, the exchange flow rate and the details of the flow are 

fairly independent of the actual value of potential vorticity. A summary of the shear interface 

position (active part of the flow) is shown in figure 2.1 (p.32). It shows the intersection of the 

interface with the walls and the channel floor and surface at different rotation rates; However, 

for be > 1 (Ro < 1) this cannot be predicted exactly by theory. There, regions of stagnant 

fluid are thought to form on either side of the active flow crossing the channel. In the case 

of a constant depth channel with be ^ 1, there may be a single control or two controls. The 

latter are symmetrically located on either side of the narrows coinciding with a separation of 

the interface from the sidewalls and enclosing a region of sub-critical flow. Near this value 

of be, the theory breaks down for non-zero potential vorticity in channels of constant depth. 
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< 1 (iRg > 1) 

Figure 2.1: Position of the shear interface with changing be for lock-exchange flows (no net flow) in 

constant depth channels. Top panels show side view with dashed (soUd) lines showing the interface 

at the RHS (LHS) wall of the channel. Bottom panels show plan view with dashed (sohd) lines 

representing the interface intersection with the surface (bottom). Also shown is the RQ parameter 

(= b~^), which is also defined in section 3.1 (p.42). The interface intersections with the surface and 

bottom move toward the narrows as rotation is increased (BE increased, RQ lowered). D88 found that 

generally in this type of flow the control is at the narrows or near the channel ends (BE = RQ = 1). 

Note that for be > I (i?o < 1) the exact position of the interface and channel crossing cannot be 

well predicted. However, D88 found in experiments that this crossing is usually around the narrows, 

oscillating along the channel in time with regions of stagnant fluids toward the walls. 

Only with a symmetric vertical constriction does the theory show realisable flows with these 

parameters. In any geometry, the flow becomes separated for bg > 1 and the exchange 

flow rate is independent of channel width. This limit is slightly increased in finite potential 

vorticity flows and slightly reduced for sill flows due to the influence on the lower layer; for 

infinitely deep sills this is be > 0.89416 (Dalziel, 1990). The possibility of velocity reversal 

in the upper layer at both control sections would violate the basic assumptions of hydraulic 

theory, especially if there are closed streamlines (recirculations) away from the reservoirs. 

D88 overcame this problem by assuming a region of stagnant fluid, that may be formed by 

small viscosity acting over the long time period needed to attain a steady state. However, it 

is not clear where across the channel the interface should be located as it could be anywhere 

according to inviscid theory (c.f. channel crossing in section 2.2.1, p.34). 

As in non-rotating hydraulics, barotropic forcing introduces an along-channel asymmetry 

to the flow and location of controls. It also changes rotational effects on the exchange flow 

rate: for no net flow, rotation decreases the exchange, whereas rotation increases it if larger 
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barotropic forcing is present. If a simple sill is present, rotation decreases the asymmetry of 

the flow caused by the sill influence on the lower layer and changes the position of the virtual 

control (D88). 

D88 noted that flow criticality in two-layer rotating flows may still be determined using 

a composite Froude number, similar to that in equation 2.1 (p.25), but now the definition is 

based on the hydraulic functional. Information is propagated via long, small amplitude inter-

nal Kelvin waves, whose amplitude varies across the channel. The importance of hydraulic 

controls and the fact that fully hydraulically controlled flows are always maximal has been 

emphasised by Killworth (1995). He showed for single layer and continuously stratified flu-

ids that local flux maxima correspond to hydraulic controls and that all such controls, real or 

virtual, have to be specified to fully describe the flow. However, practical application of this 

theory to specific exchange flow cases was deemed impractical. 

The problem of time variability in rotating hydraulics is still unsolved. Hydraulic jumps 

play an important part in this as they may travel in the form of a bore forced by changing flow 

conditions (e.g. tidal variation). This is possible since bores are not long gravity waves but 

represent a single or a group of solitary wave(s) that transmit the change in flow hydraulics 

(c.f. Lane-Serff and Woodward, 2001). The dynamics of rotating internal bores have not yet 

been satisfactorily described and details of the associated processes are beyond the scope of 

this thesis. However, even a stationary jump may influence the flow by changing its potential 

vorticity and facilitate mixing between fluid layers. D88 argued that hydraulic jumps may 

be assumed to be small if the interface height following the jump is "close to the level of 

the sub-critical solution associated with the controlled solution"; the location of such a jump 

will be near the control and thus be of small amplitude. There is likely to be little mixing in 

such a case (c.f. Armi, 1986) and potential vorticity will be unaltered if the reservoir is close 

to flooding the control. Thus the details of such a jump are unimportant with respect to the 

hydraulic control state which is only determined by the reservoir interface height, provided 

reservoir conditions have not been significantly altered. 

Another unresolved topic are flows with non-constant potential vorticity. This problem is 

difficult to solve due to closed streamlines that do not enter the reservoirs. D88 suggests 

that the flow can still be viewed in the 'classical' sense considering contractions / sills and 

solution branch points / controls denoted by G — 1, where the specific energy at the sidewalls 

is at a local minimum. However, no detailed treatment of this has yet been given in the 

literature. 

The following sections show some experimental and observational examples of rotating 

single layer overflows and multi-layer exchange flows. The environmental examples will 

show that many straits contain islands or submerged ridges that divide the flow giving rise to 
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phenomena not observed in simple channels. However, previous experimental studies have 

all been concerned with simple channels. 

2.2.1 Rotating hydraulic experiments 

Whitehead et al. (1974) found good experimental agreement with semi-geostrophic theory 

both for attached (interface intersects both walls) and separated (interface intersects channel 

top and/or bottom) zero potential vorticity flows. In both l | and two layer experiments at 

high rotation the interface sloped within approximately one Rossby radius from the right 

hand wall (looking downstream with respect to the lower layer) of the channel but did not 

intersect the top and/or bottom boundaries as predicted by theory. Instead a level region 

formed in the rest of the channel that was thought to return the viscous boundary layer trans-

port to the inviscid interior via the sidewall boundary layer. Frictional effects were thought to 

be the cause of this which agrees with D88 who incorporated the thickness of, and transport 

in, viscous rotating boundary layers (Ekman and Stewartson layers) into his experimental 

analysis. This manifests itself in the form of levelling of the interface near the sidewalls due 

to horizontal shear layers and also shallowing of the interface overall toward mid-depth due 

to vertical boundary layers at the interface transporting fluid toward the wall. Such boundary 

layers do not occur in the same way in the oceans due to sloping boundaries and difference 

in horizontal, depth and viscosity scales. However, frictional boundary layers have been 

studied in the laboratory by Johnson and Ohlsen (1994). They simulated exchange through 

a semi-circular cross-section channel based on observations from the the Faeroe Bank chan-

nel, indicating that boundary layers can be significant in oceanic settings. Note that this is 

different to the rectangular cross-section channel used in the laboratory experiments in this 

thesis. 

Further studies of single layer flow by Shen (1981) included a simultaneous sill and nar-

rows located in a rectangular cross-section channel. The flow transport varies inversely with 

rotation rate and upstream potential vorticity, except for some special cases of channel floor 

topography (c.f. section 2.3). The experimental results agree well with semi-geostrophic the-

ory, except when supercritical separation (high / ) occurs at the control section. This agrees 

with numerical model results by Pratt et al. (2000) who also found that such separation does 

not occur at the narrows for hydraulically controlled flows, even though theory predicts this. 

Separation is also difficult to predict theoretically in two-layer rotating hydraulics, as it is 
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not possible to restrict hydraulic control to a specific location in the channel if the two-layer 

flow is separated from both walls at the narrows (D88). 

D88's experimental work showed that in a constant depth narrowing channel without 

barotropic forcing the interface slope for E > l y compares well with semi-geostrophic two-

layer theory with the viscous adjustment mentioned above. He also found strong evidence 

for zones of stagnation mentioned in section 2.1.3. This concept agreed with the observed 

exchange flow rates but uncertainty remains as it contradicts the constant potential vorticity 

constraint used in his theory. 

D88 also showed that the flow in each layer crossed the channel in the region of the nar-

rows. This crossing occurred at a length scale governed by the channel width for be < 1. For 

wider channels, the width did not seem to influence the flow and the flow crossed at a length 

comparable to one Rossby radius. This is also supported by Gill (1976)'s Rossby adjustment 

problem, although the mechanisms of transition from a growing fluid intrusion to a steady 

controlled flow are not yet known. In the laboratory this refers to the adjustment of the dam 

break flow at the location of the barrier to the controlled flow at the geometric constriction, 

i.e. the narrows. The along channel location of the crossing seemed to oscillate at frequen-

cies proportional to / , but in the presence of a sill was fixed to the geometric contraction. 

In such separated flows, D88 proposed that this channel crossing hydraulically controls the 

flow. It is associated with the formation of Margules-type fronts, where frontal waves replace 

the internal Kelvin waves on the density interface (see also Nof, 1986). 

2.2.2 Representative environmental exchanges 

The different exchange configurations of channels connecting two basins can be found in 

environmental flows. Rotation is not found to be relevant to straits much narrower than the 

baroclinic Rossby radius, such as the Red Sea outflow. There, very simple conditions may 

be used at the exit together with a model of the basin (e.g. Grimm and Maxworthy, 1999), al-

though more than two layers (Smeed, 2000) and seasonal variability Siddall et al. (2002) can 

add additional complications. For channels much wider than the baroclinic Rossby radius 

(and close to the barotropic one), such as Drake Passage, the theory by Pratt and Armi (1990) 

mentioned in section 2.1.3 may be suitable. The rotating hydraulic control theory presented 

in section 2.1.3 (p.29) is thought to be most applicable for straits of width in between these 

two extremes. 

First we will consider basin connections slightly wider than but close to the internal Rossby 

radius. Borenas and Lundberg (1990) discussed hydrographic data from the Faeroe Bank 

Channel deep-water flow in the context of rotating hydraulic 1 \ layer theory. Single layer 
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infinite upstream depth models (e.g. Whitehead gf aZ., 1974; Borenas and Lundberg, 1988) 

were found to be accurate to "lowest-order" and previous theoretical maximal Sux estimates 

agreed well with observations. When incorporating finite upstream depth models to account 

for bidirectional velocities in the upper basin, the lower layer was well described. However, 

the interface height and the magnitude of the velocity variations in the lower layer were 

different from the observed. Although the lower layer was observed to have velocities at 

least three times that of the upper layer, i.e. there was a signiGcant net flux, the upper 

layer showed large fluctuations and even velocity reversal, rendering the assumption of a 

stationary and quiescent upper layer invalid. This may be due to the fact that the Rossby 

radius is smaller than the channel width. However, classification of the Faeroe Bank Channel 

with respect to it's width is complicated by the fact that the cross-channel topography is not 

rectangular and does not extend to the surface due to the adjacent shelf areas. Therefore some 

authors consider it to be of similar width to the Rossby radius (Johnson and Ohlsen, 1994) 

and some as a "wide" channel (Borenas and Lundberg, 1990). Note that recirculation would 

not occur in the non-rotating case without some topographic forcing, so that the quiescent 

layer assumption is valid more often (c.f. Armi, 1986). This represents one reason to study 

the rotating two-layer case, even in the context of ocean strait overflows. 

The Gibraltar Strait represents another interesting case. It consists of a series of sills 

and narrows, where the strait width at each of these locations is narrower than the internal 

Rossby radius. This complicated situation has largely been modelled using non-rotating 

hydraulic control theory (Armi and Farmer, 1988), although additional processes have been 

identified associated with this exchange; for example, basin conditions (Bryden and Kinder, 

1991) and tidal variability (Helfrich, 1995). The latter can cause the exchange to be sub-

maximal for part of the time, even when using a quasi-steady model (Garrett, 1996; Astraldi 

et al, 1999). D88 also modelled the flow through the Strait of Gibraltar using his semi-

geostrophic theory and found that rotation does not change the exchange to a great extent, 

relative to the non-rotating model. He additionally varied the parameter / to model the 

exchange to a hypothetical strait of width greater than is actually the case. However, he found 

the situation difficult to model when i?o < 1, as the case for a separate sill and narrows is not 

as well known as the non-rotating equivalent (see section 2.1.2, p.25). An attempt to resolve 

this dilemma of control section location (and thus a well defined topographic control) has 

recently been made by Laanearu and Lundberg (2000) who used the Bornholm channel as 

an example to calculate an upper bound for the transport by the deep water flow. However, 

their stationary upper layer assumption is found to be valid only to lowest order (c.f. Faeroe 

Bank channel Borenas and Lundberg, 1990). 

The above examples may account for along channel variations but all assume that all the 
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flow passes through a single channel. This may not always be the case as can be seen in the 

Cretan Arc Straits (e.g. Theocharis et al, 1999) where topography is highly variable resulting 

in complex layered hydrography around islands and submerged ridges. Other examples in-

clude the Indonesian archipelago (e.g. Nof, 1995; Potemra ef aZ., 2003; Gordon gf oA, 2003), 

where the detailed processes of topographic influence on the exchange through the various 

straits are still not fully understood, and the Straits of Hormuz, where the outflow in a deep 

channel bifurcates at an island (Johns et al, 2003). 

The Strait of Sicily has two deep (below shelf level) channels connecting the Eastern and 

the Western Mediterranean Seas (see figure 2.2). Stansfleld et al. (2003) show that this leads 

to a more complicated path of the deep flow from the former to the latter basin through the 

strait than would likely be the case with a single passage. The main flow in the intermediate 

density layer (Levantine Intermediate Water) generally steers toward the right (North-east 

of the strait) but is separated in two by the ridge. The flow to the left of the ridge keeps 

close to this obstacle and circumvents it, flowing back in to join the flow through the much 

narrower channel to its right, as shown by velocity, salinity and temperature measurements 

from different instrumental platforms (see also Stansfield ef a/., 2001). Similar flows are 

observed in the experiments with multiple channels described in this thesis. A review of 

theoretical and experimental findings relevant to such geometries is given in section 2.3 

(p.39). 
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Figure 2.2. Topography of the Strait of Sicily in the vicinity of the Sicily channel (plot on left). The region of the sills is divided by a ridge submerged to about 

the level of the bordering shelf. The location of a hydrographic cross-section of velocity is shown by the thick red line, located at the North-western end of 

the ridge. This cross-section represents Lowered Accoustic Doppler Current Profiler (LADCP) data merged with ADC? measurements from an autonomous 

underwater vehicle, AUTOSUB, all taken in May, 2000 (Stansfield et al, 2001) and is shown in the plot on the right. Velocity is given in ms~^, where positive 

(shaded) contours represent flow into the western basin. The figure is modified from Stansfield et al. (2003). The deep flow from the Eastern to the Western 

Mediterranean can be seen on both sides of the ridge. However, a reverse flow occurs in the left side of the right-hand channel. This has been shown to originate 

in the left-hand part of the section and to circumvent the ridge in the form of a jet (Stansfield et al., 2003). 
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2.3 Channel dividing obstacles 

One of the main aims of this thesis is to understand the effect of flow-dividing obstacles on 

the hydraulics of the flow with particular focus on the case of an island. In the non-rotating 

case, this can be observed in single-layer flow around bridge piles or piers. Henderson (1966) 

reviewed several different cases of such flows, where the reservoir level downstream of the 

piles may be used to compute upstream levels. This was related empirically to the Froude 

Number downstream as well as the pier shape and dimensions. Henderson (1966) also men-

tioned a limiting value of distance between the piles, a function of the Froude Number, that 

determines if the flow is critically controlled between the piles or sub-critical everywhere. 

Furthermore, energy loss due to drag was related to flow velocity and the drag coefficient. 

Longer (non-cylindrical) piers and large angles of pier offset from the along-channel direc-

tion increase this coefficient and thus the difference in reservoir heights. 

Apart from small vortices at the downstream end of the piles (or on the sides for an offset 

pier) and two additional friction-related boundary layers this case is the same as that of a 

simple narrows in non-rotating flows. However, when rotation is introduced, surface or in-

terface height as well as velocity vary across the channel. An island centred at the narrows 

will provide an additional wall that the flow can "lean on", particularly if the flow crosses the 

channel at high rotation rates. Such a situation is therefore likely to modify the cross-channel 

asymmetry in the flow and the interface slope. This has been investigated theoretically by 

Whitehead (2002), who used single, reduced gravity, layer theory to investigate the flow 

through a rectangular channel divided by an infinitely thin island. Whitehead (2002) argued 

that if the upstream Bernoulli function (energy) is approximately the same, the flux will be 

approximately the same in each channel half. Therefore, the sum of the flux through the 

channels would be twice the maximal flux for the whole channel without an island. One 

could imagine this argument being extended to the two-layer exchange flow case. However, 

the work of Killworth and McDonald (1993) suggests that there is an upper bound on over-

flow of a reduced gravity flow that is independent of the number of channels. Resolving this 

question is a major objective of this thesis. 

The Strait of Sicily example, presented in the last section, shows the complex flow path that 

can be caused by a submerged ridge separating the deep and intermediate exchange flows. 

Such processes will be one focus of this study, in particular if they influence the baroclinic 

coupling between the two flowing layers. 

Unfortunately the theoretical and experimental treatment of exchanges with such topogra-

phy has received little attention in literature so far. Some work on single layer rotating zero 

potential vorticity flow through non-uniform channel cross-sections has been undertaken by 
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Shen (1981). He defined the case of flow separation to occur if the interface lies below the 

mean cross-channel depth somewhere within any cross-section. This investigation mainly 

considered inclines of constant cross-channel slope. The transport was predicted to increase 

to a maximum at some moderate rotation rates if the floor slopes in the same direction as the 

water surface but to otherwise decrease with rotation. For the case of concurrent slopes the 

transport was also predicted to be larger than for opposite slopes. The experimental results 

for non-separated flows agreed well with the semi-geostrophic theory for all cross-channel 

slopes, but the separated case generally did not. In the latter case a stagnant region near the 

(upstream) entrance (c.f. Borenas and Whitehead, 1998) was observed to break down a short 

distance further down the channel despite its predicted existence there. 

Many studies have examined flow around islands and ridge topography usually in homo-

geneous or continuously stratified fluids (see review by Boyer and Davies, 2000) and often 

turbulent flow, for example studying generation of lee wakes (e.g. Alessio gf a/., 1992) and 

vortices (e.g. Longhetto etal, 1996). This is relevant to many environmental settings, such as 

atmospheric flows over orography, but none of these have specifically considered exchange 

flows. 

The Rossby adjustment problem mentioned before (for linear and non-linear studies see 

Gill, 1976; Helfrich et al., 1999, respectively), although not bound by the semi-geostrophic 

assumption, is only partially useful as it does not include any hydraulic control and infor-

mation about the steady state is limited. Studies that do attempt to treat a wide range of 

hydraulically controlled flows includes theory by Killworth (1995) that describes certain 

features inherent in any hydraulic flow. For non-uniform sill cross-sections flow control is 

not necessarily uniform across the channel, so that G — 1 can no longer be used as an along-

channel varying parameter. However, no application of this theory to environmental flows is 

made as a very complex topography would likely have an infinite amount of virtual controls, 

which makes a hydraulic model impractical. 

To my knowledge, no work other than Whitehead (2002) has been published regarding 

the effect of an island on the exchange flow hydraulics through a rotating channel. Detailed 

prediction of the expected flow pattern cannot be made since suitable hydraulic theory does 

not exist and no adjustment of previous theory to this situation is attempted. However, the 

theoretical fully hydraulically controlled (maximal) flux with zero potential vorticity will 

be used as a comparison to the simple channel and island cases under study. As the island 

represents a cross-channel discontinuity, some of the basic assumptions of existing semi-

geostrophic theory are likely to be broken. This includes the assumptions of slow along 

channel variations and no significant cross-channel flow. In particular regions near the ends 

of the island may introduce significant changes in the flow pattern not present in a simple 
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channel, that may change the baroclinic interdependence of each half of the whole channel 

cross-section and the paths each layer in the exchange flow wiD take. The next chapter will 

describe the setup and method for the laboratory experiments in this thesis. 



Chapter 3 

Laboratory methods 

3.1 Schematic layout and non-dimensionalisation 

A simplified version of the situation in an oceanic strait can be represented in the laboratory 

as shown in figures 3.1(a) (p.43) and 3.1(b) (p.43). The channel is bounded on either side 

by large reservoirs with water of different density, separated by a lock-gate. This thesis 

studies the lock-exchange flow that ensues once this gate is raised. The right hand side of the 

channel looking toward positive y will be denoted as RHS and the left side LHS throughout 

this thesis. This will be facing downstream with respect to the lower (dense) layer, looking 

into the light reservoir. When otherwise denoting the flow direction, however, we will use 

right and left with respect to the principal along-channel direction of the flow in that layer. 

This means that "the upper layer flow turns to the right" could actually be the flow turning to 

the LHS of the channel, as by our definition above. 

Reduced gravity at the layer interface is defined as where Ap is the density dif-

ference between the two layers and p the mean density. The Rossby radius for our purposes 

is defined as R = and in non-dimensional form RQ = ^ . Subscripts will be used 

when the differences in RQ defined by the different channel cross-sections (island and simple 

channel) are highlighted; i denotes the island case, i?oi and Wj, and similarly s the simple 

channel and (R, L) the individual channels on each side of the island. However, wherever 

RQ and W are used they refer to the corresponding value for the experiment, e.g. in an island 

experiment RQ = Roi unless otherwise stated (that this is indeed the appropriate scaling in 

the island cases and not RQ = RQS, as in the simple channel cases, will be shown in the 

analysis in sections 5.2.1, p.108 and 6.1, p.l33). The definition of the internal Rossby radius 

differs somewhat from the strict definition of the 1st mode baroclinic Rossby radius as it does 

not account for the interface depth. However, the interface is sloping significantly across the 
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(a) Plan view. 
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(b) Side view (from RHS). 

Figure 3.1: Principal geometry and important parameters for hydraulic investigation. The coordinate 

origin is in the centre of the channel at the surface with y increasing along to the right, x across to 

the channel left and z vertically downward. HI^2) PI{2) are the upper (lower) layer depth and 

density, respectively, and H the total water depth. is the channel width on the RHS (LHS) 

of the island, WG the total channel width from "coast to coast" and Wj = WR + WL, i.e. the whole 

channel width less the island. Q is the rotational vector, where the Coriolis parameter, f = 20,. Note 

the barrier is not marked in the figures. It is on the y < 0 (dense reservoir) side of the island in most 

cases, except experiments 703 and 15. The exact location also differs between the two platforms. 
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channel, so that the only constant height parameter is H. The non-dimensional number RQ 

is a type of Rossby number, based on a velocity scale of instead of the velocity of 

the actual flow. In that sense, Rl is also a Burger number in a two-layer stratified fluid. An 

earlier study by D88 used the non-dimensional channel width as the main parameter, which 

is the inverse of our RQ. 

The non-dimensionalisation of variables is chosen as shown in table 3.1 (p.45). (z, y) and 

all variables incorporating length units have been non-dimensionalised with respect to the 

channel dimensions. This choice has been made as it agrees with the concept of RQ and 

highlights the similarity to the non-rotating case at low rotation / high RQ. 
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Measured or derived quantity Non-dimensionalisation 

Horizontal distance (z, ?/) (̂ ,!/) 
w 

Vertical distance (z) Z 
H 

Time (() t - f 

Horizontal velocity (u*, t;*) 

Narrows exchange flux 9 _ 9 

Vertical divergent Aux (gdi,;) Qdiv 

Q 

Table 3.1: Non-dimensionalisation of variables. The symbol used for the non-dimensional vari-

able is given in the first column, whereas the dimensional one is given together with the non-

dimensionalisation in the second column. Note where both symbols coincide, the non-dimensional 

version will be used throughout this thesis. Unless stated otherwise, q̂ r denotes the scale of the max-

imal inviscid two-layer exchange flux in a constant-depth channel with horizontal narrows as given 

by Armi (1986). 

The following sections will explain how these experiments were conducted on two dif-

ferent platforms: a small, Im diameter turntable at the Southampton Oceanography Cen-

tre (from now on termed SOC platform) and the large 14m diameter table at the CORIO-

LIS/LEGI laboratory in Grenoble, France (Coriolis platform). The different measurement 

techniques, errors and details of each platform's setup will be detailed in this chapter. 

3.2 platform 

3.2.1 Layout and setup 

The experiments were realised in a perspex tank (wall thickness ~ 1.2cm) measuring (H * 

* L) 30 * 56 * 87cm^ with the according maximum volume of 146/ mounted on a rotating 

table. Taps were fitted in the tank bottom for drainage. The overall setup can be seen in 

figure 3.2. 

The tank is divided into two reservoirs with a connecting channel (H * W * L)200 * 

200 * 294mm^ (c.f. D88 experiments using a 100 * 100 * 300mm^ channel without island). 

The shape is relatively long and thin, but also wide enough to allow for i?o < 1, even for 

experiments with an island. Curved inserts, fitted to the channel sides, vary smoothly over 

240mm along the channel to reduce its width by 50mm at the narrows and give an overall 

shape as shown in the sketch in figure 3.1(a) (p.43). The island dividing the full depth of 

the channel has an approximately elliptical plan section, is 120mm long and ~ 27mm thick. 
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Figure 3.2: Overview of SOC setup. The channel, camera and other major components are indicated 

in the image. Please note that in our experiments the channel floor was at approximately the same level 

as the reservoirs, as opposed to this image taken from a previous setup. The halogen lights (same as 

can be seen mounted on the table in this picture) were positioned underneath the tank at each channel 

end to indirectly light the channel bottom via upward reflecting plastic-covered cardboard facing each 

set of lights at an angle. 
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Here, a compromise is made between a slowly varying island, i.e. relatively long, and the 

ability to observe flow around the island tips still within the channel, i.e. short island. The 

setup leads to a reduction width of (8.8,6.7)cm (simple channel,island) at the narrows, which 

is sufficient to investigate values of ^ < 1. The barrier was generally located at the dense 

reservoir end of the channel, except in experiment 703, where it was at the light reservoir 

end (see also table 3.6, p.79). 

Care was taken in levelling the channel connecting the reservoirs and the turntable using 

a spirit level accurate to horizontal slope. When mounting the rectangular tank on the 

rotating table counterweights were used to move the centre of mass to the axis of rotation. 

On the horizontally levelled table (equivalent to the Earth's poles) / = 2|n| = where T 

is the period of turntable rotation (steady to within ±1%). Practicable Coriolis parameters 

3re ^ < / < ^8"^ allowing for reasonably steady rotation at low / and easy accessibility 

of the table at large / , for example when raising bar 

Density interface depth measurements were made by dyeing one, usually the lower, layer 

and recording the images using a COHU 4980 camera with a remote head positioned as 

shown in figure 3.3(b) (p.48). This is a non-intrusive method best suited to the small dimen-

sions of the platform (see section 3.2.3 for further details of method). This gave a plan (top) 

camera view of the channel by use of a mirror mounted ~ 70cm above the tank and max-

imised the path length between the camera lens and the channel to avoid distortion at wide 

lens aperture. The flow was lit by two sets of 2 * 500W halogen floodlights that point onto a 

piece of plastic covered cardboard at an angle to reflect directly upward through the channel 

bottom (see figure 3.3(a), p.48). The cardboard was shaped in this way to give continuous 

illumination in the vicinity of the narrows, so that two lines visible on either along-channel 

side of the narrows represent the joins between the three differently angled cardboard sur-

faces. Care was also taken to vent the lights with two small electric fans to avoid heating the 

water in the tank above. The intense illumination was necessary due to the use of a coloured 

filter mounted in front of the camera lens (see section 3.2.3) which significantly reduced the 

intensity recorded by the camera. The camera was directly connected (via the turntable's slip 

rings) to a frame grabber in a 90MHZ Pentium PC to avoid non-linear response associated 

with using a VCR and video tape. The frame grabber gave an image of 512a;512 pixels, 

which is close to the actual resolution of the camera. The camera's gamma correction and 

automatic gain were switched off at all times. This remote measurement of the flow did not 

disturb the flow, which is particularly important on a small platform. 
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Figure 3.3: Sketch of SOC setup. The channel, camera and other major components are indicated in 

the image. Note each sketch is in one vertical plane except the cyan-coloured component, which is 

located out of the page. The lights at each channel end illuminate the perspex channel via the reflector. 

The camera records plan view images of the flow via the mirror above the channel. 
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3.2.2 Density and duxes 

The time-mean exchange Aux over the whole of a lock-exchange experiment can be calcu-

lated from density measurements of the (well mixed) reservoirs before the barrier is removed 

and after it has been replaced. The exchange Aux is given by 

(3.1) 

where V is the volume and | Ap^l the difference in initial and final density of reservoir m. 

Ap is the initial density difference between both reservoirs 1 and 2 (Whitehead et ai, 1974). 

This only requires three measurements of p, i.e. the final p is only required for reservoir m. 

Using both m = (1,2) gives two different values of g* that should be equal, the difference 

being a measure of the experimental error. Inferred values of q*, the average of these two 

different values, will be presented as part of the flux analysis in chapter 6 (p. 133). 

To calculate q* and to constrain the parameter regime for the experiments, reservoir den-

sity was measured at the time of the experiments using hydrometers. However, these only 

allowed Ap to be determined to 5 - accuracy, leading to errors in g* of ^ 12%. 

Therefore, water samples were taken from each of the reservoirs and at a later date analysed 

in an Autosal salinometer allowing an accuracy of O.OIPSU, lower than the usual instrument 

specification due to the large range of salinities in the samples (Ocean Scientific International 

representative, pers. comm.). A calibrated temperature probe was used to measure temper-

ature to within ~ 0.1°C at the time the samples were taken. These temperature and salinity 

measurements gave a density value accurate to 2.3 * (see table 3.2), i.e. an order 

of magnitude better than the hydrometer measurements. 

The density difference, Ap, was chosen to allow a suitable range of Rossby numbers 

around unity, representing the theoretical transition from attached to separated flow at the 

narrows. Further considerations included viscous effects (see also Re discussion in section 

3.4, p.73) associated with low Ap (and similarly g') that lead to a very diffuse interface 

and thus invalidate the two-layer assumption. Another constraint was the camera image ac-

quisition speed: to observe the flow a sufficiently low flow velocity, scaled by ^/g'H, was 

required. Past experiments showed a practicable range of 0.003 < Ap < O.OS ĉm"^ in 

the laboratory (min. from D88 and max. from Smeed (1988); Munday (2000)). With the 

above considerations and the measurement accuracy in mind the following fixed parameters 

were chosen: Ap = O.OOS ĉm" ,̂ = 14.5cm, resulting in g' ^ and possible 

3 < R < 22cm (for range of / given in section 3.1, p.42). Similar considerations were made 

for the Coriolis platform with parameters given in section 3.3.1 (p.54). 
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3.2.3 Dye concentration and interface height 

As mentioned in section 3.2.1 (p.45), the 6'OC setup used plan images of the channel with 

the (usually) lower layer dyed to infer the position of the density interface between the two 

layers. Images were acquired using the camera system directly connected to the PCs frame 

grabber as the alteration of intensity may be highly nonlinear if recorded on video tape 

due to adjustment by and noise from the VCR electronics and tape response (Holford and 

Dalziel, 1996). The frame grabber was controlled using Digilmage VI.5, available from DL 

Research Partners, Cambridge. This software allowed images to be acquired at user-specified 

times. Subsequent processing to infer density interface depth was done using Matlab v.6 

by Mathworks Inc. The intensity measurement of the camera system was calibrated to be 

representative of the absolute light intensity, I. 

Red food colouring was used as dye in the dense fluid to visualise the interface between 

the two layers. The lower layer thickness, h, could be estimated by assuming an exponential 

attenuation of the light passing through the fluid from channel bottom (Holford and Dalziel, 

1996). The attenuation coefficient in a uniformly dyed fluid is 

A; = — ) , (3.2) 
tl 1Q 

where I is the light intensity past the fluid, IQ the incident (background) intensity and h 

the path length of the light through the fluid (see also p. 517 Apel, 1987). Unfortunately the 

coefficient k is not constant across the light spectrum. In addition, it varies with dye concen-

tration. Therefore a colour filter (green, Hoya XI) is used to select that part of the spectrum 

where k changes linearly with dye concentration. In this case the absorptivity function of the 

dye may be approximated to k{c) = Ac+ b, where A and b are constants and c the dye con-

centration. However, b is assumed to be negligible, so that only c influences k(c). The dye 

at the concentration used in the experiments has maximum absorbance at a wavelength of 

A ~ 480nm. The filter actually transmits most light at A ̂  480nm (approximately Gaussian 

transmittance curve with < 1 0 % transmitted at A > 600?7m, which was the most suitable 

commercially available at the time). 

Using the attenuation approximation a relation between c, background corrected absolute 

light intensity ( £ , where Iq is the background light intensity) and layer thickness (h) can be 

obtained 

— _ g c — (3-3) 
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Figure 3.4; Dye concentration vs. background removed absolute light intensity as viewed from above the fluid (^). Note the steep slope at high intensities, 
which gives a large error when inferring c from 
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