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ABSTRACT

ABSTRACT
This study presents the application of a novel technique to investigate the
circulation in the Fair Isle Gap (FIG) by the High Frequency Radar (HFR), deployed
in the area during the Brahan Project (from 29th August 2013 to 8th September
2014). The performance of the FIG HFR system is assessed, permitting the estimate
of the volume transport into the North Sea (NS). This research focuses on using the
HFR data, together with the other available in situ observations, hydrodynamic
model output and meteorological data, to better understand the vertical structure
and coherence of the inflow into the North Sea. By combining the horizontal HFR
surface current data with the other sources, this study seeks to reconstruct the nature
of the flow by setting the HFR current data in the context of depth-resolving data.
The mean transport was between 0.12 and 0.36 Sv, persistently flowing into the NS
throughout the year. A marked reduction in the volume transport was observed
between autumn and winter, with transport during the former estimated by the HFR
at 0.60 Sv, and during the latter at 0.20 Sv. The results show that the monthly
volume transport into the NS was broadly associated with meteorological forcing
from the south-west sector. Both the maximum (0.75 Sv) and minimum (-0.20 Sv)
occurred during periods when the water column was vertically well-mixed
(between December and January). There is evidence of periodicity of ~14 and 100
days. The former is due to the topography and the strong tidal currents (i.e. the
spring-neaps tidal cycle) in the area, while the latter corresponds to the wind-driven
circulation variability.

v

CONTENTS

CONTENTS
Declaration

ii

Acknowledgements

iii

Abstract

v

List of figures

x

List of tables

xv

List of abbreviations

xvii

List of symbols

xix

General Introduction ......................................................................................1
1.1

Overview and motivation ......................................................................... 1

1.2

The Fair Isle Gap ...................................................................................... 4

1.3

The Brahan Project ................................................................................... 6

1.4

Knowledge gaps ....................................................................................... 7

1.5

Objectives ................................................................................................. 9

1.6

Organization of the thesis ....................................................................... 10

Literature review ..........................................................................................12
Circulation in the Northern North Sea.................................................... 13
Fair Isle Current and its path .................................................................. 15
The Autumn Circulation Experiment .............................................. 15
Residual transport variability .......................................................... 18
Circulation pattern........................................................................... 20
Tides and theory behind them ................................................................ 22
Features of tides .............................................................................. 22
Tidal harmonic constituents and currents ....................................... 25
High Frequency Radar............................................................................ 26
Description and mechanism ............................................................ 27
CODAR system............................................................................... 31
Traditional techniques and HFR comparison .................................. 34
Coastal numerical methods..................................................................... 37

vi

CONTENTS

Development of ocean modelling ................................................... 38
European continental shelf modelling............................................. 39
FVCOM and the Pentland Firth and Orkney Waters (PFOW) ....... 42
Data collection and methods ........................................................................45
In situ instrumentation ............................................................................ 45
Hydrodynamic model (PFOW) .............................................................. 49
High Frequency Radar deployment ........................................................ 51
Derivation of radials........................................................................ 53
Source of uncertainty during the Brahan Project ............................ 54
Antenna patterns review.................................................................. 55
Monthly map inspection.................................................................. 57
Coverage variation .......................................................................... 61
Baseline examination ...................................................................... 65
Open-boundary Modal Analysis ............................................................ 73
OMA Method .................................................................................. 73
Early OMA simulation .................................................................... 76
Tidal variability in the FIG ..........................................................................83
Tidal analysis .......................................................................................... 83
Ellipse amplitude .................................................................................... 85
Phase analysis ......................................................................................... 94
Ellipse inclination ................................................................................... 96
Empirical Orthogonal Functions .......................................................... 103
Discussion ............................................................................................ 108
Summary .............................................................................................. 112
Vertical coherence of the velocity profile .................................................113
Total currents ........................................................................................ 114
Statistical approach to Taylor diagrams ........................................ 115
Observational period at current meter locations ........................... 117
Residual currents .................................................................................. 125
Complex correlation ...................................................................... 128
Single point current meters ........................................................... 133

vii

CONTENTS

Spatial pattern of correlation ......................................................... 135
Current meters in the shadow zone ............................................... 138
Vertical profile at locations 4 and 5 .............................................. 142
Normalised profile ........................................................................ 143
Discussion ............................................................................................ 151
Summary .............................................................................................. 153
Volume transport ........................................................................................155
Residual transport in the FIG ............................................................... 155
Box design..................................................................................... 156
Monthly variability ....................................................................... 162
Egg-Box residual transport ................................................................... 165
Mean transport into the North Sea........................................................ 168
Variation on seasonal time scale ................................................... 171
Transport uncertainty .................................................................... 172
Discussion ............................................................................................ 175
Summary .............................................................................................. 180
Forcing mechanisms ...................................................................................182
Influence of meteorological forcing ..................................................... 182
Wind-transport relationship .................................................................. 186
Spectral analysis ................................................................................... 192
Wind influence .............................................................................. 193
Tidal influence .............................................................................. 194
NAO-transport relationship .................................................................. 196
HFR mapping capabilities .................................................................... 197
Discussion ............................................................................................ 202
Summary .............................................................................................. 206
Conclusions and future work .....................................................................208
HFR assessment and complementary dataset ....................................... 208
Tidal constituents in the FIG ................................................................ 211
Normalised profiles .............................................................................. 213
Transport into the North Sea ................................................................ 214

viii

CONTENTS

Circulation in the FIG........................................................................... 216
Future work .......................................................................................... 218
A. Data collection and methods ......................................................................220
A.1

Baseline examination............................................................................ 221

B. Tidal variability in the FIG ........................................................................223
B.1

Ellipse amplitude .................................................................................. 223

B.2

Phase analysis ....................................................................................... 226

B.3

Ellipse inclination ................................................................................. 227

C. Vertical coherence of the velocity profile .................................................228
C.1

Time series single point current location 1........................................... 229

C.2

Time series single point current location 2........................................... 230

C.3

Time series single point current location 3........................................... 231

D. Volume transport ........................................................................................232
D.1

Monthly transport HFR and PFOW ..................................................... 232

D.2

Monthly transport through the Box ...................................................... 233

D.3

Monthly transport into the North Sea ................................................... 234

E. Forcing mechanisms ...................................................................................235
E.1

HFR Spectra to the North Atlantic Inflow side of the Box .................. 236

E.2

HFR Spectra to the Shetland Inflow side of the Box ........................... 237

E.3

HFR Spectra to the North Sea Inflow side of the Box ......................... 238

E.4

HFR Spectra to the Orkney Inflow side of the Box ............................. 239

E.5

Radials spectra to the SUMB east Orkney side of the Egg-Box .......... 240

E.6

Radials spectra to the SUMB west Orkney side of the Egg-Box ......... 241

E.7

Radials spectra to the NRON East Shetland side of the Egg-Box ....... 242

E.8

Radials spectra to the NRON west Shetland side of the Egg-Box ....... 243

E.9

Current meter spectra at location 6 and 7 ............................................. 244

ix

LIST OF FIGURES

LIST OF FIGURES
Figure 1.1 – Redrawn map of main circulation pattern .......................................... 2
Figure 1.2 – Map of the Fair Isle Gap (FIG) ........................................................... 5
Figure 2.1 – Historical circulation pattern in the North Sea (NS) ........................ 14
Figure 2.2 - Map of the Northern North Sea (NNS) ............................................. 16
Figure 2.3 - FIC transport response to a constant wind ........................................ 20
Figure 2.4 – Tidal force on Earth .......................................................................... 23
Figure 2.5 - Pattern of amphidromic system ......................................................... 24
Figure 2.6 - Scheme of different remote sensing methods.................................... 27
Figure 2.7 - Typical radar Doppler spectrum ........................................................ 28
Figure 2.8 – Geometry of HFR total vector determination ................................... 30
Figure 2.9 - Transducer configurations ................................................................. 35
Figure 2.10 - Difference between observed and patterned radial velocities ......... 36
Figure 2.11 - Scheme of the three main categories of vertical grid ...................... 38
Figure 2.12 - Historical transects of the NS .......................................................... 41
Figure 2.13 – Final mesh of the SSM domain ...................................................... 43
Figure 3.1 – Bathymetrical map of the study area ................................................ 46
Figure 3.2 - In-line design of moorings ................................................................ 47
Figure 3.3 – General AWAC scheme deployment................................................ 47
Figure 3.4 – PFOW grid (top) and bathymetry (bottom) ...................................... 50
Figure 3.5 – Map of total velocities averaged over the entire HFR measurement
period (29/08/2013 – 31/08/2014) ........................................................................ 52
Figure 3.6 - Increase of radial velocity uncertainty with range ............................ 54
Figure 3.7 – Measured antenna patterns ............................................................... 56
Figure 3.8 - Average % coverage of radials during September ............................ 57
Figure 3.9 - Average % coverage of radials during October ................................ 58
Figure 3.10 - Average % coverage of radials during November .......................... 58
Figure 3.11 - Monthly plot of the radial coverage relative to the NRON. ............ 59
Figure 3.12 - Monthly plot of the radial coverage relative to the SUMB ............. 60

x

LIST OF FIGURES

Figure 3.13 -Plots showing the data availability ................................................... 62
Figure 3.14 - Monthly data availability based on number of solutions. ............... 63
Figure 3.15 - Monthly plot of the total coverage relative to radial ....................... 64
Figure 3.16 - Baseline between the HFR stations ................................................. 66
Figure 3.17 – Each plot shows RMSD (blue) and r (orange) for radial current ... 68
Figure 3.18 – RMSD and correlation coefficient between radial velocities at NRON
and SUMB............................................................................................................. 70
Figure 3.19 - Comparison between RMSD, RMSA velocity and RMSB............. 71
Figure 3.20 - Boundary ∂Ω ................................................................................... 73
Figure 3.21 – Comparison of September velocity fields....................................... 78
Figure 3.22 – Comparison of September velocity fields....................................... 79
Figure 3.23 – Comparison of October velocity fields ........................................... 80
Figure 3.24 – Comparison of October velocity field ............................................ 81
Figure 4.1 - M2 semi major axes at location 5 ...................................................... 87
Figure 4.2 - M2 semi major axes at location 4 ...................................................... 88
Figure 4.3 – M2 semi major axes at location 1 (a), 2 (b), 6 (c), 7 (d) and 3 (e).... 89
Figure 4.4 - S2 semi major axes at location 4........................................................ 90
Figure 4.5 - S2 semi major axes at location 5........................................................ 92
Figure 4.6 – S2 semi major axis at location 1 (a), 2 (b), 6 (c), 7 (d) and 3 (e) ...... 93
Figure 4.7 - M2 phase reconstruction .................................................................... 95
Figure 4.8 - S2 phase reconstruction ..................................................................... 96
Figure 4.9 - M2 ellipses in the FIG........................................................................ 98
Figure 4.10 - M2 inclination ε at location 5 and 4 ................................................. 99
Figure 4.11 - S2 ellipses in the FIG ..................................................................... 101
Figure 4.12 - S2 ε with relative error bars at location 5 (left) and 4 (right) ........ 103
Figure 4.13 – Map showing angle definitions in the FIG ................................... 106
Figure 4.14 - Representation of α and β .............................................................. 107
Figure 5.1 – Study area ....................................................................................... 114
Figure 5.2 - Theoretical assumption for Taylor diagram .................................... 115
Figure 5.3 - Comparison of raw hourly time series at location 4-1 and 5........... 118
Figure 5.4 - Taylor diagram of totals at location 4 during the period 4-1........... 119

xi

LIST OF FIGURES

Figure 5.5 - Taylor diagram of totals at location 4 during the period 4-2........... 120
Figure 5.6 - Taylor diagram of totals at location 5 ............................................. 121
Figure 5.7 - Taylor diagram of totals at location 1, 2 and 3................................ 123
Figure 5.8 – Map showing the trigonometric convention ................................... 127
Figure 5.9 - Estimate of complex correlation CC, angular displacement ξ and
RMSEvec at location 4 during 4-1 (top) and 4-2 (bottom) ................................... 131
Figure 5.10 - Estimate of complex correlation CC, angular displacement ξ and
RMSEvec at location 5 ......................................................................................... 132
Figure 5.11 - Spatial distribution of HFR and PFOW residuals ......................... 136
Figure 5.12 – Complex correlation CC, phase angle ξ and RMSEvec ................. 137
Figure 5.13 – Along (u’) and across (v’) channel time series on hourly basis at
location 6 (top) and 7 (bottom) .......................................................................... 140
Figure 5.14 – Residual velocity profiles along- (u’) and across- (v’) channel, at
location 6 (top) and 7 (bottom) ........................................................................... 141
Figure 5.15 - Along (u’) and across (v’) channel vertical profiles at the AWAC
location 4 during period 4-1 (top) and 4-2 (bottom) ........................................... 143
Figure 5.16 - Normalised profile from current meters/profiler for u’ (left) and v’
(right) at each available location ......................................................................... 144
Figure 5.17 - Normalised profile from PFOW for u’ (left) and v’ (right) at each
available location ................................................................................................ 145
Figure 5.18 – Derived profiles at location 1 ....................................................... 147
Figure 5.19 - Derived profiles at location 2 ........................................................ 148
Figure 5.20 - Derived profiles at location 3 ........................................................ 149
Figure 6.1 - Map of the Box ................................................................................ 156
Figure 6.2 - Map of HFR and depth-averaged PFOW residual speed ................ 159
Figure 6.3 - HFR time series of volume transport (Sv)....................................... 161
Figure 6.4 – PFOW time series of volume transport (Sv) .................................. 161
Figure 6.5 - Monthly mean transport estimated at each side of the Box ............ 162
Figure 6.6 - The Egg-Box ................................................................................... 165
Figure 6.7 – Map showing the Egg-Box locations.............................................. 169
Figure 6.8 - Time series of the mean transport ................................................... 170

xii

LIST OF FIGURES

Figure 6.9 - Qr (radial) and Qp (PFOW) are compared with Qc (CODAR) by using
Taylor diagrams .................................................................................................. 170
Figure 6.10 - Monthly mean volume transport into the NS ................................ 171
Figure 6.11 - Daily mean transport into the NS .................................................. 173
Figure 6.12 – Mean monthly transport into the NS ............................................ 174
Figure 6.13 – Seasonal volume transport comparison between East Shetland
Atlantic Inflow (ESAI) and East Shetland Inflow (ESI)..................................... 177
Figure 6.14 – Pattern of transport around Shetland and Orkney based on Turrell et
al. (1996) and Hughes (2014) ............................................................................. 179
Figure 7.1 – Comparison of filtered wind speed (m/s) ....................................... 183
Figure 7.2 - Wind rose on a daily basis from Lerwick ....................................... 184
Figure 7.3 - Monthly wind rose based on daily values ....................................... 185
Figure 7.4 – Convention adopted for the rotation of wind components ............. 188
Figure 7.5 – Annual correlation between daily averaged zonal wind stress ....... 189
Figure 7.6 - Monthly correlation between daily averaged zonal wind stress...... 190
Figure 7.7 – Lomb-Scargle spectrum of the mean transport into the NS ........... 193
Figure 7.8 – Comparison between spectra at location 6 and 7 between current meters
(CM) at the deepest point of measurement and HFR raw observations ............. 195
Figure 7.9 – Monthly mean time series transport into the NS, NAO index and Zonal
wind ..................................................................................................................... 196
Figure 7.10 – Time series of the mean transport into the NS (Qc) and on the ESI
side of the Box (ESI) . ......................................................................................... 198
Figure 7.11 – Map of the circulation during four main transport events chosen from
the daily-mean HFR transport time series Qc...................................................... 200
Figure 7.12 - Map of the circulation during four main transport events chosen from
the daily-mean HFR transport time series ESI.................................................... 201
Figure 7.13 - Comparison between the directional response of transport........... 203
Figure 7.14 - Angular displacement of wind direction ....................................... 204
Figure 8.1- Pattern of the residual circulation in the FIG ................................... 217
Figure A.1 – Map showing radial coverage and baseline ................................... 220

xiii

LIST OF FIGURES

Figure A.2 - Each plot shows RMSD (blue) and r (orange) for radial current
estimate along the baseline ................................................................................. 222
Figure B.1 – M2 semi major axes at location 5 (PFOW full run) ....................... 223
Figure B.2 - M2 semi majoraxes at location 4 (PFOW full run) ......................... 224
Figure B.3 - S2 semi majoraxes estimated at location 5 (PFOW full run) .......... 224
Figure B.4 - S2 semi majoraxes at location 4 (PFOW full run) .......................... 225
Figure B.5 - M2 phase reconstruction (PFOW full run) ...................................... 226
Figure B.6 - S2 phase reconstruction (PFOW full run) ....................................... 226
Figure B.7 - M2 inclination ε (PFOW full run) ................................................... 227
Figure B.8 - S2 inclination ε (PFOW full run). ................................................... 227
Figure C.1 - Map showing the area of study HFR . Error! Bookmark not defined.
Figure C.2 - Comparison of raw hourly time series at location 1Error! Bookmark
not defined.
Figure C.3 - Comparison of raw hourly time series at location 2Error! Bookmark
not defined.
Figure C.4 - Comparison of raw hourly time series at location 3Error! Bookmark
not defined.
Figure D.1 - Monthly mean transport comparison between HFR and PFOW .... 232
Figure D.2 - Monthly mean transport estimated by using the HFR .................... 233
Figure D.3 - Monthly mean transport into the NS .............................................. 234
Figure E.1 - Maps showing the Box (a) and Egg-Box (b) ................................. 235
Figure E.2 - Spectra of the HFR raw data to the North Atlantic Inflow (NAI) .. 236
Figure E.3 - Spectra of the HFR raw data to the Shetland Inflow (SI) .............. 237
Figure E.4 - Spectra of the HFR raw data the North Sea Inflow (NSI) ............. 238
Figure E.5 - Spectra of the HFR raw data to the Orkney Inflow (OI) ............... 239
Figure E.6 - Spectra of the radials to the SUMB East Orkney (EO) .................. 240
Figure E.7 - Spectra of the radials to the SUMB West Orkney (WO) ................ 241
Figure E.8 - Spectra of the radials to the NRON East Shetland (ES) ................. 242
Figure E.9 - Spectra of the radials to the NRON West Shetland (WS) .............. 243
Figure E.10 - Comparison between spectra estimated at location 6 and 7 ......... 244

xiv

LIST OF TABLES

LIST OF TABLES
Table 2.1 - Principal tidal constituents and their main features ............................ 26
Table 2.2 - Summary of the specifications of existing HFR systems ................... 32
Table 2.3 - Summary of HFR system applications ............................................... 33
Table 2.4 - Seasonal mean transport across three sections of the North Sea ........ 40
Table 3.1 - Specification of instruments deployed throughout the FIG ............... 48
Table 4.1 - FIG mooring deployments .................................................................. 84
Table 4.2 - Comparison of the principal M2 tidal properties ................................ 86
Table 4.3 - Comparison of dataset regarding the principal S2 .............................. 91
Table 4.4 - Comparison of dataset regarding the principal M2 tidal inclination (ε)
velocity orientation (θ) .......................................................................................... 97
Table 4.5 - Comparison of dataset regarding the principal S2 tidal (ε) and velocity
orientation (θ) ...................................................................................................... 102
Table 5.1 - Deployment information for AWAC and ADCP locations .............. 117
Table 5.2 - Deployment information for the single point current meter ............. 123
Table 5.3 - Difference of the time series means for both velocity components East
(u) and North (v) ................................................................................................ 125
Table 5.4 - Depth comparison between profiling current meters and PFOW ..... 130
Table 5.5 - Estimate of complex correlation CC, angular displacement ξ and
RMSEvec at single point current meter locations................................................. 134
Table 5.6 - Deployment details of single-point current meters 6 and 7 .............. 139
Table 5.7 - Normalised profiles slope m ............................................................. 146
Table 6.1 - Grid points of the Box ...................................................................... 157
Table 6.2 - Summary of annual residuals............................................................ 159
Table 6.3 - Annual mean transport and standard deviation of HFR observations and
PFOW.................................................................................................................. 163
Table 6.4 - Comparison of monthly transport time series measured by HFR and
PFOW.................................................................................................................. 164

xv

LIST OF TABLES

Table 6.5 - Summary of the Egg-Box locations where radial velocities are used for
the transport calculation from NRON ................................................................. 166
Table 6.6 - Summary of the Egg-Box locations where radial velocities are used for
the transport calculation from SUMB ................................................................. 167
Table 6.7 - Summary of radial residuals over the Egg-Box area ........................ 168
Table 6.8 - Annually transport estimate into the NS........................................... 175
Table 6.9 - Seasonal comparison of the mean transport into the NS .................. 176
Table 7.1 - Correspondence between angle δ along which zonal/meridional wind
components are rotated and wind direction φ ..................................................... 189

xvi

LIST OF ABBREVIATIONS

LIST OF ABBREVIATIONS
ACE: Autumn Circulation Experiment
ADCP: Acoustic Doppler Current Profilers
AWAC: Acoustic Wave and Current profiler
CC: Complex Correlation
CM: Current Meter
CODAR: Coastal Ocean Dynamics Application Radars
ECMWF: European Centre for Medium-Range Weather Forecasts
EOI: East Orkney Inflow
ESAI: East Shetland Atlantic Inflow
ESI: East Shetland Inflow
FIC: Fair Isle Current
FIG: Fair Isle Gap
FMCW: Frequency Modulated Continuous Wave
FSC: Faroe Shetland Channel
FVCOM: Finite Volume Community Ocean Model
HYCOM: Hybrid Coordinate Ocean Model
HFR: High Frequency Radar
NA: North Atlantic
NAC: North Atlantic Current
NAI: North Atlantic Inflow
NAO: North Atlantic Oscillation
NNS: Northern North Sea
NORWECOM: NORWegian ECOlogical Model system
NRON: North RONalsday
NS: North Sea
NSI: North Sea Inflow
OI: Orkney Inflow
OSU: Orgon State University

xvii

LIST OF ABBREVIATIONS

OTPS: Oregon State University (O) Tidal Prediction Software
PFOW: Pentland Firth and Orkney Water
RMSD: Root Mean Square Difference
RMSE: Root Mean Square Error
SI: Shetland Inflow
SSM: Scottish Shelf Model
SUMB: SUMBurgh
WERA: WEllen Radar
WOI: West Orkney Inflow
WSI: West Shetland Inflow

xviii

LIST OF SYMBOLS

LIST OF SYMBOLS
α = Ellipse orientation relative to Maximum Transport line;
αi = Solution of least squares minimisation problem;
β = Velocity orientation relative to Maximum Transport line
γ = Orientation angle of the Fair Isle Gap Line
δ = Trigonometric angle of rotation;
ε = Ellipse inclination;
ζ = Cost function of Open-boundary Modal Analysis;
µ = Mean look angle between radar stations;
η = Wavelength of transmitted signal;
η’ = Wavelength of surface waves;
θ = Angle of maximum incidence of the velocity vector;
θ’ = Incidental angle of radar transmitting signal;
Θ = Half of the angle between radar intersecting beams;
λi = Eigenvalue;
ξ = angular displacement between datasets;
ρ = Density of dry air;
σ = Standard deviation;
τi,j = Arbitrary function of frequency for the Lomb-Scargle solution;
τs = Wind stress;
τe, τn = East and Norht component of the wind stress;
φ = Wind direction along which zonal wind stress τe is resolved;
φw = Main wind direction extracted from Lerwick;
φ1, φ2 = Eigenvectors associated with λ1 and λ2;
φi = Irrotational interior mode;
ϕ = Phase of tidal constituents;
Φ = Empirical Orthogonal Functions;
ψ = Stream function;
ψi = Incompressible interior mode;

xix

LIST OF SYMBOLS

Ψi = Transport density;
ω = Angular frequency;
Ω, ∂Ω = Domain covered by the OMA and its boundary;
Δf = Doppler shift;
ai = ith orthogonal mode at time t = tn;
b = Linear regression coefficient (22.2 in formula of Turrell et al., 1990);
An = Data points of time series;
c = Deep water ocean wave celerity;
cd = Drag coefficient (1.3*10-3, adopted for the Scottish Shelf Model),
C = Covariance matrix;
Cij = Components of the covariance matrix;
di = Water depth at the grid point of the Box (or Egg Box);
d1, ds = Upmost and measurement water depth;
fc = Doppler frequency shift;
H = Total water depth;
I = Unit matrix;
Li = Distance between consecutive grid points of the Box (or Egg Box);
Im = Imaginary part of vector velocity;
k⃗ = unit vector pointing upward;
m = Slope linear profile;
n⃗⃗ = Unit vector normal to the boundary pointing outward;
p = Non wind non-wind driven component (0.4 in formula of Turrell et al., 1990);
Px = Normalised periodogram;
q = Intercept linear profile;
Qc = Time series of main transport into the North Sea estimated with CODAR data;
Qi = Time series of main transport at the ith grid point of the Box (or Egg Box);
Qp = Time series of main transport into the North Sea estimated with PFOW data;
Qr = Time series of main transport into the North Sea estimated with radials data;
r = Correlation coefficient;
rc = Correlation coefficient between Qc and τe;
rp = Correlation coefficient between Qp and τe;

xx

LIST OF SYMBOLS

rr = Correlation coefficient between Qr and τe;
r̂ m = Unit vector;
R = Rayleigh constant;
Re = Real part of velocity vector;
si = Length of OMA domain;
S = Arbitrary length scale of the OMA domain;
tn = Times to estimate the orthogonal mode of the eigenvalues λi;
t⃗⃗ = tangent vector t⃗⃗=⃗⃗⃗×
n k⃗;
vr = Radial component of velocity;
u = East velocity component;
u = Residual East velocity component;
u’ = Along-channel velocity component;
u⃗⃗ = Velocity field of OMA;
u⃗⃗n (x⃗n ) = Current field of the cost function ζ
urm = Current component measured at x⃗n along the direction of the unit vector r̂ m ;
uφ = Vorticity-free decompositions of OMA;
⃗⃗⃗⃗
⃗⃗⃗⃗⃗⃗
uψ = Divergence-free decompositions of OMA;
U’ = Along- or across-channel component;
U* = Dimensionless along- or across-channel component;
v = North velocity component;
v = Residual North velocity component;
v’ = Across-channel velocity component;
Wrm = Weight factors to estimate the cost function ζ;
x⃗n = Direction along which the current component urm is measured;
y = Time series;
𝑦 = Mean value time series;
y* = Dimensionless water depth;
z = Water depth where velocity field is measured.

xxi

CHAPTER 1: GENERAL INTRODUCTION

CHAPTER 1
GENERAL INTRODUCTION
The inflow of the North Atlantic Ocean into the North Sea (NS) is a key factor of
the global climate and spatial/temporal properties of the water transport in the
Northern Hemisphere (Turrell et al., 1992; Wunsch, 2007). The North Atlantic
(NA) inflow contributes for more than 90% in terms of nutrients into the NS (Reid
et al., 2003), profoundly affecting the entire ecosystem of the region.

1.1 OVERVIEW AND MOTIVATION
The main horizontal circulation system of the North Atlantic Ocean has been more
recently described in terms of Nordic Seas exchange (Turrell et al., 1996; Hansen
and Østerhus, 2000; Hansen et al., 2017; Østerhus et al., 2019) and climate
variability (Sarafanov et al., 2009; Miettinen et al,. 2011).
The Atlantic water that crosses the Greenland-Scotland Ridge (GSR) and flows into
the Arctic originates from two distinct source regions (Hansen and Østerhus, 2000).
The continental source, originated south of Rockall Trough, feeds the Continental
Slope Current that flows through the Faroe-Shetland Channel (FSC). It is
characterised by the warmest and saltiest water to cross the GSR, maintaining its
coherence through the Scottish Shelf (Berx et al., 2013). The second cooler oceanic
source, originated from the subtropical waters further west in the NA, crosses the
Mid-Atlantic Ridge with the North Atlantic Current (NAC), which is best
characterised as a train of mesoscale eddies (Read et al., 2010) south of about 51°.
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The NAC is the origin of the Modified NA Water between 50°N and 52°N, and,
before entering the FSC, splits in the northwards Faroe Current and southwards
Shetland slope current. The former, crossing the Iceland–Faroe Ridge, flows
towards the Norwegian Sea, while the second merges with the Continental Slope
Current. The input of the Faroe Current combined with the Shetland Slope Current
results in a complex recirculation in the FSC (Figure 1.1).

Figure 1.1 – Redrawn map of main circulation pattern and topography of the area between
Easter North Atlantic and North Sea. The arrows have a different rule in the map: the solid
represent surface circulation and the broken ones deep. NI/AI is North of Iceland/Arctic
Intermediate water; NSDW – Norwegian Sea Deep Water. The standard hydrographic sections
are also shown: Munken-Fair Isle section (MFI), Nolso-Flugga (NF), East Shetland (ES) and
Joint North Sea Data Information System (JONSIS). Adapted from Turrell et al. (1996).
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Part of these waters is westerly directed along the Iceland coast, entering the
Norwegian Sea and becoming the Norwegian Atlantic Current, while the rest flows
into the NS. Temporal and spatial variability of the water transport between NA and
the shallow waters of the Northern North Sea (NNS) is of critical importance to the
environmental conditions (Turrell and Henderson, 1990), productivity (Turrell et
al., 1990; Turrell et al., 1992) and climate change impacts (Holt et al., 2018) in the
NS. NA water flows into the NS throughout the FIG, to the East of Shetland and
along the Norwegian Trench, affecting circulation and water mass distribution of
the continental shelf.
The warm water originated from the NA advects nutrients into the NS (Turrell,
1992b), providing support for the ecosystem and its biological diversity. Within the
Continental Shelf there are complex systems, where coastal currents, tides,
meteorological forcing, topography and run-off influence the water circulation
(Otto et al., 1990). These dynamic processes are considered fundamental in order
to better understand the ecosystem behaviour and its biological properties
(Sunderman and Pohlman, 2011).
The transport and dilution of water are due to advection and mixing. In terms of
vertical transport, the first is not relevant, while the second coupled with
meteorological forcing is the main agent in the NS (Zimmerman, 1986). Advective
processes are identified at scales of the tidal cycle (Otto et al., 1990) but, more
importantly, the year-to-year variation in wind forcing and river discharge affects
the NS ecosystem having an impact on the small-scale dynamics.
Transport of sediment and long wind fetch are also considered significant
ecological factors in shallow water open to the NA (Otto et al., 1990). The
variability of the transport of NA water through the FIG affects and controls the
NNS ecosystem (Pingree and Griffiths, 1980; Otto et al., 1990; Turrell and
Henderson, 1990). Nutrients richness and chlorophyll distribution in the FIG are
associated with the position of the Fair Isle Current (FIC) front (Dooley, 1981).
Biological conditions as the spring bloom in the NNS every 100 days caused by the
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FIC directly affects the year-to year aspects of ecosystem on a larger scale in the
NS (Dooley, 1986).
The continental shelf environment is affected by intense human activity and new
challenges need to be addressed by research. Offshore industries, vessel navigation,
fishery activities and marine energy extraction are dependent on the knowledge of
the variability, pathways and destination of the currents in the continental shelf
(Turrell et al., 2014). Furthermore, the abundance of offshore rigs and associated
implications for potential oil spills require reliable long-range monitoring
capabilities. All this increases the degree of uncertainty of both the water
mechanisms and the ecological natural fluctuations of physical and biological
parameters in the NS (Kinne, 1995).
Although the NS is one of the most investigated sea on earth (Kinne, 1995), highquality data with good spatial resolution is required to reveal the features of the
exchange between the NA and NNS. The present study explores the application of
High Frequency Radar (HFR) to provide accurate surface current observations.
Tides play an important role in the area and HFR technology helps to provide a map
of tidal variability. The vast potential of HFR applications can effectively improve
the estimate of water mass transport associated with ocean currents. In terms of
understating the potential pollutant trajectory and oil pathway simulations a
substantial value may be added by the long-range observation (~200 km) of HFR
(Abascal et al., 2017; Cardenas et al., 2015).

1.2 THE FAIR ISLE GAP
The Atlantic Water enters the NNS through three pathways: via the Fair Isle Current
(FIC) between the Orkney and Shetland archipelagos, via the East Shetland Atlantic
Inflow (ESAI), and via the Norwegian Trench Inflow along the western slope of
Norwegian Trench (Svendsen et al., 1991; Turrell et al., 1996). This study focuses
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on the first of these pathways. Situated between Orkney and Shetland, the FIG is
approx. 81 km wide and oriented 39° (Figure 1.2).

Figure 1.2 – Map of the Fair Isle Gap (FIG). The grey lines are smoothed
bathymetry contours every 25, 50, 100, and 200 m. The map also shows the tip of
Orkney and bottom of Shetland Islands, North Ronaldsay (NRON) and Sumburgh
Head (SUMB), respectively. At these two locations, the HFR antennas were
deployed during the Brahan Project (28/08/2013 – 8/09/2014).

The FIG is separated into two channels by the Fair Isle, a small island 4.8 km long
and 2.4 km wide. It is approximately equidistant from North Ronaldsay (NRON)
and Sumburgh Head (SUMB), i.e. 43 km and 38 km from northerly points of the
Orkney and southerly Shetland, respectively. The average sea floor depth is 48 m
(Figure 1.2).
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The FIG has been monitored in terms of temperature/salinity (superficial and deep),
wave parameters, seasonal variability and water transport estimate, and described
the Scottish Shelf in terms of physical and biological interaction within the different
subsystems (Turrell and Henderson, 1990; Turrell et al., 1990; Otto et al., 1990).
The confined FIC between Orkney and Shetland has been investigated (Dooley,
1974; Turrell, 1992; Turrell et al., 1992; Turrell and Henderson, 1990) finding that
it follows the 100 m depth contour south-east towards 57.5°N (Dooley, 1974). An
additional transport of approximately 25% of the FIC originates from west of
Shetland (Turrell et al., 1990). The latter assertion highlights both importance and
complexity of the dynamic circulation and necessary understanding in UK context.

1.3 THE BRAHAN PROJECT
The use of HFR and mainly of Coastal Ocean Dynamics Applications Radar
(CODAR) over last years has extended the knowledge of ocean circulation in the
coastal environment. More than 30 years of experience in the field and comparisons
with measured data has contributed to the coastal ocean observing system.
In this scenario, the Brahan Project (28/08/2013 – 8/09/2014) was a UK
implementation of HFR to demonstrate the technology’s application. The Brahan
Project aimed to investigate the key role of the FIG in the European continental
Shelf area. Several reasons were considered for the location of the project. The
transfer of storm surges through the FIG (Turrell and Henderson, 1990; Turrell et
al., 1992) was one of the principal oceanographic interest as well as the tidal fronts
in the area (Hill et al., 2008). Additionally, there was interest in waves, tidal
currents, inflows to the edge of Shetland and west of Orkney. Human impact on the
region in terms of oil and gas activities still affects the area, so the HFR could
provide a monitoring capability of the potential spill response.
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During the Brahan Project, the FIG was monitored by an HFR system (operated by
Qualitas Remos). There was a collaboration between Marine Scotland Science,
Qualitas Remos, CODAR, and several UK Agencies (Met Office, Department of
Energy, and Climate Change UK-IMON). Academia has also contributed to the
novel monitoring approach by analysing the HFR dataset and delivering innovative
projects (i.e. the present study).
Marine Scotland with technical support of Qualitas Remos deployed the two HFR
antennas at NRON and SUMB. Both stations have a transmit and receive antenna,
a rack with coaxial cable which connects the control electronics to the antenna and
communication system (Brahan Installation Report, 2014). The station transmits
with a frequency of 4.5 MHz and a bandwidth of 36.8 kHz (sweep of 1 Hz) and it
receives the reflected radial signals from the sea. Section 2.4 presents more
technical details on the operation of the HFR system. The calibration of both
stations was necessary to assess the antenna pattern and control the quality of the
HFR signals. In particular, the procedure consisted of moving the workboat MRV
Scotia in a circular trajectory around the station location. The distinct echo
backscattered from the transponder on the vessel is received by the station and
studied in order to create a reception pattern for each antenna (Brahan Installation
Report, 2014).
The method of monitoring the spatial and temporal variability of flow through the
area of study has been published and partially demonstrated (Abascal et al., 2017;
Lipa et al., 2014; Turrell et al., 2014). However, little is known about the quality of
data collected and, consequently, about the value of the output in terms of the
circulation of the FIG.

1.4 KNOWLEDGE GAPS
During the Brahan Project, a variety of in situ instruments were deployed in the area
of study to investigate the circulation. The instrumentation included single point
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and profiling current meters. In addition, historic current measurements were
previously installed in the region, allowing a more extensive study of the FIG.
The Brahan HFR system was installed to monitor a shallow area where tides and
wind play a critical role in the flow variability. Tidal ellipses have been partially
estimated at sparse locations in the NNS (Vindenes et al., 2018). The large spatial
coverage of the Brahan HFR system allows the accurate evaluation of the
predominant tidal constituents into the NNS area. The response of the NNS to the
meteorological forcing has been studied over short periods during summer and
autumn manly, and over specific areas, i.e. west of Orkney, west and East of
Shetland. Two and early three-dimensional numerical models showed a dominant
current generated by storm surges related to certain meteorological regimes.
However, the application of those barotropic models presents some uncertainties
about the general circulation from surge events into the NNS.
Several studies have discussed the seasonal variability of the residual transport into
the NNS (Turrell et al., 1990, 1996; Turrell et al., 1992; Holt and Proctor, 2008;
Hjøllo et al., 2009), but direct comparison between field data and numerical model
for a full year have been missing. The annual variability of the seasonal transport
into the NNS has been conceptually described with well-known results that,
however, need to be confirmed. More complex models have also discussed the
variability of the North Atlantic Inflow (NAI) into the NNS on a weekly basis.
Year-to-year variation of the inflow into the NS is partially unknown. The absence
of a long-term monitoring system over the area of interest suggests there is lack of
mechanistic understanding. The transport estimate has been based on few in situ
datasets which do not allow an accurate understanding of its variability. The
absolute value of transport has to be confirmed and its response to meteorological
forcing more broadly investigated.
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1.5 OBJECTIVES
The response to the gaps recognized in the area of study has been identified in the
Brahan HFR system capabilities. Although previously the technology has shown
promising results in different oceanographic areas, one of the objectives, here, will
be to assess the system installed during the Brahan Project. The HFR Brahan system
acquired observations of the surface velocity in the FIG. The circulation will be
estimated with innovative methods which are discussed and compared with
previous studies and findings of the main hydrodynamic mechanisms in the area of
study.
The main circulation understating will be initially achieved by using the CODAR
dataset intrinsically estimated by the system (total velocities). Radial currents from
each station will be also considered after being qualitatively and quantitatively
checked over the period of study. The Open-boundary Modal Analysis (OMA) as
alternative method to calculate the total velocity from the radials will be also
investigated. In order to validate the HFR, in situ and post-processed hydrodynamic
model data will be used when these overlap in time. Consequently, the effectiveness
of the HFR will be assessed.
FIG tidal main constituents and their variability will be determined by applying
harmonic analysis to the available datasets. The area is fairly covered by in situ
measurements and the study will expand the understanding of the tidal variability
on a larger scale by using both the HFR and Pentland Firth and Orkney Water
(PFOW) hydrodynamic model.
A novel method will be applied to relate surface current observations (HFR) ad in
situ measurements through the water column. This approach will help to understand
vertical structure, coherence and variability of residual currents based on a vast
variety of datasets. These results will be also compared with the PFOW model
simulations.
Volume transport into the NS and its variability will be more clearly studied. The
cycle of transport and periodicity will be investigated in a multiple comparison
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between PFOW, HFR and in situ instrumentation data to demonstrate the complex
hydrodynamic mechanisms through the FIG. In this regard, meteorological
response to residual transport into the NS will be identified. The extreme winddriven transport events will be associated with the surface circulation of the study
area by exploring the mapping currents capability of the HFR.

1.6 ORGANIZATION OF THE THESIS
This thesis is organised as follows:
•

Chapter 1 describes the area of study and the Brahan project. This Chapter
also gives an overview of motivations, objectives and contributions
achieved.

•

Chapter 2 is a literature review, including a broader description of the
circulation between NA and NS, an introduction to tidal theory. The
description of working principles of the HFR technology, its limitations and
main inter-comparison techniques are also provided. The Chapter concludes
with a description of the numerical models, as the present thesis analysis
utilises flow fields from a hydrodynamic model (PFOW).

•

Chapter 3 describes the instrumentation and data used in the present work.
General analysis methods and an inspection of the radial observation form
the HFR are also described. An Open-Boundary Modal Analysis is
performed and compared with the CODAR technique.

•

Chapter 4 defines the tidal variability in the FIG with particular focus on the
principal semidiurnal constituents and their comparison between the
available datasets.

•

Chapter 5 aims to determine the vertical structure of the velocity profile.
The CODAR dataset is assessed and compared with the measurements over
the area in terms of both total and residual velocity field. The estimate of
the spatial correlation between HFR and PFOW on the same regular grid
10
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helps to confirm the use of the surface measurement throughout the water
column. A series of general normalized profiles which combined HFR
observations and in situ measurements is derived.
•

Chapter 6 builds on the results of Chapter 4 and 5, and presents the estimate
of the volume water transport into the NS. Both radials and totals (estimated
by CODAR) datasets are directly compared on different spatial boundaries
in order to confirm and expand previous investigations.

•

Chapter 7 validates the hypothesis that meteorological forcing controls the
variability of the volume transport into the NS. The correlation between
wind stress and volume transport are estimated providing with further
clarifications of the forcing mechanisms in the study area.

•

Chapter 8 provides a summary of the most significant results and findings
of the thesis, and includes an outlook of future work.
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CHAPTER 2
LITERATURE REVIEW
Exchange between the open ocean and shelf sea determines conditions on the
Scottish Shelf area. For the NNS, this ocean-shelf exchange mainly occurs south
of the Rockall Trough and within the FSC. The latter is one of three regions where
exchange between the NA Ocean and Nordic Seas occurs across the GreenlandScotland Ridge. Once waters are on the shelf, NA water enters the NNS via one of
three inflow pathways: the FIG, the ESAI, around the north-east coast of Shetland,
and the Norwegian Trench Inflow, along the western slope of Norwegian Trench
(Svendsen et al., 1991; Turrell et al., 1996).
The research presented here relies on observations collected using HFR. This
technology is increasingly being used to measure surface current velocities in
coastal areas (Gurgel et al., 1999; Barrick et al., 2000; Paduan, 2004; Kaplan and
Largier, 2006; Kohut et al., 2006; Shulman and Paduan, 2009; Paduan and
Washburn, 2013; Lipa et al., 2014).
From 28th August 2013 to 8th September 2014, the Brahan project deployed a
SeaSonde HFR system (Lipa et al., 2014), covering the FIG, to demonstrate the
technology to scientists and policy makers (Turrell et al., 2014). The system
collected observations of surface currents and wave parameters. Although the mean
circulation of the FIG is well understood, the high spatial and temporal resolution
of these measurements offers an opportunity to improve our understanding of
variability in the regional circulation between NA and NNS.
The variability of the NAC in Scottish waters has been discussed elsewhere
(Sherwin et al., 2006; Sherwin et al., 2008; Berx et al., 2013). The lower sea level
in the Nordic Seas, due to removal of denser and deeper water, induces a pressure
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gradient between the NA and Nordic Seas, causing some of the NAC’s variability.
Chafik (2012) linked satellite-derived sea surface height with temperatures in order
to understand how the deflection of Shetland-slope currents is influenced by the
North Atlantic Oscillation (NAO). Support of additional investigations, such as
remote sensing revealed the most significant circulation features of the NA
circulation (Fratantoni et al., 2001) and its relation with sea surface temperature and
NAO (Miettinen et al., 2011).
By comparing observations and in situ instrument measurements to coastal
numerical models, the mechanisms behind the observed variability in circulation
can further be explored. This chapter presents the current literature in these three
subjects: circulation in the NA (more in detail through the FIG) and NNS, HFR
technology and numerical models used in the area of study

CIRCULATION IN THE NORTHERN NORTH SEA
The exploration of the NNS circulation started in the late 19th century with Fulton
(1897) introducing the wind drift concept as a crucial and prevailing factor on
circulation. Tait (1934) deployed drift bottles throughout the region and his
conclusions supported the patterns established by Fulton. In the 1970s, Simpson
and Hunter (1974) established links between tidal current strength and water depth,
as an indicator of whether the water column would remain mixed year-round, or
whether seasonal stratification would develop in springtime. The occurrence of
frontal jets at the transition between stratified and mixed waters is also predicted
within their theory.
The long series of in situ observation between 1994 and 2005 of the hydrography
and circulation coupled with model outputs gives an overview of the Northwest
European shelf. Satellite tracked drifting buoys, high resolution ship surveys (CTD)
and Acoustic Doppler Current Profiler (ADCP) combined allow for a good
description of the area (Turrell, 1992a; Turrell et al., 1992; Brown et al., 1999). A
seasonal pycnocline occurs from May to October, and extensive pools of cold and

13

CHAPTER 2: LITERATURE REVIEW

salty water are trapped below the pycnocline from the previous winter over large
areas of European shelf (Hill et al., 2008). A different mechanism occurs inshore
where the water is shallow and depth-averaged tidal currents are larger. Here tidal
motion maintains the water column as well mixed (Simpson and Hunter, 1974).
The main circulation of the NNS is cyclonic (counter clockwise) and driven from
tides, winds and storm surges (Otto et al., 1990; Winther and Johannessen, 2006;
Turrell et al., 1992) (Figure 2.1). These processes drive the high day-to-day
variability. This is due to surface currents responding rapidly to wind changes and
difficult to distinguish if related to different drivers (Otto et al., 1990).

Figure 2.1 – Historical circulation pattern in the North Sea (NS). Arrows indicates
the principal inflow and outflow through the NS. The width of the arrows is indicative
of the magnitude of volume transport. Adapted from OSPAR (2000).
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Further extensive studies investigate the higher latitudes of the NS and more
specifically regarding tides or tidal fronts (Hill et al., 1993; Pingree and Griffiths,
1980; Simpson and McCandliss, 2013), describing inflow-outflow mechanism and
path between NA and NNS (Holt et al., 2018; Otto et al., 1990; Winther and
Johannessen, 2006). The largest of these branches is the Norwegian Trench and its
mid-depth inflow is driven by the wind pattern. Winther and Johannessen (2006)
estimated that 50 % of NA water is mixed with fresher water and flows back out of
the NNS along the Norwegian coast.

FAIR ISLE CURRENT AND ITS PATH
Dooley (1974) further pioneered our understanding of the NNS circulation by
investigating the ESAI and discovering a persistent residual current with a
clockwise flow direction between Orkney and Shetland, i.e. the FIC. The latter has
been investigated by Dooley (1974) and, successively, by further studies (Otto et
al., 1990; Turrell et al., 1990, 1996; Turrell et al., 1992a). The FIC enters the NNS
passing between Orkney and Shetland archipelagos, turning southward and
following the 100 m isobath. The FIG was also investigated during the Strategical
Environmental Assessment in 2004 (Holmes et al., 2004) indicating a sediment
accumulation in east-west direction confirming the existence of the FIC.

THE AUTUMN CIRCULATION EXPERIMENT
Previously unknown features of both NNS circulation and FIC were observed
during the Autumn Circulation Experiment (ACE) (Turrell and Henderson, 1990;
Turrell et al., 1990). This mooring arrays consisting in the vicinity of the FIG
(Figure 2.2) allowed scientists to explore the seasonal and interannual variability of
the NNS circulation as well as the FIC.
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Observations during ACE include periods before and after the autumnal breakdown
of stratification in the NNS. The constant presence of warm water observed near
the surface within the NNS during summer represents clear evidence of the summer
stratification. Analyses by Turrell and colleagues (Turrell and Henderson, 1990;
Turrell et al., 1990) showed how the variation of temperature is correlated to the
vertical section depth in the NNS (see Figure 2.2 for the in situ locations).

Figure 2.2 - Map of the Northern North Sea (NNS). It shows mooring deployments
(blue circles and diamonds are the current meter moorings in the NS and west of
Orkney, respectively) and sections used to estimate transport during the Autumn
Circulation Experiments (ACE). Tide gauges (filled red square) were used at
Tobermory, Stornoway, Wick and Aberdeen. Wind data were obtained from
Kirkwall wind station. Reconstructed from Turrell et al. (1990).

16

CHAPTER 2: LITERATURE REVIEW

The vertical sections investigated during the ACE showed a salinity of 34.90 along
the coast within warm water (11.5˚C). Observations from south-west end of the EC
mooring line showed the typical FIC conditions during summer, with a temperature
of 10-11˚C and a salinity of 35.00-35.15, especially near the surface. This finding
was in agreement with conditions of the FIC previously observed west of Orkney
(Turrell et al., 1990; Figure 2.2). The north-east moorings on the EC line highlight
the presence of higher salinity (35.23) and cooler water (8˚C), correlated with
similar values observed to the north of Shetland. This confirmed an independent
current’s pathway from the NA, offshore from the FIC.
A third region to the east of the EC array of near bed and near surface water mass,
which was colder (6.5˚C) and saltier (35.10) than the Atlantic front, was determined
(Turrell et al, 1992). This water mass was the result of mixing surface waters during
the previous winter in the NNS. A further in situ campaign of observations along
east Shetland shows the typical change of stratification in terms of salinity and
temperature, which starts in late April. The warm water (8.5˚C) above the
thermocline and the cooler one (6.5˚C) underneath, with a higher salinity (35.2535.28), occurred along the east Shetland coast. Despite a higher temperature (7.5˚C)
immediately under the thermocline, a rise in salinity (35.31) occurs. This high
salinity Atlantic Water is trapped from the previous winter and remains there during
the summer (Turrell et al., 1990). The salinity distribution during the different
months of summer (June and September 1992) depends on both local conditions
and non-local ocean dynamics. A clear outflow into the inshore area of Pobie Bank
is observed in these surveys, and is characterized by an anti-cyclonic circulation
(Turrell et al., 1996). On the other hand, the dominant inflow in deeper water is
associated wiht the maximum value of salinity at offshore area east of Pobie Bank
below the thermocline rather than at well-mixed zone. This demonstrates the
influence of topographic effect on the circulation between the east Shetland coast
and Popie Bank.
A strong density driven circulation to the East of Shetland occurs during summer
months (Hughes, 2014). A near bed density front is found in July in the vicinity of
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Popie Bank area, which is characterized by southward geostrophic along channel
current velocities of up to 0.18 m/s (Hughes, 2014). The density structure in the
above mentioned area is strongly related to temperature and not to the salinity
variability. Mixing dynamics are observed and mostly related to the circulation
pattern around the northern part of Shetland (Turrell, 1992a; Turrell et al., 1992).

RESIDUAL TRANSPORT VARIABILITY
The FIC was described by Dooley (1974) through several direct measurements. He
estimated a residual transport as 0.5 Sv, and that the FIC vertically homogenous
during the year. This well mixed current maintains its properties as it flows into the
NNS, even during the summer months when the rest of the area is stratified (Turrell
et al., 1990). The clockwise pattern of the residuals around Scotland is induced by
the wind forcing and drives volume transport through the FIG (Flather, 1976). The
volume transport has also been estimated by considering wind forcing from
different directions (Turrell and Henderson, 1990; Turrell et al., 1990). The
circulation is also influenced by the seasonally varying degree of stratification in
NNS. There is a relationship between the transport variability and the propagation
of storm surges in the NNS (Turrell et al., 1990). The variability of volume transport
was related to the low-frequency wind velocity, as evident in the comparison
between the mean volume transport and the magnitude/direction of the daily wind
velocity. In the NNS region (north of Aberdeen), wind stress comes from the northwest and increases the flow.
Westerly winds can force a strong inflow in the FIG and large NNS cyclonic gyre
(WI regime). This was confirmed by Dolata et al., (1983) and represents the most
typical regime throughout the year. On the other hand, a strong cyclonic circulation
is produced by north-westerly winds with outflow in the FIG (SIII regime in late
summer). The SIII regime highlights how the stratification in the NNS causes a
basin-wide gyre and the separation of the FIC inflow (from west Orkney) from the
inflow in the NNS (Turrell and Henderson, 1990). The WII regime produces a
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weaker anti-cyclonic gyre due to the north-westerly winds during the winter
months; winds from 290°-345° produce an intermediate circulation with weaker
outflow north of Orkney and weak/disordered currents in the NNS (Turrell and
Henderson, 1990). Backaus and Maier-Reimer (1983) stated that in the NNS,
during the winter months (especially March), the barotropic (wind and tide) and
baroclinic (wind, tide and density) circulation patterns are not significantly
different. This is due to the dominance of the wind despite the largest horizontal
density gradient during the same period. The stratification in August (not
considered during the winter months by Backaus and Maier-Reimer (1983) allows
the anti-cyclonic circulation in the surface layers, driven by westerly winds (SII
regime). Two different mechanisms may cause this: (1) the baroclinic forcing due
to the horizontal density gradient, or (2) the detachment of the surface layer from
the bottom one driven by the vertical water column structure, friction effects and
topography (Turrell and Henderson, 1990). The SI regime is produced by southwesterly wind immediately before the SII regime and causes an inflow into the NNS
associated with the west of Orkney transport and anticyclonic gyre in the surface
layers (Turrell and Henderson, 1990).
The magnitude of the residual current in the FIG was stable (80%) during the ACE
(Turrell et al., 1990). Its magnitude was approximately 0.07 and 0.10 m/s west of
Orkney and within the NNS, respectively. The main volume transport was
calculated as 0.13 Sv west Orkney (Sep-Dec 1987), 0.4 Sv (late summer) and 0.15
Sv (winter). An additional contribution of volume occurs from west of Shetland:
0.03 Sv (an increase of 25% in volume transport). The strongest inflow (WI regime)
into the NNS occurs when winds come from west and, in particular, the transport is
maximum when winds come from 190°-225°. During autumn 1987, the transport
was not driven by the wind (Turrell et al,. 1992). In December, there is a linear
response to wind stress from south-west, when residual stratification is completely
removed (Turrell and Henderson, 1990).
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CIRCULATION PATTERN
A linear relation was found between wind blowing from southwest and transport
west of Orkney and strongly associated with the transport throughout the FIG
(Pingree and Griffiths 1980; Turrell 1992b, 1992a). The 2-Dimensional (2D) model
was firstly developed around northeast Europe and, according with Turrell et al.
(1990a), the maximum transport towards the NNS extrapolated by the model is
predicted by wind coming from south-west, i.e. 202° (Figure 2.3).

Figure 2.3 - FIC transport response to a constant wind of 10 m/s. It shows
the comparison between the different observations and the 2D model
(Pingree and Griffiths, 1980; Turrell et al., 1990). The legend refers to the
sections M and NLK monitored during the ACE showed in Figure 2.2. While
P-G represents the predicted transport by Pingree and Griffiths (1980).
Adapted from Turrell et al. (1990).

On the other hand, the model overestimates transport observed for winds blowing
from the northwest. It is likely that outflow from the NNS, under these conditions,
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is no longer topographically constrained, and the predicted transport does not
include the current flowing from the NNS. This baroclininc model may describe the
transport variability into the NNS between autumn and winter. During autumn, a
component of transport is driven by the stratification. This phenomenon is no longer
observed in December, wherein the area is homogenous along the water column. A
dual explanation may be provided. One depends by the horizontal density gradients
which cause a direct baroclinic forcing (Backhaus and Maier-Reimer, 1983). The
alternative explanation of a non-wind driven component during the autumn months
is associated to an external imposed sea-level gradient. During summer months, the
current may be confined along the Scottish coast by that gradient, increasing the
seasonal transport in the NNS (Dooley, 1983).
The magnitude of the transport through the FIG in the NNS is considered significant
(Turrell and Henderson, 1990; Turrell, 1992a; Turrell et al., 1996). It is a result of
different contributions, including the inflow coming from both the west of Orkney
and west of Shetland. An additional and, currently unknown, trapped flow may be
originating along the tip of Orkney. A similar mechanism occurs to the east of
Shetland where Atlantic inflow flows persistently, and confines the limit of the FIC
(Svendsen et al., 1988).
A generally southerly inflow into the NS through East Shetland Basin has been
observed (Turrell et al., 1996). However, an induced local circulation within the
shallow area of this region is caused by Popie Bank. As the strength of the southerly
flow increases, it deflects towards the east of Shetland, possibly associated with the
local anti-cyclonic circulation around Popie Bank (Turrell et al., 1996). In this
context, the map of the main circulations in Scottish Shelf has been redrawn,
showing the new regimes associated with the topography of the area (Please see
Figure 1.1 for more details).
The seasonal cycle influences the circulation through its impact on density, in
particular during the summer months (Turrell, 1992b). During this period the
surface heating leads to stratification in most of the European shelf seas (Hill et al.,
2008). This stratification occurs where water depths are too deep or tidal currents
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too weak. Vertical mixing is maintained by wind and tides, leading to a uniform
water column in shallower areas or where tides are weaker. Stratification breaks
down once the buoyancy forcing is reduced (through heat loss) or mixing from wind
sufficiently increases. Although the surface circulation is important and also easier
to analyse, the bottom regime is more significant in terms of dynamical movements.
On the other hand, the wind-driven and thermohaline circulation are not fully
independent, since the air-sea balance and momentum exchange are dependent on
wind.

TIDES AND THEORY BEHIND THEM
The phenomenon of tides is caused by the gravitational forces between the Earth
and other astronomical bodies, most notably the Moon and Sun (Schureman, 1958).
The balance of forces will be explained using the Moon as an example. Tides are
produced by two principal processes. The first one is related to the centripetal
acceleration at Earth’s surface as the Earth and Moon circle around a common
centre of mass. Secondly, there is the gravitational attraction between the Earth and
Moon (Pugh, 1987; Wunsch, 2006; Thurman and Trujillo, 1999).

FEATURES OF TIDES
Tide-generating forces are the differential forces between the gravitational
attraction of the bodies (e.g. Earth-Moon) and the centrifugal forces on the Earth
produced by the orbit of Earth and Moon. Tide-generating forces are linearly
proportional to the mass of the astronomical body but inversely proportional to their
distance cubed. This explains why the force due to the Sun is smaller than that due
to the Moon, as although larger, the Sun is much further away from the Earth
relative to the Moon. Consequently, the differential forces can be solved as vectors
perpendicular and parallel to the surface (Figure 2.4a).
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a)

b)

Figure 2.4 – The top panel (a) shows the horizontal components of the tidal force on Earth when
the tide-generating body is above the equator at Z. The resultants force acts vertically, and tidegenerating is zero at the zenith (Z), nadir (N) and along the equator. Blue arrows are the tidegenerating forces at their maximum value. The bottom panel (b) shows the configuration of
theoretical equilibrium involved from Moon’s differential gravitational forces and development
of bulges at sublunar and antipodal point. Adapted from Thurman and Trujillo (1999).

These forces are the only ones considered as contributor to the tidal effects. The
tide-generating forces are called attractive forces and move the water in a horizontal
direction toward the sublunar and antipodal points until the equilibrium position.
This happens when the Moon’s differential gravitational forces on the Earth water
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surface are balanced by the Earth’s gravitational attraction (Figure 2.4b). As
mentioned above, the lunar and solar tides have similar characteristics, but the
principal solar tide is approximately 46 % the size of the principal lunar tide. In
addition, at times the tide generating forces align or misalign due to the relative
orbits of the Sun-Earth and Earth-Moon system. At times the solar tide therefore
produces forces acting toward or against those of the Moon.

Figure 2.5 - Pattern of amphidromic system between NA and NNS. Red
lines represent the co-tidal lines (with same phase of the tide’s cycle)
which indicate the time of high water (hours); while the blue ones are
the co-range meter lines. Adapted from Brown et al. (1999).
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For instance, during full moon these masses act together producing a stronger tidegenerating force. This is spring tide, wherein Earth, Sun and Moon are
approximately aligned. While when the Moon is at first or last quarter, the lunar
tide is partially counteracted by the solar one (i.e. neap tide).
The above mentioned framework allows for establishing the main features of tides,
but the accurate prediction is only possible through computational models of
dynamic tidal theory (Brown et al., 1999). During each tidal period, the wave crest
of high water circulates around particular points, called amphidromic points (Figure
2.5). Of most relevance to our study area is the amphidromic point near the
Norwegian coast.

TIDAL HARMONIC CONSTITUENTS AND CURRENTS
Declination and position changes of the Sun and Moon with respect to the Earth
cause harmonic constituents. Each one of them contributes to the tide with a
different period, amplitude and phase. Basically, the harmonic method is an
application of the dynamic theory in order to predict tides (Brown et al., 1999). It
is based on the sum of a finite number of harmonic constituents characterized by
angular speeds and phases. The period of these constituents is defined by the
relative astronomical motions between Earth, Moon and Sun. The phase is relative
to specific time in which a fraction of the partial tidal cycle has been completed.
They also are specific for each location. There are 390 harmonic constituents, and
the most important ones are listed in Table 2.1.
Tidal currents are associated with the tidal wave. When the moon and Earth are
positioned nearest to each other (perigee), the currents are stronger than average
and are called perigean currents. While in the opposite case, wherein Earth and its
satellite are at their farthest distance (apogee), these currents are called apogean
currents. The horizontal movement of water could be periodical, i.e. tidal current,
or more varied, i.e. non-tidal current. The latter is the general circulation of the
oceans, which is caused by meteorological conditions or density differences.
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Rectilinear or reversing currents are where an ebb or a flood part of the tidal cycle
are in opposite direction. This is typically found in coastal or estuaries areas. At
slack water, a period of zero velocity occurs that generally coincides with high or
low tide. Thus, the current could move from the ebb to flood and vice versa,
increasing its velocity after the slack period, wherein it switches direction (Pugh
1987).

Table 2.1 - Principal tidal constituents and their main features. First column indicates the origin
of constituent, while the second one is the symbol followed by a subscript indicating the rough
number of cycles per day for the constituent. Column 3 and for give the period of the constituent
(h) and its angular speed (°/h), respectively. The latter is obtained dividing 360° by the former.

Tidal constituent

Symbol

Period (h)

Speed (°/h)

M2
S2
N2
K2

12.42
12.00
12.66
11.97

28.98
30.00
28.44
30.08

K1
O1
P1

23.93
25.82
24.07

15.04
13.94
14.96

Mf
Mm

327.86
661.30

1.10
0.54

Semidiurnal
Principal lunar
Principal solar
Larger lunar elliptic
Luni-solar declinational
Diurnal
Luni-solar declinational
Principal lunar declinational
Principal solar
Long period
Lunar fortnightly
Lunar monthly

HIGH FREQUENCY RADAR
The present section aims to describe and review the development of the HFR
systems. The principle behind the technology which allows to obtain ocean surface
information will be described. An inter-comparison with in situ instruments coupled
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with the most common approaches adopted by the HFR community complete the
general examination of the instrument.

DESCRIPTION AND MECHANISM
HFR systems are increasingly used to measure surface current velocities in coastal
areas. HFR are remote sensing instruments which use radio waves and measure a
Doppler Spectrum from Bragg-matching waves, which are ocean waves with half
the radio wavelength (Crombie, 1955) travelling towards and away from the radar
(Figure 2.6).

Figure 2.6 - Scheme of different remote sensing methods, which exploit the signal
backscattered from the sea. The bottom inset shows the Bragg scattering due to
reflection from ocean waves. Surface waves wavelength is one half of the
transmitted radar waves. Adapted from Shearman (1981).
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In a monostatic configuration, the transmitter and receiver antennae are in the same
position. The first-order Bragg backscattering originates from the radar wavelength
which travels towards or away from the antenna. The Doppler spectrum of the
signal is therefore made up of two frequencies produced by the phase velocity of
the scattering from ocean waves (Gurgel et al., 1999a; Gurgel et al., 1999b). These
move changing the frequency of the return signal (Doppler shift; Meadows et al.,
2013). The direct estimation of radial velocity towards or away from the radar
requires the measurement of the Doppler frequency shift. If a continuous linear
frequency over a fixed bandwidth is generated in the receiver, then the scattered
energy is delayed by the two-way travel time and shifted in Doppler spectrum by
the target’s velocity (Wyatt, 2008). By applying a Fast Fourier Transform (FFT) to
the echo received, pre-digitized, data can be extrapolated into a discrete range. The
use of the Inverse FFT produces the spectrum at each range and the Bragg peaks of
surface waves are indicated with a positive Doppler shifted peak (Figure 2.7).

Figure 2.7 - Typical radar Doppler spectrum. The negative and positive first-peak
frequencies are represented by dashed lines, predicted on deep water phase velocity
formula. Δf is the additional frequency offset, deduced from surface current velocity
component estimated in the direction of the receiver. Adapted from Graber et al. (1997).

28

CHAPTER 2: LITERATURE REVIEW

Secondary and smaller peaks of the spectrum (i.e. second-order parts) are
extrapolated from certain wave conditions that vary depending on the radar
frequency (Lipa et al., 2014). The second-order spectrum is weaker (Figure 2.7)
and therefore longer waves modify the Doppler frequency of the Bragg waves
(Harlan et al., 2010). HFR system works under the assumption of the linear wave
theory, and the ocean wave celerity is expressed as:
1

gη' ⁄2
c =(
)
2π

(2.1)

The principle of the Bragg scattering applies to the ocean surface gravity waves
(Crombie, 1955) as follow:

𝜂’=

𝜂
𝜂
=
2 cos θ’
2

(2.2)

Where η is wavelength of transmitted signal (known), η’ the wavelength of the
resonant surface waves and θ’ is incident angle of the signal (its value is ~ 5°, hence
cos(θ’) = 1). Thus, the wavelength of the resonant surface waves is obtained. If the
wave is approaching the receiver, the return frequency increases. On the other hand,
a wave moving away from the receiver will return a lower frequency. Therefore,
the Doppler shift Δf (±) will be positive if the wave is moving toward the receiver,
and negative if the wave is moving away from the receiver. Doppler shift is before
or after the transmit frequency (Paduan and Washburn, 2013) and can be
determined as well as the radial current component vr using the Doppler formula:

fc =

2c
2vr
or Δf =
η
η

(2.3)

Where Δf is the additional Doppler frequency shift (known), fc the Doppler
frequency shift (known) and c is deep water ocean wave celerity (known).
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The geometry pertinent to the determination of orthogonal velocities ui and vo
(Figure 2.8) can be expressed as sum and difference of radials V1 and V2, extracted
from station 1 and 2, respectively (Chapman et al., 1997; Figure 2.8):

ui =

(V1 + V2 )
2 cos Θ

(2.4)

vo =

(V1 - V2 )
2 cos Θ

(2.5)

Where Θ is half of the angle between the intersecting beams.

Figure 2.8 – Scheme to determine velocity components from two HFR radar systems. Θ is half
of the angle between the intersecting beams, µ is the mean look angle between the line
intersecting the midpoint and the location where the velocity is estimated (point of interest) with
respect to east direction. V1 and V2 represent the radials extracted from station 1 and 2,
respectively, while ui and vo are the in-line orthogonal velocities. East and north velocity
components are defined as u and v, respectively. Reconstructed from Chapman et al. (1997).
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The orthogonal velocities are rotated in order to obtain east (u) and north (v)
velocity components:
u = ui sin µ - vo cos µ

(2.6)

v = ui sin µ + vo cos µ

(2.7)

Where µ is the mean look angle (Figure 2.8). Therefore, the velocity components
are estimated as:

u= (

cos µ
sin µ
cos µ
sin µ
+
+
) V1 + (
) V2
2 cos Θ 2 sin Θ
2 cos Θ 2 sin Θ

u= (

sin µ
cos µ
sin µ
cos µ
+
+
) V1 + (
) V2
2 cos Θ 2 sin Θ
2 cos Θ 2 sin Θ

(2.8)
(2.9)

Gurgel et al. (1999a) show that most of the information about sea state is included
in the second-order Doppler spectrum. Measurement frequencies range are 3-30
MHz with a wavelengths between 100 and 10 m (Essen et al., 1999) or with a 30–
100 km range and a time interval of the averaged cross spectra between 10 min (12–
14-MHz or the 24–27 MHz band) and 30 min (4-6 MHz band; Lipa et al., 2006;
Paduan and Washburn, 2013). The instrument functionality mainly depends on
atmospheric distortion and noise due radio interference (Gurgel et al., 1999).

CODAR SYSTEM
In general, two kinds of HFR technology can be discerned: beam-form and
direction-finding radars. The former uses an analogical technique that focuses the
radar transmitter and receiver in a specific direction. The side-to-side direction is
commonly referred to as the azimuth, and the up-and-down direction as the
elevation. The beam can be directed by adjusting both the amplitude and phase of
signals in a coherent way (Teague et al., 1997). More recently, Gurgel et al. (1999a)
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developed more configurations, using a combination of several beam-form
antennas. The second kind, direction-finding, is commonly called CODAR (Coastal
Ocean Dynamics Application Radar), after the main commercial provider of this
technology. This system uses the SeaSonde antennas which transform and calibrate
the received, distorted echo signals. Practically, the direction-finding angle is
determined for each radial velocity (Barrick et al., 2000).
Radar networks exploit the frequency band to improve the monitoring capabilities
in marine environments across large areas. The spatial coverage can vary, and the
system is able to operate in a range cell size typically of 1.5, 3 and 10 km for
transmit frequency of 24-27, 12-14 and 4-6 MHz, respectively. (Barrick and Lipa,
1999; Lipa et al., 2009). These frequencies are inversely proportional to spatial
resolution (Table 2.2). In general, the CODAR system could cover areas up to 200
km in real time, even in extreme sea conditions.

Table 2.2 - Summary of the specifications of existing HFR systems. Transmit frequency and
working current measurement is correlated to working range and range resolution. Reconstructed
after Gurgel et al., 1999b.

Operating Working
frequency
range
(MHz)
(km)
6.75
7
25
27
27
30
55

200
200
60
40
55
50
15

Frequency
Range
bandwidth resolution
(kHz)
(km)
20
20
125
500
125
125
600

7.5
7.5
1.2
0.3
1.2
1.2
0.25

Antenna
size
(m)

Radio
interference

870
200
90
83
83
75
83

very high
very high
variable
low
low
low
low

Wyatt (2005) presents an overview of the different observational and modelling
applications of HFR technology. One of the HFR system was the WERA (WEllen
RAdar), developed by University of Hamburg, that gave greater resolution in spatial
range than both beam-form and direction-finding techniques. Gurgel et al. (1999a)
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compared CODAR and WERA (using Frequency Modulated Continuous Wave;
FMCW) using processed data and observations (Table 2.3).
In terms of resolution the FMCW is more flexible than Continuous Wave. The latter
is affected by high level of noise due to aliasing when the number of multiple
antennas decreases. On the contrary, the FMCW technique is not affected by radio
interference and avoids noise problems (Gurgel et al., 1999b).

Table 2.3 - Summary of HFR system applications. First column indicates the system and in
particular, CODAR developed by Barrick (1977) at NOOA, OSCR developed by Marconi in UK,
PISCES based on beam forming, C-CORE based on azimuthal resolution, COSRAD deployed in
Australia, SeaSonde portable system used in US and WERA used for range resolution and beam
forming. Reconstructed after Gurgel et al. (1999b).

System

Pulse

CODAR/NOAA
OSCR
PISCES
C-CORE
COSRAD
SeaSonde
WERA

X
X

FMCW

Transmit Direction
wide/beam finding
w
w
w
w
b
w
w

(1)
(1)
X
(1)
X

Beam
forming

X
X
X
X
X
X
X

X

An investigation about the accuracy of surface current velocity comparing CODAR,
WERA was carried out Essen et al. (1999) and Gurgel et al. (1999b). Both systems
used the same frequency (30 MHz) obtaining an ocean backscattered wavelength
of 5 m (Essen et al., 1999). It allowed the analysis of radial velocity errors and
underlined how the sea state influences the working range, varying between 30 and
50 km. In particular, the range was less from the WERA system than the CODAR
one. In terms of deviation, the Root Mean Square (RMS) was found less than 0.10
m/s up to 25 km, and unexpectedly higher with larger distance.
WERA design offers more spatial resolution flexibility, allowing both
beamforming and direction-finding technique (Gurgel et al., 1999b). The latter is,
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however, considered more practical to deploy, especially in populated areas where
physical strucure in the environment may distort the antenna pattern (Paduan et al.,
2004). Phased-erray design (WERA) covers an area of approximately 100 m, which
is not comparalble with the single direction-finding system. This represents a good
compromise between practical deployment and spatial coverage (Paduan et al.,
2004), and provides an accurate map of radial currents, when combined with at least
another antenna (Gurgel et al., 2001; Kaplan, 2005)
Barrick and Lipa (1999) developed the fundamental antenna patterns necessary for
HFR observations, and how to calibrate them. These patterns are often distorted by
the environment and CODAR is more affected by this than other systems. The
signal irregularities are larger than a quarter of the wavelength. For instance, using
HFR with a low bandwidth (e.g. 12-15 MHz), this distance could be between 25
and 50 m, and this will reduce at the upper bands (50 MHz) in a proportional way.
Thus, in many cases, it is necessary to process data with the measured patterns. A
specific algorithm was developed for this purpose: MUltiple SIgnal Classification
(MUSIC) was successfully applied to the CODAR configuration. The MUSIC
application is defined by a number of independent antennas producing less errors
in the radials estimate (Barrick and Lipa, 1999). Kohut and Glenn (2003) analysed
that algorithm in terms of problems linked to environment on the antenna system,
by using in situ observations. The development of the CODAR system has shown
that the antenna patterns must be measured. In this case, the use of the patterns
should furtherly improve the current measurements (Kohut and Glenn, 2003).

TRADITIONAL TECHNIQUES AND HFR COMPARISON
The observations of currents from established measurement techniques can be
distinguished in two main types: single point and profiling current meters. Profiling
current meters, such as the RD Instruments Acoustic Doppler Current Profiler
(ADCP) (Figure 2.9) and Nortek Acoustic Wave and Current Profiler (AWAC),
overcome some of single-point current meters.
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These instruments gather profiles of water velocity by measuring the Doppler
spectrum of sound reflected from scatters assumed to be floating passively with the
flow. The estimation of surface velocity and current is therefore possible in shallow
water from a conventional bottom-mounted, upward-looking current profiler
(Pandian et al., 2010; Strong et al., 2000). Other studies successfully deployed
towed ADCP to support current monitoring in deep water environment (Anderson
and Matthews, 2005; Joyce, 1989). Profiling current meters do have limitations,
mostly related to the upmost measurement bin (Chereskin and Firing, 1989), due to
air bubbles interaction and compass biases (King and Cooper, 1993).

Figure 2.9 - Transducer configurations. It is shown how they can
change, with a radially position (a, b) or with an additional vertical
beam (c, d). Adapted from Dewey and Stringer (2007).

In this context, HFR technology has progressed in the last twenty years to allow
detailed measurements at the surface and over a large spatial range. Validation
studies conducted on the evaluation of HFR system uncertainty have focused on the
comparison between estimated total velocity and current meter measurements
(Chapman et al., 1997; Graber et al., 1997; Kaplan, 2005; Lorente et al., 2015;
Paduan and Rosenfeld, 1996). RMSE is generally agreed to be on the order of 0.10
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and 0.20 m/s for both velocity components. Moreover, the intrinsic uncertainties of
the system and its performance have been investigated and their errors estimated
(Emery et al., 2004; Lipa et al., 2006; Emery and Thomson, 1998; Liu et al., 2010;
Paduan et al., 2006). The estimate of the intrinsic error was found between 0.05 and
0.15 m/s. Additionally, the evaluation of the angular distribution of radial velocities
has been examined by comparing the HFR data with in situ instruments, i.e. single
point and profiling current meters (Cosoli et al., 2010; Lorente et al., 2014). These
comparisons show a bearing offset in the range of -15° and 5°, and a RMSE on the
order of 0.10 and 0.17 m/s.
Most of the research about variation of the vertical velocity structure was carried
out by comparing radial velocities measured by HFR and ADCP (Kohut and Glenn,
2002; Paduan and Shulman, 2004; Shulman and Paduan, 2009; Figure 2.10).

Figure 2.10 - Difference between observed and patterned radial velocities
on the west Florida in terms of root mean square (rms) difference. The figure
shows the improvement of model simulation through the water column (red
line) using the HFR assimilation (dashed blue line). Adapted from Paduan
and Washburn (2013).
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The analyses include the evaluation of root mean square differences (RMSD)
between data and variance of the errors. These differences could be in terms of
velocity gradient, time averaging and geometry associated with velocity vector
(Kaplan, 2005; Kohut and Glenn, 2002). As already mentioned, it is fundamental
to compare observed and collected data (by HFR) by calculating their RMSD
(Paduan and Washburn, 2013) as shown in Figure 2.10.
In terms of RMSD, Liu et al. (2010) were able to define that the error value is
reduced when a significant wave is smaller than 0.3 m by comparing ADCP and
CODAR. Evaluation of estimated errors between 0.03 and 0.1 m/s explained just
in part the Root Mean Square Error (RMSE) of 0.1 to 0.3 m/s found between HFR
and in situ data. Kaplan et al. (2005) found a narrow RMSE, between 0.05 and 0.15
m/s, comparing radar data from Monterey Bay with measured ADCP and drifter
measurements.
There are many factors which contribute to RMSE. One of these is the influence of
the upper ocean process, including eddies, which could alter the observations. A
second distinctive source of error is related to the geometry of the radials collected
by a single system (Paduan and Graber, 1997; Wyatt, 2002; Kaplan and Largier,
2006). Nowadays HFR community agrees on the use of at least a dual HFR system.
A minimum of two radial vectors and two radars are required to achieve the
calculation of a current vector velocity (Kaplan and Largier, 2006).

COASTAL NUMERICAL METHODS
The present section provides a brief introduction to the numerical modelling in
coastal oceans. Basically, most of these models could be summarized in few
categories: finite difference, finite volume and finite element. The most recent
models in the context of the NNS region are also described.
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DEVELOPMENT OF OCEAN MODELLING
Numerical ocean models allow the investigation of fluids related to the water
physical properties and its components. Most of them are complex and their
development implies restriction imposed by flow regime (Soomere and Quak,
2013). The ocean circulation is commonly studied with General Circulation
Models. Initially, these were based on finite difference methods. The advent of
finite volume, finite element and hybrid methods changed the development of the
grids (Figure 2.11).

Figure 2.11 - Scheme of the three main categories of vertical grid used for ocean models.
Configuration a) uses horizontal surfaces to divide the vertical structure; configurations b) and
c) describes the vertical coordinates as portions of the water depth and as isosurfaces,
respectively. Adapted from Soomere and Quak, (2013).

By the method of vertical discretization, numerical models can be distinguished
into three main configurations (Griffies et al., 2000). Firstly, the z-coordinate
system, introduced by Bryan (1969), divides the surfaces in a vertical grid with a
fixed vertical resolution. This leads to significant problems in areas with steep
topography (Figure 2.11a). Two of the most popular models using this
configuration are the Modular Ocean Model (MOM) and Massachusetts Institute of
Technology general circulation model (MITgcm). The s-coordinate (or σcoordinate) grid defines the total water depth in static or dynamic fractions (Figure
2.11b; Phillips, 1957). The Princeton Ocean Model (POM) and Regional Ocean
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Modelling System (ROMS) represent two examples of σ-coordinate models. The
third system, the isopycnal grid, defines the vertical structure in layers with equal
density (Figure 2.11c; Chassignet et al., 2006). This can lead to issues with
numerical stability and limits in the cross-isopycnal mixing. The Miami Isopycnic
Coordinate Ocean Model (MICOM) and Navy Layered Coastal Ocean Model
(NLCOM) are examples of ρ–models (Griffies et al,. 2000).
The above mentioned vertical grids have their strengths and weaknesses (Soomere
and Quak, 2013). The z-coordinates do not accurately represent the topography of
the bottom combined with the parameterization of the bottom boundary layer. Since
the latter are mostly unstratified, the ρ–coordinates are also inappropriate for the
representation of the bottom boundary layer and surface mixed layer. Even less
representative of the surface mixed layer can be the σ-coordinates model. This is
due to the increase of the vertical distance between grid points moving away from
the continental shelf region (Griffies et al., 2000). However, hybrid models, such
as Hybrid Coordinate Ocean Model (HYCOM) allow the application of different
grids for distinct regions into the model domain. The high vertical resolution in the
surface mixed layer better represents the thermodynamic and biochemical process
(Chassignet et al., 2006). Several studies (Chassignet et al., 2006; Chen et al., 2003;
Holt and James, 2006; Holt and Proctor, 2008) combine the features of models in
order to achieve best results and filling the gaps existent in the different systems
(Griffies et al., 2000).

EUROPEAN CONTINENTAL SHELF MODELLING
Modern research started to adopt hybrid isopycnal-sigma-pressure models in order
to combine, for instance, geometric flexibility and simple discrete computation
(Chen et al., 2003). These have introduced the horizontal diffusion to velocity,
temperature and salinity, achieving an improvement in deep water modelling.
Numerical modelling of the European Continental Shelf includes applications such
as the modelling research to reproduce seasonal cycle of temperature structure (Holt
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and James, 2001), three-dimensional tides (Davies et al, 1997) and circulation (Holt
and Proctor, 2008). Models such as POLCOMS (Proudman Oceanographic
Laboratory Coastal Ocean Model System) simulates the volume transport in the
area and considers circulation due to density, wind and oceanic forcing (Holt and
Proctor, 2008; Table 2.4).
The Atlantic Margin Model (AMM) with a resolution of 12 km and High Resolution
Continental Shelf (HRCS) model have been used to calculate the volume transport
within the area of study (12 km and 1.8 km resolution, respectively). The AMM
one gives similar results for most of the major currents. The HRCS agrees better
with the literature of volume transport estimated at sparse locations, but at different
time periods and not at the same model sections. However, the FIC and the NNS
inflow are slightly overestimated (Table 2.4).

Table 2.4 - Seasonal mean transport across three sections of the North Sea (NS). Results show the
comparison between the High Resolution Continental Shelf (HRCS), which includes meteorological
forcing (i.e. wind), and the Atlantic Margin Model (AMM). Observations from literature are only
available during Summer. Reconstructed after Holt and Proctor (2008).

Transport (Sv)

HCRS AMM Wind Observed

Winter
Dooley Current
North Sea Inflow
Fair Isle Current

0.19
0.36
0.37

0.21
0.43
0.36

-0.02
-0.13
0.07

Dooley Current
North Sea Inflow
Fair Isle Current

0.20
0.54
0.34

0.30
0.57
0.27

0.08
0.01
0.13

Dooley Current
North Sea Inflow
Fair Isle Current

0.34
0.71
0.39

0.34
0.66
0.27

0.07
0.00
0.09

Dooley Current
North Sea Inflow
Fair Isle Current

0.36
0.80
0.56

0.38
0.84
0.47

0.12
-0.01
0.32

Spring

Summer

Autumn
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0.25
0.40
0.20
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The circulation of the NNS during the summer months was previously described
with a density-driven 3D model (Backhaus and Maier Reimer, 1983). Holt and
Proctor (2008) demonstrated the importance in the NNS of the density-driven
currents during the break down of stratification in late summer and autumn.
A further confirmation of the importance of density driven circulation is observed
when POLCOMS 3D was ran with three different forcing: full forcing, wind and
open boundary, just boundary conditions (Hill et al., 2008). The model shows the
averaged transport during summer (July-September) in agreement with Holt and
Proctor (2008). The sections considered in the study were normal to the density
gradient as well as by Hjøllo et al. (2009; Figure 2.12).

Figure 2.12 - Historical transects of the NS where the volume transport was calculated. The left
figure shows the map of the sections. In particular, it was positive southwards: 1=Fe-ShW,
3=Ork-Sh, 4=Ork-UtW, 6, 7 and 9; positive northward: 2, 5, 8 and 113; positive eastward: 10,
1, 14 and 15 (Dooley). On the right part there 3 plots. The upper and middle plot show a 12month moving averaged time series of volume transport for the northern and central area of the
NS, respectively. The plot on the bottom shows the correlation between monthly values of volume
transport through the sections and the northern boundary (3+2) in bold line and the English
section in dashed line. Adapted from Hjøllo et al. (2009).
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The authors also observed the association of subsurface jets with the near-seabed
fronts. Other studies focussed on understanding of current dynamics within a tidally
energetic shelf (Hill et al., 2008). The multi decadal experience in monitoring the
continental shelf circulation has allowed researchers to define some of these
mechanisms which drive the occurrence of tidal mixing fronts (Simpson and
Hunter, 1974). Hjøllo et al. (2009) applied an ecosystem models (i.e. coupling
physical, chemical and biological parameters) into the NNS, and evaluated model
performance at several cross-sections (Figure 2.12).
Svendsen (2007) shows the importance of using 3D biological models with
circulation ones to understand how climatic factors influence ecosystems. Hjøllo et
al. (2009) use a 23-year model simulation to investigate the influence of both initial
and open boundary conditions in the NS. The effect of temperature and salinity
were negligible and model dynamics coupled with meteorological forcing dominate
after 15 months. Furthermore, the different boundary conditions did not have an
effect on the inflow and outflow volume flux within the NNS. The NORWegian
ECOlogical Model system (NORWECOM) agrees with observations and previous
model performances (Winther and Johannessen, 2006), while HYCOM tends to
overestimate the transport overall (Hjøllo et al., 2009; Figure 2.12).

FVCOM AND THE PENTLAND FIRTH AND ORKNEY WATERS (PFOW)
The Finite Volume Community Ocean Model (FVCOM) was originally introduced
by Chen et al. (2003) who combine finite element and finite difference methods.
The 3D unstructured grid was applied the first time to the Bohai Sea, a coastal area
characterized by tidal creeks. Many years of research and experience have since
contributed to the development of FVCOM in different domains. Recently the
comparison of computed CODAR data by North-East Coastal Ocean Forecast
System (NECOFS) and FVCOM in Block Island Sound has been carried out (Sun
et al., 2016). Both model and CODAR agreed on the flow spatial pattern of the area
of study. The model-CODAR comparison also suggests that the wave-current
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interaction inclusion in the model simulation does not affect the accuracy of the
system.
In collaboration with CH2M and National Oceanographic Centre (Liverpool),
Marine Scotland Science has developed the Scottish Shelf Model (SSM) using
FVCOM. The SSM has the aim to develop a 3D hydrodynamic model for the
Scottish Shelf Sea and five areas of study with higher resolution. The model was
originally looking at the prediction of tidal and non-tidal currents paying particular
attention to renewable resource characterisation.
The SSM was calibrated and validated for a large number of simulations and
required several iterations of the model mesh. The final mesh had an improved
resolution of inlets and straits (Figure 2.13), which positively affects model stability
when including freshwater inputs (Wolf et al., 2016). The model was validated for
a year between May 2008 and March 2009 by using tidal, meteorological and river
discharge forcing. The resulting tidal energy is in a good agreement with previous
estimates (Wolf et al., 2016).

Figure 2.13 – Final mesh of the SSM domain based on the available meteorological
forcing. Adapted from Wolf et al. (2016).
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One of the five smaller domains further developed during the SSM project is the
Pentland Firth and Orkney Waters (PFOW) model, which extends between 0°-5°
W and 57°-61°N. The region is of particular importance for its prominent tidal
energy sources, marine economic activities and variety of environmental research
interests. For the Brahan project, the model has been run in different configurations
which considered several forcing data. For more details relative to the PFOW
adopted in the present study, please see section 3.2.
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CHAPTER 3
DATA COLLECTION AND METHODS
This chapter presents an overview of the main data sources and analysis techniques.
It gives a brief description of the in situ deployment and an investigation into the
HFR data quality, including their uncertainty. The Open-boundary Modal Analysis
(OMA) is also presented as an alternative method to estimate the total vectors from
the radial observations

IN SITU INSTRUMENTATION
Several moorings were deployed in and around the FIG. Five moorings were
deployed during the Brahan Project, and moorings 6 and 7 were deployed as part
of an earlier project. For the latter data collection, data were collected from May
2008 to May 2009 at two central positions in the FIG (Figure 3.1 and Table 3.1).
The deployment during the Brahan Project was in 2013 by using Aanderaa
Seaguard current meters. These are more modern instruments based on Doppler
technology, and were deployed at locations 1, 2, and 3 (Figure 3.1 Table 3.1), at a
single depth. Moorings 1 and 2 were deployed at 31 m below the sea surface to the
west of the FIG in similar water depths. Mooring 3 was deployed to the east of the
FIG, along the JONSIS section, but the deployment was separated in two parts as
the mooring was dragged out of position (Figure 3.1). In the analysis, the nearest
HFR observation to the moorings is compared with the relevant mooring dataset.
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Figure 3.1 – Bathymetrical map of the study area in the Northern North Sea (NNS) and Fair
Isle Gap (FIG). Depths deeper than 100 m are shaded grey. The land is denoted with a thicker
black line, while dark grey shading shows the outline of the HFR domain. The two radar
antenna stations (North Ronaldsay, NRON, and Sumburgh, SUMB), the instrumentation
locations and wind station of Lerwick are also shown.

Mooring 6 and 7 were instrumented with mechanical current meters (Aanderaa
RCM-7, 8) at two vertical depth levels (Figure 3.2). Although this technology is old
and vulnerable to fouling, data were successfully collected. Quality data was
ensured from an in-depth check of vector time series and tidal constituents. Because
tidal constituents can be assumed not to change over time, tidal analysis is used as
a data quality check (see Chapter 4 for more details).

46

CHAPTER 3: DATA COLLECTION AND METHODS

Figure 3.2 - In-line design of moorings deployed in the FIG (left) with the detail about the
recording unit (middle and right).

Profiling current meters were deployed at positions 4 and 5. Data were collected in
2013 with a 600 kHz Nortek AWAC current profiler (Figure 3.3) and 75 kHz RDI
Longranger ADCP at location 4 and 5, respectively.

Figure 3.3 – General AWAC scheme deployment. The instrument deployed at location 4
collected measurements 30 m above the seabed.
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4

3

7

6

2

1

5

Pos.

AWAC
AWAC

RCM
RCM
RCM

RCM7
RCM8
RCM8

RCM7
RCM7
RCM7

RCM
RCM

RCM
RCM

ADCP

Instrument
Type

59°16.97'
59°16.98'

59° 15.75'
59° 15.76'
59° 09.11'

59° 43.39'
59° 43.59'
59° 43.24'

59° 28.33'
59° 28.33'
59° 28.29'

59° 45.31'
59° 45.31'

59° 55.59'
59° 55.60'

60°13.40'

Latitude
(N)

0° 42.14'
0° 42.14'

1° 31.32'
1° 31.34'
1° 32.51'

1° 41.53'
1° 41.53'
1° 41.48'

2° 01.79'
2° 01.79'
2° 01.83'

2° 49.70'
2° 49.71'

3° 02.71'
3° 02.72'

3° 28.47'

Longitude
(W)

124
124

99
102
111

117
117
115

104
104
102

73
74

74
74

127

Depth
(m)

94
94

37
40
49

49
112
102

36
99
89

30
31

31
31

114

Instr.
Depth (m)

Deployment
period

20/05/2013 (15:30) - 9/10/2013 (6:40)
9/10/2013 (9:30) - 10/12/2013 (8:30)

20/05/2013 (13:40) - 6/08/2013 (4:30)
15/10/2013 (8:00) - 11/12/2013 (12:30)
6/08/2013 (7:40) - 15/10/2013 (10:00)

7/05/2008 (19:00) - 27/09/2008 (17:00)
7/05/2008 (19:00) - 27/09/2008 (17:00)
27/09/2008 (8:00) - 8/05/2009 (13:00)

7/05/2008 (18:00) - 27/09/2008 (13:30)
7/05/2008 (18:00) - 27/09/2008 (14:00)
27/09/2008 (1:00) - 8/05/2009 (9:30)

20/05/2013 (8:40) - 8/10/2013 (8:20)
8/10/2013 (10:40) - 11/12/2013 (8:50)

20/05/2013 (6:40) - 5/09/2013 (13:10)
8/10/2013 (13:40) - 11/12/2013 (11:00)

14/05/2013 (14:16) - 4/10/2013 (5:56)

those showed in Figure 3.1. Sample interval changes according with the current meter instrument.

10
10

10
10
10

30
30
30

30
30
30

10
10

10
10

20

Sample interval
(min)

Table 3.1 – Specification of instruments deployed throughout the FIG. Locations (Pos.) are specified on an increasing Latitude order and correspond to
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The AWAC uses the three slanted beams to measure the current velocity over a
range established by the acoustic frequency along the water column. The number
of depth observations (bins) and the centre of each bin depends on the position and
type of instrument. The measuring principle behind the ADCP is based on the
Doppler frequency shift of sound in the water column. The data were recorded over
21 bins at location 4 and 23 bins at location 5 with an interval of 4 m between each
bin. All the current meter observations were quality checked according to Marine
Scotland Science’s standard practice. The upmost bin from the profiling current
meters (i.e. location 4 and 5) were discarded, as the data was unreliable close to the
surface.

HYDRODYNAMIC MODEL (PFOW)
This section describes the post-processed data from the PFOW model domain. This
is an FVCOM simulation of the region around the FIG developed and implemented
by Marine Scotland.
The PFOW has an unstructured grid at least of 1 km resolution in the area of study
(Figure 3.4). Meteorological data were derived from the Met Office model data,
which provides wind data from 1991 to the present-day. Where necessary,
bathymetry was smoothed and river nodes depth fixed to at least at 5 m. This
ensured the river flow propagated into model domain. The PFOW was calibrated
using several steps. In a first instance, the model was evaluated to ensure its
stability. A second stage involved the comparison against tides and current speeds
during 2001. This model was ran just using tidal forcing, had ten vertical layers
with constant temperature and salinity. A good calibration was achieved comparing
model predictions with observed water levels and current speeds. A more robust
validation of the baroclinic model has been achieved by Marine Scotland. The ten
layer baroclinic model were compared with vertical profiles and time series,
showing a moderate agreement with in situ measurements (Price et al., 2016).
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Figure 3.4 – PFOW grid (top) and bathymetry (bottom). In the bottom
graph, the solid black line and shadowed area delimit the HFR
coverage area; the yellow and green plain circles indicate the position
of the HFR antennas and the markers in the sea area indicate the
locations of in situ instruments.
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In Chapter 5, the PFOW output will be analysed and compared with observations
from in situ measurements and HFR. The model simulation is controlled by three
different forcing mechanisms: river input, open boundary conditions and
meteorological forcing. The open boundary conditions were derived from UK Met
Office AMM7 regional model (downloaded via Copernicus Marine Environment
Monitoring Service), the river forcing was a climatological average from the Centre
for Ecology and Hydrology (CEH), and meteorological forcing was obtained from
the European Centre for Medium-Range Weather Forecasts (ECMWF) ERAInterim model. The PFOW domain includes the HFR domain and most in situ
locations (Figure 3.4).
The model results used for the first analysis (Chapter 4) were obtained without the
meteorological forcing. This analysis aims to describe the tidal variability
throughout the area of study. The dataset covers 15 days (360 hours) from
29/08/2013 to 12/09/2013. A second run of the model simulates the entire year
between 1/09/2013 to 31/08/2014 with output at an hourly interval, coincident with
the Brahan Project. All three forcing mechanisms have been included in this second
run. Its output will be used for a more detailed comparison with in situ
measurements and HFR observations in Chapter 5 (Sections 5.1, 5.2.1 and 5.2.2).
To facilitate comparison of residual circulation (Chapters 5 and 6), this second run
has been post-processed by horizontal interpolation to the HFR grid, de-tided using
a 72-hour low-pass filter (Godin, 1972) and averaged onto a daily time interval.

HIGH FREQUENCY RADAR DEPLOYMENT
Two HFR stations were deployed during the Brahan Project. Data were collected
and processed internally by the HFR system on an hourly basis. A visual
representation of the radial and total current CODAR output highlights the data gap
in the centre of the FIG, where the radial signals are parallel and therefore no
directional currents can be measured (Figure 3.5).
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Figure 3.5 – Map of total velocities averaged over the entire HFR measurement period
(29/08/2013 – 31/08/2014). Vectors are scaled up to 0.25 m/s, and the colour scale helps to
identify the magnitude of the velocity at each grid point throughout the HFR domain.

In this section, the dataset on which the main analysis and comparison with in situ
instruments are based, is explored. Due to technical problems and faults, there are
several times when observations are missing from the dataset, especially during
September and October 2013 and April 2014. The HFR dataset is three-dimensional
in time and space with observations on a regularly defined longitude-latitude grid
with an hourly time step. Data gaps were filled with non-number values to maintain
the measurement interval on hourly basis. At each in situ location, the nearest HFR
grid point was extracted.
The hourly observations collected by the HFR system are processed by the
integrated computational system (developed by CODAR). This complements the
measurement estimates with the validation of radials and the relative uncertainties.
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The Brahan HFR system assessment is therefore achieved, and the spatial/temporal
variation of circulation that causes most of the issues in the radials is illustrated.
The OMA current decomposition is also introduced and provides a second method
of estimating the total velocity field from the radials.

DERIVATION OF RADIALS
Section 2.4 gives the overview of the HFR operational system, but the procedure
that a SeaSonde performs in order to obtain a radial time series is highly complex.
A description of the operational network made up by the NRON and SUMB stations
will be briefly described.
The two antennas Vi (i = 1, 2) are combined to give the voltage cross spectra that is
defined by Vi Vj (j =1, 2). The circular cell has a fixed radius of 5 km, based on the
transmitted frequency band (4.5 MHz). This frequency also defines how the voltage
cross spectra are averaged in terms of time interval (30 minutes). By using the
wavelength of scattering ocean waves equal to half of the transmitted radar
wavelength, the frequency difference from the Bragg frequency is proportional to
the radial current velocity (Crombie, 1955; Barrik, 1972).
The radar spectrum is limited by the first order spectrum which is from surrounded
ideal Bragg frequencies. These are separated by empirical methods between lower
amplitude frequencies, second-order scatter spectrum and noise. In parallel, the
system isolates the first-order spectrum from radar interferences. CODAR system
uses the Multiple Signal Characterization (MUSIC) algorithm to define the bearings
of the ocean surface with current magnitude similarities. The direction of the signal
is therefore obtained (Lia and Barrik, 1986). The estimate of the single radial
velocity for each cell (5 km radius) is the product of the velocities values in the
radar cell. These values represent a segment of the range cell confined between the
azimuth angle from the radar and the azimuth increment (Figure 3.6)
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Figure 3.6 - Increase of radial velocity uncertainty with range. The scheme
shows the HFR station (circle), two consecutive cells (5°) and the radial
velocities into the cell averaged in order to obtain the processed radial velocity
at each of these cells. Reconstructed after Lipa et al. (2006).

The radial velocity is, consequently calculated in correspondence to a given signal
frequency and proportional to the frequency difference from the ideal Bragg
frequency.

SOURCE OF UNCERTAINTY DURING THE BRAHAN PROJECT
This section investigates the potential limitations of the HFR measurements and
check the quality of the radial velocities. As the HFR is a remote sensing system, it
is based on wave propagation which can be scattered from the sky or the ground.
The ionosphere plays a key role in the HFR functionality. This depends on the
electromagnetic wave between the transmitter and the target and its refraction
allows the propagation of the backscattered waves and modulates the sea surface
signal. However, ground-wave interaction mostly affects the working range of the
HFR.
The Brahan Project CODAR system operates with a low frequency that provides a
high spatial range that exhibits a proportional decreasing resolution with range
(Lipa et al., 2009). Radial velocities of the Brahan HFR system were combined by
using the standard CODAR algorithm (Lipa and Nyden, 2005). Their uncertainties
contain data quality information, and these will be checked in order to improve the
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analysis procedure. There are several ways to identify the source of uncertainties,
assuming that the radar is operating correctly. In the first instance, the variation of
the radial component within the radial patch has been identified as well as the
variation of the current velocity pattern over the operation of the HFR system. Other
sources, not considered in this study, may come from the incorrect setting of the
antenna pattern and the error due to the estimate of the spectra.

ANTENNA PATTERNS REVIEW
Measured antenna patterns and estimations of radial velocities were introduced in
Section 2.4.2. As mentioned, CODAR uses the MUSIC algorithm to derive the
direction of the received signal at each station, using either an ideal or measured
antenna pattern. Both stations NRON and SUMB operated at a central frequency of
4.5 MHz, a bandwidth of 36.8 kHz and a sweep of 1 Hz. Each radial component of
the measured surface current covers an average range of 110 km (with a resolution
of 4 km) and azimuth accuracy of 5° (Figure 3.6).
Both HFR stations, including the antenna pattern, were installed, characterised and
qualitatively checked by Qualitas Remos before and during the installation of the
HFR system. A series of detailed reports showing the performance during certain
periods of operation was carried out (Qualitas Remos, 2013). The main technical
analysis was based on the electronic and antenna patterns that were calibrated and
corrected for the distortions in the antenna reception caused by potential physical
elements (e.g. fishing boats). Antenna patterns play an important role in the
calculation of the CODAR radial velocities. The measured pattern was obtained by
placing a transponder on a boat which makes an arc around the area of the
transmitted signal range (Figure 3.7).
When measured antenna patterns are used to obtain spectra, they are affected by the
amount of information that the software has to handle (Lipa et al., 2006). The radial
velocity field at specific angles can be missed due to radials piling around the
boundaries and antenna the patterns have to be smoothed. However, in the specific
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case of the Brahan Project, the installation of the antennas was good, and the
antenna patterns did not need any correction. The measured antenna patterns at both
stations were close to the ideal ones (Figure 3.7).

Figure 3.7 – Polar plot of measured antenna patterns for the monopole-cross-loop
antenna at NRON (top) and SUMB (bottom). The crossed loop voltage signals are
measured for loop 1 (blue line) and loop 2 (red line) and therefore normalised to
monopole signal (brown line) at both HFR stations. The almost perfect pattern (sinecosine or eight shape) of the SUMB measured antenna pattern reveals a good
functionality of the antenna. Adapted from Qualitas Remos (2013).
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MONTHLY MAP INSPECTION
Maps of radial velocities provide information on the system performance. By
inspecting maps of the monthly patterns of these velocities in the FIG the
consistency and quality of the measurements can be assessed. Using as indicator
the spatial coverage over time, it is possible to define the persistence of gaps in the
radial velocity field during HFR operation. This is evident at both stations,
especially during the first month (September; Figure 3.8).

Figure 3.8 - Average % coverage of radials during September at NRON (left) and SUMB (right)
station. Radials are doubly denser along their direction of each station, which indicates the
antenna adjustments made during this period.

During October there was a reduction in data gaps at NRON station, but these are
still pronounced at SUMB side (Figure 3.9). The antenna patterns were smoothed,
presumably over 10° - 20° in order to reduce the gap effect (Brahan Installation
Report, 2014). This can be seen in Figure 3.10 where gaps are reduced in November
by using the smoothed patterns.
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Figure 3.9 - Average % coverage of radials during October at NRON (left) and SUMB (right)
station. SUMB radials show an unexpected higher density along their directions.

Figure 3.10 - Average % coverage of radials during November at NRON (left) and SUMB (right)
station. The HFR system set up is characterised by the regularity of the radials along their
direction from both stations.

Both September and October have been considered during the previous inspection.
The analysis of the monthly maps of radial coverage from the HFR stations provides
a complementary quality check of the system (Figure 3.11 and Figure 3.12
relatively to NRON and SUMB, respectively).

58

59

collecting data. The patterns clearly show a reduced coverage as the distance from the antenna increases.

Figure 3.11 - Monthly plot of the radial coverage relative to the NRON station. The % coverage is based on the real hours when the system is
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collecting data. The patterns clearly show a reduced coverage as the distance from the antenna increases.

Figure 3.12 - Monthly plot of the radial coverage relative to the SUMB station. The % coverage is based on the real hours when the system is
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During the Brahan Project, data quality was checked at different stages. In
particular, the SUMB system was affected by an adjustment during April (Figure
3.12), but its causes were not reported by Qualitas Remos. The variability in
coverage may be caused by lower signal-noise-ratio, loss of the frequency signal,
replacement of cables, antenna collapse or power outages. Overall, the further the
radial measurement cell is from the antenna, the lower is the coverage rate (Figure
3.11 and Figure 3.12). A very low coverage also occurs in the vicinity of the Fair
Isle.

COVERAGE VARIATION
The following analysis interprets the number of coincident observations from
NRON and SUMB. In particular, coverage is defined by the number of radials
returned to the system each hour (Emery et al., 2004). It helps to visualise the
number of solutions at both HFR stations and compare them with the totals
estimated by the internal (CODAR) system.
The antennas have a good set of data except during short periods of September,
October and April. The first two months are not consistent for two reasons. In first
instance, Figure 3.13 shows that NRON system stops to operate for a period of 10
days in September (from 21st to 30th September). This is also shown where the area
is covered by radials for about 40% and 60% by NRON (Figure 3.11) and SUMB
(Figure 3.12), respectively. However, total velocities cover the area for almost 100
%, especially in the middle of the FIG, excluding the baseline region (Figure 3.15).
A second reason for caution when including data from this period in the analysis is
the irregular radial computation in both September and October. October presents
a similar scenario and, in particular, NRON was not operating for a two-week
period (from 1st to 14th October; Figure 3.13), and radials from SUMB cover about
20% of the area (Figure 3.12). Thus, both stations experienced problems during this
period. However, Figure 3.15 shows that total velocities have been estimated by the
HFR system through all the year and these consistently cover the area of study.
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Figure 3.13 -Plots showing the data availability (number of solutions, i.e. ordinates)
from the different datasets (i.e. NRON, SUMB and Total velocities) during
September (left) and October (right).

In April, the number of solutions decreases drastically from 2000 to 1000 over a
20-day period (10th to 30th) from SUMB station (Figure 3.14). The reduction of
coverage in April results in an increase of coverage variation when the totals are
estimated (Figure 3.15). This finding is highlighted in Figure 3.12 where the
averaged parentage coverage in April gradually reduces to 30 – 40% towards the
limits of the domain.
August 2014 is the last month when the HFR operated and it may explain some of
its malfunctions between 10th and 20th. The NRON station did not work but this is
not easy to verify just with the monthly percentage coverage map visualisation, as
also suggested by the total coverage variation (Figure 3.15). Total velocities were
not estimated during this period. In contrast, totals were calculated in September
and October 2013 when a similar situation occurred (the operation of a single
system).
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represented in blue.

the single station (NRON and SUMB, respectively black and red). Total velocities processed by CODAR and available for each month are

Figure 3.14 - Monthly data availability based on number of solutions (ordinates), which represents the number of observations collected by
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depends on the signal received by both stations to process.

Figure 3.15 - Monthly plot of the total coverage relative to radial processed data. Data are processed by CODAR and the coverage much
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Radials cover the FIG approximately 100% of the year in the centre of the HFR
domain and down to 80% further away from the antennas. The periods with data
gap during September, October and April are excluded from the analysis, and this
drops the radial coverage to 92% and 74% to the centre of the domain and further
away from the HFR stations, respectively. This is particularly evident to the Orkney
and Shetland coast where the uncertainty of velocity field subsists. The coverage of
NRON radials is found very high (90%) to the former and data are reliable for the
total velocity estimate. Radials projected form SUMB covered about 90% of the
area. However, the uncertainty occurred along both the west Orkney and West
Shetland sides increases with the lack of data, coincident with the radials from
NRON.

BASELINE EXAMINATION
Radials are more difficult to evaluate on the baseline (line connecting the HFR
antennas). In the vicinity of this region, radials are parallel and so the orthogonal
component tends to zero (Trujillo et al., 2004) as well as total currents. As the
intersection angle between the radials deviate from orthogonality (Trujillo et al.,
2004) and, more specifically, does not fall within the range 30° - 150° (Chapman et
al., 1997; Shay et al., 2007), the error in the total vectors increases. The solution in
the baseline is usually not computed, and a permanent shadow region between the
two antennas is observed.
The baseline test evaluates the consistency of radials along the line between NRON
and SUMB. Radial velocities are checked from both radar stations at specific points
on the baseline (Figure 3.16). As the radials from the respective HFR stations are
at same distance from the baseline points, values should correspond in magnitude.
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Figure 3.16 - Baseline between the HFR stations. The larger bullet points indicate
the radial velocities location from NRON (black) and SUMB (blue). The green line
represents the baseline where the investigation is carried on.

Paduan et al. (2006) performed the baseline test for the Monterey Bay HFR system
where the root mean square radial difference was between 0.10 m/s and 0.13 m/s.
The introduction of two other parameters helps to quantify the errors along the
baseline in the present study. RMSA velocity and RMSB deviation are defined from
Lipa et al. (2006) as:

V2NRON (x)+V2SUMB (x)
⟩
2

RMSA =√⟨

(3.1)

2

(VNRON (x)+VSUMB (x))
RMSB =√⟨
⟩
2
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Where x is the distance from the NRON station along the baseline and VNRON and
VSUMB are the radial velocities measured by NRON and SUMB, respectively. The
angular bracket represents the average over the time. These parameters better
characterize the performance of the HFR. When using the radial convention sign,
velocities can be positive or negative depending if those point toward or away from
the radar. The Root Mean Square Difference (RMSD) should be ideally equal to
zero along the baseline with VNRON and VSUMB equal in magnitude and opposite in
sign. However, imperfections in the spectral data affect the results (Lipa et al.,
2006) and these are different. In the present study, the RMSD will be also used to
check the observations along the baseline. The parameter is estimated as follow:

RMSD = √〈(𝑉NRON (x) + 𝑉SUMB (x))2 〉

(3.3)

In addition to the Root Mean Square (RMS) statistical evaluation, the correlation
coefficient r was computed between the radial velocities VNRON and VSUMB at each
point along the baseline (Figure 3.17 and Appendix A).
Along the baseline the horizontal spacing between observations is approximately 4
km. The RMSD is therefore estimated at 19 points along the baseline for each
month (Figure 3.17). This parameter is indicative of the intrinsic level of velocity
uncertainty in the HFR radial estimate. Previous HFR deployments had RMSD
(Paduan et al., 2006) along the baseline ranging between 0.13 m/s and 0.38 m/s
(Lorente et al., 2014), and relation coefficients above 0.5.
When comparing radials on the baseline, the observations near to one of the radar
stations will be far from the second. In addition, observations close to the antenna
average over a smaller horizontal range than those further away. Therefore, there
is potentially a large effect due to the different scales in the horizontal averaging.
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a)

b)

c)

d)

e)

f)

Figure 3.17 – Each plot shows RMSD (blue) and r (orange) for radial current estimate along
the baseline at the six most illustrative locations. The left and right-hand y-axis show the RMSD
(m/s) and correlation (unitless), respectively. The two top plots show the statistical values at
those locations closer to NRON (4 (a) and 8 km (b) away from the station, respectively). The
middle of the baseline is characterised by the two locations at 36 (c) and 40 km (d) from NRON,
respectively. The bottom plots show the statistics of the closer locations to SUMB (72 (e) and 76
km (f) away from NRON, respectively). Months with less than 50% of data are excluded from the
baseline analysis.

The first point on the baseline (4 km from NRON) has a short range which causes
a crowd effect on a relatively small space. This is particularly an issue during
September and October 2013, when adjustments from NRON and SUMB were
made (Figure 3.17a). During these two months RMSD and r between radials were
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not estimated at point 1 (4 km from NRON), 6 (24 km from NRON), 14 (56 km
from NRON) and 17 (68 km from NRON). In addition to this, at point 7 (28 km
from NRON), 12 (48 km from NRON), 13 (52 km from NRON) and 19 (76 km
from NRON; Figure 3.27f) the statistical parameters were not estimated during
September (see Appendix A). In the middle of the baseline region r tends to increase
during summer period because of the increase in light (Figure 3.17c and d). The
ionosphere refraction allows a better propagation of the backscatter waves and
better modulates the sea surface signal. The correlation coefficient between VNRON
and VSUMB is almost constant as these are closer to the HFR stations. In particular,
this phenomenon is notable at location 1, 2, 17, 18 and 19 which are 4 km, 8 km,
68 km, 72 km and 76 km distant from NRON, respectively (Figure 3.17e and f).
RMSD decreases from 0.35 m/s at the first point (4 km from NRON) to 0.20 m/s at
location 5 (20 km from NRON). Furthest away from the NRON antenna (close to
SUMB), at location 19 the RMSD is 0.37 m/s (76 km from NRON) and decreases
until 0.16 m/s at location 13 (52 km from NRON). Along the middle of the baseline,
from location 7 to location 12 (28 to 48 km from NRON) the RMSD is approx. 0.22
m/s. RMSD is proportionally inverse to r, when the coefficients are estimated on a
monthly basis at each location (Figure 3.17).
RMSD and r are estimated on spatial scale, averaging the values over the entire
measurement period at each location along the baseline (Figure 3.18). As expected,
the RMSD increases when VNRON and VSUMB approach to the relative antenna
locations. It is important to note that RMSD reaches its peak of 0.36 m/s and 0.37
m/s, when radials approach to NRON and SUMB, respectively. These peaks are
due to the larger distance between the radials VNRON and VSUMB which are
independently estimated.
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Figure 3.18 – RMSD (m/s, left-hand x-axes) and correlation coefficient (r, right-hand x-axes)
between radial velocities at NRON and SUMB stations from September 2013 to August 2014.
VNRON and VSUMB are averaged over the entire measurement period at each location along the
baseline.

The minimum RMSD, 0.15 m/s, is observed at 52 km from NRON. According to
Paduan and Shulman (2004), this mean value indicates an intrinsic uncertainty in
the radial velocity estimates. Radial current error for the individual HFR stations
should also take into accounts the additional reduction by a factor of 21/2 (Paduan
et al., 2006). This reduction leads a range of RMSD between 0.06 m/s and 0.22 m/s.
In the region between location 6 (20 km from NRON) and location 16 (60 km from
NRON), the radial mismatch is smaller, and therefore the average RMSD (0.20 m/s)
is relatively smaller than the average along the baseline (0.24 m/s). Average RMSD
and r are inversely proportional (Figure 3.18), in agreement with the results from
the monthly estimate (Figure 3.17). The correlation coefficient r reaches its
minimum of 0.31 at the midpoint of the baseline (40 km from NRON). The
coefficient gradually increases towards the SUMB station to 0.66 at location 19
(about 4 km from SUMB).
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The uncertainties of the radial velocity may be estimated using the parameters
RMSA velocity (3.1) and RMSB deviation (3.2). The radial uncertainties calculated
here agrees well with previous studies (Lipa et al., 2006; Lipa and Nyden, 2005)
(Figure 3.19). The trend of the coefficients is similar highlighting the conclusion
that the radials uncertainty increases near the HFR stations. However, the
magnitudes of the averaged RMSD and RMSA differ by about 0.07 m/s. According
to Lipa et al. (2006), RMSB (baseline deviation) is found less than RMSA, which
indicates an overall good quality of radials.

Figure 3.19 - Comparison between RMSD, RMSA velocity and RMSB deviation (m/s, x-axes) along
the baseline locations (indicated by the y-axes in distance from NRON). The first method is
investigated in this study and compared with those developed by Lipa et al. (2006). RMSD shows
the same velocity difference estimated by the other two parameters along the baseline. Values are
averaged over the entire measurement period at each location along the baseline.

This study does not investigate further other aspects of the radials, such as the
bearing offset. The bearing errors on radial velocities can contribute up to 15 %
error on the total velocity estimate and 9° errors in flow direction (Emery et al.,
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2004). In most cases, there is evidence of bearing errors with a range of 30° for
radial velocities (Paduan et al., 2006).
Future work could also better describe the effect of the antenna pattern distortions
on radar measurements. Errors from the single radar could be isolated. However,
the computation of the total vectors needs at least two radars, which significantly
complicates the source of error due to the geometric dilution of precision (Chapman
et al., 1997). To investigate this, a geometric minimisation of bearing error due to
the location of the HFR stations is needed. Although the estimate of this coefficient
is acknowledged and may play a role in masking errors presented in radials (e.g.
bearing estimate), it is not considered significant. In this regard, Gurgel et al. (2001)
and Kaplan (2005) show how to estimate the total velocity using radials from at
least two CODAR stations.
The velocity estimates from CODAR is robust, well-tested and widely used but has
its limitations. The use of two stations, imposed by the coastal configuration of the
FIG, creates a shadow zone where totals are not estimated near the baseline between
the HFR stations. More specifically between NRON station and the centre of the
baseline, uncertainties are too high to provide reliable velocity estimates. The
estimate of the uncertainties agreed with previous studies and, most importantly
RMSB never exceeds RMSA along the baseline. This test highlights the absence of
potential problems either with the radar spectrum or the analysis.
Data are considered reliable for most of the time when the CODAR system has
produced the total velocities. To avoid periods of low coverage of radials (i.e.
during September and October 2013 and April 2014), a subset of the data was
created in the present study. The datasets only include when coincident
measurements exist between both HFR antennas activity. Due to the orthogonality
between the main direction of the flow and the radial direction along and in the
vicinity of the baseline, no meaningful information on velocities can be derived
from the HFR in this region. This has led to a less precise extrapolation of radials.
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OPEN-BOUNDARY MODAL ANALYSIS
The method used in this section is based on a previous investigation made by
Kaplan and Leikien (2007). They have improved the OMA in order to include
radials estimated by a single HFR antenna.

OMA METHOD
The OMA applies independent modes able to describe all the variety of current
circulation patterns in a 2D domain. The domain of the area of study is estimated
arbitrarily with a shape that delineates the HFR domain (Figure 3.20).

Figure 3.20 - Boundary ∂Ω where the unit vectors k⃗ and 𝑛⃗⃗ represent the
unit vector normal to the surface with an up direction and to the boundary
∂Ω, respectively. The unit tangent vector is ⃗⃗
t =⃗⃗⃗×
n k⃗. Adapted from Lekien
et al. (2004).
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The boundary condition is the only assumption to consider when the Lagragian is
applied. This is a 2D technique and there is no need to consider the vertical structure
of circulation along the water column. However, the vertical motion may be noticed
in the surface divergence field.
A brief summary of the theory behind the OMA follows. Using Hodge
Decomposition, the velocity field can be decomposed (Eiseman and Stone, 1973):

u⃗⃗ = ⃗⃗⃗⃗+
uφ ⃗⃗⃗⃗⃗⃗
uψ

(3.4)

Where u⃗⃗, ⃗⃗⃗⃗,
uφ and ⃗⃗⃗⃗⃗⃗
uψ represent the velocity field, and its vorticity-free and
divergence-free decompositions, respectively. The latter two components can be
expressed as:

{

uφ = ∇φ
⃗⃗⃗⃗⃗⃗
uψ = k⃗×∇ψ
⃗⃗⃗⃗⃗

(3.5)

Where k⃗ is the unit vector perpendicular to the domain, 𝜑 is the velocity potential
and 𝜓 the streamfunction. The 2D divergence and the velocity field vorticity are
given respectively by the following equations:
∇ ∙ ⃗⃗⃗⃗⃗⃗
uφ = ∆φ
{
k⃗ ∙ ∇ × ⃗⃗⃗⃗⃗⃗
uψ = ∆ψ

(3.6)

This decomposition is always possible and is unique for any chosen set of boundary
conditions. For any part of the boundary ∂Ω that coincides with the shoreline, the
normal component of flow vanishes (Figure 3.20). These boundary conditions are
expressed by the following equations (Lekien et al., 2004):
n̂ ∙ u⃗⃗|∂Ω = (n̂ ∙ ∆φ)| ∂Ω
{
0 = ψ|∂Ω
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Equation (3.7) is solved by expanding φ and ψ into sets of interior eigenmodes
which can represent any arbitrary current field:
φ

{

ψ

∆φi = λi φi
(n̂ ∙ ∇φi )|

∆ψi = λi ψi

{
ψi |

=0

∂Ω

∂Ω

(3.8)

=0

These modes have a subset of boundary modes, which represent both inflow and
outflow from the boundary. The circulation pattern for any bounded current field,
confined into the 2D bounded domain Ω, can be represented by interior and
boundary modes:
∞

u⃗⃗

ψ
= ∑ αi k̂
i=1

∞

×

φ
∇ψi + ∑ αi ∇φi
i=1

∞

+ ∑ αbi ∇φbi

(3.9)

i=1

The early analysis of radials focuses on OMA expanded by Kaplan and Lekien
(2007) to the HFR data. The algorithm assimilates measurements from the single
HFR station, and thus avoids introducing errors due to combining the radials from
the two HFR station to estimate the total velocities. The technique deals with data
gaps and, consequently, with the non-uniform radial distribution.
Current measurements are usually described by a set of modes which characterise
all the possible current patterns in a confined domain. This process is made via a
least square minimization problem that reduces the process cost function:
M

2

𝑁

ζ = ∑ [Wrm (∑ (αn u⃗⃗n (x⃗m )) ∙ r̂ m - urm ) ]
m=1

(3.10)

n=1

Where u⃗⃗n (x⃗n ) are the current fields, N their associated modes, Wrm are the weight
factors, used for error estimation and correlation between current measurements. urm
is a current component measured at x⃗n along the direction of the unit vector r̂ m .
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Interior modes have a spatial scale si that can be determined by using two different
approach. The method by Lekien (2004) is based on the length of the full domain:

λ1
λi

si = S√

(3.11)

Where λ1 , λi and S are the smallest eigenvalue, the eigenvalue of the mode of
interest, and the arbitrary length scale of the domain, respectively. The approach
used by Kaplan (2007) considers the length scale with an arbitrary domain
associated with the scale of a specific mode able to satisfy the following equation:

si =

π

(3.12)

√𝜆𝑖

By definition the length scale of the modes from both formulas decreases when the
eigenvalue of the modes increases. Consequently, the simulation can be performed
by imposing a threshold on the smallest length scale that will be resolved in the
solution of the OMA.

EARLY OMA SIMULATION
In the present study, radials have a minimum length scale of about 5 km. According
with the approach pf Kaplan (2007), the chosen OMA length scale has to be greater
than this. Here, 10 km and 25 km are chosen. The OMA model-fitting technique is
flexible in terms of interpolation and specifically suitable for 2D current
measurements. The application includes the coastal boundary conditions,
minimising the spatial scale of the radial velocities.
The technique is applied to the hourly radial measurements for the first two months
of the HFR activity (September and October 2013) when the main uncertainties
occur, and data availability is reduced. Two different domains are used for the
simulation: a first domain, with a smaller area extension (18000 km2) and a second
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domain (22500 km2) that is more extensive and able to include some of the
uncertainties on the edge of the original HFR domain (almost 30000 km2). For the
first domain, both length scale (10 and 25 km) are explored.
When the OMA is performed the radials are combined in order to estimate the total
velocities which can consequently be compared with the total velocities calculated
by internal (CODAR) HFR system (Lipa et al., 2006). The approach used by
CODAR is based on measurements at locations where radials are available from
both HFR stations. A considerable percentage of data is ignored at locations where
information are collected by a single radar (Figure 3.21a and Figure 3.23a).
For example, along the baseline data are insufficient to resolve the total velocity
field using the classic approach. However, these can be partially used during the
OMA fitting process. In fact, the equation (3.10) can combine different dataset from
both stations at once. Some issues arise when interpolation and spatial smoothing
of the surface currents are made in areas where there is a large gap of data (Kaplan
and Lekien, 2007).
Modal decomposition presents difficulties when there is high density of data from
a single HFR station. Consequently, instability may be generated in the fit of the
radial components. In particular, this phenomenon is emphasized when using the
smaller spatial scale (10 km, Figure 3.22a and Figure 3.24a) and the flow pattern
is represented by fitting less modes than for a 25 km spatial scale.
By limiting the number of modes and, consequently, increasing the spatial scale of
the domain, the velocity field can be smoothed (Figure 3.22b and Figure 3.24b).
However, spatial smoothing over all the domain noticeably generates a smaller
spatial variance in the original data and a larger uncertainty (Kaplan et al., 2007).
The issue of the spatial gap is reduced by constraining the fit of data in order to
produce current fields in the gap areas. The introduction of the constraint term
(3.10) inhibits the mode to be smoothed and the generation of larger modes.
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Velocities outside the range of 0 – 0.25 m/s are saturated in the figure.

Figure 3.21 – Comparison of September velocity fields using: a) Standard total velocity vectors (CODAR) and b) OMA on 25 km grid large domain.
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outside the range of 0 – 0.25 m/s are saturated in the figure.

Figure 3.22 – Comparison of September velocity fields using: a) OMA 10 km grid small domain and d) OMA 25 km grid small domain. Velocities

a)

CHAPTER 3: DATA COLLECTION AND METHODS

b)

80

Velocities outside the range of 0 – 0.25 m/s are saturated in the figure.

Figure 3.23 – Comparison of October velocity fields using: a) Standard total velocity vectors (CODAR) and b) OMA on 25 km grid large domain.
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the range of 0 – 0.25 m/s are saturated in the figure.

Figure 3.24 – Comparison of October velocity field using: a) OMA 10 km grid small domain and d) OMA 25 km grid small domain. Velocities outside
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By extending the OMA domain, the velocity field in the shadow area is improved
(Figure 3.21b and Figure 3.23b). Differences are significant between this version
of the OMA and the CODAR total velocities (Figure 3.21a versus b, and Figure
3.23a versus b). These are associated with regions where there is a relative low
confidence in the CODAR total currents (shadow area) or where currents are not
flowing through the boundary (close to Orkney and Shetland Islands). At both
extremities of the baseline, OMA uses radials from both stations, showing a
constant north-east and south-west flow close to Orkney and Shetland Island,
respectively. Estimation of the OMA uncertainties is not considered in this study.
However, these have been estimated in different oceanographic areas, where
uncertainties are generally based on the error propagation of the data set structure,
spatial scale and defined domain (Kaplan et al., 2007). OMA uncertainties are
generally higher in areas where there is a low percentage coverage of data and along
the baseline, as observed in this study for the CODAR system.
This investigation of an alternative method (OMA) to calculate the current velocity
from the radials is not an invalidation of the CODAR data processing method,
which is widely recognised and used. The OMA only aims to improve the research
methodologies and solve some of the problems inherent to the CODAR processing,
such as the low reliability of velocity calculations near the baseline.
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CHAPTER 4
TIDAL VARIABILITY IN THE FIG
This chapter focuses on the spatial and temporal variability of tidal processes in the
FIG. Harmonic analysis is undertaken to investigate the tidal patterns in the region.
In this region, tides are predominantly dominated by semidiurnal constituents (M2,
S2 and N2), with much weaker diurnal components (O1 and K1 being the most
significant of these). Results of the analysis presented here are restricted to the two
main semidiurnal constituents (i.e. M2 and S2).

TIDAL ANALYSIS
Tidal parameters are estimated by using the MATLAB function t_tide (Pawlowicz
et al., 2002) in order to investigate the tidal variability observed by HFR and
moored current meters, and simulated by the PFOW model. For each dataset, the
relevant period of the deployment is analysed (Table 4.1). The PFOW simulation
used for this analysis only had river and open boundary forcing mechanisms applied
(i.e. no surface meteorological forcing) and ran for 15 days. The properties of the
principal tidal constituents will be also estimated. For each mooring, the nearest
grid points of the HFR total velocity and PFOW grids were extracted (Table 4.1).
As Foreman (1977) suggests, the shallow water tidal constituents are included in
the analysis of the major ones (which are 67) and they are derived from the main
constituents (O1, K1, N2, M2 and S2). A time series of at least 18.6 years is required
to extrapolate all the constituents (Foreman, 1977; Foreman and Neufeld, 1991).
When time series are almost one year in duration (such as for the present
investigation), the response of sinusoids relative to phase/amplitude with similar
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frequencies are proportional to the equilibrium tide response. The small auxiliary
peaks in the frequency domain due to all constituents causes an accumulation of
effects that is adjusted by the nodal modulation (Foreman, 1977). This cumulative
effect of small peaks gives a total signal that is sinusoidal. It varies slowly with
time, but it can be considered constant for a one-year time series.
Table 4.1 - FIG mooring deployments. The slightly different position of both HFR and PFOW grid
points and their relative dataset time are also shown. The order of locations is based on longitude
(increasing from the most westerly to easterly).

Pos.
5

1

2

6

7

3

4-1
4-2

Instr.
Type

Lat
(N)

Lon
(W)

AWAC
HFR
PFOW
RCM IW
RCM IW
HFR
PFOW
RCM IW
RCM IW
HFR
PFOW
RCM7
RCM7
RCM7
HFR
PFOW
RCM7
RCM8
RCM8
HFR
PFOW
RCM IW
RCM IW
RCM IW
HFR
PFOW
AWAC
AWAC
HFR
PFOW

60°13.40'
60° 13.13'
60° 06.10'
59° 55.59'
59° 55.60'
59° 54.30'
59° 56.02'
59° 45.31'
59° 45.31'
59° 46.20'
59° 45.24'
59° 28.33'
59° 28.33'
59° 28.29'
59° 27.35'
59° 28.49'
59° 43.39'
59° 43.59'
59° 43.24'
59° 43.51
59° 43.53
59° 15.75'
59° 15.76'
59° 09.11'
59° 16.58'
59° 15.31'
59° 16.97'
59° 16.98'
59° 16.58'
59° 18.11'

3° 28.47'
3° 28.11'
3° 27.00'
3° 02.71'
3° 02.72'
3° 01.56'
3° 02.74'
2° 49.70'
2° 49.71'
2° 50.94'
2° 49.32'
2° 01.79'
2° 01.79'
2° 01.83'
2° 03.14'
2° 01.61'
1° 41.53'
1° 41.53'
1° 41.48'
1° 41.89'
1° 41.23'
1° 31.32'
1° 31.34'
1° 32.51
1° 31.27'
1° 32.65'
0° 42.14'
0° 42.14'
0° 43.76'
0° 41.65'
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Instr.
Depth
Depth
(m)
(m)
127
114
127
0
138
131
74
31
74
31
74
0
85
81
73
30
74
31
74
0
80
76
104
36
104
99
102
89
102
0
93
87
117
49
117
112
115
102
117
0
108
103
99
37
102
40
111
49
102
0
97
92
124
94
124
94
124
0
126
120

Deployment
period
14/05/2013-4/10/2013
1/09/2013-30/08/2014
29/08/2013-12/09/2013
20/05/2013-5/09/2013
8/10/2013-11/12/2013
1/09/2013-30/08/2014
29/08/2013-12/09/2013
20/05/2013-8/10/2013
8/10/2013-11/12/2013
1/09/2013-30/08/2014
29/08/2013-12/09/2013
7/05/2008-27/09/2008
7/05/2008-27/09/2008
27/09/2008-8/05/2009
1/09/2013-30/08/2014
29/08/2013-12/09/2013
7/05/2008-27/09/2008
7/05/2008-27/09/2008
27/09/2008-8/05/2009
1/09/2013-30/08/2014
29/08/2013-12/09/2013
20/05/2013-6/08/2013
15/10/2013-1/12/2013
6/08/2013-15/10/2013
1/09/2013-30/08/2014
29/08/2013-12/09/2013
20/05/2013-9/10/2013
9/10/2013-10/12/2013
1/09/2013-30/08/2014
29/08/2013-12/09/2013
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The harmonic analysis technique uses algorithms made by Godin (1972) and
Foreman (1977), but also uses complex number analysis to speed up data
processing. Pawlowicz et al. (2002) suggests avoiding the use of complex numbers
(i.e. u+iv) for across- and along-channel currents. However, in the present study,
complex time series (i.e. u+iv) are used to extract ellipse parameters, and, being
aware that error bar sizes may change, the time series were submitted in the original
coordinate system (i.e. not rotated to along/across-channel; Pawlowicz et al., 2002).
The harmonic analysis fits the series to both sines and cosines at specified positive
and negative frequencies. Those are manipulated with complex exponentials able
to deal also with complex time series. The conversion from relative errors in the
cos/sine amplitudes to ellipse parameter is done by linear analysis, in which
variances due to the noise components are summed. The Signal-to-Noise Ratio
(SNR) represents an alternative to the standard error calculated with the 95%
confidence interval. The SNR is estimated as the square of the ratio of amplitude to
amplitude error. As Pawlowicz et al., (2002) demonstrated, by comparing the
variability in an analysis made using a fixed data set with different noise levels and
their estimated confidence intervals, the SNR looks adequate for time series as long
as SNR>10. The SNR has been considered during the data processing for the tidal
constituent validation.

ELLIPSE AMPLITUDE
For a given tidal ellipse, its semi major axis is undetermined by 180°. Borrowing
Foreman's terminology, the semi major axis, whose direction lies in a range of 0180°, is referred to as the northern semi major axis, and otherwise as the southern
semi major axis. One has the freedom to pick either the northern or southern one as
the semi major axis without affecting anything else. Foreman (1977) resolves this
ambiguity by always taking the northern one as the semi major axis. Here,
Foreman's convention is adopted.

85

CHAPTER 4: TIDAL VARIABILITY IN THE FIG

Table 4.2 - Comparison of the principal M2 tidal properties from various datasets at each
location. Ellipse parameters major (m/s), emajor (m/s), ε (°) and ϕ (°) are semi major axes and
relative error, inclination and phase, respectively.

Pos.
5

1

2

6

7

3

4

System Depth (m) major (m/s) emaj (m/s) ε (°) ϕ (°)
HFR
0
0.21
0.02
174
71
ADCP
average
0.21
0.01
170
66
PFOW
average
0.22
0.02
177
64
HFR
0
0.35
0.01
166
92
PFOW
4
0.39
0.04
171
81
CM 8471
30
0.47
0.01
165
81
CM 8561
31
0.47
0.01
164
80
PFOW
33
0.31
0.05
168
75
PFOW
average
0.28
0.03
171
76
HFR
0
0.44
0.01
169
92
PFOW
4
0.47
0.06
173
86
CM 8471
30
0.55
0.01
165
86
CM 8561
31
0.55
0.01
167
86
PFOW
33
0.43
0.04
169
82
PFOW
average
0.39
0.04
171
81
HFR
0
0.48
0.01
121 128
PFOW
5
0.68
0.09
128 110
CM 7571
36
0.69
0.02
115 124
PFOW
36
0.61
0.06
124 105
CM 7642
89
0.49
0.04
123 114
PFOW
88
0.40
0.02
120
93
CM 7572
99
0.40
0.01
118 110
PFOW
99
0.31
0.02
122
90
PFOW
average
0.53
0.04
124 103
HFR
0
0.50
0.01
123 129
PFOW
6
0.49
0.03
140 101
CM 7571
49
0.46
0.01
133 112
PFOW
53
0.42
0.04
136
96
CM 7642
102
0.35
0.01
133 107
PFOW
99
0.31
0.02
133
86
CM 7572
112
0.32
0.01
133 103
PFOW
111
0.24
0.02
134
83
PFOW
average
0.39
0.03
137
95
HFR
0
0.37
0.01
123 135
PFOW
5
0.41
0.05
116 119
CM 8481
37
0.45
0.01
111 126
PFOW
35
0.36
0.04
112 113
CM 8591
40
0.44
0.01
107 134
PFOW
45
0.34
0.03
111 111
CM 8482
49
0.39
0.01
104 128
PFOW
54
0.32
0.03
110 108
PFOW
average
0.32
0.03
113 110
HFR
0
0.16
0.01
120 140
AWAC
average
0.25
0.02
110 132
PFOW
average
0.17
0.01
113 121

86

CHAPTER 4: TIDAL VARIABILITY IN THE FIG

For the mooring data, the tidal analysis was performed on hourly sub-sampled
values at each depth and location. For profiling current meters and model, the depthaverage currents were also analysed (CMav and PFOWav for in situ instruments and
PFOW, respectively). Table 4.2 and Table 4.3 show, respectively, M2 and S2 tidal
ellipse parameters from each mooring deployment compared with data from HFR
and PFOW.
Results from location 4 and 5 can be investigated in greater detail due to the AWAC
and ADCP instruments measuring the vertical profile. At location 5 it can be seen
that measured M2 amplitude throughout the water column is similar compared to
those derived from the PFOW (Figure 4.1). From the surface to the mid-depth, the
PFOW amplitudes fall within the CM error bars. Depth-averaged predictions are
comparable and close to the measurements with a difference of 0.01 m/s. Here the
HFR seems to represent the tidal vertical profile well, as its M2 amplitude is equal
to the depth-mean from the profiling current meter (0.21 m/s).

Figure 4.1 - M2 semi major (maj) axes estimated from t_tide at location 5. The
comparison between HFR (black square), ADCP (red line) and PFOW (blue line)
with their relative error bars (95% confidence interval) is shown. Depth-averaged
values of both measurements (ADCPav, i.e. yellow square) and PFOW data
(PFOWav, i.e. purple square) are also estimated.
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At location 4, the M2 amplitude observed by the HFR system shows good
agreement with that of the numerical model (Figure 4.2). Despite the difference
between the depth-averaged measurements (0.09 m/s and 0.08 m/s for HFR and
PFOW data, respectively; Table 2.2), the model profile has a similar shape to that
of the AWAC measurements. Here the value of the depth-averaged amplitude is
different from the HFR one with an error < 0.01 m/s. However, as for location 5,
the HFR observation and PFOWav are similar.

Figure 4.2 - M2 semi major (maj) axes estimated from t_tide at location 4. The
comparison between HFR (black square), AWAC (green and red line for first and
second period, respectively) and PFOW (blue line) with the relative error bars
(95% confidence interval) is shown. The depth-averaged value of the
measurements is coincident between the two periods of observation. Depthaveraged values of both measurements (AWACav, i.e. yellow square) and PFOW
post-processed data (PFOWav, i.e. purple square) are also estimated.

At both profiling current meter locations, the influence of the bottom friction is
evident in the PFOW data as the simulation extends over the full water column. In
the observations, the influence of bed friction is partially noticeable at location 5
where the instrument is deployed 13 m above the bottom. On the other hand, the
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deployment at location 4 (30 m above the bottom) does not show any particular
effect of the bottom friction stress (Table 4.1).
At location 1 and 2 a disagreement is found in terms of amplitude between CM and
HFR with the latter always smaller (Figure 4.3a and b). The difference between CM
measurement and HFR observation is 0.12 m/s at both locations. The PFOW depthaveraged semi major (PFOWav) is also smaller than the CM ones (0.19 m/s and 0.16
m/s at location 1 and 2, respectively). This underestimation by the HFR is partially
observed at location 3 (Figure 4.3e), where the PFOWav is also smaller than the CM
depth-averaged measurement (CMav).

a)

b)

c)

d)

e)
e)

Figure 4.3 – M2 semi major (maj) axis from t_tide at location 1 (a), 2 (b), 6 (c), 7 (d) and 3 (e).
Depth-averaged values of both measurements (CMav, i.e. yellow square at location 6, 7 and 3)
and PFOW post-processed data (PFOWav, i.e. purple square) are also estimated with the relative
error bars (95% confidence interval). Where the mooring has been dragged (i.e. location 6, 89
and 99 m; location 7, 102 and 112 m; location 3, 37, 40 and 49 m) values are averaged.
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This underestimation by the HFR is partially observed at location 3 (Figure 4.3b
and e), where the PFOWav is also smaller than the CM depth-averaged measurement
(CMav). In particular, the difference is 0.05 m/s and 0.10 m/s between the latter and
HFR and PFOWav, respectively. A location 6 and 7 the model seems to fit well the
measurements while the HFR, especially at the first of those locations, shows a
smaller value (Figure 4.3c and d, respectively; Table 4.2). However, the HFR
observations agree with the upmost PFOW data at each of the above mentioned
locations with the exception of location 6. At each location and water depth PFOW
values are smaller than the observed ones, except al location 4. Here and at location
5 a detailed analysis shows a good agreement between the dataset (Table 4.2).
The S2 tidal constituent amplitude (Table 4.3) observed by the HFR is always
smaller than in situ measurements and model at each location. The S2 amplitude
from the PFOW is larger than that from the measurements at location 4 (Figure 4.4).

Figure 4.4 - S2 semi major (maj) axes estimated from t_tide at location 4. The
comparison between HFR (black square), AWAC (green and red line for first and
second period, respectively) and PFOW (blue line) with the relative error bars (95%
confidence interval) is shown. The depth-averaged value of the measurements is
coincident between the two periods of observation. Depth-averaged values of both
measurements (AWACav, i.e. yellow square) and PFOW post-processed data
(PFOWav, i.e. purple square) are also estimated
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Table 4.3 - Comparison of dataset regarding the principal S2 tidal properties at each location.
The ellipse parameters major (m/s), emajor (m/s), ε (°) and ϕ (°) are semi-major axes and
relative error, inclination and phase, respectively.

Pos.
5

1

2

6

7

3

4

System Depth (m) major (m/s) emaj (m/s) ε (°) ϕ (°)
ADCP
average
0.07
0.02
175 102
PFOW
average
0.11
0.01
170 105
HFR
0
0.07
0.01
167 105
HFR
0
0.12
0.01
163 124
PFOW
4
0.20
0.05
169 122
CM 8471
30
0.15
0.01
165 117
CM 8561
31
0.16
0.01
164 101
PFOW
33
0.18
0.06
171 121
PFOW
average
0.14
0.03
169 116
HFR
0
0.14
0.01
163 129
PFOW
4
0.27
0.06
170 127
CM 8471
30
0.19
0.01
166 124
CM 8561
31
0.19
0.01
168 105
PFOW
33
0.21
0.05
167 122
PFOW
average
0.20
0.04
169 122
HFR
0
0.16
0.01
119 163
PFOW
5
0.37
0.10
127 152
CM 7571
36
0.23
0.02
114 162
PFOW
36
0.31
0.06
123 145
CM 7642
89
0.17
0.01
125 150
PFOW
88
0.21
0.02
123 136
CM 7572
99
0.12
0.01
123 151
PFOW
99
0.17
0.02
125 135
PFOW
average
0.17
0.01
125 150
HFR
0
0.16
0.01
125 165
PFOW
6
0.27
0.03
142 143
CM 7571
49
0.15
0.01
129 151
PFOW
53
0.21
0.04
133 135
CM 7642
102
0.13
0.01
133 143
PFOW
99
0.15
0.02
135 126
CM 7572
112
0.10
0.01
134 144
PFOW
111
0.12
0.02
138 125
PFOW
average
0.20
0.03
137 135
HFR
0
0.12
0.01
125 173
PFOW
5
0.21
0.10
113 161
CM 8481
37
0.13
0.01
109 171
PFOW
35
0.19
0.04
109 154
CM 8591
40
0.15
0.01
102 157
PFOW
45
0.18
0.03
108 151
CM 8482
49
0.16
0.01
101 162
PFOW
54
0.17
0.03
108 149
PFOW
average
0.19
0.04
109 154
AWAC
average
0.09
0.01
110 171
PFOW
average
0.09
0.02
111 161
HFR
0
0.05
0.01
120 176
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Conversely, looking at location 5 (Figure 4.5), the depth-averaged S2 semi major
axis observed by the HFR shows good agreement with the depth-averaged
measurement ADCPav (0.07 m/s).

Figure 4.5 - S2 semi major (maj) axes estimated from t_tide at location 5. The
comparison between HFR (black square), ADCP (red line) and PFOW (blue line)
with their relive error bars (95% confidence interval) is shown. Depth-averaged
values of both measurements (ADCPav, i.e. yellow square) and PFOW data
(PFOWav, i.e. purple square) are also estimated.

At location 4, the depth-averaged S2 amplitude shows a correspondence between
measured and modelled data (0.09 m/s). Along the water column, there is also good
agreement between measured and modelled amplitude variation (Figure 4.4). S2
amplitude is generally underestimated by the HFR at each location.
At the mooring locations 6 and 7 (Figure 4.6c and d, respectively), in the middle of
FIG, the measured S2 amplitude profile fits with that of the PFOW. However, the
difference between the two depth-averaged values is approximately 0.10 m/s at both
locations. These estimates consider the CM measurements deployed at two depths
which miss the upper water column. Consequently, the averaged amplitudes can
be smaller than the real estimates. With this said, HFR observations are found close
to CMav. At the single point locations 1 and 2 deployed on the north-west part of
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the FIG (Figure 4.6a and b, respectively), the measurements fit well with the
PFOWav in terms of S2 amplitude. Values of amplitude are ~0.14 m/s and 0.19 m/s
at location 1 and 2, respectively.

Figure 4.6 – S2 semi major (maj) axis from t_tide at location 1 (a), 2 (b), 6 (c), 7 (d) and 3 (e).
Depth-averaged values of both measurements (CMav, i.e. yellow square at location 6, 7 and 3) and
PFOW post-processed data (PFOWav, i.e. purple square) are also estimated with the relative error
bars (95% confidence interval). Where the mooring has been dragged (i.e. location 6, 89 and 99
m; location 7, 102 and 112 m; location 3, 37, 40 and 49 m) values are averaged.

Although the CMs at location 1 and 2 are deployed 30 m below the surface, little
difference is found between CM values and HFR observation. In contrast, the
upmost PFOW measurement overestimates the S2 amplitude by 0.08 m/s and 0.13
m/s at location 1 and 2, respectively. At location 3, the S2 semi major axes was
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averaged because the mooring has been dragged during its working period (Figure
4.6e). The PFOW value of the semi major axes is found close to the measurement
and fully included in the confidence interval.

PHASE ANALYSIS
Phase (ϕ in Table 4.2 and 4.3, for M2 and S2, respectively), is defined as “Greenwich
phase”, i.e. the angle (in degrees) referred to the equilibrium phase response at the
Greenwich meridian (0° longitude). Here, when the response of the equilibrium
forcing reaches its maximum value, the phase is considered as representative for
the assigned point (Pawlowicz et al., 2002).
At each depth, the instrument measurements were compared with the PFOW
simulated values. An overall underestimation of the model has been observed at
each location (Table 4.2). The 95% confidence intervals for the measured phase
(eϕ) are small for all locations. In particular, for M2, the dominant constituent, eϕmin
= 1 ° and eϕmax = 2° and eϕmin = 4° and eϕmax = 11° for instrument measurements
and PFOW, respectively.
At location 4, the depth-averaged measured M2 ϕ is larger than the simulated one.
On the contrary, at location 5, an underestimation of M2 ϕ occurs, probably due to
the different location of the nearest PFOW node to the current meter location
(Figure 4.7). At location 4, the model eϕmin and eϕmax are 5° and 8°, respectively,
denoting a small uncertainty in the phase output (Figure 4.7). Similar PFOW values
in terms of minimum and maximum phase error (5° and 7°) occurred at location 5.
These are comparable with the measured M2 eϕ, between 2° and 7° (Figure 4.7). At
location 6 and 7, the PFOW seem to underestimate the phase. At the upmost
measurements, (36 m and 49 m below the surface, at location 6 and 7, respectively),
the ϕ difference is about 11° between the measurements at those locations. Looking
at the PFOW results, this difference is very close (10°; Table 4.3).
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Figure 4.7 - M2 phase reconstruction with relative error bars at location 5 (left) and 4 (right).
The comparison between HFR (black square), profiling current meter (green and red line for
first and second period at location 4, respectively, while red line a t location 5) and PFOW
(blue line) with the relive error bars (95% confidence interval) is shown. Depth-averaged value
of the measurements is coincident between the two periods of observation. Depth-averaged
values of both measurements (ADCPav and AWACav, i.e. yellow square) and PFOW postprocessed data (PFOWav, i.e. purple square) are also estimated.

The M2 ϕ is similar at locations 1 and 2 for all the semidiurnal constituents. Looking
at each location, the phases throughout the water column are similar. Comparing
locations by longitude (Table 4.2), ϕ increases from west to east, in accordance with
the amphidromic system described by Wright et al., (1999). Away from the
influences of the coast, the direct tidal forcing and the Coriolis accelerations both
act to induce circulation of the semidiurnal current ellipses in a clockwise sense in
the northern hemisphere (Pugh 2003). The maximum phase difference between the
first and second period of observations is 16° and 19°, at location 1 and 2,
respectively (Table 4.2).
A phase analysis for the S2 constituent denotes an overestimation of values by the
PFOW at both profiling current meter locations 5 and 4 (Figure 4.8). At both
locations, the HFR ϕ is in agreement with the depth-averaged measured values from
the profiling current meters. Although location 5 is 11 km distant from the closest
PFOW node confined by the model domain, predicted phase is found well
correlated with the measured value. At location 4, the uncertainty of the PFOW
output is smaller than the measurements, while PFOW error bars are larger at
location 4. Despite this fact, depth-averaged ϕ of both PFOW and AWAC at
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location 4 are close to the HFR observed ϕ (Table 4.3 and Figure 4.8). A phase
difference occurs between the first and second period of measurements (~ -20°).

Figure 4.8 - S2 phase reconstruction with relative error bars at location 5 (left) and 4 (right).
The comparison between HFR (black square), profiling current meter (green and red line for
first and second period at location 4, respectively, while red line a t location 5) and PFOW
(blue line) with the relive error bars (95% confidence interval) is shown. Depth-averaged value
of the measurements is coincident between the two periods of observation. Depth-averaged
values of both measurements (ADCPav and AWACav, i.e. yellow square) and PFOW postprocessed data (PFOWav, i.e. purple square) are also estimated.

ELLIPSE INCLINATION
Tidal analysis also gives the inclination ε between the east direction and the ellipse
orientation (positive in counter clockwise from east direction) which are presented
for the main two semidiurnal constituents M2 (Figure 4.9) and S2 (Figure 4.11). The
tidal ellipses of these semidiurnal constituents at the measured locations form a
pattern coherent with three larger regions which correspond to the West Shetland
Shelf (Locations 1, 2 and5), the FIG (Locations 6 and 7) and the NNS (Locations 3
and 4).
Despite their proximity, inclination of M2 ε performed by using the Oregon State
University (OSU) Tidal Prediction Software (OTPS) and PFOW output (Figure 4.9)
is different between locations 6 and 7 (Table 4.4). OTPS is based on statistical
analyses of sea level observations on global and regional scale (Erofeeva, 2001).
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Table 4.4 - Comparison of dataset regarding the M2 tidal inclination (ε) and maximum
variance (θ, estimated by using the EOF) and relative derived angles α and β, respectively.

Pos.
5

1

2

6

7

3

4

System Depth (m) ε (°) eε (°) α (°) θ (°) β (°)
HFR
0
174
2
44
12
63
AWAC
average
177
2
47
-2
48
PFOW
average
170
4
41
-9
42
HFR
0
166
2
37
-8
42
PFOW
4
171
3
41
3
48
CM 8471
30
165
1
35
-15
36
CM 8561
31
164
2
34
-15
36
PFOW
30
173
6
44
-6
44
PFOW
average
171
3
42
-8
42
HFR
0
169
1
40
-7
43
PFOW
4
173
5
43
-9
42
CM 8471
30
165
1
35
-15
35
CM 8561
31
167
1
37
-13
37
PFOW
28
172
6
42
-10
40
PFOW
average
171
3
41
-10
40
HFR
0
121
1
-8
-58
-8
PFOW
5
128
8
-1
-52
-2
CM 7571
36
115
1
-14 -66 -15
PFOW
32
124
5
-6
-57
-6
CM 7642
89
123
1
-7
-57
-6
PFOW
87
122
4
-8
-57
-7
CM 7572
99
118
1
-11 -61 -10
PFOW
average
124
4
-5
-56
-5
HFR
0
123
1
-7
-55
-5
PFOW
5
142
8
13
-40
10
CM 7571
49
133
1
4
-47
3
PFOW
49
133
10
3
-45
5
CM 7642
102
133
1
4
-47
4
PFOW
103
138
8
8
-44
6
CM 7572
112
133
1
3
-46
4
PFOW
average
137
10
7
-43
7
HFR_1
0
123
2
-7
-57
-6
PFOW
5
116
10
-14 -65 -15
CM 8481
37
111
2
-18 -70 -20
PFOW
34
112
5
-18 -69 -19
CM 8591
40
107
1
-22 -76 -25
PFOW
44
111
4
-19 -70 -20
CM 8482
49
104
1
-26 -77 -27
PFOW
average
113
4
-17 -68 -18
HFR
0
120
4
-9
-81 -31
AWAC
average
110
1
-19 -71 -21
PFOW
average
113
5
-16 -68 -17
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A visual comparison of the tidal ellipses from the available datasets and OTPS
simulation is presented for both M2 (Figure 4.9) and S2 (Figure 4.11).Using the
profiling current meters and the PFOW data, ellipse inclination ε can be extracted
with depth. The M2 HFR ellipses are more elongated than both measured and
modelled ones, denoting a more emphasized bi-directional flow regime (Figure
4.9).

Figure 4.9 - M2 ellipses in the FIG. Ellipse properties estimated from the HFR observations
(HFR, black) are compared with those depth-averaged for both measurements (CM, red) and
models (PFOW, blue). The OSU Tidal Prediction Software (green, OTPS) simulations and
the nearest OTPS point (magenta, OTPSclo) to each location has been considered for the
comparison with the datasets processed in the present study.

At location 5, the depth-averaged measured inclination is not noticeably different
from the HFR one. While the PFOW inclination is almost equal to the measurement.
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M2 ε from the HFR analysis at location 4 is smaller when compared with the depthaveraged ADCP estimate. Here inclination is 110° (May-Oct) and 112° (Oct-Dec),
while the HFR observation shows a larger value of approximately 120°. The
confidence intervals eε are 1° and 2° for the first (4-1) and the second (4-2)
deployment period, respectively. The upmost bin measurement (9 m depth) at
location 4 is not considered. At this depth, the M2 inclination was 82° resulting 28°
smaller than the depth-averaged value, so the first available bin considered for the
analysis at mooring 4 is the one at 13 m below the surface.

Figure 4.10 - M2 inclination ε with relative error bars at location 5 (left) and 4 (right). The
comparison between HFR (black square), profiling current meter (green and red line for first
and second period at location 4, respectively, while red line a t location 5) and PFOW (blue
line) with the relive error bars (95% confidence interval) is shown. Depth-averaged value of the
measurements is coincident between the two periods of observation. Depth-averaged values of
both measurements (ADCPav and AWACav, i.e. yellow square) and PFOW post-processed data
(PFOWav, i.e. purple square) are also estimated.

Both profiling current meter measurements 4 and 5 exhibited a constant ellipse
inclination through the water column (Figure 4.10) and S2 (Figure 4.12). At
location 5, the data were collected as close as 25 m above the bed. Here, it is
possible to notice the influence of the bed on the current direction for M2 (Figure
4.10) and S2 (Figure 4.12). At Location 5, M2 ellipse inclination ε of the uppermost
bin (14 m) and HFR differ by only 4°. This shows a good agreement, considering
that the relative errors are 8° and 4°, for CM measurement and HFR observation,
respectively. At location 5, there is a moderate counter clockwise rotation at 33 m
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above the bed, which is partially noticeable from the PFOW simulations (Figure
4.10). On the other hand, comparing inclination values at each water depth, the
simulated inclinations are always larger along the water column. Here the PFOW
inclination has a similar trend and the bottom friction influences the data in
accordance with the measurements.
The same mechanism occurs at location 4, although the nearest bin here is 30 m
above the bed (Figure 4.10). The M2 eε (95% confidence interval of the inclination)
estimated from the profiling current meters are generally smaller than those
simulated with PFOW at location 4. Here, a minimum eε of 2° (49 m depth) and a
maximum eε of 5° and 4° at the upmost observation (13 m). On the contrary, at
location 5, the error bars from the measurements are found larger than those
predicated with the model. Here, the maximum eε measured is 8° (14 m depth) and
at location 4 this is 5° and 4° (13 m depth) for May-Oct and Oct-Dec deployments,
respectively.
The overall eε of M2 measured at the moored current locations is between 2° (49 m
at mooring 3) and 1° (102 m at mooring 7). Although these values were measured
at different depths, at least 30 m below the surface, the maximum difference
between the inclination from observed current meter and HFR measurements is 6°
at location 7. As mentioned, location 7 is within the area where HFR data
uncertainty is significant, except for a particular position close to the current meter.
At location 3, M2 inclination ε tends to increase (counter clockwise) from the
bottom to the surface. Although the near-surface current observation is at 37 m
depth, the inclination difference between the HFR and current meter measurements
is 12°, and the eε is 2° for both instruments. At location 3, the PFOW agrees with
the measurements (Table 4.4).
At location 1, M2 inclination estimated with the HFR observations differs by 1° and
2° with the CM measures for the period May-Oct and Oct-Dec, respectively. The
eε is 1° and 2° for the current meters and the HFR. These findings suggest the HFR
well observe the tidal currents at these locations. Similar values are found at
location 2 (Table 4.4), where the difference between HFR and CM In terms of M2
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inclination is 4° (May-Oct) and 3° (Oct-Dec). Here, current meters worked for a
longer period with a few hours of gap between the first and the second deployments,
at the same position and same measurement depth. The results of the analysis for
all the 7 months at location 2 does not show any difference in terms of semi major,
semi minor axes and inclination.
Conversely from M2 inclination, the S2 inclination extracted by HFR data shows an
underestimation at each location (Table 4.5 and Figure 4.12).

Figure 4.11 - S2 ellipses in the FIG. Ellipse properties estimated from the HFR observations (HFR,
black) are compared with those depth-averaged for both measurements (CM, red) and models
(PFOW, blue). The OSU Tidal Prediction Software (green, OTPS) simulations and the nearest
OTPS point (magenta, OTPSclo) to each location has been considered for the comparison with the
datasets processed in the present study.
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Table 4.5 - Comparison of dataset regarding the S2 tidal inclination (ε) and maximum
variance (θ, estimated by using the EOF) and relative derived angles α and β, respectively

Pos.
5

1

2

6

7

3

4

System Depth (m) ε (°) eε (°) α (°) θ (°) β (°)
HFR
0
167
5
110 12
63
AWAC
average
175
6
89
-9
42
PFOW
average
170
11
40
-71 -21
HFR
0
163
4
73
-8
82
PFOW
4
169
6
40
3
48
CM 8471
30
165
3
75
-15
75
CM 8561
31
164
5
74
-15
75
PFOW
30
175
11
46
-6
44
PFOW
average
169
7
39
-8
42
HFR
0
163
4
73
-7
83
PFOW
4
170
9
40
-9
42
CM 8471
30
166
3
76
-15
75
CM 8561
31
168
3
78
-13
77
PFOW
28
167
11
38
-10
40
PFOW
average
169
6
40
-10
40
HFR
0
119
5
29
-58
32
PFOW
5
127
17
-3
-52
-2
CM 7571
36
114
3
24
-66
24
PFOW
32
123
11
-7
-57
-6
CM 7642
89
125
3
35
-57
33
PFOW
87
125
7
-5
-57
-7
CM 7572
99
123
4
33
-61
29
PFOW
average
124
9
-6
-56
-5
HFR
0
125
4
35
-55
35
PFOW
5
142
8
13
-40
10
CM 7571
49
129
5
39
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Figure 4.12 - S2 ε with relative error bars at location 5 (left) and 4 (right). The comparison
between HFR (black square), profiling current meter (green and red line for first and second
period at location 4, respectively, while red line a t location 5) and PFOW (blue line) with the
relive error bars (95% of confidence) is shown. Depth-averaged value of the measurements is
coincident between the two periods of observation. Depth-averaged values of both measurements
(ADCPav, i.e. yellow square) and PFOW post-processed data (PFOWav, i.e. purple square) are
also estimated.

The S2 inclination uncertainty (eε) extracted from the CM at location 5 is larger
than this simulated with the PFOW. The eε is constant, and the PFOW also had
similar ε compared to the observations. HFR inclination agree well with the model
and slightly underestimates the S2 inclination. At location 4, HFR also well agrees
with both the depth-averaged CM and PFOW in terms of S2 inclination and estimate
uncertainty (Figure 4.12).

EMPIRICAL ORTHOGONAL FUNCTIONS
In this section the orthogonal functions will be discussed as method to describe a
spatial and temporal variability of the time series of currents. This technique is
commonly called Empirical Orthogonal Analysis (EOF) and its strength is to reduce
variability of vector time series through their rotation along the principal
customized axis (Emery and Thomson, 1998).
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Assuming that the mean-square amplitudes ai are described by the variance λi in
each orthogonal mode:
N

1
λi = ai (t)2 = ∑ [ai (tn )2 ]
N

(4.1)

n=1

The overbar amplitude ai(t) of the ith orthogonal mode at time t = tn (1 ≤ n ≤ N)
represents the time-averaged value. The matrix notation describes the EOFs Φ:
(4.2)

CΦ - λIΦ = 0

Where C is the covariance matrix and I is the unity matrix. The association between
the principal axes of variance with a major axis is the main problem. However, here
the east direction is considered the axis of reference in order to keep the time series
rotation simpler.
For each direction, the deviation (u’ and v’) of the velocities were obtained by
removing the respective means u and v from the observed u and v. The eigenvalue
problem (4.2) describes the velocity component uncorrelated along the principal
axes, (Emery and Thomson, 1998) and for a 2D scatter plot can be expressed as:
C
| 11
C21

C12 φ1
λ
|| |=| 1
C22 φ2
0

0 φ1
|| |
λ2 φ2

(4.3)

Where Cij are components of the covariance matrix and φ1 and φ2 are eigenvectors
associated with λ1 and λ2:
N

1
Cij = u' v' = ∑ u' v'
N
n=1
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The solution of the previous equation is a quadratic:
2

(4.5)

λ2 - (u'2 +v'2 ) λ+u'2 v'2 -u' v' = 0

Where the two roots λ1 and λ2 (eigenvalues) correspond to the variances of velocity
fluctuations along the major and minor axes:
1

2 ⁄2
1
𝜆1
} = {(u'21 + u'22 ) ± [(u'21 - u'22 ) + 4 (u'21 u'22 ) ] }
𝜆2
2

(4.6)

By definition, the orientation of the two axes is orthogonal and θ (Figure 4.13)
corresponds to the angle along which the sum of the squares of the normal distances
to the data points u’ and v’ is maximum:

θ=

1 -1 2u' v'
tan [
]
2
u'2 +v'2

(4.7)

This angle of maximum variance is in the range 0-90° (Kundu and Allen, 1976).
The definition of the angles α and β hep to distinguish the angle between the ellipse
orientation and velocity vector relative to the Maximum Transport Line (MTL) in
the FIG, respectively.
β = 90°- γ + θ

(4.8)

α = ε - 90° - γ

(4.9)

Where γ is the orientation angle of the FIG Line (FIGL) and eastward direction
(40°). This angle is meaningful for geometry purposes (Figure 4.13). The
conventional MTL is perpendicular to the FIGL that joints the HFR stations. The
maximum transport line does not represent the direction of the maximum transport
adopted in this study. In this regard, please see Chapter 6 for further details.
105

CHAPTER 4: TIDAL VARIABILITY IN THE FIG

Figure 4.13 – Map showing angle definitions in the FIG: the angle incidence relative to the
maximum transport line (MLT) for both main velocity direction (β) and ellipse orientation (α).
The figure also shows the angle of maximum incidence (θ) of velocity vector and the ellipse
orientation (ε), both relative to the east direction. The “+” and “-“ symbols represent the
positive and negative wise rotation of velocity direction (or ellipse’s orientation), respectively.
The green (tip of Orkney) and yellow (bottom of Shetland) circles indicate NRON and SUMB
station, respectively.

The angle of maximum variance, θ, is obtained by maximising the sum of squares
of the velocity fluctuations u’ and v’ (Emery and Thomson, 1998). This approach
does not deal with nonlinear transformation and complex noise, which may be
correlated. Perhaps, the latter may affect the current analysis. However, the
evidence of the correlation between α and β, which respectively depend from ellipse
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inclination and velocity (Figure 4.13), is found during the result examination (Table
4.4 and Figure 4.14).

Figure 4.14 - Representation of α and β estimated from the measurements at each location. α
is indicated by the color of the relative location: 5 (dark green), 6 (azure), 7 (orange), 4 (blue)
and 3 (light green), while β is indicated by the red symbol. Triangle and circle represent first
and second period of the analysis, respectively. The bottom depth is also shown (indicated by
the number of the location). Values at location 1 and 2 are overlapped and processed at the
same depth (Table 4.4).

Error bars (95% confidence intervals) of the defined angles α are estimated at each
location and for each period of the analysis regarding the inclination of the ellipses
(ε). No error bars were calculated for the angle β (based on the maximum variance
angle θ). The comparison between α and β values highlights that complex noise
does not affect the angle of maximum variance θ estimate. The error bars of α
wholly include β, except at location 4 below mid-depth (during the period Oct-Dec,
between 57 and 77 m, and May-Oct at 49 m and 77 m). The latter marginally fall
outside the error bars (< 0°) and between October and December β is outside the
error bar by 1° at 68 m depth (Figure 4.14). At location 5, β matches well with α,
although the difference increases approaching to the bottom. Here, at 50 m the
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difference between the two estimated angles is < 0° and reaches 2° at 102 m. The
difference in α between the upmost measurement (14 m) and HFR is 4°. This shows
a small clockwise rotation of the ellipses at the top layer, in a good agreement
between the instruments, considering that the errors are 8° and 4° for the CM and
the HFR, respectively.
At location 4, the first available bin considered for the analysis is at 13 m depth. As
mentioned, locations 6 and 7 fall within the area where the HFR system did not
collect enough data, except for a particular position near to location 7 (400 m from
the HFR observation). At location 1 and 2, despite the depth difference between the
current meter (30 m depth) and the HFR, α and β almost overlap (Table 4.4).

DISCUSSION
The past spatial distribution of long-terms velocity measurements in the FIG
presented data gaps, and these are partially covered in this study. The difficulty to
maintain long-term in situ system in the area is mainly due to challenging wave
conditions and intense fishing activity (Turrell et al., 1990). The set of current
meters used during the present analysis has been also investigated in previous
studies (Davies and Furnes, 1980; Vindenes et al., 2018; Turrell et al., 1990; Otto
et al., 1990) in order to understand the circulation of the NNS.
Tidal ellipse parameters were estimated from each CM dataset, but the accuracy
depends on the length of the time series. The longer the dataset, the more precise is
the separation of the consecutive harmonic constituents. By using t_tide and
estimating the error (95% confidence interval) of the semidiurnal constituents
parameters, the larger uncertainty is found in the PFOW simulations. However, at
location 5, where a profiling current meter was deployed, the measured semi major
axis shows a variability through the water depth similar to those performed with the
model. The ADCP is not considered reliable in shallow water and data collected

108

CHAPTER 4: TIDAL VARIABILITY IN THE FIG

here was considered of low quality. PFOW time series are relatively short (15 days),
but these respect the minimum observation period described by the Rayleigh
criterion (Godin 1972; Foreman, 1977). This represents the minimum allowable
time span to include the separation between two tidal constituents fj and fk:
N(fj - fk ) ≥ R

(4.10)

Where N is the number of observation (hours). In the present case, fj and fk represent
the frequency of S2 and M2, respectively. The Rayleigh constant R is often set to 1
for observational time series (Foreman, 1977).
The uncertainty of the principal parameters of the semidiurnal constituents tends to
be larger for the PFOW. On the contrary, the tidal analysis performed on larger
datasets as for the one-year long HFR observations shows a standard deviation on
a range of approximately 90% smaller than the PFOW simulations (see Appendix
B for more information regarding the PFOW simulations over the long-year run,
which includes the meteorological forcing).
The M2 ellipses observed in the middle area of the FIG (location 7 and 6) show a
similar pattern to the ones estimated from the ADCP cruise calculated by Vindenes
et al. (2018). At these locations, the current meters provide an accurate estimate of
the depth-averaged M2 ellipses, in agreement with the PFOW. The model output
agreement in this region is due to the stronger tidal currents which exceed 0.6 m/s.
For both semidiurnal constituents there is evidence of the relationship between the
ellipse size with orientation and topography of the area of study. According to
Vindenens et al. (2018), ellipses estimated from the available datasets are smaller
at both boundaries of the FIG (i.e. location 5 in the NA and location 4 in the NS).
On the other hand, ellipses orientation tends to be aligned with the topography, and
semi major axes to be also led from the bathymetry in the inner part of the region
(i.e. location 6 and 7; Figure 4.9 for M2 and Figure 4.11 for S2).
The EOF technique supplements the tidal analysis by estimating the angle along
which the maximum variance is associated with the semi major axes. While the
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semi minor axes are associated with the remaining variance. The combination
between maximum variance and harmonic analysis suggests that ellipses
parameters, and more specifically, their orientation, are well estimated. These are
strongly related to the local topography. In the middle of the FIG (location 6) and
at the entrance of the NNS (location 4), where the ellipse is oriented along the 100
m isobath, the topographic influence is more evident. At location 4, the topographic
influence is considered constant over the water column as seen in both deployment
periods (4-1 and 4-2). Semidiurnal constituents analysed here present the same
behaviour in terms of orientation and a regular clockwise displacement from west
to east. The measurements guarantee an accurate estimate of the tidal parameters,
with the exclusion of the profiling current meter at location 5. In this regard, please
see Chapter 5 for a statistical intercomparison between in situ instruments, HFR
and PFOW.
These results show the behaviour of the main tidal constituents in both the NNS and
West Shetland Shelf. The calculation of the principal axes of variance shows a
good agreement with the semi major axes calculated from the harmonic analysis.
This highlights the dominance of the tidal processes in the circulation of the region.
The EOF estimated here statistically interprets the tidal forcing mechanism which
is usually more precisely estimated by the harmonic analysis (Parker, 2007). With
this said, a potential more in depth investigation of the modal analysis may give a
better representation of the actual current variability over the water column.
The phase of the semidiurnal constituents increases from west to east with no
exception, as observed in previous studies (Vindenes et al., 2018), revealing a
propagating pattern in agreement with the PFOW. The encouraging agreement
between the depth-averaged phase estimated from the current meters and this
simulated from the PFOW has not been observed before. Previous studies in the
Dover Straits (Prandle et al, 1993) found a phase difference of 30° for the M2 phase
between the HFR observations and the model, which is due to the inaccuracy of the
model along the open boundaries.
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Nonlinear interactions which involve M2 alone and M2 with S2, generate M4 and
MS4 overtides, respectively. The magnitudes of these overtides constituents (e.g.
M4) has not been investigated because those are not dominant in the region.
However, it is anticipated the influence of tide-surge interaction upon these
constituents (Prandle et al, 1993; Otto et al., 1990). So, the constituent M4 can be
furtherly investigated by using the HFR surface currents, which can quantify this
and other high frequency tidal constituents in the area of study.
Tidal mixing fronts investigated to East of Shetland and Orkney Islands were
established to be at a specific position during summer period until the surface
mixing brakes the front (Turrell et al., 1996; Hughes, 2014). Interannual variability
of jets have been previously investigated by using the HFR (Le Boyer et al., 2009),
showing how jets are associated with the bottom fronts. These reduce in intensity
when stratification is eroded in autumn, suggesting that density driven flow also
changes during this period. The expected seasonal cycle (Otto et al., 1990) between
the well mixed conditions in winter and the stratification in summer is however
uncertain into the east region of the FIG. The spatial surface circulation can
therefore help to observe the frontal position in area.
It must be considered that the PFOW used in this analysis was run with only river
runoff, tidal and oceanographic boundary conditions (i.e. without meteorological
forcing) for a period of 15 days. Since tidal forcing was included in the model run,
an additional error of the simulations may be taken into account because tides in
the coastal area vary over small spatial scale (Shulman and Paduan, 2009). In this
context, the impact of the HFR data assimilation on the model simulations can
produce positive results in respect of the current meters measurements, even in the
case of the meteorological forcing simulations.

111

CHAPTER 4: TIDAL VARIABILITY IN THE FIG

SUMMARY
The main characteristics of tides in the FIG are explained and the vertical structure
of the parameters agrees quantitatively with previous studies (Otto et al., 1990;
Vindenes et al,. 2018). There is a distinctive topographic division between the NA
side, FIG and NNS mainly influenced by the topography of these areas. The current
strength is related to these conditions and the dominance of the tides increases as
depth shallows.
In summary,
•

M2 HFR ellipses magnitudes are generally smaller and more stretched than
depth-averaged measured ones.

•

The dominant M2 constituent has an amplitude between 0.21 - 0.69 m/s
(depth-averaged), measured with the in situ instruments, and 0.16 - 0.50
m/s, observed by HFR system. The PFOW simulations are more similar to
the measurements in terms of amplitude which are between 0.21 m/s and
0.68 m/s over the area of study.

•

The angle α is estimated by using the harmonic analysis (Pawlowicz et al.,
2002) while β is evaluated with the principal axes analysis (EOF). These
methods present the same result with a decrease for both angles from west
to east, except at location 7 where the constriction of the FIG and the
influence of bathymetry are evident on the currents.

•

By comparing locations in the centre of the FIG (6 and 7), α (and β) differs
of approximately 10°. Analysing location 1 and 2, this change in ellipse
inclination is less evident (< 1°).

•

M2 ellipses are clockwise rotated as longitude decreases (west to east), as
observed by in situ measurements, HFR observations and PFOW data.

•

Comparing inclination values at each water depth, the PFOW estimate are
always larger along the water column.
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CHAPTER 5
VERTICAL COHERENCE OF THE VELOCITY
PROFILE
Several studies comparing HFR observations and in situ measurements provide
information about both assessment and improvements in HFR measurements
capability (Graber et al., 1997; Paduan and Washburn 2013; Shulman and Paduan,
2009; Robinson et al., 2011). However, some studies are based on radials and others
on total velocities (Chapman et al. 1997; Paduan and Rosenfeld, 1996; Ullman et
al., 2012; Lorente et al., 2015; Ebuchi et al., 2006).
In the present section, the consistency of the various data sources is investigated
with the inter-comparison of the velocity components between HFR, current meters
and PFOW output. The Chapter mainly aims to explore the vertical profile by
characterising the velocity observed at different depth levels. The analysis considers
multiple comparisons between measured depth-averaged velocities (uaver and vaver),
HFR data (uHFR and vHFR) and PFOW data. It was performed on a subset of data
coincidental between periods of both HFR antennas, in situ instruments and PFOW.
The current meters at locations 6 and 7 were operational in 2008/2009, and could
not be statistically correlated with the rest of the data collected between September
2013 and August 2014.
Finally, the vertical profiles are estimated in the HFR shadow area at locations 6
and 7, to better understand the interannual correlation between these various data
sources.
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TOTAL CURRENTS
Single point and profiling current meter measurements are collected on both an
individual depth measurement and depth-averaged basis. Mainly the latter is
considered in this section. The vertical profiles of the residual currents are estimated
at locations 4 and 5 where profiling current meters (CM) were deployed (Figure
5.1).

Figure 5.1 – Study area. PFOW on whose bathymetry is based (colorbar with depth in m),
HFR (shading boundary Brahan HF Radar) domains and in-situ instrument locations are
shown in the figure. HFR domain includes both AWAC and ADCP location (Profiling CM
2013, 4 and 5, respectively), while PFOW is limited regarding location 5. Single point current
meters were deployed in 2008/2009 (Moored CM 2008/2009) and 2013 (Moored CM 2013).
Location 3 has been dragged during the second period of monitoring between October and
December 2013.
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Measurements were consistent and continuous, and data were compared for periods
where both HFR observations and PFOW predictions were available. In Chapter 4,
a relatively short simulation period from a PFOW run with only river run, tidal and
oceanographic boundary forcing was used, as this was available at the time. For the
analysis here, the year-long PFOW model run was used. This included
meteorological forcing using ERA-Interim (from ECMWF), oceanic boundary
forcing, river forcing and tides (see section 3.2 for more details). The vertical
resolution of the PFOW output used in the present study had ten layers, evenly
spaced through the water column.

STATISTICAL APPROACH TO TAYLOR DIAGRAMS
A detailed comparison of the velocity components using statistical measures has
been carried out. The Centred RMSE, standard deviation and correlation coefficient
(r), were calculated and visualised using the method of Taylor (2001; Figure 5.2).

Figure 5.2 - Theoretical assumption for Taylor diagram of the
geometrical relationship between correlation coefficient (R in the
figure), centred RMSE (indicated as E in the figure) and standard
deviation is shown below. Reconstructed from Taylor (2001).
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In this case, r is the correlation coefficient between two variables fn and rn defined
at N discrete points:

1 N
∑n=1 (fn - f)(rn - r)
𝑟= N
σf σr

(5.1)

Where f and r expressed in Equation (5.1) are the mean values, σf and σr are the
standard deviations of the two time series f and r, respectively:

N

2
1
σf = √ ∑ (fn - f)
N

(5.2)

n=1

N

1
2
σr = √ ∑ (rn - r)
N

(5.3)

n=1

It is not possible to define the time series correspondence in terms of time and space
variation from the correlation coefficient (Taylor, 2001). The correlation coefficient
r is dimensionless and it lies between -1 and +1 (Emery and Thomson, 1998). The
interpretation of the correlation coefficient, as well as for additional statistical
parameters (i.e. complex correlation CC), adopted in this study will be “strong” or
“very high” (r ≥ 0.90), “high” (0.90 < r < 0.70), “moderate” (0.70 < r < 0.5) and
“low” (r < 0.5). The RMSE is calculated following the Equation (5.4), and
corresponds to the centred RMSE:

N

1
RMSE = [ ∑ (fn - rn )2 ]
N
n=1
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The correlation coefficient r defines the goodness of fit (“resemblance” of the
curve) but it is not sensitive of the difference of the means. RMSE takes into account
the difference between the means and is less sensitive to the goodness fit; standard
deviation defines the variation of data from the mean value.

OBSERVATIONAL PERIOD AT CURRENT METER LOCATIONS
For validation purpose, the vertical profile has been compared at location 4 in two
distinctive periods, as the profiling current meter (AWAC) was deployed in two
periods with 13 hours gap in-between (Table 5.1). At location 5, there is a single
period of overlap between profiling current meter (ADCP), HFR and PFOW
(Figure 5.1). Furthermore, mooring 5 is located out of the PFOW domain and
almost at the edge of the HFR domain (Figure 5.1).

Table 5.1 - Deployment information for AWAC and ADCP locations (4 and 5) during their period
of comparison with HFR and PFOW. Periods 4-1 and 4-2 indicate the two separate periods of intercomparison at location 4.

Lat
(N)

Lon
(W)

Depth
(m)

Instr.
Depth (m)

Compared
period

60°13.40'

3° 28.47'

131

114

1/09/2013 - 4/10/2013

59°16.97'
59°16.98'

0° 42.14'
0° 42.14'

124
124

94
94

1/09/2013 - 9/10/2013
9/10/2013 - 10/12/2013

Pos.
5
4
4-1
4-2

Figure 5.3 shows the three time series of the depth-averaged velocity’s east and
north components, u and v respectively. The north-south HFR hourly time series at
location 5 shows an irregular pattern, which includes several spikes and circa 8%
of data gap.
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Figure 5.3 - Comparison of raw hourly time series at location 4-1 and 5. The profiling current
meter depth-averaged velocity components (CMav, red) are compared with HFR observations
(HFR, black) and PFOW depth-averaged output dataset (PFOWav, blue). The upper and bottom
panels of each location show the East and North component, respectively. Variability of the time
series at location 4 during the second period of observations (4-2) is highly correlated with the
time series 4-1. Therefore, the period 4-2 is not shown.
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Profiling current meters (locations 4 and 5) allow a more precise characterisation
of the velocity profile thanks to the continuous observations though the water
column. The hourly total velocity vectors extracted from the CODAR system are
compared with both available profiling current meters data. Time series of depthaveraged velocities uav (and vav) and surface velocities usur (and vsur) from AWAC
were initially compared. However, the upper measurement (13 m below the surface)
at location 4 has a large proportion of missing data (> 90%). Consequently, the next
closest AWAC measurement (17 m below the surface) is used for the analysis.
The AWAC observations show a relationship throughout the water column: the
standard deviation increases from the bottom to the surface showing a proportional
increase of the variability in the current. Comparison of both u and v shows low
RMSE, mostly between 0.04 and 0.08 m/s (Figure 5.4 and Figure 5.5).

Figure 5.4 - Taylor diagram of total velocities on an hourly basis at location 4 during the first
period 4-1 (1/09/2013 – 9/10/2013). AWAC depth-averaged velocities uav (left-hand panel) and
vav (right-hand panel) are compared with profile AWAC measurements, HFR observations and
PFOW values (i.e. PFOWav and PFOWsur are PFOW depth-averaged velocity and upmost
estimated value, respectively).
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At location 4, the correlation coefficient between the individual depth level and the
depth-mean velocity decreases as the measurement approaches to the surface.
However, r is regularly greater than 0.8 and 0.9 for u and v, respectively. During
the first deployment (4-1), the correlation coefficient between the depth-averaged
velocity and HFR, r is high (0.7) for both East and North velocity components.
RMSE is small if compared with previous studies where the coefficient was found
between 0.06 - 0.3 m/s (Paduan and Washburn, 2013; Chapman et al., 1997;
Lorente et al., 2015). At location 4 (4-1), PFOW depth-averaged velocity
components agree well with the current meter measurements. Here, the correlation
coefficient was found very high (r > 0.9) and RMSE lower than 0.08 m/s (Figure
5.4). The overall high correlation between the current meter measurements and the
depth-averaged values is consistent throughout the vertical profile. Results from the
second deployment period at location 4 (4-2) confirm the outcome described above.
(Figure 5.5).

Figure 5.5 - Taylor diagram of total velocities on an hourly basis at location 4 during the second
period 4-2 (9/10/2013 – 10/12/2013). AWAC depth-averaged velocities uav (lef-hand panel) and
vav (right-hand panel) are compared with profile AWAC measurements, HFR observations and
PFOW values (i.e. PFOWav and PFOWsur are PFOW depth-averaged velocity and upmost
estimated value, respectively).
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A good agreement occurs from 9/10/2013 to 10/12/2013 between current meter
depth-averaged velocities and single depth measurements (location 4, 2nd
deployment). Their correlation coefficient with uav was high (0.81 - 0.96), and
strong with vav (0.94 - 0.98). There is no variation in the current and standard
deviation remained almost constant, 0.12 - 0.14 m/s and 0.21 - 0.23 m/s for u and
v, respectively. Although the small variation of RMSE may reflect a deviation from
the mean value with depth, it can be considered negligible (between 0.04 and 0.08
m/s) for both u and v with depth. The correlation coefficient between HFR and
current meter depth-averaged values shows similar results for both deployment
periods at location 4. A very high correlation (r > 0.9) between in situ
measurements and PFOW is found for both velocity components (Figure 5.4 and
Figure 5.5).
Profiling current meter measurements at location 5 are comparable to the HFR and
PFOW for a single period, i.e. 1/09/2013 – 4/10/2013 (Figure 5.6). The variability
of both u and v increases closer to the surface as shown by the regular increase of
the standard deviation.

Figure 5.6 - Taylor diagram of total velocities on an hourly basis at location 5. ADCP depthaveraged velocities uav (left-hand panel) and vav (right-hand panel) are compared with profile
ADCP measurements, HFR observations and PFOW values (i.e. PFOWav and PFOWsur are
PFOW depth-averaged velocity and upmost estimated value, respectively).
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At location 5, uav shows a very high agreement between 0.89 and 0.97 with the
single depth measurements. The correlation is high/strong for the North velocity
component (0.65 - 0.92). r is very low (< 0.2) when vav is compared with both
PFOW and HFR. The profiling current meter at location 5 is deployed
approximately 11 km from the closest available node of the PFOW domain. This
distance could be the cause for the reduced correlation between the current meter
measurements and the modelled data, particularly for v (Figure 5.6). Additionally,
the ADCP is most suitable for observations in deep water (500 m), and data
collected at this location was considered of lower quality than normally expected.
At location 4, the correlation between HFR and current meter is moderate and varies
from 0.6 to 0.7. The correlation is strictly related to the HFR station location and
its consequent radial orientation (Lorente et al., 2015; Robinson et al. 2011).
Discrepancy between East and North components is related to the geometry of the
combination of radials. At location 5, the prevalent current is eastwards, and the
radial orientation is nearly normal to this direction from both NRON and SUMB
station. This may be the main reason of a low correlation between current meter
and HFR velocities at location 5.
At locations 1, 2 and 3 the single point current meters worked during two separate
periods at each location (Table 5.2), with a gap of 12 hours between first and second
measurement period. For each location and period, statistics are extracted for
measurements when HFR and PFOW were also available. Locations 1 and 2 are
characterised by similar flow patterns, as highlighted by the similarity in the two
time series time series between measurements and HFR at these locations (See
Appendix C for more details). The direction of circulation is approximately along
the 100 m isobaths in a SW-NE direction (Turrell et al., 1990).
Single point measurements (location 1 ,2 and 3) were collected at about mid-depth
(31 m), and these are compared with the depth-mean current from the model
(PFOWav). Here, mid-depth values are likely to be closer to the depth-average
values than at the surface or near the seabed. A Taylor analysis is performed
between the depth-averaged measurements, HFR observations and PFOW dataset
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(Figure 5.7), and a high correlation (r > 0.85) is found. This high correlation
confirms a reasonably good agreement between the profiling current meter and
HFR/PFOW data at locations 1, 2 and 3 for both velocity components.

Table 5.2 - Deployment information for the single point current meter locations (1 ,2 and 3) during
their period of comparison with HFR and PFOW. Periods 1-1, 1-2, 2-1, 2-2, 3-1 and 3-2 indicate
the two separate periods of inter-comparison at location 1, 2 and 3, respectively.

Pos.
1
1-1
1-2
2
2-1
2-2
3
3-1
3-2

Lat
(N)

Lon
(W)

Depth
(m)

Instr.
Depth (m)

Compared
period

59° 55.59'
59° 55.60'

3° 02.71'
3° 02.72'

74
74

31
31

1/09/2013 - 8/10/2013
8/10/2013 - 11/12/2013

59° 45.31'
59° 45.31'

2° 49.70'
2° 49.71'

73
74

30
31

1/09/2013 - 8/10/2013
8/10/2013 - 11/12/2013

59° 09.11'
59° 15.76'

1° 32.51'
1° 31.34'

111
102

49
40

1/09/2013 -15/10/2013
15/10/2013 - 1/12/2013

Figure 5.7 - Taylor diagram of total velocities on an hourly basis at the single point current
meter location 1, 2 and 3. Measured velocities u (left-hand panel) and v (right-hand panel) are
compared with HFR observations and depth-averaged PFOW values (PFOWav) for each period
of the comparison. Each period is indicated by the number of the location (1-, 2- and 3-) and
period (1 or 2) in the legend.
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PFOW standard deviations proportionally increase with the relative velocity
component amplitudes: smaller u-velocities are found at location 3 (0.13 m/s) than
the ones at location 1 and 2 (0.25 m/s and 0.35 m/s, respectively). RMSE between
HFR and CM velocities are below 0.16 m/s at location 1 and 2 but values tend to
increase at location 3 (~ 0.28 m/s) for u.
The same uncertainty at location 3 occurs when the eastwards HFR velocities are
compared with the measurements (RMSE ~ 0.30 m/s). Here, the correlation
between HFR observation and uav is less significant (0.7). At locations 1 and 2, the
eastwards velocity components are strongly correlated between HFR and in situ
measurements (> 0.85). As expected, from the knowledge of the local circulation at
location 1 and 2, u-velocities and their standard deviations are bigger in amplitude
than those in northward direction. Here, the streamlines are more constrained to
follow the longitudinal direction due to the proximity of Orkney. The north-velocity
component’s correlation is higher at location 3 (r > 0.85) where flow direction is
mainly southwards due to the orientation of the bathymetry.
HFR observations are compared with the measured depth-averaged measurements
in order to investigate the potential constant current velocity though the water
column. This is partially confirmed from the comparison between the depth-average
and individual measurements at location 4 and 5, which suggests that the velocity
is constant with depth. Consequently, as a first approximation, the depth-averaged
currents may be considered as representative of conditions throughout the water
column at these locations (Figure 5.4 and Figure 5.5).
The differences of the time series mean indicates that HFR u velocity component is
overall higher than both CMav and PFOWav means at each location (Table 5.3),
while the HFR v-component is found slightly larger at locations 1, 3 and 4. Both
PFOWav velocity components are found close to CMav measurements, showing a
maximum difference of 0.04 m/s. In terms of speed, HFR observations are found,
always larger than the current meter (CMav) and model (PFOWav).
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Table 5.3 - Difference of the time series means for both velocity components East (u) and North (v)
during the period of comparison showed in Table 5.1 and 5.2. CMav and PFOWav indicate the depthaveraged velocity measured by the current meters and estimated by the model, respectively. At
location 1, 2 and 3, the measurements are collected at one single depth, while at the profiling current
meter locations 4 and 5, the CMav velocities are averaged through the water column. HFR indicate
the surface velocities observed from the HFR.

Pos.

CMav - HFR
(m/s)

CMav - PFOWav PFOWav – HFR
(m/s)
(m/s)

u

v

u

v

u

v

-0.07

-0.06

-0.03

<-0.01

-0.04

-0.06

-0.04 <-0.01
-0.04 <-0.01

<0.01
-0.02

<-0.01
-0.02

-0.04
-0.03

<0.01
0.01

-0.06
-0.06

-0.05
-0.01

-0.03
-0.02

-0.01
0.01

-0.02
-0.05

-0.04
-0.02

-0.07
-0.10

0.06
0.06

-0.02
-0.02

-0.02
-0.03

-0.05
-0.08

0.08
0.09

-0.02
-0.05

0.05
0.04

<0.01
<0.01

0.04
<0.01

-0.03
-0.05

0.01
0.04

5
1
1-1
1-2
2
2-1
2-2
3
3-1
3-2
4
4-1
4-2

RESIDUAL CURRENTS
The previous section compared the various current velocities as observed using a
statistical analysis. Here, the focus will be on the residuals, i.e. the remaining flow
velocity after the pure tidal currents have been filtered out. As in the previous
analysis, the overlapped periods are analysed when the profiling current meters
operated at location 4 and 5 (Table 5.1).
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There are two different ways for removing the tidal contribution to a signal:
1) by extracting the tidal constituents using a harmonic analysis of the initial dataset,
so the reconstructed tidal signal can be subtracted from the total signal;
2) by applying a filter, such as: Running-mean, Godin-type (Godin 1972), Lanczoswindow, cosine, Doodson-Xo (Parker, 2007; Pugh, 1987; Shirahata et al., 2016;
Thompson, 1983), or 38-h PL64 low-pass filter (Kaplan and Largier, 2006).
Using a low-pass filter will cut-off the high-frequency components, leaving the
low-frequency ones unaltered. For the current analysis, a 72-hour Godin filter is
applied (Godin, 1972). The filter discards the non-tidal energy and removes all daily
period variability due to principal tidal constituents investigated in Chapter 4. After
application of the filter, only the longer period components remain.
All datasets were subsampled to ensure an hourly interval, and a 72-hour Godin
filter applied (Thompson, 1983). The subsampling introduces a slight smoothing of
the original data (10 minutes sampling interval at locations 1, 2, 3 and 4, 20 minutes
at locations 5 and 30 minutes at locations 6 and 7). As a consequence of the
subsampling, the highest frequencies have already been filtered out by selecting
the values every hour (Emery and Thomson, 1998). Following Godin (1972) the
data are filtered successively three times with a running mean. The first and second
running mean is 24 hours in length, while the third one is 25 hours long:

A2n An+1
n2 (n + 1)

(5.5)

Where An and An+1 represent the average of n and n+1 consecutive data points,
respectively (Emery and Thomson, 1998). Residual velocity u and v are rotated by
the angle of maximum variance θ (estimated in Chapter 4) and considered as along(u’) and across-channel (v’) components respectively (Figure 5.8).
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Figure 5.8 – Map showing the trigonometric convention defined for the rotation of
the rotational matrix (Equation (5.6). θ is the angle of maximum variance along
which u and v are rotated (see Chapter 4 for more details about the estimate of θ).
As the convention here is trigonometric, θ is defined negative, and it is rotated
clockwise from the East direction (0°).

The trigonometric convention defines positive angles in counter clockwise
direction, with the residual velocity components u and v being oriented eastward
and northward respectively. The rotation of the reference to align u and v to the
along and across-channel, respectively, is clockwise implying a negative angle, – 𝛿.
The negative angle can be transposed into a positive angle 𝜃 =– 𝛿 by using the
rotational matrix given in Equation (5.6).

cos θ sin θ
]
- sin θ cos θ

R(-δ) = [
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Thus, the along and across-channel components are estimated as follow:

u' = u cos θ + v sin θ

(5.7)

v' = - u sin θ + v cos θ

(5.8)

The angle θ is chosen as principal axis angle along which the main flow is orientated
at each grid point (Emery and Thomson, 1998), as determined from the EOF
analysis in Chapter 4.

COMPLEX CORRELATION
This section builds on the previous analysis by analysing the residual velocities
obtained after filtering out the tidal signal. Comparison between the in situ
measurement and HFR observations is carried out for the hourly residual time series
u and v at the profiling current meter locations 4 and 5 (Figure 5.1). The rotation
angle θ (clockwise from East, see previous section) is related to the main direction
of the flow at each location (Figure 5.8). The principal axis angle is determined
from the depth-averaged (location 4, 5, 6 and 7) and single point (location 1, 2 and
3) values of in situ measurements. These angles are considered for the analysis for
each dataset, including HFR observations and PFOW data.
At both locations 4 and 5, the model predictions are compared with the closest
measurement at each water depth. At each depth, the complex correlation (CC) and
its angular displacement ξ are estimated using the approach outlined by Kundu
(1976) and further expanded by Paduan (2004) and Shulman and Paduan (2009).
The complex correlation is estimated as follows:

CC = √Re2 +Im2
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Re and Im represent the real and imaginary part of the vector, respectively:

Re =

∑t (u' o u' m + v' o v' m )
√∑t (u' o 2 +v' o 2 ) ∑t (u' m 2 +v' m 2 )

(5.10)

∑t (u' o v' m - v' o u' m )

(5.11)

Im =

√∑t (u' o 2 +v' o 2 ) ∑t (u' m 2 +v' m 2 )

Where u’o and v’o are the observed along and across-channel velocity components,
and u’m and v’m are along and across-channel velocity components to compare,
respectively. Here u’m and v’m represent either PFOW or HFR data to compare with
the CM measurements. Previous approaches considered the demeaned value
relative to the East and North components (Paduan, 2004; Shulman and Paduan,
2009) giving similar results.
The angular displacement ξ, called also phase angle, is calculated as follow:

ξ = tan-1

∑t (u' o v' m - v' o u' m )
∑t (u' o v' m + v' o u' m )

(5.12)

The angular displacement ξ indicates the averaged positive angle difference
(counter clockwise) between the in situ observations and compared dataset. A
further parameter is added in order to estimate the measure of the error: RMSEvec
is calculated based on the along and across-channel difference between
observations and compared dataset (PFOW or HFR):

RMSEvec = ∑

√(u' o - u' m )2 + (v' o - v' m )2
N

N
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The estimate of RMSEvec evaluates the average difference between along- (u’) and
across-channel (v’) time series. This error is based on vector speed components
(Paduan, 2004; Shulman and Paduan, 2009) instead of a single RMSE estimated for
each velocity components u’ and v’.
In the first instance, the magnitudes of CC, ξ and RMSEvec as a function of depth
relating to profiling current meters and PFOW is estimated at both locations for the
three periods of analysis. The shallowest observation at location 4 is 13 m below
the surface, while it is 6 m for PFOW (Table 5.4). At location 5, the shallowest
observation is 14 m below the surface, and 7 m for PFOW. However, at both
locations for all the remaining depths, a minor depth difference between model and
single profiling current meter measurement depth (up to 5 m) occurs (Table 5.4).
PFOW calculates the velocity up to 120 m and 131 m at location 4 and 5,
respectively (as defined by the model bathymetry). Measurements were made more
superficially compared with the PFOW (102 m at location 5 and 84 m at location
4). Therefore, the velocity calculated by the model below the depth of 105 m (at
location 5) and 90 m (at location 4) were not included in the comparison.

Table 5.4 - Depth comparison between profiling current meters and PFOW datasets. Period 4-1
(1/09/2013 – 4/10/2013) and 4-2 (9/10/2013) are processed in the same way. The deepest level of
the PFOW modelled could not be compared with observations (Not shown). The angle of principal
axis θ is depth-averaged from the instrument observations and considered also for the PFOW
dataset analysis.

Pos.
5
ADCP
PFOW
4-1, 4-2
AWAC
PFOW

θ
(°)

Depth
(m)

Not
shown

-9
-9

14
7

22
21

34
35

44
48

62
62

78
76

90
90

102
104 118 131

-71
-71

6
13

19
17

31
33

44
45

57
57

69
69

82
81

94
89
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There is an high correlation between the in situ observations and PFOW during the
deployment 4-1 (CC > 0.7). Generally, RMSEvec increases with depth suggesting a
larger uncertainty due to non-tidal processes, such as change in water density or
temperature (Figure 5.9).

Figure 5.9 - Estimate of complex correlation CC, angular displacement ξ and
RMSEvec at location 4 during 4-1 (top) and 4-2 (bottom) period of study for u’ and
v’ between the profiling current meter and the PFOW. PFOW values are estimated
at the closest level to the observation depth (Table 5.4). The deepest observation
is 94 m below the surface while PFOW calculates the velocity field until 119 m
below the surface.
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During the deployment period 4-2, both the CC and RMSEvec are similar to the first
period at location 4. Angular displacement ξ is always positive which indicates a
counter-clockwise rotation of the current meter measurements relative to the PFOW
vectors (Figure 5.9).
Location 5 is 11 km away from the closest available PFOW grid point.
Consequently, the CC is low (< 0.5). RMSEvec has the same magnitude as at
location 4 (~ 0.06 m/s) highlighting a small variation throughout the area between
location 5 and the north-west area of the PFOW domain (Figure 5.10). Furthermore,
the angular displacement is between -30° and 0° at each depth along the water
column, except for the uppermost point where it is positive. According to Paduan
(2004), the angular displacement is meaningful only if CC is high.

Figure 5.10 - Estimate of complex correlation CC, angular displacement ξ and
RMSEvec at location 5 for u’ and v’ between the profiling current meter and the
PFOW. PFOW values are estimated at the nearest level to the observation depth
(Table 5.4). The deepest observation is 102 m below the surface while PFOW
calculates the velocity field until 131 m below the surface.

The profile values closest to the surface are compared with the HFR observations
at both locations 4 and 5. At location 4, the CC is moderate for both deployments
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(0.61 for 4-1 and 0.57 for 4-2), and low at location 5 (0.34). At location 4, ξ is -9°
(4-1) and -6° (4-2). Here, RMSEvec (0.04 m/s) are slightly smaller than those
between the profiling current meter and PFOW at the upper measurement (14 m
and 6 m, respectively). The same results are found at location 5, where RMSEvec is
lower (0.04 m/s) and the angular displacement ξ has the same magnitude founded
at the previous location (-8°).
Looking at the correlation between HFR and the nearest PFOW’s closest point to
the surface, the complex correlation is high at location 4 during both periods of
study, giving 0.86 (4.1) and 0.74 (4.2). PFOW vectors are rotated clockwise relative
to the HFR ones (ξ is 29° and 27° for 4-1 and 4-2, respectively). At location 5 the
same comparison shows a CC of 0.87 with a phase angle of 21° between HFR and
PFOW vectors.

SINGLE POINT CURRENT METERS
At the single point current meter locations (1, 2 and 3), both East (u) and North (v)
residual velocity components are rotated by the principal axes θ estimated from the
measurements (Emery and Thomson, 1998). Both HFR and PFOW data have been
rotated by this angle in order to obtain along and across-channel velocity
components at each location (Figure 5.10).
The analysis confirms that a high correlation is found between PFOW at the closest
sigma level of reference (PFOWsig) and current meter measurements (Table 5.5).
At locations 1 and 2 the instruments were deployed 31 m deep and PFOWsig is 33
m deep. At both locations the angle of principal axis is very similar. Correlation
coefficient CC is high for all the periods of study (Table 5.5) with the exception of
the first deployment at location 2 (2-1) where CC is 0.65. The relationship between
instrument and HFR is higher with a CC of 0.77. As previously observed at location
4 and 5, the phase angle between measurements and HFR dataset is always negative
(Table 5.5). At location 3, the CC between measurements and model at the same
depth is slightly lower during the first period of study. Here, HFR data shows a
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higher CC (0.68). However, during period 3-2, HFR observations show an
exceptional RMSEvec when compared with the instrument dataset (0.14 m/s). The
negative phase displacement shows an overall clockwise rotation of the HFR from
the PFOW vectors. Despite the depth interval between surface and current meter,
HFR observations are strongly correlated to the instrument values.

Table 5.5 - Estimate of complex correlation CC, angular displacement ξ and RMSEvec at single point
current meter locations between CM and HFR (or PFOW). θ represents the principal axis of the
current along which the residual time series are rotated. PFOWsig is referred to the nearest sigma
value of the model along the water column.

Pos. θ (°)

CC
HFR
PFOWsig

ξ (°)
HFR
PFOWsig

RMSEvec (m/s)
HFR
PFOWsig

1
1-1
1-2

-14
-15

0.74
0.82

0.88
0.90

-5
-9

8
3

0.04
0.07

0.03
0.05

-15
-13

0.77
0.80

0.65
0.92

-15
-34

5
9

0.05
0.09

0.06
0.03

-77
-76

0.67
0.77

0.63
0.82

-43
-50

-10
-5

0.06
0.14

0.06
0.05

2
2-1
2-2

3
3-1
3-2

Moreover, a good agreement is found between HFR and PFOW upper values at
each of the three locations investigated. CC is very high between 0.92 and 0.84 at
location 1 (periods 1-1 and 1-2, respectively) and its angular displacement is 16°.
At location 2, CC between the HFR observations and PFOW is high and larger than
0.70 for both periods of analysis, showing an angular phase between 20° and 37°,
and RMSEvec equal to 0.09 m/s. At location 3 a slightly lower CC (0.65 to 0.75) is
not emphasised by a lower RMSEvec from 0.04 to 0.09 m/s and phase ξ from 16° to
32°.
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SPATIAL PATTERN OF CORRELATION
The previous sections studied the coherence and point correlation of the data
between in situ instruments (profiling and single-point current meters), HFR and
PFOW. This section focusses on spatial correlation between HFR and PFOW.
Marine Scotland Science provided PFOW output interpolated at each grid point of
HFR domain, filtered, using a 72-hour Godin low-pass filter, and daily averaged.
The resulting grid therefore fits exactly the HFR domain whose grid point values
were also filtered and averaged using the same techniques.
The spatial pattern looks at the North (u) and East (v) residual velocity components.
Therefore, the standard deviation and RMSE spatial distribution are calculated from
the original residual time series at each grid point. PFOW depth-averaged residual
velocities (uPFOW and vPFOW) and HFR residual components (uHFR and vHFR) are
compared throughout the area of study (Figure 5.11).
Standard deviation relative to u estimated from the HFR observations is stronger on
the NA area of the FIG, while the one relative v is larger to the NNS side. A larger
variability of the u-component is coincident with the location where the ADCP
(location 5) was deployed. Here, the complex correlation between upmost ADCP
(19 m) and HFR observations is 0.34 which is the lowest CC value estimated in this
analysis. The NNS side of the FIG shows a stronger u-component standard
deviation around location 4. Here, the low correlation between HFR and AWAC is
explained by the high variability (high standard deviation; Figure 5.11).
PFOW mean u and v spatial distribution are comparable with the HFR while their
standard deviations present different patterns. The latter is more pronounced on the
NA side and NNS side for uHFR and vHFR components, respectively. Variability of
both PFOW residual components associated with a stronger mean circulation are
concentrated around the areas where both profiling current meters were deployed.
The geometrical combination of radials coupled with the current direction
(eastwards at location 5 and southwards at location 4), may cause more uncertainty
in estimating the HFR dataset and therefore the CC with the PFOW.
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Figure 5.11 - Spatial distribution of HFR and PFOW residuals. The top
four graphs show the mean and standard deviation (std) of the residual u
(east) component, and the bottom four graphs the same for the residual v
(north) component. The left column applies to HFR and the right column
to PFOW depth-averaged residual velocities.
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Figure 5.12 – Complex correlation CC, phase angle
ξ (degrees) and RMSEvec (m/s) between HFR and
depth-averaged PFOW residuals.

137

CHAPTER 5: VERTICAL COHERENCE OF THE VELOCITY PROFILE

The complex correlation and phase displacement between HFR and depth-averaged
PFOW are estimated at each grid point of the domain common to HFR and PFOW
(Figure 5.12). CC are moderate/high in the vicinity of the single point current
meters (1, 2 and 3) with most of the points showing values above 0.6 on the NA
side where zonal velocities are larger in magnitude. These values are larger at the
East border of the PFOW domain in relation to a lower RMSEvec (Figure 5.12).
Although the pattern shown by CC is almost uniform, the phase difference ξ shows
a marked variability across the domain, with highest positive values mostly
concentrated in the middle of the FIG. A similar distribution of RMSEvec is found
and, as expected, it reaches its peak in the vicinity of the baseline, where there is
more uncertainty in the HFR observations as the radials between the two HFR
stations are almost aligned. Not surprisingly, CC distribution on the south-east edge
of the HFR domain is close to zero and a larger phase angle difference occurs in the
same area. This reveals the potential mismatch between HFR and PFOWav where
persistent eddies are identified (Holt and Proctor, 2008; Svendsen et al., 1991).
However, the CC is strong throughout the area of study indicating that HFR vector
currents are in good agreement (> 0.7) with the depth-averaged PFOW dataset.

CURRENT METERS IN THE SHADOW ZONE
Additional single-point current meters were deployed in 2008 and 2009 in the
middle of the FIG at locations 6 and 7. These locations were not taken into
consideration in the previous analysis, partly because they are in the shadow zone
of HFR (see Chapter 3 for more details), but mainly because the instruments were
monitoring during a different period, in 2008/2009, which is not statistically
comparable with HFR and PFOW. However, the data collected at locations 6 and 7
can provide complementary information on the flow structure in the FIG. The
measurements will be compared with the available datasets from HFR and PFOW
at the same locations. At each location, a one-year observational period allows a
significant period of investigation on the velocity profile in the inner part of the
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FIG. Current observations at location 6 and 7 were collected in two separate periods
at three different depths (Table 5.6). HFR observations were collected for 90% of
the 2963-hour measurements at both locations. CM measurements have a full
coverage of data at both locations and measurement depths. The period considered
for the present analysis is between 7/05/2008 and 27/09/2008 at both locations,
when two measurement points were available through the water column (Table 5.6).
Table 5.6 - Deployment details of single-point current meters in the shadow area. Both locations
have one period of activity with two points of observations (6-1, 6-2 and 7-1, 7-2). A second period
of observation is carried out at a single depth (6-3 and 7-3), due to mooring losses. Both locations
present a measurement point 5 m above the bottom and a second one approximately in the middle
of the water depth.

Pos.
6
6-1
6-2
6-3
7
7-1
7-2
7-3

Lat
(N)

Lon
(W)

Depth
(m)

Instr.
Depth (m)

Compared
period

59° 28.33'
59° 28.33'
59° 28.29'

2° 1.79'
2° 1.79'
2° 1.83'

104
104
102

36
99
89

7/05 - 27/09
7/05 - 27/09
27/09 - 8/05

59° 43.39'
59° 43.59'
59° 43.24'

1° 41.53'
1° 41.53'
1° 41.48'

117
117
115

49
112
102

7/05 - 27/09
7/05 - 27/09
27/09 - 8/05

In order to study the relationship between the near-surface (HFR) and in situ
velocities, the current meter data were filtered, and the resulting residual velocity
therefore rotated to the respective principal axes angle. Along- (u’) and acrosschannel (v’) components were obtaining following the same method as detailed in
section 5.2. These components are averaged over the period of study and used to
estimate the velocity at the surface by using the following linear equation:

U'sur =

(d1 - ds )
m

(5.14)

Where U’sur is the surface along or across-channel component estimated, m the
velocity profile slope estimated by using the single point current meter
139

CHAPTER 5: VERTICAL COHERENCE OF THE VELOCITY PROFILE

measurements. d1 and ds are upmost depth relative to the measurement and sea
surface, respectively. The derived time series at the surface show a significant
difference in terms of phase with the most recent HFR observations (Figure 5.13).

Figure 5.13 – Along (u’) and across (v’) channel time series on hourly basis at location 6 (top)
and 7 (bottom) during the period 7/05 – 27/09. Current meter observation (CM) during 2008
are compared with HFR and PFOW (2013).
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Figure 5.14 – Residual velocity profiles along- (u’) and across- (v’) channel, at
location 6 (top) and 7 (bottom), from current meters (red), PFOW (blue) and
HFR (black) data. The upmost values of the measured profile (CM) are derived
by using the Equation (5.14). Error bars show the standard deviations.

The vertical profile of the along- and across-channel components can now be
estimated at location 6 and 7. The upmost residual velocity components u’ and v’
relative to the current meters show a strong agreement with the HFR observations
(Figure 5.14). At both locations 6 and 7, the HFR along-channel observations are
within the range of uncertainty of the current meter data, given by the standard
deviation (std). The PFOW vertical profile is close to the CM measurements along
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the water column, although the across-channel component derived from the current
meter measurements is larger than the HFR observation at location 7 (Figure 5.14).
The PFOW gives a more detailed profiles to be compared with the measured data.
A coincidence between HFR and PFOW at the upmost level is also noticeable, in
particular at location 7.

VERTICAL PROFILE AT LOCATIONS 4 AND 5
At location 4, the statistical analysis showed a strong agreement between the
AWAC measurements, HFR observation and PFOW dataset (see section 5.2.1).
This section compares the vertical profiles of the residual velocity, averaged over a
common period for the available datasets (AWAC, HFR and PFOW).
The linear fit of the measurements at location 4 between 13 m and 89 m below the
surface allows an extrapolation of the velocity components at the surface and the
bottom (Figure 5.15). As also observed at location 6 and 7, the mean residual
velocities decrease with depth during both periods 4-1 and 4-2, showing a similarity
between these two profiles. The along-channel velocity predicted by the PFOW is
slightly higher during the first period but shows smaller values for the acrosschannel velocities. However, both AWAC measurements and PFOW predictions
have the same magnitude and both upmost velocities approach to the HFR
observation (Figure 5.15).
The comparison of the velocity profiles has not been made at location 5 because
this location is outside the PFOW modelling domain and HFR observation are not
consistent at location 5 (see Chapter 3 and 5.2.1 for more details). Therefore, this
location does not guarantee a reliable comparison between the profiling current
meter and the other datasets.
In general, the profiling current meter, the PFOW and to a lesser extent the current
meters, show that a linear profile is a good approximation of the residual velocity
profile.
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Figure 5.15 - Along (u’) and across (v’) channel vertical profiles at the AWAC
location 4 during period 4-1 (top) and 4-2 (bottom). The upmost and deepest
values of the measured profile (CM) have been derived at the surface by using
the Equation (5.14). Error bars show the standard deviations.

NORMALISED PROFILE
The aim of this section is to resolve the profiles estimated at each of the available
locations and normalise them over both water depth and surface derived velocity.
A generic profile can be derived and applied to any HFR grid point. Velocity
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measured/derived through the water column u’ and v’ are normalised by the upmost
extrapolated values usur’ and vsur’, respectively. Similarly, the depth z, where the
velocities were measured, is normalised over the total water depth H. A linear
profile is determined at each location, using Equations (5.15) and (5.16):
y* = m U* + q
y* =

z
H

,

U* =

(5.15)
U'
U'sur

(5.16)

Where U’ and U’sur are the derived along (and across) channel velocities at each
depth z and at the surface, respectively, while U* is the ratio between these two
velocities (it varies at each z); m and q (i.e. -m) are slope and intercept of the
normalized profile, respectively. The resulting linear and normalised profiles for u’
and v’, at locations 4, 6 and 7 are shown in Figure 5.16 (in situ observations) and
Figure 5.17 (PFOW).

Figure 5.16 - Normalised profile from current meters/profiler for u’ (left) and v’
(right) at each available location. The respective linear equations are given next
to the legend with y* and U* expressing the coefficients derived from
Equations((5.15) and (5.16) for each profile. At each depth measurement u’and v’
are normalised over the upmost derived value u’sur and v’sur.
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The upmost values are extrapolated from the linearized equation (5.14) and applied
at location 4, 6 and 7. At location 4, the upmost measurement is 14 m deep during
both periods (4-1 and 4-2). Furthermore, bottom values are extrapolated from the
linearized equation between the measurement point (89 m) and the bed (124 m).
The slope of both velocity components is found among the normalised profiles
derived at all the locations considered (Figure 5.16).

Figure 5.17 - Normalised profile from PFOW for u’ (left) and v’ (right) at each
available location. The respective linear equations are given next to the legend
with y* and U* expressing the coefficients derived from Equations (5.15) and
(5.16) for each profile. At each depth measurement u’and v’ are normalised over
the upmost derived PFOW value u’sur and v’sur.

Across-channel normalised profiles show a similar pattern at location 6 and 7. This
is due to the constriction of the flow across the FIG (Figure 5.16). While at location
4, the similarity in slope is observed by comparing the two periods of observation.
However, during the period 4-1, negative values at the bottom are estimated (Figure
5.16). The same method is used to calculate the PFOW normalised profiles at the
same locations and periods (Figure 5.17). Along-channel linearised profile slopes
are comparable between CM and PFOW (between 0.87 and 1.74). The largest

145

CHAPTER 5: VERTICAL COHERENCE OF THE VELOCITY PROFILE

difference is observed for both u’ and v’ velocities at location 4-1, where the profile
gradient is 42% higher when estimated from the model (Table 5.7).

Table 5.7 - Normalised profiles slope m estimated from current meters and profiler (CM) and
model (PFOW). The intercept has not been reported in the table, as it is equal to the negative
value of the slope

Pos.

u'

v'

CM

PFOW

CM

PFOW

1.14

0.87

0.79

1.70

1.74

1.51

0.94

0.63

0.90
1.18

1.55
1.24

2.12
1.40

3.69
1.20

6
7
4
4-1
4-2

Sections 5.2.1 to 5.2.5 showed that most of the velocity at the surface, estimated
from the in situ instruments and model agree well with the HFR observations. The
surface velocity field given by HFR can be combined with the normalised profiles
to give a full description of the residual flow that will ultimately lead to the estimate
of the mean water transport through the FIG in the NS.
In a first step, the normalised profiles (Figure 5.16) are applied at the three locations
of single point measurement, i.e. locations 1 (Figure 5.18), 2 (Figure 5.19) and 3
(Figure 5.20). At these locations, the HFR along and across-channel velocities are
hourly averaged to replace U’sur in Equation (5.15). The application of the simple
linear model allows to reconstruct the profile and investigate whether the along and
across-channel at the depth of the single point measurement can be reconstructed.
PFOW simulated profile is compared with derived profile at the same locations.
HFR velocity records generally show a high variability, as suggested by the large
standard deviation represented by the error bar in Figure 5.18. At location 1, the
residual velocities derived from CM measurement is fully included within the range
of the different linearised profiles (Figure 5.18). The velocities predicted by the
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PFOW at this location are slightly stronger and their profile is larger than both the
CM and linear profile values. Despite these “over-predictions”, the PFOW velocity
profiles are coherent with the data in the sense that they show a similar variability
and that the data and linear profiles are within the range of uncertainty of the PFOW.

Figure 5.18 – Derived along- (left) and across-channel (right) profiles at location 1. The
solid lines represent the four linearised profiles estimated at location 6 (fit 6), 7 (fit 7)
and 4 (fit 4-1 and fit 4-2), the dashed and dotted blue line shows the velocity profiles from
PFOW, the red and black dots are the measured velocities by the current meter and the
HFR respectively. The error bars are scaled by the relevant standard deviations.
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At location 2, all the four derived along and across-channel velocities at the depth
measurement (30 m) are slightly smaller in terms of magnitude (Figure 5.19). In
spite of relatively small velocities, the linearised profiles fit well with both the
current meter measurements and PFOW profiles.

Figure 5.19 - Derived along- (left) and across-channel (right) profiles at location 2. The
solid lines represent the four linearised profiles estimated at location 6 (fit 6), 7 (fit 7)
and 4 (fit 4-1 and fit 4-2), the dashed and dotted blue line shows the velocity profiles from
PFOW, the red and black dots are the measured velocities by the current meter and the
HFR respectively. The error bars are scaled by the relevant standard deviations.
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The largest discrepancy at location 2 is observed in the upper part of the water
column for the period 2-1, where the residual velocities are over-predicted by the
model with respect to HFR. The linearised profiles remain however within the range
of uncertainty of the model predictions.

Figure 5.20 - Derived along- (left) and across-channel (right) profiles at location 3. The
solid lines represent the four linearised profiles estimated at location 6 (fit 6), 7 (fit 7)
and 4 (fit 4-1 and fit 4-2), the dashed and dotted blue line shows the velocity profiles from
PFOW, the red and black dots are the measured velocities by the current meter and the
HFR respectively. The error bars are scaled by the relevant standard deviations.
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At location 3, the linearised profiles remain mostly within the measurement error
bars but is farther apart from the CM velocity than it was at locations 1 and 2 (Figure
5.20).
The PFOW coincides with the measurement, especially looking at the alongchannel component. Although less accurate than at other locations 1 and 2, the
linearised profiles are still mainly within the limits of the PFOW model
uncertainties both in terms of velocity magnitude and gradient. Note that the
observed discrepancy is essentially due to the difference between PFOW and HFR
velocity at the surface, which is used as a reference point for the profile following
the method described earlier in this section.
As the linearised profiles are dimensioned by using the HFR observation at the
surface, the estimated values diverge closer to the bottom, depending on the
normalised profile selected. This increases the uncertainties in the comparison
between measured and estimated values from the linearised profiles further down
in the water column. Larger HFR velocities may produce proportionally larger
values with the increase of the water column depth, as the velocity converges to
zero at the bottom. However, results (not shown here) estimated by using twice
larger and smaller artificial surface observations do not show significant differences
further down the water column. This additional check suggests that the discrepancy
between the velocities at the bottom derived from the normalised profiles is
minimal.
The PFOW agrees generally well with both along and across-channel component
measurements, especially closer to the bottom. Most of the discrepancies are found
between upmost PFOW prediction data and HFR observations. However, the values
obtained with HFR fully include the modelled velocities within the error bars.
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DISCUSSION
This chapter aimed to investigate the vertical coherence of observations in the FIG
and the potential application of the HFR system to derive vertical profile
information. The agreement between in situ instruments, HFR and model datasets
for both total and residual currents was evaluated with Taylor diagrams. These can
quantify the performance through the combination of correlation coefficient,
standard deviation and RMSE. A complete picture of the different analysis method
is presented here.
The HFR observations were validated against several observational datasets, at
different complementary levels. In the first instance, a statistical comparison of total
North and East depth-averaged velocity components measured at the profiling
current meter locations shows an overall agreement between CM, HFR and PFOW
model. However, there are different factors that may partially affect the statistical
comparison. The intrinsic noise of the instruments can be responsible for the RMSE
between HFR and CM. The different temporal sampling resolution of the
instruments is another cause of the disagreement between the datasets. HFR data
output adopted for the present investigation was intrinsically averaged by the
CODAR system over 1 hour even though data were originally sampled every 10
minutes. ADCP and AWAC datasets were sampled every 10 minutes and,
successively subsampled on an hourly basis. Single point current meter velocities
have been subsampled on an hourly basis when their sample occurred every 20
minutes. Also, sample depth as well as sample area may be the main cause of
disagreement among the datasets. This discrepancy is likely due to the increase in
magnitude, particularly where high temporal and spatial current variability occurs
in the area of study. The datasets were smoothed with a 72-hour low-pass filter
(Godin, 1972) which has removed part of the noise. Statistics of comparison
between measurements and model predictions therefore benefit from the filter’s
application.
Evaluation of the vertical profiles averaged over May and September 2008 at
location 6 and 7 may reflect the spring and summer flow circulation in the NS.
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However, this stratification has not been observed throughout all the area of study
(Turrell, 1992b) and the intense tidal effects in the FIG maintain a well-mixed water
column in the middle of the FIG (i.e. locations 6 and 7). Vertical stratification
occurs as a combination of increased solar heating and reduced wind stress. The
strength of tidal currents also determines regions of seasonal stratification, in
particular in the NNS region (Simpson and Hunter, 1974). Previous studies have
established the temperature and salinity properties in the region which control the
density (Turrell et al., 1992) and more recently along the Joint North Sea Data
Information System (JONSIS) line into the NS (Sheehan et al., 2017). In particular,
this second investigation has strongly highlighted a stratified regime during summer
period, with the flow showing a vertical velocity gradient. The difference between
surface residual velocity and velocity at depth at location 3, as shown in the present
study, could be due to the increase of the salinity closer to the bottom. This increase
has been identified along the JONSIS line analysis at 1.5°W (Sheehan et al., 2017).
The PFOW vertical profile coincides with the along-channel velocity components
observed at location 3 (Figure 5.20).
The encouraging agreement among the available datasets by considering depthaveraged measurements and HFR observations does not entirely cover the question
of the vertical velocity gradient. A further investigation was carried out by a direct
combination between the available datasets, i.e. current meters and HFR. As a first
approximation, linear profiles were adopted as a simple and robust way to fit the
observations. More complex profiles could have been considered as more
representative of the physics of the flow, for instance by taking into account eddy
viscosity and bed stress, but this could have led to more speculative results
considering the limited available information. Previous models related eddy
viscosity linearly varying with depth producing a logarithmic velocity profile
(Madsen, 1977). More complex models consider the exponential eddy viscosity
depth-dependence (Lewis and Belcher, 2004), considering a nonzero value at the
surface as basic condition in most of the cases. However, friction velocity and
Coriolis force parameters play a role in the complexity of the velocity profile
estimate. The analytic expression for the residual vertical profile adopted
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throughout coastal and estuary areas has generally considered the constant eddy
viscosity along the water column (Prandle, 1987; Prandle, 1991; Prandle, 1993).
The models broadly describe the residual flow associated with sea surface
elevation, Coriolis parameter and eddy viscosity by using HFR observation. Despite
the accuracy of the past flow analysis, depth-averaged velocities were mostly
considered. The question on how to estimate the eddy viscosity is still open, as there
is an intrinsic uncertainty in the hydrodynamic parametrisation, especially when
values are based on single-point in situ measurements in the water column.
In

situ

measurements

and

hydrodynamic

model

predictions

provided

complementary information that allowed the definition of depth profiles, even if
only with the simplification of linearised profiles. Combined with HFR surface
measurements, these profiles give a fair representation of the residual flow in the
area. A finer estimate of the flow structure and its temporal variation could be
obtained from a monthly parametrisation of the linear profile and its investigation
coupled with salinity/temperature cross-section analysis.

SUMMARY
The HFR system deployed in the FIG represents well the main circulation observed
with the in situ instruments. The PFOW model is a complementary and extensive
tool to assess and confirm most of the findings produced in this study.
The outcomes of this chapter can be summarised as follow:
•

Correlation between HFR and AWAC depth-averaged velocities is found
between 0.6 and 0.7 for North and East total velocity components,
respectively.

•

At location 5 (ADCP deployment) a moderate agreement between the above
mentioned datasets occurs for the East velocity component (r = 0.6).
However, the North components are uncorrelated (r ~ 0). Radials gave a low
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accuracy for the north component due to the geometrical combination of the
velocity between the HFR stations.
•

The PFOW depth-averaged total velocities agree well with the depthaveraged measurement at location 4 (r > 0.9). While, as for the HFR system
against depth-averaged CM measurements, a decline in terms of
relationship is found at location 5 (r ~ 0.6).

•

Both HFR and PFOW datasets are comparable with the single point
measurements which are located at mid-depth. Correlation is always found
above 0.7.

•

Angular displacement ξ between profiling current meters (and HFR) and
PFOW is always positive (up to 45°) in the middle of the FIG which
indicates a counter clockwise rotation of the measurements (and HFR)
relative to the PFOW vectors.

•

Complex correlation of residuals on a daily basis between HFR and depthaveraged PFOW vectors is moderate/high and mainly above 0.6 on the NA
side of the FIG. RMSEvec is found higher close to both baseline vicinity and
HFR domain boundaries, where HFR uncertainty observations are expected
and found larger.

•

Further agreement is found between upmost derived velocities in the inner
part of the FIG and HFR observation. Consequently, a simple linearized
model profile is estimated.

•

Normalized profiles are estimated by coupling current meters measurements
and HFR observations at the locations where there is high confidence in the
data reliability.

•

Application of the normalized profiles is successfully verified at the single
point current meter moorings where measurements fit the derived values.

Vertical profile knowledge is of prime importance in the context of estimating and
modelling water transport. The estimate of the linear profiles represents a new
method to combine current meter measurements and radar data, which implements
the analysis and estimate of transport throughout the FIG.
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CHAPTER 6
VOLUME TRANSPORT
The main goal of this section is to explore the residual transport through the FIG,
using both the HFR observations and model output. The first will be addressed
using both CODAR extrapolated currents and radials processed in the present study.
The inflow in the area of study is considered vertically homogenous in terms of
current circulation from the surface to the bottom. Consequently, HFR
measurements and resulting depth-averaged currents from the PFOW are
considered representative of the water column. As result of the comparison between
HFR observations and the model, the average volume transport through the FIG is
investigated on monthly and seasonal scales. Furthermore, in Chapter 7 a linear
response to wind stress is considered as well as regressions against wind forcing
obtained in previous studies (Pingree and Griffiths, 1980; Turrell 1992b; Turrell
and Henderson, 1990; Turrell et al., 1990).

RESIDUAL TRANSPORT IN THE FIG
The FIG transport estimate is calculated from the velocity u and v rotated by δ =
45° and therefore considered as along- and across-channel components,
respectively (for more detail see Section 5.2). Estimates of volume transport already
exist based on observations (Turrell, 1992a; Turrell and Henderson, 1990; Turrell
et al., 1990). However, previous observations have limitations due to short in situ
sampling periods and based on single point mooring data. Annual transport
averages are also available from model simulations which consider slightly
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different cross-sections from the present investigation (Winther and Johannessen,
2006; Hjøllo et al., 2009).

BOX DESIGN
The aim of this section is to estimate the transport through the FIG. The volume
transport is constrained in a specific portion of the area of study, referred to the Box
(Figure 6.1). The Box has a surface area of 3100 km2 circa. It is 49 km long (NA
Inflow (NAI)/NS Inflow (NSI) sides), and circa 63 km wide (Shetland Inflow
(SI)/Orkney Inflow (OI) sides, with a minimum and maximum depth of 59 m and
120 m, respectively (Table 6.1).

Figure 6.1 - Map of the Box where the boundaries are divided into six separate
sides: the North Atlantic Inflow (NAI), West Shetland Inflow (WSI), East Shetland
Inflow (ESI), East Orkney Inflow (EOI) and West Orkney Inflow (WOI). Blue and
red sides of the Box are considered North Atlantic and North Sea sides, respectively.
The arrows indicate the positive direction of the flow. The open black circles
represent the grid point locations on the HFR regular grid (see Table 6.1).
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Table 6.1 – Locations of the grid points of the Box. Water depth (di), distance between consecutive
points (Li) and sides of the Box (NAI, WSI, ESI, NSI, WOI and EOI) are also indicated.

Lat (N)

Lon (W) di (m) Li (m)

NAI
59° 32.74'
59° 35.43'
59° 38.12'
59° 40.82'
59° 35.43'
59° 46.20'
59° 48.89'
59° 51.59'
59° 54.28'
59° 56.98'

2° 29.69'
2° 24.38'
2° 19.07'
2° 13.76'
2° 08.45'
2° 03.14'
2° 24.38'
1° 57.83'
1° 47.21'
1° 54.90'

82
80
81
94
104
104
105
106
104
104

3528
7051
7046
7041
7029
7032
7027
7023
7018
3509

59° 56.98' 1° 41.90'
59° 54.28' 1° 36.58'
59° 51.59' 1° 31.27'

104
108
99

3509
7023
7023

59° 48.89'
59° 46.20'
59° 43.51'
59° 40.82'
59° 38.12'

1° 25.96'
1° 20.65'
1° 15.34'
1° 10.03'
1° 04.72'

74
83
100
110
120

7032
7029
7042
7046
3523

59° 13.89'
59° 16.58'
59° 19.27'
59° 21.97'
59° 35.43'
59° 27.35'
59° 30.05'
59° 32.74'
59° 35.43'
59° 38.12'

1° 52.52'
1° 47.21'
1° 41.90'
1° 36.58'
1° 31.27'
1° 25.96'
1° 20.65'
1° 15.34'
1° 10.03'
1° 04.72'

82
80
81
94
104
104
105
106
104
104

3540
7084
7079
7074
7069
7065
7052
7056
7051
3525

59° 24.66'
59° 21.97'
59° 19.27'
59° 16.58'
59° 13.89'

2° 13.76'
2° 08.45'
2° 03.14'
2° 57.83'
2° 52.52'

69
79
92
95
86

7074
7079
7084
7081
3540

59° 32.74' 2° 29.69'
59° 30.05' 2° 24.38'
59° 27.35' 2° 19.07'

82
76
59

3526
7065
7065

WSI

ESI

NSI

EOI

WOI
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OI side is identified between 59°32.74' N, 2°29.69'W and 59°13.89'N, 2°52.52'W,
while the SI side is between 59°56.98' N, 1°41.90'W and 59°38.12'N, 1°04.72'W
(Table 6.1).
The partitioning of the Box into six sides follows two principal criteria. Firstly, each
side represents the circulation related to a portion of area that has been previously
investigated, even for short periods (i.e. WOI, WSI and ESI). Although the
geometrical shape of the sections is different from existing ones, the related volume
transport estimates, are comparable. For example, the monitored JONSIS line lies
to the East of Orkney. This is comparable in terms of transport estimate with the
Fe-ShW used during a model estimate of the ESI (Hjøllo et al., 2009; Figure 2.11
for more details ablut the sections). Similarly, the West Orkney Inflow (WOI) and
West Shetland Inflow (WSI) are compared with Moring (M) and Southwest Foula
(SWF) sections, respectively (Turrell and Henderson, 1990; Turrell et al., 1990;
Figure 2.2 fro more details about the sections). West and east inflow from both
Orkney (WOI and EOI) and Shetland (WSI and ESI) are arbitrarily divided (not
equally) in order to distinguish the areas and the main circulation pattern.
The second geometrical reason of the Box design is the linearity of the HFR regular
grid, which is rotated by 45° clockwise. Velocity components are estimated at each
grid point along the Box boundaries on an hourly basis by using HFR observations
and the PFOW output.
The model is horizontally interpolated at each grid point of the HFR domain. Data
are treated as in the previous sections (filtered by using the Godin filter) and
averaged on a daily basis at each depth level (10 in total) (Figure 6.2). The along
(u’) and across (v’) channel components are estimated following the method
described in Section 5.2. PFOW data are averaged though the water column
throughout the year and at each grid point on the Box boundaries (Table 6.2)
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Table 6.2 - Summary of annual residuals (along- and across-channel) principal characteristics
for HFR and PFOW through the Box area. Mean, min and max represent average, minimum
and maximum value of the components, respectively. Positive values are directed into the NS.

HFR
along (m/s) across (m/s)
mean
0.06
0.01
min
-0.57
-0.53
max
0.60
0.40

PFOW
along (m/s) across (m/s)
0.07
-0.02
-0.26
-0.29
0.46
0.26

Figure 6.2 - Map of HFR (red arrows) and depth-averaged PFOW (blue arrows)
residual speed. Velocity components u and v are averaged over the entire HFR
measurement at each grid point of the Box and filtered following the method
explained in section 5.2.

In a first instance, HFR observations and PFOW data output are processed in
along/across velocity components. Data are considered during the time interval
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when NRON and SUMB were both collecting data, and totals were estimated by
the CODAR system.
The along (u’) and across (v’) channel component time series are integrated along
each box face in order to estimate the transport density Ψi (m2/s):

Ψi = ∫ v dz = ∑ U’i ∙ di

(6.1)

i

Where U’i and di are u’ (or v’) and depth at the i grid point, respectively. The
transport density is actually a vertical integral. However, there is the assumption of
a constant vertical profile with depth. The along-channel component (u’) is
considered for the NAI and NSI calculation as the flow is orthogonal to these sides
(Figure 6.1). On the contrary, the across-channel component is orthogonal to the
other faces (i.e. WSI, ESI, WOI and EOI; Figure 6.1). Consequently, their transport
estimate is based on v’.
The daily mean transport Qi (m3/s) is then estimated by taking the sum of the
transport density multiplied by the distance between the consecutive grid locations
on each side:

Qi = ∬ v dx dz = ∫ Ψi dx = ∑ Ψi∙ Li

(6.2)

i

Where the width Li is the distance between locations half-way between grid points
of the Box (Table 6.1). Daily time series are used to estimate transport in this study
for both HFR observations (Figure 6.3) and PFOW output (Figure 6.4). Volume
transport is expressed in Sv = 106 m3/s.
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Figure 6.3 - HFR time series of volume transport (Sv) for six sections of the Box (Figure 6.1).
Gaps at each side of the Box show a different discontinuity of data availability at each section.

Figure 6.4 – PFOW time series of volume transport (Sv) for six sections of the Box (Figure 6.1).
The model does not present any gap in the time series.
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As expected, the daily transport time series from the HFR exhibits data gaps, during
the year. These differ between the box faces. In particular, the WOI has just 40%
of observations during the year with a large gap from September 2013 to January
2014 at the locations close to the NRON station, along the baseline. A fragmented
transport is, consequently, estimated along this side.
The other faces do not present issues in terms of data availability. However, both
NAI and NSI sides have data gaps between 15 and 23% (due to the locations close
to the corner). On the WSI, ESI and EOI side there is a gap of approximately 20%
of data (for more details about the monthly gaps, see Appendix D).

MONTHLY VARIABILITY
A storm event was observed by the HFR between 13th and 19th January. The event
affected the monthly averaged transport in January, and it is especially visible on
both NAI and NSI monthly time series (Figure 6.5; Appendix D).

Figure 6.5 - Monthly mean transport estimated at each side of the Box using the HFR and PFOW
datasets. Standard deviations are also shown. Positive convention is southeast towards for NAI
and NSI (into the NS) and north-eastwards for WSI, ESI, WOI and EOI.
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NAI transport decreases from 0.64 Sv to -0.33 Sv during the above mentioned
period. On the NSI side this reduction corresponds to a decrease of the mean
transport out of the Box (the convention is positive south-eastwards, i.e. into the
NS), from 0.85 Sv to 0.20 Sv. The same trend is slightly visible on the ESI and EOI,
from -0.01 Sv to -0.10 Sv and from 0.23 Sv to 0.16 Sv, respectively (the convention
is positive northeast towards). This finding is almost absent on the WOI and WSI
side (Figure 6.5). The PFOW does not reproduce the same result on the NAI and
NSI sides. The mean transport decreases from December to June maintaining a
constant slope (0.1 %).
The monthly transport time series and their variability (as standard deviation) show
that these vary at each of the Box’s side (Figure 6.5). The HFR observations and
model outputs differ most significantly in mean for the WSI and EOI (Table 6.3).
The EOI is persistently pushing towards the northeast (positive convention, as u’
and v’ are rotated by 45° clockwise from east direction) with a mean transport of
0.24 Sv. It has been observed through all the year with a peak in September (0.41
Sv) and a minimum in August (0.16 Sv). On the contrary, PFOW shows a constant
southeast mean EOI transport of -0.13 Sv (Table 6.3). WOI is similarly constant
over the year, although observation and model give different mean transports (Table
6.3).

Table 6.3 - Annual mean transport and standard deviation of HFR observations and PFOW output.
Positive into the NS. Positive convention is southeast towards for NAI and NSI (into the NS) and
north-eastwards for WSI, ESI, WOI and EOI.

NAI
HFR 0.26
mean transport (Sv)
PFOW 0.40
HFR 0.55
Stdv (Sv)
PFOW 0.29
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NSI WSI ESI WOI EOI
0.58 -0.10 -0.32 0.22 0.24
0.47 0.01 -0.12 0.09 -0.13
0.40 0.12 0.13 0.06 0.13
0.26 0.02 0.08 0.04 0.08
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The monthly mean transport of the WSI shows agreement with the similar SFW
section of Turrell et al. (1990). Table 6.4 shows this agreement.

Table 6.4 - Comparison of monthly transport time series measured by HFR and PFOW during the
Brahan Project (August 2013 - September 2014) and during the ACE (September 1987 – January
1988) (Turrell et al., 1990). The SWF convention in Turrell et al. (1990), originally positive when
transport goes southwards, have therefore multiplied by -1, so the convention for all time series
corresponds.

Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug

M
0.09
0.11
0.11
0.16
0.27

WOI
HFR

0.24
0.22
0.20
0.19
0.21
0.23
0.23

PFOW
0.08
0.09
0.08
0.15
0.12
0.11
0.10
0.09
0.06
0.08
0.10
0.06

SWF
-0.02
-0.05
-0.02

WSI
HFR
-0.01
-0.02
-0.02
0.03
-0.04
-0.01
0.01
-0.01
-0.04
-0.06
-0.02
-0.05

PFOW
> 0.00
> 0.00
-0.01
-0.01
0.01
> -0.01
> -0.01
0.01
0.01
0.02
0.03
0.03

The SWF section is 10 km wide and, in order to compare the above mentioned
dataset, the WSI section considers the first two locations selected (Table 6.1)
Although the transport during the Autumn Circulation Experiment (ACE) was
calculated along the main direction of the current meters (Turrell et al., 1990),
magnitute and direction of transport agree with those estimted in this stufy (Table
6.4). WOI is not directly comparable with measurements made during the ACE
(September 1987 to January 1988) because HFR data are not avaialble from
September 2013 to January 2014. However, the observations in February suggest
general ageement between the two time series.
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EGG-BOX RESIDUAL TRANSPORT
The approach presented in Section 6.1 is now extended by directly using the HFR
radial velocity components. In this regard, the direction of the radials appears to
coincide with the main circulation in the FIG (Figure 6.6).

Figure 6.6 - The Egg-Box where magnitude and direction of the radials at pre-set locations
is shown (see Table 6.5 and Table 6.6 for more details). Orange and green arrows represent
residuals coming from SUMB and NRON, respecitvely. The selected arcs are the range
used for the calcualtion. Black dots are the locations where data contain more the 50 % of
gap. These are 5 for SUMB and 2 for NORN.

The area (5600 km2) enclosed by the radial boundaries, referred to the Egg-Box
(Figure 6.6; Table 6.5 and 6.6) has similar characteristics to the Box (Figure 6.1;
Table 6.1) in terms of bathymetry. The benefit of using radials directly is to avoid
the combination of these in total vector extraction and the consequent associated
errors. Section 3.3 gives more details in this regard. HFR total vector estimates need
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the observations by both systems (i.e. NRON and SUMB). Conversely, being
radials processed at each independent location in the following analysis, the
uncertainty due to the above mentioned total estimate is partially avoided. The use
of radials also potentially allows the extension of the time range of the data within
the area of interest covered, as just one station can be used. Theoretically, vector
current estimates result in a more limited coverage because of the need for
overalapping radial observations. Data were treated as before in terms of filtering
(72-hour low-pass filter) but processed along the original direction (Figure 6.6).

Table 6.5 - Summary of the Egg-Box locations where radial velocities are used for the transport
calculation from NRON. Water depth (di), distance between consecutive points (Li).

Lat (N)

Lon (W) di (m) Li (m)

NRON
59° 12.22'
59° 15.55'
59° 18.95'
59° 22.39'
59° 25.84'
59° 29.27'
59° 32.66'
59° 35.99'
59° 39.22'
59° 42.33'
59° 45.30'
59° 48.10'
59° 50.72'
59° 53.13'
59° 55.31'
59° 57.24'
59° 58.92'
60° 60.32'
60° 61.43'
60° 62.25'
60° 06.77'
60° 62.98'
60° 62.89'

1° 08.88'
1° 07.19'
1° 06.07'
1° 05.52'
1° 05.57'
1° 06.20'
1° 07.43'
1° 09.24'
1° 01.62'
1° 14.55'
1° 18.02'
1° 22.01'
1° 26.47'
1° 31.38'
1° 36.70'
1° 42.38'
1° 48.40'
1° 54.69'
2° 01.21'
2° 07.90'
2° 14.71'
2° 21.59'
2° 28.49'
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116
121
122
123
123
122
115
112
111
100
83
68
65
106
108
104
95
89
71
81
93
100
98

4999
6390
6391
6391
6391
6390
6390
6389
6388
6388
6387
6386
6385
6384
6383
6382
6381
6380
6380
6380
6379
6379
4949
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Table 6.6 Summary of the Egg-Box locations where radial velocities are used for the transport
calculation from SUMB. Water depth (di), distance between consecutive points (Li).

Lat (N)

Lon (W) di (m) Li (m)

SUMB
59° 11.53'
59° 01.51'
59° 11.77'
59° 12.32'
59° 03.15'
59° 14.26'
59° 15.64'
59° 17.28'
59° 09.17'
59° 21.30'
59° 23.64'
59° 29.19'
59° 28.92'
59° 31.81'
59° 34.84'
59° 38.00'
59° 41.25'
60° 44.57'
60° 47.93'
60° 51.32'
60° 54.71'
60° 58.06'
60° 02.36'

1° 12.56'
1° 19.28'
1° 25.99'
1° 32.62'
1° 39.14'
1° 45.50'
1° 51.65'
1° 57.54'
1° 03.14'
1° 08.41'
1° 13.29'
1° 17.76'
1° 21.78'
1° 25.32'
1° 28.36'
1° 30.86'
1° 32.80'
2° 34.18'
2° 34.97'
2° 35.16'
2° 34.76
2° 33.76'
2° 32.16'

116
106
103
101
93
84
90
95
92
79
69
59
76
81
86
88
88
86
85
86
91
92
98

4993
6380
6380
6380
6381
6381
6382
6383
6384
6385
6386
6387
6388
6388
6389
6390
6390
6390
6390
6390
6390
6390
4954

The curvilinear boundaries of the Egg-Box allow a geometrical similarity with the
Box design. After a qualitative check of the closest Egg-Box ranges of data (i.e. 4
and 8 km from both HFR station), the second range (i.e. 8 km from NRON and
SUMB) has been selected for the analysis. Subsequently, the selected dataset is not
the closest to the coast and the trade-off is an increased reliability of the dataset to
better estimate the transport in the area of study.
The novelty of this method is to use the radials for the transport estimate. The
direction of the current towards and away from the HFR station is conventionally
considered positive and negative, respectively (Table 6.7).
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Table 6.7 - Summary of radial residuals over the Egg-Box area from both HFR stations (i.e. NRON
and SUMB). Values are averaged over the entire period of study at each observed location, so
mean, min and max (m/s) velocities are estimated from both NRON and SUMB. Negative values
indicate radials which are directed toward the relative operational station, while these are positive
when they travel away from the antennas.

NRON
SUMB
Negative (m/s) Positive (m/s) Negative (m/s) Positive (m/s)
mean
< 0.01
0.01
min
-0.36
< 0.01
-0.48
> 0.01
max
> -0.01
0.55
> -0.01
0.48

MEAN TRANSPORT INTO THE NORTH SEA
The residual transport into the NS is estimated by using HFR observations and
PFOW dataset. This section aims to investigate the FIG current circulation by
comparing the Egg-Box (Figure 6.7) with the Box method.
The Box has been divided into two separate areas which include NAI, WSI and
WOI from the North Atlantic (NA) side and NSI, ESI and EOI from the NS side.
Transport through these two principal sections has been averaged as (NA+NS)/2 in
order to estimate the mean transport into the NS for both HFR (Qc) and PFOW (Qp).
The Egg-Box has been separated in a similar way: the first 11 locations where
radials are collected from NRON and the first 12 from SUMB represent the NA
side. Consequently, from location 12 (NRON) to the end and from location 13
(SUMB) to the end, radials represent the NS side (Figure 6.7). The mean transport
estimated with radials Qr has been estimated as the average of the two,
(NArad+NSrad)/2.
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Figure 6.7 – Map showing the Egg-Box locations. Radials from NRON (green arc)
and SUMB (orange arc) are used for current velocity estimate at both the NA (blue
dots) and NS (red dots) side.

The yearly mean transport into the NS is estimated as 0.31 Sv and 0.36 Sv
throughout the Box for HFR and PFOW, respectively. The estimate of the transport
by using the radials through the Egg-Box is 0.35 Sv (Figure 6.8). The HFR transport
agrees with the previous mean transport estimate of 0.30 Sv (Otto et al., 1990). The
HFR observations are considered significant when CODAR vectors and radials are
compared. The very high correlation coefficient r of 0.9 between Qc and Qr is
expected due to these not being independent time series (the radials are used by the
CODAR system to estimate the total velocities).
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Figure 6.8 - Time series of the mean transport into the NS estimated on daily basis. Qc, Qr and
Qp represent the transport estimated with CODAR, radials and PFOW, respectively.

A monthly correlation between the daily mean transport by using both methods the
Box and Egg-Box highlights the agreement between these datasets (Figure 6.9).

Figure 6.9 - Qr (radial) and Qp (PFOW) are compared with Qc (CODAR) by using Taylor
diagrams. These provide the statistical summary of how monthly mean transport is close to the
reference mean transport (Qc) represented on the x axes. Standard deviation, RMSE and
correlation coefficient r are evaluated for each month.
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When the transport estimate is compared on a monthly basis (Figure 6.9), an overall
statistical high agreement between Qc and Qr is found. A lower but moderate
correlation is found in summer (0.7). The monthly RMSD between Qc and Q are
between 0.10 Sv and 0.20 Sv throughout the year. November and February show
the highest RMSD (0.30 Sv and 0.55 Sv, respectively) and standard deviation (0.55
Sv and 0.80 Sv, respectively).
As expected from the previous calculation, the monthly correlation of the transport
between Qc and Qp is moderate. However, r is between 0.4 and 0.8 throughout the
year, while the RMSD is not higher than 0.4 Sv (Figure 6.9). For more details about
the monthly transport of the times series Qc, Qr and Qp, see Appendix D.

VARIATION ON SEASONAL TIME SCALE
A further objective of this study is to examine if there is a seasonal variability of
the transport into the NS. By plotting the observations, a seasonal variability has
not been observed (Figure 6.10).

Figure 6.10 - Monthly mean volume transport into the NS plotted against month. The grey area
surrounding the CODAR Qc monthly time series represents the ± standard deviation.
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However, the volume transport does not radically change between winter and
spring. In the first instance, winter is considered from December 2013 to February
2014 and spring from March to May 2014, according to both times of the HFR data
collection and to previous observations (Turrell and Henderson, 1990; Turrell et al.,
1990). The mean autumn transport (September–November 2013) observed by the
HFR was found to be 0.51 Sv and 0.62 Sv for Qc and Qr, respectively.
The mean transport exhibits a change during winter with a decline to 0.29 Sv (Qc)
and 0.33 Sv (Qr). This distinct seasonal change confirms the main contribution from
the WOI which is approximately comparable with Qc, i.e. 0.24 Sv.
A further reduction of the mean transport into the NS has been observed during the
summer period (June-August 2014) mostly due to the month of August. Mean
transport of Qc during this month is the lowest (positive toward the NS) of the year,
i.e. 0.02 Sv. On the other hand, Qr is found to be 0.19 Sv during the same month.
This difference represents the largest discrepancy between the two datasets. The
reasons for this are due either to the exceptionally large EOI (0.52 Sv) or to the
small NAI (close to 0 Sv) that occurred during August 2014. The first contributes
to the Qc decrease over the summer period. Although there is a high correlation (0.9
over the year) between Qc and Qr, the latter does not show the reduction of the mean
transport in August (i.e. 0.19 Sv).

TRANSPORT UNCERTAINTY
The linearized vertical profiles evaluated in Section 5.2 (i.e. 4-1, 4-2, 6 and 7) are
adopted throughout the Box for a further estimate of the transport into the NS. In
order to maintain the consistency of the transport estimate, the derived profiles have
been applied along each side of the Box. Four different depth-averaged daily time
series of the transport into the NS are estimated following the method exposed in
Section 6.2, and compared with Qc (Figure 6.11).
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Figure 6.11 - Daily mean transport into the NS. The normalized profiles relative to location 4
(4-1 and 4-2), 6 and 7 in the FIG allow the calculation of four transport estimates Q4-1, Q4-2, Q6
and Q7, respectively. These are compared with the previously estimated Qc.

As expected, by using a linear profile rather than considering the velocity constant
with depth, these estimates are smaller than the previous transport estimate of Qc.
However, their variability is governed by the variability of the surface observation,
as is the case for the previous estimates. This is more evident when the time series
of the mean transport into the NS are monthly averaged (Figure 6.12). Here, the Qc
standard deviation fully includes the mean monthly transports estimated by using
the normalized profiles. Furthermore, when the transport is negative (directed
toward the NA) values tend to be closer and their variability does not differ (Figure
6.12).
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Figure 6.12 – Mean monthly transport into the NS. Transport estimated by using the
normalized profiles Q4-1, Q4-2, Q6 and Q7 are compared with the Qc. The latter includes its
standard deviation.

The confidence intervals (95%) of the transports has been evaluated by defining the
standard error of the monthly mean ste as follow:

ste =

std

√N

(6.3)

Where N is the number of independent estimates of the mean every month and std
the relative standard deviation. The confidence intervals CI are therefore calculated
adopting the two-tailed t-distribution (Emery and Thomson, 1998):
CI (95%) = ste∙ts

(6.4)

Where ts are the t-distribution values for assessing the statistical significance of the
difference between the sample means. Each time series has been revisited and their
mean transport re-considered with the relative standard errors and confidence limits
(Table 6.8).
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Table 6.8 – Mean tranport into the NS estimated with the different methods adopted in this study.
Qc, Qp, Q4-1, Q4-2, Q6 and Q7 are estimated through the Box, while Qr is calculated by using the
radials through the Egg-Box. Each transport is coupled with its standard error (third column) and
95% confidence limit based on the sample means (CI 95%).

Mean transport
(Sv)
Qc
0.31
Qr
0.35
Qp
0.36
Q4-1
0.12
Q4-2
0.18
Q6
0.18
Q7
0.21

Standard error
(Sv)
±0.08
±0.07
±0.04
±0.04
±0.05
±0.04
±0.06

CI 95%
(Sv)
±0.17
±0.14
±0.10
±0.08
±0.10
±0.09
±0.13

The mean transport estimates fall within the confidence limits and a similarity is
found between Q4-2, Q6 and Q7. Considering the large variability observed between
September and February this result is surprising but gives confidence about the
calculation carried out in the present section. Consequently, Q4-1 and Qc, which are
minimum and maximum values are assumed as the lower and upper limit of the
transport into the NS, respectively.

DISCUSSION
A persistent inflow into the NS has been observed from August 2013 to September
2014. Data were processed on an hourly basis and presented on a daily, monthly
and seasonal scale.
Transport has been estimated in a simple way, based on HFR surface observations
(0.31 Sv and 0.35 Sv using CODAR and Radials data, respectively) and depthaveraged PFOW predictions (0.36 Sv) through the Box. PFOW mean transport
partially agrees with previous modelled transport calculations on a seasonal scale
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(Table 6.9). Differences in magnitude are due to the varied sections adopted in the
present investigation, where the mean transport into the NS is considered as the FIC
(Turrell et al., 1990) and Orkney-Shetland Inflow (Hjøllo et al., 2009). This inflow
was estimated by using NORWECOM (Hjøllo et al., 2009) and HYCOM (Winther
and Johannessen, 2006) as 0.39 Sv and 0.49 Sv, respectively. The NORWECOM
estimate also agrees with the mean transport estimated with the PFOW. In
particular, by using the High Resolution Continental Shelf (HRCS) model and the
Atlantic Margin Model (AMM; Holt and Proctor, 2008) the mean transport has been
found as 0.42 Sv and 0.34 Sv, respectively.
The mean transport into the NS is always smaller when estimated with the HFR (Qc
and Qr) for most of the year with the exception of Oct-Dec period when Qc and Qr
are one third greater than the PFOW estimate (Table 6.9).

Table 6.9 - Seasonal comparison of the mean transport into the NS. FIC adopted in literature (Holt
and Proctor, 2008; Hjøllo et al., 2009) is comparable to the mean transport into the NS estimated
in this study. The HRCS is the High Resolution Continental Shelf model, while the AMM is Atlantic
Margin Model, both developed by Holt and Proctor (2008).

Oct-Dec Jan-Mar Apr-Jun Jul-Aug
Qc

0.60

0.20

0.18

0.14

Qr

0.65

0.25

0.21

0.22

Qp

0.48

0.46

0.26

0.22

HRCS

0.56

0.37

0.34

0.39

AMM

0.47

0.36

0.27

0.27

The transport estimated by three different normalized profiles partially resolves the
uncertainty of the transport variability by using the spatial observations of the HFR.
Some basic assumption is made about the vertical flow through the sections of the
Box. However, the use of more complex methods and more complicated estimates
of the transport into the NS can be furtherly achieved.
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The southwards pattern of the ESI is similar to previous estimates in terms of
seasonality (Turrell et al., 1990; Hughes, 2014). In particular, the ESI is compared
with the East Shetland Atlantic Inflow (ESAI) repeatedly observed and described
by Hughes (2014). The current meter observations took place to the east coast of
Shetland at two aligned sections (i.e. inner portion, 0 – 35 km and outer portion, 40
– 150 km from the coast) and allow the ESAI understanding (Figure 6.14). When
the ESAI is estimated within the closer area of the Shetland coast (0 - 35 km), the
ESI predicted by the PFOW shows a very similar pattern (Figure 6.13).

Figure 6.13 – Seasonal volume transport comparison between East Shetland Atlantic Inflow
(ESAI; Hughes, 2014) and East Shetland Inflow (ESI). The ESAI has been estimated by using
three configurations through the transect to the east coast of Shetland (59.5°N, -0.8°E to 1.5° E)
(Hughes, 2014; Figure 6.14). The ESAIH-in (dashed red line with the asterisk as a symbol) is
estimated at the inner portion of the transect (0 – 35 km), while the ESAIH-out (dashed red line
with the circle as a symbol) is calculated at the outer portion of the mooring observation line
(40 – 150 km). The ESAIH-tot is estimated by summing both the previous contributes (red line with
the square as a symbol). Transports estimated by using HFR (ESIHFR, black line) and PFOW
(ESIPFOW, blue line) data to the ESI side of the Box (Figure 6.1) are also shown.

177

CHAPTER 6: VOLUME TRANSPORT

PFOW transport is found greater during summer than in winter, supporting the
thesis that transport is more localised and associated with a mixing front within 25
km of the Shetland coast (Hughes, 2014).
The estimate of the east Shetland southwards transport by using the HFR
observations is also found larger during summer, when compared with the ESAI
estimated through the inner transect (ESAIH-in). On the other hand, the most
significant similarity is found between the ESAI calculated by adding the contribute
of all the available measurements (ESAIH-tot) and the HFR transport estimated to
the ESI side of the Box (Figure 6.13). In this case, the estimate of the ESAI flow
described by Hughes (2014) was extended to the outer part of the Shetland coast,
between 40 and 150 km within the Shelf. The similarity between the two estimates
suggests that a front is likely to occur during spring and summer.
During autumn, the HFR captures the stronger front to the ESI side of the Box,
coincident with the ESAI path described and proposed by Hughes (2014) in
September (Figure 6.14). This agreement is observed in autumn, when the density
driven component significantly contributes to the transport estimate of the ESAI
(Figure 6.13). The ESI estimated with the HFR observations confirms that during
autumn and likely in winter the density driven currents along the Shetland coast is
therefore deflected eastwards on the Shelf (Figure 6.14).
A northwards EOI transport is observed throughout the year (Table 6.3, Figure 6.5
and Figure 6.14). This transport is estimated normal to this narrow transect and it
may be caused by several mechanisms which need to be further investigated. The
shelf sea to the west of the FIG may originate a north-eastwards flow within the
NS. Alternatively, wave instability due to the strong coastal currents, bottom
topography and stratification, frequently occurring in the area, may be associated
with an eddy formation (Otto et al., 1990). It can be expected that strong mixing
fronts near to the coast cause stratification condition at the tip of Orkney. In this
region, the presence of the Fair Isle Front (Hughes, 2014) is subjected to wave
instabilities and therefore to eddy formation. The evidence of a front at either side
of the FIG has been explored before (Pingree and Griffiths,1980; Hughes, 2014).
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The observed surface mixing fronts may be deflected by the FIC, especially on the
Orkney side of the FIG (Hughes, 2014). A further analysis is necessary to
investigate the observed pattern of the EOI to understand the relationship between
the location of the front and the strong tides along the coast, within the well mixed
area.

Figure 6.14 – Pattern of transport around Shetland and Orkney based on Turrell et al. (1996)
and Hughes (2014). Transport around Shetland during spring and summer (red arrow) is
associated with the density driven currents. The strong mixing conditions occurring since
September results in diffusion of transport to the east of Shetland (Hughes, 2014), but the
proposed pattern is considered for both autumn and winter months (blue arrow). The transect
considered for the previous estimate (ESAI) is represented by the dark blue line, which is divided
in two sections. The blue dot on the ESAI transect indicates the separation between inner section
(0 – 35 km) and outer section (40 – 150 km). The dark red lines are the side of the Box, considered
for the HFR transport estimate (ESI and EOI). The green arrow indicates the northwards EOI
estimated by using the HFR observations, while the pattern proposed by Turrell et. al (1996)
and Hughes (2014) is indicated by the black arrow.
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For example, the PFOW could show the dominant shallow water effects already
observed along the east UK coast (Horsburgh and Wilson, 2007) for tidal
amplitudes more than 3 m and in depth of less than 10 m (Prandle and Wolf, 1978).
Additionally, tide-surge interaction due the shallow water effects can modify the
circulation in this kind of areas (Horsburgh and Wilson, 2007; Prandle and Wolf,
1978). Previous difficulties have been observed in de-tiding tides depending on the
level that the surge has modified the tide (Jones and Davies, 2008). Tide-surge
interaction for prolonged period of wind forcing around the Orkney tip region is an
interesting complementary subject to undertake. HFR observations provide
information about a more accurate description of the tides and these can be
extremely useful for the description of the above mentioned shallow water
mechanisms.
The HFR observations indicate a second large-scale eddy pattern at ~59° N (Holt
and Proctor, 2008; Otto et al., 1990; Winther and Johannessen, 2006). Effects due
to the large-scale wind forcing on the NS, frontal instabilities caused by interaction
of the NSI with the Norwegian Coastal Current are the potential origins of this eddy
activity. The detection of the eddy is confirmed by Holt and Proctor (2008) who
investigated its barotropic pattern north of the Dooley Current, which does not
change with depth. A further investigation may reveal a dominant eddy of scale 20
km with a barotropic structure mostly instable in the current shear zone.

SUMMARY
The long-term observations of transport in the FIG allow a unique insight. In
summary:
•

Although previous measurements were limited in time results agree with
those calculated in the past. WSI and WOI present a similar transport
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observed during the ACE (Turrell and Henderson, 1990; Turrell et al., 1990;
Turrell, 1992a)
•

Seasonal volume transports agree well with previous observations and
modelled estimates (Turrell et al., 1990; Hjøllo et al., 2009).

•

The persistent mean transport into the NS shows a higher transport during
the autumn-winter period than the one observed any other time of the year.

•

The outflow from the NS observed in January by using the only CODAR
dataset cinfirms a previous estimate between 2004 and 2010 (Hughes,
2014). By applying the normalized vertical profiles, the negative inflow
from the NS occurred in January 2014 as well.

•

HFR mean transport estimated by using CODAR and radials data are highly
correlated on a yearly and monthly basis (r > 0.8). When using the radials
estimate, the day-to-day variability is different from the PFOW estimate,
but the annual mean is the same (0.36 Sv).

•

The mean transport into the NS estimated by using the linear profiles falls
within the limits of confidence of each estimate. Consequently, the
calculation is found to be a good way of providing lower and upper bounds
to the transport into the NS, between Q4-1 (0.12 ± 0.08 Sv) and Qc (0.31 ±
0.17 Sv), respectively.

By exploring the current circulation through both the Box and the Egg-Box a unique
mean transport has been identified and correlations between the HFR time series
within the same area are strong. The combination of HFR observations and in situ
instruments by adopting the normalized profiles represent a complementary source
of transport estimates throughout the FIG.
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CHAPTER 7
FORCING MECHANISMS
In this section, the volume transport has been investigated in terms of its response
to the wind during the year of the HFR activity. In order to better understand the
monthly and seasonal pattern of this response, the analysis of the main transport
into the NS is carried out. Spectral analysis is used to identify the main periodicities
and potential variability of wind forcing and volume transport.

INFLUENCE OF METEOROLOGICAL FORCING
Different sets` of meteorological data from Lerwick, Sumburgh, ERA5, ERAInterim and V2c are now compared. ERA5 provides hourly estimates of several
climate variables, covering the Earth with a 31 km grid. This reanalysis dataset
covers the period from 1950 to present, and includes information estimate of
uncertainty.
ERA-Interim is the old version of ERA5 built on a global climate reanalysis from
1979 by the ECMWF. It is based on a numerical weather predication system which
assimilates observations and previous forecasts in order to re-estimate the best fit
of both. Its spatial resolution of 80 km does not ensure an accurate representation
of the small scale wind field of the area of study. Information on higher spatial and
temporal resolution are available from ERA5 compared to the ERA-Interim data.
The V2c is a NOAA reanalysis dataset with a spatial resolution of about 200 km
(ECMWF). Although this was a coarse spatial resolution (2° global grid), it includes
3-6 hourly meteorological values from 1851. Data from ERA5, ERA-Interim and
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V2c sources were processed using the Koninklijk Nederlands Meteorologisch
Instituut tool for climate reanalysis (Trouet and Van Oldenborgh, 2013).
Data were compared at the NAI side of the Box in terms of filtered monthly speed
against monthly residual mean transport. The variability of the dataset agree during
this period, with however an overestimation of V2c wind speed due to a coarse
spatial resolution (area between 59°N, 3°W and 57°N, 1°W; Figure 7.1).

Figure 7.1 – Comparison of filtered wind speed (m/s). Hourly data were reanalysed using the
Koninklijk Nederlands Meteorologisch Instituut tool for climate reanalysis and filtered by using
a 72-hour low-pass filter (Godin, 1972). Therefore, the average speed was estimated for each
month from September 2013 to August 2014. Meteorological datasets are compared to the NAI
side of the Box in order to examine their monthly variability.

Lerwick meteorological forcing (Shetland) is considered an established station with
records started in 1922. These data were used in previous studies (Turrell et al.,
1990, 1996; Hughes, 2014), and are also considered for the present investigation.
Wind speed and direction were downloaded from the UK Met Office. Wind
direction is expressed in degrees (meteorological convention) and speed in knots,
successively converted to m/s. In order to evaluate the relationship between wind
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forcing and mean transport estimated with the HFR (i.e. Qc), data were sampled on
an hourly basis and filtered with a 72-hour low-pass filter (Godin, 1972) during the
year of the HFR activity. Average values were calculated from both the east and
north components, and no gaps are found in the dataset. The wind speed and
direction are presented as wind rose on a yearly (Figure 7.2) and monthly (Figure
7.3) basis for the period of the HFR activity.

Figure 7.2 - Wind rose on a daily basis from Lerwick station between September 2013
and August 2014 (coincident with the HFR activity). Wind speeds are in m/s and
directions are expressed according with the meteorological convention (wind blowing
from). The length of the sectors is based on the number of observations which fall
within that combination of direction and speed. Directions are expressed in 10°
increments (36 in total).
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combination of direction and speed. Directions are expressed in 10° increments (36 in total).

meteorological convention (wind blowing from). The length of the sectors is based on the number of observations which fall within that

Figure 7.3 - Monthly wind rose based on daily values. Wind speeds are in m/s and directions are expressed according with the
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The yearly averaged wind rose is estimated, and shows a prevailing wind coming
from the S-W quadrant and a few events from the S-E sector. The most frequent
wind speed is between 5-10 m/s (50% of the events), observed by Hughes (2014).
These winds are prevalent during summer and September. During September the
wind direction shows a wide distribution over the south and S-E quadrant. The
period from June to September is also characterised by the weakest winds (0 – 5
m/s) during the year (Figure 7.3). Winds with a speed between 0 and 5 m/s have a
similar rate of those events between 10 – 15 m/s (22% and 23 %, respectively),
which are mainly concentrated during winter (January – March). A seasonal
variability of the wind pattern is observed in autumn (October - March). During this
period, wind speed is consistently larger than 10 m/s with a direction from the SW
sector. A low percentage of events with wind speed between 15 and 20 m/s is
observed (4%). These are related to the strong south-easterly winds recorded during
two periods in January: 13th to 19th and 24th to 31st (Figure 7.3), when the mean
transport through the FIG is towards the NA (Figure 6.3).

WIND-TRANSPORT RELATIONSHIP
From previous investigations within the FIG (Turrell and Henderson, 1990; Turrell
et al., 1990; Turrell, 1992a), it has been observed that transport is wind-driven
during both winter and summer. The response of transport to wind stress is complex
in the FIG, especially close to the coast. Residual transport may be induced by the
wind stress, baroclinic forces and nonlinear interactions of the tide.
The area of study is shallow, and wind often blows along the coast (from SW)
creating a piling up effect against the coast which causes a sea surface slope
(Hughes, 2014). The resultant current flows in the direction of the wind stress as
typically happens to the west of the UK. This event occurs to the west of Shetland
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where the continental slope is aligned in the same direction of prevailing winds, i.e.
SW to NE (Hughes, 2014).
In order to determine the correlation between mean transport into the NS (Qc, Qr
and Qp) and the zonal velocity component of the wind (ue), hourly values of the
wind speed and direction from Lerwick station data were converted to meridional
(un) and zonal (ue) components:
ue = - us sin φ𝑤

(7.1)

un = - us cos φ𝑤

(7.2)

Where φw is the main wind direction extracted from Lerwick and us the relative
speed. Low-pass filtered (72-hour Godin filter) velocity components have been
averaged on a daily basis by following the method illustrated in Section 5.2,
obtaining zonal ue and meridional un components. Although the transport has been
estimated perpendicularly to the sections of the Box, Qc, Qr and Qp are selected for
direct comparison with the zonal wind velocity ue, so the response of the general
circulation system over the FIG may be deduced. The response of the transport
estimated with HFR and PFOW to the wind stress was explored. Wind stress
components are calculated as follow:
τe = cd ρus u' e

(7.3)

τn = cd ρus u' n

(7.4)

τs = √τe 2 + τn 2

(7.5)

Where cd is drag coefficient (1.3*10-3, adopted for the Scottish Shelf) and, ρ the
density of dry air (1.29 kg/m3), and us the daily filtered wind speed (m/s) u’n and
u’e are the meridional and zonal daily residual velocity components rotated by a
range of angles δ. The directions of these rotation are taken from 180° and 360°
(trigonometric convention, i.e. East direction is 0°) with a 15° clockwise step
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(Figure 7.4). The choice of this range of directions is justified by the highest
occurrences of both wind direction and magnitude (Figure 7.2). The wind stress
components, τe and τn, in N/m2, are estimated for each direction.

Figure 7.4 – Convention adopted for the rotation of wind components ue and vn.
These residuals components are rotated by the range of angles δ, from 180° to 360°
(trigonometric convention, starting from east = 0°) corresponding to wind direction
from 90° to 270° (meteorological convention, indicated by φ).

A linear response of wind stress to the mean transport into the NS was found for
winds blowing from the SW quadrant (Pingree and Griffiths, 1980; Turrell et al.,
1990). Examining the relationship between daily averaged wind stress resolved
along the directions φ and mean transport into the NS from the year-long analysis,
the highest correlations for the CODAR and radials dataset are found for winds
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blowing from 255° and 270°, respectively (Figure 7.5). Correlation coefficient rc,
rr, and rp relates the mean transports Qc, Qr and Qp, respectively, with the averaged
zonal wind stress τe resolved along the directions φ (90° to 270°; Table 7.1).

Table 7.1 - Correspondence between angle δ along which zonal/meridional wind components are
rotated and wind direction φ (meteorological convention). Correlation coefficient rc, rr, and rp
relates the mean transports Qc, Qr and Qp with the averaged zonal wind stress τe resolved along the
directions φ (90° to 270°).

φ (°)

90

105

120

135

150

165

180

195 210 225 240 255 270

rc

-0.81 -0.76 -0.67 -0.54 -0.37 -0.16 0.08 0.32 0.53 0.69 0.78 0.82 0.81

rr

-0.79 -0.76 -0.70 -0.59 -0.44 -0.25 -0.02 0.21 0.43 0.60 0.71 0.78 0.79

rp

-0.41 -0.23 -0.04 0.16 0.36 0.54 0.70 0.80 0.84 0.80 0.71 0.57 0.41

Figure 7.5 – Annual correlation between daily averaged zonal wind stress resolved along the
directions φ (90° to 270°, shown on the x-axis), daily mean transport estimated with HFR
CODAR data (Qc), radials (Qr), depth-averaged PFOW (Qp) and surface PFOW. The correlation
coefficients indicate the corresponding dataset compared with the wind stress (rc, rr, rp and rp-sur
indicate CODAR, radials, depth-averaged PFOW and surface PFOW, respectively). The angles
along the x-axis are in meteorological convention.
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The angles along the x-axis are in meteorological convention.

The angles along the x-axis are in meteorological convention.

corresponding dataset compared with the wind stress (rc, rr, rp and rp-sur indicate CODAR, radials, depth-averaged PFOW and surface PFOW, respectively).

transport estimated with HFR CODAR data (Qc), radials (Qr), depth-averaged PFOW (Qp) and surface PFOW. The correlation coefficients indicate the

Figure 7.6 - Monthly correlation between daily averaged zonal wind stress resolved along the directions φ (90° to 270°, shown on the x-axis), daily mean
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Correlation coefficients rc and rr are similarly lower when wind direction is between
135° and 240°, respectively. This similar trend between rc and rr suggests that the
different spatial resolution due to the methods adopted for the estimate of the
transport (i.e. Box and Egg-Box) does not influence significantly the relation
between mean transport and wind stress.
Correlations between depth-averaged FPOW mean transport (Qp) and the
meridional component of the wind stress (τe) rp are different from rc and rr. The
highest correlations estimated from the HFR datasets do not correspond to the same
direction of rp (Figure 7.5). However, a maximum residual response to wind stress
for the PFOW was estimated to be for winds blowing from 210°, which agrees with
the previous estimates (Turrell et al., 1992; Turrell et al., 1990).
The seasonal change in dynamics of the transport into the NS is explored by
performing the correlation by month throughout the year (Figure 7.6). By
estimating the monthly correlation, a seasonal change is observed in December
from the correlation between HFR mean transport and wind stress. This drastic
decrease of both rc and rr is not observed by comparing the PFOW transport with
the wind stress. Correlations rc and rr agree well with rp during summer, when in
presence of stratification, the surface transport may respond faster to wind stress.
Alternatively, for not-constant winds blowing from the different directions, the
transport at the surface will be unsteady at an angle to the wind independent upon
the depth. On the contrary, during winter wind blows in the same direction for
several days, and the surface layers are steady with the transport that depends upon
depth (Ekman, 1909).
The difference between the HFR coefficients and this estimated by using the
upmost PFOW transport (rp-sur) is less evident (Figure 7.5 and Figure 7.6). This
result is encouraging and provides a like-to-like comparison of the correlation
between surface mean transport and the meridional component of the wind stress.
Although there is evidence of a relationship during summer, care must be taken
when considering the variability of the wind stress in combination with the model
at the surface.
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SPECTRAL ANALYSIS
In this section a spectral analysis has been performed in order to search for
significant periodicities likely linked to specific forcing mechanisms. To limit the
uncertainty due to data interpolation (gaps in the time series) the Lomb-Scargle
method (Press et al., 1992; Scargle, 1982) is used. The Lomb-Scargle is an
application of the least-squares analysis (VanderPlas, 2018). The technique also
considers different sampling frequencies with gaps in the datasets, which is the case
of the present study. The periodogram is defined by the equation:
2

2

1 [∑j (y - y) cos ω(tj -τ)] [∑j (y - y) sin ω(tj - τ)]
Px = 2
+
∑j cos2 ω(tj - τ)
2σ
∑j sin2 ω(tj - τ)

(7.6)

Where Px is the normalised periodogram, in function of the angular frequency ω
(2πf). The mean y and standard deviation σ2 of the time series y of N data points are
expressed as:
N

1
y = ∑ 𝑦𝑖
N

(7.7)

𝑖=1
N

1
𝜎 =
∑(𝑦 − 𝑦)2
N−1

(7.8)

2

𝑖=1

The coincidence between the Lomb-Scargle solution and least-squares fit is due to
the constant τ (VanderPlas, 2018). This value is an offset function of the frequency
f that ensures time-shift invariance and, consequently, the power spectrum
independency to tj shifting.
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WIND INFLUENCE
In a first instance, spectra are estimated from the mean transport into the NS
(estimated in Chapter 6) and the zonal wind data on a daily basis. Three different
transport time series are used: the HFR dataset from CODAR (Qc), radials (Qr) and
PFOW (Qp). Qc and Qr spectra (expressed in Power Spectral Density, PSD), show
their main peaks at the same frequency, corresponding to periods between 105 and
7 days (Figure 7.7).

Figure 7.7 – Lomb-Scargle spectrum of the mean transport into the NS compared with the daily
average Zonal wind. Qc, Qr and Qp represent the spectra estimated by using HFR (from
CODAR), radials and PFOW (depth-averaged) transport datasets, respectively. While the
dashed red line represents the filter wind time series on a daily basis. The x-axis is expressed
in cycle per day (cpd); the left y-axis is the transport Power Spectrum Density (PSD), while the
right y-axis is the PSD of the wind.

The Qc holds more power the than the Qr spectrum in terms of PSD, highlighting a
potential higher noise in the signal, when data are processed by the HFR system.
The principal spectral peak for both Qc and Qr is found at a frequency of 0.0095
cpd which corresponds to a period of ~105 days (Figure 7.7).
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The agreement with the wind peaks between 0.0179 day-1 (~56 days) and 0.1396
day-1 (~7 days) suggests that the transport is mainly wind driven. The transport
variability in the model (Qp) seems to be driven to a lesser extent by this process,
given its main spectral peak less pronounced than both Qc and zonal component of
the wind peak. One of the main peaks observed from the wind spectrum is at the
frequency of 0.0321 day-1 (~31 days). This frequency is also related to an additional
tidal constituent (Mm) produced by the variation of the tidal force on a monthly
scale. Such low-frequency tidal constituents are often dominated by meteorological
noise (Parker, 1991).

TIDAL INFLUENCE
The second main spectral peak observed in the present analysis is found at the
frequency of 0.068 day-1 (14.7 days; Figure 7.7). This corresponds to the springneap tidal cycle (14.77 days), whose oscillations are significant in the area of study.
This frequency also represents the lunar synodic fortnightly constituent (MSf)
which has the same period of the spring-neap tidal cycle. The topography also
implies eigen-periods with consequent tidal oscillations and nonlinear effects
(Sündermann and Pohlmann, 2011). The influence of the nonlinear effects on
circulation in the FIG can be related to bottom friction effects, contributing to the
distortion of the tide (Parker, 2007) and the generation of constituents with the same
frequencies as the fortnightly.
The spectral analysis was also performed at location 6 and 7 by using the
measurement datasets compared with HFR observations. The large peak at the
frequency of 0.068 cpd is not an instrumental fault as the signal appears in the
measurements recorded by the in situ instruments (Figure 7.8 and Appendix E.9).
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Figure 7.8 – Comparison between spectra at location 6 (right-hand) and 7 (left-hand) between
current meters (CM) at the deepest point of measurement and HFR raw hourly observations
when instruments worked simultaneously. In each plot, the y-axis is the Power Spectral Density
(PSD) expressed in ((m/s)2/cpd), while the x-axis is the Frequency expressed in cycle per day
(CPD). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and K1,
almost overlapped, M2 and S2, almost overlapped, and M4). The title of each plot indicates
location and depth of the current meter considered for the analysis.

Furthermore, the spectra were estimated along the boundaries of both the Box and
the Egg-Box using raw hourly HFR data. The analysis at the current meter locations
shows evidence of a spectrum peak at the frequency of approximately 0.068 cpd
(14.7 days). Same evidence if found at the Box locations. While the spectral peaks
along the boundaries of the Egg-Box are mainly observed at the shallowest
locations closer to the mainland of Orkney and Shetland Islands (see Appendix E
for further information).
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NAO-TRANSPORT RELATIONSHIP
The 67 years NAO index (released from the National Oceanic and atmospheric
Administration (NOAA) Climate Prediction Center) analysis is performed on a
monthly basis. A strong spectral peak at approximately 0.084 cycles per month
(cpm) is found, which corresponds to 1 cycle per year. Both NOAA and Hurrell’s
NAO indexes (Hurrell, 1995) show the same peak at 1 year frequency. However,
the periodicity of ~100 days explained in the previous section is also observed when
the spectra are estimated on a monthly basis from the year explored in the present
study (September 2013 – August 2014). The sinusoidal fit for a harmonic with a
100-day period is applied to Qc and compared with both the monthly NOAA NAO
index and Zonal wind time series (Figure 7.9).

Figure 7.9 – Monthly mean time series transport into the NS, NAO index and Zonal wind. The
former is expressed in Sv (left y-axes), while NAO is dimensionless and zonal wind is expressed
in m/s (right y-axes). The sinusoidal fit of the transport uses the main periodicity (100 days)
estimated from its spectral analysis on a monthly basis.

Several studies (Feldstein, 2002; Feldstein and Lee) have shown that the interannual
NAO index variability is correlated with the principal component of the zonal wind
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component (zonal index). The mechanisms which drive these processes can be
described by a zonal index with a 14-day cycle (Feldstein, 2002; Feldstein and Lee,
1998; Lorenz and Hartmann, 2001; DeWeaver and Nigam, 2000). In the present
section, the focus is on the annual timescale variability based on the 12 NAO
indexes of the period of study. The analysis suggests that monthly mean HFR
transport into the NS is strongly (r = 0.96) and moderately (r = 0.54) influenced by
Zonal wind and NAO, respectively. A quasi-seasonal relationship is therefore
observed. Other studies mentioned the relationship between Atlantic Water Inflow
and NAO throughout the FIG on a weekly basis, finding the strongest correlation
of the order of 0.62 from December 1997 to July 1998. (Winther and Johannessen,
2006).

HFR MAPPING CAPABILITIES
The HFR can provide current measurements in a more practical and efficient way
over large areas of interest than more traditional in situ measurements. To
demonstrate the HFR capability of mapping surface currents the present section by
spatial fields for four extreme daily transport events are shown. These are extracted
from the daily-average transport time series Qc (Figure 7.10). For each extreme
event, HFR and PFOW daily residuals are mapped and correlated with the wind
daily mean speed and direction (Figure 7.11).
By convention, Qc is counted positive when the transport is towards the NS, and
negative when it is towards the NA. Similarly, the transport through the ESI section
is counted positive towards the north-east and negative towards the south-west (see
Figure 6.1 to localise the ESI).
The maximum positive transport events occurred on 25th December 2013 and on
12th April 2014 when wind was blowing from 210° and 239°, respectively. As
discussed in Chapter 6, these transport events are strongly influenced by winds
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blowing from the south-west sector. During these peak events the ESI is also found
positive. The two maxima negative (i.e. towards the NA) events occurred on 20th
October 2013 and on 28th January 2014. These also show an agreement with the
wind direction (98° and 108°, respectively). Negative transport is observed only on
three occasions during the year of observations, and these events are related to the
wind coming from the south-east sector.

Figure 7.10 – Time series of the mean transport into the NS (Qc) and on the ESI side of the Box
(ESI) estimated on daily basis. Both transports are estimated with CODAR total data. Circles
indicate the extreme positive and negative transport for Qc (black) and ESI (green).

The depth-averaged transport Qp (PFOW) agrees well with Qc when peak transports
are positive (25th Dec and 12th April; Figure 7.11). However, Qp shows an opposite
direction (approximately between 90° and 180°) when the transport is negative (20th
Oct and 28th Jan). It seems that PFOW does not respond in the same manner to these
negative extreme negative events. The transport of surface PFOW circulation (not
shown here) shows the same result when compared with the HFR observations. A
further investigation is therefore needed to explain this distinct difference between
observations and model predictions. The spatial shift between observed and
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modelled currents is also observed in Chapter 5 on yearly basis (Figure 5.12), and
it is highlighted by the map illustrations in this section during some of the main
peak transport events (Figure 7.11 and Figure 7.12). The correlation between the
HFR derived currents and wind-forcing indicates that a correction can be provided
to the model wind-forcing using HFR observations.
Extreme transport events observed in the ESI daily transport time series are also
mapped (Figure 7.12). As previously, the daily residuals are presented during these
events at the grid locations from both HFR and PFOW datasets, together with daily
averaged wind direction and speed. When Qc is negative, ESI is also negative
(south-westerly). Conversely, when Qc is positive (transport into the NS) with a
flow rate larger than 1.5 Sv, the ESI is mainly positive (north-easterly; Figure 7.10).
However, the extreme events (positive and negative) are not always coincident
between Qc and ESI. The two main ESI positive peak events occurred on 24th
December 2013 and on 8th March 2014. For both events, ESI is northwards directed,
while the wind direction is 180° and 210°, respectively. Negative ESI events
occurred on 4th November 2013 and on 15th February 2014. Also in these cases, ESI
is strongly related to the southerly wind whose directions are 346° and 50°,
respectively (Figure 7.12). The south-easterly flow to the East of Shetland (ESI) is
the typical pattern throughout the year, and veers to west (clockwise direction) in
the eastern region of the Box. However, during the observed positive (northeasterly) transport events, the flow deflects in a counter clockwise direction
throughout the area. A strong correlation is found between main wind direction and
extreme events of Qc and ESI presented in this section. The relationship suggests
the wind direction is of importance during these storm events, affecting the
prevailing surface currents.
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positive (i.e. towards the NS) transport events, while the bottom ones show extreme negative (i.e. towards the NA) transport events

hourly basis. The wind speed and direction (thick black vector) are indicated in the top right corner of each graph. Top panels show extreme

represent the daily averaged velocities from the HFR (black) and PFOW (blue), while the red lines are the particle tracking computed on an

Figure 7.11 – Map of the circulation during four main transport events chosen from the daily-mean HFR transport time series Qc. Vectors
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positive (i.e. towards the NS) transport events, while the bottom ones show extreme negative (i.e. towards the NA) transport events.

hourly basis. The wind speed and direction (thick black vector) are indicated in the top right corner of each graph. Top panels show extreme

represent the daily averaged velocities from the HFR (black) and PFOW (blue), while the red lines are the particle tracking computed on an

Figure 7.12 - Map of the circulation during four main transport events chosen from the daily-mean HFR transport time series ESI. Vectors
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DISCUSSION
Monthly correlations between observed mean transport and wind stress resolved
along the zonal direction respond to the non-localized effect of the wind stress.
Studies of wind-driven response verified that transport is highly correlated with the
wind. As expected, the inflow into the NS is mainly barotropic and predominantly
dependent from wind coming from the south-west sector (Turrell and Henderson,
1990; Turrell et al., 1990). In order to demonstrate the dependence of the main
transport on the wind stress, the following formula provided by Pingree and
Griffiths (1980) and Turrell et al. (1990) is used:
Qt = b + p cos (φw - φ) τs

(7.9)

Where Qt is the mean transport, expressed in Sv and considered positive into the
NS. The times series is compared to the one estimated in a previous study (Turrell
et al., 1990). The coefficients p and b are non-wind driven component (0.4) and
linear regression coefficient (22.2), respectively. The derived regression equation
used for describing the response of the transport (Qc) to wind stress (τs) is related to
the same range of φ (table 7.1). The resulting mean annual transport on a daily basis
Qt obtained from the previous formulation shows a similar pattern as Qc (Figure
7.13).
There is a good agreement between the transport predicted from the model and Qc
observed from the HFR, as highlighted by the strong correlation (r = 0.82).
However, Qt exhibits a lower mean transport (0.2 Sv). The relationship given by
Equation (7.9) was established by Turrell et al. (1990) for periods when the
transport was towards the NS.

This relationship is proved valid for reverse

transport, i.e. towards the NA.
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Figure 7.13 - Comparison between the directional response of transport estimated into to the NS
and the component of wind stress (τs, dashed red line) resolved along 255°N. This direction is
found the most correlated one to the transport throughout the year. The two transports
represented in the graph are estimated from CODAR data (Qc, black line) and the linear model
developed by Pingree and Griffiths (1980) and Turrell at. al (1990) (Qt, dashed green line).

At high latitude, Coriolis effects influence the circulation. The transport may be
aligned with the wind direction, due to the presence of Ekman-type response to the
meteorological forcing. Wind stress variability leads the variability of the Ekman
transport into the NS which is correlated to the westerly wind field (Winther and
Johannessen 2006). This wind pattern produces a volume transport into the NS
similar to the one deduced by the relationship between meridional wind stress
component and volume transport (Figure 7.5, Figure 7.6). Ekman theory
demonstrates the presence of a maximum deflection angle of 45° between wind and
surface current, assuming a constant vertical eddy viscosity. The resulting direction
of the mean transport corresponds to the one observed when the mean transport Qc
is correlated to the zonal component of the wind stress (Figure 7.5, Figure 7.6).
PFOW transport has been estimated by using the depth-averaged velocity which
may describe the Ekman transport assumption, i.e. 90° to right from the wind
direction (Figure 7.14). A 45° clockwise rotation between rp and rc is persistently

203

CHAPTER 7: FORCING MECHANISMS

observed through the year. Consequently, a potential new insight by integrating the
HFR observations with the PFOW may be further explored in terms of Ekman
transport.

Figure 7.14 - Angular displacement of wind direction related to Qc and Qp. The
highest correlation expressed by rc and rp indicate the wind direction
(meteorological convention), 255° (red arrow) and 210° (azure arrow),
respectively. Mean transport into the NS coincides with the Ekman transport
assumption (black thick arrow).

The shallow topography and consequent energy dissipation at the sea bed can result
in important residual currents. These may act independently of meteorological or
density forces and results in a cyclonic circulation of the NS (Sündermann and
Pohlmann, 2011). Data were low-pass filtered in the present study and therefore the

204

CHAPTER 7: FORCING MECHANISMS

shallow water constituent frequencies are not completely removed. As discussed by
Parker (2007), a model may include nontidal phenomena and nonlinear effects due
to the interaction of tidal currents. The numerical simulation used in the present
study does not show the effects due to the nonlinear dynamics (Figure 7.7). The
nonlinear interaction of non tidal phenomena (i.e. river discharge and storm) can
modify the tide in the shallow water area of study. It is shown that storm surges
with frequencies below the principal tidal constituents frequency affect the tidal
currents in shallow water (Jones and Davies, 2008; Horsburgh and Wilson, 2007).
These effects are partially hidden by the filtering process. From this study, a further
analysis can be performed the assimilation of the HFR data in the PFOW in order
to show the nonlinear effects which influence the tidal current distribution and
variability in the FIG.
The transport into the NS through the FIG is related to changes in the monthly NAO
index. According to Masselink et al. (2016), the winter between December 2013
and March 2014 is considered to be the most energetic and impactful season on the
Atlantic coast of Europe since 1948. The NAO index is of critical importance in
terms of impact on Scotland and Ireland west coast (Commin et al., 2017), capturing
the 86% of the winter-averaged wave depth variability (Castelle et al., 2017).
Variability in Qc shows a moderate correlation with the NAO (r = 0.54) most
probably related to the extreme wave event activity which characterised the year of
the present investigation (Figure 7.9). Although a correlation is demonstrated
between the NAO and transport, the results must be interpreted with caution, as the
comparison is based on 12 monthly values. It is anticipated that transport estimated
with the HFR through the FIG is important to understand extreme storm events.
The NAO variability is transferred to the NS mainly through direct atmospheric
forcing (Sündermann and Pohlmann, 2011), but the direct influence on volume
transport between NA and NS is also observed. The relation between the water
mass exchange and NAO could be further investigated to provide new insight into
the spatial and temporal variability of extreme wave energy entering from the FIG
into the NS.
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The preliminary investigation of the storm events demonstrates the comprehensive
information available from the HFR observations. Figure 7.11 and Figure 7.12
show trajectories estimated from the hourly HFR data during these periods. The
maps may help to describe the evolution of the circulation, which influences the
distribution of nutrients throughout the coastal areas. The rapid response of the
surface currents to change in the wind forcing shown here demonstrate the
application of HFR measurements. This initial estimate offers a second potential
insight into the flexible use of the HFR technology in terms of trajectory simulation
and circulation understanding. This could be complemented with the OMA
simulations, particularly in areas where there is not enough data coverage (see
sections 3.3.4 and 3.4 for more information). HFR currents current can be used to
benefit accurate backtracking simulations and short-term trajectory prediction in
areas where surface particle tracking is necessary (e.g. oil spill and biological
connectivity).

SUMMARY
The response of transport to the meteorological forcing has been investigated and
may be summarised by the following points:
•

A wind-driven inflow in the FIG occurs throughout the year with a
maximum in December, according with the ACE results (Turrell et al.
1990).

•

The annual correlation between daily transport and zonal wind stress
component from 255°N to 270°N is high (r = 0.81).

•

The correlation between the available datasets and wind stress is found in
agreement when CODAR data and radials are compared, while a 45°
clockwise shift is found between both the HFR correlations and the
correlation between PFOW and wind stress.

206

CHAPTER 7: FORCING MECHANISMS

•

Spectral analysis of the HFR observed transport shows a persistent peak at
0.069 cpd (~14.5 days) throughout the year. This is confirmed by the
analysis of in situ measurements.

•

A periodicity of ~100 days is also observed when the spectra of the transport
Qc and zonal wind data are compared on a monthly basis.

•

The correlation between the four main transport events (positive and
negative) and the wind direction indicates that the spatially HFR
observations are associated with broad-scale wind forcing.

The interpretation of the transport into the NS associated with the meteorological
forcing is addressed. The HFR observations improved the understanding of the flow
through the FIG by providing a spatial variability of the volume transport. The
PFOW can certainly improve and complement the knowledge about the circulation
in the area. For instance, by combining the model simulations with the HFR
observations a significant improvement in the understanding of the shallow water
circulation of the FIG can be achieved.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK
The exchange of water masses and their properties (energy, temperature, salinity,
nutrients) between the NA and NS is of primary importance to the
physical/biological processes of the area. Much of this exchange occurs between
Orkney and Shetland Islands (the FIG), and to the East of Shetland. Both in situ
measurements, including remote sensing observations, and model predictions
provide a tool to study the complex hydrodynamic state of this region. This study
has partially addressed the knowledge gap due to the limited spatial distribution of
data and few long-term records.

HFR ASSESSMENT AND COMPLEMENTARY DATASET
HFR provide the spatial and temporal resolution essential for monitoring coastal
ocean currents. Although the HFR technology has been widely used in
approximately 400 oceanographic areas over the world, the Brahan system needs to
be assessed before relying on its output. This research has compared current data
collected by HFR, in situ instruments and a regional hydrodynamic model (PFOW)
in the FIG from September 2013 to August 2014.
In the first instance, the direct signal of the system (i.e. radials) were explored. In
agreement with previous studies, an overall increase in the uncertainty of the radial
velocities increased proportionally with the range (i.e. distance) from the antenna.
Gaps in the radial data occurred in September and October. During the former (20th
to 30st) the data coverage was approximately 40% and 60% by NRON (Figure 3.11)
and SUMB (Figure 3.12), respectively. During October (1st to 14th) the radials from
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SUMB covered about 20% of the area. However, total velocities covered the area
for approximately 100 %, especially in the middle of the FIG, excluding the
baseline region (Figure 3.15). The SUMB system was affected by an adjustment
during April (10th to 20th) which was potentially due to a lower signal-noise-ratio,
loss of the frequency signal, replacement of cables, antenna collapse or power
outages (Figure 3.12). On the other hand, the NRON system showed full coverage
of the area during the same period, which explains why the total velocities were
estimated by the integrated HFR system. Consequently, data are not reliable during
these periods, and were not considered in the present study.
The baseline (line connecting the HFR antennas; Figure 3.16) was tested in order
to fully understand the data reliability at locations where two moorings were
deployed in 2007/2008 (location 6 and 7; Figure 3.1). Radials were processed at
each point along the baseline with approximately 4 km between them. A total
amount of 19 points showed the variability of the RMSD along the baseline and on
a month-to-month basis.
The correlation coefficient r between the radial velocity from NRON station VNRON
and from SUMB station VSUMB was constant throughout the deployment, with
higher correlation closest to the respective HFR stations (Figure 3.17). RMSD was
proportionally inverse to r, when the coefficients were estimated on a monthly basis
at each location. RMSD and r were also estimated on a spatial scale. These
coefficients were averaged at each location along the baseline. As expected, the
RMSD increased when VNRON and VSUMB approached their relative antenna
locations (Figure 3.18). The correlation coefficient reached its minimum of 0.31 at
the midpoint of the baseline (40 km from NRON). These results were in agreement
with previous studies of radials uncertainty (Figure 3.19; Lipa and Nyden, 2005;
Lipa et al., 2006). The estimated coefficients had a similar pattern and, more
importantly, RMSB (baseline deviation) was smaller than RMSA, which indicates a
good quality of radials.
For the Open-boundary Modal Analysis (OMA), the radials are combined in order
to estimate the total velocities. These have been compared with the CODAR
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velocities. Two domains with a different spatial scale were considered. The smaller
domain (18000 km2) was based on two spatial scales, i.e. 25 km and 10 km. By
extending the OMA domain (22500 km2), the velocity field in the shadow area was
regular (Figure 3.21b and Figure 3.23b) which could include some uncertainties on
the edge of the original HFR domain (almost 30000 km2). At the extremities of the
baseline, the OMA used radials from both stations, and showed a constant northeastward and southwards currents at OI and SI side, respectively. The OMA
application only aimed to improve the research methodologies and it resolved some
of the problems inherent to the CODAR processing, such as the low reliability of
velocity calculations near the baseline.
The analysis carried out in Chapter 5 considered both North (u) and East (v) velocity
components and showed the instruments performance by using the Taylor
diagrams. Assuming that in situ measurements accurately represent the circulation,
the Taylor diagrams assessed the performance of both the HFR and PFOW. The
averaged-to-single depth measurement comparison at the current meter profiler
locations (4 and 5) partially confirmed the hypothesis that the velocity is nearconstant throughout the water column (Figure 5.4 and Figure 5.5). HFR
observations were compared with the measured depth-averaged components at
these locations. HFR and profiling current meters were moderately related and
correlation varied from high (0.6 to 0.7) at location 4 to low at location 5 (< 0.1).
The correlation strictly depends on HFR antenna location and its consequent radial
orientation. For example, at location 5 the prevailing currents are eastwards, which
is normal to the radial direction from both NRON and SUMB station. This was the
main reason for the lower precision in the CODAR velocity estimation at this
location. The PFOW depth-averaged velocity components agreed well with the
profiling current meter measurements showing a correlation coefficient higher than
0.9 and RMSE lower than 0.08 m/s.
Taylor diagrams for each available period, when HFR and PFOW worked
simultaneously at the single point current meter locations, were also discussed in
Chapter 5. High correlation (r > 0.85) was found by comparing depth-averaged
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measurements, HFR observations and the PFOW dataset (Figure 5.7). The good
agreement between the profiling current meter and HFR/PFOW data at locations 1
and 2 for both velocity components also confirmed this result.
Additionally, the Kundu complex correlation coefficient and phase displacement
were calculated for the residual components on a spatial scale. The correlation
between HFR observations and depth-averaged PFOW predictions was moderate
to high (> 0.6) on the NA side, where zonal velocities were larger (Figure 5.12).
The phase displacement showed a noticeable variability across the domain, and
large positive values were concentrated in the middle of the FIG. Here, the positive
angular displacement ξ (up to 50°) between profiling current meters (and HFR) and
PFOW indicates a counter clockwise rotation of the PFOW vectors relative to the
measurements (and HFR). This area was also characterised by the most significant
RMSEvec throughout the area of study.

TIDAL CONSTITUENTS IN THE FIG
The principal tidal constituents (i.e. M2 and S2) and their variability were analysed
in Chapter 4. By using t_tide (Pawlowicz et al., 2002) the tidal analysis was carried
out for each dataset at the in situ locations. A comparison was performed between
PFOW model (run for a 15-day period, with only river and boundary condition
forcing enabled; i.e. without meteorological forcing), HFR observations and CM
measurements.
The tidal analysis was performed on hourly sub-sampled values at each location
and depth where measurements were available. At the profiling current meter
locations (4 and 5) the analysis was also performed for individual depth levels.
Depth-averaged M2 measurements were close to the HFR observations and PFOW
predictions at location 5. The PFOW profile gradient was in agreement with the
ADCP one, suggesting that the model simulates the semidiurnal tidal current profile
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well (Figure 4.1). At location 4, the M2 amplitude observed by the HFR at the
surface was in close agreement with the numerical model. Here, the PFOW profile
was also close to the AWAC measurements throughout the water column (Figure
4.2). The influence of bed friction was not as evident at location 4 as at location 5,
mainly due to a lack of observations very close to the sea bed at location 4. At the
profiling current meter locations, a constant M2 ellipse inclination through the water
column was observed. The model agreed well with the measurements, showing a
slight overestimation of the inclination at each depth, where data are comparable
(Figure 4.9).
At the single point current meter locations (i.e. 1, 2, 3, 6 and 7), the HFR-based
amplitudes were always smaller than those from the current meter measurements
(Figure 4.3). These were also always larger than PFOW depth-averaged amplitudes,
but the upmost PFOW data agree well with the HFR observations at each location,
except for location 6.
S2 amplitude observed by the HFR was also found smaller than the in situ
measurements. The PFOW depth-averaged amplitude was close to the profiling
current meter measurements at location 4 (Figure 4.4), while at location 5 this
agreement was not observed (Figure 4.5). At the single point current meter
locations, S2 estimated from the HFR was found close to the in situ measurements.
Both the measured and modelled S2 profile were similar at these locations, except
for location 3, where the CM profile tended to decrease as the measurement
approached the sea bed (Figure 4.6).
The inter-comparison between the datasets confirmed that semidiurnal constituents
show a spatial pattern in terms of orientation and a clockwise displacement from
west to east (Figure 4.9 and Figure 4.11, referred to M2 and S2, respectively). The
EOF technique was applied to the time series to estimate the angle of maximum
variance which was associated with the ellipse’s major axis. The ellipse inclination
from the harmonic analysis agreed well with the principal axis results (Figure 4.14).
This suggests that the semidiurnal tidal variability dominates the observed variance
of the currents.
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The most important diurnal constituents O1 and K1 were also initially considered.
On average, these represented less than 10% of the M2 amplitudes (reaching the
15% at location 3 and 5) throughout the area of study. Overall, when current meter
measurements are compared with both the PFOW simulations and HFR
observations, the second are found smaller in magnitude.

NORMALISED PROFILES
In order to estimate the transport into the NS, the residual velocity needs to be
integrated through the relevant sections where in situ measurements were available.
The HFR provides the spatial distribution of the residual flow at the surface, to
which vertical profiles can be integrated from the complementary current meter
measurements.
In the analysis carried out in Chapter 5 the residual components were rotated along
the principal axes angle estimated at each in situ location (Table 4.4). In a first
instance, the vertical profile is estimated from the along- and across-channel
velocity components across the middle of the FIG at location 6 and 7 (Figure 5.14).
At both locations, the HFR along-channel observations are within the range of
uncertainty (standard deviation) of the current meter data. At location 4, a linearised
profile was calculated from the profiling current meter profiler, and its upmost
extrapolated value compared with the HFR observations in terms of along- and
across-channel velocity components (Figure 5.15). The agreement between the
datasets meant that a normalised profile at each in situ location (4, 6 and 7) could
be estimated with little uncertainty (Figure 5.16). Similar vertical profiles were
found at location 6 and 7, where the topography across the FIG produces a
constrained flow pattern.
The linearised profiles were applied at location 1 (Figure 5.18), 2 (Figure 5.19) and
3 (Figure 5.20) and little discrepancy is found when these are compared with the
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measurements. The agreement among the datasets encouraged the application of a
new combined methodology between HFR observations and in situ measurements.
The surface velocity field given by the HFR is therefore combined with the
normalised profiles to give a vertically resolved residual flow. This will be
ultimately integrated into the estimate of the mean water transport through the FIG.

TRANSPORT INTO THE NORTH SEA
The main volume transport through the FIG was estimated on the basis of HFR
observations, in situ measurements and PFOW predictions. The volume transport
in this study was estimated differently from previous studies. Here, the water mass
is constrained in a specific area of the FIG, i.e. the Box (CODAR data and PFOW;
Figure 6.1 ) and the Egg-Box (radials; Figure 6.2).
The Box design was necessary as the lack of measurements on the baseline did not
allow for an estimate on a single transect between Orkney and Shetland. Instead,
using the Box, the transport was estimated through its six faces (Figure 6.3 and
Figure 6.4 for HFR and PFOW, respectively), which partially coincide with some
of the sections already investigated in the past (Table 6.4). Transport of the WSI on
a monthly basis showed agreement with the SFW section from Turrell et al. (1990)
between September and November. The ESI is compared with the ESAI (Hughes,
2014), showing a relationship between these transports on a seasonal scale (Figure
6.13).
The Egg-Box design uses the radials and their original direction, thus avoiding the
possible introduction of error from combing radials into total velocities. The
curvilinear design was chosen based on geometrical similarity with the Box design.
The yearly mean transport estimated from the two methods was found to be in close
agreement and their time series on a daily basis strongly related (r = 0.9; Figure
6.9). This is not unexpected given the radial observations are used to calculate total
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vectors in the CODAR system. The mean transport into the NS was estimated as
0.31 Sv and 0.36 Sv through the Box for HFR (Qc) and PFOW (Qp), respectively.
The transport by using the radials though Egg-Box was 0.35 Sv (Qr).
Volume transport was found not to vary much between winter and spring. A distinct
seasonal change was observed between autumn (October–November 2013) and
winter (December 2013-February 2014). The decline from 0.51 Sv and 0.62 Sv for
Qc and Qr, respectively, to 0.29 Sv (Qc) and 0.33 Sv (Qr), was mainly due to the
changing contribution from the WOI between the two seasons. WOI was of a
comparable size to Qc, i.e. 0.24 Sv. A reduction of the transport into the NS was
observed during the summer period (June-August 2014). This was mostly due to
low mean transport in August (the lowest input over the year, i.e. 0.02 Sv). One
reason for this discrepancy may be either the exceptionally large EOI (0.52 Sv) or
the small NAI (close to 0 Sv), which occurred during August 2014 (Figure 6.10).
PFOW mean transport was found to be in good agreement with previous modelled
transport estimates and, in particular, with the AMM (0.36 Sv; Table 6.9).
A further and more innovative calculation of the mean transport into the NS is
performed by using the normalised profiles. At each side of the Box, the four
different profiles were applied on a daily (Figure 6.11) and monthly (Figure 6.12)
basis. The estimates of transport from the normalised profile through the Box varied
from 0.12 (±0.08) Sv to 0.21 (±0.13) Sv. However, the lower and upper of the
transport into the NS limit (± 95% confidence intervals) can be assumed to be 0.18
± 0.10 (Q4-2) and 0.31 ± 0.17 Sv (Qc), respectively (Table 6.8).
Transport response to wind forcing has been previously investigated, and this study
expanded further on the monthly linear response of wind stress to the mean
transport into the NS. This relationship was observed mainly for winds blowing
from the south-west sector. The angle of highest correlation between the mean
transports with the averaged zonal wind stress τe resolved along the wind directions
φ (90° to 270°) was similar for the CODAR (rc) and radials (rr) dataset (i.e. 255°
and 270°, respectively). This relationship on a monthly basis was also estimated for
the PFOW (rp), and a persistent 45° clockwise rotation between rc (and rr) and rp
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was observed throughout the year (Figure 7.5 and Figure 7.6), suggesting Ekman
theory should be further explored as a mechanism for transport variability into the
NS.

CIRCULATION IN THE FIG
The complexity of the residual circulation has been investigated in the region
bounded by longitudes 4°W and -0.5°W, and latitude 58.5°N and 61°N (Figure 8.1).
The area coincides with the HFR surface current velocity domain examined in the
present research.
From the analysis made throughout this thesis, it can be said that the one-year long
HFR system has produced an accurate representation of the circulation. Based on
the spatial residual velocity map (Figure 8.1) averaged over the period of the Brahan
Project (28/08/2013 – 8/09/2014), the mean residual circulation of the area can be
discussed. Overall, the circulation is mainly clockwise in the NA region of the FIG
and mostly cyclonic in the NNS.
The northern boundary of the domain coincides with the Scottish Coastal Current
which leaves the NA and at approximately 3°W and 59.7°N deflects westwards in
the FIG. This current is identified as the FIC, and flows 45° south-eastwards
between Orkney and Shetland Islands, mainly following the 100 m isobath until it
enters the NS.
The current to the west of Orkney was found persistent and originating as result of
the coastal area of the archipelago. This strong flow is encountered by the FIC, and
partially flows to the southern boundary of the observed area. The anti-cyclonic
(clockwise) circulation around the Fair Isle is related to the shadow zone where
totals from the HFR are partially estimated.
The observations to the bottom of West Shetland show a weak residual westerly
and southerly current closer to the coast, which separates the two isobaths (i.e. 50
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and 100 m). This indicates that a residual flow originated from west of Shetland is
directed into the NNS (Figure 8.1).

Figure 8.1- Pattern of the residual circulation in the FIG. The HFR domain is identified by the
residual vectors whose magnitude is proportional to the jet colour map (i.e. predefined
convention: the vector from dark blues approaches to red, as velocity increases from 0 to 0.25
m/s). The velocities are estimated from the CODAR dataset at each grid point of the domain,
averaged on a yearly basis and filtered by using the Godin 72-hour low-pass filter. The
transparent black arrows represent the main inflows-outflows observed from the HFR in the
area. The size of the arrows is derived proportional to the magnitude of the current vectors.

The eddy features observed to the south part of the region at approximately 58.5°N
indicate the role played by the topography, as the shape of the circulation follows
the 100 m isobath. Comparing the features identified here with previous
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observations (Dooley, 1974; Turrell et al., 1990; Turrell et al., 1996; Otto et al.,
1990; Svendsen et al., 1991) and model simulations (Holt and Proctor, 2008;
Winther and Johannessen, 2006), the currents in the area do not vary with depth.
The description of the circulation in the area was made possible by the mapping
capabilities that the HFR offered in this research. The effectiveness of the
technology is evidenced by the ability to obtain the current map, which identifies
the evolution of the circulation, critical to the volume transport between the NA and
the NS.

FUTURE WORK
It is unfeasible to constantly observe the circulation of the study area by only
exploiting the classic oceanographic in situ measurements. In this context, the value
of the HFR data together with the PFOW simulations is significant. Change in
volume transport and therefore in the ecosystem could be tackled by an integrated
monitoring system for observations, between the North east Atlantic and the
Northern North Sea. Existing models such as the PFOW investigated in the present
study, may better interpret the understanding of the circulation and its relationship
with meteorological forcing or its inter-annual variability.
A reasonable representation of the depth-integrated residual flow has been provided
by the definition of the vertical velocity profiles at different locations throughout
the area of study. However, the profiles obtained from the combination of HFR
observations and current meters measurements can be certainly improved by
considering additional physical factors. The development of the PFOW can offer
the opportunity to further explore these spatial and temporal features of the flow.
The degree to which the nonlinear terms can generate higher order overtides (e.g.
M4) has been partially observed but not estimated during this study. So, the
interaction of meteorological forcing with tides in shallow water represent a further
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research topic. In a potential improvement of the PFOW, the HFR data
assimilations would play a crucial role in reducing the uncertainty due to the storm
surge. Furthermore, an Ekman scheme based on HFR data assimilation can improve
the model, especially in the well mixed area through the correct choice of the
Ekman depth (i.e. eddy viscosity). The idea to use the HFR surface currents in the
FIG and, hopefully, in a nearby region, to correct the knowledge of the wind stress
can be promising. The wind stress is considered a significant source of error in the
model predictions, and assimilation of HFR data into operational models should
improve the representation of the surface wind-driven layer in the PFOW.
This study has unveiled many questions in need of further investigations. It is
recommended that further research be undertaken in the HFR field by more in depth
exploring the Open-boundary Modal Analysis (OMA). The initial analysis
performed in this research suggests that the debate about the simulated trajectories
applied for instance to the oil spill modelling system should move forward. It would
be interesting to compare these trajectories by using the OMA and the CODAR data
in order to assess the effect of both methods in a real-case scenario. The findings of
this study have therefore a number of important implications for future practice,
and this information can be used to develop targeted interventions aimed at
predicting climate variability and making policy decisions.
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APPENDIX A
A. DATA COLLECTION AND METHODS
The baseline examination undertaken in Chapter 3 (section 3.3.6) allows to
understand the reliability of data along the baseline region (Figure B.1), where
radials are parallel and a shadow region between the HFR antennas is observed
(Figure 3.5). The statistical parameters RMSD and correlation coefficient r between
the radials processed from the two antennas are estimated and shown for those
locations not analysed in Section 3.3.6 (Figure A.2).

Figure A.1 – Map showing radial coverage and baseline between the HFR stations. The larger bullet
points indicate the radial velocities location from NRON (black) and SUMB (blue). The green line
represents the baseline where investigation is carried on.
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A.1 BASELINE EXAMINATION
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Figure A.2 - Each plot shows RMSD (blue) and r (orange) for radial current estimate along
the baseline at those locations not described in Chapter 3. The statistics are estimated by
averaging the hourly velocities from both HFR stations observed along the locations of the
baseline. The distance of each location from NRON is indicated in the title of the inlets. The
top-left plot shows the first location (12 km) (not discussed in Chapter 3) and, moving
rightwards, the distance increments until the furthest point from NRON (68 km). The left and
right-hand y-axis show the RMSD (m/s) and correlation (unitless), respectively.
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B. TIDAL VARIABILITY IN THE FIG
Tidal variability is presented in Chapter 4. In this section, the analysis considers the
PFOW model ran with meteorological forcing (entire year between 1/09/2013 to
31/08/2014, coincident with the HFR activity). The comparison between current
meters, HFR and model at location 4 and 5 is shown in terms of ellipse amplitude
(Section B.1), phase (Section B.2) and inclination (Section B.3).

B.1 ELLIPSE AMPLITUDE

Figure B.1 – M2 semi major (maj) axes estimated from t_tide at location 5. The comparison between
HFR (black square), ADCP (red line) and PFOW (blue line) with their relative error bars (95%
confidence interval) is shown. Depth-averaged values of both measurements (ADCPav, i.e. yellow
square) and PFOW data (PFOWav, i.e. purple square) are also estimated. The azure line represents
M2 estimated from the hourly time series of the PWOF full run (PFOW – Full), coincident with the
year of HFR activity, including meteorological forcing. PFOW – Full depth-averaged value is also
shown (i.e. PFOW – Fullav, light green square).
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Figure B.2 - M2 semi major (maj) axes estimated from t_tide at location 4. The comparison between
HFR (black square), AWAC (green and red line for first and second period, respectively) and PFOW
(blue line) with the relative error bars (95% confidence interval) is shown. Depth-averaged values
of both measurements (coincident between the two periods of observation, i.e. AWACav, yellow
square) and PFOW post-processed data (PFOWav, i.e. purple square) are also estimated. The azure
line represents M2 amplitude estimated from the hourly time series of the PWOF full run (PFOW –
Full), coincident with the year of HFR activity, including meteorological forcing. PFOW – Full
depth-averaged value is also shown (i.e. PFOW – Fullav, light green square).

Figure B.3 - S2 semi major (maj) axes estimated from t_tide at location 5. The comparison between
HFR (black square), ADCP (red line) and PFOW (blue line) with their relative error bars (95%
confidence interval) is shown. Depth-averaged values of both measurements (ADCPav, i.e. yellow
square) and PFOW data (PFOWav, i.e. purple square) are also estimated. The azure line represents
S2 amplitude estimated from the hourly time series of the PWOF full run (PFOW – Full), coincident
with the year of HFR activity, including meteorological forcing. PFOW – Full depth-averaged value
is also shown (i.e. PFOW – Fullav, light green square).
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Figure B.4 - S2 semi major (maj) axes estimated from t_tide at location 4. The comparison between
HFR (black square), AWAC (green and red line for first and second period, respectively) and PFOW
(blue line) with the relative error bars (95% confidence interval) is shown. Depth-averaged values
of both measurements (coincident between the two periods of observation, i.e. AWACav, yellow
square) and PFOW post-processed data (PFOWav, i.e. purple square) are also estimated. The azure
line represents S2 amplitude estimated from the hourly time series of the PWOF full run (PFOW –
Full), coincident with the year of HFR activity, including meteorological forcing. PFOW – Full
depth-averaged value is also shown (i.e. PFOW – Fullav, light green square).
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B.2 PHASE ANALYSIS

Figure B.5 - M2 phase reconstruction with relative error bars at location 5 (left) and 4 (right). The
comparison between HFR (black square), profiling current meter (green and red line for first and
second period at location 4, respectively, while red line at location 5) and PFOW (blue line) with
the relive error bars (95% confidence interval) is shown. Depth-averaged values of both
measurements (coincident between the two periods of observation at location 4, i.e. AWACav, yellow
square) and PFOW post-processed data (PFOWav, i.e. purple square) are also estimated at both
locations. The azure line represents M2 phase estimated from the hourly time series of the PWOF
full run (PFOW – Full), coincident with the year of HFR activity, including meteorological forcing.
PFOW – Full depth-averaged value is also shown (i.e. PFOW – Fullav, light green square).

Figure B.6 - S2 phase reconstruction with relative error bars at location 5 (left) and 4 (right). The
comparison between HFR (black square), profiling current meter (green and red line for first and
second period at location 4, respectively, while red line at location 5) and PFOW (blue line) with
the relive error bars (95% confidence interval) is shown. Depth-averaged values of both
measurements (coincident between the two periods of observation at location 4, i.e. AWACav, yellow
square) and PFOW post-processed data (PFOWav, i.e. purple square) are also estimated at both
locations. The azure line represents S2 phase estimated from the hourly time series of the PWOF full
run (PFOW – Full), coincident with the year of HFR activity, including meteorological forcing.
PFOW – Full depth-averaged value is also shown (i.e. PFOW – Fullav, light green square).
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B.3 ELLIPSE INCLINATION

Figure B.7 - M2 inclination reconstruction with relative error bars at location 5 (left) and 4 (right).
The comparison between HFR (black square), profiling current meter (green and red line for first
and second period at location 4, respectively, while red line at location 5) and PFOW (blue line)
with the relive error bars (95% confidence interval) is shown. Depth-averaged values of both
measurements (coincident between the two periods of observation at location 4, i.e. AWACav, yellow
square) and PFOW post-processed data (PFOWav, i.e. purple square) are also estimated at both
locations. The azure line represents M2 inclination estimated from the hourly time series of the
PWOF full run (PFOW – Full), coincident with the year of HFR activity, including meteorological
forcing. PFOW – Full depth-averaged value is also shown (i.e. PFOW – Fullav, light green square).

Figure B.8 - S2 inclination reconstruction with relative error bars at location 5 (left) and 4 (right).
The comparison between HFR (black square), profiling current meter (green and red line for first
and second period at location 4, respectively, while red line at location 5) and PFOW (blue line)
with the relive error bars (95% confidence interval) is shown. Depth-averaged values of both
measurements (coincident between the two periods of observation at location 4, i.e. AWACav, yellow
square) and PFOW post-processed data (PFOWav, i.e. purple square) are also estimated at both
locations. The azure line represents S2 inclination estimated from the hourly time series of the PWOF
full run (PFOW – Full), coincident with the year of HFR activity, including meteorological forcing.
PFOW – Full depth-averaged value is also shown (i.e. PFOW – Fullav, light green square).
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APPENDIX C
C. VERTICAL

COHERENCE

OF

THE

VELOCITY PROFILE
This section shows the time series of both north (u) and east (v) velocity
components at the single point current meter locations 1 (Figure C.2), 2 (Figure
C.3) and 3 (Figure C.4). Time series are extracted during when in situ instrument,
HFR and POFW datasets are overlapped in time (Table 5.3). At Each location two
different periods are observed a one single depth. Location 3 has been dragged
during the second period of monitoring (i.e. October-December 2013, Figure C.1).

Figure C.1 – Map showing the area of study HFR (shading boundary Brahan HF Radar) domains,
in situ instrument locations, including both AWAC and ADCP location Single point current meters
were deployed in 2008/2009 (Moored CM 2008/2009) and 2013 (Moored CM 2013).
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C.1 TIME SERIES SINGLE POINT CURRENT LOCATION 1

Figure C.2 - Comparison of raw hourly time series at location 1 (periods 1-1 and 1-2). The
profiling single point current meter velocity components (CMav, red) are compared with HFR
observations (HFR, black) and PFOW depth-averaged output dataset (PFOWav, blue). The
upper and bottom panels of each period show the East and North component, respectively.
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C.2 TIME SERIES SINGLE POINT CURRENT LOCATION 2

Figure C.3 - Comparison of raw hourly time series at location 2 (periods 2-1 and 2-2). The
profiling single point current meter velocity components (CMav, red) are compared with HFR
observations (HFR, black) and PFOW depth-averaged output dataset (PFOWav, blue). The
upper and bottom panels of each period show the East and North component, respectively.
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C.3 TIME SERIES SINGLE POINT CURRENT LOCATION 3

Figure C.4 - Comparison of raw hourly time series at location 3 (periods 3-1 and 3-2). The
profiling single point current meter velocity components (CMav, red) are compared with HFR
observations (HFR, black) and PFOW depth-averaged output dataset (PFOWav, blue). The
upper and bottom panels of each period show the East and North component, respectively.

231

APPENDIX D

APPENDIX D
D. VOLUME TRANSPORT
In Chapter 6, the main transport is estimated on a daily and monthly basis relatively
to HFR (CODAR) and PFOW dataset at each side of the Box (see map in Figure
6.1). In this section, the comparison between the time series for both datasets on a
monthly (Figure D.1) and daily (Figure D.2) basis is shown. The mean transport
into the NS to visualise the data gaps is also presented (Figure D.3).

D.1 MONTHLY TRANSPORT HFR AND PFOW

Figure D.1 - Monthly mean transport comparison between HFR (left hand side) and PFOW
(right hand side) for the six sides of the Box (Figure 6.1). Transport is considered positive
southeast towards for NAI and NSI (into the NS) and northeast towards for WSI, ESI, WOI and
EOI.
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Figure D.2 - Monthly mean transport estimated at each side of the Box using the HFR dataset. Data used for the analysis are pre-processed
on hourly basis when both the CODAR internal system has produced the total velocities and HFR system has collected radials. Data gaps
can be seen at each side of the Box (i.e. NAI, NSI, WSI, ESI, WOI and EOI). Transport is considered positive southeast towards for NAI and
NSI (into the NS) and northeast towards for WSI, ESI, WOI and EOI

APPENDIX D

D.2 MONTHLY TRANSPORT THROUGH THE BOX
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Figure D.3 – Monthly mean volume transport into the NS. Qc (CODAR), Qr (radial) and Qp (PFOW) time series are compared. Data are not
processed when datasets were not available at the same time (e.g. periods during September, October and April). Transport is considered
positive southeast towards the NS.
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D.3 MONTHLY TRANSPORT INTO THE NORTH SEA
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APPENDIX E
E. FORCING MECHANISMS
This section provides additional plots to confirm the results discussed in Chapter 7
(Section 7.3 and Figure 7.7), where the spectral analysis is performed. Spectra are
estimated at each location of both the Box (Figure E.1a) and Egg-Box (Figure E.1b)
by using the HFR CODAR and radials data, respectively. Spectra are represented
separately at each side of the Box (Section E.1 to E.4) and Egg-Box (Section E.5 to
E.8). During 2008/2009, measurements were collected at locations 6 and 7 at two
different depths (Table 3.1). Spectra of the measurements at these locations are also
estimated to show the main frequency peaks (Section E.9).

a)

b)
NAI
7

SI

SUMB
WO

7
6

6
OI

NRON
WS
NRON
ES

NSI
SUMB
EO

Figure E.1 – Maps showing the Box (a) and Egg-Box (b). The former is divided in North Atlantic
Inflow (NAI), Shetland Inflow (SI), North Sea Inflow (NSI) and Orkney Inflow (OI) side. The
open black circles represent the point locations on the HFR regular grid. The Egg-Box is divided
into four separate sides: the NRON West Orkney (WO), NRON East Orkney (EO), SUMB West
Shetland (WS) and SUMB East Shetland (ES). NRON (orange arc) and SUMB (green arc)
indicate the HFR station dataset used for the analysis (i.e. NRON for WS and ES; SUMB for
WO and EO). The dots indicate the locations where radials are estimated from the west (blue)
and east (red) side. Maps also shows the in situ measurement locations 6 and 7.

235

Figure E.2 – Spectra of the HFR raw data at each location of the North Atlantic Inflow (NAI) side of the Box (see map of
reference, Figure D.1a). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the xaxis is the Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e.
Msf, O1 and K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most western) grid point of the NAI
side is shown in the first plot to the top left-hand of the figure. The remaining grid points, from west to east to the NAI side,
are consecutively shown from the left-hand to the right-hand of the figure.
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E.1 HFR SPECTRA TO THE NORTH ATLANTIC INFLOW SIDE OF THE
BOX
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Figure E.3 – Spectra of the HFR raw data at each location of the Shetland Inflow (SI) side of the Box (see map of reference,
Figure E.1a). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the
Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and
K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most western) grid point of the SI side is shown
in the first plot to the top left-hand of the figure. The remaining grid points, from west to east to the SI side, are consecutively
shown from the left-hand to the right-hand of the figure.
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E.2 HFR SPECTRA TO THE SHETLAND INFLOW SIDE OF THE BOX
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Figure E.4 – Spectra of the HFR raw data at each location of the North Sea Inflow (NSI) side of the Box (see map of reference,
Figure E.1a). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the
Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and
K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most western) grid point of the NSI side is shown
in the first plot to the top left-hand of the figure. The remaining grid points, from west to east to the NSI side, are consecutively
shown from the left-hand to the right-hand of the figure.
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E.3 HFR SPECTRA TO THE NORTH SEA INFLOW SIDE OF THE BOX
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Figure E.5 – Spectra of the HFR raw data at each location of the Orkney Inflow (OI) side of the Box (see map of reference,
Figure E.1a). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the
Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and
K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most western) grid point of the OI side is shown in
the first plot to the top left-hand of the figure. The remaining grid points, from west to east to the OI side, are consecutively
shown from the left-hand to the right-hand of the figure.
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E.4 HFR SPECTRA TO THE ORKNEY INFLOW SIDE OF THE BOX
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E.5 RADIALS
SPECTRA TO THE

Figure E.6 – Spectra of the radials at each location of the SUMB East Orkney (EO) side of the Egg-Box (see map of reference,
Figure E.1b). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the
Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and
K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most eastern) grid point of the SUMB EO side is
shown in the first plot to the top left-hand of the figure. The remaining grid points, from east to west to SUMB EO side, are
consecutively shown from the left-hand to the right-hand of the figure. Radials are processed from the SUMB station.
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Figure E.7 – Spectra of the radials at each location of the SUMB West Orkney (WO) side of the Egg-Box (see map of reference,
Figure E.1b). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the
Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and
K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most eastern) grid point of the SUMB WO side is
shown in the first plot to the top left-hand of the figure. The remaining grid points, from east to west to SUMB WO side, are
consecutively shown from the left-hand to the right-hand of the figure. Radials are processed from the SUMB station.
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Figure E.8 – Spectra of the radials at each location of the NRON East Shetland (ES) side of the Egg-Box (see map of reference,
Figure E.1b). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the
Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and
K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most eastern) grid point of the NRON ES side is
shown in the first plot to the top left-hand of the figure. The remaining grid points, from east to west to NRON ES side, are
consecutively shown from the left-hand to the right-hand of the figure. Radials are processed from the NRON station.
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E.7 RADIALS SPECTRA TO THE NRON EAST SHETLAND SIDE OF THE
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Figure E.9 – Spectra of the radials at each location of the NRON West Shetland (WS) side of the Egg-Box (see map of reference,
Figure E.1b). In each plot, the y-axis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the
Frequency expressed in cycle per day (cpd). The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and
K1, almost overlapped, M2 and S2, almost overlapped, and M4). The first (most eastern) grid point of the NRON WS side is
shown in the first plot to the top left-hand of the figure. The remaining grid points, from east to west to NRON WS side, are
consecutively shown from the left-hand to the right-hand of the figure. Radials are processed from the NRON station.
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E.8 RADIALS SPECTRA TO THE NRON WEST SHETLAND SIDE OF THE
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Figure E.10 – Comparison between spectra estimated at location 6 and 7 (see Map of reference, Figure E.1) between current meters
(CM) at different depths and HFR raw hourly data during the period when the instruments worked simultaneously. In each plot, the yaxis is the Power Spectral Density (PSD) expressed in ((m/s)2/cpd), while the x-axis is the Frequency expressed in cycle per day (CPD).
The four vertical dash lines indicate the main tidal frequencies (i.e. Msf, O1 and K1, almost overlapped, M2 and S2, almost overlapped,
and M4). The title of each plot indicates location and depth of the current meter considered for the analysis.
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