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between the model predictions and field data at individual observation stations.
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Executive	
  Summary	
  

	
  

A	
  two-­‐dimensional	
  depth-­‐averaged	
  numerical	
  model	
  of	
  the	
  United	
  Kingdom	
  and	
  

Irish	
   coasts	
   has	
   been	
   constructed	
   that	
   includes	
   the	
   Anglesey	
   and	
   the	
   Bristol	
  

Channel	
   regions.	
   The	
   model	
   has	
   been	
   developed	
   using	
   the	
   discontinuous	
  

Galerkin	
   method	
   based	
   ADCIRC	
   model	
   (DG-­‐ADCIRC).	
   Bathymetric	
   data	
   are	
  

obtained	
  from	
  SeaZone	
  and	
  the	
  tidal	
  forcing	
  data	
  are	
  taken	
  from	
  the	
  le	
  Provost	
  

tidal	
   database.	
   Model	
   results	
   are	
   compared	
   to	
   the	
   available	
   measurements.	
  

Bearing	
  in	
  mind	
  the	
  scale	
  of	
  the	
  region	
  being	
  modelled,	
  a	
  very	
  good	
  agreement	
  is	
  

achieved	
  between	
  model	
  predictions	
  and	
  measured	
  data.	
  The	
  model	
  presented	
  

in	
  this	
  report	
  is	
  capable	
  of	
  capturing	
  the	
  general	
  hydrodynamic	
  response	
  to	
  the	
  

main	
  tidal	
   forcing	
  constituents.	
  Several	
  discrepancies	
  occur	
  between	
  the	
  model	
  

predictions	
   and	
   field	
   data	
   at	
   individual	
   observation	
   stations.	
   The	
   reasons	
   are	
  

being	
   investigated,	
   and	
   we	
   anticipate	
   further	
   fine-­‐tuning	
   of	
   the	
   model	
   to	
   be	
  

presented	
  in	
  WG3	
  WP6	
  D6.	
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1.	
  Acceptance	
  Criteria	
  

Acceptance	
  criteria	
  for	
  this	
  deliverable	
  are	
  set	
  out	
  in	
  Table	
  1.	
  

Acceptance	
  criteria	
   Location	
  in	
  report	
  

Report	
  describes:	
  

a. calibration	
  methodology	
  

b. quantifies	
  model	
  performance	
  of	
  

key	
   parameters	
   including	
   errors	
  

and	
   sensitivities	
   against	
  

observations:	
  

-­‐ Water	
  surface	
  elevations	
  

-­‐ Currents	
  

	
  

a. Section	
   2:	
   Model	
   Set-­‐up	
   and	
  

Parameters,	
  p:	
  5-­‐15	
  

b. Section	
  3:	
  Model	
  Results,	
  	
  

p:	
  15-­‐49	
  

	
  

Input	
  files	
  in	
  format	
  to	
  be	
  agreed	
   Input	
  files	
  are	
  attached	
  separately	
  

Table	
  1	
  Acceptance	
  criteria	
  

	
  

Required	
  Input	
  Files	
  

As	
   detailed	
   in	
  WG3	
  WP6	
  D4A,	
   the	
   input	
   file	
   “fort.14”	
   includes	
   the	
   proprietary	
  

bathymetric	
  data	
   from	
  SeaZone	
  and,	
  due	
   to	
   the	
   licensing	
   restrictions	
  on	
  use	
  of	
  

these	
   data,	
   the	
   bathymetric	
   data	
   in	
   the	
   “fort.14”	
   file	
   has	
   been	
   replaced	
   with	
  

public	
   domain,	
   freely	
   available	
   data	
   obtained	
   from	
   GEBCO.	
   The	
   format	
   of	
   the	
  

input	
  files	
  can	
  be	
  summarised	
  as	
  below,	
  

1) fort.14:	
  This	
  input	
  file	
  has	
  three	
  parts.	
  The	
  first	
  consists	
  of	
  the	
  coordinates	
  

and	
  bathymetric	
  depth	
  of	
  each	
  computational	
  node,	
  the	
  second	
  details	
  the	
  

triangulation	
  of	
  the	
  nodes	
  and	
  the	
  third	
  details	
  the	
  boundary	
  conditions.	
  

2) fort.15:	
  This	
  file	
  specifies	
  various	
  attributes	
  where	
  model	
  parameters	
  can	
  

be	
  changed	
  by	
  users.	
  

3) fort.dg:	
   This	
   file	
   specifies	
   the	
   function	
   and	
   other	
   details	
   to	
   be	
   used	
  

regarding	
  the	
  discontinuous	
  Galerkin	
  solution.	
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The	
  tidal	
  forcing	
  data	
  are	
  specified	
  in	
  the	
  “fort.15”	
  file.	
  The	
  model	
  simulation	
  is	
  

arbitrarily	
  set	
  to	
  start	
  on	
  1st	
  January	
  2012.	
  	
  The	
  simulations	
  are	
  run	
  for	
  29	
  days	
  

including	
   one	
   day	
   for	
   the	
   “spin-­‐up”	
   period.	
   The	
   spin-­‐up	
   period	
   is	
   the	
   time	
  

required	
  for	
  the	
  model	
  to	
  remove	
  the	
  effects	
  of	
  the	
  initial	
  conditions	
  and	
  to	
  reach	
  

a	
  stable	
  solution.	
  	
  	
  

	
  

2.	
  Model	
  Set-­up	
  and	
  Parameters	
  

2.1	
  Introduction	
  	
  

WG3	
  WP6	
  D4	
  involves	
  the	
  creation	
  of	
  two-­‐dimensional	
  shallow	
  water	
  models	
  of	
  

selected	
   tidal	
   basins	
   around	
   the	
   United	
   Kingdom.	
   The	
   chosen	
   sites	
   are	
   the	
  

Pentland	
   Firth,	
   the	
   Anglesey	
   Skerries	
   and	
   the	
   Bristol	
   Channel.	
   The	
   reasoning	
  

behind	
  the	
  selection	
  of	
  these	
  sites	
  is	
  given	
  in	
  WG3	
  WP6	
  D3,	
  and	
  is	
  therefore	
  not	
  

be	
  repeated	
  in	
  this	
  report.	
  The	
  validated	
  two-­‐dimensional	
  depth-­‐averaged	
  model	
  

for	
   the	
   Pentland	
   Firth	
   site	
   is	
   reported	
   in	
   WG3	
   WP6	
   D4A.	
   	
   The	
   numerical	
  

modelling	
  of	
  the	
  other	
  two	
  regions	
  is	
  presented	
  in	
  this	
  report.	
  Originally,	
  it	
  was	
  

anticipated	
   that	
   two	
  separate	
  models	
  would	
  be	
  created	
   for	
   the	
  Bristol	
  Channel	
  

and	
   Anglesey	
   regions.	
   However,	
   early	
   research	
   indicated	
   that	
   these	
   sites	
   are	
  

sufficiently	
   close	
   that	
   there	
   may	
   be	
   significant	
   hydrodynamic	
   interaction,	
   and	
  

furthermore	
   that	
   two	
   individual	
   models	
   would	
   involve	
   a	
   considerable	
   area	
   of	
  

overlap.	
   It	
   has	
   therefore	
   been	
   decided	
   to	
   construct	
   a	
   single	
   comprehensive	
  

model	
   that	
   covers	
   the	
   two	
   sites.	
   An	
   advantage	
   of	
   this	
   combined	
  model	
   is	
   that	
  

interactions	
   between	
   the	
   two	
   sites	
   may	
   be	
   specifically	
   addressed.	
   The	
  

disadvantage	
   of	
   the	
   single	
   larger	
  model	
   is	
   that	
   it	
  makes	
   higher	
   computational	
  

demands.	
   However,	
   on	
   balance	
   it	
   was	
   considered	
   that	
   the	
   advantages	
   of	
   the	
  

combined	
   model	
   outweigh	
   the	
   difficulties.	
   Figure	
   1	
   shows	
   the	
   domain	
   of	
   the	
  

numerical	
  model	
  developed.	
  	
  

	
  

There	
  are	
  three	
  important	
  outer	
  “forcing”	
  boundaries	
  for	
  the	
  model.	
  The	
  first	
  is	
  

the	
   boundary	
   with	
   the	
   Atlantic	
   to	
   the	
   southwest.	
   This	
   boundary	
   is	
   set	
   just	
  

beyond	
   the	
  continental	
   shelf,	
   as	
   this	
   robustly	
  models	
   the	
   tidal	
   forcing	
   (Adcock,	
  

2011).	
   There	
   is	
   a	
   minor	
   forcing	
   boundary	
   at	
   the	
   western	
   end	
   of	
   the	
   English	
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Channel,	
  positioned	
  to	
  avoid	
  having	
  to	
  model	
  the	
  Channel	
  in	
  detail.	
  A	
  small	
  (and	
  

highly	
  simplified)	
  section	
  of	
  the	
  French	
  coast	
  in	
  the	
  vicinity	
  of	
  Cape	
  Finisterre	
  is	
  

included.	
   This	
   allows	
   the	
   flux	
   to	
   and	
   from	
   the	
   English	
   Channel	
   to	
   be	
   cleanly	
  

separated	
   in	
   the	
   model	
   from	
   other	
   fluxes.	
   Finally	
   there	
   is	
   a	
   small	
   forcing	
  

boundary	
  representing	
  the	
  North	
  Channel	
  between	
  Ulster	
  and	
  Galloway.	
  	
  

	
  

	
  

Figure	
  1	
  The	
  domain	
  included	
  in	
  the	
  numerical	
  model	
  shown	
  by	
  dashed	
  red	
  lines	
  	
  (Google	
  

Earth,	
  2012)	
  

	
  

As	
  explained	
  in	
  WG3	
  WP6	
  D4A,	
  modelling	
  of	
  a	
  large	
  domain	
  is	
  computationally	
  

demanding	
  and	
  requires	
  a	
  pragmatic	
  approach	
  with	
  regard	
  to	
  mesh	
  resolution.	
  

The	
  finer	
  the	
  mesh	
  resolution,	
   the	
  smaller	
   is	
  the	
  time	
  step	
  required	
  in	
  order	
  to	
  

satisfy	
   stability	
   criteria	
   [such	
   as	
   the	
   Courant-­‐Friedrichs-­‐Lewy	
   (CFL)	
   condition,	
  

which	
   is	
   of	
   importance	
   as	
   an	
   explicit	
   time	
   discretisation	
   is	
   used].	
   	
   There	
   is	
   a	
  

balance	
   to	
   be	
   struck	
   between	
   resolution	
   and	
   computational	
   performance.	
   This	
  

report	
   describes	
   the	
   development	
   of	
   a	
  model	
   at	
   a	
   resolution	
   that	
   captures	
   the	
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dominant	
  hydrodynamic	
  responses	
  of	
  the	
  basins	
  to	
  the	
  tides.	
  Criteria	
  outlined	
  in	
  

WG3	
  WP6	
  D4A	
  are	
  adopted	
  for	
  islands	
  located	
  in	
  the	
  model.	
  

	
  

2.2	
  Computational	
  Mesh	
  

In	
   order	
   to	
   create	
   the	
   computational	
   mesh,	
   the	
   coastline	
   of	
   the	
   region	
   to	
   be	
  

modelled	
  has	
  been	
  determined	
  from	
  bathymetric	
  contour	
  data,	
  which	
  is	
  obtained	
  

from	
  SeaZone.	
  The	
  data	
  were	
  provided	
  in	
  “shapefile”	
  format,	
  which	
  was	
  read	
  in	
  

the	
  meshing	
  software	
  SMS	
  using	
  the	
  GIS	
  module	
  function.	
  The	
  shapefiles	
  consist	
  

of	
  mean	
  sea	
  level	
  (MSL)	
  and	
  intertidal	
  level	
  contour	
  data.	
  The	
  MSL	
  contour	
  data	
  

have	
   been	
   used	
   to	
   construct	
   the	
  model	
   for	
   the	
   areas	
   of	
   interest.	
  Meshing	
  was	
  

then	
  carried	
  out	
  using	
  SMS.	
  Several	
  manual	
  corrections	
  have	
  been	
  made	
  to	
   the	
  

resulting	
  mesh	
  in	
  order	
  to	
  improve	
  its	
  quality.	
  The	
  mesh	
  size	
  varies	
  between	
  200	
  

m	
  (around	
  the	
  islands	
  in	
  the	
  Bristol	
  Channel	
  and	
  Anglesey)	
  and	
  50	
  km	
  (close	
  to	
  

the	
  continental	
  shelf	
  on	
  the	
  southern	
  boundary).	
  The	
  resolution	
  of	
   the	
  mesh	
   in	
  

the	
  Bristol	
  Channel	
  region	
  is	
  around	
  1	
  km,	
  whereas	
   in	
  the	
  Anglesey	
  region	
  it	
   is	
  

1.5	
   km.	
   The	
   total	
   number	
   of	
   elements	
   in	
   the	
  mesh	
   is	
   25841.	
   Considering	
   that	
  

Anglesey	
  and	
  the	
  Bristol	
  Channel	
  are	
  located	
  fairly	
  close	
  to	
  each	
  other,	
  the	
  model	
  

is	
   intended	
   to	
   capture	
   the	
   interactions	
   between	
   these	
   two	
   sites,	
   when	
   tidal	
  

turbines	
  are	
   installed	
   in	
  both	
  of	
   these	
  regions.	
  A	
  single	
  unstructured	
  triangular	
  

finite	
  element	
  mesh	
  has	
  been	
  constructed	
  that	
  has	
  boundaries	
  ranging	
  from	
  the	
  

North	
  Channel	
   to	
   southern	
   continental	
   shelf	
   (Figure	
   2).	
   The	
   southwestern	
   and	
  

southern	
  boundaries	
  of	
  the	
  mesh	
  reach	
  towards	
  the	
  continental	
  shelf	
  to	
  capture	
  

the	
   quarter	
   wavelength	
   resonance	
   occurring	
   in	
   the	
   Bristol	
   Channel.	
   The	
  

southeastern	
   boundary	
   is	
   located	
   from	
   the	
   Lizard	
   in	
   Cornwall	
   to	
   the	
   tip	
   of	
  

Brittany.	
   Figure	
   3	
   and	
   Figure	
   4	
   provide	
   snapshots	
   of	
   the	
   mesh	
   in	
   the	
   Bristol	
  

Channel	
   and	
   Anglesey.	
   As	
   part	
   of	
   this	
   deliverable	
   the	
   mesh	
   information	
   is	
  

supplied	
  electronically	
  in	
  the	
  form	
  of	
  fort.14	
  file.	
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Figure	
  2	
  Mesh	
  used	
  for	
  the	
  combined	
  model	
  of	
  Anglesey	
  and	
  the	
  Bristol	
  Channel	
  

	
  

	
  

Figure	
  3	
  Detail	
  of	
  mesh	
  around	
  the	
  Bristol	
  Channel	
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Figure	
  4	
  Detail	
  of	
  mesh	
  around	
  Anglesey	
  

	
  

2.3	
  Boundary	
  Conditions	
  

Bathymetry	
  

WG3	
   WP6	
   D3	
   provides	
   details	
   about	
   the	
   bathymetric	
   data	
   purchased	
   from	
  

SeaZone.	
   Figure	
   5	
   shows	
   a	
   visualization	
   of	
   the	
   bathymetry	
   obtained	
   using	
   the	
  

SeaZone	
   data	
   [interpolated	
   from	
   high	
   resolution	
   (20	
  m)	
   and	
   high	
   quality	
   data	
  

(survey	
  dataset)	
   for	
   the	
  Bristol	
  Channel	
   and	
  Anglesey	
   regions,	
   and	
   from	
   lower	
  

quality	
  data	
  (charted	
  dataset)	
  for	
  the	
  remainder	
  of	
  the	
  domain].	
  Appendix	
  1	
  lists	
  

the	
   set	
   of	
   files	
   used	
   in	
   the	
  model.	
   The	
   datum	
   of	
   the	
   charted	
   dataset	
   has	
   been	
  

altered	
  so	
  that	
  all	
  datasets	
  are	
  referred	
  to	
  a	
  consistent	
  mean	
  sea	
  level	
  (MSL).	
  The	
  

onward	
  use	
  of	
  the	
  SeaZone	
  data	
  is	
  limited	
  by	
  proprietary	
  restrictions,	
  and	
  so	
  the	
  

SeaZone	
  data	
  have	
  been	
  replaced	
  by	
  freely	
  available	
  data	
  from	
  GEBCO	
  (Monahan,	
  

2008).	
   Figure	
   6	
   shows	
   the	
   computational	
   mesh	
   interpolated	
   form	
   the	
   GEBCO	
  

data.	
   	
  Note,	
  however,	
   that	
   in	
  some	
  regions	
  the	
   lower	
  quality	
  GEBCO	
  data	
   led	
  to	
  

somewhat	
   unrealistic	
   features	
   in	
   the	
   bathymetry.	
   As	
   argued	
   in	
  WG3	
  WP6	
   D3	
  

these	
  inaccuracies	
  have	
  required	
  us	
  to	
  purchase	
  higher	
  resolution	
  data.	
  

	
  

Modelling	
   coastal	
   basins	
   that	
   include	
   intertidal	
   zones	
   would	
   require	
   a	
   special	
  

treatment	
   in	
   the	
  solution.	
  For	
   instance,	
   the	
   intertidal	
  zone	
  would	
  be	
   inundated	
  



	
  

Not	
  to	
  be	
  disclosed	
  other	
  than	
  in	
  line	
  with	
  the	
  technology	
  contact	
   10	
  	
  

during	
   a	
   flood	
   tide	
   and	
   dried	
   out	
   during	
   an	
   ebb	
   tide.	
   This	
   moving	
   boundary	
  

problem	
   seen	
   in	
   shallow	
   water	
   models	
   is	
   referred	
   as	
   the	
   wetting	
   and	
   drying	
  

problem	
   (Bunya	
   et	
   al.,	
   2009).	
   The	
   wetting	
   and	
   drying	
   treatment	
   is	
  

computationally	
  an	
  expensive	
  feature,	
  and	
  so	
  in	
  this	
  model,	
  it	
  is	
  not	
  included	
  in	
  

the	
   analysis.	
   	
   In	
   order	
   to	
   prevent	
   any	
   instability	
   that	
   might	
   occur	
   due	
   to	
   the	
  

elements	
   that	
   would	
   otherwise	
   dry	
   out,	
   the	
   coastline	
   for	
   the	
  model	
  mesh	
   has	
  

been	
   interpolated	
  with	
  a	
  mean	
  sea	
   level	
  of	
  6.0	
  m	
  (the	
  approximate	
   largest	
  half	
  

amplitude	
  of	
  the	
  tide).	
   It	
   is	
  anticipated	
  that	
  the	
  influence	
  of	
  wetting	
  and	
  drying	
  

will	
   be	
   explored	
   later	
   for	
   the	
  Bristol	
  Channel	
   area,	
   as	
   it	
   is	
  possible	
   that	
   it	
  may	
  

influence	
  the	
  results.	
  The	
  analysis	
  will	
  be	
  reported	
  in	
  WG3	
  WP6	
  D6.	
  

	
  

	
  

Figure	
  5	
  Bathymetry	
  of	
  the	
  numerical	
  model	
  obtained	
  by	
  using	
  SeaZone	
  data.	
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Figure	
  6	
  Bathymetry	
  of	
  the	
  numerical	
  model	
  obtained	
  by	
  using	
  GEBCO	
  data.	
  

	
  

Tidal	
  Forcing	
  

In	
   basin	
   scale	
   modelling,	
   the	
   coastal	
   domain	
   is	
   truncated	
   through	
   the	
   use	
   of	
  

artificial	
  (open)	
  boundaries	
  that	
  separate	
  the	
  area	
  of	
  interest	
  from	
  a	
  connecting	
  

body	
  of	
  water.	
  These	
  open	
  boundaries	
  are	
  forced	
  by	
  tidal	
  flows	
  of	
  specified	
  free	
  

surface	
  and/or	
  flux	
  time	
  histories.	
  Following	
  the	
  arguments	
  given	
  in	
  WG3	
  WP6	
  

D3,	
  the	
  open	
  boundaries	
  of	
  the	
  present	
  numerical	
  model	
  are	
  forced	
  by	
  specifying	
  

the	
   amplitude	
   and	
   phases	
   of	
   prescribed	
   tidal	
   constituents.	
   In	
   practice,	
   these	
  

forcing	
  parameters	
  can	
  be	
  obtained	
  from	
  various	
  tidal	
  databases,	
  which	
  use	
  low-­‐

resolution	
  models	
  to	
  compute	
  the	
  tidal	
  amplitudes	
  and	
  phases	
  around	
  the	
  world.	
  

These	
   values	
   are	
   then	
   interpolated	
   onto	
   the	
   open	
   boundaries	
   of	
   the	
  

computational	
  domain.	
   	
  Herein,	
  the	
  Le	
  Provost	
  tidal	
  database	
  (Le	
  Provost	
  et	
  al.,	
  

1995)	
   is	
   used	
   to	
   force	
   the	
   model	
   utilised	
   in	
   the	
   present	
   deliverable.	
   The	
  

reasoning	
  behind	
  this	
  selection	
  is	
  given	
  in	
  WG3	
  WP6	
  D3.	
  Figure	
  7	
  indicates	
  the	
  

mesh	
  covered	
  by	
  the	
  Le	
  Provost	
  database	
  that	
  includes	
  data	
  on	
  13	
  principal	
  tidal	
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constituents	
   (2N2,	
   K1,	
   K2,	
   L2,	
   M2,	
   MU2,	
   N2,	
   NU2,	
   O1,	
   P1,	
   Q1,	
   S2,	
   T2).	
   For	
   both	
  

locations	
   considered,	
   the	
   tide	
   is	
   dominated	
   by	
   the	
   M2	
   and	
   S2	
   components	
  

(approximately	
  95%	
  of	
  the	
  total	
  tidal	
  amplitude).	
  Thus	
  the	
  model	
  developed	
  for	
  

the	
  present	
  deliverable	
  is	
  forced	
  by	
  the	
  two	
  main	
  semi-­‐diurnal	
  tidal	
  components,	
  

M2	
  and	
  S2.	
  

	
  

Figure	
  7	
  The	
  LeProvost	
  tidal	
  database	
  coverage,	
  (Le	
  Provost	
  et	
  al.,	
  1995)	
  

	
  

As	
   power	
   is	
   approximately	
   related	
   to	
   the	
  magnitude	
   cubed,	
   it	
   is	
   reasonable	
   to	
  

neglect	
   the	
   remaining	
   smaller	
   components	
   in	
   energy	
   resource	
   assessment.	
  

Although	
   higher-­‐harmonic	
  M4	
   and	
  M6	
   components	
   related	
   to	
   local	
   bed	
   friction	
  

and	
  bed	
  topography	
  are	
  not	
  introduced	
  at	
  the	
  open	
  boundaries,	
  their	
  effects	
  are	
  

nevertheless	
   captured	
  within	
   the	
  model	
   and	
   can	
   be	
   investigated	
   through	
   tidal	
  

harmonic	
   analysis	
   of	
   the	
   model	
   outputs.	
   It	
   is	
   straightforward	
   to	
   include	
  

additional	
  tidal	
  components	
  in	
  the	
  forcing	
  model	
  if	
  that	
  is	
  deemed	
  necessary.	
  

	
  

2.4	
  Model	
  Parameters	
  

Table	
  2	
  and	
  Table	
  3	
  list	
  the	
  parameters	
  used	
  for	
  the	
  model.	
  Table	
  2	
  relates	
  to	
  the	
  

“fort.15”	
  file,	
  whereas	
  Table	
  3	
  gives	
  information	
  on	
  the	
  functions	
  required	
  for	
  a	
  

discontinuous	
   Galerkin	
   solution.	
   Several	
   parameters	
   used	
   in	
   Table	
   2	
   are	
  


















































































