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Here	  we	  define	  our	  eleva0on	  models.	  
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The	  Acronyms	  for	  eleva0on	  models	  are	  diverse.	  Usually	  what	  the	  le?ers	  stands	  for	  
are	  listed	  here.	  The	  must	  be	  a	  difference	  between	  terrain,	  eleva0on	  and	  surface.	  
Terrain	  does	  not	  indicate	  that	  the	  value	  associated	  with	  the	  model	  is	  eleva0on	  and	  
could	  be	  the	  value	  of	  any	  other	  geographic	  phenomenon	  at	  that	  loca0on.	  Surface	  
indicates	  that	  the	  value	  is	  associated	  with	  the	  top	  of	  whatever	  is	  located	  at	  that	  
loca0on,	  so	  usually	  the	  term	  surface	  is	  used	  when	  we	  know	  that	  the	  eleva0on	  is	  
added	  to	  the	  tree	  tops,	  for	  example.	  That	  is	  why	  eleva0on	  is	  the	  best	  term.	  
TIN	  is	  Triangulated	  Irregular	  Network,	  a	  different	  eleva0on	  model	  that	  uses	  triangles	  
to	  represent	  the	  eleva0on.	  
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In	  the	  modeling	  process	  we	  need	  to	  transport	  data	  from	  the	  real	  world	  to	  the	  
representa0on	  inside	  the	  computer.	  
This	  levels	  approach	  helps	  this	  procedure.	  

In	  the	  ontological	  level	  we	  define	  the	  geographic	  reality	  en00es	  from	  applica0ons	  
point	  of	  view.	  
The	  conceptual	  takes	  the	  data	  to	  the	  field	  formalism.	  

Representa0on	  level	  has	  the	  regular	  grid,	  TINs,	  and	  contour	  lines	  maps	  that	  are	  
implemented	  by	  data	  structures	  in	  the	  Implementa0on	  level.	  We	  also	  include	  the	  
algorithms	  in	  the	  implementa0on	  level.	  
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This slide shows how elevation is formally defined. It is taken using the correct cartographic reference and is defined as the distance from the geoid to the surface in its perpendicluar direction. The other aspect to consider is that elevation does not consider tree tops or most of the man made features (such as buildings and bridges). 
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Another	  aspect	  that	  has	  to	  be	  considered	  is	  if	  the	  data	  to	  be	  used	  contains	  metadata	  
describing	  the	  collec0on	  and	  processing	  of	  the	  raw	  data.	  These	  informa0on	  are	  
important	  to	  help	  define	  the	  applicability	  of	  the	  data.	  In	  this	  slide,	  two	  DTMs	  are	  
shown,	  and	  one	  can	  no0ce	  some	  differences	  that	  are	  related	  to	  the	  acquisi0on	  and	  
processing.	  



This	  slide	  lists	  some	  of	  the	  main	  sources	  of	  raw	  data	  for	  a	  DTM.	  
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Photogrammetry	  is	  based	  on	  measuring	  the	  difference	  between	  the	  posi0ons	  of	  the	  
same	  target	  in	  two	  overlapping	  images.	  The	  difference	  in	  posi0on	  is	  directly	  related	  
to	  their	  difference	  in	  eleva0on.	  
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Synthetic Aperture Radar Interferometry measures elevation by the 
differences in phase between the signal reflected from the same 
target in two antennas located in different positions. The phase is 
related to the distance between the antennas and the target, which 
can be converted into elevation if there are control points on the 
ground or if the platform position is well defined. 
The slide shows the interferometry model used in the SRTM –Shuttle 
Radar Topographic Mission, which flew in February/ 2000 and 
collected elevation for most of the world.	  
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LIDAR	  uses	  laser	  pulses	  and	  the	  distance	  between	  the	  plaVorm	  and	  the	  target	  on	  the	  
ground	  is	  measured	  by	  the	  0me	  difference	  between	  the	  emission	  and	  the	  retrieval	  of	  
the	  laser	  pulse.	  If	  the	  plaVorm	  posi0on	  is	  well	  known,	  then	  ,	  eleva0on	  can	  be	  
extracted	  directly	  from	  the	  0me	  difference.	  
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Global	  Posi0oning	  Systems	  uses	  triangula0on	  between	  at	  least	  3	  satellites	  and	  the	  
posi0on	  of	  the	  sensor	  on	  the	  ground.	  Since	  the	  clocks	  on	  the	  satellites	  and	  on	  the	  
sensor	  are	  synchronized,	  	  

The	  0me	  difference	  will	  indicate	  the	  posi0on	  of	  the	  sensor	  in	  3	  dimensions,	  
therefore,	  with	  an	  associated	  Earth	  model,	  the	  eleva0on	  is	  defined.	  
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There	  are	  some	  factors	  that	  have	  to	  be	  considered	  when	  measuring	  eleva0on	  during	  
data	  collec0on.	  Of	  course,	  the	  usual	  user	  does	  cannot	  interfere	  with	  these	  factors	  but	  
it’s	  important	  to	  know	  which	  roles	  they	  can	  play	  on	  the	  quality	  and	  fitness	  for	  use	  of	  
the	  final	  DTM	  
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There	  are	  constraints	  associated	  with	  the	  digital	  world,	  which	  is	  finite	  and	  discrete.	  
These	  constrains	  will	  define	  the	  minimum	  and	  maximum	  presented	  in	  this	  slide.	  
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In	  the	  same	  way	  with	  any	  other	  data	  that	  is	  used,	  eleva0on	  quality	  is	  important	  when	  
using	  DTMs	  for	  decision	  making.	  
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Measure	  of	  quality	  of	  DTM	  is	  given	  by	  accuracy.	  
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Quality	  of	  a	  DTM	  depends	  on	  many	  factors,	  star0ng	  from	  the	  data	  collec0on	  design,	  
including	  the	  choice	  of	  the	  measurement	  instrument,	  the	  raw	  data	  processing,	  the	  
constraints	  of	  the	  digital	  representa0on	  and	  the	  algorithms.	  
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Some	  of	  the	  error	  sources	  are	  described	  in	  this	  slide.	  For	  the	  photogrammetry	  
procedures	  the	  characteris0cs	  of	  the	  image	  and	  the	  algorithms	  used	  to	  match	  
features	  are	  the	  main	  factors.	  

22	  



This	  slide	  shows	  two	  images	  taken	  from	  two	  different	  posi0ons,	  where	  some	  of	  
image	  characteris0cs	  can	  be	  seen.	  For	  example,	  can	  features	  be	  individually	  
recognized	  in	  the	  image?	  
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For	  cartographic	  sources,	  we	  should	  know	  the	  quality	  of	  the	  original	  data	  and	  of	  the	  
representa0on.	  We	  also	  have	  to	  remember	  the	  restric0ons	  due	  to	  the	  human	  
restric0ons	  such	  as	  the	  smallest	  feature	  that	  can	  be	  drawn	  and	  iden0fied	  in	  paper	  
representa0on.	  
For	  Radar	  data,	  there	  are	  restric0ons	  based	  on	  the	  physics	  of	  the	  electromagne0c	  
waves	  reflec0on,	  electronic	  processing,	  noise,	  geometry	  –	  layover	  when	  farther	  
objects	  return	  signal	  before	  nearer	  objects	  and	  shadowing	  when	  farther	  objects	  are	  
hidden	  by	  nearer	  objects.	  	  
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This	  slide	  shows	  the	  layover	  and	  the	  shadowing	  effects.	  The	  images	  in	  the	  lec	  show	  
the	  pair	  of	  radar	  images	  and	  the	  interferogram	  with	  the	  phases	  coded	  in	  color.	  
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LIDAR	  data	  reflects	  in	  this	  example	  from	  different	  heights	  in	  the	  tree.	  The	  data	  
processing	  must	  select	  which	  signal	  return	  is	  the	  best	  representa0on	  of	  the	  eleva0on.	  
One	  addi0onal	  considera0on	  is	  the	  effect	  of	  the	  laser	  footprint.	  	  
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This	  slide	  describes	  the	  accuracy	  requirement	  of	  the	  data	  from	  the	  US	  Geological	  
Survey.	  The	  main	  point	  here	  is	  that	  the	  error	  is	  calculated	  using	  only	  27	  sample	  
points.	  In	  addi0on,	  there	  is	  the	  considera0on	  that	  the	  errors	  are	  randomly	  
distributed,	  which	  cannot	  be	  a	  good	  assump0on.	  
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As	  an	  example	  of	  DTM	  created	  from	  photogrammetric	  processing,	  the	  ASTER	  satellite	  
imagery	  based	  DTM	  has	  this	  accuracy.	  One	  aspect	  to	  be	  considered	  here	  is	  that	  each	  
pair	  of	  images	  have	  different	  accuracies	  based	  on	  the	  accuracy	  of	  the	  ground	  control	  
points.	  
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The	  SRTM	  DTM	  has	  these	  stated	  accuracies.	  
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For	  some	  LIDAR	  sources,	  these	  are	  the	  accuracies.	  ICESat	  is	  a	  satellite	  designed	  to	  
measure	  the	  height	  of	  glaciers	  and	  the	  TopEye	  is	  a	  sensor	  for	  aircrac	  plaVorms.	  
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The	  DTM	  representa0ons	  are	  necessary	  because	  they	  allow	  algorithms	  to	  be	  
developed	  in	  order	  to	  generate	  products	  from	  the	  eleva0on	  samples	  in	  a	  easier	  way.	  
Contour	  lines	  are	  not	  of	  easy	  processing,	  but	  is	  added	  to	  this	  list	  because	  some	  
algorithm	  can	  use	  them.	  
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This	  slide	  shows	  an	  example	  of	  contour	  lines.	  
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Regular	  grid	  representa0on	  uses	  matrix	  cells	  to	  store	  the	  eleva0on	  value.	  Usually	  the	  
values	  are	  considered	  to	  be	  the	  eleva0on	  at	  the	  center	  of	  the	  cell.	  
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TIN	  uses	  irregular	  triangles	  to	  represent	  the	  eleva0on.	  The	  ver0ces	  of	  the	  triangles	  
are	  eleva0on	  sample	  points.	  The	  triangles	  are	  created	  connec0ng	  these	  sample	  
points.	  The	  surface	  is	  defined	  by	  an	  interpola0ng	  func0on,	  which	  can	  be	  a	  plane.	  
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Now	  let’s	  have	  a	  look	  on	  some	  products	  extracted	  from	  the	  DTM.	  Any	  of	  these	  
products	  can	  be	  combined	  with	  other	  GIS	  data	  to	  contribute	  in	  managing	  the	  
environment.	  
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The	  DTM	  can	  be	  be?er	  visualized	  using	  a	  color	  scheme,	  such	  as	  the	  one	  presented	  in	  
this	  slide,	  where	  the	  black	  colors	  indicate	  lower	  eleva0on	  and	  the	  purple	  indicates	  
higher	  eleva0on.	  
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Slope	  angle	  and	  aspect	  are	  calculated	  from	  the	  par0al	  deriva0ves	  of	  the	  DTM	  in	  X	  and	  
Y	  direc0ons.	  The	  equa0ons	  are	  shown	  in	  this	  slide.	  
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The	  es0ma0on	  method	  that	  is	  most	  used	  in	  DTM	  analysis	  is	  this	  one.	  For	  the	  central	  
cell	  i,j,	  the	  neighbors	  differences	  are	  used	  for	  the	  es0ma0ve.	  The	  difference	  in	  the	  
same	  row	  –	  for	  x	  direc0on	  deriva0ves	  has	  twice	  as	  much	  influence	  when	  compared	  
to	  the	  row	  above	  and	  below.	  The	  same	  applies	  for	  the	  difference	  in	  the	  i,j	  cell	  
column.	  

Second	  order	  deriva0ves	  can	  be	  calculated	  using	  the	  same	  method,	  but	  using	  the	  first	  
par0al	  deriva0ves	  instead	  of	  the	  eleva0on	  values.	  
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This	  slide	  shows	  some	  deriva0ves	  extracted	  from	  the	  eleva0on	  from	  SRTM.	  In	  order	  
from	  top	  lec	  clockwise,	  we	  can	  see	  the	  eleva0on	  grid,	  the	  slope	  angle	  –	  magnitude	  of	  
the	  first	  deriva0ve,	  slope	  direc0on	  –	  arc-‐tangent	  of	  the	  first	  deriva0ves,	  horizontal	  
curvature	  –	  magnitude	  of	  the	  second	  deriva0ves	  in	  the	  highest	  slope	  direc0on,	  
ver0cal	  curvature	  –	  magnitude	  of	  the	  second	  deriva0ves	  in	  the	  direc0on	  
perpendicular	  to	  the	  highest	  slope	  direc0on,	  and	  a	  combined	  view	  of	  hill	  shading	  with	  
horizontal	  curvature	  to	  indicate	  the	  channels	  and	  the	  basin	  divides.	  
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This	  slide	  shows	  the	  result	  of	  the	  slope	  angle	  calcula0on	  in	  SPRING.	  A	  color	  code	  was	  
applied,	  with	  blue	  ones	  indica0ng	  small	  angles	  and	  reds	  indica0ng	  the	  large	  angles.	  
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This	  map	  shows	  the	  aspect	  map	  extracted	  in	  SPRING.	  Since	  aspect	  is	  from	  0	  to	  360	  
degrees,	  with	  0	  and	  360	  degrees	  indica0ng	  north,	  the	  colors	  associated	  to	  this	  maps	  
is	  circular,	  with	  red	  indica0ng	  north	  wise	  direc0ons.	  
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Contour	  Lines	  can	  be	  extracted	  from	  the	  DTM	  by	  finding	  the	  intersec0ons	  between	  
the	  contour	  line	  value	  and	  the	  each	  grid	  cell.	  The	  result	  will	  be	  a	  set	  of	  lines	  that	  can	  
be	  presented	  in	  color,	  such	  as	  these	  shown	  in	  this	  slide.	  
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The	  3D	  visualiza0on	  may	  be	  helpful	  to	  understand	  the	  associa0on	  of	  the	  eleva0on	  
values	  with	  other	  parameters.	  In	  the	  example	  of	  this	  slide,	  the	  3D	  view	  tool	  of	  
SPRING	  was	  used	  to	  be?er	  understand	  the	  varia0on	  of	  the	  land	  cover	  in	  the	  region,	  
including	  the	  drainage	  and	  the	  transporta0on	  lines.	  
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The	  profile	  tool	  provides	  a	  way	  to	  analyze	  how	  the	  eleva0on	  values	  vary	  along	  a	  line,	  
such	  as	  the	  projected	  track	  of	  a	  highway.	  The	  analysis	  of	  the	  profile	  graphic	  may	  help	  
define	  be?er	  tracks.	  
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Drainage	  analysis	  include	  the	  defini0on	  of	  hydrography	  parameters	  from	  the	  DTM.	  
The	  basis	  of	  the	  analysis	  is	  the	  use	  of	  the	  D8	  method.	  This	  method	  is	  very	  simple,	  yet	  
very	  used	  and	  few	  other	  improvements	  have	  shown	  to	  be	  be?er,	  although	  only	  for	  
some	  special	  cases.	  The	  main	  idea	  is	  to	  look	  at	  the	  value	  of	  the	  center	  cell,	  100	  in	  this	  
example,	  and	  direct	  the	  flow	  to	  the	  neighbor	  cell	  with	  the	  lowest	  value	  –	  80	  in	  this	  
case.	  The	  whole	  grid	  is	  processed	  and	  the	  result	  is	  a	  grid	  with	  the	  flow	  direc0ons.	  
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The	  improvement	  has	  to	  be	  on	  the	  DTM	  representa0on,	  using	  the	  D8	  method.	  The	  
main	  problem	  with	  the	  method	  is	  that	  if	  there	  is	  a	  grid	  cell	  that	  is	  lower	  than	  all	  its	  
neighbors,	  then	  the	  flow	  will	  stop	  at	  that	  cell	  while	  in	  the	  real	  world	  the	  flow	  would	  
go	  to	  some	  neighbor	  cell	  –	  unless	  it’s	  a	  Karst	  environment.	  These	  are	  the	  sinks	  that	  
should	  be	  eliminated	  by	  some	  DTM	  modifica0on	  method.	  
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This	  slide	  shows	  one	  method	  of	  correc0ng	  the	  DTM	  to	  eliminate	  sinks.	  The	  idea	  is	  to	  
look	  for	  lower	  values	  than	  the	  center	  cell	  at	  a	  distance	  greater	  than	  the	  nearest	  3x3	  
neighborhood.	  When	  a	  neighbor	  in	  this	  greater	  neighborhood	  is	  lower	  than	  the	  
center	  cell,	  then	  the	  values	  of	  the	  cells	  in	  the	  path	  and	  the	  eleva0on	  value	  of	  the	  
center	  cell	  are	  changed	  by	  linear	  interpola0on.	  This	  ensures	  that	  the	  sink	  will	  be	  
eliminated	  because	  a	  flow	  path	  is	  carved	  to	  the	  lower	  value	  cell.	  
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Acer	  the	  D8	  method	  is	  applied,	  the	  flow	  network	  has	  been	  defined,	  However,	  it	  is	  
important	  to	  obtain	  also	  the	  contribu0on	  area	  of	  each	  DTM	  grid	  cell.	  This	  
contribu0on	  area	  grid	  contains	  the	  number	  of	  cells	  that	  contribute	  with	  water	  to	  the	  
cell.	  The	  top	  lec	  image	  shows	  the	  contribu0on	  area	  grid.	  To	  define	  the	  drainage	  
network,	  a	  threshold	  is	  defined	  in	  order	  to	  simulate	  the	  contribu0on	  area	  that	  would	  
be	  necessary	  for	  the	  water	  that	  is	  in	  the	  area	  to	  be	  over	  an	  amount	  which	  would	  
make	  the	  water	  flow	  over	  the	  land	  and	  not	  be	  sub	  superficial	  flow.	  Of	  course	  there	  
are	  many	  other	  factors	  that	  would	  define	  the	  loca0on	  where	  a	  spring	  would	  appear.	  
The	  most	  simple	  one	  is	  to	  just	  say	  that	  if	  the	  contribu0on	  area	  is	  more	  than	  the	  
threshold,	  then	  a	  spring	  will	  start	  a	  drainage	  line.	  In	  this	  slide,	  there	  are	  three	  
examples,	  one	  with	  threshold	  500	  cells,	  the	  other	  with	  50	  cells	  and	  the	  last	  with	  5	  
cells.	  	  
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