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L-­‐Band	
  For	
  Sea	
  Ice	
  Research	
  	
  
 

•  high sensitivity to ice 
deformation structures 

 

•  better classification 
performance during the 
melt season 

 
•  less sensitive to surface 

covers such as frost 
flowers, snow crusts 

JERS-­‐1	
  SAR,	
  Greenland	
  Sea	
  



Sea	
  Ice	
  Dri:	
  And	
  Temporal	
  Decorrela>on	
  	
  	
  
SAOCOM/TANGOSat:	
  
Sea	
  ice	
  moves	
  on	
  temporal	
  	
  
scales	
  of	
  hours	
  

-­‐>	
  single-­‐pass	
  
	
  	
  	
  	
  interferometry	
  required	
  	
  
	
  
Ice	
  driP	
  mainly	
  in	
  the	
  
range	
  from	
  0-­‐35km/day.	
  
10	
  km/day	
  =	
  0.116	
  m/s	
  
	
  
Satellite	
  velocity	
  along	
  	
  
orbit:	
  7.53	
  km/s	
  	
  	
  
(H=620km,	
  R=6371km,	
  	
  
	
  T=97.2min)	
  

coordinate system as x(lat,lon) = xe1 + ye2 using a polar
stereographic projection. In order to analyze a homogeneous
data set, we work on 12-h displacements: For any given
buoy position (x, y) of both 3 hourly and 12 hourly data sets,
we compute the speeds ux (~x, ~t) = (x(t + 12h) ! x(t))/12h
(along the x axis) and uy (~y, ~t) = (y(t + 12h) ! y(t))/12h
(along the y axis) at all available times t, i.e., such that these
exist recorded positions both at times t and t + 12h. Here, ~x,
~y, and~t are defined as the means ~x = (x(t + 12h) + x(t))/2, ~y =
(y(t + 12h) + y(t))/2 and ~t = ((t + 12h) + t)/2. Given an error
on raw positions ranging between 100 m and 300 m, the
upper bound uncertainty on the 12-h speeds ranges from 0.3
to 0.9 km d!1. The statistics on speed are sensitive to the
scale over which the speed is computed, here set to 12 h.
However, the Lagrangian correlation time for sea ice
diffusion is typically of the order of a few days (5 days
according toColony andThorndike [1984]; see also Thorndike
[1986, Figure 6]). For all timescales below this Lagrangian
time, a Lagrangian speed can be defined unambiguously
[Taylor, 1921]. Table 1 recapitulates the number of buoys
and the number of speed values per year, distinguishing
winter from summer. For each season, the number of
trajectories that were used in our analysis is also given.
Figure 2 displays the probability density function (PDF) of
the speed u defined as u = (ux

2 + uy
2)(1/2), for the entire data

set. The contribution of the Fram Strait (see the
corresponding region on the map of Figure 1), which is
characterized by a strong southward advection of sea ice, is

singled out. Almost all the speed values stronger than 50 km
d!1 are recorded in the Fram Strait. Similarly, we single out
the contribution of the buoy positions that lie within 150 km
of a coast (see the map of Figure 1). These speeds are on
average less than those of the central Arctic (see the map of
Figure 1). We therefore decided to perform our analysis
only on the Central Arctic data set. By doing so, we avoid
biasing our statistics by the low speed values of fast ice. The
Fram Strait region is also of particular interest, but the
amount of data from the IABP data set does not allow us to
perform an analysis with significant results for this region.
In order to study this zone, we used the satellite derived
velocity estimates provided by the Jet Propulsion Labora-
tory (see section 6).

3. Analysis of the Time Variation of Buoy Speed
3.1. Monthly Averages of Buoy Speed

[6] We here analyze whether the mean speed of the IABP
buoys has changed over the last 3 decades. We will study in
section 4 how these changes in buoy speed can potentially
reflect underlying speed changes of sea ice, by examining
spatial and temporal sampling issues inherent to buoy
measurements. The mean speed over all buoys in the region,
denoted u, is here defined as the speed averaged over a
calendar month by

umonth ¼ ð1=NmonthÞ
X

t2month
uðtÞ ð1Þ

Figure 2. Probability density function of the 12-h speeds computed from the total IABP data set and its
contributions coming from the regions drawn in Figure 1.
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From	
  Rampal	
  et	
  al.,	
  JGR,	
  2009	
  



 

•  Use of bistatic σ0 for sea ice classification? 

•  XT-baseline: information about ice surface structure 
and ice freeboard? 

•  AT baseline: snapshots of ice drift components? 

•  Tomographic imaging for vertical profiles of scattering 
intensity: feasible at all? 

TANGOSat:	
  Scien>fic	
  Poten>al	
  For	
  Sea	
  Ice	
  	
  



 

-  monostatic measurements of, e. g., radar intensities for different ice types 

-  comparison with field data (e. g. airborne radar vs. air photos)  
-  cluster analysis for fixing thresholds 
         (thresholds depend on sensor, ice regime, season) 
 

- investigations available on multi-polarization, different  frequencies   

Developing	
  Sea	
  Ice	
  Classifica>on	
  Schemes	
  Today	
  	
  

Airborne SAR data acquired during ICESAR 2007, preparation of ESA’s Sentinel-1 mission 



TANGOSat	
  For	
  Ice	
  Type	
  Classifica>on	
  	
  	
  

Mo7va7on	
  using	
  TangoSAT	
  for	
  sea	
  ice	
  classifica7on:	
  	
  	
  
	
  

•  (SAOCOM:	
  L-­‐Band)	
  
•  Test	
  classifica7on	
  performance	
  when	
  using	
  both	
  
bista7c	
  scaeering	
  coefficient	
  σ0(θ1,θ2,ϕ1,ϕ2)	
  and	
  
backscaeering	
  coefficient	
  σ0(θ)	
  	
  

	
  



Bista>c	
  σ0	
  For	
  Ice	
  Type	
  Classifica>on	
  	
  	
  

Measurements:	
  
	
  

σ0pq(θi,	
  θs;	
  ϕi=0°,ϕs)	
  
	
  	
  

σ0pq(θi,	
  θs=	
  θi;	
  ϕi=0°,ϕs=180°	
  )	
  
	
  

Backscaeering	
  along-­‐range:	
  
incidence	
  angle	
  varia7ons	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PLUS	
  
azimuth	
  angle	
  varia7ons	
  
	
  
Increasing	
  along-­‐track	
  baselines:	
  
differences	
  180°-­‐	
  ϕs	
  and	
  θs	
  –	
  θi	
  
get	
  larger	
  	
  
-­‐>	
  advantage	
  for	
  classifica7on	
  

near	
  
range	
  

far	
  
range	
  

(projected	
  on	
  ground)	
  

BAT	
   ϕ	
  



Bista>c	
  σ0	
  For	
  Ice	
  Type	
  Classifica>on	
  	
  	
  

“large-­‐scale”	
  
	
  	
  	
  	
  	
  surface	
  
	
  	
  	
  roughness	
  

Model	
  simula7ons	
  of	
  bista7c	
  surface	
  scaeering,	
  here	
  for	
  
X-­‐band;	
  corresponding	
  scaling	
  of	
  roughness	
  -­‐>	
  L-­‐band	
  

Roger	
  D.	
  De	
  Roo,	
  
PhD	
  thesis,	
  
University	
  of	
  Michigan,	
  
1996	
  
	
  

backscaeering	
  

bista7c	
  scaeering	
  



Bista>c	
  σ0	
  For	
  Ice	
  Type	
  Classifica>on	
  	
  	
  

“small-­‐scale”	
  
	
  	
  	
  	
  	
  surface	
  
	
  	
  	
  roughness	
  

Roger	
  D.	
  De	
  Roo,	
  
PhD	
  thesis,	
  
University	
  of	
  Michigan,	
  
1996	
  
	
  

Model	
  simula7ons	
  of	
  bista7c	
  surface	
  scaeering,	
  here	
  for	
  
X-­‐band;	
  corresponding	
  scaling	
  of	
  roughness	
  -­‐>	
  L-­‐band	
  

backscaeering	
  

bista7c	
  scaeering	
  



  
Sea	
  Ice	
  Surface	
  Topography:	
  Pressure	
  Ridges	
  

pressure	
  ridges:	
  
	
  

-­‐	
  height	
  above	
  level	
  ice	
  
	
  	
  	
  surface:	
  typically	
  0.5	
  –	
  3	
  m,	
  	
  
	
  	
  	
  rarely	
  >	
  10	
  m	
  	
  
	
  

-­‐	
  spacing:	
  10	
  –	
  several	
  100s	
  m	
  



	
  

	
  

DLR ESAR: 
L-Band SAR 
R: X-Pol. 
G: H-Pol. 
B: V-Pol. 

Fram Strait 

AWI/Optimare 
Airborne 
Color Line-Scanner 
Resolution < 1m 

3 km  
       spatial res. 3 m 
       5-8 looks 

Radar (at lower frequencies) “looks through“ the dry snow, 
volume structures in the ice are partly visble. 

Ice	
  Surface	
  Structures	
  In	
  Op>cal	
  And	
  Radar	
  Images	
  	
  



XTI	
  for	
  Ice	
  Surface	
  “Topography”	
  And	
  Freeboard	
  	
  	
  
Retrieval	
  of	
  ice	
  surface	
  structure	
  h(x,y)	
  and	
  freeboard	
  fice	
  
Mo7va7on:	
  
-­‐>	
  “roughness”:	
  boundary	
  layer	
  meteorology	
  
-­‐>	
  	
  “deforma7on”:	
  ice	
  mass	
  balance	
  
-­‐>	
  	
  “freeboard”:	
  ice	
  thickness	
  
	
  

Ice thickness tE at hydrostatic 
equilibrium and a snow load of  
mass mS per unit area: 
 
 S

EW
E

EW

W
E mft

ρρρρ
ρ

−
+

−
=

1
interac7on	
  sea	
  ice	
  –	
  atmosphere:	
  
parameterized	
  by	
  drag	
  coefficient	
  CD	
  
using	
  informa7on	
  about	
  surface	
  structure	
  



For	
  SNR	
  Analysis:	
  Sea	
  Ice	
  σ0	
  at	
  L-­‐Band	
  	
  	
  

TangoSat	
  NESZ:	
  -­‐25dB	
  
	
  
σ0	
  [dB]	
   	
  SNR	
   	
  σφ	
  	
   	
  	
  
-­‐25	
  dB 	
   	
  1 	
   	
  1	
  
-­‐20	
  dB 	
   	
  3 	
   	
  0.6	
  
-­‐15	
  dB 	
   	
  10 	
   	
  0.3	
  
-­‐10	
  dB 	
   	
  32 	
   	
  0.2	
  
	
  
Phase	
  noise:	
  -40
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L-Band, 30-45 deg

Measured intensity ranges of sea ice at L-band 
 

Left bar: ESAR     Right bar: PALSAR, FRM 
 

(from: Dierking, TGRS 2010) 
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XTI	
  for	
  Ice	
  Surface	
  “Topography”	
  	
  	
  

TANGOSat:	
  only	
  one-­‐way	
  propaga7on	
  difference	
  
	
  

Angular	
  error	
  as	
  a	
  func7on	
  of	
  phase	
  noise	
  

!" # =
$

2%Bcos"
!#

Equa7ons	
  from	
  Madsen	
  &	
  Zebker,	
  1998	
  
(assuming	
  h<<H,	
  α=0)	
  

! h" = H tan"!" ; ! y" = H!"

Height	
  and	
  cross-­‐track	
  errors,	
  cri7cal	
  baseline	
  

SNR=3,	
  θ=30°,	
  BXT=1Km	
  (5km)	
  	
  	
  
	
  	
  	
  	
  	
  	
  -­‐>	
  	
  	
  height	
  error:	
  9,3m	
  (1.9m),	
  cross-­‐track	
  error	
  16m	
  (3.2m)	
  
SNR=30,	
  θ=30°,	
  BXT=1km	
  (5km)	
  	
  
	
  	
  	
  	
  	
  -­‐>	
  	
  	
  height	
  error:	
  3.1m	
  (0.6m),	
  cross-­‐track	
  error	
  5.4m	
  (1.1m)	
  
	
  	
  



XTI	
  for	
  Ice	
  Surface	
  “Topography”	
  	
  	
  
Conclusions:	
  	
  
	
  

ridges	
  are	
  strong	
  scaeerers	
  at	
  L-­‐band	
  (high	
  SNR)	
  but	
  level	
  ice	
  	
  
between	
  ridges	
  oPen	
  reveal	
  lower	
  backscaeering	
  	
  
	
  

-­‐>	
  only	
  10	
  m	
  spa7al	
  resolu7on	
  is	
  interes7ng,	
  longer	
  
	
  	
  	
  	
  	
  baseline	
  required	
  (≈	
  5km	
  –	
  not	
  realis7c	
  at	
  high	
  la7tudes)	
  
	
  
retrieval	
  of	
  ice	
  freeboard?	
  	
  
-­‐>	
  not	
  achievable	
  
freeboard	
  typically	
  in	
  the	
  range	
  of	
  0-­‐0.6m	
  (Rickers	
  et	
  al.	
  TC	
  2014)	
  
	
  

-­‐>	
  even	
  MY	
  level-­‐ice	
  reveals	
  rela7vely	
  low	
  backscaeering	
  
	
  	
  	
  	
  	
  at	
  L-­‐band	
  (lack	
  of	
  volume	
  scaeering)	
  -­‐>	
  low	
  SNR	
  
-­‐>	
  baseline	
  of	
  10	
  km	
  at	
  high	
  SNR=30:	
  height	
  error	
  already	
  0.3	
  m	
  



Sea	
  Ice	
  Dri:	
  Retrieval	
  Using	
  SAR,	
  Conven>onal	
  Method	
  	
  	
  

Radarsat-­‐2	
  image	
  pair	
  16.09.2012	
  
from	
  Greenland	
  Sea,	
  	
  HH-­‐polariza7on,	
  	
  
Vectors	
  –	
  red:	
  automa7cally	
  derived;	
  	
  
yellow:	
  reference,	
  obtained	
  manually	
  

By courtesy of Stefanie Linow, AWI 

-­‐>	
  ice	
  driP	
  is	
  typically	
  derived	
  	
  
	
  	
  	
  	
  	
  from	
  a	
  pair	
  of	
  SAR	
  images	
  
	
  	
  	
  	
  	
  using	
  cross-­‐	
  and	
  phase	
  	
  
	
  	
  	
  	
  	
  correla7on	
  approaches	
  
	
  
-­‐>	
  7me	
  gap	
  between	
  images:	
  
	
  	
  	
  	
  	
  between	
  a	
  few	
  hours	
  and	
  
	
  	
  	
  	
  	
  days	
  
	
  
-­‐>	
  only	
  displacement	
  between	
  
	
  	
  	
  	
  	
  iden7cal	
  spots	
  in	
  the	
  2	
  images	
  
	
  	
  	
  	
  	
  can	
  be	
  derived,	
  irregular	
  mo7on	
  
	
  	
  	
  	
  	
  during	
  7me	
  interval	
  between	
  	
  
	
  	
  	
  	
  	
  image	
  acquisi7ons	
  remains	
  	
  
	
  	
  	
  	
  	
  	
  unknown	
  	
  



ATI:	
  Snapshots	
  of	
  LOS	
  Ice	
  Dri:	
  Component	
  	
  	
  
Mo7va7on:	
  	
  
•  complementary	
  informa7on	
  to	
  conven7onal	
  ice	
  tracking	
  
•  “present”	
  velocity	
  is	
  obtained,	
  but	
  only	
  LOS-­‐component!	
  
•  	
  directly	
  comparable	
  to	
  Doppler-­‐approach	
  
(Doppler-­‐shiP	
  derived	
  from	
  the	
  frequency	
  spectrum	
  of	
  one	
  image,	
  
averaging	
  over	
  some	
  spa7al	
  area,	
  e.	
  g.	
  4	
  by	
  4	
  kilometres)	
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Ice	
  driP	
  es7ma7on	
  
from	
  Doppler	
  shiP,	
  
example	
  from	
  
Kraemer	
  et	
  al.,	
  
TGRS,	
  in	
  print	
  



ATI:	
  Snapshots	
  of	
  LOS	
  Ice	
  Dri:	
  Component	
  	
  	
  
Movement	
  along-­‐track:	
  no	
  LOS-­‐component	
  
Movement	
  across-­‐track:	
  VR=VdriPsinθ,	
  θ	
  incidence	
  angle	
  
	
  
Θ=30°,	
  VdriP=0.12m/s,	
  V=7.53km/s,	
  λ=0.235m	
  
	
  
	
  
	
  
BAT=1km	
  -­‐>	
  	
  φAT=0.43π	
  	
  
	
  
Conclusion:	
  with	
  AT-­‐baselines	
  around	
  1-­‐10	
  km,	
  it	
  is	
  
possible	
  to	
  determine	
  even	
  small	
  line-­‐of-­‐sight	
  driP	
  veloci7es	
  
	
  

Decorrela7on?	
  Large	
  driP	
  speed:	
  30km/day	
  -­‐>	
  0.35m/s	
  
	
   	
   	
   	
  	
  10	
  km	
  baseline	
  -­‐>	
  1.3	
  s	
  -­‐>	
  ice	
  moves	
  0.46m	
  
	
   	
   	
   	
  	
  100	
  km	
  baseline	
  -­‐>	
  13	
  s	
  -­‐>	
  ice	
  moves	
  4.6m	
  

	
  

!AT =
2"BAT

#

Vdrift
V

Madsen	
  &	
  Zebker,	
  1998	
  



Tomographic	
  Applica>ons	
  	
  	
  

Mo7va7on:	
  	
  
Can	
  we	
  determine	
  	
  
depth	
  of	
  scaeering	
  
centers?	
  
	
  

Makes	
  only	
  sense	
  over	
  
landfast	
  ice	
  (which	
  
does	
  not	
  move	
  for	
  a	
  
longer	
  7me),	
  interes7ng	
  	
  
only	
  for	
  low-­‐salinity	
  ice	
  
	
  

Landfast	
  ice:	
  1-­‐2	
  m	
  thick,	
  
part	
  towards	
  coast	
  mostly	
  	
  
smooth	
  level	
  ice,	
  seawards	
  
it	
  can	
  be	
  highly	
  deformed	
  

hep://na.nefsc.noaa.gov/	
  



Tomographic	
  Applica>ons	
  	
  	
  

From	
  Xu	
  &	
  Bamler,	
  TGRS	
  2010	
  

required:	
  combina7on	
  	
  
of	
  images	
  from	
  several	
  	
  
orbits	
  
-­‐>	
  fast	
  ice	
  needs	
  to	
  
	
  	
  	
  	
  	
  be	
  very	
  stable	
  	
  



Tomographic	
  Applica>ons	
  	
  	
  

Eleva(on	
  resolu(on	
  depends	
  on	
  /	
  is	
  propor7onal	
  to	
  
-­‐  distance	
  SAR	
  –	
  object,	
  	
  
-­‐  radar	
  wavelength,	
  
-­‐  1/	
  Δb,	
  with	
  Δb	
  –	
  eleva7on	
  aperture	
  length	
  	
  
	
  	
  	
  	
  	
  (sufficiently	
  dense	
  sampling	
  of	
  Δb	
  provided).	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
	
  
H=620km	
  
λ=0.235m	
  
θ=30°	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  TANGOSat:	
  possible	
  values	
  for	
  Δb	
  (in	
  meters)?	
  
	
  
(APer	
  Xu	
  &	
  Bamler,	
  TGRS	
  2010)	
  

!s =
"H
2cos#

1
!b

!s = 84120
1
!b
![m]



Tomographic	
  Applica>ons	
  	
  	
  

Loca(on	
  of	
  individual	
  sca2erers	
  possible	
  at	
  much	
  be2er	
  
“effec(ve”	
  resolu(on	
  -­‐>	
  
eleva(on	
  es(ma(on	
  using	
  Cramer-­‐Rao	
  lower	
  bound	
  (CLRB):	
  	
  
(APer	
  Xu	
  &	
  Bamler,	
  TGRS	
  2010)	
  
	
  
	
  
	
  
	
  
NOA	
  -­‐>	
  number	
  of	
  acquisi7ons	
  	
  
σb	
  	
  	
  	
  	
  	
  -­‐>	
  standard	
  devia7on	
  of	
  the	
  baseline	
  distribu7on	
  
	
  

Corresponding	
  figures	
  for	
  TANGOSat?	
  
For	
  (fast)	
  sea	
  ice,	
  the	
  required	
  effec7ve	
  resolu7on	
  is	
  on	
  the	
  
order	
  of	
  0.1	
  m!	
  Cannot	
  be	
  achieved	
  with	
  TANGOSat.	
  

! s =
"H

4# cos$ 2SNR
1

! b NOA



 

•  Sea ice bistatic/INSAR studies only possible with 
configurations such as TANGOSat 

•  Bistatic measurements for sea ice classification are 
realistic and meaningful 

  

•  XTI: ice surface structure can be measured only at 
higher spatial resolution (10 m) and with longer 
baselines (>5 km) but such baselines cannot be 
achieved at higher latitudes 

•  ATI: snapshots of ice drift components possible 
•  Tomographic mode: spatial resolution not sufficient for 

sea ice, anyway restricted to fast sea ice 

Summary:	
  Scien>fic	
  Poten>al	
  of	
  TANGOSat	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  For	
  Sea	
  Ice	
  (Status	
  Oct.	
  2014)	
  	
  



XTI	
  –	
  Cri>cal	
  Baseline	
  	
  	
  

TangoSat:	
  	
  
λ=0.235m,	
  H=620km,	
  θ	
  =30°	
  
spa7al	
  ground	
  range	
  resolu7on	
  Δy=10	
  &	
  100m	
  
XT-­‐baselines	
  up	
  to	
  12	
  km	
  

Equa7on	
  from	
  Madsen	
  &	
  Zebker,	
  1998	
  
(se�ng	
  α=0,	
  ρ≈H/cosθ)	
  

Bc =
H!

!ycos3"

Cri7cal	
  baselines	
  (Bc-­‐XTI	
  =	
  Bc):	
   	
  22,4km	
  (Δy=10m)	
  	
  	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
  2,24km	
  (Δy=100m)	
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Figure 4. (a) Ridge height histograms and (b) probability density functions (PDFs) in a logarithmic scale at 
different regimes of ridging intensity R•. The number of laser profiles for each range of R• is given in parentheses. 
The theoretical distributions estimated from the laser data are also shown; dashed line is Hibler distribution, solid 
line is Wadhams distribution. 

distributions based on either the threshold or the Rayleigh 
criterion. 

A linear dependence of the ridge cross section on h as it is 
implied in the Wadhams distribution is observed if all ridge sails 
have the same width, which means that their steepness increases 
with height. Morphological investigations of single first-year 
ridges in the Beaufort Sea, however, indicate that width and 
height are more or less linearly related [Tucker and Govoni, 
1981]. This supports the hypothesis that in the case of single 
ridges, slope angles are similar for all ridges and that the cross- 
sectional area depends on h 2. In the case of multiple ridges it can 

be assumed that the height dependence of the ridge cross sections 
is variable because the slopes of single crests may increase due to 
lateral forces. Additionally, one has to consider a decrease of the 
apparent average slope, if the Rayleigh criterion combines a 
group of local maxima into one independent ridge. The 
distribution functions given by Hibler et al. [1972] and Wadhams 
[1980] should thus be regarded only as more or less working 
approximations to a more realistic ridge height distribution, 
which depends on the ridge detection criterion, as well as on the 
ice properties and the character of the ridge formation processes. 

Table 2. Chi-Square Test for the Ridge Height Distributions Shown in Figure 4a 
Hibler Distribution Wadhams Distribution 

Ridging Chi-Square Degrees of Level of Chi-Square Degrees of Level of 
Intensity Statistic Freedom Significance Statistic Freedom Significance 

R•<0.02 1.36 8 <0.01 0.23 8 <0.01 
0.02<R• <0.04 4.80 12 0.04 1.53 12 <0.01 
R2>0.04 2.55 17 <0.01 12.85 17 0.25 

The cutoff height is 0.8 m. The last class intervals were combined, so that the number of observations 
falling within one class was always > 3. A low level of significance indicates a good fit. 
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Figure 5. (a) Ridge spacing histograms and (b) probability density functions (PDFs) in a logarithmic scale at 
different regimes of ridging intensity R 1. The number of laser profiles for each range of R1 is given in parentheses. 
The theoretical distributions estimated from the laser data are also shown; dashed line is exponential distribution, 
solid line is lognormal distribution. (c) Histogram of the variable ln(s-0) where s is ridge spacing and 0 is shift 
parameter, in comparison to a normal distribution function with mean and standard deviation of ln(s-0). The shift 
parameter is 0 = 4 m. 

4.3. Ridge Spacing Distributions 
If one assumes that ridges occur randomly along a track, the 

PDF p for the ridge spacing s is given by [Hibler et al., 1972]: 

P(s;ho,)•3) = )•3 exp(-)•3s), h >/to (5) 
where h o is cutoff height and k 3 is distribution shape parameter. 
The average spacing gs is L3 -1. 

Figure 5a shows the observed distribution of ridge spacings in 

20-m bins for the three ridging intensity regimes together with 
the theoretical values according to (5) (Figure 5a, dashed line). 
The corresponding PDFs are shown in Figure 5b. The 
correspondence between the experimental and the theoretical data 
is poor. For the distance between adjacent ridge keels, Wadhams 
and Davy [1986] found that a lognormal distribution gives a 
much better fit than the negative exponential. The same result 
was obtained by Lewis et al. [ 1993] for the spacing of ridge sails 
in the Baltic Sea. The lognormal PDF is 
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