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This	
  work	
  presents	
  a	
  data	
  fusion	
  method	
  based	
  on	
  a	
  hierarchical	
  Bayesian	
  model	
  for	
  
integraKng	
  mulKscale,	
  mulK-­‐type	
  datasets	
  and	
  prior	
  knowledge	
  to	
  provide	
  esKmates	
  of	
  
heterogeneous	
  subsurface	
  properKes	
  and	
  their	
  associated	
  uncertainty	
  in	
  the	
  arKc	
  tundra	
  
ground.	
  The	
  subsurface	
  properKes–such	
  as	
  thaw	
  depth,	
  soil	
  moisture,	
  snow	
  depth	
  and	
  
geochemical	
  parameters–are	
  key	
  parameters	
  for	
  modeling	
  the	
  hydro-­‐micro-­‐geochemical	
  
processes	
  to	
  predict	
  the	
  future	
  of	
  carbon	
  stored	
  in	
  permafrost.	
  The	
  surface	
  geophysical	
  
data	
  are	
  non-­‐invasive	
  and	
  spaKally	
  extensive,	
  which	
  increases	
  the	
  spaKal	
  coverage	
  in	
  
subsurface	
  and	
  reveals	
  the	
  fine-­‐scale	
  variability.	
  Remote	
  sensing	
  data	
  can	
  further	
  increase	
  
the	
  spaKal	
  coverage	
  through	
  the	
  subsurface-­‐surface	
  property	
  correlaKon.	
  The	
  model	
  
consists	
  of	
  two	
  sub-­‐models:	
  data	
  model	
  and	
  process	
  model.	
  First,	
  the	
  process	
  model	
  
describes	
  the	
  heterogeneous	
  field	
  of	
  each	
  subsurface	
  property	
  mathemaKcally.	
  Second,	
  
the	
  data	
  model	
  connects	
  the	
  heterogeneous	
  field	
  to	
  mulKscale	
  datasets.	
  Once	
  we	
  
establish	
  the	
  data	
  and	
  process	
  models,	
  we	
  esKmate	
  the	
  heterogeneous	
  fields	
  using	
  the	
  
Markov	
  Chain	
  Monte-­‐Carlo	
  method.	
  We	
  demonstrate	
  our	
  approach	
  using	
  co-­‐located	
  
datasets	
  collected	
  at	
  the	
  Barrow	
  Environmental	
  Observatory,	
  Alaska,	
  including	
  thaw	
  
depth,	
  soil	
  temperature,	
  snow	
  depth,	
  ground	
  penetraKng	
  radar	
  data,	
  electrical	
  resisKvity	
  
tomography,	
  and	
  airborne	
  LIDAR.	
  We	
  obtain	
  high-­‐resoluKon	
  esKmates	
  of	
  thaw	
  depth,	
  soil	
  
water	
  content,	
  snow	
  depth	
  and	
  other	
  subsurface	
  properKes	
  over	
  a	
  several	
  hundred	
  
meter-­‐scale	
  domain.	
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Integra,on:	
  Bayes	
  Rule	
  
	
  	
  	
  p(field|data)∝p(RSdata|field)p(GPdata|field)p(Pdata|field)p(field|f)p(f)	
  
à 	
  Markov-­‐Chain	
  Monte-­‐Carlo	
  (MCMC)	
  Sampling	
  
à 	
  Integrate	
  the	
  measurement	
  errors/spaKal	
  variability/uncertainty	
  consistently	
  

Data-­‐driven	
  Process	
  Model	
  Development	
  
IdenKfy	
  key	
  controls	
  and	
  correlaKons	
  between	
  surface	
  and	
  subsurface	
  
acributes	
  (microtopography,	
  base-­‐line	
  elevaKons	
  etc)	
  

à  Data	
  mining	
  techniques:	
  Regression	
  tree	
  method	
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Environmental	
  controls	
  on	
  carbon	
  
decomposi,on	
  in	
  subsurface	
  
à	
  CriKcal	
  for	
  modeling	
  and	
  predicKve	
  understanding	
  

• 	
  Thaw	
  depth	
  	
  
•  	
  AcKve	
  layer	
  thickness	
  (ALT)	
  
•  	
  Soil	
  moisture	
  
•  	
  Redox	
  status	
  
•  	
  Temperature	
  
•  	
  Snow	
  depth	
  	
  

à  Highly	
  heterogeneous	
  
à  Difficult	
  to	
  characterize	
  in	
  a	
  large	
  scale	
  	
  

	
  

Objec,ve	
  
•  Combine	
  different	
  types	
  and	
  scales	
  of	
  data	
  and	
  also	
  prior	
  knowledge	
  to	
  

characterize	
  the	
  subsurface	
  in	
  a	
  large-­‐scale	
  domain	
  	
  
à	
  Surface	
  geophysics,	
  remote	
  sensing	
  
•  Develop	
  a	
  data	
  fusion	
  framework	
  and	
  apply	
  it	
  to	
  the	
  real	
  datasets	
  	
  

Mul,scale	
  data	
  models	
  

Heterogeneous	
  
field	
  	
  (1-­‐,	
  2-­‐,	
  3-­‐D)	
  

Mul,scale	
  process	
  models	
  

Prior	
  Models	
   Model	
  Parameters	
  (f)	
  	
  
Wainwright	
  et	
  al.	
  ,2012	
  TICOP	
  

Remote	
  Sensing	
  (RS)	
  data	
  

Geophysical	
  (GP)	
  data	
  	
  

Point	
  (P)	
  data	
  	
  

ZonaKon,	
  ElevaKon	
  trend	
  

Microtopographic	
  control	
  

RESULTS	
  I:	
  Data	
  Mining	
  

RESULTS	
  II:	
  Data	
  IntegraKon	
  

• 	
  Developed	
  a	
  mulKscale	
  esKmaKon	
  framework	
  to	
  combine	
  point/geophysical/remote-­‐
sensing	
  datasets	
  for	
  esKmaKng	
  subsurface	
  properKes	
  in	
  the	
  ArcKc	
  tundra	
  ground	
  based	
  on	
  
hierarchical	
  Bayes	
  models:	
  

•  Integrate	
  complex	
  correlaKons/dependencies	
  between	
  data	
  and	
  subsurface	
  
processes	
  

•  Integrate	
  measurement	
  errors	
  and	
  spaKal	
  variability	
  consistently	
  	
  
• 	
  IdenKfied	
  key	
  controls	
  on	
  subsurface	
  properKes:	
  

•  Microtopography	
  of	
  the	
  tundra	
  ground	
  influences	
  hydrological	
  (soil	
  moisture),	
  
thermal	
  processes	
  (thaw	
  depth)	
  and	
  snow	
  distribuKon.	
  

•  Not	
  only	
  microtopographic	
  high/low	
  in	
  the	
  polygons,	
  width	
  of	
  troughs	
  and	
  
drainage	
  features	
  (directed	
  distance)	
  affect	
  soil	
  moisture	
  and	
  thaw	
  depth.	
  

•  Large-­‐scale	
  features	
  (high/low-­‐centered	
  polygon	
  zones,	
  base-­‐line	
  elevaKon)	
  
would	
  be	
  another	
  key	
  for	
  a	
  large-­‐scale	
  esKmaKon	
  	
  

• 	
  Established	
  correlaKons	
  between	
  thaw	
  depth/soil	
  moisture/snow	
  depth	
  and	
  geophysical	
  
data/surface	
  topography	
  	
  
• 	
  Applied	
  the	
  framework	
  to	
  the	
  actual	
  datasets	
  at	
  Barrow	
  and	
  esKmated	
  thaw	
  depth,	
  soil	
  
moisture	
  and	
  snow	
  depth	
  

GPR	
  Data	
  

More	
  on	
  snow	
  including	
  snow	
  
water	
  equivalent	
  àGusmeroli	
  
(C33C-­‐0668)	
  	
  

wind	
  

Time	
  slices	
  
•  Sept	
  2011	
  (Freeze-­‐up)	
  
•  May	
  2012	
  (Frozen)	
  
•  July	
  2012	
  (Thawed)	
  
•  Sept	
  2012	
  (Freeze-­‐up)	
  
•  November	
  2012	
  	
  
Mul,-­‐data	
  types	
  
•  2D	
  &	
  3D	
  ERT/GPR	
  
•  Soil	
  texture,	
  thaw	
  depth	
  	
  
•  Temperature	
  
•  Snow	
  depth	
  (and	
  more)	
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Regression	
  Tree	
  Analysis	
  (Data	
  from	
  Site	
  0)	
  

SITE	
  AND	
  DATA	
  

Site	
  0	
  

Site	
  1	
  

NGEE	
  Arc,c	
  Site	
  (Barrow,	
  AK)	
  

Thaw	
  depth	
  is	
  larger	
  at	
  
-­‐  surface	
  inundated	
  
locaKons	
  

-­‐  centers	
  (high	
  directed	
  
distance)	
  of	
  wide	
  micro-­‐
topographic	
  low.	
  

	
  At	
  microtopographic	
  high	
  
areas,	
  it	
  is	
  larger	
  at	
  	
  
-­‐  higher	
  base-­‐line	
  
elevaKon	
  	
  

-­‐  low-­‐centered	
  polygons.	
  	
  

Es,ma,on	
  

Snow	
  ~	
  a	
  funcKon	
  of	
  
microtopography	
  and	
  slope	
  
	
  
Wind	
  direcKon	
  will	
  be	
  considered	
  in	
  
the	
  future	
  work.	
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ERT	
  log	
  conducKvity	
  

Connect	
  between	
  the	
  fields	
  
and	
  datasets	
  	
  
=	
  likelihood	
  p(data|field))	
  

Describe/create	
  the	
  
heterogeneous	
  fields	
  
(mechanisKc/data-­‐driven)	
  

Thaw	
  depth	
   Soil	
  moisture	
  
(m)	
  

Black	
  dots	
  are	
  not	
  included	
  in	
  esKmaKon	
  but	
  for	
  validaKon.	
  	
  

Es,ma,on:	
  Site	
  0	
  Transect	
   (Mean	
  and	
  Confidence	
  interval)	
  

Es,ma,on:	
  Site	
  0	
  

Soil	
  moisture	
  

Geophysical	
  Data	
  

Ground	
  surface	
  

ReflecKon	
  from	
  top	
  of	
  permafrost	
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Ground	
  Penetra,ng	
  Radar	
  (GPR)	
  

Electrical	
  Resis,vity	
  Tomography	
  (ERT)	
  

Lower	
  AL	
  resisKvity	
  at	
  troughs	
  =	
  higher	
  soil	
  moisture	
  

Av.	
  snow	
  dep.	
  
A:	
  0.47m	
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  0.48m	
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  0.47m	
  
S0:	
  0.52m	
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Microtopography	
  –	
  Snow	
  depth	
  

In	
  “general”,	
  the	
  snow	
  
surface	
  follows	
  the	
  base-­‐line	
  
elevaKon.	
  ExcepKons:	
  
-­‐  large	
  depressions	
  
-­‐  before/behind	
  slopes	
  in	
  

the	
  wind	
  direcKon	
  
(predominantly	
  ENE)	
  	
  

(Note:	
  snow/vegetaKon	
  effects	
  might	
  be	
  confounded	
  with	
  microtopography)	
  

Higher	
  in	
  the	
  tree	
  =	
  more	
  influenKal	
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  09/2011	
  

Soil	
  moisture	
  is	
  higher	
  at	
  
-­‐  wide	
  micro-­‐topographic	
  
low	
  

-­‐  low-­‐centered	
  polygons.	
  	
  
At	
  microtopographic	
  high,	
  
it	
  is	
  higher	
  at	
  
-­‐	
  lower	
  base-­‐line	
  elevaKon	
  	
  

Soil	
  moisture,	
  09/2011	
  


