
	  
	  
	  

How	  to	  monitor	  a	  changing	  planet?	  
or	  

How	  access	  to	  more	  observa5ons	  is	  improving	  what	  we	  
can	  do	  with	  remote	  sensing!	  

or	  
Time	  Series	  Analysis	  of	  Landsat	  Data	  for	  Con5nuous	  
Monitoring	  of	  Land	  Cover	  Change	  and	  Condi5on	  

	  

•  Cur5s	  Woodcock	  	  (and	  many	  others)	  
	  Boston	  University,	  Department	  of	  Earth	  and	  Environment	  
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Community	  Goals?	  

•  Reconstruct	  the	  history	  of	  the	  surface	  of	  Earth	  
– Provide	  maps	  of	  surface	  characteris5cs	  at	  any	  
5me	  (where	  maps	  change	  between	  dates	  
correspond	  to	  loca5ons	  of	  land	  cover	  change!!)	  

•  Monitor	  change	  as	  it	  is	  occurring	  
– “management	  relevant”	  

In	  interes5ng	  ways,	  these	  are	  part	  of	  the	  same	  
process!	  
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Why	  Landsat	  is	  so	  relevant	  now!	  
•  ATer	  40+	  years,	  we	  are	  s5ll	  learning	  what	  we	  can	  do	  with	  Landsat	  

data	  –	  fair	  to	  say	  we	  are	  learning	  more	  about	  cool	  things	  to	  do	  with	  
Landsat	  at	  a	  faster	  rate	  than	  any5me	  in	  the	  past!	  	  

•  Consistent	  data	  formats	  –	  images	  easily	  stacked	  
•  Compu5ng	  capabili5es	  
•  Archive	  consolida5on	  (LGAC)	  
•  Calibra5on/automated	  atmospheric	  correc5on	  
•  Automated	  Cloud	  and	  Cloud	  Shadow	  Detec5on	  
•  Free	  Access	  –	  data	  policy,	  NASA	  +	  USGS	  

–  Prior	  to	  2008,	  less	  than	  10%	  of	  the	  images	  in	  the	  archive	  had	  ever	  been	  
used!	  	  Now	  it	  is	  over	  80%	  and	  only	  the	  completely	  cloud	  covered	  images	  
have	  never	  been	  used	  

•  Landsat	  8	  is	  the	  best	  we	  have	  ever	  had!	  Effort	  to	  build	  Landsat	  9	  
has	  begun	  (currently	  planned	  for	  2022).	  	  Planning	  for	  Landsat	  10	  is	  
already	  beginning!	  

•  The	  Landsat	  archive	  is	  the	  most	  valuable	  record	  we	  have	  of	  the	  
history	  of	  the	  surface	  of	  Earth!	  
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Landsat	  Global	  Archive	  Consolida5on	  

•  Notes:	  	  
–  About	  5.8	  million	  images	  in	  archive	  (Jan	  1,	  2015)	  	  
–  To	  date	  3.2	  million	  images	  added	  by	  LGAC	  
–  LGAC	  will	  consolidate	  an	  addi5onal	  ~	  2.3	  million	  images	  
into	  the	  UGSG	  archive	  

– When	  complete,	  over	  70%	  of	  the	  images	  in	  the	  archive	  will	  
be	  present	  due	  to	  LGAC	  

–  Regional	  and	  temporal	  representa5on	  is	  improved	  

Wulder,	  M.A,	  J.C.	  White,	  T.R.	  Loveland,	  C.E.	  Woodcock,	  A.S.	  Belward,	  W.B.	  Cohen,	  G.	  
Fosnight,	  J.	  Shaw,	  J.G.	  Masek,	  and	  D.P.	  Roy.	  (In	  review).	  The	  global	  Landsat	  archive:	  
Status,	  consolida5on,	  and	  direc5on.	  	  
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USGS	  archive	  prior	  to	  LGAC	  
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USGS	  archive	  up	  to	  Jan	  1,	  2015	  
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Future	  archive	  once	  outstanding	  
images	  added	  

8/18/16	  



LDCM Launch 
February 11, 2013 

LDCM Reaches WRS-2 
April 12, 2013 



Landsat 8 Signal-to-Noise 

Improved SNR allows the more accurate detection 
and characterization of subtle land and water 
conditions and changes. 
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Daily global Landsat acquisitions 

•  Landsat 5 and Landsat 7 era (circa 2010) 
•  Landsat 5: 200 images/day 
•  Landsat 7: 300 images/day 
•  Total – 500 images/day added to the archive 

•  Landsat 7 and Landsat 8 era (circa 2015) 
•  Landsat 7: 470 images/day 
•  Landsat 8: 725 images/day 
•  Total – 1,195 images/day added to the archive 



Brief	  History	  of	  Remote	  Sensing	  of	  Change	  

•  Make	  maps	  and	  compare	  them	  
•  Compare	  images	  	  
•  Compare	  images	  with	  what	  you	  expect	  to	  see	  

–  Use	  all	  available	  observa5ons	  (assume	  individual	  
observa5ons	  are	  noisy)	  

–  Clear	  clouds,	  shadows	  and	  snow	  (2-‐step	  process)	  and	  
atmospherically	  correct	  

–  Fit	  a	  model	  for	  each	  pixel	  (star5ng	  at	  the	  beginning)	  
–  Compare	  new	  observa5ons	  with	  model	  predic5ons	  based	  
on	  the	  history	  of	  past	  observa5ons	  for	  each	  pixel	  
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One	  trend	  is	  increasing	  use	  of	  the	  en5re	  Landsat	  
archive	  –	  oTen	  in	  the	  form	  of	  a	  5me	  series	  

•  New	  kinds	  of	  informa5on	  from	  Landsat	  
–  Detec5on	  of	  more	  subtle	  disturbance	  
– More	  reliable	  disturbance	  detec5on	  
–  Trends	  in	  ecosystem	  health	  and	  growth	  
–  Forest	  phenology	  –	  both	  average	  and	  interannual	  
–  Peak	  greenness	  –	  as	  indica5ons	  of	  trends	  in	  ecosystem	  
health	  and	  climate	  response	  

–  Improved	  ability	  to	  map	  forest	  composi5on	  
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Forest	  growth	  and	  succession	  (age)	  have	  nonlinear	  
trends	  in	  spectral	  indices	  (result	  from	  models)	  
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Hmmm…	  observa5ons	  are	  more	  messy	  –	  how	  can	  we	  make	  
sense	  of	  this	  pajern?	  
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View	  angles	  majer	  –	  when	  sorted	  by	  view	  angles,	  the	  pajerns	  
are	  clearer	  

A,B	  and	  C	  are	  successfully	  regenera5ng	  as	  forests,	  D	  is	  not	  
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At	  the	  5me	  we	  were	  thrilled	  to	  pull	  together	  15	  images	  of	  the	  
same	  place!	  
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08/25/2003	   DOY	  237	  

Non-‐
growing	  
season	  

Growing	  
season	  

End	  of	  non-‐growing	  season	  =	  DOY	  120	  
Start	  of	  growing	  season	  =	  DOY	  150	  
End	  of	  growing	  season	  =	  DOY	  260	  

Start	  of	  non-‐growing	  season	  =	  DOY	  310	  

By Year 

By Season 
Google	  Earth	  
08/25/2003	  (2003-‐237)	  

Landsat	  5	  
08/27/2003	  (2003-‐239)	  
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Tropical	  Rainforest	  
(Colombia)	  

Mangrove	  Fringe	  	  
(Vietnam)	  
	  

Coastal	  Oak	  
(MA,	  USA)	  

C.	  Hardwoods	  
(MA,	  USA)	  
	  

Spruce-‐Fir	  
(MA,	  USA)	  

Planted	  Pine	  
(MA,	  USA)	  
	  

Planted	  Spruce	  	  
(Finland)	  

Pine	  
(Finland)	  
	  

Tropical	  Rainforest	  
(Colombia)	  
	  

Planted	  Birch	  
(Finland)	  
	  

N.	  Hardwoods	  
(MA,	  USA)	  
	  

Global 
Forests 
(TC Greenness) 
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Tropical	  Rainforest	  
(Colombia)	  

Mangrove	  Fringe	  	  
(Vietnam)	  
	  

Coastal	  Oak	  
(MA,	  USA)	  

C.	  Hardwoods	  
(MA,	  USA)	  
	  

Spruce-‐Fir	  
(MA,	  USA)	  

Planted	  Pine	  
(MA,	  USA)	  
	  

Planted	  Spruce	  	  
(Finland)	  

Pine	  
(Finland)	  
	  

Tropical	  Rainforest	  
(Colombia)	  
	  

Planted	  Birch	  
(Finland)	  
	  

N.	  Hardwoods	  
(MA,	  USA)	  
	  

Global 
Forests 
(TC Wetness) 
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Open	  Water	  

Emergent	  

Shrub	  Swamp	  

Brightness	   Greenness	   Wetness	  

Wetland Gradient 
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Impervious	  

High	  density	  

Low-‐density	  

Urban Gradient 
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1	   2	   3	   4	  

1	   2	   3	   4	  

B	  <	  5000	  

1	   2	   3	   4	  

Periodic Change 
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A1	  

A2	  

A3	  

B1	  

B2	  

B3	  

C1	  

C2	  

C3	  

1	   2	   3	  

1	   2	   3	  

1	   2	   3	  

Re-‐development	  

Forest	  converted	  to	  golf	  course	  

Sand	  plain	  pond,	  loss	  of	  seasonality	  

Abrupt 
Change 
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Forest	  recovery	  

Decline	  in	  	  S.	  patens	  (high	  marsh)	  

1	   2	  

1	   2	  

3	  

T1	   T2	  

B1	  

B2	  

B3	  

Un-‐development	   C1	  

C2	  

C3	  
1	   2	   3	  

D1	   D2	  D1	  

Gradual 
Change 
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B1	  

B2	  

B3	  

1	   2	   3	  

1	   2	   3	  

1	   2	   3	  

Beaver	  flooding	  and	  wetland	  succession	  

Change and Recovery 
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A1	  

A2	  

A3	  

1	   2	   3	  

1	   2	   3	  

Failed	  development,	  forest	  succeeds	  

Change and Recovery 
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R	  –	  Intercept	  
G	  –	  Annual	  amplitude	  
B	  -‐	  RMSE	  

TC Brightness 
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R	  –	  Intercept	  
G	  –	  Annual	  amplitude	  
B	  -‐	  RMSE	  

TC Greenness 
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R	  –	  Intercept	  
G	  –	  Annual	  amplitude	  
B	  -‐	  RMSE	  

TC Wetness 
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Oak	  
White	  Pine	  
Mixed	  

Intercept	  
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Oak	  
White	  Pine	  
Mixed	  

Annual	  Amplitude	  
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Oak	  
White	  Pine	  
Mixed	  

RMSE	  
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Con5nuous	  Change	  Detec5on	  and	  Classifica5on	  	  
(Zhu	  and	  Woodcock,	  RSE	  2014)	  

•  Use	  all	  available	  Landsat	  Data,	  removing	  clouds,	  cloud	  
shadows,	  and	  snowy	  observa5ons	  

•  Treat	  each	  pixel	  as	  a	  5me	  series	  
•  Fit	  empirical	  models	  (usually	  based	  on	  sinusoids)	  and	  

compare	  new	  observa5ons	  with	  those	  predicted	  by	  the	  
exis5ng	  5me	  series	  model	  to	  find	  change	  

•  Treat	  image	  data	  as	  noisy	  and	  require	  seeing	  change	  mul5ple	  
consecu5ve	  5mes	  before	  mapping	  

•  Result	  is	  maps	  for	  any	  5me	  period	  that	  can	  be	  compared	  
between	  5me	  periods	  to	  find	  change	  
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Collect all 
Landsat data 
(less than 90% 
cloudy) 

Calculate 
surface 
reflectance 
using LEDAPS 

Single image-
based cloud/
shadow 
screening  

Fit TS model for 
each pixel for 
each band => 
SR predictions 

Compare 
predicted obs to 
real obs to find 
change 

Use prediction 
coefficients to 
determine land 
cover 

Map showing the conversion to 
and from land covers and the 
timing of conversion 

http://code.google.com/p/fmask/ 
Zhu and Woodcock (2012), 
Remote  
Sens Environ, 118:83-94 

Zhu, Woodcock and Olofsson (2012), Remote Sens Environ, http://dx.doi.org/10.1016/j.rse.2011.10.030 

Schematic of Mapping/Change 
Detection Process 
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•  Study area (all available Landsat ETM+ image from 2001 to 2002 with 
cloud cover less than 90%) 
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Example	  of	  con5nuous	  monitoring	  of	  forest	  disturbance	  using	  all	  
available	  Landsat	  images	  in	  2003 
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Results	  of	  mul5-‐date	  differencing	  
Tes/ng	  unseen	  data	  

Reference data	  

Single-date 
differencing	  

Forest disturbance	   Others	   Total	   User’s (%)	  

Forest disturbance	   7653 	   333	   7985	   95.83	  

Others	   261	   242159	   242420	   99.89	  
Total	   7914	   242492	   250406	  

Producer’s (%)	   96.70	   99.86	   Overall (%)	   99.76	  This table shows the confusion matrix for the accuracy assessment of the 
single-date differencing algorithm.  The overall accuracy results are not terribly 
revealing, as after excluding the edges of the change polygons, the change 
pixels left are only about 3% of the total interpreted pixels. 
 

1.	  Spa5al	  accuracies	  

2.	  Temporal	  accuracy	  =	  94%	  

Zhu,	  Z.,	  Woodcock,	  C.	  E.,	  and	  Olofsson,	  P.,	  2012.	  Con5nuous	  Monitoring	  of	  Forest	  
Disturbance	  Using	  All	  Available	  Landsat	  Imagery,	  Remote	  Sensing	  of	  Environment,	  
122:75-‐91.	  
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Con5nuous	  land	  cover	  classifica5on	  and	  
change	  detec5on:	  An	  example	  

•  We	  processed	  a	  total	  of	  532	  Landsat	  TM/ETM+	  
images	  for	  path	  12	  row	  31	  at	  Eastern	  Massachusejs	  
started	  from	  1982	  to	  2011.	  

•  Land	  cover	  changes	  are	  detected	  con5nuously	  using	  
all	  spectral	  bands.	  

•  The	  type	  of	  land	  cover	  for	  each	  curve	  are	  classified	  
using	  the	  parameters	  of	  the	  5me	  series	  model.	  
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Massachusejs,	  Sept.	  7th	  1984,	  Path/Row	  =12/31,	  Band	  4,	  3,	  and	  2	  composite	  
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Boston	  Scene	  Annual	  Land	  Cover	  Change	  Histogram	  
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Algorithm	  refinements	  
More	  coefficients	   Temporally	  varying	  thresholds	   LASSO	  fit	  
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Study	  areas	  in	  western	  hemisphere	  

Study Sites (August, 2014) [44]

ACRE [4]

Canadian FS [1]

CMS [10]

IDS [7]

LCMS [6]

USGS [5]

Legend

Chris Holden - August 11, 2014
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Study	  Areas	  in	  SE	  Asia	  

Study Sites (August, 2014) [44]

Cambodia [9]

Vietnam [2]

Legend

Chris Holden - August 11, 2014
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Test	  in	  a	  variety	  of	  environments	  
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Mapped land categories, IDS map of NE

8/18/16 

*The area of this stratum should be allocated 
to the other strata and thus have an accuracy 
and estimated area of zero

Stable categories
§  Unclassified* (0.30%)
§  High/Medium Imp. (4.1%)
§  Low Impervious (8.9%)
§  Herb/Ag (8.4%)
§  Forest (61%)
§  Wetlands (5.4%)
§  Water (5.9%)

Change categories
§  Forest à High/Medium 

Imp. (0.51%)
§  Forest à Low Imp. 

(0.53%)
§  Forest à Other (0.96%)
§  Forest à Forest (3%)
§  Herb/Ag à Forest (0.15%)
§  Other à Forest (0.49%)
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March, 1995 

Mixed forest partly cleared for residential development in June 2001. 

March 2001 September 2010 



Prediction model applied with predictions 
classified by land cover 
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Mixed Forest Low Density Residential



March, 1995 

Residential development, Mass. Time-series displayed for pixel represented by yellow square. CCDC 
classified pixel as Dec. Forest until April 2001 and then as Low Dens. Residential. 

June, 2010 
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Residential development, Mass. Time-series displayed for pixel represented by yellow square. CCDC 
classified pixel as Dec. Forest until May 2001 and then as Low Dens. Residential. 

March, 1995 June, 2010 
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Residential development, Mass. Time-series displayed for pixel represented by the yellow square. 
CCDC classified pixel as stable Dec. Forest. 

March, 1995 June, 2010 
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Abandoned farmland near New Bedford, MA. Time-series displayed for the pixel represented by the 
red square. CCDC classified pixel as Pasture/Row Crops until Jun 1998 and then as Dec. Forest. 

March, 1995 April, 2012 
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Forest degradation, Mexico
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September	  07,	  1999	   October	  27,	  2011	  

Harvest	  Regenera5on	   8/18/16 
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June	  2,	  1984	   June	  21,	  2013	  

Pest	  Infesta5on	   8/18/16 



Pest	  Infesta5on	  

September	  07,	  1999	   October	  27,	  2011	  
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Examples from boreal Canada of fire (top), harvest and 
fire (middle) and thinning (bottom) 

8/18/16 



Land	  Use	  Histories	  

•  ShiTs	  in	  agricultural	  prac5ces	  within	  cropland	  
•  Strip	  cropping	  to	  “Conserva5on	  Reserve	  
Program”	  (CRP)?	  
– Change	  in	  NIR	  reflectance	  amplitude	  
– Change	  in	  NIR	  phenology	  signal	  
– CRP	  enrollment	  5me	  series	  shows	  large	  increases	  
in	  acreage	  in	  late	  1990’s	  and	  large	  decrease	  in	  late	  
2000’s	  (gas	  prices)	  
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Double	  Cropping	  
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Google	  Earth	  –	  September	  03,	  1997	  
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Google	  Earth	  –	  September	  03,	  1997	  

Data	  from	  1984	  -‐	  1998	  
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Google	  Earth	  –	  December	  30,	  2004	  
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Google	  Earth	  –	  December	  30,	  2004	  

Data	  from	  1998-‐2011	  
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Google	  Earth	  –	  September	  19,	  2005	  
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Google	  Earth	  –	  August	  19,	  2013	  
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Google	  Earth	  –	  August	  19,	  2013	  

Data	  from	  1984-‐2013	  
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Monitoring coastal salt 
marsh dynamics with 
Landsat time series: 
A	  case	  study	  from	  Mass	  Audubon’s	  
Allens	  Pond	  Wildlife	  Sanctuary*	  
	  
*This	  presenta/on	  includes	  slides	  from	  Robert	  Buchsbaum’s	  
talk	  “Death	  and	  Resurrec/on	  of	  Three	  Mass	  Audubon	  Salt	  
Marshes”	  at	  the	  2015	  Mass	  Audubon	  Staff	  Natural	  History	  
Conference	  
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Slide	  from	  Dr.	  Robert	  Buchsbaum,	  Mass	  Audubon	  
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Tidal Inlet movement  
Inlet naturally shifts and closes, re-dig on a ~5 year cycle 

Slide	  from	  Dr.	  Robert	  Buchsbaum,	  Mass	  Audubon	  
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August	  2008	  

Photos	  from	  Dr.	  Robert	  Buchsbaum,	  Mass	  Audubon	  

June	  2009	  

Summer of 2008: Inlet closed  
Ø Nesting Piping plovers (endangered species) prevent 

immediate re-digging of inlet 

Ø Marsh submerged for about 5 months 

Ø  Inlet re-dug in Fall 2009 after end of the nesting season	  
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Pixels selected from various salt marsh areas 
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Monitoring Data: VegetaVon	  Transects	  

Data	  from	  Dr.	  Robert	  Buchsbaum,	  Mass	  Audubon	  

2008	  

Marsh 
Hay 
Spartina patens 
(high marsh) 

Tall  
Cordgrass 
Spar5na	  alterniflora	  
(low	  marsh)	  

2008	  
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SSTS	  
WILL	  

Monitoring Data: Impacts	  on	  Bird	  Species	  
Seaside	  Sparrow	  (SESP),	  Saltmarsh	  Sharp-‐tailed	  Sparrow	  (SSTS),	  Willet	  (WILL)	  

2008	  

Data	  from	  Dr.	  Robert	  Buchsbaum,	  Mass	  Audubon	  
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Couple	  of	  examples	  from	  Mark	  Frield’s	  students!	  

•  Trends	  in	  peak	  greenness	  inforests	  in	  Canada	  
(greening	  or	  browning)	  (Damien	  Sulla-‐Menashe)	  

•  Forest	  Phenology	  (both	  average	  annual	  phenology	  
and	  inter-‐annual	  variability)	  (Eli	  Meelas)	  
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NDVI	  and	  NBR	  trends	  in	  Boreal	  Canada	  	  are	  primarily	  a	  
func5on	  of	  disturbance	  history/5ming	  

	  (Slide	  from	  D.	  Sulla-‐Menashe)	  
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Maps	  showing	  rela5onships	  between	  disturbance	  
history	  and	  trends	  in	  NBR	  (slide	  from	  D.	  Sulla-‐Menashe)	  
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Geographic	  Variability	  in	  trends	  in	  NDVI	  and	  NBR	  is	  
climate	  related	  (Slide	  from	  D.	  Sulla-‐Menashe)	  
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Average	  annual	  phenology	  and	  inter-‐annual	  phenology	  for	  a	  
deciduous	  forest	  from	  Landsat	  (slide	  from	  E.	  Meelas)	  
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Landscape	  pajerns	  of	  inter-‐annual	  phenology	  –	  at	  the	  patch	  
scale	  from	  Landsat	  (slide	  from	  E.	  Meelas)	  

8/18/16	  



What	  are	  we	  finding?	  
•  Time	  series	  of	  Landsat	  have	  incredible	  advantages	  –	  more	  

observa5ons	  reduces	  the	  dependence	  on	  noisy	  single	  
observa5ons	  

•  Time	  series	  reveal	  a	  complicated	  and	  rich	  history	  to	  places	  
•  Time	  series	  allow	  characteriza5on	  of	  condi5on	  and	  trends	  	  

(phenology,	  growth,	  stress)	  
•  Agricultural	  landscapes	  are	  by	  far	  the	  most	  dynamic	  and	  

challenging	  (to	  the	  point	  of	  being	  diagnos5c),	  and	  we	  need	  
new	  ways	  to	  think	  about	  what	  cons5tutes	  change	  in	  these	  
areas	  
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Where	  and	  how	  are	  we	  applying	  these	  new	  5me	  series	  
models?	  

•  Developing	  a	  prototype	  for	  the	  ac5vity	  data	  for	  REDD+	  
repor5ng	  in	  the	  Colombian	  Amazon	  

•  LCMAP	  –	  a	  new	  na5onal	  ini5a5ve	  on	  Land	  Change	  
Monitoring,	  Assessment	  and	  Projec5on	  (USGS)	  

•  Near	  real-‐5me	  monitoring	  of	  forest	  change	  in	  the	  tropics	  by	  
fusion	  of	  MODIS	  and	  Landsat	  

•  Fusion	  of	  Landsat	  and	  radar	  data	  for	  improved	  monitoring	  of	  
change	  in	  the	  cloudy	  tropics	  

•  Improved	  mapping	  of	  species	  composi5on	  in	  New	  England	  
forests	  

•  Monitoring	  forest	  degrada5on	  	  
•  Improving	  models	  of	  terrestrial	  carbon	  dynamics	  by	  

integra5on	  of	  5me	  series	  models	  
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Sen5nel	  2A	  and	  2B	  
•  Sen5nel	  2A	  has	  been	  successfully	  launched!!!	  
•  Sen5nel	  2A	  makes	  observa5ons	  more	  frequently	  
than	  a	  single	  Landsat	  satellite!!	  

•  Combining	  Sen/nel	  2A,	  2B	  and	  Landsat	  8,	  we	  will	  
be	  geRng	  at	  least	  8	  observa/ons	  a	  month	  
globally!	  	  	  

•  Thanks	  to	  Europe	  for	  a	  free	  access	  data	  policy	  for	  
Sen/nel	  2!!	  Will	  mul/ply	  the	  benefits	  of	  your	  
investment	  many	  /mes	  over.	  
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Thoughts	  going	  forward	  

•  While	  we	  are	  currently	  using	  primarily	  Landsat	  data,	  it	  will	  be	  
exci5ng	  to	  include:	  
–  Sen5nel	  2	  
–  Sen5nel	  1	  
–  ALOS	  PALSAR	  
–  Chinese	  data???	  
–  Others???	  

•  Ini5al	  ajen5on	  has	  been	  on	  monitoring	  abrupt	  change,	  but	  
with	  5me	  we	  will	  focus	  on	  more	  subtle	  kinds	  of	  change	  
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