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Global forest cover

Global forest cover from Landsat-based, 30-m resolution percent-tree cover (Sexton et al. 2013).

Sexton, J.0., X.-P. Song, M. Feng, P. Noojipady, A. Anand, C. Huang, D.-H. Kim, K.M. Collins, S. Channan, C. DiMiceli, J.R. Townshend. 2013. Global, 30-m resolution continuous
fields of tree cover: Landsat-based rescaling of MODIS continuous fields and lidar-based estimates of error. International Journal of Digital Earth 6: 427-448.
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Global forest cover?

8 datasets.... 8 estimates.
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Loveland et al. (2000) Bartholomé & Belward (2005) Bicheron et al. (2008)
Hansen et al. (2000) Hansen et al. (2003, 2005) Friedl et al. (2002)

Sexton, J.0., et al. 2015. Conservation policy and the measurement of forests. Nature Climate Change (2015)

Hansen et al. (2013)
Sexton et al. (2013)
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How much forest
is there?

e UNFCCC allows countries to define “forest”
based on a criterion of tree cover, from >10 to

>30% cover.
— Defined as 10% cover -> 51.5 x 10 km?
— Defined as 30% cover -> 32.2 x 10 km?

* Difference = 17.9 x10° km?2 = 12% of Earth’s
land area.

e Greatest uncertainty in tropical savannahs &
boreal forests.

 The discrepancy within the tropics alone
involves a difference of 43.5 Gt C of biomass
valued at >USS 1 trillion.

Sexton, J.0., et al. 2015. Conservation policy and the measurement of forests. Nature Climate Change (2015)
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Long-term, globally consistent
forest monitoring

Costa Rica, 2000 - - Peru, 2006
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 Carbon & Biomass * Forestry Products * Land-use change
* Habitat & Biodiversity * Watershed Health « REDD+

Sexton et al. 2013. International Journal of Digital Earth 6: 427-448; Sexton et al. 2015. Remote Sensing of Environment; Kim et al. 2014. Remote Sensing of Environment; 2015 GRL
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Sexton, J.0., X.-P. Song, M. Feng, P. Noojipady, A. Anand, C. Huang, D.-H. Kim, K.M. Collins, S. Channan, C. DiMiceli, J.R. Townshend. 2013. Global, 30-m resolution continuous
fields of tree cover: Landsat-based rescaling of MODIS continuous fields and lidar-based estimates of error. International Journal of Digital Earth 6: 427-448.
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Requirements

* Long term, high resolution

e Historically consistent
— 1975, 1990, 2000, 2005, 2010-2015

* Semantically flexible

— Tree canopy -> forest cover -> forest change

e Peer-reviewed methods
— Tree-cover estimation
— Forest-cover classification
— Forest-change detection
— Time-series analysis

* Sensor-agnostic
— Landsat, Sentinel 1
— PALSAR, Sentinel 2
— Lidar
— Visual (human)

* Quantified uncertainty
— Global
— Biome
— Pixel (mapped)

B I L e R e L D
Products

Product Epochal Annual Uncertainty layer?
Tree cover (%)

Continental X Y

Global X Y
Water Cover (binary)

Continental X Y

Global X Y

Percent
water
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In each pixel, tree cover is estimated as a Normal
distribution of possible values, with estimate ¢ and
root-mean-square error (RMSE) o.
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Algorithm: model-based estimation & data fusion

e Algorithm

1. Aggregate 30-m (Landsat) reflectance to
250-m (MODIS) resolution

2. Sample 250-m layers
Landsat reflectance
MODIS Tree Cover and Cropland Probability

Symbol Legend

3. Parameterize model:

cover ~ reflectance

4. Apply model to original Landsat
reflectance image (30-m)

* Product: tree-cover at 30-m resolution

— Tree cover (%)
— Uncertainty (RMSE)

Sexton, J.0., X.-P. Song, M. Feng, P. Noojipady, A. Anand, C. Huang, D.-H. Kim, K.M. Collins, S. Channan, C. DiMiceli, J.R. Townshend. 2013. Global, 30-m resolution continuous
fields of tree cover: Landsat-based rescaling of MODIS continuous fields and lidar-based estimates of error. International Journal of Digital Earth. DOI:
10.1080/17538947.2013.786146
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Response variable: percent tree (canopy) cover

Collection of “ground truth” training data is the
most expensive & time-consuming part of
remote sensing. e Symboiagend

So, instead:
— Train on readily available, independent datasets
— Save the best, most reliable truth for validation

How?

— Decompose each input dataset into a probability
distribution

— Combine these “soft truth” datasets into an
ensemble for training

Then, use LiDAR, high-res, and in situ data for
post hoc calibration and validation.

Sexton, J.0., X.-P. Song, M. Feng, P. Noojipady, A. Anand, C. Huang, D.-H. Kim, K.M. Collins, S. Channan, C. DiMiceli, J.R. Townshend. 2013. Global, 30-m resolution continuous
fields of tree cover: Landsat-based rescaling of MODIS continuous fields and lidar-based estimates of error. International Journal of Digital Earth. DOI:
10.1080/17538947.2013.786146
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Landsat Surface Reflectance

Landsat images
— Five “epochs”

e 1975
e 1990
e 2000
e 2005
e 2010

— ~Global coverage
— Optimally selected

. Top-of-atmosphere
* Minimal cloud, snow

* Growing season
— Orthorectified
— Public

Surface

Feng, M., J.0. Sexton, C. Huang, J.G. Masek, E.F. Vermote, F. Gao, R. Narasimhan, S. Channan, R.E. Wolfe, J.R. Townshend. 2013. Global, long-term surface reflectance records
from Landsat: a comparison of the Global Land Survey and MODIS surface reflectance datasets. Remote Sensing of Environment 134:276-293
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Feng, M., J.0. Sexton, C. Huang, J.G. Masek, E.F. Vermote, F. Gao, R. Narasimhan, S. Channan, R.E. Wolfe, J.R. Townshend. 2013. Global, long-term surface reflectance records
from Landsat: a comparison of the Global Land Survey and MODIS surface reflectance datasets. Remote Sensing of Environment 134:276-293
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Lidar-based calibration & validation

* Improved precision over MODIS VCF

— comparable to visual interpretation

* Strong potential for calibration to lidar

* Per-pixel estimates of certainty

.
B 4. % s 523 % ;
s fateop, /& ' ﬁ"fsa-';’tsr?s;a ke e,
Tidar Treé Cover (%) e MODIS Trée Cover "““"5 TLidar Tres Cover (%) e
Intercept (S.£)  12.429 (0.549) 4.530 (0.323) 10.016 (0.384)
Slope (S.E.) 0.714 (0.008) 0.825 (0.005) 0.668 (0.006)
R2 0.705 0.882 0.811
RMSE 16.83 10.28 17.40
RMSE; 10.097 7.063 14.637
RMSE,, 13.462 7.473 9.406

[N G |

Temperate Broadleaf and Mixed Forests

RMSE, = systematic error; RMSE = unsystematic error; RMSE? = RMSE 2 + RMSE 2

I Temperate Conifer Forests
I Tropical and Subtropical Moist Broadleaf Forests

Sexton, J.0., X.-P. Song, M. Feng, P. Noojipady, A. Anand, C. Huang, D.-H. Kim, K.M. Collins, S. Channan, C. DiMiceli, J.R. Townshend. 2013. Global, 30-m resolution continuous
fields of tree cover: Landsat-based rescaling of MODIS continuous fields and lidar-based estimates of error. International Journal of Digital Earth 6: 427-448.
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Tree cover

[1<10%

110 - 20%
[]20 - 30%
[130 - 40%
[]40 - 50%
50 - 60%
B 60 - 70%
B 70 - 50%
=0 - 90%s
M - o0

M ' ater

18 - 20%

20 - 22% W <17%
W 7-1e%

22 - 25% oo
[[]20-22%

[ 22-25%
. > 25% B >25%

Sexton et al. 2013. Int. J. Dig. Earth.




p(FF) = p(Fq) X p(F>)
p(NN) = (1 - P(Fl)) X (1 - P(Fz))
p(NF) = (1 - P(Fl)) X p(Fy)

p(FN) = p(Fy) X (1 - P(Fz))
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Change detection

p(FF) = p(F1) X p(F3)

p(NN) = (1 - P(F1)) X (1 - P(Fz))

p(NF) (1 - P(F1)) X p(F3)

p(FN) = p(Fy) X (1 - P(Fz))

Sexton et al. 2015. Remote Sensing of Environment.
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Expert validation

* Certainty # accuracy

e Web interface to

ingest knowledge of

regional experts
— Validate maps
— |mprove accuracy

slobal Land Cover Facility
www.landcover.org

Forest Cover Change Labeling Tool

Login Register

High Res from Google Maps

_ NDVi profile from MODIS

Sample:56 050W, 238778 56.064W, 238728

1990
1991(40,30,20)
9

landcover Forest v landcover Forest landcover ---Agriculture
H Bare Others
b-Nature General Bare-Natural Water Snow/lce Cloud Shadow

Tall shrub  Herb-Shrub Agriculture Built-Up Noise/Bad data Edge Unidentifiable

jsexton (Wednesday, March 24, 2010 1:34:58 PM) 3004 /8642 | Previous

Copyright 1997.2009 University of Maryland. All rights reserved

Feng, M. et al. R. 2012. An approach for quickly labeling land cover types for multiple epochs at globally selected locations. IGARSS 2012, 6203—-6206.
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Global Forest Dynamics

Forest Change (1990-2000)

Forest cover

* 33.12+0.71 x 10° km? in 1990 (sub-global)
* 39.13+0.70 x 10% km? in 2000

* 39.02+0.73 x 10% km? in 2005

Forest-cover change

1990-2000 (sub-global)

* Grossloss: 0.11 £ 0.03

* Gross gain: 0.05 = 0.03 million km?/year
2000-2005 (global)

* Grossloss: 0.17 + 0.04 x 10° km?/year

*  Gross gain: 0.06 + 0.02 x 10° km?/year

Acceleration 1990-2010 (humid tropics) g
. -0.02938 x 106 km%/yr/yr - Certanty
* Peakedin 2000-2005

* Varies among countries

*  Contradicts FAO claims of deceleration
Kim et al. (2014, 2015); Sexton et al. (2015); Feng et al. (in review)
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[ (a) Identify candidate change pixels

* Use full time-series of
cover estimates N

* |ncorporates pixel-level
uncertainty

e Capable of quantifying
categorical change and
canopy degradation

— |Initial cover (d)

— Magnitude of change (a)
— Time of change (c)

— Final cover (a+d)

Song, X.-P., C. Huang, J.0. Sexton, S. Channan, J.R. Townshend. 2014. Remote Sensing 6(9): 8878-8903.

Sample distribution

2000 2002 2004 2006 2008 2010

19»

Candidate change mask
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Pixel-level estimation of disturbance-year. (a) Patches representing the year of forest disturbance obtained from MODIS.
(b) Reference map acquired from PRODES. Tree-cover estimates from 2000-2010 are shown on the right.

Song, X.-P., C. Huang, J.0. Sexton, S. Channan, J.R. Townshend. 2014. Remote Sensing 6(9): 8878-8903.
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* Calibration by lidar/optical fusion
(Ranson et al. 2014)

— Fusion of optical (Landsat), radar (PALSAR),
high-res, and lidar

— Collaboration with NASA Goddard Space Flight
Center

 Multi-source imaging of time-serial tree
and water cover at continental to global
scales (Townshend et al. 2015)

— Global and continental mapping of tree-
canopy, surface water, and biomass at epochal
and annual frequency

— Fusion of optical (Landsat, Sentinel-2) and
radar (PALSAR)

High-resolution
satellite stereo data

Q//ENorthern tree limit estimates
@ Taiga-tundra ecotone estimate|

Stereo coverage from
WV1 & WV2

< 20% cloud cover
(through 2012)

Previous ecotone boundary estimates with available high-resolution
stereo footprints, equaling >6,400 stereo pair strips of 3-8 images
over boreal Canada, Alaska and Eurasia between 60-75° N.

Canopy (%) Canopy Change (%)
100 - 100
M. g

Forest disturbance from Hurricane Fran (1996) and subsequent
salvage logging in the Duke Forest, NC detected by time-series
analysis of Landsat-based tree cover estimates (Sexton et al. in prep.)
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Status of data products
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Questions/Discussion
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Change detection

p(FF) = p(Fq) X p(F>)
p(NN) = (1 - P(Fl)) X (1 - P(Fz))
p(NF) = (1 - P(Fl)) X p(F3)

p(FN) = p(Fy) X (1 - P(Fz))

Sexton et al. 2015. Remote Sensing of Environment.
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Shown area corresponds to MODIS tile h11v05 and covers 57 Landsat WRS2 images.
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Landsat VCF in Eastern US
inset: Roanoke, Virginia

e Temperate forests + urban + cropland
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Landsat VCF in Southern Amazon
inset: Gran Chaco, Eastern Bolivia

Dry tropical forest

Google Earth image
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“Best-pixel” compositing in image overlap areas

Based on uncertainty layers
— Get the best pixel with the lowest uncertainty
— Clean cloud and shadow
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Landsat vs. LIDAR & MODIS

Temperate Broadleaf and Mixed Forests
Bl Temperate Conifer Forests
I Tropical and Subtropical Moist Broadleaf Forests

Wisconsin, USA Central Utah, USA

e Lidaris reference
— High resolution
— High accuracy
...but rare

e Landsat & MODIS are consistent

lidar (30-m)

e Landsat > MODIS

— Resolution of small patches
— Accuracy over agriculture

e Savannas & shrublands are a
persistent problem

MODIS (250-m)
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Sexton, J.0., X.-P. Song, M. Feng, P. Noojipady, A. Anand, C. Huang, D.-H. Kim, K.M. Collins, S. Channan, C. DiMiceli, J.R. Townshend. 2013. Global, 30-m resolution ggntinuous
fields of tree cover: Landsat-based rescaling of MODIS continuous fields and lidar-based estimates of error. International Journal of Digital Earth. DOI:
10.1080/17538947.2013.786146
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* 20% of Earth’s forest cover is < 100 m from an edge
 70% of Earth’s forest cover is < 1 km from an edge
* >50% of Earth’s forest patches are < 1 ha in area

Haddad et al. 2015. Science Advances
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* Represent certainty at the scale of data

— “Per-pixel certainty”

e Validation and propagation

* Leveraging uncertainty
— Targeting calibration
— Filtering & quality flags
— Harmonization

— Data fusion RMSE
Wi
Mo
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Sexton et al. 2013. Int. J. Dig. Earth.




