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Educational Objectives

=7 To learn how SAR data can be used for biomass estimation

7 To understand advantages of SAR techniques over traditional
measuring techniques

=7 To understand the limitations of SAR data for biomass estimation

—Z Tolearn optimal sensor and acquisition parameters for biomass
estimation using SAR data
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Requirements

—~Z You know the basic concept of complex SAR data

Module ID 1100: Mathematics & Physics — Mathematic Basics
Module ID 1300: SAR basics

—~Z You know and understand physical basics
Module ID 1104: Mathematics & Physics — Physics

—~Z You know and understand SAR processing steps
Module ID 1207: Data processing — SAR specific data formats & SAR data processing

—~Z You know and understand SAR technology
Module ID 1300: SAR basics
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Structure

7 Introduction: What is biomass and why do we need accurate estimates of the
(global) biomass?

7 Basics of biomass estimation
7 Advantages and disadvantages of SAR data

7 Different wavelengths in biomass estimation

7 Biomass estimation methods using SAR data
7 Overview

Backscatter analysis

SAR Interferometry

NI

Indirect estimation methods
7 Examples

7 Summary
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Introduction

BIOMASS ... “is defined as mass of life or dead organic matter” (FAO/GTOS, 2009).

Stem (> 90%)

Branches (< 10 %)
Leaves (2-4 %)

s
AN

Undergrowth (?)

/ Forest
Above-ground o/ Agriculture
(approx. 80%)
Phytomass (>90%)
.\

Zoomass (<10 %) Grassland

Below-ground, i.e.
roots (ca. 20 %)

Fig.: Global Biomass (after MeTTE et al., 2002).

Here we will mainly address living terrestrial above-ground vegetation biomass, in
particular woody biomass.
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Introduction

WHY DO WE NEED TO OBSERVE (GLOBAL) FOREST BIOMASS?
7 For a better understanding and quantification of:
Terrestrial carbon stocks and fluxes in forests

Terrestrial carbon sources and sinks

The global carbon cycle

NN NN

Global climate change

7 Information of forest biomass is needed to support sustainable forest
resource management

'\ FAO, 2009; GHASEMI et al., 2011
SAREDU
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Introduction

DID YOU KNOW?

v

4

Forests cover approximately 33% of the Earth’s land surface (JENSEN, 2000)

Forests play an important role in the global carbon cycle, since each year
forests absorb approximately 1/12 of the Earth’s atmospheric CO2 stock
(MALHI et al., 2002)

Forested ecosystems account for app. 72% of the Earth’s terrestrial carbon
storage (MALHI et al., 2002)

Therefore, vegetation biomass is a larger global store of carbon than the
atmosphere (FAO, 2009)

Between 1850 and 2011, humans have released app. 480 Gt (480 BILLION
TONS!!!) of CO2 into the atmosphere through fossil fuel burning and land
use changes (e.g. deforestation and fires) (GHASEMI et al., 2011)
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Introduction

In Forestry, the biomass calculation is based on measurements of
trunk diameter and height of sample populations of trees:

Biomass ,ee = N X T X (% dbhmid)2 X hmid X p X fz

Biomassy,,,, [t/ha] is defined as aboveground wood of trunks and branches where
exceeding 7 cm diameter

dbh, ;4 [cm] is the (dbh? weighted) mean diameter at breast height 1.3 m
h,,;q [m] is the height of the tree

p [g/cm?] is the species-specific wood density

f.l is a form factor (= 0.4-0.5, constant in a first order approximation)
N is the tree density (tree number per area unit)

The product of N X 1 X G dbhmw,)Z is also called basal area g.

'\ METTE et al., 2004
SAREDU
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Advantages of SAR data

(compared to optical remote sensing data or in-situ measurements)

\

Higher spatial coverage

\

Higher temporal resolution (repeat cycle e.g. 11 days)

Remotely sensed data therefore can be used to fill spatial, attributional, and
temporal gaps in forest inventory data

U

Contactless

\

Detection of unknown regions

U

7 Retrospective analysis
(archived SAR data since 1991 (but not globally))

7 Microwaves enable a weather- and illumination-independent imaging process

'\ FAO, 2009, Balzter, 2001
SAREDU
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Disadvantages of SAR data }

(compared to optical remote sensing data or in-situ measurements)

=7 Limitations in applicability of RS data for AGB estimation are related to

7 Backscatter saturation, especially in mature forests with complex stand
structure

7 Inrugged or mountainous regions, topography can affect vegetation
reflectance and influence relationships between backscattering values

and AGB - topographic correction is necessary

7 Satellite approaches to estimate biomass are still in experimental
stages and pre-operational with uncertain accuracy (resp. accuracies

under certain constraints)

'\ FAO, 2009; GHASEMI et al., 2011
SAREDU
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—~——

A - When a wave reflects off only one target and returns to the instrument this is known as
direct scattering (or “single bounce”). This occurs when the wave hits a target that is at an
orientation such that the wave is returned directly to the radar.

Fig.: Global Biomass (after METTE et al., 2002).

SAREDU l
Remate Sensing
\ Education Initiative

: Copyrighf: © ﬁ

13



: Copyrighf: © ﬁ

Overview Introduction SAR Basics Methods Examples Summary

—~——

B - Cases of more than two bounces are known as multiple scattering and occur frequently
in environments such as dense forest canopies between trunks, branches, and twigs.

Fig.: Global Biomass (after METTE et al., 2002).

SAREDU‘
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C - If the wave reflects off two surfaces before returning to the instrument, such as often
arises in urban areas between ground and wall, or in forests between ground and tree
trunks or between trunks and twigs, this is termed “double bounce”.

Fig.: Global Biomass (after METTE et al., 2002).

SAREDU‘
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Different wavelengths in biomass estimation

f -~
74

&
N\

X band L band P band VHF

Austrian pine - A= 27 cm 2=70 cm A>3m

Fig. and Tab.: Main scatterers at different frequencies (Image credentials: THuY Le TOAN, Tab from LE TOAN ET AL., 2001).

Frequen- X C L P VHF The main scatterers in a
cy band canopy are the elements
Main Leaves, Leaves Branches | Branches Trunk ) Py ) i
scatterers | Twigs Small & Trunk having dimension of the
-\ branches order of the wavelength

16
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e  Small dynamic range e  Medium dynamic range
e \Variable response to water e  Stable response to water
e \Variable response to open areas e  Possible to identify agricultural
e  Can be used as indicator of fields
environmental effects effecting e  Higher frame to frame
the coherence variations
SAREh Fig.: Different wavelengths in biomass estimation (LE ToAN et al., 2001).
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Small dynamic range
Variable response to water
Variable response to open areas

Can be used as indicator of
environmental effects effecting
the coherence

Remate Sensing
Eucatian Initiative

Medium dynamic range

Stable response to water
Possible to identify agricultural
fields

Higher frame to frame
variations

Higher contrast between
forest/non forest

Higher sensitivity to forest
volume

Confusion between water and
dense forest

Frame to frame variations

Fig.: Different wavelengths in biomass estimation and coherence (LE ToAN et al., 2001).

18
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Additional slide

(Left) INSAR geometry. The along the track direction is perpendicular to the graph plane. (Right) the
SAEE@ rationale of the fringes formation due to baseline (Modified from Shang-Ho, 2008).
\ " In: Ground Based SAR Interferometry: a Novel Tool for Geoscience. -Guido Luzi DOI: 10.5772/9090 19
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Additional slide

(Left) INSAR geometry. The along the track direction is perpendicular to the graph plane. (Right) the
SAEE@ rationale of the fringes formation due to baseline (Modified from Shang-Ho, 2008).
\ " In: Ground Based SAR Interferometry: a Novel Tool for Geoscience. -Guido Luzi DOI: 10.5772/9090 20
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Overview

! Fig.: ERS-Tandem intensity image and 1-day repeat-
ECSCY S pass phase coherence image (size 50 km by 100 km)

p

GEREIE GOV  (Luckmian et al,, 2000).
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SAR Basics

Fig.: JERS intensity image and 44-day repeat-pass
phase coherence image (size 50 km by 100 km)
(LuckmaN et al., 2000).
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Fig.: JERS intensity image and 132-day repeat-pass
phase coherence image (size 50 km by 100 km)
(Luckman et al., 2000).

SAREDU ‘
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SAR techniques for forest monitoring

7 Backscatter analysis (wavelength, polarisation, incidence angle,
number of images)

7 Interferometry: coherence analysis (wavelength, polarisation, #
incidence angle, temporal and spatial baseline, number of images, Meodule 2200: SAR
e ey i interferometry
acquisition conditions)

4

—Z Interferometry: phase analysis (wavelength, incidence angle, high

coherence required, acquisition conditions) 'V'_°‘:U': 22°°=t5AR
intertrerometry

7 Polarimetry (wavelength, incidence angle, number of images) Module 2300
oauile H

SAR polarimetry
7 Polarimetric interferometry (wavelength, polarisation, incidence

angle, temporal and spatial baseline)

7 SAR (polarimetric) tomography (wavelength, polarisation, incidence
angle, spatial baseline, high coherence required, number of images)

SAREDU‘

mote Sensing
ducation Initiative
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Biomass estimation methods

.

|
u Backscatter ]

Relating the backscatter
values to field biomass
measurements using
regression analysis

regression

[ oo |

Examining the coherence
of two SAR images
collected from  similar
viewing positions with a
short time-lag

Conversion from
forest parameter

e.g. forest height estimates
from single frequency
polarimetric-interferometric
SAR data

Conversion through
allometric height-biomass
relations

indirectly

SAREDU l
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\ Eucatian Initiative

[after GHASEMI, 2011]
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Biomass estimation methods

7 Backscatter analysis
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Backscatter analysis

-10 SATURATION PROBLEM
-12
-14
Fig.: Regression analysis of
16 radar backscatter with forest
AGB. P-band HV
backscattering coefficient

plotted against AGB from
experiments conducted at five
different forests. The green

P-band HY backscatter (dB)
®

-20 points  with  error  bars
represent the mean value and

22b * Maine, USA i standard deviation of all points
¢ Landes, France falling within a biomass bin of

1 ¢ Remningstorp, Sweden +/- 10 tons/ha. The line is a
-24 & Guaviare, Colombia i regression curve applied to the
‘ ¢ Queensland, Australia full dataset. The corresponding
Regression RMSE in biomass is 51.6

'260 5|0 160 150 260 2é0 300 350 400 tons/ha and the coefficient of
determination r2 = 0.67

-1
Above-ground blomass (tha") (Credis: LE ToAN, in ESA, 2008)

SAREDU\
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Backscatter

analysis

Fig.: Relationship between SAR backscatter (AIRSAR data) and
LiDAR derived above ground biomass, Queensland, Australia
(Lucas et al., 2006).

Biomass (Mg ha™)

0
-5

50

100 150

CHH SAR backscatter (Sigma0,dB)

LHH SAR backscatter (Sigma0,dB)

PHH SAR backscatter (Sigma0,dB)

CVV SAR backscatter (Sigma0,dB)

LVV SAR backscatter (Sigma0,dB)

PVV SAR backscatter (Sigma0,dB)

Biomass (Mg ha™")
0 50 100 150

CHV SAR backscatter (Sigma0,dB)

LHV SAR backscatter (Sigma0,dB)

PHVY SAR backscatter (Sigma0,dB)
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Biomass (Mg ha™)
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oL el
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Backscatter analysis

SATURATION PROBLEM

7 Saturation means the SAR response levels offs, i.e. the slope
of the regression line approach zero.

7 Biomass is not longer predictable from the signal.

Mt Saturation

Intensity

v

Amount of “stuff” (AGB)
[after WOODHOUSE]

SAREDU\
e
33
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Backscatter analysis

SATURATION PROBLEM

The saturation level of different wavelengths and polarizations depends
on:

7 Wavelength (i.e. different bands, such as C, L, P)
7 Polarization (HV, HH and VV)

7 Object characteristics (vegetation stand structure and ground
conditions)

7 Available time series

'\ [Lu, 2006]
SAREDU

34
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Backscatter analysis

SATURATION PROBLEM - The Water Cloud Model Explanation

A 0 Saturation
2 o © © ©
h?Z o
g O
2 O -
A patch of vegetation The Ground Amount of “stuff” (ABG)
But do trees look like that?
A ?
2 o O O
g
£
A patch of vegetation The Ground Amount of “stuff” (ABG)

SAREDU® [after WOODHOUSE]
ucation Initiative 35
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Backscatter analysis

A Water Cloud-like Model

A ?
2 o © © 0
%
£ o
O N
A patch of vegetation The Ground Amount of “stuff” (ABG)

FIG.: WOODHOUSE

A water cloud with gaps is close to reality and easy to handle

O-(f)or = (1 — U)Ugr + no-ngtree + 770-\?eg (1 — Ttree )
\’ \’

canopy cover tree transmissivity (depends on tree height and signal attenuation)

The model expresses the forest backscatter as function of the area-fill factor n, i.e.
the forest canopy cover

SAREDU‘

ote Sersing

[after WOODHOUSE; THIEL, 2012]
36
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Backscatter analysis

A Water Cloud-like Model

A ?
2 © O O
%
£ o
O N
A patch of vegetation The Ground Amount of “stuff” (ABG)

FIG.: WOODHOUSE

For applications it can be written in terms of growing stock volume

O'? — O_o 1— e@\/ )_|_ NN Ogr ground backscatter
or veg \ l veg canopy backscatter

o
B forest transmissivity coefficient
Unknown

SAREDU‘

- sening [after WOODHOUSE; THIEL, 2012]
Etlucation Initiative 37
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Backscatter
analysis

SATURATION PROBLEM
Imhoff, 1995

Data/Instrument:

—7 NASA/JPL polarimetric AIRSAR
operating at C-, L-, and P-band

7 Incidence angle 40°-50°

7 Mono-temporal acquisitions!

C-band = 20 tons/ha (2 kg/m?)
L-band = 40 tons/ha (4 kg/m?)
P-band = 100 tons/ha (10 kg/m?)

Broadleaf Evergreen and Coniferous Forest

C - band

n]
‘
j@?’ﬁ." 2.

- o]

1 A,k &

] ' }A‘%‘Aw A
Sa

> p OB

Backscattering CoefTicient (dB)
&
A A 4 Laa sl a A A _d A AL
Backscattering Coefficient (dB)

.25 [N UL PPUTE PRUDS FUUTE FOVTS FPUTY (Y ov 230 Lo taad b,
50 0 50 100 150 200 250 300 350 50 0 50 100 150 200 250 300 350
Biomass (tons/ha) Biomass (lons/ha)

O C-HH Conifer
o C-YVY Conifer
4 C-HY Conlifer
® C-HH Broadical evergreen
® C-VV Broadleal evergreen

4 C-HY Broadleaf evergreen

Backscattering Coefficient (dB)

50 0 S0 100 150 200 250 300 350
Biomass (tons/ha)

Fig.: Saturation (IMHOFF, 1995:514).

38
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Ba C kscatte r Broadleaf Evergreen and Coniferous Forest
analysis S

n]
‘
j@?’ﬁ." 2,

3 o

4 LY Yo 4

f ' }g‘%a.w A
A.&

SATURATION PROBLEM

Imhoff, 1995

> p OB

Backscattering CoefTicient (dB)
'&- . .

Al 4 A a1l A A AL

Backscattering Coefficient (dB)

o .25 ] I U TPOTETFUUE FRUTE PPPPE PV (VO 30 Lot din g, saadeeaabaaaadanas
Objects of study: 50 0 50 100 150 200 250 300 350 50 0 50 100 150 200 250 300 350
Biomass (toas/ha) Biomass (tons/ha)

Conifer: a combined data set of
coniferous forest stands from

Northern America and Europe o C-HH Contter
o C-YVY Conifer
Broadleaf evergreen: tropical 5 CHY Conlfer

® C-HH Broadical evergreen

broadleaf evergreen forests of
mixed ages in natural settings
located along a moisture gradient

® C-VV Broadleal evergreen

& C-HVY Broadleaf evergreen

Backscattering Coefficient (dB)

on the Island of Hawai’i. 50 0 50 100 150 200 250 300 360
Biomass (tons/ha)
SAREh Fig.: Saturation (IMHOFF, 1995:514).

mote Sensing
ducation Initiative
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Backscatter b band

° V] T T T
analysis
SATURATION PROBLEM "
F
Dobson, 1992 §
g
Data/Instrument: i
EN o
7 NASA/JPL polarimetric AIRSAR ' S
operating at C-, L-, and P-band . o WR-0m ]
—~ Incidence angle 40°-50° ’
7 Mono-temporal acquisitions! 38 e ettt Lt -

Biomass {tong/ha)

P-band = 100-200 tons/ha

Fig: Calibrated P-band backscatter as a function of the log of total
above-ground biomass (tons/ha) of maritime pine and loblolly
pine (DoBSON, 1992:413f).

SAREDU‘

ote Sersing
Education Initiative
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Backscatter

analysis
SATURATION PROBLEM 5
Dobson, 1992 %
=
Data/Instrument: 5
E [ ]
—~  NASA/JPL polarimetric AIRSAR i Do
operating at C-, L-, and P-band _wi_ @ Hv.E=0s57
7 Incidence angle 40°-50° '
7 Mono-temporal acquisitions! 35

Biomass (tons/ha)
L-band = 60-100 tons/ha

(Luckman et al. 1998, also found that L-band in tropical Fig: Calibrated L-band backscatter as a function of the log of total
forests saturates at 60 tons/ha) above-ground biomass (tons/ha) of maritime pine and loblolly
pine (DoBSON, 1992:413f).

SAREDU\

Remate Sensing
Education Initiative
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Backscatter analysis

STRENGTH OF MULTITEMPORAL DATA

Multi-temporal combination of 9 JERS images

250 2 % — JERS Backscatter

I R o RMSE: 33 m3/ha
% | Relative RMSE: 22 %

Y

42

o
T

Y
o
o
T
~
"'I'."li'\'
. Ay
I

Ground-truth stem volume [m3/ha]
o S
o o
8
-
.
\\
\,
5
R

o
5

0 50 100 150 200 300 350 Fig.: Multitemporal data (SANTORO et al., 2006).

259
Retrieved stem volume [m~/ha]

SAREDU‘

mote Sensing
ducation Initiative
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Backscatter analysis

SUMMARY

7 At C-Band backscatter saturation occurs at relatively low values of biomass
density and only under certain conditions, such as dry soil, it is possible to
differentiate between forests and other types of vegetation (LUCKMAN et al.,
2000; GHASEMI, 2011:776).

7 At L-Band backscatter saturation seems to depend on forest type (IMHOFF,
1995).

=7 In critical tropical forest areas where aboveground biomass density can reach
values of 600 tons/ha, space-borne L-Band SAR sensitivity to biomass is
found only up to 50 tons/ha (LucKMAN et al., 1998).

7 Using a combination of C and L band has shown better results than using one
of the bands solely (HOEKMAN & QUINONES, 1997).

SAREDU l
Remate Sensing
\ Eucatian Initiative

43



: Copyright': © ﬁ

Overview Introduction SAR Basics Methods Examples Summary

Backscatter analysis

SUMMARY

7 Correlation between AGB and backscatter is best for longer wavelengths (L
and P band) and cross-polarized measurements (WOODHOUSE, 2006:143,
GHASEMI, 2011:776).

7 Co-polarized data (HH and VV) at the longer wavelengths, especially P band,
is sensitive to changing surface conditions (GHASEMI, 2011:776, BALZTER,
2001:169).

7 Cross-polarized (HV and VH) backscattering mainly originates from multiple
scattering within the tree canopy and is less influenced by the surface
condition (GHASEMI, 2011:776).

SAREDU l
Remate Sensing
\ Eucatian Initiative
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Biomass estimation methods

—Z SAR interferometry

—

See also module
2200: SAR
interferometry

SAREDU l
Remate Sensing
\ Education Initiative
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SAR interferometry

Coherence and INSAR phase contain information on forest
Interferometric Coherence — correlation of two complex SAR images

Complex interferogram:
(828, %) -
_ 2%1 _ _|¢
y = L y=lrle
(8.8, %)(s.5, *)
|7| — degree of coherence
@ = interferometric phase
< > — ensemble average
S,,S, = co-registered complex image values
-\ Fig.: Concept InSAR (RIBBES et al., 1997).
SAREDY,

46
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SAR interferometry

Coherence and INSAR phase contain information on forest

Interferometric Coherence — correlation of two complex SAR images

Interferometric coherence is reduced by:
7 Temporal decorrelation

7 Geometric decorrelation

7 Atmosphere

=7 Noise

-\ [STROZZI, INSAR Sommerschule 2002] Fig.: Concept InSAR (RIBBEs et al., 1997).
SAREDU

ot Se
ucation Inftiative
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SAR interferometry

Coherence and INSAR phase contain information on forest

Interferometric Coherence — correlation of two complex SAR images

Spatial decorrelation Temporal decorrelation

Fig.: Temporal change of the surface (PALLAN, w.y.,w.p.).

fFig. Baoptifidat tondepttofttieanittoz|
basbelisel (RE (VWRR;K5,200650.8dited).

SAREDU‘
e
48
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SAR interferometry

Coherence and INSAR phase contain information on forest

Interferometric Coherence — correlation of two complex SAR images

7|=0.28 7|=05 7|=0,65 7|=082

‘ ]/‘ = degree of coherence
MFFU Sommerschule, 2000
SAREh [ ]

49
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SAR interferometry

Coherence and INSAR phase contain information on forest

0.4 T T
03'_ — urban ]
: E - — fields
Histogram of s f e
] ~ — water |
averaged coherence of A \ A ]
. 0 . s | ;
main classes: 0 02 04 06 08 1
Tandem coherence (multi-temporal average)
ERS tandem (1 day) S AT W Y
v.4 T — T T T 1
— wurban
e 03[ — fields ]
[ L forest _|
g 0.2 — water |
= 01K -
0 — 1 N | 1
0 0.2 0.4 0.6 0.8 1

long-term coherence

ERS long-term (35 days)
[STROZZI, INSAR Sommerschule 2002]

SAREDU\

ot g
Edlucation Initiative
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SAR interferometry

Coherence and INSAR phase contain information on forest

Interferometric Coherence — correlation of two complex SAR images

Coherence vs. Biomass (C-band) Coherence vs. Stem volume (L-band)
0.9
081 (05feb2008-22mar2008)
. 35 days acquisition interval ’
2 0.7 (15 Oct - 20 Nov 91) . .
S 0640, .
= |} . a . -oo
S 05¢ ’ R .
% l. L] § . I :
o 041 . £ooe .
& ¥ = = £ ‘ . .
2034 - | : : . :
S u i = = L 0,3 b b ‘-_':-."-- - .- r
02‘.‘ " = : -f‘c‘o"“. c‘_';““lb .
’ . e < " !-G'- ] N
0.1 - - - . . . PRI KA ol N
0 20 40 60 80 100 120 140 )
Stand Biomass (tons/ha) o1 y = 0, s92180 000
Fig.: Variation of the coherence vs. stand biomass " 50 100 150 200 250 300 350

stem volume [m®/hal

(R1BBES et al. 1997).

\ Fig.: Variation of the coherence vs. stem volume (THIEL,
SAREDU .
oot e unpublished).

Remate Sensing
Education Initiative
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SAR interferometry

STRENGTH OF MULTITEMPORAL DATA

Multi-temporal combination of 9 ERS coherence images
350 T T T T T i T -

300k .................. ................................. ........... > / ............. i

151 0] RS .................. ............. ......................... {}// ............. ................ i

200 ................ .......... . .................. E ......... .................. ................ J

" L{ﬁf _________

so M Sl S S— SR — |

Ground-truth stem volume [m3/ha]

0 50 100 150 200 259 300 350
Retrieved stem volume [m~/ha

SAREDU‘
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ducation Initiative

ERS Tandem Coherence

RMSE: 10 m3/ha
Relative RMSE: 7 %

Fig.: Multitemporal data (SANTORO et al., 2002).
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Biomass estimation methods

7 Indirect biomass estimation — biomass from forest height

SAREDU l
Remate Sensing
\ Education Initiative
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Overview Introduction SAR Basics Methods Examples Summary

Biomass from forest height

7 Indirect forest biomass estimates through a forest parameter, that can be
extracted more accurately than biomass

7 Forest height is closely related to forest biomass

=7 Indirect biomass estimation :
i 1 - FOREST HEIGHT ‘

2 - CONVERSION

I 3 - FOREST BIOMASS ‘

—Z BUT: The total error includes both, the error in the height extraction and in
the height-biomass conversion!

SAREDU l
Remate Sensing
\ Education Initiative
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Biomass from forest height | 1-Forest HeGHT |

2 - CONVERSION

\

Forest height estimates using remote sensing methods: | 3 - Forest Biomass

i

1. Directly from LIDAR data

2. From single frequency, fully polarimetric-interferometric SAR
data (PolInSAR) through model-based inversion (e.g. METTE et al.
2002, METTE et al. 2004)

3. Stereoscopic aerial photography

SAREDU l
Remate Sensing
\ Eucatian Initiative
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Summary

1 - FOREST HEIGHT

\’

2 - CONVERSION

\

3 - FOREST BIOMASS

Lidar: both, but sparse coverage.

Radar: sometimes only one,
sometimes both, but large area

coverage.

Fig.: WOODHOUSE.
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Summary

Biomass from forest height

HGT on slicer track 506 top{green) and grnd(black) heights

140

i 1 - FOREST HEIGHT ‘

| 2 - CONVERSION

v

i 3 - FOREST BIOMASS

P-band return from
forest floor

L e
B0

LIDAR last return
from forest floor

1.24 1.28

shot # 1.28

Fig.: WoODHOUSE; data from SASSAN SAATCHI, JPL.
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Biomass from forest height T —

2 - CONVERSION

\’

3 - FOREST BIOMASS

40 _I rrr1r1rrriTT L L L L L ! L UL N O B B B | ! L L L I_
K : l + l ]
] Sy (e :
= l N I ]
v ; - :
o : 1 1 1 :
D 20kt s . .
I : 1 1_+_ 1 :
- L | £ | :
D = X , , —
S C ]
D - 1 + 1 1 -
x I : I : 1
L + i 1 A
e T SRR SRR -
B +| 1 1 T
: + | i 1 :
: : r2=0.94
i | ‘ « RMSE=1.73]
(o) AN E S S . Fig.: Pol-InSAR height estimates at P-Band versus LIDAR H100
0 10 20 30 40 validation plot for the Mawas River test site (100 samples)

Lidar H100 (m) (HAINSEK et al., 2009).

SAREDU\
e
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Biomass from forest height | 1-Forest Heionr_|

l 2 - CONVERSION

\’
Tree height from POLINSAR: |3 - FOREST BIOMASS

7 Height localisation of different scattering mechanism

7 Requires coherent interferometric pair of polarimetric data

A) Same polarisation — different position B) Same position — different polarisation

N + \ | \

Interferometry Polarimetry

SAREDU.\ Fig.: THIEL, 2012.
Eclucation Initiative 59



S

Overview Introduction SAR Basics

: Copyright': © ﬁ

Methods Examples Summary

Biomass from forest height

Tree height from POLINSAR:

Fig.:

(a) L-Band SAR data of the airfield
in Oberpfaffenhofen,
Germany and

(b) Tree height from L-Band pol.
INSAR result.

© DLR

SAREDU l
Remate Sensing
\ Eucatian Initiative

1 - FOREST HEIGHT

2 - CONVERSION

\

3 - FOREST BIOMASS

4;2 %3 }’—‘ "= £ g

Tree Helght [m]

—a—
1%
»
'Y

m Messured
>  Estimated
. h

L L . . . L L
Hord I iond (B2 BOdi Beed 4 Sond 05 S 06 Siend 0P Bed (B Send BB Eaed 100 Send 11 Ling 12 Mand 13 o 14
Stands 08-14: Declduous Forest

Stands 01-08; Con [ferous Forest
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Methods

Biomass from forest height

2 - CONVERSION

v
Tree height from POLINSAR: 3 - FOREST BIOMASS

SAREDUE Fig.: Tree height from L-Band pol. InSAR result. © DLR
Etlucation Initiative 6 1
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SAR Basics Methods Examples Summary

Biomass from forest height | 1-FomestHEGHT |

2 - CONVERSION

. . : v
Forest height estimates from single frequency, 3 - FOREST BIOMASS

fully polarimetric-interferometric SAR data
through model-based inversion

forward

Model

inversion

(&
£if

SAR measures

Forest Parameters

Fig.: Linking SAR measures and forest parameters (THIEL, 2012).

SAREDU‘
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BiOmaSS from fOI‘ESt height ‘ 1 - FOREST HEIGHT ‘

2 - CONVERSION

L

Interferometric volume decorrelation is defined as the v
3 - FOREST BIOMASS

(normalized) Fourier transform of the vertical distribution i

of the scatterers, and it is dependent on forest height.

It is necessary to develop a model that:

7 Considers attenuation and ground contribution, but
=7 s still simple enough to be solved with a limited number of input variables

:> Random Volume over Ground-model (RVoG)

... interprets the interferometric coherence as a function of forest height and
extinction (both polarization independent), and a polarization dependent ground.

'\ [METTE et al. 2004]
SAREDU
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Biomass from forest height ER—
!

2 - CONVERSION
In forestry, the biomass calculation is based on measurements J

of trunk diameter and height of sample populations of trees: | 3 - FOREST BIOMASS ]

Biomass ,ee = N X T X (% dbhmid)2 X hmid X p X fz

Biomassy,,,; [t/ha] is defined as aboveground woody of trunk and branches where
exceeding 7 cm diameter
dbh, ;4 [cm] is the (dbh? weighted) mean diameter at breast height 1.3 m ‘
Repetition

h,,;q [m] is the height of the tree Introduction:
slide 11

p [g/cm?] is the species-specific wood density

f.l is a form factor (= 0.4-0.5, constant in a first order approximation)

N is the tree density (tree number per area unit)

The product of N X 1 X G dbhmid)2 is also called basal area g.

'\ [METTE et al. 2004]
SAREDU

mote Sensing
ducation Initiative
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1 - FOREST HEIGHT ]

Biomass from forest height
v

2 - CONVERSION
Conversion through allometric height-biomass relations:

3 - FOREST BIOMASS l

|

Biomass;,. = a X height®

Parameters a and ¢ are studied from yield tables

7 Yield tables contain stand parameters, such as: height, dbh, tree number,
basal area, as a function of age and site condition

7 VYield tables are based on long-term records of even-aged single species
forests under defined thinning conditions

Constraints:
Mathematically - h, dbh and N (or g) are allometrically interrelated

Biologically - the growth rates of h, dbh, and N (or g) have to maintain constant
relations

'\ [METTE et al. 2004]
SAREDU
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Biomass from forest height R
U

l 2 - CONVERSION

v

o i l ) |
300 [ 3 - FOREST BIOMASS

I &  Jreund meosured . ':,1"‘"
i a rodor extrocted I ]
— ' ]
25[}_ — — . height-bicmaozs allometry a 2 .@c i
200 - -
- i _
L~ r~ -
< i _
moR0 - —
[LH - -
[ i i
E
=] r ]
= - i
100 — —
50 - - Fig.: Correlation of forest heights vs. biomass
i ] for the ground measurements and Pol-InSAR
- . extracted heights that were converted to
i i biomass through height-biomass allometry

[Biomass = 0.801 x h,,,174%]
(METTE et al., 2004).

SAREDU\
e
66



: Copyright': © ﬁ

Overview Introduction SAR Basics Methods Examples Summary

Biomass from forest height R
U

Multi-temporal combination of single biomass estimates e CONVERSION

\’

‘ 3 - FOREST BiIOomMASS I

Modeling . ‘ 610200‘3032415%310 gma‘p ortho sh‘on-\nc 4?0.0721 ‘ Inve rsion
——— ———)

[)‘1 02003040%5‘\850 gmap .ortho.short - Inc: 28.8238

6 -2
g x x
g 8 4 X
2 |0 . w
3 % v
- 10 % 61020040321152448 gmap ortho short - Inc: 34 4479
2- ]
=) - T T T T T T T
2 300
1 -4ar X
§ 250
A4 . x %
g x %
X L
2 200
150
100
4k # 50
16 . . . . . . .
0 50 100 150 200 250 300 350 400

Stem volume [ma/ha]

A multi-temporal combination of single estimates with weights determined
by the backscatter contrast 6° , - 6°,, allows obtaining the final estimate
SAREDU [ESA BIOMASAR Project, MAURIZIO SANTORO, 2007]
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BlOmaSS frOm fOfESt hEIght l 1 - FOREST HEIGHT
\’
Multi-temporal combination of single biomass estimates - C°N¢"ERS'°N
‘ 3 - FOREST BIOMASS |
a0 250
200
40
160 150 150
B0
100
a0 50
P v 100 0
20 40 B0 tal] 100 20 40  BO a0 100
Single-image Multi-temporal Inventory
(29 images)
7 From a single image it is possible to identify sparse/dense forest patterns at most
7 From multi-temporal combination it is possible to identify biomass levels
'\ [ESA BIOMASAR Project, MAURIZIO SANTORO, 2007]
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~ Overview Introduction SAR Basics Methods Examples Summary

Application examples

SIBERIA - Biomass mapping in Siberia

ESA DRAGON — Biomass mapping in China

BIOMASAR — Panboreal forest growing stock volume maps

SARvanna — Vegetation structure mapping in the Kruger National Park

NN NN N

Biomass from forest height — Fichtelgebirge, Germany

SAREDU l
Remate Sensing
\ Education Initiative
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Application examples

7 SIBERIA - Biomass mapping in Siberia

—

N NN

SAREDU l
Remate Sensing
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 owniew | intoduction | sarBasic

SIBERIA project

7 SAR coherence and
intensity overlaid
with co-registered
forest-GIS-polygons

. ERS/JERS/Groundtruth
Site: Chunski
R: ERS—Coherence
G: JERS—Intensity
B: ERS—Intensity

3 + Groundtruth—Polygones 3 .
T z = Fig. (top): ERS Tandem coherence versus

Kiometers 3 growing stock volume (© SIBERIA
o project, 1999, 2000)

3 3
55000 7000%6“50'E 375000 380000
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SIBERIA project

7 Class separability

F 3
5 s [
fe |
g ¢ s |
E = $
= =5 | Qear oy
£ @
=_1I:I (34 .::?:,_, ﬁelds
£ = o
= —1& =
=
W — 20
- o
_E'E' A 5 M o '
0.0 0.2 9.4 06 0.8 1.0 | ' ' | | Ly
ERS Coherence 02 03 04 0.5 06 0.7
ERS coherence

Fig.: © SIBERIA project, 1999, 2000

SAREDU l
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s SIBERIA project

+Polygon Size 220 ond =50

0.8 I & Polyqon Size =50

Model definition for coherence

&
@

=
i

ERS Coherence g {BO pixels)

o

N
—

I

o] 100 200 300 400 500 _

Growing Slock Wolume (m*/ha)
y(V) =y5+ (a + (b 1)775)' €

.o I I 1 1 1 ]
\Y
e

100
I v
20T — . .p 1221
- 7(V) =7,: +(0.330 +0.581- 5., )- €
u&._.e-v EG -
L}? -
S I v = growing stock volume
e L
2 T 7, = coherence at v = 0 m3/ha (non-forest)
ol ¥, = coherence for asymptotic values of v (corresponding to dense forest)
I 755 = value where the coherence distribution reach 75% of the maximum value (Fig.)
ol et NP V, = characteristic v value where the exponential function has decreased by et
0.0 0.2 0.4 0.6 0.5 1.0
Ceherence ¥
SAREDU Wagner et al., 2003
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SIBERIA project

ERS coherence image Use model to Maximum
_ o calculate class Likelihood
JERS intensity image means Classifier

EFI E—nE- 1]

Ilterated Contextual
< Probability Classifier

(ICP)

Fig.: Classification chain
(© SIBERIA project, 1999, 2000)
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SIBERIA project
‘j:: Forest Stemn Volume n:‘\’.lll::“:’ I‘/;“}" Clossification Map

AT Dnspas i Bed Laningy sod @uins Jcnposnany elpslntons

—Z Nothing as yet global
and accessible as
Above Ground
Biomass

7 Regional — SIBERIA (1
Mio. km? at 50m,
1998) based on SAR
interferometry

'\ Fig.: Final forest biomass map — Siberia project (© SIBERIA Project 1999, 2000)
SAREDU
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Application examples

ESA DRAGON — Biomass mapping in China

NN NN N

SAREDU l
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l‘|""-"—.-.A..:l‘ _.-\._.J.r' A
3rd Phase

;’ G
27t

FSU

~N 7 Phased project areas and Landsat mosaic
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'\ Fig.: ERS-1/2 tandem coherence map of Southern China (Courtesy ESA DRAGON Project (O. Cartus, M. Santoro))
SAREDU
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DRAGON project
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o
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L
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o
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120°E 125°E 130°E
SAREDU\ Courtesy ESA DRAGON Project (O. Cartus, M. Santoro)
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Fores: Stem Volume Map of Southeast China

M N

Legend
- 0-201!1"3/ b
Bl 71 -50m”3 ;) he
50 -30 m”3 ; hs
>ROm”3 ) ha

Waics

Perocton bers Conced l.‘:n | Seca Pid Siee 5

Fig.: ERS-1/2 tandem coherence stem volume map 1995/98 of Southern China (Courtesy ESA DRAGON Project (O. Cartus, M.

SARED \ Santoro))
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DRAGON Project
(O. Cartus, M.
Santoro)
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DRAGON-2 project

Forest Cover (Structure) Change — First Results

1995-1997 (ERS-1/2 Tandem, previous slides, resampled) - 2007/08 (ASAR
GMM, BIOMASAR algorithm — see slides 85ff.)

121°0'E 122°0'E 20'E

-600000 . 0000

5800000

Z . . .
gg Regrowing forest after forest fire in 1987
n o
g ASAR 0-20 m¥ha 20-50 m¥ha | 50-80 m¥ha
= ERS
o
~ 2 0-20 m¥ha
2 20-50 m¥ha
- 50-80 m¥ha

25 50 100 150 Kilometers

0
Projection: Albers Conical Equal Area | | |

-\ © FOREST DRAGON 2: Mid-Term Results of the European Partners
SAREDU
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DRAGON-2 project

Forest Cover (Structure) Change — First Results

126°0'E 127°0'E 128°0'E 129°0'E
-250000 -200000 -150000 -100000 -50000

| ; z
L
)
s o
P
gL
S
g

© Google Earth 2004 3
ASAR 0-20 m*¥ha 20-50 m¥ha S =
ERS =0
0-20 m3/ha o @

20-50 m¥ha

50-80 m¥ha -

|>80 m¥ha =

Proi ion: Alb Conical E A 150 Kilometers ic ' a

- rojection: ers Conical Equal Area | 2 y
SAREDU\ © FOREST DRAGON 2: Mid-Term Results of the European Partners
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ASAR Forest Growing Stock
Volume Map 2005 based on |
BIOMASAR Algorithm z
o
Legend
Forest Growing Stock ]
Volume (GSV) [m*ha] g
o
260 3
100 z
o
s
2
B vater
0 M urban d
z
2
g
=1 P 5
2 - ;
E - 1E
1P o 8 z
f, y 3
21 < B
5 /
E. il 3 .
: 8
w'a’ﬁ W'O"O'E 100':70‘5 "0'!‘701 |20‘B°'E 130"00"5 ;:
Projection: Albers Conical Equal Area
Central Mendian: 130 |
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Datum: WGS84 L
Copyright: GAMMA RS & FSU Jena - 2012 MBOUE 12000 12200F  12400°F 12600 12600E 13000 132°00F  134°00°E

Copyright. © ﬁ

Fig.: Forest growing
stock volume map
from 2005 for
Northeast China,
produced with the
BIOMASAR
algorithm by
Santoro, et al. 2011
(© ESA FOREST
DRAGON-2)
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DRAGON-2 project

GSV Change Map

ERS-1/2 GSV map
(1995-98)

ASAR Forest Growing Stock
Volume Map 2005
based on
BIOMASAR Algorithm

Legend
GSV in m*ha
ASAR |

0-20 20-50 50-80 >80
ERS

0-20

20-50

50-80

>80

Projection: Albers Conical Equal Area
Central Mendian: 105
Standard Parallel 1: 25
Standard Parallel 2: 47

Datum: WGS84

Copyright: GAMMA RS & FSU Jena - 2012
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Fig.: Forest growing
stock volume (GSV)
change map. This
map shows the
difference in GSV
values between the
years 1995/98 and
2005. The map
considers the 4
classes of the ERS-
1/2 GSV map (0-
20m3/ha, 20-
50m3/ha, 50-
80m?3/ha and
greater than
80m3/ha) (© ESA
FOREST DRAGON-2)
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Application examples

BIOMASAR — Panboreal forest growing stock volume maps

NN N NN
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BIOMASAR project
Pan-boreal growing stock volume
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BIOMASAR project

Radar-retrieved growing stock
volume map of Mexico
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Comparison of
vegetation structure:
BIOMASAR-product
based on ASAR GMM
versus MODIS VCF

SAI'\‘EEIEJLHJ.‘ © FsU © GLCF
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Application examples

SARvanna — Vegetation structure mapping in the Kruger National Park

NN N NN
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Kruger National Park Woody Cover Maps

based on April 1994 SIR-C C- (right) and L-band data
(left) at 37 deg incidence angle.

Retrieval algorithm: Volume Component from
Freeman Decomposition

v

Legend
|:| Landtypes (Venter 1990)
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[ I no data
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Copyright. © 4#7
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SARvanna project

Methodology — Jena IWC-model — excursus
Chunsky North — Regression Analysis for ALOS PALSAR Data
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sAREDUY Very significant correlation between SAR data and stem volume!
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SARvanna project®* "
Methodology — backscatter model

A B C D

—

Water cloud Water cloud with gaps

—Z A water cloud with gaps is closer to reality and easy to handle

O, =G§re_ﬁv +0° (1—e_ﬂv )

veg
Ground backscatter \

. Vegetation backscatter
Forest transmissivity

sareU) 7 Forest transmissivity is related to canopy closure and tree attenuation

97
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SARvanna project
Coherence modelling - Interferometric Water Cloud Model (IWCM)

=~
~<

D-47%"3 b 0 iy
o} O | 1—€ a -
v gr -V, Veg —joh ah)
Vior 7V gr % € ,"-I_"Z/ veg o (e €
for for

The total forest coherence is a sum of 2 cantributions:

1 \

4 A\
Ground coherence, I, Vegetation coherence, T’ ,

Model considers tree attenuation (a), gaps (), INSAR geometry (w)

Empirical relationship

Y for = 7/gre_ﬂv +7veg (1_e—,3V)

SAREh No dependence upon InSAR geometry, forest backscatter and canopy structure

98



18225000 18250000 18275000 18300000 18325000 18350000

.| OueHka 6uomacchl Ansa YcTb-Mnumckuii ,_;"‘h’ . SARvanna
BT - ¢ project

650000
650000

6475000
| . Y,
6475000

Biomass map based on
}J' the Jena IWC-Model

/ § (Interferometric

Water Cloud Model).
Resolution 12,5 m.

6425000
6425000

Data Source:

ALOS PALSAR,

L-HH coherence from
December 2008 until
February 2009.

6400000
6400000

6375000
6375000

PawnoH
[ Ycte-Unumckuia
Kapra 6uomacc Ycre-Unumckun

B <
-
0

)  Genciit: HUKakue AaHHbIe

s -%e : 12.5 2_5 50 Kilometers
\ s - MNpoekuus: Mynkoso & 1942, flara: MNynkoeo 8 1942, Cohepouna: Kpacoscxu & 1940
18225000 18250000 18275000 18300000 18325000 18350000

6350000

6350000







YY GlobBiomass
— | global retrieval algorithm
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Application examples

NN N NN

Biomass from forest height — Fichtelgebirge, Germany
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Indirect biomass estimation from forest height

Mette et al., 2002 & 2004

\

E-SAR data from May 11, 2001

7 L-Band fully polarimetric data with an effective baseline of 8-10 m
(at 45° incidence angle) and 14 min temporal baseline

7 Test site Fichtelgebirge, Germany

7 Forest height — inversion using the RVoG model
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Indirect biomass estimation from 1 - Forest HElGHT
forest height

l 2 - CONVERSION 1

v

. ____ Stand: Fibi 04a . . - ___Stands Fibi 04b_ . . 3 - FOREST BIOMASS
bclrnass [Ul«u) 77.359 biomess [t/ho): 58,574 .
h100 [m}: 10,643 h100 (m): 10,562 -

a0 F o trees/ha (): 2250.0 1 40 trees/ha (#): 1200.0
g/ha [m2/hal: 38.999 g/ho (mZ/hal: 26.520

T 0 T3

E ry
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220 E 9 o]

107 ! ’ 10 ' ’ ' ’ “
1] 160 1 [+] [¢] 100 1
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Stand: l'-hi 05a Stand: I"Ell 05b
50 T T T 50 T T T
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o L 1 1 ]
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Fig.: Validation of forest heights extracted from Pol-InSAR data. (Left) aerial photograph, and extracted forest heights (scaling O-
25m), arrows=recent reforestations, small circles=selected test sites, (right) transect through four test sites: coneshaped=spruce,
balloon shaped=beech, the right graph illustrates how much biomass is concentrated in each tree height class (2m interval). The

thin line on the left depicts the height distribution and h determined from the ground measurements, the thick line the height

'\ distribution and h 100 from the extracted heights (MEeTTE et al., 2004).
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Indirect biomass estimation from
forest height

Tree heights =,
Fichtelgebirge testsite
tree height [m] -

52

1 - FOREST HEIGHT

2 - CONVERSION

\

3 - FOREST BIOMASS

Fig.: Forest height image of a
part of the Fichtelgebirge
where forest height was
extracted from the Pol-InSAR
data using the random
volume over ground
scattering model. It is
overlayed with a vector layer
that contains the stand
borders. Where two stands of
different height meet, the
stand border becomes clearly
visible (METTE et al., 2002).
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Indirect biomass estimation from

forest height

1 - FOREST HEIGHT ]

v

2 - CONVERSION

3 - FOREST BIOMASS ]

T T 2000 T T
a) —  Norwoy spruce, Sssmann 1963, avrgyld. b) —  Norway spruce, dssmann 1863, ovrg.yld.
—  Scota pine, Wiedemann 1343, mod.thin. —  Scota pine, Wiedemonn 1943, mod.thin,
— Eurep. beech, Schober 1267, mod. thin, — Eurcp. beech, Schober 1267, mod.dhin,
gon - — Cemmen cak, Juettner 1333, mod. hin, —  Commen cak, Justtner 13355, mod, hin,
T T T T
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=
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Fig.: Forest biomass allometry from yield tables of temperate forest species using different input parameters: (a) height,
(b) heightvolume, (c) basal area, (d) dbh, (e) inverse tree density, (f) age. Each plot represents four species (=colors):
spruce, pine, beech and oak. The different curves of each color stand for the different yield classes (METTE et al., 2004).
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Indirect biomass estimation from | . e
forest height v
| !

Reference data ‘ 3 - FOREST BIOMASS ‘

7 Biomass,,.s= usable wood biomass (includes trunk and
branches exceeding 7 cm diameter)

Biomass=volume x p (where p is the species’ raw density)

—Z Reference heights:

h,..q = Corresponding to the mid dbh which is an area weighted (dbh?)
arithmetic mean for all trees per area unit (hectare [ha])

hioo = Upper canopy height, top height (average height of the highest
100 trees per hectare

\ METTE ET AL., 2002
SAREDU
Remote Sensing
Edlucation Initiative
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Indirect biomass estimation from ——
forest height v

2 - CONVERSION

v

k 3 - FOREST BiIOomMASS ‘

Forest Biomass ..
Fichtelgebirge testsite

volume [m3/ho] Fig.: Forest stem biomass
image calculated from forest
heights. Assuming that the
extracted height of each pixel
equals the h of that pixel, the
height-biomass allometry for
Norway spruce was applied to
calculate stem biomass. Since
the test site is dominated by
managed Norway spruce
stands the accuracy should
not fail by more than +/- 15 %
(METTE et al., 2002).

>400 i
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Indirect biomass estimation from | . e
forest height v

[ 2 - CONVERSION

v

l 3 - FOREST BiIOomMASS ‘

400 -

+ tropical forest
350 - . .
— regression tropical forest

“w 300

.- regression temperate spruce forest
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Fig.: Height-biomass allometry for a montane tropical rain forest (Peru) and a temperate
'\ spruce forest (Germany) (METTE et al., 2002).
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Summary

SAR techniques for forest monitoring

7 Backscatter analysis (long wavelength, HV polarisation, the shorter the wave-
length — the more images, summer data in boreal zone) — Sentinel-1, ALOS-2

7 Interferometry: Coherence analysis (shorter wavelengths require shorter
temporal and spatial baselines, frozen conditions in the boreal zone), new
results show great potential of single pass TanDEM-X coherence

7 Interferometry: Phase analysis (multi wavelength, polarisation, single-pass,
acquisition conditions!) — no operational sensor constellation yet, but...

7 Polarimetry (long wavelength, high number of images) — still matter of
research, some potential was demonstrated

7 Polarimetric Interferometry (long wavelength, spatial baseline, single-pass,
acquisition conditions!) — no operational sensors yet, but...

7 (Polarimetric) Tomography (long wavelength, polarisation, spatial baselines,
qguasi single-pass, acquisition conditions!) — no operational sensors (and no
planning for the future)
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Summary
Biomass from RADAR REMOTE SENSING

METHOD EXAMPLE
Backscatter analysis Estimation of AGB at Relation between radar Le Toan et al. 1992
different scales backscatter and forest biomass Dobson et al. 1992
is often ambiguous and
saturates rapidly with biomass
except with hyper-temporal Santoro et al. 2011
approach (BIOMASAR)
Interferometric coherence  No saturation problem Strong dependency on the time Hyyppa et al. 2000
span and the conditions Fransson et al. 2001
between the 2 acquisitions Pulliainen et al. 2003
Inversion from other forest  Forest height easier to Total error includes both, the Mette et al. 2004
parameters, e.g. forest measure using RS error in the height extraction Mette et al. 2002
height techniques and in the height —biomass
Close relationship between conversion
forest height and biomass
Eh [GHASEMI et al., 2011; METTE et al., 2004]
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https://reqistrierung.cdonline.de/erdbeobachtung/downloads/
vortraeqe/Taqg2/4a/3 Urbazaev Sentinel4REDD.pdf

Sen4REDD ESA-Project with a testsite in Chapas
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