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Abstract: Between 2006 and 201the Advanced Land Observing Satellite (ALOS) Phased
Array L-type Synthetic Aperture Radar (PALSAR) instrument acquired 4teutporal
datasets under several environmental conditions and multiple configuratimuk @ingle

and polarization. The extensiechive of SAR backscatter observations over the forest
test sites of Krycklan (boreal) and Remningstorp (keoneal), Sweden, was used to
assess the retrieval of stem volume at stand level. The retrieval was based on the inversion
of a simple Water CloudModel with gaps; single estimates of stem volume are then
combined to obtain the final muliemporal estimate. The model matched the relationship
between the SAR backscatter and the stem volume under all configurations. The retrieval
relative Root Mean @are Error (RMSE) differed depending upon environmental
conditions,polarization and look anglé&tem volume was best retrieved in Krycklan using
only HV-polarized data acquired under unfrozen conditions with a look angle of 34.3°
(relative RMSE: 44.0%)In Remningstorp, the smallest error was obtained using only
HH-polarized data acquired under predominantly frozen conditions with a look angle of
34.3°(relative RMSE: 35.1%).The relativeRMSE was below 30% for stand20 ha,
suggesting high accuracy #LOS PALSAR estimates of stem volumes aggregated at
moderate resolution.
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1. Introduction

Throughout its lifetime (200&011), the Phased Array-type Synthetic Aperture Rad
(PALSAR) instrument onboard the Advanced Land Observing Satellite (ALOS) acquired multiple
images in several operating modes according to a predefined observation sfignaBiven the
repeatedly acknowledged sensitivity eband data to forest vahikes in particular in the crogmlarized
backscattef2i 4] and under unfrozen conditiofs,6], the image acquisition of ALOS PALSARere
tailored to provide repeated diymilarized (HorizontdHorizontal, HH, and Horizont&Vertical, HV)
data in the FindBeam Dual (FBD) mode during the summer and fall of each year. In addition,
HH-polarized images were acquired during the winter season in Fine Beam Single (FBS) mode.
During each spring and late fall, a single dataset was acquired in the polarimetnor{&ddRtoobtain
a full scattering matrix. These modes acquired images with a resolution of approximagglynzénd
were operated along ascending orbits, at nighttime. Along descending orbits during daytime,
PALSAR operated in the Wide Beam (WB) deowith a spatial resolution of approximately 70 m, to
allow sharing of resources with two optical instrumejifs The acquisition strategy was refined
towards the end of 2006 by changing the look awoflthe Fine Beam mode from 41.& 34.3°to
reducerange ambiguitiefl]. For the PLR mode, images were acquired with a look angle of 21.5? since
2009, images were also acquired at 2&lthe remainderof this paper, we will refer to a specific
acquisition configuration in terms of mode and integetheflook angle (e.g., FBD34 stands for Fine
Beam Dual mode with a look angle of 34.3j.

Over Sweden, the amount of ALOS PALSAR observations from different acquisition modes is
superior to most areas of the globe thanks to the involvement in the calilanadioalidation phase of
the sensof7fland i n JAXAOGs Ky o t[8 ainded a dembnstrating tmeicapabdity of v e
ALOS data to support environmental conventifhls The advantage of multemporal observations
with respect to single observatioglies either in the possibility to reduce speckle ndtags reducing
the error component in the estimation of forest variables from a single averagg9iag® reduce
the error in singlemage estimates with a combination of thgg@11] The later approach is in our
understanding more powerful because the prediction capability of each observation is kept in the
multi-temporal combination. Using ALOS PALSAR observations (FBD mode only), the retrieval of
forest aboveground biomass improved by appximately 20% in terms of Root Mean Squared
Difference (RMSD) with respect to the best singiage retrieval[12]. This confirmed previous
results obtained for{band HHpolarized backscatt¢b,13], C-band repeapass interferometric SAR
coherence andagckscatte10] and Gband EnvisaiAdvanced SAR (ASAR) backscattgr4], all in
boreal forest. Yet, the multemporal aspect of ALOS PALSAR data was only partially exploited in
studies dealing with the retrieval of forest variables. Either a single {@agea mosaic product) was used
to derive an estimate abovegroundbiomasg15i 17] or retrieval from multiple images (mutemporal,
multi-polarization) was undertaken with regression and results comdaieziL]. Multiple regression
or machine leaiing approaches combining SAR input datasets have been reported as highly promising
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to estimate forestariables[22,23] To the best of our knowledge, an approach involving an inversion
of a forest backscatter model to estimate stem volume from multipRSARALSAR images through
combining the singlémage estimates has not been pursued yet.

This study set out to exploit the extensive ALOS PALSAR dataset acquired over Sweden in order to
provide a comprehensive review of the stem volume retrieval achievdd multi-temporal
observations of the SAR backscatter from several acquisition modes of the PALSAR instrument.
Given the simple relationship between stem volume and adpoumd biomass in boreal forest
expressed by means of a biomass conversion and éxpdactor of approximately 0.R24], the terms
stem volume andcboveground biomass are here interchanged. With respedi2ip we address the
benefis of multi-temporalobservations for other modes besides FBD, having available a larger number
of obsenationsas well. Another objective was to assess a Water €lbasdd modeling approach to
retrieve stem volumén view of an operational retrieval scheme such as used for -bgogoral
C-band backscatter dajt4].

This study was undertaken at the borfeatst test site of Krycklan and the hebareal forest test
site of Remningstorp. Both test sites have been used in several studies to relate airborne anc
spaceborne remote sensing SAR backscatter and interferometric data to forest variaf6 f(ses
recent overview). At Krycklan, a modeased retrieval from-Band airborne backscatter data resulted in
aRoot Mean Square Error (RMSE) relative to ithsitu mean value of stem volume of 2822% [26].

Using linear regression and several polarimatidicators, RMSE of 17#25% was obtained from
L-band airborne data (supported by polarimetric interferometric [fath)The same approach applied

to P-band data returned an error between 5% and 27%. The errors further decreased when using
nonparametit methods; nonetheless, the error span was also [@QerAt Remningstorp, retrieval

of abovegroundbiomass based on single images of the SAR backscatter was evaluated with backscatter
from low frequencydata (-, P- and VHFband), repeatpass interfasmetric Gband coherenceand
singlepass interferometriX-band dataThe RMSEdecreased for decreasing frequency, being between
31% and 46% atdband[28], between 18% and 27% atdnd[28] and below 25% at VHBand[29]

using SAR backscatter data. Witbpeatpass interferometri€-band coherencean RMSE of 27%

was obtained30]. Singlepass interferometric X¥and datayielded a relative RMSE of 23% (average

over RMSEs from 18 image pairs); a nutétmporal combination of singienage estimates improge

the retrieval error to 16925]. Multi-temporal retrieval of stem volume usingolnd backscatter in
Swedishboreal forest was investigated at the test site of Kdtbde with nine backscatter images
acquired by JERS in 1997 1998 in single polarizatiorHH) and with a fixed look angle of 34.85].

The retrieval was most accurate under unfrozen conditions, did not present systematic errors due tc
backscatter saturation in high stem volume forest and the RMSE was 25%.

2. Test Sites

The Remningstorp testtsi(Figure 1) is located in the south of Sweden (SRB0L320Mg). The
topography is fairly flat with a ground elevation between 120 m and 145 m above dedaheviest
site covers about2D0 ha of productive forest land managed by Skogssdiskapet anédby the
Hi | dur and Sven Wingquistds Foundation for F c
spruce Picea abiey Scots pineRinus sylvestrisand birch Betulaspp). The forest is divided into
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stands mostly smaller than 10 ha with a raafstem volume conditions up to a maximum value of
about 600 rffha atstand level. The forest stands are eagaed and consist mainly of coniferous
speciesi(e., either spruce or pine, or mixed), where only a few stands are dominated by deciduous
specieqi.e., birch).
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Figure 1. Map of Sweden showing the location of the two test sites of Remningstorp and Krycklan

The Krycklan test site (Figure 1) is located in the north of Swedeti{lil 19°508F) and is a
watershed managed and owned by both Swedigstf companies and private owners. Topography is
hilly with several gorges and the ground elevation ranges between 125 m and 350 m above sea leve
The forest land covers abou8@ ha of mainly coniferous forests. The prevailing tree species are
Norway gruce and Scots pine, but some deciduous tree speciedjirely.Betula pubescehsare
alsopresent. The forest is divided into stands of different sizes, occasionally being larger than 50 ha. Stern
volumeconditions range up to a maximum value of abtf ni/ha. The forest stands are exaged
and consist mainly of either spruce or pine, or mixed speliesitu data consisted of digital stand
boundary maps in vector format and stavide measurements of stem volume derived from forest
field inventorydata.

For Remningstorp, 340 subjectively inventoried stands were stratified into ¥8@ nange up to
700 n¥/ha. Altogether, 56 forest stands were randomly selected for field inventory, ensuring representation
of the entire stem volume range. Nonethelesdy for a few stands the stem volume was smaller than
150 n¥/ha; most stands included forest with a stem volume above 20@ Table 1 and Figure 2).

Stand size was on average 3 ha, the largest stand being 11 ha large (Table 1). Topography thas flat wi
local slope angle being less than 2? The inventory was undertaken in 2004 and was done atxording
prescriptions in the forest management planning package (FMPP) developed by the Swedish @hiversity
Agricultural Science$31]. The FMPP includes arbjective and unbiased method for estimatidn

forest variables such as stem volume, tree height, and tree species composition at stand level fron
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measurements of individual trees. Given the high yearly growth rate of stem volume in the region
(7.5 m¥/hakear[32]), the stem volumes were updated each year with stéselyearly growth factors
available with the forest field inventory data. Stands where forest was felled at some time between
2006 and 201(B83,34]were excluded from the analysis of imagegua®d after the felling.

For Krycklan,stem volume was available fol31 forest stands; inventory was undertaken during
2007 and 2008 with the same approach as for Remningstorp. Stem volumes were mostly bef#ag300 m
forest stands included all growsitages ranging from young regrowth to mature forest (Table 1 and
Figure 2). Forest stands were on average larger than in Remningstorp (Table 1); several stands covere
an area larger than 10 ha. No major felling activity was reported to have occurregtbarperiod of
image acquisition. The average slope angle at stand level was between 0°and 205 for approximately
90% of the stands, the slope angle was smaller than 10¢?

Table 1.Distribution of stand size and stem volume in the forest field inventatyy used
in this study for the test sites of Remningstorp and Krycklan.

_ Stand Size[ha] StemVolume [m¥ha]
Test Site Forest Stands ) ,
(min/mean/max) (min/mean/max)
Remningstorp 56 1/311 35/295617
Krycklan 1131 <1/4/64 0/134525
15 = . ; . ;
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Figure 2. Bar chartof stem volume distribution in Remningstorp and Krycklan. Bars were
grouped into intervals of 20¥ha

3. ALOS PALSAR Dataset

The ALOS PALSAR dataset available for this study is summarized in Table 2 with respect to
operating acquisition modes and in Teg® with respect to polarizatidnbk angle. During 2006, PALSAR
datasets were acquired in Fine Beam mode using several look angle configurations, primarily at 41.5°
(Table 2). After the optimization of the look angle with respect to image quality, neeBeam mode
was operated since 2007 with a look angle of 34.3? The large number of FBS34 and FBD34 datasets
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is explained by the repeated observations (at least two in FBS and three in FBD per year) over Swedel
(Table 2). PLR images were acquired throughtbe ALOS mission in spring and late fall with a look
angle of 21.5°except duringhefall of 2009 wheralsothe 23.1° look angle wasised(Table 2).

Table 2.Number of PALSAR datasets available over Remningstorp and Krycklan grouped
according to acgsition mode. Each dataset acquired in the FBS, FBD and PLR mode
consistedf 1, 2 and 4 images, respectively.

Number of PALSAR Datasets

Acquisition Mode Time Frame :
Remningstorp Krycklan
FBD34 2006 2010 18 24
FBD41 2006 3 3
FBD50 2006 2 0
FBS21 2006 2 2
FBS34 2006 2011 22 26
FBS41 2006 3 6
PLR21 2006 2009 13 1
PLR23 2009 1 1

Table 3.Number of PALSAR images available over Remningstorp and Krycklan grouped
according to polarization and look angle.

Number of PALSAR Images

Polarization/Look Angle Time Frame X
Remningstorp Krycklan

HH/21.5° 2006 2009 15 3
HVv/21.5° 2006 2009 13 1
VH/21.5° 2006 2009 13 1
VV/21.5° 2006 2009 13 1
HH/23.1° 2009 1 1
Hv/23.1° 2009 1 1
VH/23.1° 2009 1
VV/23.1° 2009 1
HH/34.3° 20062011 40 50
HV/34.3° 2006 2010 18 24
HH/41. 5° 2006 6 9
HV/41.5° 2006 3 3
HH/50. 8° 2006 2 0
HV/50.8° 2006 2 0

Total - 129 96

The largest multtemporal datasets were acquired with a look angle of 34.37 primarily at
HH-polarization(Table 3). Repeated acquisitions were alsolabie in PLR mode witla look angle of
21.5°and at HHpolarization with a look angle of 41.5°(Table 3). Unfortunatefive of the six
acquisitiors in PLR21 modeover Krycklan covered the test site only partially and were therefore
discarded, thus notlawing anymulti-temporal analysis in such mode. For both test sites, we also had
available a multtemporal dataset of images acquired in WB mode. However, these were here not
considered because of the moderate resolution (approximately 70 m) and hezaraf the forest
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stands (Table 1), which caused the staigk averages of the backscatter to be affected by significant
residual speckle noise.

Part of this dataset was already utilized to analyze the signature of the PALSAR backscatter as a
functionof look angle, polarization and environmental conditif84. It is here extended with images
acquired after April 2008 until January 2011, shortly before the end of data acquisition in March 2011 and
the end of the ALOS mission in May 2011. The add#ioacquisitions increased the muémporal
dataset in the modes FBS34, FBD34 and PLR, whereby no additional datasets with a look angle of
21.5%(FBS mode), 41.5°r 50.8°were acquired.

3.1. Environmental Conditions at Image Acquisition

The weather dateonsisted of daily observations of temperatunen{max), total precipitation and
snow depth from meteorological stations nearby each test site and reported in the Global Historical
Climatology Network (GHCN) database by the National Climatic Data CeN€DC), National
Oceanic and Atmospheric Administration (NOAAnce L-band backscatter data in Swedish boreal
forest were found to be mostly sensitive to seasonal conditions (e.g., frozen or uofrediéons), we
have grouped images according to thgomanvironmental condition at the time of imagequisition
(frozen, unfrozen and freeze or thaw transition) (Table 4)skoplicity, we did not add information
here about whether the images were acquired under dry or wet conditions; adequate risference
however given when presenting the results of this study (Section 5). Most images over Remningstorp
were acquired under unfrozen conditions. At Krycklan, the majority of the observations were acquired
under frozen conditions because of the colder ¢ént@mpared to Remningstorp. As a result of the
PALSAR observation scenario timing the FBS mode during the winter season and the FBD mode
between spring and fall, no dyablarizedimages were acquired under frozen conditions. The only
crosspolarized datset acquired under frozesonditions belonged to a PLR21 dataset. At both test
sites, several images were acquired during transitions periods related to freeze and thaw conditions
The few datasets acquired with a look angle of 41.5°and 50.8°were allieed| under unfrozen
conditions except for one HHpolarized image over Krycklan.

Table 4.Frequency of environmental conditions at image acquisitions grouped according
to polarization and look angle for each test site (Re: Remningstorp; Kr: Krycklan).

Number of Images per Major Environmental Condition

Polarization/Look
Frozen Unfrozen Freeze/Thaw
Angle

Re Kr Re Kr Re Kr
HH/21.5° -- 1 14 1 1 1
HV/21.5° -- 1 12 1
VH/21.5° -- 1 12 1
VV/21.5° -- 1 12 1
HH/23.1° -- -- 1
HV/23.1° -- -- 1
VH/23.1° -- -- 1 1
VV/23.1° -- -- 1 1

HH/34.3° 8 16 27 27 5 7
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Table 4.Cont.

Number of Images per Major Environmental Condition

Polarization/Look

Frozen Unfrozen Freeze/Thaw
Angle
Re Kr Re Kr Re Kr
HV/34.3° -- -- 18 23 -- 1
HH/41.5° -- -- 6 8 -- 1
HV/41.5° -- -- 3 3
HH/50.8° - -- 2
HV/50.8° -- -- 2 -- -- --
Number of images 8 20 112 66 9 10
Percentage 6% 21% 87% 69% 7% 10%

3.2. Processing of the PALSAR Images

PALSAR images were processed asafibed inf35] from Single Look Complex (SLC) Level 1.1
format to form a stack of calibrated, terrain geocoded and topographgensated images of the SAR
backscatter. At first, all SAR images for a given acquisition mode (e.g., FBD34) weegistere
with respect to a master image using a comsselation algorithnj36]. Each SLC was then calibrated
with factors published ifi37] and multilooked (.e., spatially averaged) using medpecific factors
aiming at achieving roughly squared pixels of ragpmately 20 m x20 m in range and azimuth. The
SAR backscatter images were finally geocoded using a Digital Elevation Model (DEM) from the
Swedish National Land Survey (Lantmderiet) with 50 m posting and orbital information provided by
JAXA alongwith the image data. To maintain the high resolution of the PALSAR data (20 m), the DEM
was resampledo this pixel size with a bilinear interpolation. Terrain geocoding was based upon a
geocoding lookup table that described the link between pixels in the (radat) and map (output)
geometry[36]. Taking into account that SAR images for a given mode had bemyistered, just one
lookup table per mode was required. Imperfect orbital information implies geocoding offsets with
respect to the true output geomyefTo compensate for such offsets, each lookup table was refined by
estimating these with a cressrrelation algorithm between the mesjgecific master SAR image and
a SAR image simulated from the DEM, representing the output map ged@®@jiryfhe geocding
accuracy following the refinement of the lookup table was below 1/3rd of the pixel.sizless than
10 m in northing anakasting. The geocoded SAR backscatter images were finally compensated for
distortions of the backscattdue to sloped termiby correcting for the effective pixel area (in radar
geometry) and the local incidenargle[35]. The backscatter component due to obgpefcific scattering
mechanisms and terrain slof88] was not accounted for because it required additional infavmat
which wasnot available fothis study.

Working at stand level implied computing the average SAR backscatter and the standard deviation
for each stand. We also computed #iverageand the standard deviation of the local incidence angle
derived from he DEM for each stand in Krycklan. Here the local incidence angle spanned an interval
of approximately 15° The correlation coefficient between local incidence angle and backscatter for
stands with similar stem volume (35%ha) wasalways below 0.3, judtiing why we did not consider
the local incidence angle as additional explanatory variable in our investigation. The availability of a
DEM with a pixel size of 50 m,e., well above the spatial resolution of the PALSAR data, was, however,
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suboptimalto conclude on the real effect of local incidence angle on the investigations. This analysis
was not necessary at Remningstorp because of the predominantly flat terrain.

4. Stem Volume Retrieval Methodology

To retrieve stem volume from the ALOS PALSAR backsratiata, we used a moewmsed
approach exploiting a Water Cloud Model with g@p89]. The ndividual estimates of stem volume
obtained fromeachSAR backscatter image by inverting the trained model were then combined with a
linear weightedfunction, rdéerred to as mukiemporal combinatiorf5]. The modeling and retrieval
approach was presentadd discussed extensively forband in previous research papgssl2,39]

An assessment of the performance of this approach to retrieve forest variablestfameh backscatter
was recently presented with respect to other existing parametric afmhraonetric approach¢40]
did not show significant shortcomings of the Water Cloud Model with gaps.

The Water Cloud Model with gaps assumes that the forest b#ekscansists of a component
coming from the canopy and a component originating at the ground surface reaching the sensor eithe
through the canopy gaps or, attenuated, through the cabopple bounceand multiple interactions
are not considered becausemanaged boreal forest these terms were found in previous studies to be
negligible with respect to direct scattering (¢ and therein cited references). Polarimetric
decomposition of the PLR dal4l] confirmed that the total forest backscatter cdaddexplained as a
contribution of a surface and a volume component. In a more general cordext)labounceterm
should not be discardedpriori [42,43]

The original forest backscatter model expressed the total forest backscatter as a functzwarnéteip
of canopy closure from a microwave perspective, namedfiflrésctor. In [10], it was shown that an
equivalent expression could be obtained by replacing thefidlfaa&tor and the related tree attenuation
with stem volume and a factor expregsthe tweway transmissivity of a forest. Equation (1) shows
thesemiempirical model

a5, =tge ™ +%(1 eV (1)

In Equation (1), the forest backscattéfor, is related to stem volumé&/, in terms of a ground
comporentand a vegetation component whéfg: and 0°veg express the backscaitey coefficient of
the ground and the vegetation, respectively. Both coefficients are unkag@siori and need to be
estimated to allow an inversion of the model to retrieve steliime. Each term is weighted by the
fraction of ground seen through gaps and foliage (attenuated) expressed in the fotwoefay
foresttransmissivityd . The coef fi c [l&44]tand lepends oreforgsi structara and
dielectric propertis of the canopy. Nevertheless, realistic values-bahd were found to be between
0.003 and 0.0075]. A reasonable approximation in boreal and temperate forest for unfrozen
conditions was f ounwhenteatingotretwofvay docpst mialsmissivityto@bove 0 8
groundbiomasg12], which scales to 0.004 wheising stem volume.

In this study, every second stand sorted for increasing stem volume was included in a training set;
the rest of the stands formed the test set. Herewithtried to esure that the training and the test set
would represent the same range of stem volumes. Estimatég,af°vesgand b wer e obt ai
squares regression using the measurements of the SAR backscatter avmlsterfor the stands in
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the training set. Model traini ngapwaasquato 6.@6.per
Results willbe compared in Section 5.

Given a measurement of the forest backscaft®s;meas and the corresponding estimates of the
model parameter®yr, t°vegand b f or the given SAR i mage, the
is straightforward and allowtbe estimation of the stem volumés:(Equation (2).

20
V. = _1|nasveg - O§r,meas

est b g geg _(;rs
Assuming that N measurements of the SAR backscatter are available for a given forest stand, the

corresponding estimates of stem voluMeii, can be combined to obtain a new estimate referred to as

multi-temporal stem volumé/m: (Equation (3))using weightsyi, which are here assumed to correspond

to the differenceof the backscattarg coefficients for vegetation and grounice., G°vegi T UCgr,i.

The coefficientvmaxwas equal to the largest of the differences.

)

N
SNW
a. rvesti
— i=1 YWmax
Vi = TEow ©)
ia=l Wmax
The accuracy of the retrieval was quantified withtli@ RMSE with respecto thein situ stem
volume in the tesset (ii) the relative RMSE equal to the RMSE divided by the average stem volume
derived from then situ data forming the test sfii) the coefficient of determinatioR? and (iv) the

bias equal to the difference between the average retrievad aihgstem volume.
5. Results
5.1. Relationship between SAR Backscatter and Stem Volume

The SAR backscatter increased for increasing stem volume, with a aspamt for low stem
volumes (400 n¥/ha or less) followed by a significant decrease of sensitidibe relationship
between the SAR backscatter and stem volume depended upon environmental conditions anc
polarization (see examples in Figure 3), as well as on look angle. At Krycklan, we observed strongest
sensitivity of the backscatter to stem volume undefrozen conditions and at Hjblarization
(Figure3a and Tablé®). The backscatter increased rapidly for increasing stem volume; the sensitivity
of the backscatter tstem volume became extremely weak in the densest forests. Observations taken
during winter-time (frozen conditions or freezbaw events) were much less correlated with stem
volume than undeunfrozen conditions (Figure 3aand Table 5). At Remningstorp, we observed a
slightly different trend, with SAR backscatter from data acquired uindeen conditions being better
correlated with stem volume than in case of data acquired unff®zen conditions (Figure 3tand
Table 5).

An almost linear trend between SAR backscatter and stem volume was obsesegdral cases
when images were aggied under frozen conditions. There did not seem to be any apparent difference
between statistics for images acquired under unfrozen meisk@ mm of recorded precipitation) and
unfrozen weti.e., >2 mm of recorded precipitationpndition Overall,the observations at the two test
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sites and the temporal consistency for a given environmental condition agreed with trends of the SAR
backscatter atdband with respect to stem volume aatabvegroundbiomass in boreal as well as in
other forest environnmgs [5,6,15 20,22,23,28,39,45,46]At both test sites, the spread of the SAR
backscatter for a given stem volume was considerable, thus confirming -thextdL backscatter
captures only part of the information on structural properties of a forest angnhéreicorded by the

radar contains additional contributiof28].

Table 5. Distribution of the Pearson's correlation coefficient between stem volume and
SAR backscatter for a given combination of look angle, polarization and environmental
condition. Commmations are listed consisting of at least three PALSAR datasets. The
minimum (Min), three quartiles Q@ Q2 and Q) and the maximum (Max) are listed. For
combinations withthree datasets, only2@ given. For combinations including four or five
datasetspnly Min, Q2 and Max are given. Transparent cells refer to Krycklan and shaded
cells to Remningstorp.

Correlation Coefficient

Look Angle Polarization Environmental Condition -
Min Q1 Q2 Qs Max
HH Unfrozen dry 0.14 0.17 0.25 0.32 0.39
Unfrozen vet 0.12 0.14 0.15 0.16 0.24
21 5° HY Unfrozen dry 0.08 0.18 0.30 043 048
Unfrozen wet 0.12 0.13 0.24 0.28 0.36
W Unfrozen dry 0.04 0.06 0.10 0.23 0.28
Unfrozen wet 1T0.1710. (C 0.03 0.12 0.14

0.41 0.47 0.52 0.55 0.58
T0.: 016 0.32 037 041
-- - 0.46 -- --
To. ¢ - 0.24 = 0.27
0.33 0.44 0.48 0.51 0.55
T0.: 001 0.18 0.25 0.43

Unfrozen dry

Unfrozen moist

Unfrozen wet

HH
0.34 -- 0.49 -- 0.50
Freeze
0.09 -- 0.42 -- 0.63
34.3° 0.14 0.18 0.26 0.33 043
Frozen
0.46 0.52 0.66 0.73 0.77
0.36 -- 0.50 -- 0.56
Thaw
-- -- 0.76 -- --
0.50 0.56 0.62 0.65 0.66
Unfrozen dry 1T0.210.1710.CO015 0.19
HV -- -- 0.01 -- --
0.48 0.48 0.55 0.61 0.62
Unfrozen wet _ _ _
1r0.210.2710.C 002 0.8
0.50 -- 0.53 -- 0.60
41.5° HH Unfrozen dy

0.36 = 0.36 = 0.36
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Krycklan, 20080922, HV-pol., Unfr. Krycklan, 20080107, HH-pol., Fr.
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Figure 3. Panels &) and D) illustrate data from Krycklan. Panels) @nd (d) illustrate data
from RemningstorpSAR backscatter with respect to stem volume for unfrozen (Unfr.)
conditions panelg(@) ard (c)) and frozen Kr.) conditions (panelf) and(d)) with among the
highest correlationoefficients (see Table 3)ook angle: 34.3?

5.2. Forest Backscatter Modeling

To illustrate the performance of the modeling approach with respect to the meassiren$R
backscatter and stem volume, we focus on the Krycklan test site because of the availability of stem
volumes throughout all growth stages. The lack of stands with low stem volumes in Remningstorp
hindered the assessment of the performance ofatlesbatter model in Equation (1) (ag5h). Figure
4 shows one example of modeled and measured backscatter with respect to stem volumeyjoe each
of PALSAR dataset available at Krycklan. Taking into account previous investigation where it was
shown tlat the backscatter is highly consistent over time for a given polarization, look angle and
environmental conditiof35], the examples in Figure 4 can be considered general enough to represent
the behavior of the backscatter for all images availaltleis study. The modeled backscatter followed
well the trend in the measurements (Figure 4). The strongest sensitivity of the backscatter to stem
volume was found for look angles of 34.3°and 41.5°under unfrozen conditions with an increase of
approximately 3 B at HH-polarization and 4 dB at Hyolarization. Under frozen conditions, the
HH-polarized backscatter increased by only 1 dB. For the 21.5°look angle, timolaonzed
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backscatter increased by less than 2 dB with an almost linear trend both in theoB88eft panel in
Figure 4) and in the PLR mode (right panel in Figure 4). Thebdtkscatter of the PLR mode
increased by slightly less than 3 dB, thus less than the observations at shallower look angles.

Fine Beam Modes Polarimetric Mode
-5
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Figure 4. Measured and modeled PALSAR backiraas a function of stem volume for
Krycklan. The model curves are based on Equation (1). The crosses and the vertical bars
represent the median backscatter and the interquartile range i¥26 large intervals of

stem volumeAll data acquired under €nozen conditions unless specified in the legend

(fr = frozen).

The modeled backscatter in Figure 4 was obtained by considering three unknowns in Equation (1)
and showed a large range of slopes, a wide range of the values estimated for the pararbeter T o
get further understanding on the behavior of
oftheest i mates of b with respect to environment a
for HH-polarized data. Polarizatonddot seem t o have an effect on

To understand the dependency of b upon envirc
for a given look angle and polarization, covering all seasons (34.3°look angle arubldHzation).

The esti mates of b were more consistent under
during periods of freeze/thaw transitions (Figure 5). Under unfrozen conditions, the estimates of the
coefficient b wer e moQ@t(Figure b),ekeingeie hne With @& QpEevioasn d
investigation in Swedish boreal forest using JER8ata[5]. The estimates did not show any
significant difference between drgoist and wet environmental conditions except for one observation
acquired when 1Bhm of precipitatiorwere recorded during the day. On such date, the backscatter did not
show any sensitivity to the stem voluraed the model curve flattened after a rapid increase for the

| owe st stem vol umes. As a c ontde mtargreted @s havinp a e
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physical meaning. The same explanation applies tolikervations for the case with the highest overall

b estimate ( 0. O 1v8t®3gn acquisitiorunderrthaveng ponditiahe (femperature around

the freezing pointdiminishing snow cover, and precipitafjoifhe environmental conditions affected the
relationship between backscatter and stem volume to such exterthélganasked out the true
dependency between the two variableszen conditions wereharacterizedby t he | ar gest
estimates. From the weather records we could not infer dependbatie®n the estimate f b anc
weather parameter(e.g., temperature, snow depth, precipitation). We interfiret results as a
consequence of the limited sensiy of the backscatter to stem volume under frozen conditions; given
the nonnegligible spread of the backscatter measurements with respect to stem volume, the confidence

interval of the b estimate was rather | arge.
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Figure 5. Estimates of the model @aneterb at Krycklan with respedio environmental

conditions for PALSAR data acquired with 34.3°look angle atid-p o | ar i Un&gd i on. i
refers to unfrozen conditions. Frozen conditions refer to images acquired under dry
conditions as well as cases withosv fall. If precipitation was recorded a2 mm, the

unfrozen conditions were moist; otherwise, the conditions were wet.

The dependency of the estimates of b upon t
seem to be any relevant difference bestw estimates corresponding to look angles of 34.3°and 41.5°
For both look angles, the histogram had a peak between 0.006 and 0.007. For the very few acquisition:
at 21.57 the estimates were somewhat lower0(€04), which agrees with the understandingt tat
steeper look angles the forest transmissivity is higher because of larger gaps and less vegetation alon
the path travelled by the microwaves.

Based on the outcome of these analyses, we compared the modeled bat t e r ass.
unknowna priori (i,e, model with three unknoweamddelaithdvof or
unknowns) . I n the | atter <case, b was set eque
value over allacquisition geometrgg polarizations and environmental conditions. Figure 7 shows the
modeled backscatter s sumi ng two and three unknowns in EQq
black curves correspotdo t he dataset for which t leeFigore 9.he st
The red and blue curves correspond to the acaq
conditions, respectively; both images were acquired under frozen conditions. The modeled backscatte
for such extreme cases differed only foe lowest (below 50 #fha) and highest (above 25G/hma)
stem volumes. However, except for the dataset acquired under thawing conditions, the difference
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between the model realizations based on three and two unknowns is minimal, suggesting that a

retrievd b ased on model i ng s ol ut priornequalhoearcenstanthweuldb ¢
perform equally wel/l as compared to a more rig
20 T T T T T T T
] 21.5°
° m— 34,30
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Figure 6. Histograms of the estimates of thedel parameteb at Krycklanasa function
of look angle.
o
kA
E
o
3
o
c
©
£
S 0 |
w - 20080310, p =0.0189
------------------ 20080310, p = 0.006
20080322, = 0.0129
161 i 20080322, = 0.008 | |
20100328, p = 0.0032
------------------ 20100328, B = 0.006
18+ i
-20

100 200 300 400
Stem volume [m*ha]

Figure 7. Three examples of modeled backscatter as a function of stem volume assuming
unknown (solid curves) and s&fpriori (dashed curves). The measurements of backscatter
are represented by crosses and vertical bars (mede interquartile range) for groups of
stem volume, each being 25/ha wide. Test site: Krycklan.
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5.3. Retrieval of Stem Volume

To verify that the retrieval of stem volume based on a model containing only two unknowns would
perform similarly to the casef three unknowns, the RMSEs for each image acquired over Krycklan
were compared (Figure 8). The scatter plot shows that the errdoweaswhen usingd = 0.006 in
most cases. Only for some images acquired under frozen conditions, the model training with three
unknowns performed better. Nonetheless, these images characterized byow correlation a
consequence of the weasknsitivity of the backscaitt to stem volume. At Remningstorp, the model
training with a constarfh = 0.006 performed in general worse than when assumed unlkagniari
(Figure 9). This is a consequence of the distribution of stem volumes in the dataset available to this
study. Thedataset included mostly mature forest being characterized by weaker sensitivity of the
backscatter to stem volume than at low stem volumes (Figure 3). The lack of stands with low stem
volumes caused the estimate of the ground backsaoatiee model traiing with two unknowns to be
more imprecise and the modeled backscatter only partially fitted the observations. This effect was most
prominent in images showing the highest correlation between stem volume and backseattendeed
negligible for all other images where the stem volume and the backscatter were almost uncorrelated

Krycklan
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Figure 8. Scatter plot of singkimage RMSEs for a model with three unknowns
(horizontal axis) and a model with two unknowns where thiarpaterb was seta priori
equal to 0.006 (vertical axis). Test site: Krycklan.
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Figure 9. Scatter plot of singlemage RMSEs for a model with three unknowns
(horizontal axis) and a model with two unknowns where the parafmetas seta priori
equal to 0.006 (w#cal axis). Test site: Remningstorp.

The evaluation of the retrieval is done at both test sites based on the model with two unknowns and
constant b = 0. 006. The RMSE for single i m
environmental conditions. We aate the error at Krycklan in Figure 48d Table 6the RMSE was
smaller for HV than for HHpolarized data for similar environmental conditions. For a given
polarization, slightly lower errors were obtained under unfrozen dry conditions comparedotennf
wet and thaw conditions; much larger errors were obtained for frozen conditionpofBltization
only) because of the much weaker sensitivity of the backscatter to stem volume (Figures 3 and 4). At
Remningstorp, the retrieval error was smallest uricezen conditions, at Hhpolarization (see in
Tabl e 6, Singlélmage retreeval fofi 34.3; HH and FBS). Under unfrozen conditions, the
retrieval performed poorly because of the frequeat and moist ground condition&hich almost
entirely suppessed the sensitivity of the backscatter to stem volume and caused large variability of the
backscatter for similar stem volume.

The extensive dataset of PALSAR images acquired under different look angles, polarizations and
environmental conditions allowledifferent groupings to assess the role of each on the-tendporal
combination of stem volume estimates. All retrieval statistics from the-teatfporal combination are
reported in Table 6; results are grouped according to look angle and thendmrdifombinations of
polarizations. To appreciate the performance of the ftaerttporal combination, the best and the worst
relative RMSE for the retrieval based on a single image are also included in Table 6. Yearly retrievals
have been considered to@ill the multitemporal dataset to include a fairly large number of stem
volume estimates per stand while avoiding that growth and/or disturbances would distort the values of
thein situstem volumes used as reference.
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Table 6. Retrieval statistics for muitemporal combinations available in the PALSAR
datasets. For each combination, the best and worst retrieval statistics for ansggle
retrieval are also reportetkansparent cells refer to Krycklan and shaded cells to Remningstorp.

. . - Singlelmage
Look o Multi -Temporal Retrieval Statistics Rel. RMSE
Polarization  Year Images )
Angle RMSE Rel. RMSE ) Bias Best Worst
[m3ha] [%0] [m3/ha] [%0] [%0]
21.5° HH 2006 2 105.2 79.2 0.14 49 80.6 89.8
(FBS) 2006 2 217.6 68.5 0.09 180.3 72.8 77.0
HH 2006 9 198.6 62.2 0.09 11.1 70.0 110.5
2007 3 190.7 57.2 0.09 1513 60.3 89.6
Y 2006 9 173.1 54.2 0.12 129 67.7 105.6
21.5° 2007 3 175.6 52.6 0.17 14.2 65.4 76.7
(PLR) W 2006 9 213.4 66.9 002 1 3B. 76.0 110.6
2007 3 2178 65.3 0.03 148.6 77.8 108.2
HH, HV, 2006 36 176.3 55.2 0.09 1225 67.7 110.6
VH, VV 2007 12 168.4 50.5 0.14 116.2 59.2 108.2
2006 8 72.6 54.6 0.34 16.3 60.4 87.1
2007 15 68.5 51.5 0.32 8.4 58.0 90.7
2008 14 68.1 51.2 0.33 7.4 55.4 102.2
2009 8 72.3 54.4 0.28 7.4 64.8 102.3
HH 2010 11 78.7 59.2 0.25 11.9 68.1 107.4
2006 5 201.1 62.8 0.16 1T 0. " 62.7 92.2
2007 11 154.3 46.4 0.34 119.6 40.5 106.9
2008 10 184.0 53.7 0.19 1359 45.3 100.9
. 2009 7 121.6 35.1 037 1421 37.8 954
34.3 2010 6 168.1 47.2 0.18 154.6 49.4 97.6
2007 7 60.3 45.7 0.44 7.9 46.4 56.1
2008 7 58.4 44.0 0.46 9.2 48.3 52.4
2009 4 68.5 51.6 0.35 12.8 55.9 59.7
Y 2010 7 77.7 58.5 0.29 154 57.6 69.9
2007 6 299.0 90.7 0.02 143.7 96.5 117.2
2008 5 268.8 78.7 0.01 147.2 80.4 109.0
2009 3 331.1 96.1 0.00 127.6 96.1 96.1
2010 4 235.7 66.2 0.00 160.4 80.7 103.5
2007 14 60.7 45.7 0.42 7.8 46.4 67.5
2008 14 58.8 44.2 0.44 8.5 48.3 76.7
2009 8 68.6 51.6 0.34 12.0 55.9 70.4
34.3° HH, HV 2010 14 76.1 57.3 0.29 14.6 57.6 81.5
(FBD) 2007 12 237.5 72.1 001 154.1 62.7 117.2
2008 10 225.5 66.1 0.03 153.7 61.1 109.0
2009 6 234.5 68.1 001 167.1 88.9 96.2
2010 8 234.4 65.8 0.01 1785 73.9 103.5
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Table 6.Cont.
. . . Singlelmage
Look o Multi -Temporal Retrieval Statistics Rel. RMSE
Polarization Year Images X
Angle RMSE Rel. RMSE ) Bias Best  Worst
[m¥ha] [%] [m3ha] [%] [%0]
2007 5 77.9 58.6 0.22 13.7 66.7 90.7
2008 10 74.3 55.9 0.28 10.1 60.4 102.2
2009 3 93.1 70.1 0.18 16.1 71.7 101.0
2010 4 94.7 71.3 0.16 4.8 76.6 102.3
HH (FBS) 2011 2 115.6 87.0 0.08 0.4 87.5 107.4
2007 4 128.1 39.2 0.55 21.1 40.5 92.2
2008 7 164.4 48.2 0.32 1 8. 7 453 100.8
2009 4 171.1 48.4 0.24 1T57. 378 75.8
2010 3 158.8 44.6 0.31 121.0 49.4 54.7
34.3° 2006 8 72.6 54.6 0.34 16.3 60.4 87.1
2007 22 61.1 46.0 0.41 8.2 46.4 90.7
2008 21 59.1 44.5 0.43 8.4 48.3 102.2
2009 12 66.0 49.7 0.35 10.4 55.9 102.3
HH, HV 2010 18 74.1 55.7 0.29 13.9 57.6 107.4
(FBS+FBD) 2006 5 201.1 62.8 0.16 10.7 62.7 92.2
2007 17 166.8 50.2 0.21 123.6 40.5 117.2
2008 15 188.2 55.0 0.13 138.6 45.3 109.0
2009 10 120.7 35.2 0.35 140.9 37.8 96.2
2010 10 171.7 48.2 0.13 156.0 49.4 103.5
2006 9 70.9 53.4 0.32 8.3 54.2 73.0
HH 2006 6 238.9 74.7 0.10 124.8 74.9 86.0
2006 3 72.8 54.8 0.34 12.0 55.0 62.9
41.5° HV
2006 3 280.8 88.3 0.01 69.9 91.2 95.1
HH, HV 2006 12 67.5 50.8 0.35 9.3 54.2 73.0
2006 9 221.0 69.2 0.06 19.7 74.9 95.1
50.8° HH 2006 2 227.2 68.9 0.21 54.5 70.8 85.8
HH, HV 2006 4 213.1 64.6 0.23 71.2 70.6 85.8

The retrieval error was never below 35%, being mostly between 40% and 70% and occasionally
evenin the 90% range. With respect to singiege retrieval, the stem volume estimates from the
multi-temporal combination were cker to thein situ stem volumes. Table 6 shows substantial
differences between the two test sites. At Krycklan, the agreement between the retrieved stem volume:
with the multitemporal combination and th& situ stem volumes was strongest for the 34.37
HV-polarized dataset (onlynfrozen conditions). The smallest relative RMSE was 44.0% from data
acquired during 2008 (Tablg.@igure 11 shows that the estimated stem volume agreed well with the
in situ data; nonetheless, the scatter plot did not matehlth line indicating some deficiencies in
either the modeling approach or the model training. The loose agreement between retriévesitiand
stem volumes is then attributed to the lasgatter of the SAR backscatter for a given stem volume (see
Figure 3). At Remningstorp, the best agreemeetween retrieved anth situ stem volumes was
obtained with the 34.37 HKpolarized dataset; the contribution of stem volumes estimated from
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winter-time data was predominant. The smallest relative RMSE was 35ch8odfita acquired during
2009 (Table 6). As in Krycklan, the levels of retrieved andsitu stem volumes agreed well;
nonetheless, the scatter between the two datasets was large (FjgiRemarkably, stem volume could

be retrieved for the entire rangevalues represented at each test site (Figures 11 and 12). At both test
sites, the multtemporal combination of estimates from the two polarizations of the Fine Beam modes
did not perform better compared to using the best result obtained with a sitagiegbion {.e., HV

for Krycklan and HH for Remningstorp) (Table 6). At Remningstorgome cases the mutémporal
retrieval using all observations performed worse compared to the bestisiagke retrieval or to a
combinationbased on the couple whages characterized by the lowest RMSEs (Table 6).
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Figure 10. Distribution of singleimage retrieval RMSEt Krycklan for combinations of
look angle, polarization and environmental conditions for which remtiporal SAR
backscatter observations (atdetred were available.

The multitemporal combination performed similarly across the different yearept when the
RMSE was high for each of the images being combined (Table 6). In such cases, the retrieval statistic:
presented fluctuations, whicheahowever of minor importance given that the retrieval performed
poorly. The multitemporal retrieval did not seem to be affected by the look angle nor could we notice
an advantage of using full polarimetric data with respect to singléuatpolarized @ta (Table 6). In
PLR mode, the best retrieval (in a metlimporal sense) was obtained with gvlarized data only
(Table 6);the contribution of stem volume estimates from other polarizations to thetemfioral
retrieval using all polarizations wasinimal.

The retrieval error was finally investigated with respect to stand size. This investigation was
possible at Krycklan only, because of the large range of stand sizes and number of stands (Table 1)
The relative RMSE for the multemporal combinatian of stem volumes estimated from the 34.37
HH- and H\+polarized datasets decreased for increasing minimum stand size (Figure 13), thus
confirming results in the Northeast U.§l2]. For the retrieval based only on Hblarized
backscatter, the relative RBE was below 30% for a minimum stand size of approximately 20 ha. The



Remote Seng015 7 4310

lack of a number of forest stands larger than 20 ha sufficient to compute a reliable value of the relative
RMSE did not allow clarifying whether the retrieval error would further impmweach saturation as

in the case of Hkpolarized datavhere the relative RMSE was consistently between 37% 2¥tdfdr

stands with a minimum size betwebhha and 20 ha.

Figure 11.Scatter plot of retrieved stem volume with respeat &tustem véume in the case
of all HV-polarized images acquired during 2008 over Krycklan with a look angle of 34.3?

Figure 12.Scatter plot of retrieved stem volume with respech tsitu stem volume in the
case of all HHpolarized images acquired during 200%0WRemningstorp with &ook
angle of 34.3?



