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Abstract – In this paper, three approaches to 
forest change modeling with the two-level 
model (TLM) are compared by fitting the 
TLM to 12 VV-polarized TanDEM-X 
acquisitions over a hemi-boreal test site in 
southern Sweden. It is observed that the best 
inversion results are obtained when rapid 
forest change (e.g., harvesting) is modeled as 
change in canopy density, while growth is 
modeled as change in forest height. 

1. INTRODUCTION

Launched in July 2010, the TanDEM-X (TDM) 
[1] mission is the first synthetic-aperture radar
(SAR) interferometer of its kind in space,
consisting of two satellites in a tight tandem
formation, thus allowing bistatic, single-pass
interferometric SAR (InSAR) acquisitions.
After more than 6 years of continuous
operation, the system is still healthy and
predicted to be operational until early 2020s.

A promising application of TanDEM-X is 
mapping and monitoring of forest change. Both 
anthropogenic forest change (e.g., deforestation 
and degradation), growth, and natural disasters 
(e.g., fires and storms) introduce fluxes in the 
terrestrial carbon stock. For more accurate 
climate modeling, these fluxes need to be 
accurately measured. Several studies have 
already shown the great potential of TanDEM-
X for forest mapping and monitoring [2-4]. 

In particular, the two-level model (TLM) has 
proven itself useful for forest parameter 
estimation in boreal forests with known 
topography [5, 6]. The TLM models forests as 
two scattering levels, ground and vegetation, 
the latter with gaps. In [7], a multi-temporal 
TLM inversion scheme was proposed as a 
means for deforestation detection from canopy 
density change, with forest height assumed 
constant in time. It was also shown that the leaf-
off effect can be observed for deciduous-
dominated forest plots as a decrease in canopy 
density during the winter season. 

In this paper, the concepts from [7] are further 
developed and evaluated. Three approaches to 

TLM inversion of multi-temporal TDM data are 
evaluated using 12 VV-polarized TDM 
acquisitions made during four consecutive 
summers between 2011 and 2014 over the 
managed, hemi-boreal test site Remningstorp, 
situated in southern Sweden. The three 
approaches represent three different ways to 
model forest change, and by studying inversion 
performance, conclusions about modeling 
accuracy can be drawn. 

2. MODEL

The two-level model (TLM) models forest as 
two scattering levels, ground and vegetation, 
the latter with gaps in the horizontal direction. 
Volume decorrelation after topographic phase 
removal ( ) is modeled using: = 1 + exp( ) (1) 

where  is the effective area-fill factor,  is the 
level distance, and  is the vertical 
wavenumber, which describes the 
interferometric system setup [1]. The vertical 
wavenumber is related to the perhaps more 
intuitive height-of-ambiguity (HOA, height 
shift giving a 2  phase shift of the 
interferograms) through = 2 /HOA. 

The effective area-fill factor is related to the 
area-fill factor  (fraction of the total area 
covered by the vegetation level) and the 
backscattering coefficients for ground and 
vegetation (  and , respectively)
through: = ( ) . (2)

The effective area-fill factor is thus the fraction 
of total backscattering coefficient originating 
from the vegetation level. 

In [5] it was shown that by fitting (1) to single-
polarized, topographic phase-corrected TDM 
data,  and  could be estimated without the 
need for any reference data other than a digital 
terrain model (DTM), and these two parameters 
were found correlated with similar metrics 
acquired with airborne lidar scanning (ALS). 
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The effective area-fill factor  was found 
correlated with vegetation ratio (VR), which is 
the fraction of all lidar returns classified as 
canopy returns.  can thus be treated as a 
metric of horizontal forest structure, assuming 
a constant ratio between ground and vegetation 
backscattering coefficients. The level distance 

 was found closely related to H50, which is the 
50th height percentile of all lidar returns 
classified as canopy returns.  can therefore be 
treated as a metric of vertical forest structure. 
Using a semi-empirical model and reference 
biomass data, above-ground forest biomass 
could further be estimated from h�and  with 
good accuracy [6]. 

In [7] it was shown that by simultaneous fitting 
of (1) to multiple single-polarized, topographic 
phase-corrected TDM acquisitions, forest 
change due to harvesting, as well as the leaf-off 
effect in deciduous-dominated plots, could be 
modeled as a change in , when  was assumed 
constant over time. Moreover, high correlation 
between  and H50 was also observed. 

In this paper, we propose to further develop this 
concept by modeling growth as constant annual 
increase in level distance (height): = +   (3) 

where  is the level distance for the first year in 
the time series,  is the number of years after 
the first year in the time series, and  is the 
annual height gain.  

In the following, three alternative ways to 
model forest change will be compared. 

Approach� 1� (A1): both the effective area-fill 
factor and level distance are allowed to change 
between acquisitions. This results in the 
following formulation for acquisition : = 1 + exp( ). (4) 

Note that the multi-baseline aspect of multi-
temporal acquisitions is taken into account by 
allowing individual -values for each 
acquisition. This approach is the same as the 
original TLM inversion method proposed in 
[5]. 

Approach�2� (A2):� the effective area-fill factor 
changes between acquisitions, while height 
remains constant in time: = 1 + exp  (5) 

where  is a level distance representative for the 
entire study period. Note that this approach 
effectively assumes that the vertical structure 
does not change in time. This approach was 
introduced in [7]. 

Approach�3� (A3):� the effective area-fill factor 
changes between acquisitions, while growth is 
modeled as a constant annual increase in height 
using (3): = 1 + exp + . (6) 

This approach effectively separates the rapid 
forest change primarily affecting the horizontal 
structure (e.g., harvesting) from the slower 
forest change primarily affecting the vertical 
forest structure (growth). 

For visualization purposes, the estimated values 
for  are converted to area-fill factor estimates 

 using the equation obtained by solving (2) for 
 and using / = 0.25, which gives 

good results in comparison with VR. 

3. EXPERIMENTAL DATA 

Twelve TDM acquisitions made over the hemi-
boreal test site Remningstorp, situated in 
southern Sweden, are used in this study. The 
test site is a managed hemi-boreal forest, 
dominated by spruce and pine, but also with 
some deciduous tree species, mainly birch, and 
it is located in flat terrain. All TDM acquisitions 
are VV-polarized, with a nominal incidence 
angle of 41 degrees, and with HOA values 
between 31 m and 63 m. The acquisitions were 
made between June and August of four 
consecutive summers (two in 2012, three in 
2011 and 2013, four in 2014).  

Pre-processing done at DLR included co-
registration, common-band filtering, and 
wavenumber shift filtering. Interferometric 
processing was done using software provided 
by GAMMA Remote Sensing AG. A sliding 
5×5 window was used for generating 
interferograms, and topographic and “flat 
Earth” phase components were modeled from 
the DTM and subtracted from complex 
interferogram. Absolute phase and coherence 
calibration were also done.  

As reference, ALS data acquired in August of 
2010 and 2014 are used. Both datasets have 
been processed to the same point density of  



approximately 10 points per square meter. In 
this study, we use two ALS-based forest metrics 
derived within resolution cells of 15 m x 15 m: 
vegetation ratio (VR, fraction of all laser returns 
classified as canopy returns) and H50 (50th 
percentile of all laser returns classified as 
canopy returns). Note that the ALS data from 
2010 were acquired one year prior to the first  

TDM acquisition, and some changes during the 
time until the first TDM acquisitions have 
occurred.  

The DTM used in this study was provided by 
Swedish Land Survey as part of the new 
national DTM available for entire Sweden with 
a 2-m posting and with a vertical height 
accuracy better than 0.5 m. 

TLM inversion was carried out separately for 
each of the three approaches. For A1, the 
inversion was carried out using the equations 
presented in [5] and 12 estimates of  and  
were obtained, one pair for each acquisition. 
For A2 and A3, the inversion was carried out by 
solving a set of 12 complex equations using a 
non-linear least squares-based equation solver. 
For both A2 and A3, one estimate of  was 
obtained together with 12 estimates of . For 
A3, one estimate of  was also obtained. 

4. RESULTS AND DISCUSSION 

Sample results are shown in Fig. 1. In the first 
column of figures, ALS-derived forest height 
and canopy density metrics H50 and VR are 
shown for 2010 and 2014. In the remaining 
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Figure 1: Results from TLM inversion of 12 TanDEM-X acquisitions for a 2.25 km × 2.25 km 
patch in the central part of Remningstorp. In the first column from the left, reference data from ALS 
are shown. Inversion results for A1, i.e., where both level distance and area-fill factor change over 
time, are shown in the second column from the left. The third column shows inversion results for 
A2, i.e., when only area-fill factor varies over time. The fourth column shows inversion results for 
A3, i.e., when area-fill factor varies over time and has a constant annual gain.  



three columns, corresponding metrics obtained 
with A1, A2, and A3, respectively, are shown. 
First and third rows of images show forest 
height and canopy density metrics for the years 
2010 (for ALS data) and 2011 (for TDM data), 
whereas second and fourth rows of images 
show forest height and canopy density metrics 
for 2014. 

A comparison of forest height estimates can be 
seen in Fig. 1a-g). A2 and A3, with constraints 
on height, have the advantage that they are less 
susceptible to height estimation ambiguities 
(due to the multi-baseline nature of multi-
temporal TDM data), and they provide very 
good estimates of forest height for the entire 
area. At the same time, A1 fails in the case of 
open areas, where the estimated height is 
clearly too high. Note that for A2, only one 
estimate of forest height is obtained, and it 
should be treated as a representative height for 
the entire period 2011-2014. The assumption of 
forest height being constant between 2011 and 
2014 is to some degree supported by the fact 
that H50 does not change significantly between 
2010 and 2014, see Figs. 1a) and 1e). A3, with 
growth modeling, predicts a small increase of 
forest height (up to around 0.8 m/year). 

A comparison of canopy density estimates 
shows that for A1 and A3, canopy density 
estimates for 2011 and 2014 are similar 
(compare Fig. 1i) with Fig. 1m) and Fig. 1k) 
with Fig. 1o)), whereas for A2, canopy density 
increases significantly from 2011 and 2014 
(compare Fig. 1j) with Fig. 1n)). This indicates 
that in case of lacking growth modeling and 
height constrained to be constant for all years, 
the change in forest caused by growth is instead 
modeled as an increase in canopy density. Such 
large increase in canopy density is not observed 
in ALS data, and it is therefore considered to be 
unrealistic. Therefore, a conclusion can be 
made that A3 provides the same good forest 
height estimation as A2, but thanks to growth 
modelling, canopy density estimation has better 
performance than for A2.  

Note that harvesting in the bottom-right part of 
the shown area in Remningstorp is correctly 
detected as a decrease in canopy density. Note 
also that the clear-cut in the bottom-left part of 
the shown area occurred between the first ALS 
and TDM acquisitions and is already visible on 
the first TDM acquisition. Note also that in the 
case of A2 and A3, forest height in areas which 

were clear-cut during the study period is the 
pre-harvesting forest height, as harvesting is 
modeled by the TLM in A2 and A3 as a 
decrease in canopy density, with forest height 
kept constant. For the ALS-metric H50, post-
harvesting height is close to zero. 

5. CONCLUSION 

It is concluded that the best inversion results are 
obtained if rapid forest change (e.g., harvesting) 
is modeled as change in canopy density (i.e., 
horizontal structure), whereas slow forest 
change (due to growth) is modeled as change in 
forest height (i.e., vertical structure). 

ACKNOWLEDGMENT 

The authors would like to thank German 
Aerospace Center for the TanDEM-X data, 
Swedish Land Survey for the DTM data, and 
Swedish National Space Board and European 
Commission’s Seventh Framework Programme 
Advanced_SAR for the funding of this project. 

REFERENCES 
1. Krieger, G., et al., TanDEM­X:� A� Satellite�
Formation� for� High­Resolution� SAR�
Interferometry. IEEE Transactions on 
Geoscience and Remote Sensing, 2007. 45(11): 
p. 3317-3341. 

2. Kugler, F., et al., TanDEM­X� Pol­InSAR�
Performance� for� Forest� Height� Estimation. 
IEEE Transactions on Geoscience and Remote 
Sensing, 2014. 52(10): p. 6404-6422. 

3. Askne, J.I.H., et al., Model­based� biomass�
estimation� of� a� hemi­boreal� forest� from�
multitemporal�TanDEM­X�acquisitions. Remote 
Sensing, 2013. 5: p. 5574-5597. 

4. Solberg, S., et al., Forest� biomass� change�
estimated�from�height�change�in�interferometric�
SAR� height� models. Carbon Balance and 
Management, 2014. 9(1). 

5. Soja, M.J., H. Persson, and L.M.H. Ulander, 
Estimation�of�Forest�Height�and�Canopy�Density�
from� a� Single� InSAR� Correlation� Coefficient. 
Geoscience and Remote Sensing Letters, 2015. 
12(3): p. 646-650. 

6. Soja, M.J., H.J. Persson, and L.M.H. Ulander, 
Estimation� of�Forest�Biomass� from� Two­Level�
Model� Inversion� of� Single­Pass� InSAR� Data. 
IEEE Transactions on Geoscience and Remote 
Sensing, 2015. 53(9): p. 5083-5099. 

7. Soja, M.J., H. Persson, and L.M.H. Ulander. 
Detection� of� Forest� Change� and� Robust�
Estimation� of� Forest� Height� from� Two­Level�
Model�Inversion�of�Multi­Temporal,�Single­Pass�
InSAR�Data. in IEEE�Geoscience� and�Remote�
Sensing� Symposium� (IGARSS). 2015. Milan, 
Italy. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


