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Relating Forest Biomass to TanDEM-X Mean
Phase Height

Jan I. H. Askne , Life Fellow, IEEE

Abstract—The Copernicus DEM is derived as a mean of
TanDEM-X phase heights. It is known that there is an al-
most linear—but variable—relationship between phase height and
above-ground biomass (AGB). This article investigates the rela-
tionship between the mean of TanDEM-X phase heights and AGB.
The slope between TanDEM-X phase height and AGB varies across
different acquisitions from the same site, influenced by meteoro-
logical conditions and the height of ambiguity (HoA), which is the
height corresponding to a 2π phase shift. An expression based on
the Interferometric Water Cloud Model (IWCM) is introduced to
represent an average of meteorological variations. This approach
uses an ICESat-based method to describe the relationship between
area-fill (canopy cover) and forest height. The product of density
and height is shown to be approximately linear with AGB under
certain conditions. This enables us to express mean phase height as
a function of AGB, provided that either the AGB-height allometry
or reference AGB values from field data are known. The results
demonstrate a strong resemblance and near-linear relationship
between mean phase height, mean forest height, and AGB across
a wide range of conditions. The analysis is illustrated with 32
TanDEM-X acquisitions from the Remningstorp and Krycklan
sites. Forest height and area-fill are estimated from mean phase
height, and AGB is also derived for these sites.

Index Terms—Above-ground biomass (AGB), boreal forest,
forest height, forest structure, interferometric synthetic aperture
radar, TanDEM-X.

I. INTRODUCTION

ABOVE-GROUND biomass (AGB), defined as the density
of biomass per unit area (Mg/ha), is a crucial climate

variable and one of the 55 Essential Climate Variables (ECVs)
of the Global Climate Observing System. It is essential for
understanding potential future changes in the climate system [1].
AGB is also closely related to stem (bole) volume (SV), which
has economic significance. This underlines the importance of
developing biomass retrieval algorithms that relate spaceborne
observations to AGB and SV. While stem volume can be esti-
mated using remote sensing techniques, AGB cannot be directly
measured by Earth observation due to the inability to detect
carbon content and organic mass in woody vegetation. Thus,
AGB estimation relies on models.

Important methods for AGB estimation include GEDI (a
satellite lidar instrument), CCI, and BIOMASS. CCI uses C-
and L-band data that partially penetrate the forest canopy, while
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the BIOMASS satellite employs P-band, which can reach the
ground. GEDI, launched aboard the ISS (2018–2019), focused
on temperate and tropical forests. BIOMASS targets primarily
tropical regions, while C- and L-band data cover most of the
globe.

GEDI algorithms predict AGB based on height metrics [2],
developed for 32 combinations of plant functional types and
world regions. The metric H98 is included in all algorithms,
H50 in six, and other percentiles (e.g., H10) in fewer cases. H10
is sensitive to canopy cover but includes ground returns as well.

The CCI method [3] estimates AGB from global C- and
L-band backscatter, using ICESat-based relationships between
forest height and density. A water cloud model is then used to
determine height and its relationship to AGB. This approach is
conceptually similar to the one presented in this article.

Different methods provide complementary insights into AGB,
each sensitive to different forest characteristics. High-resolution
interferometric phase height, which does not suffer from satu-
ration, is a promising method. This study analyses mean values
of TanDEM-X phase height, which is also the case for the
Copernicus DEM, which is available globally [4]. In addition,
a digital terrain model (DTM) is also necessary for estimating
phase height, which can be obtained either from BIOMASS in
tropical forests or from lidar data in other regions.

Early studies of interferometric phase height in boreal forests
date back to the 1990s, when it was discovered that phase height
relates to both forest height and area-fill (canopy density), based
on three-day repeat-pass ERS-1 C-band observations over north-
ern Sweden [5], [6]. It was noted that such observations could be
used to determine the bole volume of the forest [5]. This led to the
development of the Interferometric Water Cloud Model (IWCM)
[7], [8], which interprets interferometric signals in terms of forest
properties such as height, density, and indirectly, SV and AGB,
using height-to-AGB relationships or training data. The IWCM
has been applied to estimate stem volume from TanDEM-X data
[9], [10], [11], [12], including assessments of volume growth
[13], forest structure [14], and the potential of C-band bistatic
missions [15].

A near-linear relationship between interferometric phase
height and AGB was proposed in [16], who found an increase of
14 Mg/ha for each meter of phase height based on two TanDEM-
X acquisitions. A similar linear trend was observed in [9], who
found variations between 10.3 and 16.4 Mg/ha per meter, with a
mean of 13.3 Mg/ha across 18 acquisitions from Remningstorp.
This variation reflects the influence of meteorological conditions
and HoA.
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Many studies have explored the phase height–AGB relation-
ship, from early potential assessments [5] to model-based ap-
proaches [18], [19], initial TanDEM-X measurements [9], [16],
and more comprehensive observations [20], [21], [22]. Recent
work has used the Copernicus DEM minus DTM instead of
individual TanDEM-X scenes to estimate AGB in specific areas
[23] and across a variety of biomes [24]. This progression raises
the question: under what conditions can the mean phase height
or the Copernicus DEM be related to AGB?

The IWCM model, which relies on forest height and area-fill,
enables the derivation of a relationship between mean phase
height (averaged over several acquisitions to minimize meteo-
rological effects) and the product of area-fill and height—and
ultimately, AGB. The impact of HoA has then also to be taken
into account. Forest height and vegetation ratio are derived from
mean phase height, and AGB is estimated using either training
areas or AGB-height allometry. The analysis is illustrated using
data from the Krycklan and Remningstorp boreal test sites.

Following the dataset descriptions, this article proceeds in two
main steps: 1) Exploring the relationship between phase height
and the product of forest height and density, based on IWCM,
and 2) investigating the relationship between this product and
AGB.

II. TEST SITES

Krycklan (Lat. 64°16′N, Long. 19°46′E) is a river catchment
in northern Sweden, covering ≈ 6800 hectares of boreal forest.
The dominant tree species are Norway spruce (Picea abies),
Scots pine (Pinus sylvestris), and birch (Betula spp.). The site
has varied topography, with elevations ranging from 145 to 400
m above sea level. It includes mixed ownership and serves as
a long-term research area for the Swedish University of Agri-
cultural Sciences (SLU), having hosted the ESA field campaign
BIOSAR 2008 [25]. Field and ALS data have supported biomass
estimation here.

Remningstorp (Lat. 58°30′N, Long. 13°40′E) is a 1200-
hectare estate in the hemi-boreal zone. It features primarily Picea
abies, Pinus sylvestris, and Betula spp., with relatively flat terrain
(120–145 m elevation). It is also a research site for SLU and was
part of ESA’s BIOSAR 2010 campaign [26]. Biomass estimation
here has been used for both field data and ALS.

Krycklan is a boreal site, whereas Remningstorp is a hemi-
boreal site. Remningstorp is a well-managed forest site under
the Swedish University of Agricultural Sciences (SLU), while
Krycklan has many different forest owners with varying manage-
ment schemes. We have differences concerning climate, ground
conditions, meteorological conditions, but also tree species se-
lection, young forest management, rejuvenation methods, tim-
ing of when the thinning program starts, etc. (courtesy Ulf
Johansson, SLU). The stands at Remningstorp are also smaller
compared to those at Krycklan. In this study, we consider 201
stands from Remningstorp, each at least 1 hectare in size, and
241 stands from Krycklan, each at least 4 hectares in size.

III. ALS DATA

Airborne ALS data from Remningstorp and Krycklan as part
of the BIOSAR experiments are used [27], [28]. The ALS

Fig. 1. Relation between η(q0,h)h and h with q0 = 0.04 (red solid), 0.05 (blue
dashed), 0.07 (green solid), and 0.08 (red dash-dotted).

observations are trained on extensive in situ observations and we
will use the observations of height, H95, the vegetation ratio, VR,
and the above ground biomass (AGB) for a number of stands.

The ALS-based height metric H95 is the 95th percentile of
lidar returns classified as vegetation returns, i.e., height exceed-
ing 1 m above ground or 10% of the maximum height in a
10 m × 10 m grid cell. The vegetation ratio is the proportion
of ALS measurements exceeding 1 m above ground or 10%
of the maximum height. The AGB, i.e., the mass per unit area
in Mg/ha (including stem, bark, branches and leaves/needles,
but excluding stump and roots;) is calculated based on biomass
functions [26], [28].

IV. ICESAT DATA

ICESat is a NASA LIDAR satellite for measuring, among
other things, vegetation characteristics between 2003 and 2009
with close to global coverage. It has a footprint of 65 m diameter
spaced 172 m along track and provides the relationship between
canopy density and canopy height, shown to vary across biomes
[29] described by a single parameter, q0. The variation in Swe-
den is investigated in [30].

The area-fill factor in IWCM, corresponding to the ALS
vegetation ratio, is expressed as

η(q0, h) = 1− e(−q0h). (1)

In this article, the product η(q0,h)h will be of particular
interest, and the variation for a change of q0 as illustrated in
Fig. 1.

V. TANDEM-X DATA

For Remningstorp, 18 TanDEM-X acquisitions from June
2011 to August 2012 are studied, with heights of ambiguity
varying from 49 to 358 m [9]. For Krycklan, 14 TanDEM-X ac-
quisitions from June 2011 to August 2014 are studied, with HoA
ranging between 36 and 135 m [11], [13]. Two acquisitions from
Krycklan were acquired during winter conditions. We will use
phase-height information from all 32 TanDEM-X acquisitions,
see Appendix A.

Although we here concentrate on TanDEM-X data a goal is
to investigate the possibility to use Copernicus DEM for AGB
estimation, since Copernicus DEM is available worldwide and
based on a mean of a few TanDEM-X acquisitions with heights
of ambiguity somewhat related to the canopy height and with a
goal to be independent of meteorological variations.
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Fig. 2. Illustrating (a) mean phase height versus AGB and (b) versus vegetation
ratio times height in Krycklan and (c) and (d) the same for Remningstorp.

TABLE I
SLOPE COEFFICIENTS AND PEARSON’S R2

VI. OBSERVATIONAL RESULTS FROM KRYCKLAN AND

REMNINGSTORP

A. Mean TanDEM-X Phase Height

The TanDEM-X phase height, Ph, is dependent on the meteo-
rological influence on attenuation and backscatter as well as by
the height of ambiguity (HoA) of which only HoA is known. By
averaging TanDEM-X acquisitions the meteorological influence
can be reduced. Fig. 2 shows the mean of 14 TanDEM-X
acquisitions from Krycklan and 18 from Remningstorp versus
AGB, and versus the product of vegetation ratio, VR, and H95.

For these almost linear relations, the slope for meanPh versus
AGB and meanPh versus VR�H95 have been determined by
minimization of the sum of the quadratic difference between the
stand values asκ1�meanPh=AGB and meanPh=κ0�VR�H95,
see Table I.

Pearson’s r2 (also denoted r2) are high, and we conclude
there are strong, and almost linear, relations between meanPh,
VR�H95, and AGB.

B. Individual TanDEM-X Phase Height Observations

The mean TanDEM-X phase height is based on a number
of individual observations for which the variability will be
illustrated. The relations Ph = κ0VR�H95 and κ1�Ph = AGB
are determined as above, and the parameters are illustrated in
Fig. 3.

Fig. 3. Illustrating in (a) κ0, and in (b) κ1 for 18 observations from Remn-
ingstorp followed by 14 from Krycklan, see Appendix A for numbering. Dotted
blue lines represent mean values of 0.77 and 11.82.

κ0, and κ1 have a standard deviation of 0.16, assumed to
be related to meteorological variations, forest properties, and
HoA variations. The anomalous behavior of one observation
from Krycklan is when the temperature is −10 °C. We also
see that the Remningstorp values are more variable than those
from Krycklan. From this, we conclude that there is a relatively
large variability of the individual TanDEM-X phase height, and
we need an expression for the mean phase height independent
of meteorological variations and sites, which can take this into
account.

VII. INTERFEROMETRIC WATER CLOUD MODEL

IWCM was introduced in [7] and applied to a larger area in [8].
The model has been described in several papers, most recently
in [15]. IWCM is based on a simple model consisting of a layer
of randomly scattering particles concentrated to a fraction, η, of
the unit area. η is called the area-fill. IWCM describes the forest
horizontally by the area-fill η, and vertically by the height, h. The
vegetation with its gaps is in practice distributed stochastically
over the area.

In the fraction η of the unit area with scatterers the microwaves
are reaching ground after attenuation byα, Np/m, back and forth,
while in the rest of the area (the gaps within or between trees), the
microwaves are reaching ground without any attenuation. The
backscattering from the forest layer is described by σ0

veg and
from the ground by σ0

gr, the latter depends on, e.g., roughness,
dielectric properties and moisture. The model is most relevant for
C- and X-band while lower frequencies penetrate more into the
forest layer, which may lead to more complex interactions e.g.,
ground-stem scattering. The backscatter part of the model has
been successfully used in the BIOMASAR approach, which es-
timates AGB from a time series of SAR backscatter observations
[3], [31], [32] in order to eliminate meteorological influence.

According to the model we may consider ηh a measure of the
mean height. Knapp et al. [33] found that the mean canopy height
was the most important predictor variable for biomass estimation
from lidar across forest types from different continents including
temperate and tropical forests. In their case the mean height
is defined as the mean of all the lidar point clouds rasterized
with 1-m resolution. In [34], it was found that H50 was better
characterizing AGB than top of canopy height.

Based on TanDEM-X observations of phase height, coherence
and backscatter, using a known DTM and allometric relations
between the area-fill and height, η(h), and AGB and height,
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AGB(h), the forest density, height and AGB can be estimated
from IWCM e.g., [15], without training samples, based on the
constraints of observed backscatter, coherence and phase-height.
However, here we will only use mean phase height. The valida-
tion of the model is based on the accuracy of the model estimates
compared to ALS or in situ observations [9], [11], [13], [14].

A. Area-Fill Allometry

Area-fill is the fraction of the area for which the phase front
is affected by dielectric attenuation, etc. Different approaches
to express the allometry have been used, see Appendix B, first
an approach where the backscatter was estimated to vary as
exp(-βV) [35]. The β-approach was used for TanDEM-X acqui-
sitions [9], and β varied slightly for different acquisitions based
on training stands. Later, an area-fill based on the vegetation
ratio for the test sites was used, and a solution method without
training samples [10]. We will now use a simple one-parameter
expression for the canopy density, η(q0,h) = 1-e-q0�h, which
is the expression used in the interpretation of ICESat GLAS
observations for the observed density-height relation [29]. It has
been used for Swedish conditions together with the extended
Water Cloud Model (backscatter part of IWCM) to estimate
AGB [30] and world-wide in [3]. The accuracy of the expression
is limited by its simplicity, but this can partly be compensated for
in IWCM by means of adjusting the parametersα and m such that
the expression for phase height is adjusted to the observations.
From a map of q0-values in Sweden [30], we have chosen q0 =
0.055 for Krycklan and 0.065 for Remningstorp.

B. AGB Allometry

In IWCM, forest height is the variable that can be observed,
and to obtain AGB, we need a relation between the two. AGB
is often related to height in the form

AGB = a · hb (2)

where b can be denoted the height-biomass exponent. Estimated
parameters a and b differ across forests, see e.g., [36]. A value
close to 2 for b was found in [37] for forests on three continents.
In [3], b was found to vary between 1.4 and 2.3, but in Sweden,
based on National Forest Inventory, NFI, plots [30], b was
determined to a mean of 2.6 with relatively large variations over
the country.

Investigations indicate that the main error of a height-biomass
allometry is the missing information of forest density or basal
area, see e.g., [38]. In Fig. 4, we illustrate the relation between
H95 and AGB and VR�H95 and AGB for the two sites.

η(q0,h)�h is the model expression for VR�H95, but including
a factor 0.95 and 0.90 for an allometric relation after minimizing
the quadratic difference with AGB(H95). (It can be remarked
that choosing q0 = 0.05 for both sites would give a good
agreement without extra factors in both cases, however, we will
use q0-factors as estimated from [30].

We may now either express AGB with a and b as ahb or with
κb (biomass coefficient) and q0 as κb�η(q0,H95)�H95 or relate
AGB to the product of VR and H95, see Tables II and III.

Fig. 4. (a) and (b) ALS data and allometry for Krycklan. (a) H95 versus AGB
and allometric relation AGB(h) (blue dotted line), (b) VR�H95 versus AGB and
0.95η(q0,h)�h versus AGB(h), (c) and (d) for Remningstorp: (c) H95 versus
AGB and allometric relation AGB(h) (blue dotted line), (d) VR�H95 versus
AGB and 0.90η(q0,h)�h versus AGB(h). For AGB(h), see Table II.

TABLE II
RESULTS FROM ESTIMATION OF AGB AS AGB(H).

TABLE III
RESULTS FROM ESTIMATION OF AGB AS κB2�VR�H95 AND AS κB�η(Q0,H95)

�H95

The a and b-values for Krycklan and Remningstorp differ,
but the ahb expressions are very similar. The best accuracy for
AGB is when expressed as κb2�VR�H95, the next best as ahb

and finally κb�η(q0,H95)�H95, probably due to the relatively
approximate expression for the area-fill. It is well known that
AGB is accurately expressed by the product of basal area and
height, and a relation between VR and basal area, based on data
from Krycklan, is investigated in Appendix C.

C. IWCM Expression for TanDEM-X Phase Height

The IWCM expression for phase height, see e.g., [15], is
depending on the volume decorrelation and the backscatter from
ground relative the vegetation. The volume decorrelation is a
basic quantity in SAR interferometry and can be related to the
forest height and the attenuation coefficient α by the following



ASKNE: RELATING FOREST BIOMASS TO TANDEM-X MEAN PHASE HEIGHT 24043

expression, see e.g., [7], [15]

γ̃vol =

∫ h

0 e−α(h−z′) · e−j 2π
HoA z′dz′∫ h

0 e−α(h−z′)dz′

=
α

α− j 2π
HoA

(
e−j 2π

HoA h − e−αh
) 1

1− e−αh
= γvole

−jϕ.

(3)

The volume decorrelation is only part of the complex phase
expression, which is also related to the ground versus vegetation
backscatter, m,

γ̂=γsys
γ̃vol +M

1 +M
where M=m

1−η
η +e−αh

1− e−αh
andm=

σ0
gr

σ0
veg

.

(4)

Phase height can finally be expressed as, see Appendix D,
when the ground phase is compensated by a known DTM

PhIWCM = − HoA
2π

arg (γ̂)

= − HoA
2π

[
ϕ− atan

(
sin (ϕ)

γvol
M + cos (ϕ)

)
+ n · 2π

]
.

(5)

The minus sign is related to the exp(−j 2π
HoAz)-assumption,

and n to the possible phase shifts. PhIWCM is a function of α,
m, HoA and n, where n is the branch of solutions.

When 2π/αHoA�1 and exp(-αh) << 1, we obtain from
PhIWCM, see Appendix D, with two alternative approximate
relations

Ph ≈ η
h− 1

α

η +m (1− η)

≈
{
η
(
h− 1

α

)
κ0ηh

(
2π

αHoA
� 1, e−αh � 1

)
. (6)

The approximation η(q0,h)�(h – 1/α) [14], is based on a
simple view of the model with a phase height h–1/α from η
of the area and zero elsewhere, and can be obtained from (6)
if we use m = 1 (m can be larger or smaller than 1). When
h is large, η is close to one and Ph tends to h-1/αeff, where
αeff is a slight correction of α, [9]. ηh represents the mean
height in IWCM and the mean height is often a good estimate
of AGB. κ0 is a variable part, investigated below and related
to the electromagnetic scattering process. This means that the
phase height under simplified conditions can be seen as the forest
height corrected by a penetration depth taking the canopy density
into account.

With the approximate expression, it is easier to discuss the
sensitivity of phase height to the parameters. We see that the
phase height is increasing if the attenuation in the vegetation
layer is increasing (e.g., the penetration depth is decreasing)
and if m = σ0

gr /σ0
veg is decreasing. There is a meteorological

dependence of the phase height through α and m, but also a
dependence on forest structure through η(q0,h) and h. m is in
Krycklan typically below or around 1 and for Remningstorp
around 1 or larger, [9], [13].

Finally, it should be noted that h is a proxy in IWCM for
H95 or for Lorey’s height (basal area weighted mean height)

Fig. 5. Illustrating κ1 versus HoA for (a) Krycklan and (b) Remningstorp.
Acquisitions from winter months are marked by blue circles.

when comparing h with in situ data. η(q0,h) is a proxy for
vegetation ratio, VR, when comparing with ALS data. In practice
the ICESat expression η(q0,h) is a rather approximate proxy for
VR in particular for lower values of height, see Appendix C.

D. TanDEM-X Observations Versus HoA

When HoA is large, the measurement uncertainty increases.
However, when HoA is relatively small, e.g., 50 m, there is a
phase height transition when the phase height reaches ≈HoA/2,
which influences the observations, particularly if this is within
the heights of the forest. For the 14 observations from Krycklan
and 18 from Remningstorp HoA is in the range 36–136 m for
Krycklan and 49–359 for Remningstorp, see Fig. 5, but the
influence on the phase height is mainly when HoA is low.

We see a higher variability of κ1 (the slope between phase
height and AGB) for winter conditions (December–April) with
risks for wet snow or below zero degrees, and a slight trend
for lower κ1 for lower HoA, while the summer acquisitions are
relatively stable. The winter temperatures are lower for Krycklan
than Remningstorp and for one acquisition in Krycklan when
HoA is 79.4 m, the temperature is −10 °C associated with a
very low phase height. We also note the generally lower values of
κ1 for Krycklan compared to Remningstorp correlated to lower
σgr/σveg in Krycklan compared to Remningstorp [9], [11] and
possibly related to ground moisture and also to forest structure.

E. IWCM Mean Expression

We have obtained an explicit expression for IWCM phase
height and its sensitivity to α, m, and HoA. With Monte Carlo
simulations, we will now investigate the range of variations.
In Fig. 6, we illustrate the variation of the phase height for
uniformly distributed random numbers between 0.1 and 0.5 for
α and 0.4 and 2 for m, which represent the observed variations.
As a mean expression for the phase height, according to Fig. 6,
we introduce, based on the simulations, Phmean(HoA,h,n)

Phmean (HoA, h, n)

= PhIWCM (α = 0.17,m = 1,HoA, h, n) . (7)

The left figures in Fig. 6 illustrates the range of variation
when HoA = 80 and the results are similar for HoA > 80,
while the right figures are for HoA = 40 and for HoA < 40 the
variability around and the deviation from the dashed equal-line
is still more pronounced below Ph=HoA/2. The approximation
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Fig. 6. Illustration of IWCM phase height as a function of height, and the two
approximative expressions of phase height from 105 Monte Carlo simulations
with 0.1≤α≤0.5 and 0.4≤m≤2 (red dots) and Phmean (black line) with α =
0.17 and m = 1. The figures (a), (c), and (e) illustrate HoA = 80 m, and (b), (d),
and (f) HoA = 40 m with associated branches when h and Ph > HoA. κ0 is in
(e) 0.8 and in (f) 0.98.

η(q0,h)(h-1/0.17) is very good when HoA ≥ 80. With HoA =
40, the illustrated spread of the phase height when Ph < HoA/2
increases and the uncertainties in Phmean increases.

Fig. 6(e) shows that 0.8η(q0,h)h is an adequate approximation
for heights up to ≈25 m, while Fig. 6(f) shows that 0.98η(q0,h)h
is a good approximation for larger heights, even up to 60 m, i.e.,
tropical conditions, and for these heights the spread is small
when HoA = 40 m as well as 80 m, i.e., the mean phase height
is closely related to η(q0,h)h, the mean height according to the
model, and η(q0,h)h is closely related to AGB.

VIII. FROM MEAN PHASE HEIGHT TO FOREST PROPERTIES:
HEIGHT AND VEGETATION RATIO

We have now studied the variability of phase height due to
meteorological conditions and HoA, but we have also illustrated
the stability of the mean of several acquisitions and identified
expressions, 0.8η(q0.h)h and Phmean, for the mean phase height
dependence on height for boreal forests, expressions that now
can be used to estimate height and vegetation ratio for the boreal
sites of interest. We will study Phmean for all observations as

Fig. 7. (a) Illustrating the mean phase height, for those 13 with HoA<80
versus all 14 acquisitions from Krycklan, and (b) the corresponding estimated
heights versus H95 from meanPh = 0.8�η(q0,h)�h, red dots based on meanPh
for all and blue dots from those 13 with HoA<80 m.

Fig. 8. Illustrating RMSEr for Krycklan estimated (a) height, and (b) vegeta-
tion ratio, for each of the acquisitions (red cross) and those with HoA<80 (blue
circles). Red dashed line indicates the RMSEr based on mean phase height for
all acquisitions and blue dash-dotted line for those with HoA < 80.

well as for those with HoA<80 m since HoA affects the phase
height expression for lower heights when HoA is low and the
Copernicus DEM can be expected to be based on observations
with HoA < 80 for the boreal area with typical forest heights.

In Krycklan, 13 out of 14 acquisitions have HoA<80 m.
With phase height < HoA/2 we interpret the phase height as
0.8�η(q0,h)�h independent of HoA and obtain estimates of the
heights, hest, by identifying the expression with the observed
phase heights, see Fig. 7(b).

We also determine the accuracy of estimated heights and
estimated vegetation ratio η(q0,hest) in the form of RMSEr
relative in situ observations, for each of the 14 acquisitions as
well as those 13 acquisitions with HoA<80 m, see Fig. 8. The
results for those 13 with HoA below 80 m compared to all 14
acquisitions agree quite well with all, as expected.

The RMSEr is particularly high for the case when temperature
is−10 °C, see Fig. 8, when the phase height is extra low. Finally,
we see that the RMSEr of the mean phase height groups (all 14
or 13 with HoA <80 m) seems to be close to the best estimates
of the individual acquisitions.

In Remningstorp, HoA values extend up to 359 m, but four
out of 18 acquisitions have HoA<80 m and are affected most by
HoA. Those four are illustrated relative to all the phase heights
in Fig. 9(a). We interpret the mean phase height as 0.8�η(q0,h)�

From Fig. 9, we see a slope difference between those with
HoA<80 and since Copernicus DEM is based on acquisitions
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Fig. 9. (a) Illustrating meanPh = 0.8�η(q0,h)�h for those four with HoA<80
versus all 18 acquisitions from Remningstorp, and (b) corresponding estimated
heights versus H95, red dots based on meanPh for all, and blue dots for those
four with HoA<80 m.

Fig. 10. Illustrating RMSEr for Remningstorp estimated (a) height, and (b)
vegetation ratio, for each of the acquisitions (red cross) and those with HoA<80
(blue circles). Red dashed line indicates the RMSEr based on mean phase height
for all and blue dash-dotted line for those with HoA < 80 m.

TABLE IV
PARAMETERS DERIVED FOR KRYCKLAN FROM MEANPH AND PHIWCM AND A

TENTH OF THE AGB VALUES IN THE AREA, ESTIMATED RMSER FOR TESTING

STANDS AND MEAN PHASE HEIGHT OF 14 ACQUISITIONS

with relatively low HoA, we analyze separately the four acquisi-
tions with HoA< 80 and find that the slope versus AGB is 11.45
instead of 13.33 for all and RMSEr of estimated AGB 16.7%
instead of 18.1% related to the higher phase accuracy with lower
HoA. This means that the Remningstorp slope value in this case
is closer to the one for Krycklan, cf. Table I.

We also determine the accuracy of estimated heights and
estimated vegetation ratio, in the form of RMSEr relative in situ
observations, from each of the 18 acquisitions as well as those
four acquisitions with HoA<80 m, see Fig. 10. The results for
those four with HoA below 80 m compared to all 18 acquisitions
now differ related to HoA. The improvement in RMSEr when
using the mean phase heights is more obvious in Krycklan, which
is assumed to be related to the approximate expression for the
mean phase height. In Tables IV and V, below, the results from
using Phmean will be listed for Krycklan and Remningstorp.

TABLE V
PARAMETERS DERIVED FOR REMNINGSTORP FROM MEANPH AND PHIWCM
AND A TENTH OF THE AGB VALUES IN THE AREA, ESTIMATED RMSER FOR

TESTING STANDS AND MEAN PHASE HEIGHT OF 18 ACQUISITIONS, Q0 =
0.065, HOAM = 199.3 M, AS WELL AS THOSE WITH HOA<80 M

Fig. 11. Illustrating meanPh versus H95 for (a) Krycklan and (b) Remn-
ingstorp. A line, 7.2 m below the diagonal, in the case of Krycklan, and 9.5
m, in the case of Remningstorp, is included.

IX. PENETRATION DEPTH

The importance of the penetration depth is often discussed
related to TanDEM-X phase height [39], since this penetration
affects the height and AGB retrieval and then may be corrected
in a first stage. As illustrated in (5), the phase height is strongly
related to the volume decorrelation and thenα and HoA, but also
to σ0

gr/σ
0
vegand to the vegetation density, which complicates. The

penetration depth in the data from Krycklan and Remningstorp
is illustrated in Fig. 11. The penetration depth is not an important
parameter in this analysis.

X. NEED FOR REFERENCE AREAS

A common method in remote sensing based on a model or
on statistical methods is to use reference stands to relate model
parameters to AGB. For simplicity, we illustrate the method by
using 10% of the available stands for training and the rest for
testing (only a small number of stands should be considered
known). The stands are ordered after increasing AGB and each
tenth stand is chosen as a training stand, giving a range of stands
covering the range of AGB values.

For Krycklan and Remningstorp, we first used meanPh
= 0.8η(q0,h)h from which hest is determined. We then re-
place h by (2), i.e., h = h(a,b,AGB) and obtain a relation
meanPh(a,b,AGB). With known reference AGB values, we min-
imize the quadratic difference, F(a,b), between the model and
the known observations to obtain a and b. With those values and
hest, we can determine AGB for the test area

F (a, b) =
∑

(meanPh (a, b,AGB)− Ph)2. (8)
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Similarly, with known reference values for H95, we can
minimize the quadratic difference between the model and the
observations and obtain αeff and meff, using a mean value of
HoA, HoAm, for the involved acquisitions (n = 0 for Krycklan
and Remningstorp)

F2 (αeff,meff)=
∑

(PhIWCM (HoAm,αeff,meff, H95)−Ph)2.

(9)

The summation takes place over the training stands with
known H95. With αeff and meff, we can determine an effective
expression for PhIWCM and then also check how well the simple
0.8η(q0,h)h agrees and decide if the inversion process can be
improved.

The results for Krycklan are given in Table IV. With meanPh
expressed as 0.8ηq0,h)h, we estimate h and RMSErh, and with
known AGB for the training stands we estimate a, b, AGB(h),
and RMSErB for AGB. With H95 for training stands, we esti-
mate αeff and meff in (9) and an improved value of RMSErh,
while the AGB estimation is slightly worse than the first ap-
proach.

The corresponding results for Remningstorp are given in
Table V. Of 18 TanDEM-X acquisitions, only four have HoA
< 80. We have then investigated separately results based on the
four cases with meanPh determined from those with HoA<80 m.

The values of αeff and meff have lost much of their physical
significance since they are based on the mean phase height of
14 and 18 acquisitions, respectively, with different HoA.

The results are illustrated in Fig. 12.

XI. EXTENSION OF AGB RELATION

In this article, the mean phase height was first related to
η(q0,h)h and then η (q0,h)h was related to AGB. The latter step
can be seen to be in line with the basal area times height is
proportional to stem volume and AGB, cf. Appendix C. On the
other hand, AGB has also been expressed in the more conven-
tional manner as AGB(h) = ahb. In Sweden, it has been found,
by studies of NFI plots, that the AGB expression of the type
(2) varies considerably [30], resulting in a mean height-biomass
exponent b = 2.613 for AGB up to approximately 260 Mg/ha
(stem volumes 800 m3/h). However, the height dependence of
the expression η(q0,h)h is limited by the range of q0-values,
in Sweden between 0.05 and 0.08 with a mean of 0.061 [30]
and generally between 0.02 and 0.16 [29]. This will limit the
AGB dependence on h as expressed by η(q0,h)h, and it can be
assumed that the relation between area-fill and basal area is more
nonlinear for the higher values of b.

For this reason, the variation of the Phmean-expression in (7),
as well as η(q0,h)h, will be investigated relative AGB expres-
sions of the type ahb for a range of b-values in Fig. 13, where the
a-coefficient is chosen such that 13.3�Phmean ≈ AGB. We see
that Phmean is approx. proportional to AGB when HoA = 80
m, but more nonlinear with AGB if HoA = 40 m. κ0�η(q0,h)h
is most linear with AGB for the two lower values of b.

This illustrates limitations in the link from Phmean via
η(q0,h)h to AGB. Nevertheless, we see that Phmean has a linear
relation to AGB over a large range of biomass-coefficients,

Fig. 12. (a), (b), and (e) for Krycklan with mean HoA = 52.32 m, (c), (d),
and (f) for Remningstorp with mean HoA = 71.54 m. (a) and (c) meanPh versus
AGB in green dots together with model 0.8η (q0,h)h in red line, and model
PhEx(α,m,HoAm,0) with H95 for training stands known in dotted blue line.
(b) and (d) hest and (e) and (f) AGBest illustrated in red based on model 0.8η
(q0,h)h in red dots and with H95 from training stands in blue dots (in f the red
and blue dots are almost overlapping).

which is the important point in our investigation of the relation
between biomass and mean phase height. The relation between
κ0η(q0,h)h and AGB is relatively linear for b-values up to 2.6,
which indicates that the q0 values together with maximum forest
height, both possible to determine with satellite, still have a
guiding value in identifying areas with similarities and facilitate
the choice of training sites.

XII. DISCUSSION

The assumption that phase height depends on both height and
density dates back to [5], with the IWCM model introduced [7]
to account for this relationship. However, the lack of satellite
density information posed a complication that was eventually
resolved using data from ICESat [24]. A solution to IWCM,
incorporating constraints from phase height, coherence, and
backscatter, without relying on training samples, was presented
by [11]. The studies in [23] and [24], which demonstrate a
relationship between the World DEM and AGB, required a
solution based solely on phase height.
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Fig. 13. Phmean and κ0η(q0,h)h with κ0 = 0.8 and q0 = 0.06 illustrated
versus AGB(h) = ahb in three cases AGB(h) = 1.33h1.6, (red line), AGB(h) =
0.38h2.0, (blue dotted), and AGB(h) = 0.052h2.6, green dotted). In (a) and (b)
the black solid line represents 13.3Phmean = AGB. For (a) Phmean with HoA
= 80 m, (b) Phmean HoA = 40 m, and (c) κ0η(q0,h)h.

It is known that there is an almost linear relation between
X-band phase height and biomass [9], [16], [40]. However, it
has also been shown that this slope is varying between different
acquisitions [9]. In [24], it was found that several investigated
sites showed a relatively constant proportionality between the
Copernicus DEM–DTM on one hand and AGB on the other, and
also with lower scattering of the data points than other presently
used satellite methods to estimate AGB. Since Copernicus DEM
is formed as the mean of several suitable TanDEM-X phase
heights it brings up the question of the relation between mean
values of TanDEM-X phase heights and AGB.

The variability in the slope between phase height and AGB
is determined by the meteorological effects on the attenuation
and scattering of the microwaves in the forest, and it seems
natural to focus on averaging the phase heights from a number
of TanDEM-X acquisitions and to study properties of such
averages. An average of the results in [9] derived from each
acquisition weighted by HoA was earlier derived for Remn-
ingstorp with an AGB accuracy of 16.5% using half of the
stands, at least 1 ha large, for training and half for testing
based on knowledge of coherence and backscatter as well as
phase height. With only information on the phase height, a mean
value must be formed in another manner, and by Monte Carlo
simulated variations, a mean over typical properties could be
formed.

Since there is no direct physical link between InSAR phase
height and AGB, instead we have focused on the product of veg-
etation ratio and height as an intermediate product. By means of
the relation between area-fill and height, based on ICESat GLAS
measurements [29], [30], η(q0,h), and with expressions for the
IWCM phase-height, it was shown that the mean phase height,
under some relatively general conditions, can be expressed in
η(q0,h)·h, where q0 is an ICESat GLAS determined quantity

and h is the height of the forest layer. η(q0,h)·h, which is an
IWCM expression for the mean forest height, is shown to have
an approximately linear relation to AGB(h) = a·hb for a large
range of b-values. With AGB values available from reference
areas, the a and b values can be estimated from the mean phase
height. Alternatively, if a and b are known for the type of area
an expression meanPh(HoA, q0, a, b, AGB), where q0 and a
mean value of HoA are known from satellite observations, can
be applied to determine AGB. Identification of reference areas
is supposed to be helped by means of satellite estimation of q0
and maximum height.

It is premature to comment on applications, as further vali-
dation under a wider range of forest conditions, than studied so
far, is necessary. The availability of a DTM from the BIOMASS
mission must be confirmed, and the implications of its 100-m
resolution should be evaluated. In addition, the potential for
obtaining a high-resolution DTM from Luton-1 should be in-
vestigated [42].

XII. CONCLUSION

The objective of this article has been to demonstrate why
the mean value of TanDEM-X phase heights, derived from
multiple acquisitions, such as the TanDEM-X World DEM and
the Copernicus DEM, corrected using a DTM, is approximately
proportional to AGB. To support this, data from the Krycklan and
Remningstorp sites, along with ESA ground truth campaigns,
have been used. These two sites differ not only in forest condi-
tions and climate but also in terms of microwave properties, such
as forest attenuation, the σ0

gr/σ
0
veg-ratio, and HoA values for the

acquisitions studied. As such, they represent a broad range of
boreal forest conditions. It was then shown that the mean phase
heights from 14 TanDEM-X acquisitions over Krycklan and 18
over Remningstorp correlate with AGB. with r2 values around
0.9, as well as with the product of vegetation ratio and H95.

Exact and approximate IWCM expressions were derived for
the TanDEM-X phase height as a function of height (h), density
(η), HoA, two-way attenuation coefficient (α) and the backscat-
ter ratio (σ0

gr/σ
0
veg) of the forest layer. By varying the latter

two parameters across their observed ranges using Monte Carlo
simulations, a mean expression for TanDEM-X phase height was
established. This expression showed an approximate proportion-
ality to the product of height and density (hη), representing mean
canopy height, and also a near-linear proportionality to AGB,
modeled as ahb, for both study sites, with a certain dependence
on HoA.

A mean phase height together with ten percent of the stands for
training (as few as possible assumed known) resulted in RMSEr
between 10% and 20% for estimated height and RMSEr between
11% and 18% for AGB, depending on training information and
site.

As a next step, the World DEM and ICESat q0 should be
investigated, e.g., for the Swedish National Forest Inventory,
NFI, areas and other known areas with basic forest information
including AGB and DTM, cf. [24] and [30], and if possible,
derive a relation between the slope value and some forest prop-
erty, such as q0 and max. height, which can be investigated
independently by means of satellites.
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TanDEM-X for AGB estimation has high resolution, no AGB
saturation, and world-wide DEM coverage. However, a DTM
is needed, and reference areas or a known AGB allometry
to convert height information to AGB. The accuracy of the
estimates is likely to be high due to the sensitivity to the forest
structure, height as well as density. With the impact of previous
and present bistatic InSAR satellites, SRTM, TanDEM-X, and
the L-band Luton, we may hope for future X-, C- and even
L-band bistatic InSAR observations.

APPENDIX A
TANDEM-X ACQUISITIONS FROM REMNINGSTORP AND

KRYCKLAN

TABLE VI
RELATING TANDEM-X ACQUISITION NUMBER USED IN THIS ARTICLE WITH

DATE AND HOA

APPENDIX B
DEVELOPMENT OF AREA-FILL EXPRESSION

The first expression for the area-fill used together with IWCM
was based on measurements using a helicopter born scatterome-
ter to determine how backscatter was related to stem volume [35]
but also verified by upward-looking photographs [8]. Since such
scatterometer measurements are very rare an area-fill expression

Fig. 14. (a) Illustrating models for area-fill. Expression based on β in red,
based on ALS in green, and based on the presently used ICESat expression in
black. (b) Illustration of vegetation ratio versus H95 in Remningstorp and the
area-fill expression η(0.065,h).

0.9(1-e-0.01V), based on local ALS observations, was later used.
Now we use an expression 1-e-q0h since a value on q0 can be
estimated from ICESat [29]. The value of β was determined
by the observations and η will, therefore, vary slightly for the
different observations. Looking back at the first solution with
IWCM and TanDEM-X observations [9] the area-fill expressions
are illustrated in Fig. 14.

APPENDIX C
VEGETATION RATIO AND BASAL AREA

h is a proxy for Lorey’s height, hL, in IWCM when in situ data
are used, and η(q0,hL) can be seen as a measure of density, which
is also the case for basal area, BA. It is known [41] that BA times
Lorey’s height is proportional to AGB. We find 0.256�BA�h =
AGB, for a data set consisting of 30 plots in Krycklan [25].
However, the relation between VR and BA is nonlinear. We
apply a simple one-parameter exponential fit between the gap
frequency, 1-VR, and BA, i.e., 1-VR= e-0.04 BA, which fulfils the
demands when BA is zero and large. This means that 0.04�BA
= q0�hL and AGB can be expressed as 7.31�q0�hL2 = 0.402
hL2. The results are illustrated in Fig. 15.

Data are from Krycklan for which the AGB(H95)-allometry
was identified as 0.28�H952.041 based on ALS data with hL
≈ H95, and the expressions are approximately the same. The
analysis underlines the earlier remarks that the relation between
η(q0,hL)hL and AGB is slightly nonlinear. BA1 = q0 hL/0.04
is an approximate expression for basal area based on VR repre-
sented as η(q0,hL), see Fig. 15.

The relations in this Appendix are based on Krycklan-data
and due to limited data and a simple approach only indicative
of a more general relation between η(q0,h) and basal area for
different forest properties/structures.

APPENDIX D
EXACT EXPRESSION FOR IWCM PHASE HEIGHT

We use the law of sines and obtain from Fig. 16

sinδ
M

=
sin (ϕ− δ)

γvol
=

sinϕ cosδ − cosϕ sinδ
γvol

(D1)

tan (δ)

(
1

M
+

cos (ϕ)

γvol

)
=

sin (ϕ)

γvol
(D2)



ASKNE: RELATING FOREST BIOMASS TO TANDEM-X MEAN PHASE HEIGHT 24049

Fig. 15. (a) 0.256�BA�hL versus AGB. (b) Illustrating the gap frequency,
1-VR, versus the basal area for Krycklan and the exponential relation between
basal area, BA, in the form exp(¬-0.04�BA) and 1-VR. (c) BA1 = q0 hL/0.04
versus BA, and (d) AGB1 = 0.256�BA1�hL versus AGB.

Fig. 16. Illustrating the complex expression γ̂ ∝ γ̃vol +M with γ̃vol =
γvol e

−jϕ. ϕ-δ is the phase angle of γ̂.

δ = atan

(
sin (ϕ)(

γvol
M + cos (ϕ)

)
)

+ n2π (D3)

PhIWCM = −HoA
2π arg(γ̂) = −HoA

2π (ϕ− δ)

= −HoA
2π

(
ϕ− atan

(
sin(ϕ)

( γvol
M +cos(ϕ))

)
+ n · 2π

)
. (D4)

For 2π
αHoA � 1, e−αh � 1 we obtain γvol ≈ 1. The phase

height is proportional to arg(e−jϕ +M),which we can approx-
imate by arg(e−j ϕ

1+M )when M<<1 as well as M>>1 and with
agreement for M = 1. From the latter expression we obtain (6)
as an approximation for all M.
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