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The semi-empirical Interferometric Water CloudModel, IWCM, is used to estimate above ground forest biomass,
AGB, in northern Sweden, Krycklan (64°N 20°E). The results are based on separate analysis of 14 TanDEM-X ac-
quisitions from 2011 to 2014 and a Lidar digital terrain model (DTM). 29 stands covering 272 ha and with AGB
b 183 Mg/ha, and 619 stands with area N 1 ha covering 3166 ha and with AGB b 291 Mg/ha have been analyzed.
In situ and airborne lidar scanning, ALS, data from the BioSAR 2008 experiment are used as reference. AGB and
forest height are estimated using a new optimization method for determining IWCM parameters. Allometric
equations are used to describe the inter-dependency between forest height, biomass, area-fill factor, and stem
volume. No local training data from the investigated area are used to determine model parameters. For the 29
stands, the relative RMSE for biomass estimated using the proposed method varied between 15.8% and 21.2%
(r2 between 0.82 and 0.88) and between 9.9% and 16.0% for height (r2 between 0.84 and 0.89). Dependence of
model parameters on temperature and precipitation as well as height of ambiguity are investigated. A method
based on look-up table for biomass estimation from phase height is proposed. The method is used over an area
of 68 km2 for one TanDEM-X acquisition from 2011-06-04 and the results are compared with an ALS biomass
map from August 2008. Good agreement is observed, as well as high potential for clear-cut detection.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A third of the Earth's land is covered by forests and around 30%of the
forested area consists of boreal forests. In Sweden 51% is covered bypro-
ductive forest of mainly boreal or hemi-boreal type. Forests are one of
the major sinks in the global carbon cycle (Houghton et al., 2009), and
play an important role in Swedish economy. An important variable in
carbon cycle models is above-ground biomass, AGB, and different re-
mote sensing methods have been developed to estimate AGB and AGB
change. However, forest properties are complex, especially in tropical
areas, and there is no satellite technique able to measure forest AGB
globally. Radars operating in the low VHF and UHF bands are useful
due to their improved penetration capabilities and sensitivity to larger
branches and stem properties, and a P-band (432–428 MHz) synthetic
aperture radar (SAR) satellite mission, BIOMASS, is under development
by ESA (ESA, 2012; Le Toan et al., 2011).

No remote sensing technique can measure AGB directly. Sensitivity
to the canopy with leaves, needles, and branches, and to tree stems, in-
cludingmoisture content, and sensitivity to the ground, soil type, mois-
ture and topography vary with frequency. The backscattering at low
chnology, Department of Earth
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the latter can serve as a complement, in particular for less dense forests,
since the backscattering relationship to AGB at low frequencies is com-
plex and is also affected by ground and soil properties. High radar fre-
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long as a Digital Terrain Model, DTM, is available, which is becoming
more and more common.

C-band and X-band are usually considered less useful for AGB esti-
mation based on backscatter. This is due to saturation at relatively low
biomass, and due to sensitivity to soil and vegetation moisture. Howev-
er, it has been shown that with the hyper-temporal BIOMASAR method
(Santoro et al., 2015; Santoro et al., 2011) good results can be obtained
evenwith C-bandbackscatter data, but at a coarse resolution.Moreover,
with ERS-1/2 C-band repeat pass information it was shown that coher-
ence can give high accuracy estimates for certain weather conditions
(Askne and Santoro, 2012; Santoro et al., 2002).

TanDEM-X, launched in June 2010, is a twin satellite to TerraSAR-X
for single pass interferometry based on a phase synchronization link
and tightly controlled formation flying. It is thefirst bistatic SAR satellite
mission, operating at X-band, with a center frequency of 9.65 GHz and a
wavelength of 3.1 cm (Krieger et al., 2007). The primary objective is to
acquire the first, fully global digital elevation model, DEM. In forested
areas, the phase center is shifted to a height related to the forest height
and density (Askne et al., 1997).With aDTMavailable frome.g. airborne
lidar scanning, ALS, it becomes possible to determine the phase height
relative to the ground level, and the phase height can be related to the
forest height and indirectly also to AGB.

This article will deal with the application of TanDEM-X observations
to boreal forests, focusing on a boreal test area, the Krycklan river catch-
ment (Lat 64°16′NLong. 19°46′E) in northern Sweden, Fig. 1, and apply-
ing the Interferometric Water Cloud Model, IWCM (Askne et al., 1997;
Askne and Santoro, 2012; Askne et al., 2013; Askne and Santoro, 2015;
Santoro et al., 2002), for analysis of the interferometric SAR observa-
tions. The phase height and the coherence of the signal are observed to-
gether with the backscatter. Since the phase height is determined by
tree heights as well as the vegetation density and the biomass is closely
related to these two properties, the interferometric height is also closely
related to biomass (Askne et al., 1997; Hagberg et al., 1995; Soja et al.,
2015a; Solberg et al., 2010b). Before TanDEM-X, important X-band
InSAR results regarding forest height and biomass were also demon-
strated using data from the SRTM mission e.g. Solberg et al. (2010a),
Sun and Ranson (2009).

Solberg et al. (2013) studied two TanDEM-X acquisitions from a
spruce dominated site in southeast Norway and found an almost linear
relation between AGB and phase height with a slope of 14 tons/ha/m.
Askne et al. (2013) studied 18 acquisitions from the hemi-boreal site
Remningstorp in Sweden using the Interferometric Water Cloud
Fig. 1. a) The test site Krycklan. (Remningstorp 720 km away also illustrated) b) DTM illustrati
paper with in situ information. c) Stand 2269, biomass 183 Mg/ha, average ground slope 5°. Th
Model, IWCM, and also found an almost linear relation between phase
height and biomass, but with a varying slope. Treuhaft et al. (2015)
studied a tropical site based on one TanDEM-X acquisition and related
biomass to phase height and coherence by multiple regression, a tech-
nique also used by Persson and Fransson (2016) for studies of one Tan-
DEM-X scene from each of Krycklan and Remningstorp. Karila et al.
(2015) studied five TanDEM-X pairs from an area in southern Finland
using the Random-Forest approach. Soja et al. (2015a) used a two
level method (TLM) to determine biomass from Krycklan with ten
pairs and from Remningstorp with eight pairs. All presented results
using TanDEM-X single polarization and different analysis methods
have shown high accuracy for biomass estimation with Root Mean
Square Errors (RMSE) of the order of 15–25% at stand level. Krycklan
or areas close by have also been observed inmany other remote sensing
experiments using P-, L-, C- and X-bandwith forest biomass or height as
a goal, and the TanDEM-X results are among the best in comparison
(Askne and Santoro, 2012; Kugler et al., 2014; Neumann et al., 2012;
Persson and Fransson, 2014; Persson et al., 2013; Soja et al., 2015a;
Soja et al., 2013; Tebaldini and Rocca, 2012).

The above mentioned papers as well as an earlier analysis of Tan-
DEM-X acquisitions from Remningstorp (Askne et al., 2013) used local
training data to determine the model parameters. Remote sensing, in
the meaning of the words, means that we want to avoid a demand of
a large set of stands with known forest properties in order to cali-
brate/train the inversion model, although reference stands should be
used to validate the results of the investigation. Recently a method
was presented on how to avoid local training data (Askne and
Santoro, 2015) and the analysis will now be extended to a dataset
from Krycklan by means of a new optimization method.

The paper is organized as follows. The test site is first introduced
followed by a presentation of the TanDEM-X data and the associated
meteorological data. The InterferometricWater CloudModel is present-
ed followed by methods for solution, results for AGB and forest height
estimation and validation for forest stands with in situ data. Finally
the results are extended to a large area for which ALS data are available
and the results are discussed and conclusions made.

2. Site properties

The test site is located in the Krycklan river catchment (Lat 64°16′N
Long. 19°46′E) in northern Sweden and covers approximately 68 km2. It
is a topographic areawith ground elevation varying between 145mand
ng altitudes 145–400 m in steps of 36 m together with contours of the stands used in this
e sun on the ground illustrates the gap in the vegetation, from Hajnsek et al. (2009).
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400m above sea level. Slopesmeasured on a 50m× 50mgrid varies up
to 19° but are locallymuch steeper, e.g. along the river gorges. The forest
consists mainly of Norway spruce (Picea abies (L.) Karst.), Scots pine
(Pinus sylvestris L.), and birch (Betula spp.).

Ground data were collected and processed as part of the BioSAR
campaign in 2008 (Hajnsek et al., 2009). A set of 31 forest stands (see
Fig. 1), covering low to high biomass values as well as a few ground
slope classes, were selected for in situ measurements. The stands were
established to ensure a uniform stratification with respect to slope,
and biomass based on an ALS (airborne laser scanning) survey conduct-
ed in 2006 with ground slopes computed over 80 m × 80 m units and
estimates of stem volume. These 31 forest stands varied in size between
1.2 and 23.8 ha (after removal of a 5-m buffer zone).Within each stand,
8–13 circular field plots (10 m radius) were laid out with a systematic
spacing of 50 to 160 m, depending on the size of the area. The spacing
in each stand was determined with the aim of obtaining ca 10 plots.
For each field plot, all trees with a diameter at breast height (dbh at
1.3 m above ground) larger than 4 cm were calipered and tree species
were identified. Tree height and age were measured on sample trees,
randomly selectedwithin each field plot with a probability proportional
to basal area, resulting in an average of 1.5 sample trees per field plot.
Additional field plot variables were also collected, e.g. site index. AGB
(including stem, bark, branches and leaves/needles, but excluding
stump and roots; mass per unit area inMg/ha) for each standwas calcu-
lated based on Petersson's biomass functions (Petersson, 1999). Fig. 1 il-
lustrates one of the stands with an area of 16.1 ha and average values:
dbh 28 cm, age 122 years, 869 stems/ha, basal area 38.5 m2/ha, stem
volume380m3/ha and biomass 182Mg/ha. Thephoto in Fig. 1 also illus-
trates the gaps in the vegetation with the sun illuminating the ground.
The standard error for the estimated biomass varied between 4 and
21% which was computed based on the number of field plots within
each stand and the variation between plots within each stand.

In addition to the 31 standswith in situ data, a new standdelineation
map of Krycklan was produced based on aerial photography and new
ALS data collected in 2008. The size of the stands varied between 0.04
and 57.3 ha. The laser returns were classified as ground or vegetation
returns, and a DTM was derived using the laser returns classified as
ground returns. The laser (vegetation) height was determined as the
difference to theDTMbelow. A height threshold of 10% of themaximum
laser height and laser height ≥ 1.0 m was applied in order to separate
canopy returns from returns of e.g. stones and low vegetation. Laser
height percentiles, 10, 20, …, 90, 95 and 100%, were determined on a
10 m × 10 m grid as the height at a given percentage of laser returns
from the canopy. AGB was estimated using regression modeling:
ln(AGB) = a+ b·P+ c·Veg+ ε,where P is the best performing height
percentile of the ALS data and Veg is the vegetation ratio, i.e. the propor-
tion of ALS measurements exceeding 1 m above ground or 10% of the
Fig. 2. Examples of ground data from the 31 stands. The two allometric equations used in this
biomass and b) ALS vegetation ratio (area-fill, η) vs. ALS biomass, and in c) In situ biomass vs.
maximum height. The three coefficients were determined using the
field plots within the 31 stands, together with additional 110 circular
field plots positioned in the central part of the Krycklan area. For more
details about the field data and analysis, see Hajnsek et al. (2009), and
Holmgren (2004).

Of the original 31 stands two were clear cut in the meantime be-
tween 2008 and 2011. In the following only the remaining 29 stands
are used for comparison between TanDEM-X results and field and ALS
inventory, while all 31 stands are illustrated in order to illustrate the ef-
fect of clear cuts in TanDEM-X images. Fig. 2 illustratesmeasured values
over the 31 stands.
3. TanDEM-X data and meteorological data

A very large number of TanDEM-X acquisitions are available for
Krycklan, due to it being a boreal forest reference site. The fourteen ac-
quisitions analyzed in this paper are all from orbit 9 with an incidence
angle of 41°, passing over Krycklan at 16:12 UTC. The first acquisition
is from 2011-06-17 and features dual-pol, VV and VH polarizations,
but the remaining acquisitions are single-pol, featuring only VV polari-
zation. Only VV polarization is investigated in this paper. All acquisitions
available for this orbit are included, which means a large span of mete-
orological conditions while at the same time the angle of incidence is
constant. The height of ambiguity (the height interval for which the in-
terferometric phase increases from 0 to 2π), HoA, varied between 36
and 136 m. Ten of the acquisitions have been analyzed in Soja et al.
(2015a) using the Two Level Model, TLM, one has been analyzed in
Persson and Fransson (2016), and two have been analyzed in Toraño
Caicoya et al. (2016). For a description of processing of the TanDEM-X
data used in this paper, see Soja et al. (2015a).

Studying the TanDEM-X data for stands we find that the phase
height varies from 0 to 17.2 m and most of the phase height observa-
tions show very stable properties with typically r2 = 0.99 between dif-
ferent acquisitions but for the two winter observations, 2012-02-25
with 1 m snow layer and−9 °C, for which r2 versus the other observa-
tions are in the range 0.85 to 0.94 (highest value for r2 is obtained be-
tween the two winter acquisitions). For the backscatter values we find
r2 of the order 0.97 but with low values, 0.44–0.8 when 2011-08-22
and 2012-02-25 are involved. The coherence varied between 0.25 and
0.94 and r2 between 0.49 and 0.94 with the lowest r2 for 2012-02-25
and 2013-12-27 relative the rest. This means that the phase height
showed the best temporal stability in comparison with coherence and
backscatter between acquisitions except between summer and winter
cases. The difference betweenwinter and summer cases may be related
to temperature and moisture affecting vegetation dielectric constant,
the effect of leaf loss, and differences caused by snow.
paper, Eqs. (6) and (7), are shown as solid lines in a) together with the ALS H95 vs. ALS
ALS biomass.
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The high correlation of the measurements over time with the
exceptions of 2012-02-25 and 2013-12-27 (having a snow layer,
see Table 1) is illustrated in Fig. 3, where the first and last summer
acquisitions (2011-06-17 and 2014-08-26) are plotted against each
other.

TanDEM-X datawere acquired on the dates listed in Table 1 together
with the meteorological information from the site available from the
Swedish Meteorological and Hydrological Institute, temperature, snow
layer, and precipitation. Precipitation is also given for a three-day
period.

4. Interferometric water cloud model

The semi-empirical Interferometric Water Cloud Model, IWCM, is
based on models for backscattering coefficient, coherence and phase
height (Askne et al., 1997; Askne and Santoro, 2012; Askne and
Santoro, 2015; Santoro et al., 2002). Backscatter is determined as in
thewater cloudmodel (Attema and Ulaby, 1978), but generalized to in-
clude gaps in the vegetation cover by the introduction of the area-fill η,
the area fraction covered by vegetation

σ0
for ¼ η σ0

gre
−αh þ σ0

veg 1−e−αh
� �h i

þ 1−ηð Þσ0
gr ð1Þ

where σgr
0 is ground backscattering coefficient (−), σveg

0 is vegetation
layer backscattering coefficient (−), h is the height of the layer of ran-
dom scatterers (m), and α is the attenuation coefficient (m−1).

The complex coherence of the random volume with gaps is then
modeled by IWCM, which includes terms for volume decorrelation
and for temporal and system decorrelation (Askne et al., 2003;
Santoro et al., 2002). For bistatic observations, with zero along track
baseline, the temporal decorrelation can be neglected, resulting in:

�γ ¼ γsys
�γvol þm
1þm

ð2Þ

where γsys is the zero height coherence, γ�vol is the volume
decorrelation (Askne et al., 1997; Rodriguez and Martin, 1992), deter-
mined by α and h, and m is the ground-to-volume scattering ratio:

�γvol ¼
∫h0 e

−α h−z0ð Þ∙e− jkzz0dz0

∫h0e−α h−z0ð Þdz0
¼ α

α− jkz
e− jkzh−e−αh

1−e−αh ð3Þ

m ¼ σ0
gr

σ0
veg

1−η 1−e−αh
� �

η 1−e−αh
� � ð4Þ
Table 1
Meteorological data fromVindeln-Sunnansjönäs (Lat 64°8′NLong. 19°46′E) at 237mabove sea
http://opendata-download-metobs.smhi.se/explore/).

Date HoA
m

Temp 06/18 UTC, °C min/max temp
°C

2011-06-17 52.05 14.5/12.7 8.9/19.8
2011-07-20 54.11 14.7/17.2 12.8/23.2
2011-08-11 55.50 8.6/11.2 6.7/13.2
2011-08-22 56.35 14.3/13.3 11.5/15.5
2012-02-25 79.41 −4.5/−8.9 −9.2/−3.3
2012-07-17 36.13 12.4/16.4 6.8/18.8
2012-08-08 37.49 11.1/12.1 6.1/17.8
2012-08-19 38.52 12.7/10.1 10.1/17.8
2013-06-01 49.97 17.7/14.9 12.4/23.1
2013-06-23 51.67 14.1/16.6 12.6/20.9
2013-07-26 62.25 19.1/20.8 12.0/27.0
2013-12-27 135.94 −1.3/−0.1 −1.8/0.3
2014-07-13 37.57 17.7/21.0 10.3/25.3
2014-08-26 69.12 9.9/12.4 8.2/16.3
where kz= 2π/HoA andHoA is the height of ambiguity. FromEq. (2) the
phase height, i.e. the height of the phase center, zest, and coherence, γ,
are determined by

γ ¼ ∣�γ∣ ð5aÞ

zest ¼ −
HoA
2π

arg �γð Þ ð5bÞ

The IWCM is a semi-empirical model using radiative transfer theory
tomodel penetration through the partially transparent canopy and geo-
metrical optics to model penetration through canopy gaps. The un-
known model parameters α,σgr

0 ,σveg,
0 and γsys are assumed to be

spatially invariant constants with the first three describing the proper-
ties of a certain forest type over a large area. Of the threemodeled quan-
tities (γ, zest, and σfor

0 ), zest is a function of α and σgr
0 /σveg

0 . γ is also
dependent onγsys, whereasσfor

0 is dependent onα,σgr
0 ,andσveg

0 . The ver-
tical and horizontal structures of the forest are in the model described
by h and η.

4.1. Forest properties used as constraints

The area-fill is closely coupled to canopy closure, which is a common
concept in optical remote sensing and can be measured by hemispher-
ical photos (Santoro et al., 2002), ALS observations of the vegetation
fraction (Holmgren et al., 2003; Korhonen et al., 2011; Lefsky et al.,
2002; Næsset, 2002), or by satellite data (Cartus and Santoro, 2016;
Cartus et al., 2012; Cartus et al., 2011). Also, it has been shown that
the two-level model (TLM) can be used together with TanDEM-X data
and a lidar digital terrain model (DTM) to measure a metric closely re-
lated to canopy closure without the need for reference data (Soja et
al., 2015b).

The area-fill can bemodeled in a similar way as it is done for canopy
cover (Li and Strahler, 1985; Liu et al., 2008), i.e., as oneminus an expo-
nential function of both stand density and crown area. In the present
paper, we will assume a relation for η(V) expressed as:

η Vð Þ ¼ η∞ 1−e−λ0V
� � ð6Þ

where V is the stem volume and η∞, and λ0 are factors representing the
maximum value of the area-fill and the increase with V. We will here
use η∞ = 0.9, and λ0 = 0.01 ha/m3, factors representative for the
hemi-boreal test site Remningstorp (Askne and Santoro, 2015). For
very large V, onemight expect η=1, but in practice the expression sat-
urates at lower levels for high stem volumes, which is supported by
level for thedates of TanDEM-X acquisitionswith height of ambiguity, HoA (courtesy SMHI,

18 – 18 UTC Snow layer
06 UTC, cm

Prec./24 h
06 UTC, mm

Prec./72 h
6 UTC, mm

0 0 0
0 0 3.4
0 0.9 1.1
0 27.5 27.5
102 8.3 5.5
0 0 9.9
0 0 1.8
0 0 0.7
0 1.8 1.8
0 0 7.2
0 0 0
6 3.8 7.4
0 0 0
0 0 27.5

http://opendata-download-metobs.smhi.se/explore


Fig. 3. Comparison of the first and last acquisitions, i.e. 2011-06-17 (#1) and 2014-08-26 (#14), for the 31 stands.

269J.I.H. Askne et al. / Remote Sensing of Environment 196 (2017) 265–278
observations in Askne et al. (2013), Cartus and Santoro (2016), Cartus et
al. (2012), and Cartus et al. (2011). Note that η(V) is the area-fill at X-
band, and averaged over the stand. η(V) is expected to be higher than
the canopy cover observed at optical frequencies and ALS since the
gaps have to be larger at X-band than optical frequencies for the
waves to pass through and also due to the angle of incidence.

Forest height is usedwith differentmeanings. The basal areaweight-
ed forest mean height is often used by foresters to describe the domi-
nant height. (It should be noted that the basal area weighted mean
height is a property dependent on tree heights and basal areas but not
on density.) In ALS applications, forest height is often quantified using
different height percentiles (commonly 95th and 99th percentiles). In
studies related to height estimation from PolInSAR data, e.g. Mette et
al. (2004), the H100 metric is used, defined as the mean height of the
100 tallest trees per hectare. The height used in the IWCMmodel is de-
fined as the height of the random volume, and in this article, it will be
assumed to be equal to the in situ-measured basal area weighted
mean forest height and also compared with ALS-based height metric
H95 (the 95th percentile of lidar returns classified as vegetation returns,
i.e. height exceeding 1 m above ground or 10% of the maximum height
in a 10 m × 10 m grid cell).

Expression (6) introduced stem volume as the forest variable, but
the primary quantity in Eqs. (1) to (5b) is the observation of forest
height. However, an allometric relation is useful between basal area
weighed mean forest height and stem volume

h Vð Þ ¼ a � Vð Þb ð7Þ

For Swedish forests (Askne et al., 1997; Askne and Santoro, 2012)we
have a = 2.44, and b = 0.46, where h is the basal area weighted mean
Fig. 4. Illustrating 31 observations from 2011-06-17, and derived model, plotte
forest height (m) and V the stem volume (m3/ha). Allometric relations
between height and stem volume (or biomass) are quite common for
different forest types, e.g. Siberian forests (Santoro et al., 2007), temper-
ate forests (Mette et al., 2004), and forests in north-eastern USA (Cartus
et al., 2012). (It should be noted that allometric relations, h(V) and η(V),
are statistical in nature and do not specifically take effects related to e.g.
a thinning or a clear cut with seed trees into account.)

Using Eqs. (6) and (7), IWCM can be re-formulated as a function of
stem volume. However, there is a high correlation between stem vol-
ume and biomass for different tree species, e.g. Thurner et al. (2013),
and with a certain mixture between tree species the following model
for biomass estimation from stem volume will be used:

B ¼ BF V ð8Þ

where BF is a Biomass Factor, relating stem volume to AGB (excluding
stumps). For Remningstorp, BF = 0.512 Mg/m3 was used in (Askne et
al., 2013). In this paper, the same values for η∞, β0, and BF are chosen
for Krycklan as for Remningstorp, situated 720 km south-southwest of
Krycklan, in order to avoid site-specific factors. The allometric models
are illustrated in Fig. 2.

The aforementioned allometric functions relate forest variables h, η,
V, andB to each other and reduce the number of unknown forest param-
eters to one. With three observables (σfor

0 ,γ , and zest) for each forest
stand, the forest variable associated with each stand as well as the
four spatially invariant IWCM parameters are estimated from the data.
Methods to solve IWCM without local training data have been demon-
strated in Askne and Santoro (2015), and a new method will also be
demonstrated in the next section.
d versus each other. γsys, σgr
0 , and σveg

0 are marked by filled green squares.
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4.2. Estimation of IWCM parameters

Wewill here present a newmethod for IWCM fitting to experimen-
tal data, related to the solution presented in Askne and Santoro (2015),
but now fully automatic.

The observations of phase height, Hi, coherence, Ci, and backscatter,
Si ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S1;iS2;i

p
, where S1, i and S2,i are backscatter coefficient observa-

tions from each of the two satellites and the index i refers to each of
the stands, are illustrated in Fig. 4 for one TanDEM-X acquisition from
2011. The backscattering coefficients have been computed by normaliz-
ing with the ground resolution cell (Ulander, 1996). Using the allome-
tric relation (7), the height variable in IWCM is expressed as a
function of stem volume. Parameters σgr

0 and γsys correspond to back-
scatter and coherence for stem volume equal to zero, whereas parame-
ter σveg

0 corresponds to backscatter intensity for complete canopy cover,
η = 1, and αh ≫ 1. The phase height typically increases with stem vol-
ume V, so first estimates of σgr

0 ,σveg
0 , and γsys can be obtained by analyz-

ing backscatter and coherence for low and high phase height values, see
Fig. 4. Besides the IWCM parameters, α,σgr

0 ,σveg
0 ,and γsys, assumed spa-

tially invariant, the stem volumes, Vi, for all stands are also unknown.
Since the phase height varies over a large range in relation to the

spread of the observations and a large number of looks is used during
phase height estimation,wewill neglect the uncertainty in phase height
estimation and equate the IWCM phase height model zest to the ob-
served phase height, Hi. The coherence and backscatter models are
used to obtain estimates of model parameters α, γsys, σgr

0 , and σveg
0 ,

which thereafter will be used to obtain the stem volume, biomass, and
height estimates for each stand.

We first solve for the stem volumes Vi [or height expressed by Eq.
(7)] as a function of the observed phase height and (so far unknown)
values forα,σgr

0 ,σveg,
0 andγsys. (Note that the phase height is only depen-

dent on α,σgr
0 /σveg,

0 , and Vi - the dependence on HoA is, for simplicity,
suppressed in the following equation, but should nevertheless be
noted.)

zestα;σ0
gr=σ

0
vegVi−Hi ¼ 0 ð9Þ

Following the discussion from the previous paragraph, it is here as-
sumed that all variations in Hi can be modeled with zest(α,σgr

0 /σveg,
0 ,Vi).

From Eq. (9) we obtain a function for stem volume estimation such
that Vi = V(α,σgr

0 /σveg
0 ,Hi). With this expression for Vi we use coherence

and backscatter to estimate themodel parametersα,σgr
0 ,σveg

0 ,andγsys by
minimizing the summed squares of the differences between the
modeled and measured values of coherence and backscatter for all N
Fig. 5. Illustrating the variation of the two error functions (1 − w)Δγ and wΔσ (both of them
stands:

Δγ α;σ0
gr ;σ

0

veg
;γsys

� �

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑
N

i¼1
γ α;

σ0
gr

σ0
veg

;γsys;V α;
σ0

gr

σ0
veg

;Hi

 ! !
−Ci

" #2vuut ð10aÞ

Δσ α;σ0
gr ;σ

0

veg
;γsys

� �

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
∑
N

i¼1
σ for α;σ0

gr ;σ
0

veg;
;V α;

σ0
gr

σ0
veg

;Hi

 ! !
−Si

" #2vuut ð10bÞ

In Fig. 4 we see two backscatter values deviate from the general
trend, which is the case for all of the TanDEM-X observations, and is
caused by enhanced backscattering from ground sloping towards the
radar. These two stands are excluded from Eq. (10b) as considered un-
typical for the data trend.

We want to minimize Eqs. (10a) and (10b) in such a way that the
minima are obtained for the same values of the parameters, cf. Askne
and Santoro (2015). In this paper this is done by means of a nonlinear
minimization of Δ(α,σgr

0 ,σveg
0 ,γsys):

Δ α;σ0
gr;σ

0

veg
;γsys

� �
¼ 1−wð ÞΔγ α;σ0

gr;σ
0

veg
;γsys

� �
þwΔσ α;σ0

gr ;σ
0

veg
;γsys

� �
ð11Þ

where w is a weight factor balancing the importance of Δγ versus Δσ.
The weighting factor w is determined by requiring that the two error
contributions are equal in the final solution. This imposes that:

1−wð ÞΔγ α;σ0
gr;σ

0

veg
;γsys

� �
¼ wΔσ α;σ0

gr ;σ
0

veg
;γsys

� �
ð12Þ

We note that a minimum of Δ(α,σgr
0 ,σveg

0 ,γsys) for e.g. α is obtained
simultaneously with minima for Δγ(α,σgr

0 ,σveg
0 ,γsys) and

Δσ(α,σgr
0 ,σveg

0 ,γsys), which is a physical demand. We also note that 2/
Δ = 1/Δγ + 1/Δσ. This means that the individual contributions of the
coherence and backscatter errors will be weighted depending on their
relative values. Typically 1 ≤ Δγ(α,σgr

0 ,σveg
0 ,γsys)/Δσ(α,σgr

0 ,σveg
0 ,γsys)

b 2.2 except for two winter cases for which the ratio is b1. The minimi-
zation is illustrated in the complex plane in Fig. 5 for data from2011-06-
17.

The various steps are summarized as follows: h is introduced as the
height of the layer with random scatterers which is assumed to be equal
to the basal area weighted mean forest height. The modeled phase
height zest is set equal to the observed phase height and the IWCM
equal) as function of α, and the model and observations in the complex coherence plane.



Fig. 6. The observed phase height, coherence and backscatter for 31 standswith TanDEM-X acquisition from 2011-06-17 versus the in situ biomass (x) and the derivedmodel result. Two
stands have been clear cut since the in situ observations in 2008, and aremarked by encircled x; two stands have anomalousσ-values≈ 0.6, related to slope effects.Model illustrated forα
= 0.136, γsys = 0.889, σgr

0 = 0.165, and σveg
0 = 0.344.
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parameters are determined by fitting the model to the observations, Hi,
Ci, and Si.When the IWCMparameters are determined the stemvolume,
Vi, biomass, BF ⋅Vi, and height, h(Vi) for each stand can be determined
from the observed phase height of the stand.

As an example, the results for the acquisition 2011-06-17 are illus-
trated in Fig. 6 as function of AGB estimated from in situ measurements
in 2008. The minimization method used is the nonlinear conjugate
gradient method. The estimated w-values are in the range 0.45–0.70,
but in two cases values in the range 0.20 and 0.25 related to high values
of σgr

0 /σveg
0 or HoA.

4.3. Winter case anomaly

For one of the investigated cases, thewinter case 2012-02-25, which
has a 1 m snow layer and−9 °C, the phase height/coherence and back-
scatter/phase height diagrams changed considerably, cf. Fig. 7. (For
comparison to a typical summer cases, see Fig. 4.) After minimization
the model results should be checked versus the observations. Since we
are looking for systematic trends in the observations we note that we
have four outliers in the backscatter/phase height diagram (two clear
cuts and two influenced by topography), which affects the minimiza-
tion described above. These four stands are therefore excluded from
the minimization in Eqs. (10a) and (10b) as influenced by the snow
layer and considered atypical. This results in a solution with σgr

0 /
σveg
0 =2.7 and α = 0.11, see Fig. 7. The IWCM phase height, modeled

for 0–200 Mg/ha, reaches 8.3 m in the original solution and 10.2 m in
the second case, while the measured phase heights reach up to
10.5 m, also indicating that the second solution with σgr

0 /σveg
0 =2.7 and

α=0.11 is the better solution. The RMSE (29 stands) for biomass is ob-
tained as 19.1% (28.1% for the rejected solution).
Fig. 7. Observations of the winter case 2012-02-25 with two alternative model results, summe
stands believed to be affected by snow layer excluded from minimization, black solid line w
triangles, and two clear cut stands, marked by black boxes). Minima as function of α also illust
During the period 2012-02-20–2012-02-25 the temperature varies
between −12 °C and +1 °C during the days and the snow layer at
6 am between 0.96 and 1.02m.We don't know anything about possible
snow in the canopy and the model, Eqs. (1)–(5b) is not adapted for
snow. If the four stands are not excluded, the minimization is driven
by the large spread of the backscatter values for this winter case, and
with the consequence that the parameter valuesmay lose their physical
meaning. One noteworthy property in the winter case, however, is the
small spread of coherence values.

There is one more acquisition from the winter season, 2013-12-27,
with temperatures varying during the day between −1.3° (6 am) and
−0.1 (6 pm). In this case the solution is characterized by σgr

0 /σveg
0 =

0.74 and α = 0.14, values somewhat enhanced relative summer
acquisitions.

The acquisitions studied in this paper cover mainly summer condi-
tions and the winter cases have shown effects indicating possible com-
plications probably depending on snow influence. Summer acquisitions
are therefore preferred for biomass estimation.

5. Results

5.1. IWCM parameters

In Fig. 8 the IWCMparameters,σgr
o ,σveg

o ,α ,andγsys as obtained in the
minimization process, are plotted against air temperature on the day of
acquisition and total precipitation during the day of the acquisition and
the two preceding days. The dependence of γsys on HoA is also illustrat-
ed. The winter case 2012-02-25 is uncertain due to a 1 m snow layer.
We primarily observe an increase of σveg

o with temperature, which
most likely is related to the water content within the vegetation. The
r case solution, red dotted lines with σgr
0 /σveg

0 = 1.0 and α = 0.05, and solution with four
ith σgr

0 /σveg
0 = 2.7 and α = 0.11 (two stands affected by topography, marked by blue

rated.



Fig. 8.Weather and HoA dependence of IWCMparameters for different TanDEM-X acquisitions. Summer timesmarked by x andwinter timemarked by encircled x, temperatures from 18
UTC.
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variation of the other parameters is too uncertain for general conclu-
sions. α, however, does not seem to be clearly related to temperature
and precipitation, which may indicate that dielectric effects play less
role compared to penetration through gaps to lower levels of the
vegetation.

5.2. Accuracy of estimated biomass and height

The RMSE (in thepaper, RMSE is defined as a percentage of themean
value), and the Pearson coefficient squared, r2, together with bias for
biomass estimated from TanDEM-X data relative biomass estimated
Fig. 9. RMSE, r2, and bias for estimated biomass vs. 2008 in situmeasurements. Threemeasurem
are affected by limited precipitation and marked by o.
from in situ measurements in 2008 are illustrated in Fig. 9. We note
that due to the estimation process, the estimated biomass is influenced
by the values of α and σgr

o /σveg
o , but not by γsys.

The TanDEM-Xmeasurement closest in time to the field and ALS ob-
servations, 2011-06-17, is characterized by RMSE for biomass equal to
16.6% and for forest height equal to 11.5%, normalized by a mean bio-
mass of 93.9 Mg/ha and a mean height of 15.1 m. The RMSE for the
other observations range between 15.8 and 21.2% for biomass, as illus-
trated in Fig. 9, and 9.9–16.0% for height. Threemeasurements are char-
acterized by no precipitation on the day of acquisition nor the two
preceding days and three additional measurements characterized by
ents not affected by precipitation aremarked by •, while additionally threemeasurements



Fig. 10. Illustrating mean estimated biomass and forest height. Measurements little affected by precipitation marked as in Fig. 9.
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no precipitation on the day of acquisition and b3.5 mm on the two pre-
ceding days, cf. Fig. 9. We conclude that the results are sensitive to pre-
cipitation. The increase of RMSE and bias, and the decrease of r2 with
time for the acquisition without precipitation are in line with what
can be expected due to forest growth with time.

The mean biomass and forest height are illustrated in Fig. 10 and ac-
quisitions little affected by precipitation in 72 h are marked as earlier.
The scatter of the points demonstrates the stability of the estimation
process. The low value for 2013-12-27 is associated with a temperature
of−0.7 °C and a 6 cm snow layer. The secondwinter case, 2012-02-25,
does not stand out after the removal of the four outliers in the minimi-
zation process. The observations from 2013-12-27 seem to be affected
by the snow layer close to melting, and we conclude that winter cases
with a snow layer seem less suitable for estimating biomass with the
present model.

5.3. Using ALS as reference

Next, we will study the large area with ALS data as reference and for
that reasonwewill first compare field and ALS inventory. For the inves-
tigated 29 standswe findRMSE=18.6, r2= 0.87, and a bias between in
situ and ALS of 9.4 Mg/ha. If the ALS observations are used as reference
for the estimated biomass bymeans of TanDEM-Xwe obtain the results
in Fig. 11.

From Fig. 11 we note higher level and scattering of the RMSE values,
and higher bias, but less scattered and higher values for r2 (0.91–0.94
with the exception of a winter case). The results indicate that Tan-
DEM-X and ALS have similar measurements properties (high r2), but
Fig. 11. RMSE, r2, and bias for estimated biomass vs. 2008 ALS measureme
the TanDEM-X measurements are better calibrated (less bias) in spite
of no local trainingdata in IWCM(but optimized for the relevant stands)
while for the interpretation of the ALSmeasurements local training data
have been used (but for a larger area).

5.4. Large area with ALS as reference

The interferometricwater cloudmodel has been applied to 29 stands
for which in situ data are available and therefore suitable for testing the
accuracy of themodel and its solution. However, the ALSmeasurements
cover a large area, and the TanDEM-X investigationwill now be extend-
ed to the same area. We will concentrate on the acquisition from 2011-
06-17, closest in time to the ALS observations in August 2008. Within
the covered area consisting of 1071 stands, we analyze the 646 forest
stands with an area larger than 1 ha in order to stabilize forest proper-
ties. In order to compare with the ALS measurements we exclude 27
stands with large changes detected using a simple comparison between
the measured phase height and ALS biomass (phase height in m b 0.03
of the ALS biomass in Mg/ha). Using aerial photography, these changes
can be verified to be man-made and caused by harvesting. The remain-
ing 619 stands cover an area of 3166 ha out of the total area of 3535 ha
for 646 stands. Over this large area, forest properties vary somewhat
more than in the case of the 29 reference stands, as illustrated in Fig.
12. In particular, we see a larger variability in backscatter. The minimi-
zation procedure took place over the 619 stands and w was found to
be small due to the large spread in the backscatter. We obtain w =
0.127 and RMSE = 18.4% and bias = 1.1 Mg/ha using ALS as reference
(mean biomass 76.9 Mg/ha). The model solution is shown in Fig. 12.
nts. Measurements little affected by precipitation marked as in Fig. 9.



Fig. 12. TanDEM-X data (2011-06-17) from 646 stands N1 ha. Those 27 stands assumed to have changed since ALS measurements in August 2008 are marked by o. The model solution is
shown as a red dashed line.
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Diagrams with the estimated biomass versus the ALS biomass are
shown in Fig. 13. In the biomass comparison diagram, the 27 stands as-
sumed to have changed aremarked. The histogram of all 1071 stands il-
lustrates the change of biomass.

The two-level model (TLM) introduced in Soja et al. (2015b) models
forest as two scattering levels, ground and vegetation, the latter with
gaps. By fitting this two-parameter model to measured coherence and
phase height, metrics related to forest height and vegetation density are
obtained simultaneously, for each pixel, and without model training.
The derived vegetation density is illustrated in Fig. 14 for the forest stands
Fig. 13. Estimated biomass (2011-06-17) vs. ALS biomass (August 2008), 646 stands N1 hawith
o. The histogram shows the estimated biomass (solid line) compared to the ALS biomass (dash

Fig. 14.Results for 2011-06-17, 646 stands N1 haof the vegetation densitymeasurederived by T
stands classified as changed relative 2008 marked by o.
together with the above derived biomass. The vegetation density like
measure is also compared with the vegetation ratio for the stands. We
conclude that the allometric relation for the area-fill is in good agreement
with the vegetation density measure expecting area-fill to be higher than
vegetation ratio, cf. Section 4.1.

5.5. Using phase height as reference for biomass

The model solution for biomass was determined from the phase
height while the model parameters, which determine the modeled
those assumed to be changed in the time period between ALS and TanDEM-Xmarkedwith
ed line) for all 1071 stands.

LM, comparedwith the allometric relations (6), (8) andwith theALS vegetation density. 27



Fig. 15. Left). Modeled phase height in Remningstorp (Askne et al., 2013), and right) in Krycklan illustrating the trends in the relation between phase height and biomass. (The rather low
phase height curve for Krycklan is the winter case 2012-02-25.)
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phase height, were determined from the properties of coherence and
backscatter. In the end we find a functional relation between phase
height and biomass, see Fig. 15, where also the results from
Remningstorp (Askne et al., 2013) have been included.

The main difference between Remningstorp and Krycklan is the
value of σgr

0 /σveg
0 , which in the case of Remningstorp is N1 (probably

due to high soil moisture) and for Krycklan is b1 except for the winter
case with 1 m snow layer. When σgr

0 /σveg
0 N 1 the phase height will de-

crease for low biomass values due to the influence of ground scattering.
(In the winter case 2012-02-25 from Krycklan with σgr

0 /σveg
0 = 2.7 this

influence is so strong that the entire biomass range is affected.)
Fig. 16. Biomassmaps of the Krycklan test area. Zero biomass is represented bywhite,while 300
2011-06-17, ALS from August 2008.
5.6. Large area coverage, AGB(PH)

The obtained solution for the phase height, zest, versus AGB can be
inverted to a relation for AGB as function of phase height e.g. by
means of a lookup table or a polynomial expression. The ALS-covered
area in Krycklan is illustrated in Fig. 16, where biomass over the inves-
tigated area is increasing from white (zero biomass) to deep green
(300Mg/ha). The pixel size is 12m (the scene center resolutions of Tan-
DEM-X 2011-06-17 is 1.8 m in ground range and 6.6 m in azimuth).

Fig. 17 shows the three-year change between the TanDEM-X and
ALS estimates of biomass. Areas with decreased biomass are
Mg/ha is represented by deep green. Area:≈10.1× 11.5 km2. TanDEM-X acquisition from



Fig. 17. Biomass change map between ALS from August 2008 and TanDEM-X from June
2011. The map shows the (natural) logarithmic ratio between biomass from TanDEM-X
and ALS, i.e.−2 ≤ ln(ratio) ≤ 2 with a decrease of biomass in blue, and increase in yellow.
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represented by blue tones (clear cut or thinned stands)while areaswith
large growth represented by yellow tones (young stands). Normal
growth is represented by grey tones. Due to the different geometries
of ALS (nadir looking) and TanDEM-X (42° incidence angle) roads
surrounded by forest will often be enhanced. Similar effects will appear
at boundaries between forest and open fields. Effects related to topogra-
phy and the difference in incidence angle between ALS and TanDEM-X
can also be seen.

6. Discussion and conclusion

Forest height is a quantity directly measureable by remote sensing,
but stem volume is more complex to determine since sensitivity for
the stem diameter is needed. VHF-band radar has such sensitivity
(Smith-Jonforsen et al., 2005; Smith and Ulander, 2000). To determine
AGB is still more complex since it is related to wood density and the
non-woody fraction of the biomass. No remote sensing technique is
available for direct measurements of AGB.

Highmicrowave frequencies, such as X- and C-band, aremainly sen-
sitive to the upper layer in a dense forest and only affected by the
ground conditions for less dense areas. Phase height from bistatic inter-
ferometricmeasurements, after removal a DTM, is closely related to for-
est height and density, and therefore also to AGB. The differences in
measurements relative low frequencies, such as VHF- and P-band,
make X- and C-band suitable for complementary use.

To interpret remote sensing observations amodel has to be used and
parameters determined, and it is important for themodel to include ef-
fects of height and density. Different approaches are used; e.g. IWCM,
TLM (Soja et al., 2015a), PolInSAR, often combined with RVoG (Cloude
and Papathanassiou, 1998; Cloude and Papathanassiou, 2003;
Papathanassiou and Cloude, 2001; Treuhaft et al., 1996),multi-baseline,
tomographic PolInSAR (Toraño Caicoya et al., 2015), statistical ap-
proaches like Random-Forest (Karila et al., 2015), relating observations
to known conditions, etc. Most approaches are based on the knowledge
of local training data; others are related to complex sensor technique
demanding polarimetry or tomography.

In this paper we investigated properties of bistatic TanDEM-X mea-
surements for a boreal test site. IWCMhas been applied to single-polar-
ized (VV), single-baseline TanDEM-X data using an available DTM as
ground reference for phase height estimation. No corrections of the ob-
servations for topography except in normalizing the backscattering co-
efficients have been done. Further research should analyze errors in the
biomass estimation with topography and incidence angle in particular
with snow layers.

The model has been fitted to three TanDEM-X observables: phase
height, coherence, and backscatter. Allometric functions are used to as-
sure the proper inter-dependence between forest parameters such as
forest height, canopy cover, AGB, and stem volume. Allometric functions
describe the mean properties rather than properties of individual forest
stands, and are therefore most suitable for inclusion in a model like
IWCM, describing the mean properties of the observed quantities
(phase height, coherence and backscatter).

The phase height, coherence, and backscatter for the 31 stands with
in situ data are shown to be stable over the three-year-period, in partic-
ular the phase height, which is the TanDEM-X measurement most cor-
related with AGB. For AGB, the RMSE 2011–2014 varies between 15.8
and 21.2%, increasing with time from the in situ reference in 2008. The
RMSE for height relative to the basal area weighted mean height simi-
larly varies between 9.9 and 16.0%.

In situ data have been used as reference data in this paper, but ALS
data are also available for the entire test site. The ALS estimated biomass
of the 29 stands have an accuracy of 18.6% and a height accuracy of 9%
relative in situ estimates, andwe conclude that ALS (using local training
data) and TanDEM-X (not using local training data) have similar uncer-
tainties. The AGB for 619 stands N1 ha with biomass up to 291 Mg/ha
and covering 3166 hawas also estimated for one TanDEM-X acquisition
with RMSE = 18.3% (r2 = 0.83) compared to ALS. The AGB change for
the entire area (≈68 km2) clearly delineates changes corresponding
to clear cuts and high growth in low biomass areas.

The Interferometric Water CloudModel, sensitive to forest height as
well as vegetation density, can be used for single polarization TanDEM-
X observations for accurate estimation of AGB and forest height in
Swedish boreal forests without the use of local training data but using
allometry (6)–(8). A DTM is assumed to be known, which is also the
case for Sweden, along with a number of other countries. Without the
DTM, only coherence and backscatter are available (Olesk et al., 2016;
Olesk et al., 2015; Toraño Caicoya et al., 2016). IWCM has also been ap-
plied to the hemi-boreal test site Remningstorp, 720 km south Krycklan
(Askne et al., 2013; Askne and Santoro, 2015), and in order to apply
IWCM to areas with different forest characteristics the model Eqs.
(1)–(5b) must be considered applicable. In this paper h(V) was given
based on investigation of 3046 NFI-plots for Sweden and expressions
can be found in the literature for various other areas, for h(V) or h(B),
see e.g. Cartus et al. (2012), Mette et al. (2004), Saatchi et al. (2011),
and Santoro et al. (2007), for η(V), see e.g. Cartus and Santoro (2016),
Cartus et al. (2012), and Cartus et al. (2011), and for BF, see e.g.
Thurner et al. (2013). The area-fill expression can be checked by a com-
bination the vegetation density like quantity derived by a TLM-analysis
of the TanDEM-X data and the biomass derived with the presented
method.

The high accuracy is mainly due to the relatively simple relation be-
tween phase height and biomass, although this relation varies with en-
vironmental conditions and HoA. The good results derived from bistatic
TanDEM-X observations motivates continued use of a bistatic high fre-
quency InSAR mission, complementing the BIOMASS P-band mission,
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which may provide a DTM to be used in estimating the X-band phase
height.
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