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Estimating Stem Water Content From Tower-Based
L-Band Tomographic Radar Using a
Single-Scattering Model of a Uniform
Layer: A First in Situ Experiment

Theresa Leistner ”, Albert R. Monteith

and Lars M. H. Ulander

Abstract—Spaceborne synthetic aperture radar missions have
the potential to estimate forest vegetation water content (VWC),
but understanding the underlying scattering processes and their
link to VWC is still limited. In this article, tower-based tomo-
graphic radar observations of a boreal forest at L.-band are used
to measure canopy-only backscatter. Results show that the latter is
anticorrelated with stem water content. Time series of both canopy
backscatter and attenuation were extracted and linked to in situ
stem water content using a scattering model. Results show that
the proposed canopy backscatter model effectively captures the
diurnal and long-term variations in stem water content, with an
RMSE of 4%. The estimated model coefficients indicate that the
sensitivity of extinction to stem water content dominates over the
sensitivity of volume backscatter to stem water content. Moreover,
the attenuation time series and corresponding model resulted in
a better agreement with an RMSE of 2%. However, attenuation
requires a known concealed reference target in the forest which
limits its use over extended areas. While the study is limited in scope
and the model has not been validated for broader generalization,
these findings offer preliminary insights into the sensitivity of
L-band radar to forest VWC and may support future observational
strategies.

Index Terms—Boreal forest, forest backscatter, L-band, stem
water content (StWC), vegetation water content (VWC).

NOMENCLATURE
AGB  Above ground biomass (kg/m?).
StWC  Stem water content (m3/m?).
SWC Soil water content (m3/m?).
VPD  Vapor pressure deficit (kPa).
VWC Vegetation water content; volumetric water content of

the vegetation layer (m®/m?).
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1. INTRODUCTION

ORESTS play a fundamental role in the global hydrolog-
F ical and carbon cycles, in particular, through processes,
such as evapotranspiration and carbon dioxide, uptake from
the atmosphere [1], [2]. However, obtaining accurate and high-
resolution measurements of key forest hydrological variables
over large spatial and temporal scales remains a considerable
challenge [3]. While promising tools such as new spaceborne
synthetic aperture radar (SAR) systems operating at L- and
C-band frequencies exist, the complex relationships between
forest water dynamics and radar observations are still poorly
understood. In particular, one open question is what character-
istics a spaceborne SAR mission must possess to make the in-
version of forest backscatter to vegetation water content (VWC)
feasible.

To address this, several radar tower experiments with fine
temporal resolution have been conducted to investigate the re-
lationship between radar signals and forest water content [4],
[5], [6], [71, [8], [9], [10]. Clear diurnal cycles in backscat-
ter variations have been observed in tropical [5] and boreal
forests [8], [9], [10]. These variations are believed to be driven
by daily changes in canopy VWC. Diurnal fluctuations in VWC
stored in the bark [11], [12], [13] of trees and in the canopy
of low vegetation [14] have been observed in multiple stud-
ies, showing a decrease in water content during the onset of
transpiration in the morning, due to the depletion of internal
water reservoirs, and an increase at night as these reservoirs are
replenished.

Recently, BorealScat-2, a radar tower experiment with tomo-
graphic capabilities, was installed in a boreal forest in northern
Sweden. With its high spatial and temporal resolution it is able
to observe clear diurnal cycles in backscatter variations at P-,
UHF-, and L-band [4], [10]. However, at L-band the backscat-
ter variations observed with BorealScat-2 differ from earlier
observations with BorealScat (2017-2020) and from patterns
observed at P-band [4], [10]. Specifically, L-band backscatter
peaks during the day, a behavior that contradicts the conventional
expectation derived from the water cloud model [15], which
assumes that backscatter is a monotonically increasing function
of VWC.
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For forests, different simplified scattering models have been
used for biomass estimation at X-band [16], soil moisture re-
trieval within forests at P-band [17] and estimates of crown and
stem water content (StWC) at L- and P-band [18].

In this study, we use a simplified scattering model based
on [17] to: 1) establish a link between in situ StWC and to-
mographically extracted canopy backscatter at L-band; and 2)
extract time series of StWC from the inversion of a canopy
backscatter model and the inversion of an attenuation model.
Section II details the processing of BorealScat-2 data and de-
scribes the ancillary datasets used. Section III presents the
proposed backscatter model, along with the procedures for pa-
rameter estimation. Section IV discusses model performance,
specifically the agreement between modeled and measured
backscatter, and compares the time series of modeled and in situ
StWC. Finally, Section V concludes this article and interprets
the results in the context of forest hydrodynamics and outlines
considerations for future spaceborne SAR missions.

II. DATA
A. Study Area

The BorealScat-2 radar tower (see Fig. 1) is located within the
Svartberget Experimental Forest in northern Sweden. The 50 m
high tower observes a dense, mature stand which is a mix of
pine (65%), spruce (32%), and birch (3%), approximately 100
years old, with trees having a mean height of 18 m, a dominant
height of 24 m, and a mean stem diameter of 20 cm [10]. In close
proximity to the tower lies the ICOS Svartberget Atmospheric
and Ecosystem Station that includes a 150 m high greenhouse
gas research tower [19]. Measurements of the radar tower started
in summer 2022. In May 2024, a 5-m concealed reflector (CR)
was also installed at a 100 m ground range distance from the
radar tower. The CR is used to measure variations in forest
canopy attenuation.

B. Radar Data

The BorealScat-2 radar tower acquires multilooked P-, UHF-,
L-, and C-band vertical tomographic time series data at all linear
polarization combinations with high backscatter precision every
30 min [4], [10]. Tomographic images are made possible by
coherent measurements from a vertical array of 20 antennas
at the top of the tower. Each antenna is connected to one
port of a 20-port vector network analyzer (see Fig. 1), result-
ing in tomographic measurement times that are short enough
for wind decorrelation to be neglected. Tomographic images
were constructed using time-domain backprojection. Horizontal
movement of the array over a 4 m aperture, and subsequent
multilooking, provide more independent samples compared to a
single image, improving backscatter precision. L-band vertical
images at VV, HH, and cross-polarization were used to produce
backscatter time series estimates by integrating intensity over a
canopy region of interest. Cross polarization is here the intensity
average of VH and HV.

Fig. 2 shows an example L-band HH-pol tomogram acquired
by the tower. The canopy region of interest spans from 25 to
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Fig. 1. BorealScat-2 radar tower (top), radar hardware rack (bottom left), and
rendering of the tower top section with antenna array (bottom right). Functional
details of the radar are described in [10].

75 m in ground range and from 3 to 24 m in height. Within
the region of interest, the horizontal (ground range) resolution
ranges from 1.3 to 2.2 m and the vertical resolution ranges
from 1.4 to 3.3 m, as numerically computed from point scatterer
simulations. A canopy backscatter time series was produced by
incoherently integrating the intensity over the region of interest.
The produced canopy backscatter is of high precision with a
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Fig. 2. Tomographic image at L-band, HH-pol acquired on 16 May 2024, at

14:23. Canopy region of interest and location of concealed (beneath canopy)
and calibration (free line of sight) reflectors are highlighted.

radiometric resolution better than 0.07 dB [10]. Radiometric
resolution is here defined as the standard deviation of logarithmic
backscatter under fully developed speckle conditions. Relative
attenuation was estimated by extracting and inverting the peak
backscatter value at VV and HH at the position of the CR shown
in Fig. 2. Due to the high precision backscatter estimates, no
smoothing over time was necessary to increase the number of
independent samples. No absolute calibration of backscatter
and attenuation time series was performed. Therefore, only the
temporal variation of radar backscatter and attenuation will be
investigated.

C. Ancillary Data

Meteorological data were acquired by the ICOS Svartberget
Ecosystem Station [20]. From this dataset, soil water content
(SWC) at 2.5 cm depth, precipitation and vapor pressure deficit
(VPD) were used. VPD is a measure of the atmospheric demand
of tree transpiration. VPD, which is a function of relative hu-
midity and temperature of the air, is high during hot and dry
conditions, often resulting in large variations in VWC.

Stem radius changes from eight trees within the radar footprint
were measured using Natkon point dendrometers (ZN12-T-WP
and ZN12-T-2WP) installed at breast height. Stem diameter time
series of eight sensors were averaged to produce a single stem
diameter time series representative of the radar footprint. Stem
diameter shows variations due to both growth and subdaily water
content variations [12].

StWC was measured in situ by TEROS 12 soil moisture
sensors from METER Group. The TEROS 12 sensor is a
capacitance-based sensor that measures the charging time of
a capacitor, which depends on the dielectric permittivity of the
surrounding material [21], [22]. When inserted in a tree stem,
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Fig.3. StWC estimated from TEROS 12 sensor measurements when applying
the calibration curve versus StWC estimated from gravimetric measurements.
Each point represents the mean of the measured StWC taken from nine sampled
trunk sections. The dashed line is a 1:1 reference line. The linear model yielded
an R? of 0.998.

the dielectric permittivity is dominated by the volume fraction
of liquid water [23], making the sensor suitable for estimating
StWC.

To calibrate the raw sensor measurements for StWC a linear
relationship between raw sensor outputs and volumetric StWC
was applied. To obtain calibration constants, trunk sections
of nine trees (three pine, three spruce, and three birch) were
destructively sampled. The sampled trunk sections were dried
and weighed in the laboratory while simultaneously acquiring
raw sensor measurements with TEROS 12 sensors. A linear
calibration curve was then applied to convert raw measurements
to volumetric StWC. Fig. 3 shows the calibrated StWC sensor
measurements versus the StWC measurements determined from
weight measurements. The linear model yielded an R? of 0.998.

The TEROS 12 sensors were installed in tree trunks at breast
height (1.35 m) and 8 m height (see Fig. 4) in eight trees within
the radar footprint. Of the eight instrumented trees, only two
(one pine and one spruce) had continuous, high-quality data
that overlapped with the selected rain-free periods of interest.
Thus, only the in situ StWC time series of these two trees are
included in this study.

All ancillary data were interpolated and resampled to match
the backscatter time series, allowing correlations between radar
and ancillary variables to be investigated.

III. METHODS

In the following section, a simplified scattering model relating
canopy backscatter at L-band by the BorealScat 2 radar tower
and VWC, is introduced. In addition, a model relating L-band
attenuation and VWC is presented.
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Fig. 4. StWC sensors (METER Group TEROS 12) installed at breast height
(left) and at a height of 8 m (right) on pine trees.

A. Model

Several forest backscatter models are designed to relate
backscatter and above-ground biomass (AGB) [16], [24], [25].
However, it is the water content within the biomass that predom-
inantly influences the backscatter [26]. Therefore, establishing a
direct relationship between backscatter and VWC is physically
meaningful.

Existing forest backscatter models range from simplified scat-
tering models to physically detailed multiple-scattering frame-
works. Examples include the MIMICS model [27], the Tor Ver-
gata model [28], and more recent developments that incorporate
higher order scattering effects [29], [30]. These models require
detailed structural information about the vegetation, such as stem
diameter distributions, leaf orientation, and vegetation element
density. In particular the spatial distribution of water content
contained within the vegetation [31] is a necessary input as it
directly influences the dielectric constant of the material and
thus the backscattered signal.

Due to the absence of detailed structural forest data, a sim-
plified modeling approach was adopted in this study. Moreover,
we focus exclusively on canopy backscatter, with contributions
from ground, double-bounce, and triple-bounce scattering re-
moved by excluding intensity below 3 m height (see Fig. 2).
Many of the improvements in recent models primarily improve
estimates of scattering terms including the ground, which is not
relevant in our case. In addition, we neglect multiple-scattering
effects within the canopy, assuming that their influence is limited
to an offset in dB and does not affect the relative variations in
backscatter [29] as VWC variations are small (Iess than 10%).

In this study, we employ the single-scattering radiative trans-
fer model, assuming a homogeneous vegetation canopy of
height d with uniform attenuation and scattering properties. This
simplification allows for tractable parameter estimation while
retaining physical relevance. Notably, this model is equivalent
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to the solution derived from the distorted Born approximation,
which is frequently employed in backscatter modeling [29].
Then, the canopy backscatter o2, and the two-way attenua-

tion L2 through the full canopy can be modeled as [32]

back
0 T Jipg €08 O (kp + Kg)d
B Rkl By T Re)8 1
Tecan,pg Kp + Kq P cos 0; M
2 _ (Kp + Kq)d
1, = o (15 @

where x[m~!] is the extinction coefficient, c2**[m~!] is the
volume backscattering coefficient of the vegetation, and 6; is
the incidence angle. The indices p and q refer to the receive and
transmit polarization.

Note that the product of the extinction coefficient and canopy
height, x - d, corresponds to the vegetation optical depth (VOD),
a parameter commonly retrieved from passive microwave re-
mote sensing observations. The model presented in (1) thus
highlights the connection of VOD to active microwave remote
sensing observations.

A simplified model based on (1) is the water cloud model [15].
The water cloud model treats the canopy as a uniform volume-
distributed cloud of Rayleigh scatterers, where both the volume
backscattering coefficient and extinction coefficient are propor-
tional to VWC [15]. Canopy backscatter in (1) is then related to
VWC through the attenuation term, as the dependency on VWC
in the scattering and extinction coefficients cancels out. Canopy
backscatter is thus a monotonically increasing function of VWC.

However, previous observations from BorealScat-2 at L-band
contradict this relationship [10]. L-band backscatter is observed
to peak during the day [10], a time where VWC is expected to
reach its minimum due to high transpirational rates depleting
the internal water storage of trees [12]. This observation sug-
gests a monotonically decreasing relationship between canopy
backscatter and VWG, at least on diurnal time scales. The water
cloud model which generally holds well for low vegetation
canopies, such as crops [33], thus fails in the case of the boreal
forest observed at L-band by BorealScat-2. The reason for this is,
most likely, that the assumption of Rayleigh scatterers for forest
canopy observations at L-band is generally not fulfilled, due to
the presence of larger structures compared to crop vegetation.

Empirical and theoretical results have shown that a power law
relationship can effectively describe the link between backscat-
ter and AGB at P-band [17], [34]. Trong-Loi et al. [17] suggested
the incorporation of a power law via the introduction of structural
parameters when linking scattering and extinction coefficients
to AGB. As we extract canopy backscatter in this study, only the
volume scattering component of the Truong-Loi model is con-
sidered in the following. Furthermore, the canopy backscatter
is expressed in terms of VWC [m?® /m?] instead of AGB, where
VWC is the average volumetric water content contained in the
volume spanned by vegetation ground area and canopy height
d.

As Truong-Loi et al. [17] found the structural coefficient
describing the relationship between AGB and attenuation to
be 5 =1 for all polarizations, we assume in the following
k o<« VWC. Along the lines of the Truong-Loi model, assuming
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093K oc VWC® the canopy backscatter can then be modeled as

kpg VWC
af:)ampq = Apg cos ;VWCa~ ! (1 — exp <—’qu89>)
3)

where « and A are structural parameters that depend on size
composition, dielectric constants, and orientation of the tree
components and where k is a proportionality factor relating
VWC to kd.

Likewise the two-way attenuation in (2) can in terms of VWC

be modeled as
ko VWC
L? = g =) 4
pa eXp( cos 0; ) @

B. Parameter Estimation

The VWC used in (3)-(4) is the average volumetric water
content of the full vegetation layer in the region of interest.
Sampling in the entire region of interest is not feasible. An
alternative approach is to identify a tree water pool that best
represents the changes in VWC in the region of interest.

Canopy backscatter is strongest in the upper canopy above
10 m in height (as shown in Fig. 2), and the most significant
changes in backscatter occur in this layer [35]. Since changes in
canopy backscatter are assumed to be due to variations in water
content, canopy water content is considered to be the driving
factor in VWC changes. Therefore, the upper canopy is likely
the most representative water pool for VWC changes.

However, no water content measurements in the upper canopy
were available. In this study, in situ StWC at 8 m height was
assumed to be the most suitable for capturing changes in VWC,
since it was the in situ StWC at the highest elevation available.
Moreover, only the in situ StWC of the pine tree was used, as
pine is the dominant species in the area of interest and therefore
considered the most representative.

Three rain free time periods in 2024 during which clear diurnal
cycles in backscatter and attenuation occurred were chosen for
parameter estimation.

1) P;: 14-25 May.

2) P,:27 May to 3 June.

3) Ps3:5-9 June.

Parameter estimation was performed at all three polarization
combinations across all time periods.

Structural coefficients and additional calibration coefficients
in (3) and (4) were estimated separately. Two radar estimated
StWC time series per polarization were extracted from attenua-
tion and canopy backscatter, respectively. The parameter estima-
tion process for the canopy backscatter and attenuation models
is described as follows.

1) Canopy Backscatter: The BorealScat-2 radar tower pro-
vides tomographic measurements, enabling the separation of
backscatter contributions from different height layers of the
forest, particularly from canopy and ground level backscatter.
Within the canopy region of interest the incidence angle 6; in (3)
varies within [26.6°, 56.3°]. It is expressed as an effective angle
of 6; = 51° which is the incidence angle at the main intensity
peak within the canopy region of interest shown in Fig. 2.
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Proportionality between model VWC in the canopy region of
interest and in situ measured StWC of a pine tree at 8 m height is
assumed with an unknown proportionality factor that is captured
by k,q in (3). Note that in this study it is assumed that canopy
water content can be approximated from StWC measurements
from a single point within a tree. This approach relies on the
assumption that scaling from the single tree level to the stand
level can be represented by a simple proportional relationship. In
addition, potential temporal lags between water content changes
in upper and lower canopy [36], [37] are not explicitly accounted
for. These simplifications may introduce uncertainty and should
be considered as limitations of the current modeling approach.

Canopy backscatter can then directly be modeled from in
situ StWC. Structural coefficients «,q, A,, and, up to a scaling
factor, k,, given in (3) are estimated by minimizing the sum of
the mean squared errors between modeled and measured canopy
backscatter over the time period of interest. MATLAB’s “Isqnon-
lin” function with a Levenberg—Marquardt algorithm, combined
with a Monte-Carlo simulation of the initial parameters, was
used to minimize the cost function.

2) Attenuation: The CR used in this study for attenuation
measurements was not absolutely calibrated, thus an additional
unknown calibration factor is included in the parameter esti-
mation process. Cross-polarized attenuation is approximated as

Ly, =L}, - L2, 5)

The incidence angle at the CR is 6§z = 61.7°. Proportionality
between model VWC in the line of sight of the CR and in situ
measured StWC is assumed with an unknown proportionality
factor that is captured by k,, in (4). Here, it is assumed that
single tree StWC can represent VWC along the reflectors line
of sight neglecting possible temporal lags between StWC and
water content that the radar is sensitive to. Linear regression is
performed between in situ measured StWC and logarithmic rel-
ative attenuation in order to determine the unknown calibration
constant and k,, in (4).

IV. RESULTS
A. Time Series Observations

Fig. 5 shows the measured canopy backscatter time series at
VYV, HH, and cross-polarizations, along with measurements of
attenuation at VV and HH during the chosen rain-free periods
used in this study and measurements of StWC of a pine and a
spruce tree. Clear diurnal cycles in canopy backscatter (about
0.5 dB min to max) and attenuation (up to 2 dB for VV and 1 dB
for HH min to max) are observed at all polarization combina-
tions. Backscatter has maxima during the middle of the day and
minima during the nights, whereas attenuation reaches minima
in the middle of the day and maxima during nights. During 19 to
21 May for an unknown reason, the average backscatter drops
about 0.3 dB, whereas no clear change in average attenuation is
observed during those days. From 27 May onwards, average VV
attenuation increases constantly until the end of the observation
period (2 dB). HH average attenuation increases only slightly
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Fig. 5. Measured relative canopy backscatter (top) and attenuation (middle)
at VV, HH, and cross-pol during rain free time periods in 2024. StWC from a
pine tree and a spruce tree at 8 m height and breast height (1.35 m) that lie within
the foot print of the radar tower (bottom). The vertical grid lines coincide with
midnights.

(1 dB) during that time period. Average canopy backscatter at
all polarizations decreases constantly after the 27 May (about
0.5 dB). Concerning the StWC measurements, clear diurnal
cycles are observed for both trees at both measurement heights.

From these observations, an upper bound of the structural
coefficient o can be formulated. As canopy backscatter peaks in
the middle of the day and has minima during the night, a pattern
opposite to the diurnal cycle of StWC, which peaks at night and
is lowest during the day, is observed. Only an « coefficient that
is smaller than 1 can capture this behavior.

B. Model Parameter Estimation

During the parameter estimation process for the canopy
backscatter, it became apparent that no clear minima in the cost
function for a fixed structural coefficient v could be identified.
Fig. 6 shows the models root-mean-squared error (RMSE) as a
function of a. No clear minima in RMSE are found for each
polarization, indicating that no unique solution for « exists.
Instead, a broad range of « values provides acceptable model
solutions. Table I lists the range of « values for which RMSE
between modeled and measured backscatter deviates less than
5% from the minimal RMSE. These « ranges span between
a = —1.3 and o = 0.8 depending on the polarization used.
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TABLE I
RANGES OF av COEFFICIENTS FOR WHICH THE RMSE BETWEEN MODELED
AND MEASURED BACKSCATTER DEVIATES LESS THAN 5% FROM THE
MINIMAL RMSE SHOWN IN FIG. 6

Gmin Q'max

\'A% -0.7 0.8
HH -1.2 0.3
cross-pol -1.3 0.2

Canopy backscatter [dB]

0 0.1 0.2 0.3 0.4
Stem water content [m3/m3]

0.5

Fig. 7. Canopy backscatter at VV using the estimated coefficients in (3) for
fixed « values. Dashed horizontal lines mark the lower and upper limit for
the canopy backscatter used during the parameter estimation process. Dashed
vertical lines indicate the lower and upper limit for the StWC used during the
parameter estimation process.

Fig. 7 shows the canopy backscatter as a function of model
StWC for different structural coefficients o. Functions for other
« values show the same behavior as the three chosen « val-
ues. For o < 0, canopy backscatter is monotonically decreasing
with StWC. For 0 < o < 1, canopy backscatter increases with
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Measured and modeled canopy backscatter at all polarization combinations. Modeled canopy backscatter is computed from in situ StWC and model

coefficients estimated by minimizing the RMSE. The vertical grid lines coincide with midnight.

StWC, then reaches a maximum, and decreases monotonically
for higher StWC values. For o« > 1, canopy backscatter is a
monotonically increasing function with StWC. This also illus-
trates why a broad range of « values provides acceptable model
solutions. The global function behavior varies for different «
coefficients over a wide range of StWC values. However, within
the specific range of StWC and canopy backscatter for which the
parameters were estimated, different o < 1 are able to capture
the same relationship between backscatter and StWC.

In the following, o = 0 is chosen as a fixed structural coeffi-
cient for all polarizations, as all « values within the ranges listed
in Table I show similar trends in StWC and backscatter.

Fig. 8 shows the measured and modeled canopy backscatter at
all polarization combinations. The modeled canopy backscatter
time series follows the measured canopy backscatter well, cap-
turing the diurnal variations and long-term trends. However, the
clear drop in mean canopy backscatter during 19-22 May could
not be captured by the model which during this time shows a
decrease in the strength of the diurnal variation. In addition, a
phase shift of 2.5 h is observed between modeled and measured
canopy backscatter. This phase shift is addressed in more detail
in Section V.

For all polarization combinations, StWC time series were
produced by inverting canopy backscatter and attenuation to
StWC using the estimated model parameters.

Fig. 9 presents the estimated StWC time series derived from
canopy backscatter (top panel) and attenuation (second panel) at
all polarizations, alongside in situ StWC. StWC modeled from
inversion of canopy backscatter from all polarizations show
a similar behavior. Clear diurnal cycles are observed in both
modeled and measured StWC. Diurnal maxima in StWC occur
at night, coinciding with maxima in stem radius and minima in
VPD, whereas diurnal minima in StWC align with peak VPD
and minima in stem radius. This is expected, as high VPD leads
to higher transpiration, depleting tree internal water reserves and
thus decreasing StWC. Between 19 and 21 May modeled StWC
is overestimated in comparison to in situ StWC. During this time
period adrop in VPD is observed along with a minimal rain event
(0.1 mm). Beyond this period, average modeled and measured
StWC increased steadily, likely due to the two significant rain
events recorded in May and June. This increase contrasts with
SWC, which shows a decreasing trend over the same period.
Modeled and measured StWC align well, with an RMSE around
4% for all polarizations.
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Fig. 9.  StWC modeled from canopy backscatter (top panel, assuming v = 0) and attenuation (second panel) at all polarizations alongside in situ StWC. The

lower two panels show VPD, stem radius changes, SWC, and precipitation data. The vertical grid lines coincide with midnight.

The estimated StWC time series obtained from attenuation at
all polarizations show excellent agreement between diurnal fluc-
tuations in modeled and in situ StWC during the full observation
time period. Long-term trends in modeled StWC also align well
with those in measured StWC, with an RMSE around 2% for all
polarizations.

For both backscatter- and attenuation-estimated StWC, a
phase shift of 2-2.5 h is observed relative to in situ StWC,
as determined by a cross-correlation analysis. This phase shift
likely arises because the attenuation-sensitive water pools (upper
canopy and smaller branches) exhibit different water dynamics
than the StWC measured in situ.

Overall, both modeled StWC changes capture the diurnal
cycles. Apart from a few days for canopy backscatter estimated
StWC, the modeled StWC estimates also reproduce long-term
trends in measured StWC.

V. DISCUSSION

This study aimed to establish a link between VWC and L-band
radar backscatter using a simplified scattering model based
on [17]. Time series of canopy backscatter were connected to in
situ StWC measurements through three structural coefficients.
The parameter estimation process identified a broad range of
structural coefficient values, with acceptable solutions for «
spanning from —1.3 < a < 0.8. Different a values describe

distinct relationships between VWC and canopy backscatter: for
a < 0, canopy backscatter monotonically decreases with VWC,
whereas for a > 1, it increases monotonically. For0 < a« < 1 a
maxima in canopy backscatter for a certain VWC values occurs,
a behavior that potentially could explain contradicting diurnal
backscatter variations observed at different sites [10], [35].

Observations show that o < 1 must be satisfied to yield real-
istic StWC estimates for this study site and period. This indicates
that the ratio between volume backscattering coefficient and
extinction coefficient is anticorrelated with StWC (see Fig. 7).
The modeled and measured StWC aligned well over the full
observation period, with an RMSE of 4% corresponding to
a=0.

However, during a three-day period the average canopy
backscatter slightly decreased, leading to an overestimation of
backscatter-derived StWC. During this time period no changes in
mean attenuation were observed and attenuation-derived StWC
aligned well with measurements, with an RMSE of 2%. This
period coincided with a significant drop in mean temperature
of approximately 9° C, although temperatures remained above
freezing. This temperature drop persisted until the end of the
three-day period, after which temperatures rose again, and the
average canopy backscatter increased. The cause of the drop
in canopy backscatter is unclear. Time series of the vertical
center of mass of backscatter showed no significant deviation
during this period compared to the times before and after the
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backscatter drop, suggesting no vertical redistribution of water
content within the trees. It is hypothesized that a horizontal
redistribution of water content may have occurred, affecting the
scattering properties but not the attenuation.

The results demonstrate that variations in canopy backscatter
observed at L-band by the BorealScat-2 experiment can be
effectively captured by the proposed model and that the inversion
of canopy backscatter to VWC is feasible. Furthermore, this
study highlights that StWC extracted from attenuation inversion
provides an even more accurate estimate, as in situ StWC mea-
surements exhibited better agreement with attenuation-derived
StWC than with backscatter-derived StWC.

A phase shift between modeled and measured StWC as well
as between modeled and measured canopy backscatter was
observed, likely, due to the fact that the water pool that the radar
is sensitive to represents a different tree water pool than the
measured upper StWC. It is assumed that canopy backscatter
and attenuation are more sensitive to water pools that lie higher
up in the tree (smaller branches). Those water pools are expected
to be depleted earlier in the day than stem water pools as they
are earlier affected by the onset of transpiration.

Several limitations need to be addressed in future research.
The lack of a unique solution for « suggests that further re-
finement and calibration of the backscatter model are necessary.
Future studies could address this by incorporating longer time
series including a wider range of StWC and canopy backscatter
observations, additional study sites, and an absolute calibration
of the attenuation to constrain the model parameters more ef-
fectively. In addition, more dielectric sensors, e.g., higher up
in the tree canopy could be installed. The observed phase shift
between modeled and measured StWC also highlights the need
for more detailed validation data to identify the specific water
pools to which L-band backscatter is sensitive.

A. Relevance to Spaceborne SAR Missions

While this study is based on a limited in situ experiment using
a simplified single-scattering model, it offers preliminary in-
sights into the observational requirements for future spaceborne
SAR missions aimed at retrieving forest VWC.

Tomographic SAR systems, such as the BorealScat-2 tower
experiment, provide vertical resolution that allows for the isola-
tion of canopy backscatter, conveniently separating vegetation
water dynamics from soil moisture dynamics. Translating this
capability to spaceborne platforms is challenging due to the
spatial and temporal diversity required for subdaily tomographic
observations. ESA’s BIOMASS mission, operating at P-band
and launched recently, is the first spaceborne SAR system with
systematic tomographic capabilities [34]. It uses repeat-pass
tomography, collecting multiple baselines over a relatively short
time frame of 18 days. At L-band, repeat-pass tomography has
been demonstrated using SAOCOM data [38] over a time frame
of two months.

Since forest VWC varies on subdaily timescales, repeat-pass
approaches with revisit intervals of several days are insufficient
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for capturing diurnal dynamics. Single-pass tomography at L-
band would be ideal but is not feasible with current or planned
satellite architectures.

An alternative to instantaneous tomography is single-pass
interferometry, which could enable the suppression of ground
contributions [39]. This potentially would enable long-term
VWC changes to be estimated. Although no current mission of-
fers zero temporal baseline interferometry at L-band, a proposed
companion satellite [40] to ESA’s ROSE-L mission (planned for
launch in 2028) could provide this capability.

An alternative to tomography and single-pass interferometry
is to model and subtract ground backscatter. This will introduce
additional uncertainty and complexity, especially in dense forest
environments, but is worth pursuing in future studies. Even
if canopy only backscatter could be isolated in single SAR
images, high temporal resolution remains essential for capturing
subdaily dynamics.

This study demonstrates that diurnal cycles in backscatter and
StWC are clearly observable, implying that a revisit time of less
than 24 h is necessary to resolve these dynamics. The SLAINTE
mission concept [41] aims to address this need by deploying
a constellation of L-band SAR satellites capable of sampling
the Earth up to three times per day. Combined with methods
to isolate canopy backscatter, such a system could potentially
enable operational monitoring of forest water content, including
its diurnal variability.

VI. CONCLUSION

This study provides preliminary evidence that time series of
tomographic L-band radar backscatter can be linked to StWC in
a boreal forest. Observations of in situ StWC suggest that the
ratio between volume backscattering coefficient and extinction
coefficient is anticorrelated to VWC. The backscatter-derived
StWC aligns well with diurnal and long-term trends observed
in measured StWC, although a phase shift suggests that L-band
backscatter is more sensitive to water pools in the upper canopy
than to trunk water reserves. The attenuation-derived StWC
provides an even better alignment with the measured data.
These results indicate that forest VWC estimation is feasible
using tomographic L-band radar platforms, offering a promising
approach for monitoring forest hydrodynamics at large scales.
While this study is based on tower-based observations and a
simplified single-scattering model, these results offer initial
insight into the observational requirements for future space-
borne SAR missions. In particular, they suggest that vertical
separation of canopy and ground backscatter, achievable through
tomography or interferometry, and subdaily temporal resolution
may be important for capturing diurnal VWC dynamics. Further
studies with more comprehensive datasets and refined models
are needed to validate and generalize these findings.
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