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Abstract—In this study, we conducted an empirical investigation
on mobile global navigation satellite system (GNSS) transmissom-
etry (GNSS-T) measurements to explore vegetation optical depth
(VOD). Our approach involved using a dual-receiver setup, with
one receiver located in open terrain to capture direct signals as a
reference and another deployed on an unmanned ground vehicle
(UGV) to sample vegetation across expansive forested regions.
Noteworthy findings reveal the negligible influence of ground mul-
tipath effects within these forested terrains, effectively resulting
in sampling the forest canopy rather than the ground itself as the
receiver moves. The UGV-based method also uncovers VOD fluc-
tuations inside the forest, offering insights into spatial distribution
and the influence of satellite position on VOD measurements. The
study further examines the effect of tree heterogeneity and seasonal
dynamics on the VOD estimates. This empirical study contributes
to our understanding of the VOD mapping capabilities of the
mobile GNSS-T approach and can potentially lead to nonintrusive
quantification of vegetation water content at a landscape scale
in forest terrains. These results are significant for advancing our
knowledge of forest ecosystem dynamics and sustainable resource
management.

Index Terms—Global navigation satellite system trans-
missometry (GNSS-T), soil moisture, unmanned ground vehicle
(UGV), vegetation optical depth (VOD), vegetation water content
(VWC).

I. INTRODUCTION

FOREST areas are essential to the health of our environ-
ment and the development of civilization in general. All

terrestrial ecosystems and climate change are greatly impacted
by the distribution and productivity of vegetation [1], [2], [3].
There have been abrupt changes in phenology and vegetation
productivity as a result of the increasing frequency and intensity
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of climate extremes, including both wet and dry conditions [4].
Droughts are becoming more severe, harsh, and frequent as the
climate continues to warm [5]. The manner in which forests
react to drought is influenced by various factors, including
the flow and distribution of water in the soil-plant-atmosphere
continuum [6]. There is significant evidence that vegetation
water content (VWC) can serve as a useful measure of water
status as it is directly linked to the moisture content of living
fuel [1]. Improved temporal and spatial quantification of VWC
variations is expected to aid in the improved evaluation of how
forests respond to drought, including tree mortality and wildfire
risk. Direct measurement of VWC dynamics remotely can also
be crucial for understanding and modeling hydrological and
ecological processes [7].

Assessing vegetation water characteristics typically neces-
sitates extensive fieldwork, often involving the destruction of
trees as indicated by [8]. Another common VWC estimation
technique is using vegetation reflectance as a proxy [1]. While
most vegetation indexes can be obtained at a high spatial res-
olution, atmospheric factors frequently compromise their ef-
fectiveness, leading to potential misinterpretations. In addition,
these indexes lack a robust physics-based connection with the
water content and have limited validity [9]. For instance, 1)
the relationship between normalized difference vegetation index
(NDVI) and VWC is empirical and plant-specific, and it depends
on chlorophyll content; 2) changes in greenness do not always
correspond to changes in VWC; 3) NDVI can quickly reach
saturation levels at low-to-moderate VWC values. Despite these
limitations, NDVI remains widely used in various applications
due to its widespread availability [10].

Vegetation optical depth (VOD) has recently emerged as a
new proxy to sense the VWC [11], [12], [13], [14], [15], [16],
[17], [18], [19]. VOD is a parameter that quantifies the atten-
uation of microwave signals when traversing the above-ground
vegetation canopy. It is a dimensionless quantity, with higher
values indicating more attenuation and, hence, a larger quantity
of VWC. VOD serves as an indicator of both the VWC and
structure of the vegetation, offering valuable insights into the
microwave interaction with the plant cover. The above-ground
biomass (AGB) of a forest ecosystem is intricately linked to both
its VWC and VOD, forming a critical nexus that contributes to
our comprehensive understanding of ecological dynamics [1].
The correlation between microwave observables, specifically
backscatter and VOD, and VWC is expounded upon in [11].
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VOD observations became available globally through the
opportunistic use of existing spaceborne measurements initially
intended for other scientific purposes [20], [21], [22], [23], [24],
[25]. VOD derived from both active and passive microwave
observations is increasingly used for monitoring vegetation pa-
rameters, including VWC and AGB, across different frequency
bands ranging from L to Ka bands [12], [16], [17], [25], [26].
Konings et al. [21] applied the multitemporal dual-channel al-
gorithm to retrieve VOD from the first full year of soil moisture
active passive (SMAP) L-band radiometric observations. Lever-
aging both the soil moisture and ocean salinity (SMOS) and the
advanced microwave scanning radiometer for EOS (AMSR-E)
measurements, a sensitivity analysis on soil moisture variations
in the Bermejo basin, Argentina, comparing L-band SMOS
measurements with C and X-band AMSR-E and highlighting
the superior performance of lower frequencies in moderately
dense forests have also been performed [25]. In addition, several
studies done using the L-band SMOS data have shown good
correlation between VOD and AGB, tree height and plant area
index (PAI) [27], [28], [29], [30], [31]. Furthermore, the cyclone
global navigation satellite system (CyGNSS) mission has been
harnessed for AGB retrieval across diverse forest types, includ-
ing rainforests, coniferous forests, dry forests, and moist tropical
forests [32] [33].

Validating such spaceborne VOD products poses a signif-
icant challenge due to the lack of systematic ground-based
VOD observations at the moment [34]. The availability of re-
liable VOD/VWC measurement in landscape scales also holds
promises to provide ground truth for satellite-based VOD obser-
vations and extend isolated and time-consuming in-situ (often
time-destructive) measurements of vegetation characteristics,
such as biomass and VWC. Recently, a new methodology called
the GNSS transmissometry (GNSS-T) technique has gained
attention to monitoring VWC directly. The method uses sta-
tionary [35], [36], [37], [38], [39] or mobile [40], [41] GNSS
receivers under the forest canopy, accompanied by an additional
stationary unit in the open area as reference. The logarithmic
difference between the two measurements yields information on
forest transmissivity (water content). This relatively new remote
sensing (nonintrusive) approach could transform forest VWC
monitoring studies. Its optimal interpretation, use, and relation
to VWC have yet to be comprehensively explored.

Point measurements [35], [36], [37], [38], [39] can be obtained
by accumulating data over a long time at a single point. Such
temporal measurements can help to resolve the contributions
coming from different parts of the canopy. The point mea-
surements can also capture variability in plant water status at
diurnal timescales and resolve vegetation’s dynamic physio-
logical response to water stress [42]. However, extending such
measurements to the landscape scale (e.g., 1 km) is not well un-
derstood since a spatially aggregated estimate is difficult, mainly
due to extensive heterogeneity at the landscape scale. To scale
the point measurements to larger spatial areas, we conducted
coordinated field experiments involving mobile GNSS units
under the forest canopy. Given the significant variations of VWC
and relative water content within different tree components and

across species, the result can inform the variability of VOD at
a landscape scale. The spatial integration could help to average
the heterogeneity and to resolve dynamics linked to soil water
dynamics [43].

This article presents the development of a unique measure-
ment system that utilizes an unmanned ground vehicle (UGV)
for assessing VOD within forested areas. The primary objective
of this research is to comprehensively characterize VOD across
forest landscapes efficiently. By doing so, it aims to investigate
sizeable forested regions in a relatively short time frame, offering
insights into spatial variations within the forest environment and
shifts in topography. To achieve these goals, a UGV equipped
with a GNSS receiver featuring a linear antenna was employed.
As the UGV navigates through the forested terrain, it captures
attenuated signals through its receiver, storing the acquired data
within its onboard computer storage. Concurrently, a second
receiver configured identically is positioned within an unob-
structed open area, receiving direct signals from GNSS satellites.
The difference between the direct signals in the open space and
the attenuated signals beneath the forest canopy is utilized to
determine VOD. This method capitalizes on the inverse rela-
tionship between signal strength and VOD as well as VWC in a
given area.

The UGV’s path was strategically planned to traverse diverse
tree zones, enabling the analysis of signals with respect to tree
size and species. Consequently, this allows for a more nuanced
analysis of how different tree types impact VOD measurements.
In addition, the research incorporated data collected across
different months to elucidate long-term or seasonal fluctuations
in VOD. In summary, this study introduces a novel UGV-based
VOD measurement system for comprehensive forest analysis.
By considering diverse forest regions, tree species, and temporal
variations, the research enhances our understanding of VOD
dynamics and its correlation with satellite positioning in forested
environments.

The rest of this article is organized as follows: Section II
describes the methodology, which gives the theoretical back-
ground of the research, describes the site of the experiment,
and reports the hardware that has been prepared for the exper-
iment and the data collection procedure. Section III presents
and evaluates the experimental results, and the implications of
the findings are discussed. Finally, Section IV concludes this
article.

II. METHODOLOGY

A. Measurement Configuration

The presence of forest vegetation has a notable influence on
microwave signals, particularly GNSS signals in the L-band
frequency range. As these signals penetrate through trees, they
engage with the moisture contained in the leaves, branches,
and trunks of the vegetation. The interaction causes signal
attenuation and scattering, reducing the signal power passing
through the vegetation canopy. It can be possible to determine
the water content of the vegetation layer lying above the ground
by examining the degree of signal degradation.
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Fig. 1. Concept illustration of GNSS-T depicts two units: the reference unit
(left), the forest unit, which can be integrated into a mobile robot for spatial
sampling (right).

In order to measure the changes in signal strength, a GNSS
transmissometry (GNSS-T) system is used in which a GNSS
receiver is deployed in an open area to obtain a reference
signal. This receiver directly captures signals transmitted by
GNSS satellites and determines the unobstructed received sig-
nal strength. Simultaneously, another GNSS receiver with an
identical configuration (forest or mobile unit) is placed inside
the forest mounted on a UGV to capture the attenuated signal
within the forested environment as illustrated in Fig. 1.

The antenna in the forest unit should be mounted on a metallic
mesh to block signals reflected from the robot and the ground.
Such a structure can be attached on the top of an inverted gimbal
system (for the mobile platform) to align the direction and level
of the antenna with respect to the one in the open sky. This
configuration is carefully chosen to mitigate antenna-related
degradation between two measurements.

While Fig. 1 showcases a single satellite, it is important to
note that the four primary GNSS constellations host over one
hundred satellites. At any given moment, approximately 30 or
more satellites are visible, enabling comprehensive scanning of
the majority of the upper hemisphere view of the antenna.

In this configuration, the direct (reference) signal measured
by the reference unit of Fig. 1 can be written by

CNG,n
0,p = KnGR,p (θi,n, φi,n) (1)

where CN0,p represents the carrier-to-noise ratio that is a mea-
sure of the received signal strength relative to the strength of the
noise. The quantity GR,p(θi,n, φi,n) is the antenna gain pattern
in the direction of incidence θi,n and azimuth φi,n angles for
the satellite n, the subscript p denotes the polarization of the
receiving antenna. The the constant Kn is given by

Kn =
PT,nGT,n

4πR2
n

(
λ2

4π

)
(2)

where PT,n and GT,n are the transmitted signal power and
gain of the satellite, respectively. The quantity λ is the signal’s
wavelength, and Rn is the distance between the nth satellite and
the ground. The signal measured under the vegetation canopy
by the forest unit in Fig. 1 can be written as

CNF,n
0,p = Kn [γp (θi,n, φi,n)GR,p (θi,n, φi,n) + SM,p (θi,n, φi,n)]

(3)

where θi,n and φi,n are the incidence and azimuth angles, which
are the same as defined in the open area thanks to the gimbal
structure. The constant Kn is practically the same as the one
in the reference signal since the transmitter is in the mid-Earth
orbit (MEO), far away (about 20 000 km) from both receivers.
In addition, the atmospheric effects will negligible due to the
almost same field of view of the receivers and longer operat-
ing wavelength at L-band. The quantity, γp(θi,n, φi,n) is the
transmissivity, which is the parameter of interest to be estimated
and represents direct line-of-sight attenuation. The additional
term (i.e., SM,p(θi,n, φi,n)) in brackets represents the multipath
that might happen due to the vegetation–ground interaction and
volume scattering within the antenna’s field of view.

Taking the ratio of simultaneous measurements of forest
and open-sky signals (or logarithmic difference) leads to the
cancelation of the common factor Kn for each satellite, but a
residual term will remain due to the multipath as

Qp,n =
CNF,n

0,p

CNG,n
0,p

= γp (θi,n, φi,n) + Δγp (θi,n, φi,n) (4)

where the residual term is given by

Δγp (θi,n, φi,n) =
Sm,p (θi,n, φi,n)

Gr,p (θi,n, φi,n)
. (5)

This residual term is expected to be a function of the sys-
tem (i.e., frequency, polarization, and observation angle) and
environmental factors (i.e., tree type, height, density, and gap
size). In this article, we will experimentally demonstrate that the
impact of forest–ground interaction is mostly negligible, while
additional considerations are required for the forest volume scat-
tering as it blends with direct attenuated signal. For simplicity,
we will neglect the residual term in (5) when we estimate the
VOD values as currently done in most GNSS-T studies [35],
[37], [38].

The ratio is then assumed to be equal to the transmissivity that
is related to the VOD as

τp,n = − ln γp (θi,n, φi,n) cos (θi,n) (6)

where τp,n refers to the estimated VOD in the forest.

B. Experimental Plan and Overview

As illustrated in Fig. 1, the forest unit is attached to a UGV
platform. Since the goal is to sense the vegetation with the mobile
receiver, any signals coming from the ground are undesirable and
can impact the measurement accuracy as the rover traverses the
forest canopy. First, we studied the impact of ground multipaths
on the mobile measurements. For this purpose, we conducted
several experiments using smartphone receivers on stationary
platforms that involved the collection of GNSS data with dif-
ferent ground plate sizes, and EM absorbers [44]. Finally, we
implemented a UGV-based system using custom receivers (e.g.,
u-blox board) to demonstrate how the GNSS-T concept works
with respect to fluctuations within and across tree species and
seasonal variations in vegetation. Data collection for this study
occurred from February 2020 to June 2021, utilizing differ-
ent setups involving smartphone receivers and custom GNSS
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Fig. 2. Data collected using smartphone receiver as well as u-blox receiver
with variable ground plate, platform, and absorber including open sky data and
forest data.

Fig. 3. (a) LIDAR image of experiment site showing the variation of tree
height on the color bar inside the area. The three boxes differentiate the pine,
oak, and mixed tree part of the forest with the path of the UGV on it (b) satellite
image showing the site where the experiment has been conducted with the path
of the UGV on it.

receivers. The comprehensive dataset collected throughout the
specified time period is presented in Fig. 2, detailed in the next
section.

C. Site Description

The UGV experiments took place within the forested area
in the Center for Advanced Vehicular Systems (CAVS) Prov-
ing Ground which is a center-wide resource for development
and testing of vehicular technology. This area was well sur-
veyed, including airborne (light detection and ranging) LIDAR
measurements. Airborne LIDAR data of the site are shown in
Fig. 3(a). The point cloud images offered detailed information
about the forested region, enabling the estimation of tree heights.
These estimations were further compared with satellite images
Fig. 3(b). The data proved useful in distinguishing different types
of trees within the forested area where the experiment took place.
The entire experiment zone has been divided into three parts. The
first zone consists of medium-height oak trees, the second zone
comprises medium-height mixed deciduous trees, and the third
tree zone has large pine trees, as shown in Fig. 3(a).

In addition, we collected diameter at breast height (DBH)
data within the oak and pine sites. An area of 30 × 30 m
was chosen within the Oak tree sector for detailed examina-
tion. The total count of trees possessing a DBH equal to or

TABLE I
IN-SITU DATA WERE GATHERED FROM MARCH TO JUNE WITHIN THE PINE

AND OAK FORESTS SEPARATELY

exceeding ≥3 cm was recorded within this designated area.
Subsequently, the DBH of each individual tree within the de-
marcated 30 × 30-m region was measured. Similarly, within
the pine tree sector, a demarcated area measuring 40 × 40 m
was selected for investigation. All trees with a DBH of ≥7 cm
were enumerated within this chosen area. The DBH of each pine
tree located within the specified region was measured. Moreover,
using airborne LIDAR measurements, the average height of both
oak and pine trees was estimated. Comprehensive tabulation of
the DBH measurements is presented in Table I.

D. Instrumentation

For initial experiments (described in the next section), we
utilized two identical smartphones to investigate the multipath
effects on the GNSS-T measurements. During the experiment
campaign, we also tested the performance of the smartphone
in-built antennas. The result of such a study was reported in
another study [40], and the conclusion was that the radiation
pattern of the smartphone’s GNSS antenna is observed to be
highly irregular. Thus, we decided to use custom GNSS receivers
for the UGV experiments since the irregular antenna pattern
can cause discrepancies between reference and mobile receiver
measurements, even if a gimbal system is utilized.

1) Smartphone GNSS Receiver Preparation: Two identical
smartphones running the Android Oreo operating system (Xi-
aomi MI8) were utilized. GNSS raw data were collected and
stored in receiver-independent exchange format (RINEX) with a
one-second sampling rate using an Android app called rinexON,
which is freely available at the Google Play store. This work has
become possible thanks to direct access to raw GNSS data from
mass-market devices running the Android Nougat (or newer)
operating system, which was made available in 2016 [45]. A
tripod with circular ground plates measuring 12 in (30.48 cm)
and 18 in (45.72 cm) in diameter was utilized in the experi-
ment. These ground plates were covered with silver tape, which
isolated the reflected ground multipath from the direct signal.
The smartphones were identified as Phone-A and Phone-B,
respectively, ensuring consistent and comparable measurements
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Fig. 4. (a) Smartphone receiver setup with tripod and ground plate to collect
data (a) in an open area with no vegetation or scatterer (b) in a forested area with
vegetation (c) in an open area with EM absorbers on the ground (d) in a forest
area with EM absorbers on the ground to block ground multipath.

throughout the experiment. Fig. 4 shows pictures of the receiver
setup in the forest and outside.

2) U-Blox Receiver Preparation: For the mobile GNSS ex-
periment, a custom GNSS receiver utilizing the u-blox ZED-F9P
application board was employed. The receiver was accompanied
by the AA.175 – Magma X linear polarized omnidirectional
GNSS antenna. To facilitate data recording and storage, the
receiver was connected to a mini-computer running specialized
software known as u-Center. The received signals were recorded
and stored within the storage capacity of the onboard computer.
Two identical u-blox receivers and antennas were utilized to
gather data in both open areas and forested regions, ensuring
consistent and comparative measurements. Fig. 5 shows pictures
of the stationary reference unit placed on the ground in an open
area and the other one mounted on the UGV system under the
forest.

3) UGV Preparation: A sturdy UGV, as depicted in Fig. 5(b),
was specially designed with the capability to navigate effort-
lessly through challenging terrains within forested areas. The
UGV incorporates the Pixhawk ArduRover UGV control system
as its foundation. To ensure optimal performance, the UGV is
equipped with a heavy-duty three-axis gimbal, which maintains
a level orientation of the receiver with respect to the surface.
This gimbal also ensures that the mobile receiver maintains the
same orientation as the stationary receiver at all times. Also, a
lithium-polymer battery (LiPo) has been used for long-duration
experiments.

Fig. 5. (a) Stationary u-blox receiver setup to collect data in open sky area
without any vegetation or scatterer. It was intentionally placed on ground to
ensure no multipath interference affects the reference signal. (b) Custom UGV
configured with u-blox receiver setup to collect data under forest area with the
front camera, fisheye camera, and three-axis gimbal to keep the GNSS receiver
in a fixed orientation.

The UGV is outfitted with a wide-angle lens GoPro camera
facing forward, capturing the surroundings along the UGV’s
driving path. Furthermore, an upward-facing fisheye camera
is installed, which records hemispherical images of the forest
canopy. Hemispherical photos are used to show seasonal varia-
tion in trees due to changes in VWC.

E. Experiment Design

Our working hypothesis is that the multiple scattering involv-
ing ground reflections are negligible under the forest canopy,
so the UGV-based GNSS receiver collects mainly attenuated
and scattered signal within the vegetation. In early 2020, we
conducted several experiments to demonstrate the feasibility
of this approach under a moving platform and to address the
multipath assumption. The summary of the experiments that we
conducted is given in Fig. 2. Following the multipath experiment,
we conducted a UGV-based experiment on multiple days in
the spring and early summer of 2021 to demonstrate how the
GNSS-T concept works with respect to signal variations within
and across tree species and seasonal changes in VWC. The
pictures from these experiments are provided in Figs. 4 and 5.
The design of these experiments is briefly described as follows.

1) Multipath Experiment: We designed two distinct exper-
iments to understand the impact of ground multipath on the
received signals under the forest by using different ground plate
sizes and EM absorbers. Using two smartphones, the experiment
took place over multiple days, spanning about a month. In all
cases, we had two stationary measurement systems: 1) one
receiver on top of a ground plate attached to the tripod in an
unobstructed field and 2) the other one on top of a ground plate
attached to another tripod under the forest. Both receivers are
leveled and oriented in the same direction and recorded the
signals simultaneously for approximately 6 h. We used two
different ground plate sizes (i.e., 12 inches and 18 inches) to see if
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Fig. 6. Signal strength using smartphone receiver (a) in open area with phone A and phone B for GP27 satellite showing the impact of different receiver in open
area (b) in open area with 12-inch and 18-inch ground plate for GP23 satellite showing the impact of ground plate size on received signal in open area (c) with and
without absorber in open area for GP23 satellite showing the impact of ground multipath in open area (d)in forest area with phone A and phone B for GP27 satellite
showing the impact of different receiver in forest area (e) in forest area with 12 in and 18 in ground plate for GP04 satellite showing the impact of ground plate size
on received signal in forest area (f) with and without absorber in forest area for GP09 satellite showing the negligible impact of ground multipath in forest area.

the size of the ground plate impacts the measurement. Finally, we
covered the ground with absorbers to block the ground reflection
completely.

2) Mobile Receiver Experiment: Identical off-the-shelf u-
blox GNSS receivers and L-band GNSS antennas were em-
ployed to collect signals in both open-sky [see Fig. 5(a)] and
under-canopy conditions [see Fig. 5(b)] since smartphones are
not appropriate to use on moving platforms because of their
irregular antenna patterns, as previously stated. The UGV,
equipped with a gimbal and a GNSS receiver, traversed through
the forested region while continuously collecting GNSS signals
with a full 1000-ms duty cycle. The time-synchronized signals
from these stationary and mobile units were then compared, and
the difference between them was utilized to calculate the VOD
values. Throughout this traversal, the UGV encountered the
three specified tree zones: 1) oak trees, 2) pine trees, and 3) mixed
trees, as shown in Fig. 3. We repeated the same experiment on
four different days in the spring and early summer to investigate
the GNSS-T approach’s ability to capture seasonal variations.

III. RESULTS

A. Impact of Receiving Systems and Ground Multipath

This analysis involved using two different (but the same
model) smartphones to collect data on multiple days from
February to March in 2020, focusing on studying the impact

of ground multipaths on the GNSS measurements in forest
areas. In the analysis, we chose GPS satellites as they have
a revisit time of approximately 11 h and 56 min, facilitating
comparison of the same satellite configuration quickly. In other
words, the different dated data can simply be shifted accordingly
to compare the results. It is important to note that the results
presented below are specific to a subset of GPS satellites chosen
for illustrative purposes, and similar findings were observed for
the other available GPS satellites but are not shown here.

Two identical phones (labeled as Phones A and B) are utilized
on multiple days to assess consistency over different days and
across phones of the same model. This is particularly impor-
tant as the GNSS-T methodology involves two simultaneous
measurements and requires the receivers and configurations to
be identical. Fig. 6(a) and (d) show examples of how signal
strength changes over time in both forested and open areas. It
is evident that the receptions from two identical phones exhibit
nearly identical trends under both forest and open areas. This
observation indicates that antenna and system-related effects
are minimal when two identical receivers are utilized in the
GNSS-T methodology. Furthermore, it is evident that the forest
signal [see Figs. 6(d)] fluctuates strongly, indicating that the
multipath is much stronger compared to the received signals
in the open area [see Fig. 6(a)]. In our next step, we aim to
delve deeper into the investigation of the predominant source of
the multipath interference observed in the forest environment.
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This will involve conducting experiments with various ground
plate sizes and absorbers to systematically test and analyze their
impact on mitigating the ground reflection.

First, we repeated the experiment with different sizes of
ground plates (i.e., 12- and 18-in diameter circular plates).
The results on February 2nd and February 7th are presented
in Fig. 6(b) and (e), respectively. As expected, the size of the
ground plate made a notable impact on the received signal
in an open area [see Fig. 6(b)]. Conversely, its impact was
minimal in the forested area [see Fig. 6(e)], suggesting that the
signals primarily came from the upper hemisphere, with ground
reflections playing a minor role in the forest.

Finally, to further verify earlier observations, we introduced
absorbers on the forest floor from February 27th to March
1st. The comparison of the data with and without absorbers
is presented in Fig. 6(c) and (f). Fig. 6(c) shows a significant
change in signal strength in the open area that can be attributed
to the presence of strong multipath interference as the absorbers
are expected to cancel the multipath. In contrast, the signal
fluctuations shown in Fig. 6(f) remained very similar, and there
was no significant impact of the absorbers on the received signal
in the forested area. This can be attributed to the insignificance
of ground multipath interference in forested areas. This result
reinforces our hypothesis that the multipath due to the ground
reflections is indeed insignificant under forest canopies.

The observations presented in these experiments can be sum-
marized as follows.

1) When employing the GNSS-T methodology with two
identical receivers configured the same way, antenna and
system-related effects are minimal, so the GNSS-T ob-
servable [i.e., the ratio in (4)] primarily conveys informa-
tion about the environment rather than being influenced
by instrument and configuration discrepancies.

2) When the mobile forest unit (with an upward-facing GNSS
antenna on a ground plate) traverses through a forested
area, it captures signals primarily from the forest canopy,
irrespective of ground conditions. This effectively results
in sampling the forest canopy rather than the ground itself.

B. Insights Into the VOD Variations

In the typical GNSS-T configuration, as outlined in
Section II, the receiver mounted on a UGV travels randomly
under the canopy by visiting the previously identified sites.
During such data collection, the many satellites are in the view
of the receiver, positioned in various locations in the sky, and
moving, but relatively slower. Both motions introduce various
observing geometries that lead to fluctuations in the received
signal. These fluctuations will be explored in time, space, and
angle to provide insights into the complex variations in the
received signal in the forested environment.

1) Temporal Variation: The changing positions of the UGV
and the satellite influence the received signal significantly in
forested areas, while the open sky signal is relatively stable over
time as it is unaffected by interference, as evident in Fig. 7(a).
The signal gathered by the forest receiver, which travels inside
the forest with the UGV, shows more fluctuations in comparison.

Fig. 7. Temporal variations of both the open sky and forest signals were
observed throughout the entire data collection period. In (a), depicting data
from Satellite GA-13 in March, the open sky signal (blue line) exhibited greater
stability over time, while the forest signal (green line) displayed noticeable
fluctuations, albeit consistently smaller than the open sky signal. To mitigate
these fluctuations, a moving average with a 45-s window was applied to the
forest signal (red line). In (b), the difference between the open and forest signals
is illustrated, with the green line representing the difference and the red line
indicating the filtered signal using the same moving average window. Notably,
the difference is consistently positive due to forest attenuation. (c) presents the
time average of all satellites combined over the entire period in an open sky area
(blue line), the forest signal (green line), and the moving average of the signal
(red line). Finally, in (d), the difference between the sky and forest signals from
(c) is shown in the green line, while the red line represents the moving average
of the signal.

This is due to the receiver constantly encountering different parts
of the forest every second. The raw forest signal has much more
variation (in green). So, the signal is averaged with a 45-s moving
window (in red) to flatten the signal. As a lower smoothing
window cannot remove the interference properly, and a higher
moving window can remove the actual features of the signal, a
45-s window is chosen empirically. In addition, the forest signal
consistently appears weaker than the open sky signal due to
attenuation and scattering caused by the presence of trees. As
the transmitter moves considerably slower than the UGV on the
ground, the variance in the forest signal is primarily due to the
changing view of the forest canopies.
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Fig. 8. Spatial variation for (a) GA-13 satellite showing the VOD value over
the path followed by the UGV including the pine, oak, and mixed forested area.
(b) Spatial averaging of all the satellites over the entire path showing the overall
VOD variation as the UGV moves through the forest in the month of March.

Fig. 7(b) illustrates the time average of all the visible satellites
throughout the entire time period. The average signal, which
takes into account all the satellites, is seen to fluctuate less than
individual satellites. This is due to the fact that the variable forest
structure and density has a greater impact on the average signal
than a satellite’s particular behavior does.

By analyzing the temporal aspects of the signals, these obser-
vations provide insights into the contrasting behavior of open-
sky signals and forest signals over time. The dynamic nature
of the moving receiver and the shifting forest environment can
be attributed to the differences in the forest signals, while the
average signal reflects the combined influence of all satellites
and the changing structure of the forest scenario.

2) Spatial Variation: The VOD variations are examined in
space to illustrate how the VOD varies as the UGV travels
through various vegetation densities or structures. By utilizing
the difference between the open sky and forest signal strengths,
we employed (4) and (6) to calculate the VOD. These VOD
values were subsequently overlaid on a map, matching up them
with the receiver’s latitude and longitude position in Fig. 8. The
plotted VOD values encompass the entire experimental region,
encompassing oak, mixed, and pine forests. In Fig. 8(a), the
VOD plot represents a single satellite, while Fig. 8(b) displays
the VOD plot for the entire region, averaging the VOD values
obtained from all available satellite data.

It is evident that there exists a noticeable variation in VOD
values for each specific point. This variation highlights the
heterogeneous nature of the forest terrain. Therefore, relying
on a single reference point within the forest using a stationary
receiver is insufficient to represent the forest area accurately.
The structure of the forest area fluctuates from one location to
another, resulting in different VOD values.

3) Angular Variation: This analysis illustrates how the dif-
ferent positions of the satellites, characterized by varying eleva-
tion and azimuth angles, affect the interaction of signals with
forest vegetation and subsequently impact the calculation of
VOD. Four major GNSS constellations represent more than a
hundred satellites, about 30 or more of which can be visible at
any point and time. Due to the diversity of the GNSS orbits, one
can scan most hemispheric views and monitor from a single
to a group of trees within the field of view. Such potential
is complicated by the patterns of GNSS orbits, which change
continuously.

The position of the satellite has a significant effect on VOD.
Our empirical observations reveal that satellites with elevation
angles below 30◦ and beyond 60◦ yield inconsistent signal
strengths. When the transmitting satellite is at a very low in-
cidence angle (i.e., high elevation angles), the receiver predom-
inantly measures an unobstructed signal since near-normal in-
cidence provides the shortest path through vegetation canopies.
Also, volume scattering around the line of sight can add up
to the receiver signal. As a result, signals from satellites with
higher elevation angles (above 60◦) exhibit increased strength,
yielding lower VOD values. Conversely, when the incidence
angle is much higher (i.e., lower elevation angles), the signal
travels through a longer path in the forest, which leads to a higher
path loss. As a result, the forest signal degrades, causing higher
VOD values. In the following analysis, signals from satellites
with elevation angles below 30◦ and above 60◦ were excluded.

Fig. 9 presents the hemispherical distribution of short-term
VOD spatial variations in sky plots where each full circle
represents an incidence angle ranging from 0◦–90◦, while the
entire circle represents the azimuth angle ranging from 0◦–360◦.
In Fig. 9(a), the variation of VOD values throughout the data
collection period in March is illustrated as the transmitting
satellite GP-01 moves while Fig. 9(b) presents the collective
data from all constellations (including the GLONASS, Beidou,
GPS, and Galileo satellites) across the entire data collection
period. The circles are filled using a moving average to present a
complete overview. The results show the heterogeneity of forest
attenuation with respect to angles of observation, while it is
mostly observed that an increase in the incidence angle leads to
a corresponding increase in the VOD values.

Given the significant variations of VWC and relative water
content within different tree components and across species, the
result can inform the variability of VOD at a landscape scale.
The spatial integration could help to average the heterogeneity
and resolve dynamics linked to soil water dynamics.

C. Seasonal Change in VOD

To investigate the long-term (seasonal) variation in esti-
mated VOD, we conducted an analysis using the GNSS-T data
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Fig. 9. Angular variation for (a) satellite GP-01 showing the skyplot where
each circle represents a different incidence angle and the entire circle represents
the azimuth angle. The graph shows the path followed by the specific satellite
over the entire data collection period (b), including all the satellites over the entire
period. All the data has been moving averaged to show a full representation of
the impact of satellite position on VOD measurement.

collected once a month from March to June. Hemispherical
images were also taken each month. As seen in Fig. 10, the
progressive development of leaves is evident through variations
in the greenness and density of leaves, indicating a rise in VWC.
The VOD distribution and skyplot are provided in Figs. 11
and 12, respectively. The results show a rise in VOD values
throughout the changing of the seasons (from preleaf to leaf-
on conditions). The varied vegetation structure that the UGV
encounters as it moves through the forest is the cause of the
histogram’s wider range of values. The same data are depicted
in Fig. 12 as skyplots, following the same procedure applied in
Fig. 9. Notably, the skyplot transitions from lighter to darker
shades as we progress from winter to summer, indicating higher
VOD. This highlights the substantial influence of seasonal vari-
ations on the overall calculation of VOD. As the vegetation
undergoes gradual transformations, the corresponding VOD
values also change. The results highlight the significant impact
of seasonal changes on the overall VOD calculation, with VOD
values fluctuating in response to gradual variations in vegetation.

Fig. 10. Skyview of forest from the ground taken with the fisheye camera on
the same location in the month of (a) March, (b) April, (c) May, and (d) June to
show the variation of tree density of vegetation as the season changes.

Fig. 11. Histogram depicting the VOD distribution across the entire experi-
ment period is shown for different months: March, April, May, and June. The
histogram illustrates the VOD variation as seasonal changes occur. Notably, the
VOD values gradually increase from March to June, indicating the transition
from winter to summer.

However, the changes are nonuniform but observable. Fig. 13
presents the general trend of VOD values, showcasing a gradual
increase from March to June across the entire dataset. Neverthe-
less, this change is not directly proportional to time, and distinct
tree types exhibit visible variations in VOD as the months shift.

D. VOD Variation Across Tree Species

VOD is influenced by the tree species present in the area of
interest. Different vegetation kinds have distinctive structures,
which causes them to interact with microwave signals in differ-
ent ways in terms of attenuation and scattering. We split the data
into three different plots (i.e., pine, oak, and mixed) to examine
how vegetation species affect the VOD estimations. Spatial and
angular variations for each plot in May are presented in Fig. 14.
The skyplots reveal that oak trees exhibit higher VOD values
compared to pine and mixed trees. This can be attributed to
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Fig. 12. Angular VOD distribution is presented through skyplots depicting
data from all satellites over the entire experiment period for each month:
(a) March, (b) April, (c) May, and (d) June. Notably, as we progress from March
to May, the VOD values gradually increase, and the skyplots become greener,
indicating higher VOD values from March to June.

Fig. 13. Distribution of VOD varies across different months for various tree
types. As the months advance from March to June, the VOD values for all tree
types also increase. This observation illustrates the expected seasonal change
for all trees, transitioning from winter to summer.

the higher VOD observed in the oak tree path due to its higher
canopy density (see Table I) and, subsequently, higher VWC.
It is important to point out that no VWC measurements are
made in this study. The higher VWC is expected for oak trees
due to their expected higher values of leaf area index (LAI), as
evident in Fig. 10. The forest signal is substantially weaker in
oak forests compared to pine and mixed forests due to the greater
attenuation because of higher VWC. In addition, pine trees have
higher VOD values than mixed trees, mostly as a result of their
taller height and greater density of needles (higher LAI), both
of which contribute to the observed variations in VOD patterns.

The distribution of VOD readings in oak and pine forests
during the month of May is shown by the histogram in Fig. 15.
The VOD values in the oak forest are noticeably greater than
those in the pine forest. This discrepancy can be attributed to
the greater vegetation density within the oak forest, leading to

a higher water content and, consequently, higher VOD values.
Furthermore, Fig. 15 reveals that pine trees exhibit higher VOD
values compared to the mixed trees. This difference results from
the pine tree’s higher density and height, which have more
scattering and attenuation effects than mixed trees. As a result,
the VOD readings on the pine trees are greater. These trends
were consistently observed in all data collection periods as well,
indicating the relationship between vegetation density, water
content, and VOD measurements in both oak, pine, and mixed
forests.

Fig. 16 presents the variations in VOD values for different
tree species across various months. Compared to mixed and oak
trees, pine trees have greater VOD values in March. This is
explained by the fact that oak trees have less leaf density at
this time of year, whereas pine trees have taller heights and
more needles, which increases VOD values. The leaf density of
oak trees greatly increases as the months move toward summer,
outpacing that of pine and mixed trees in terms of VOD. As a
result, compared to mixed and pine trees, oak trees have much
higher VOD values in the months of April, May, and June. The
combined impact of seasonal variations and tree species on VOD
is clearly depicted in this illustration.

IV. DISCUSSION

This study explored the possibility of remote sensing of
forest VOD using low-cost GNSS receivers at landscape scale
with one receiver moving under forest while another identical
receiver in the open area as reference. This approach, known
as GNSS-T, is aimed to measure canopy transmissivity rather
than reflectivity, distinguishing it from GNSS reflectometry. To
check the effectiveness of this technique, it was crucial to ensure
that the sampling focused on vegetation rather than ground
as the mobile platform moved randomly through the forest.
Specific experiments were conducted involving the placement
of absorbers on the ground and the use of various sizes of ground
plates. Through these experiments, it was demonstrated that the
interaction between the forest and ground was negligible when
compared to the scattering and absorption by vegetation. How-
ever, additional considerations are required for the forest volume
scattering as it blends with direct attenuated signal, adding a
residual term to the estimated transmissivity, consequently VOD
estimates.

Guerriero et al. [36] applied a theoretical scattering model to
a poplar forest and provided some insights into the source of
scattering within the canopy. They showed that only the left-
hand circular polarized signals, which the majority of geodetic
ground-based GNSS antennas are designed to reject, are domi-
nated by volume scattering and the right-hand circular polarized
GNSS signals measured below a forest canopy are dominated
by coherent attenuation. However, further research is needed
from modeling perspective to better understand the impact of the
residual term on the VOD estimates to expand these results to
different forest types, densities, and heights. In particular, more
considerations are needed for canopy architecture, gaps, large
scatterers, different polarization (e.g., linear polarized antennas),
and observation angles [46], [47].
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Fig. 14. VOD variation is demonstrated for three distinct plots of trees in the forest area. VOD maps over the oak, pine, and mixed forests are shown as the UGV
traverses through each forest region, represented by (a), (c), and (e), respectively. In addition, (b), (d), and (f) illustrate the skyplots of the oak, pine, and mixed
forests, respectively, in the month of May. Notably, the highest VOD values are observed in the Oak forest, followed by the pine trees and then the mixed trees.
This indicates that the VOD value varies among different types of trees.

Fig. 15. Histogram illustrates the VOD distribution in different types of trees.
Compares the VOD distribution between oak, mixed, and pine trees in the month
of May. Observations reveal that oak trees exhibit higher VOD values compared
to pine trees.

In this study, we collected mobile GNSS-T data over oak,
pine, and mixed trees on multiple days in the spring and early
summer of 2021. The data indicated an increase in VOD values
correlating with seasonal variations, which were captured by
fish-eye cameras. However, due to the absence of in-situ VWC
measurements, a direct comparison between VOD and VWC
was not presented in the article. In addition, the VOD estimates
can depend also on many factors including plant height, density,
structure, and age. In our study area, we did not have sufficient
site diversity to investigate such relations. For instance, oak trees

Fig. 16. VOD distribution of different tree types in different months is ex-
amined. In March, oak trees exhibited lower VOD values similar to pine and
mixed trees. However, as the months progress, Oak trees demonstrate a rapid
increase in VOD values, surpassing both Pine and mixed trees. Eventually, oak
trees show higher VOD values than pine and mixed trees.

are denser than pine trees, but they are shorter than pine trees
(see Table I). Overall, we did not observe a large difference
in VOD except timing of seasonal changes in VOD estimates.
In fact, with a similar GNSS-T setup and more than 20 sites,
we recently collected a more diverse dataset in conjunction
with airborne and terrestrial LiDAR during SMAP validation
experiments (SMAPVEX) in temperate forests [48]. This can
allow to validate and further explain the VOD measurements
with more in-situ data from the SMAPVEX field campaign.
Future studies can include investigation of determining the best
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geophysical parameters (e.g., woody volume, crown diameter,
shape, and plant area density) to describe the VOD. Moreover,
determining the specific vegetation layers that influence the
measurement would be beneficial. Ultimately, establishing the
relationship between VOD and VWC remains a crucial future
objective.

V. CONCLUSION

In this article, we conducted an empirical study on mobile
GNSS-T measurements, yielding several key findings. First, we
investigated the influence of ground multipath on the GNSS-T
measurements, revealing minimal impact on the received signal
under the forest canopy. This means that the mobile forest unit,
equipped with an upward-facing GNSS antenna on a ground
plate, effectively samples the forest canopy rather than the
ground itself. Second, we illustrated how the mobile forest
unit captures the heterogeneity of the forest. Third, we em-
phasized the crucial role of the transmitting satellite’s position
in influencing VOD measurements. Fourth, an examination of
seasonal changes showed a positive correlation between VOD
and seasonal progression in the forest’s hydrological state. Fi-
nally, we explored VOD variations across different tree species
and presented evidence supporting a strong correlation between
estimated VOD and VWC through optical measurements of
vegetation. These findings collectively contribute to an under-
standing of the interactions between GNSS-T measurements
and forest conditions. Further studies, in particular theoretical
studies, are needed to understand better the relative value of
configurational parameters (e.g., elevation angle, polarizations)
and the optimal design of VWC retrieval algorithms.

GNSS-T offers an opportunity to sample vegetation more
comprehensively than current in-situ systems. With the help of
this technology, larger forested areas can be covered in a shorter
amount of time, giving a larger view of the forest ecosystems.
Moreover, GNSS-T can capture variations within forested re-
gions due to the heterogeneous structure of the forests. While it
may not yield information on the diurnal cycle of vegetation, it
can be a valuable tool for regular monitoring and understanding
long-term changes in the forest environment.
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