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Highlights

What are the main findings?
• A GNSS and aerial lidar were combined to estimate signal attenuation in pine trees.
• Radiata pine canopy volume was approximated using the outer envelope of lidar points.
• GNSS signal attenuation is estimated to be about 0.36 decibels per metre in mature 

radiata pine.

What are the implications of the main findings?
• This demonstrates a technique to quickly acquire data to measure signal loss in forests.
• Accurate attenuation coefficients enable simulation of GNSS receiver performance.
• GNSS receiver performance prediction provides users with a better understanding of 

precise positioning capabilities.

Abstract

Data from terrestrial GNSS receivers have been combined with point clouds from aerial 
lidar to estimate the average attenuation coefficients of foliage in planted pine forests at 
GNSS frequencies. The absorption and scattering of radio signals due to the presence of 
vegetation can degrade signals from communications and satellite-based navigation systems, 
making accurate estimates of attenuation essential for predicting equipment performance. 
Given the potentially limited ability of lidar to penetrate dense foliage, a method was 
developed to estimate the average attenuation of signals based on distance travelled beneath 
the maximum height envelope of tree canopies. This was accomplished by using aerial 
lidar data to determine the outer surface of the forest canopy based on the maximum 
height in each horizontal bin. Each GNSS satellite detection vector was then analysed to 
determine the total length traversed inside of the canopy envelope. Application to regions of 
planted radiata pine in a managed forest outside Adelaide, South Australia, yielded average 
attenuation coefficient estimates for satellites with a 30–60∘ elevation angle of 0.36 dB m−1 
for 10-year-old medium-height and 0.35 dB m−1 for 19-year-old tall trees. The demonstrated 
method and results provide site and vegetation-type-specific data to inform predictive 
models of GNSS receiver performance at specific locations.

Keywords: GNSS; LiDAR; remote sensing; radio attenuation; propagation loss; forest 
canopy; point cloud; radiata pine; data fusion
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1. Introduction
Radio signals propagating through vegetation are attenuated by scattering and absorp-

tion processes that reduce power at the receiver. Signal loss due to vegetation can degrade 
the performance of communication systems and affect the accuracy of satellite navigation 
systems. This can be quantified by combining data recorded from mobile receivers with 
three-dimensional data describing the foliage that signals pass through at different locations.

This work was completed as part of a broader study of precise geopositioning tech-
niques in commercial forestry. One of the goals was to generate predictive models of 
satellite navigation performance under a canopy, a task which requires estimates of the 
attenuating properties of the trees of interest and a way to characterise the trees in re-
gions of interest. The presented technique provides a compromise between fidelity and 
computational simplicity.

By treating the canopy surface as a volume boundary, shape information for forested 
regions can be rapidly generated by aerial lidar scans without considering the possibility of 
shadowing in the canopy interior. Unlike the voxel occupancy method described by [1], 
the presented canopy envelope method remains robust and consistent even when limited 
lidar penetration results in incomplete coverage of the canopy interior. The subsequent 
geometric representation can then be supplied to numerical models of satellite receiver 
performance without resorting to oversimplified slab models.

Satellite-based navigation systems, known broadly as Global Navigation Satellite 
Systems (GNSSs) have been in service for decades and have become essential tools for 
a wide range of positioning and timing applications. All of these systems function by 
transmitting codes at regular intervals that are then used in conjunction with known satellite 
positions to estimate the distances between a receiver and satellites, known as pseudoranges, 
based on signal time of flight. These range estimates are then combined to produce an 
estimate of the 3-D location of the receiver (see, e.g., [2]).

The accuracy of individual pseudorange estimates is determined by the performance 
of the tracking loops, which are dependent on the strength of received signals. Received 
signal strength is expressed in terms of the carrier-to-noise ratio, 𝐶/𝑁0, where 𝐶 is the 
received carrier power at the antenna in W, and 𝑁0 is the noise spectral power density in
W Hz−1 . 𝐶/𝑁0 is usually expressed in logarithmic units of dB Hz.

Initially, the delay lock loop (DLL) estimates range using the autocorrelation of a 
signal’s code. Subsequently, the phase lock loop (PLL) tracks the alignment of individual 
phase oscillations in the carrier frequency. Expressions for the uncertainties 𝜎𝐷𝐿𝐿 and 𝜎𝑃𝐿𝐿
in the DLL and PLL use the carrier-to-noise ratio 𝐶/𝑁0 as the independent variable along 
with receiver hardware and code parameters to calculate the standard deviation of the 
pseudorange [3].

The basic principle of this investigation is to use measurements of GNSS satellite 𝐶/𝑁0
to obtain estimates of attenuation for different path lengths through foliage. Coincident 
portions of signal vector and foliage are determined via the combination of aerial lidar 
measurements of canopy shape, terrestrial GNSS receiver location, and known GNSS 
satellite positions. The final result is an estimate of the average attenuation coefficient of 
the vegetation in the region of interest.

Recent studies continue to demonstrate the challenges posed by forest vegetation to 
GNSS observations, including reductions in carrier-to-noise spectral density due to scatter-
ing, absorption, and vegetation-specific multipath effects [4]. Experimental investigations 
have demonstrated dependencies on forest structure and vegetation density [5–8], while 
signal-level analysis has identified both attenuation and distinctive multipath behaviour 
within vegetation [9]. Recent reviews have identified forest canopy as a persistent challenge 
for high-precision GNSS positioning and highlight the potential of integrating GNSS obser-
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vations with LiDAR observations of forest structure [10]. However, relatively few studies 
have directly related observed GNSS signal attenuation to the three-dimensional vegetation 
path traversed by individual satellite signals, and additional work is needed to quantify the 
attenuation properties of specific vegetation types.

The use of an average attenuation coefficient and simplified canopy volumes is useful 
for predictive models of equipment performance in large areas due to the challenge in 
completely modelling electromagnetic propagation around vegetation (see, e.g., [11]). 
Predictive models are useful for estimating the uncertainty in GNSS-surveyed points and 
the precision that may be expected from autonomous systems.

Plants have complex structures, including branches and leaves, that constitute fractal 
levels of detail. An accurate model of electromagnetic wave interaction is thus complicated 
and computationally intensive. For example, refs. [12,13] present direct simulations of 
scattering from trees, but this requires detailed knowledge of tree geometry and is computa-
tionally intensive. Even the simplified model described by [14] becomes too computationally 
burdensome for regular use at forest scale. In terms of generating a practical model of 
equipment performance in a variety of similar locations, a volume-averaged approach is 
more appropriate.

2. Attenuation Theory
The attenuation of radio signals from GNSS satellites passing through attenuating 

media can be described as an optical extinction process. For a signal with initial intensity 
𝐼 (expressed in Watts) at some frequency 𝜈, the change in intensity along a distance 𝑥 is 
given by

𝑑𝐼𝜈(𝑥)
𝑑𝑥 = −(𝑎𝜈 + 𝑠𝜈)𝜌(𝑥)𝐼𝜈(𝑥), (1)

where 𝑎𝜈 and 𝑠𝜈 are the absorption and scattering coefficients and 𝜌 is the density of the 
medium. This can be simplified by combining absorption, scattering, and density into a 
single attenuation coefficient 𝜅𝜈.

Integrating along the propagation vector from a starting position at 𝑠 = 0 to distance 𝑑, 
we obtain the general form of the Beer–Lambert law for optical transmittance:

𝐼𝜈(𝑑) = 𝐼𝜈(0)𝑒− ∫𝑑
0 𝜅𝜈(𝑥)𝑑𝑥, (2)

which simplifies to
𝐼(𝑑) = 𝐼(0)𝑒−𝜅𝜈𝑑 (3)

for homogeneous media.
If power is expressed in dB as 𝑃 = 10 log10(𝐼𝜈/𝐼ref), then attenuation of a signal over 

distance 𝑑 is given by
𝐴 = 𝑃(𝑑) − 𝑃(0) = −𝛾𝜈𝑑, (4)

where 𝛾𝜈 = 10𝜅𝜈 log10 𝑒 is the attenuation coefficient expressed in dB m−1.
Thus, if the distance travelled through the canopy 𝑑 is known across a range of values, 

a simple linear fit of 𝑃 as a function of 𝑑 will yield −𝛾𝜈 as the slope. Furthermore, the solution 
can be constrained if the unattenuated value of 𝑃(0) is obtained from measurements in 
clear-sky conditions.

The above derivation holds only for signals travelling on direct paths through attenuat-
ing media. In practice, it does not account for multipath propagation, whereby the observed 
signal is the sum of the direct path signal and like-polarised reflections. It also does not 
account for atmospheric and ionospheric attenuation, which is most severe at low elevation 
angles (see, e.g., [15]).

However, these additional phenomena are mitigated by the nature of the testing 
presented. In the experimental phase of the work described in Section 5, data were acquired 
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during brief traversals through areas of interest. The constant motion resulted in a wide 
variety of multipath effects that manifest as additional uncertainty in the 𝐶/𝑁0 term used 
to infer the value of the average attenuation coefficient, but otherwise average out.

Atmospheric attenuation and antenna gain pattern both introduce elevation angle 
dependence on the observed 𝐶/𝑁0, but the brief duration of each time series ensured that 
observed satellites were relatively stationary during the observation period, as can be seen 
in the sky maps in Figure 1. Future work may include a cross-calibrated static receiver 
located in clear-sky conditions nearby to record atmospheric and antenna gain-related 
modulations of observed power.

Figure 1. Medium (a) and tall (c) tree lidar-derived maximum height envelopes. The right column 
shows recorded GNSS satellite positions during the medium (b) and tall (d) traversals. BeiDou: 
green triangles. GLONASS: red diamonds. GPS: blue circles. Galileo: yellow squares. QZSS: grey 
stars. The white line on each height map is the path of the terrestrial GNSS receiver.

It should be noted that Equation (4) differs from the maximum attenuation model [16] 
suggested by [17], which is given by

𝐴𝑒𝑣 = 𝐴𝑚[1 − exp(−𝛾𝑑/𝐴𝑚)]. (5)

where 𝐴𝑒𝑣 is the excess attenuation due to the presence of vegetation and 𝐴𝑚 is the maxi-
mum attenuation over some large distance through the attenuating medium. Equation (5) 
is valid for low elevation signals over long distances of hundreds of metres to several 
kilometres through attenuating media, taking into account diffractive effects and surface 
wave propagation.
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Given the shorter distances travelled through attenuating media considered here for 
GNSS satellites situated well above the horizon, which are in the order of tens of metres, 
Equation (4) is the more appropriate choice. Indeed, an evaluation of Equation (5) using 
the values in Table 1 of [17] shows that 𝐴𝑒𝑣 is essentially linear over the distances considered 
in this study. This is furthermore supported by the strongly linear behaviour of 𝐶/𝑁0(𝑑) 
seen in the data, which is similar to the results shown in [18] for frequencies at and below 
5 GHz.

3. Site Description
Mount Crawford Forest is located approximately 46 km northeast of Adelaide, South 

Australia, in the Adelaide Hills. Covering over 12,000 ha, it maintains sustainable wood 
production comprising radiata pine (Monterey pine, pinus radiata) in addition to conserved 
native vegetation [19]. The area of interest for this study includes parcels of planted pine 
located around the crossroad at 34∘ 42′ 54.5″S, 139∘ 1′ 38.7″E.

This site was selected as a representative example of planted pine including regions of 
medium-height (middle-age) and tall (mature) trees, as labelled in Figure 2. At the time of 
measurement, the medium trees were 10 years old with heights of approximately 15 m and 
the tall trees were 19 years old with heights of approximately 21 m. Stem diameters at 1.5 m 
above ground were measured to be 15.3 ± 1.1 cm for the medium trees and 24.4 ± 4.0 cm 
for the tall trees.

Figure 2. Lidar point cloud image of testing area at Mount Crawford, South Australia, look-
ing southwest.

The medium and tall trees had a significant morphological difference in the structure of 
the lower foliage. As can be seen in Figure 3, the active growth portion of the medium trees 
extends to the ground level, which is well below the height of the GNSS receiver carried 
atop a survey pole. In contrast, the tall trees have a significantly cleared understory, with the 
lower branches being thinner and lacking active growth. This is even more pronounced in 
the interior of the forested area.

The site provides ready access to the boundaries and interiors of each forested area, 
as well as an open space with unobstructed sight lines to most of the sky. The latter 
is important for establishing baseline signal strength for visible GNSS satellites without 
interference from blocking vegetation.
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Figure 3. Photos of tall (a) and medium (b) trees in the survey areas, approximately to scale (not 
accounting for perspective).

4. Equipment
The GNSS receiver used for this study is an Emlid RS2+, which is capable of receiving 

GPS (L1C/A, L2C), QZSS (L1C/A, L2C) GLONASS (L1OF, L2OF), BeiDou (B1I, B2I), 
and Galileo (E1B/C, E5b). RTK corrections can be received either through a built-in LTE 
modem or via the controlling device [20].

Point cloud data to characterise the spatial properties of the trees were collected using 
a Zenmuse L1 lidar/camera unit mounted on a DJI Matrice 350 drone. The lidar manu-
facturer states an accuracy of 10 cm horizontal and 5 cm vertical for a measuring distance 
of 50 m. A built-in camera provides RGB data for each point, enabling complete scene 
reconstruction [21].

5. Data Collection
GNSS data collection was conducted on 16 November 2023, along with a preliminary 

aerial lidar survey shown in Figure 2. Final aerial lidar mapping used in the analysis of 
GNSS attenuation was collected on 20 November 2023.

The RS2+ GNSS receiver was operated with RTK corrections enabled and command 
and control accomplished via a WiFi-linked smartphone. Data were recorded at a 5 Hz 
sampling rate to the receiver’s storage, with position estimates stored in .llh files and 
observation and navigation messages for each satellite stored in RINEX v3.04 files [22]. 
During data collection, the receiver was mounted to the top of a 1.8 m pole and hand-carried 
along the traversals.

The position data stored in the .llh files contain the date and time of each position 
estimate, 3D position, standard deviations of position in each dimension, number of satellites 
used, quality indicator, and the time since the last correction. RINEX navigation files 
store ephemeris data for determining satellite position. RINEX observation files store 
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pseudorange estimates used to calculate receiver position, in addition to signal strength 
data, expressed as 𝐶/𝑁0 in units of dB Hz.

The paths of each traversal, shown in Figure 1, were selected to maximise the range of 
different lengths of attenuating foliage that satellite detection vectors would pass through, 
as well as to collect from a representative sample of trees in each region. Additionally, 
the traversals included legs to collect clear-sky measurements outside of the forested area. 
As the sky maps of satellite detection in Figure 1 demonstrate, GNSS satellites as seen from 
the Mount Crawford site are well distributed across the sky, except to the south, which is 
due to the orbital inclinations occupied by GNSS satellites.

The traversal through the medium-height tree region lasted 19 min 55 s, and
226,001 individual satellite detections were collected at 5980 points along the traversal. 
The traversal through the tall-tree region lasted 27 min 26 s and 281,426 detections were 
collected at 8182 points. GNSS detection data were grouped by individual satellite and 
carrier frequency for analysis as described in Section 7. It should be noted that, due to the 
temporal correlation of GNSS observations, successive observations within adjacent regions 
of a traversal are not strictly independent.

An advantage of the brief traversal time is that the visible GNSS satellites only com-
pleted movements of a few degrees across the sky during the observation period. Combined 
with the slowly varying beam pattern of the patch antenna in the GNSS receiver, the short 
duration of observations of each satellite means that atmospheric attenuation and antenna 
beam pattern elevation angle dependence effects are small in comparison to the large signal 
changes due to attenuation by occluding foliage. This would be an issue if satellites were 
compared to one another, but individual attenuation estimates are based on the observations 
of single satellites, which are later analysed statistically as an ensemble.

The lidar drone was flown at an altitude of 50 m over areas of interest with a 29 m 
spacing between transects. Data were collected in triple return mode with RGB enabled 
at a resolution of 786 points m−2. Lidar and RGB data were then converted to .ply files for 
further analysis.

Position uncertainties reported by the receiver were observed to differ between when 
the receiver had a mostly unobstructed view of the sky and when the receiver was pre-
dominantly under cover. For clear-sky conditions, the reported east–west and north–south 
positional uncertainties were less than 0.3 m and 0.25 m, respectively. Under the medium-
tree canopy, the reported east–west and north–south positional uncertainties were both less 
than 0.4 m. Under the tall-tree canopy, the reported east–west and north–south positional 
uncertainties were both less than 0.45 m. Vertical uncertainties were significantly higher, 
with reported values in excess of 1 m under the canopy.

Looking more closely at the position data, the vertical component displays excursions 
of multiple metres, despite the ground being close to level across the traversal. This indicates 
that the vertical components of position estimates are not reliable for precise positioning. 
The horizontal position estimates appear more reliable, both in terms of the reported 
uncertainties and the agreement between recorded positions and path determined through 
features seen in the lidar map.

6. Canopy Characterisation
When using in situ GNSS measurements to infer attenuation, a first inclination might be 

to attempt a tomographic solution of attenuation density throughout the volume of interest. 
Such a method involves solving large systems of coupled equations and requires either 
measurements from multiple angles in every volume bin, complex interpolation algorithms, 
or a priori models of the medium (see, e.g., [23–25]). Given the sparse nature of detection 
vectors generated by a terrestrial GNSS receiver on even a lengthy traversal, the tomographic 
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problem is too poorly constrained to generate a detailed map. Thus, a volume-averaged 
approach is deemed more suitable for estimating the total signal attenuation between 
satellite and receiver.

Fortunately, the availability of aerial lidar means that the shape of the canopy volume 
can be extracted independently of GNSS measurements. In order to use lidar point clouds 
to determine when a signal is passing through canopy, we must determine where the signal 
vector from satellite to receiver is coincident with the presence of foliage as indicated by 
lidar return. Therefore, a decision must be made concerning how to define the canopy 
volume based on the available data.

One option is to bin the point cloud data into spatial bins sized in the order of the 
lidar point cloud’s resolution. While this provides the closest match between the voxelised 
approximation of the foliage structure and the true shape of the trees, it is subject to the 
limitations of the lidar in only penetrating the outer reaches of the canopy. That is to say, 
lower regions of vegetation are shielded from the lidar’s laser by the presence of vegetation 
above, thus producing an incomplete representation of the canopy volume.

An alternative approach would be to approximate the entire forested region as a 
monolithic slab that is horizontally isotropic. Some vertical dependence of attenuation can 
be assigned to approximate the effect of canopy variation with height, such as the four-layer 
model described by [26]. This approximation is valid when considering signals travelling 
long distances at shallow elevation angles, but lacks the fine detail needed to adequately 
describe the wide range of look angles present for GNSS satellites.

We compromise here between the desire for fidelity to the true shape of trees and 
the need to account for missing data on the interior volume of tree canopies. The solution 
presented here is to determine the exterior envelope of the canopy using the maximum 
height of lidar return in each horizontal bin as shown in [27]. Any bins containing the 
highest lidar return and below are then treated as the canopy volume. A bin containing 
the detection vector is then classified as being inside the canopy volume if it is below the 
maximum canopy height for that horizontal bin, as is shown in Figure 4.

Figure 4. Diagram of GNSS detection vector passing through canopy. (a) Lidar point cloud with 
GNSS detection vector. (b) Approximation of canopy volume using upper surface envelope. Distance 
traversed inside canopy is shown as highlighted segment.

The limitation of this method is that it does not take into account the possibility of 
canopy thinning at lower heights, particularly for tall trees. It does, however, provide an 
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accurate representation of the upper surface of the trees, which is of primary interest for 
pines, where there are significant open spaces between crown tops.

In future, this method could be further improved by using terrestrial lidar to establish 
the canopy underside envelope. The underside envelope could then be directly combined 
with the upper envelope to obtain an estimate of the entire outer boundary of the canopy 
region. Given the substantially greater effort needed to collect terrestrial lidar as opposed 
to aerial lidar, it may be advantageous to use smaller terrestrial lidar data sets to produce 
an empirical model of the canopy underside for a particular area of interest that can then 
be applied to aerial lidar data over a wider area.

7. Attenuation Estimation
The canopy envelope was constructed as described in Section 6, starting by binning 

lidar data in 3-D at a resolution of Δ𝑥 = 0.5 m. This ensured that there were no gaps between 
lidar transects and accounts for the reported O(0.1) m uncertainty of the RTK-enabled Emlid 
GNSS receiver.

Given excessive uncertainty in the vertical position estimates, an alternative method 
was used to estimate receiver height. The receiver was carried on a survey pole at approxi-
mately 1.8 m above ground level. While the receiver head was not perfectly at this height 
for the duration of the traversals, this is still a more precise estimate of height above ground 
level than that provided by the receiver.

The height of the receiver relative to the lidar point cloud was then estimated by adding 
the nominal 1.8 m pole height to a ground surface inferred from lidar data. The ground 
surface level was obtained using a Simple Morphological Filter [28] via the MATLAB 2025b 
segmentGroundSMRF function and subsequent linear interpolation of receiver horizon-
tal positions.

The paths of each detection vector were then binned on the same grid. The number 
of bins occupied by the detection vector while beneath the canopy envelope, 𝑛𝑏, was then 
recorded. The distance travelled inside the canopy was then calculated as

𝑑𝑐 = 𝑤𝑛𝑏Δ𝑥, (6)

where 𝑤 is a weighting factor taking into account the slant length of the detection vector 
segment in each bin. For azimuth 𝜙 and elevation angle 𝜃, defining north as the positive 𝑦
direction and east as the positive 𝑥 direction,

𝑤 = max(| ˆ𝑥|, | ˆ𝑦|, | ˆ𝑧|, )−1, (7)

where ˆ𝑥, ˆ𝑦, and ˆ𝑧 are obtained from the trigonometric relations for spherical coordinates:

ˆ𝑥 = sin 𝜙 cos 𝜃
ˆ𝑦 = cos 𝜙 cos 𝜃
ˆ𝑧 = sin 𝜃

(8)

An attenuation coefficient estimate was calculated for each satellite on each available 
frequency by performing a least squares linear fit to the equation

𝐶/𝑁0(𝑑𝑐) = −𝛾𝑑𝑐 + 𝐶/𝑁0(0), (9)

where 𝐶/𝑁0(𝑑𝑐) was the observed 𝐶/𝑁0 at each point. Depending on the traversal 
in question, individual satellite, and frequency, typical detection counts were between 
2000 and 8000 for each satellite.

Although 𝐶/𝑁0 is expressed in units of dB Hz, 𝛾 is given in units of dB m−1. This 
interpretation holds because attenuation acts on the received carrier power, while the noise 
spectral density is assumed to be constant.
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The linear regression fit of data to Equation (9) was performed using the MATLAB 
2025b fitlm function, using the Huber [29] option to minimise the effect of outliers. The so-
lutions were constrained by specifying the y-intercept for each satellite and frequency band 
as the mean clear-sky value of 𝐶/𝑁0 for detections that did not pass through any canopy. 
By performing a separate linear regression for each satellite at each frequency, this method 
avoids the need to normalise for transmitted power for different satellites and different 
onboard transmission hardware for different frequencies. Figure 5 shows an example of 
𝐶/𝑁0 as a function of canopy optical depth, along with the linear fit.

Figure 5. Example of linear regression (dashed amber line) performed on data from Galileo satellite 
7 detected at a mean elevation angle of 34∘. Error bars show one standard deviation about the mean 
in 1 m bins.

8. Results
The derived estimates of the attenuation coefficient, summarised in Table 1 and shown 

in Figure 6, yield attenuation coefficient estimates averaged between L1 and L2 of approxi-
mately 0.32 dB m−1 under medium and 0.31 dB m−1 under tall tree canopies, respectively, 
using all available satellite detections.

It should be noted that different GNSS satellite constellations use slightly different 
frequencies. However, these frequencies cluster around similar values of around 1225 MHz 
for the lower L2 frequencies and 1575 MHz for the higher L1 frequencies [2]. It was thus 
considered reasonable to compare all constellations’ signals together as either low (L2 band) 
or high (L1 band) frequency.

The results can also be assessed in terms of the mean elevation angles of each satellite, 
as is shown in Figure 7. It can be seen that the estimated attenuation coefficients are relatively 
stable in the 25–70∘ range of elevation angles. Attenuation was separately estimated for 
detections limited to within the 30–60∘ elevation angle range, which are also listed in Table 1 
and have values of approximately 0.36 dB m−1 for medium trees and 0.35 dB m−1 for tall 
trees, when averaged across the L1 and L2 bands.
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Figure 6. Individual estimates of attenuation coefficient 𝛾 based on a linear fit of 𝐶/𝑁0 as a function 
of distance traveled through the canopy for medium-height trees (a) and tall trees (c) as a function of 
carrier frequency. Histograms show total counts for medium (b) and tall (d) trees in 0.1 dB m−1 bins. 
BeiDou: green triangles. GLONASS: red diamonds. GPS: blue circles. Galileo: yellow squares. QZSS: 
grey stars.

Figure 7. Individual estimates of attenuation coefficient 𝛾 based on a linear fit of 𝐶/𝑁0 as a function 
of distance traveled through canopy for medium-height trees (a) and tall trees (b) as a function 
of satellite elevation angle. BeiDou: green triangles. GLONASS: red diamonds. GPS: blue circles. 
Galileo: yellow squares. QZSS: grey stars.
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Table 1. Summary of attenuation estimates obtained from linear fits of 𝐶/𝑁0 as a function of canopy 
distance traversed for each satellite detected. Med 𝛾 denotes the median values of 𝛾 estimates for 
each category, while 𝛾̄ represents the mean values.

Medium L1 L2

constellation # sats med 𝛾 𝛾̄ 𝜎 # sats med 𝛾 𝛾̄ 𝜎

BeiDou 7 0.19 0.21 0.20 5 0.25 0.25 0.19

GLONASS 6 0.46 0.48 0.12 4 0.44 0.47 0.24

GPS 7 0.31 0.29 0.18 6 0.36 0.30 0.24

Galileo 5 0.47 0.51 0.08 5 0.35 0.37 0.10

QZSS 4 0.18 0.15 0.23 4 0.21 0.17 0.15

all sat.s 29 0.38 0.33 0.21 24 0.31 0.31 0.20

all 30–60∘ 15 0.39 0.37 0.16 15 0.34 0.35 0.13

Tall L1 L2

constellation # sats med 𝛾 𝛾̄ 𝜎 # sats med 𝛾 𝛾̄ 𝜎

BeiDou 8 0.32 0.31 0.05 5 0.33 0.32 0.03

GLONASS 7 0.36 0.44 0.20 5 0.24 0.33 0.23

GPS 8 0.25 0.25 0.07 7 0.32 0.31 0.06

Galileo 6 0.34 0.34 0.06 6 0.32 0.31 0.04

QZSS 4 0.26 0.24 0.09 4 0.30 0.30 0.03

all sat.s 33 0.30 0.32 0.12 27 0.32 0.31 0.10

all 30–60∘ 21 0.32 0.36 0.13 18 0.32 0.33 0.11

9. Discussion
The estimates of 𝛾 from medium-height trees exhibited considerably more scatter than 

those of tall trees. As listed in Table 1 and visible in Figures 6 and 8, the standard deviation, 
𝜎 , of all estimates in the medium ensemble is almost double that of tall trees. Some of this 
is due to outliers, which can clearly be seen in Figure 6, particularly several GLONASS and 
GPS satellites. However, the disparity in 𝜎  between medium and tall trees can still be seen 
in the most precise estimates from the BeiDou constellation.

This may also be due in part to the greater diversity in canopy density and understory 
structure of the younger trees. Additionally, smaller canopy envelopes are more susceptible 
to partially filling bins, which then leads to an overestimation of 𝑑𝑐 for each detection. It 
may be the case that the taller trees present a more uniform, horizontally merged canopy 
that results in more consistent estimates for different probing angles.

With regard to the elevation angle dependence of the attenuation coefficient estimates, 
the excursions towards lower attenuation at high and low elevation angles can be inter-
preted based on the nature of the paths at either extreme. High elevation angles that are 
nearly vertical will have the smallest maximum in-canopy path length and so will have the 
smallest range of attenuation distances to fit over and thinner portions of partial canopy. 
Lower elevation angles are more strongly influenced by multipath effects and surface wave 
propagation, thus complicating the simple optical depth model that Equation (4) relies on.

The underestimation of attenuation coefficients at high elevation angles is more pro-
nounced for the medium trees. In such cases, high elevation angles that pass through the 
canopy envelope are more likely to graze the outer edge of the canopy. In contrast, the tall 
trees have a merged canopy with significant optical depth for near-vertical rays.
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Several attenuation coefficients seen in Figure 7 have positive values, which is clearly 
unphysical, as it would denote a situation where attenuating medium increases signal 
strength. It is likely that these outliers, which are restricted to the medium-tree estimates 
are due to weak fits for data with smaller ranges of attenuation distances to fit across.

The elevation-angle-restricted attenuation coefficients listed in Table 1 are slightly 
higher estimates than the estimates derived from the complete data sets, in addition to 
exhibiting slightly smaller scatter. This is unsurprising, given the removal of outliers at 
high and low elevation angles.

The mean and median values of 𝛾 listed in Table 1 and seen in Figures 6 and 8 demon-
strate close agreement between the results for the L1 and L2 frequency bands for each 
tree height category and between the data sets for tall and medium trees. The results of 
Welch unequal variance two-sample t-tests of attenuation coefficient estimates for different 
frequency bands and tree heights are listed in Table 2. No statistically significant differences 
are detected in the estimates of 𝛾 between L1 and L2 frequencies and between tall and 
medium height trees. This is also supported by the overlapping means and 95% confidence 
intervals of each set of estimates shown in Figure 8. This is not to say that there is no 
dependence on attenuation coefficient between GNSS frequency bands or tree size cohort, 
but if there is, the current data is not precise enough to make such a determination.

Table 2. Results of Welch unequal variance two-sample t-tests of individual satellite attenuation 
coefficient estimates for different frequency bands and tree heights.

Comparison 𝒑-Value 𝒕-Statistic 95% C.I.

medium L1, L2 0.73 −0.35 −0.13–0.09

tall L1, L2 0.83 −0.21 −0.06–0.05

all medium, tall 0.89 −0.14 −0.07–0.06

Figure 8. Attenuation coefficient estimates for different tree heights and frequency bands. Dark blue 
horizontal lines show mean values, 95% confidence intervals are denoted by the light blue boxes, 
and black whiskers show the maximum extent of estimates for each set.

The data were also processed at additional voxel resolutions to test the validity of 
the 0.5 m resolution used for the listed results. At 0.25 m, it was found that the method 
yielded similar results of 0.29 dB m−1 for medium trees and 0.31 dB m−1 for tall trees. At this 
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finer resolution, the tall-tree estimate exhibited a slightly smaller spread, with a standard 
deviation of 0.08, while the medium-tree mean had a standard deviation of 0.25, which 
was larger than was calculated for the 0.5 m resolution. At 1.0 m resolution, both tall and 
medium trees exhibited substantially larger estimates of the attenuation coefficient, but with 
standard deviations ranging from 0.28 for medium trees to 0.40 for tall trees. In light of 
these results, 0.5 m is considered to be an appropriate resolution for the data.

It should also be noted that given the more sparse understory of the tall trees, estimates 
from that stand may underestimate the true attenuation coefficient. Future work may 
include a more rigorous characterisation of understory structure, including a two-layer 
model and representative measurements made with ground-based lidar.

Comparing the results with similar research elsewhere, ref. [1] conducted a similar 
study using lidar and a GNSS around the NASA Langley Research Center in Virginia on 
the east coast of the United States. The dense forest they examined, consisting of a mixture 
of sycamore, myrtle, and maple, yielded estimates of 𝛾L1 = 0.315 and 𝛾L2 = 0.246 dB m−1. 
Ref. [17] measured point-to-point propagation loss for signals travelling parallel to the 
ground in the forest outside St. Petersburg, Russia, estimating 𝛾 = 0.17 dB m−1 at 949.0 MHz 
and 𝛾 = 0.30 dB m−1 at 1852.0 MHz. Ref. [30] conducted similar measurements of attenua-
tion in densely planted London plane trees. They do not explicitly state the value of their 
estimate, but plots indicate a value of 𝛾 ≈ 0.5 dB m−1 at 1300 MHz.

10. Conclusions
This study successfully demonstrates the ability to estimate radio attenuation coeffi-

cients in foliage using a fusion of aerial lidar and a terrestrial GNSS. Based on a method 
using the distance that GNSS signals travel inside the lidar-defined canopy envelope, the ra-
diata pine canopy at the Mount Crawford site was estimated to have attenuation coefficients 
of 0.36 dB m−1 for medium-height 10-year-old 15 m high trees and 0.35 dB m−1 for tall 
19-year-old 21 m high trees when restricted to satellites detected at elevation angles between 
30 and 60∘.

A limitation of this study is that the data were restricted to single traversals within one 
medium-height and one tall radiata pine stand. Consequently, the estimated attenuation 
coefficients should be regarded as site-specific values rather than representative averages for 
all radiata pine plantations. While these stands are considered typical of managed radiata 
pine plantations, additional measurements across multiple stands are required to quantify 
stand-to-stand variability.

These issues notwithstanding, the simplicity and rapidity of data collection make the 
proposed technique readily applicable to other sites. The attenuation coefficients estimated 
for the locations investigated in this study provide a useful starting point for predicting 
GNSS receiver performance in similar forest environments.

The results are consistent with similar measurements and theoretical predictions in 
the literature. It should be noted that the estimates of attenuation coefficients are for 
radiata pine in two age groups at a single point in time. Different species of vegetation will 
necessarily have unique scattering and absorption properties and will vary with age and 
moisture content.

The simplicity of the method used enables the measurement of the attenuation charac-
teristics of forested regions with commonly available equipment and little computational 
overhead. The utility of the derived estimates of attenuation coefficient will enable more 
effective modelling of radio propagation through foliage, particularly as it pertains to 
communications and navigation. As applied to a GNSS, accurate estimates of foliage at-
tenuation will facilitate better predictions of high-precision GNSS receiver performance in 
forest environments.
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An important requirement of aerial lidar/terrestrial GNSS fusion is that the terrestrial 
GNSS is at least as accurate as the resolution of the grid on which the aerial lidar data is 
binned. This requires that the GNSS receiver is capable of generating an accurate position 
fix in and around the foliage of interest. Thus, when implementing this method, it is crucial 
to ensure that the terrestrial GNSS receiver is not only capable of generating a solution 
under the canopy, but that the solution is accurate enough to determine where detection 
vectors coincide with the presence of vegetation.

In future, the method may be expanded to include a vertical dependence term. This is 
particularly useful in a managed forestry environment, where trees in a particular region 
may be similar in shape. Such an extension to the method would require traversal data 
with significant portions at different distances from the edge of the forested area in order to 
isolate different heights. This may also be used in conjunction with a tree location algorithm 
applied to the lidar data, enabling a radial dependence parameter to also be applied to the 
attenuation coefficient. These modifications may allow a more granular model of attenuation 
in and around tree structures, while avoiding the difficulty of attempting a full tomographic 
reconstruction of attenuation density.
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