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Abstract

Precise Point Positioning (PPP) enables high-accuracy GNSS positioning without reference stations, but remains highly vulnerable to signal obstruction in
forested environments. This study presents a long-term quantitative investigation of static and kinematic PPP performance under forest canopy conditions,
using multi-GNSS observations collected from DOY 078 to 195 in 2023, with open-sky observations serving as reference baselines. Positioning accuracy and
convergence behavior were evaluated against double-difference solutions using mean deviation, standard deviation, and RMSE, together with analyses of
satellite visibility and PDOP. The results demonstrate pronounced differences in PPP performance under forest canopy conditions. Static PPP suffers
pronounced performance degradation under canopy obstruction, with convergence times exceeding 30-40 min and vertical errors increasing to the meter
level, particularly under dense vegetation. In contrast, kinematic PPP demonstrates greater robustness in forested scenarios, maintaining sub-meter
accuracy and more stable convergence. A nonlinear relationship between canopy density and PPP performance is identified, indicating a critical canopy-
closure threshold beyond which static solutions frequently fail to converge reliably. This behavior is primarily attributed to motion-induced geometric
diversity and filtering continuity. These findings provide quantitative evidence for selecting appropriate PPP strategies in forested environments and offer
practical guidance for GNSS applications in forestry, agriculture, and environmental monitoring.
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Introduction

With the rapid advancement of Global Navigation Satellite System
(GNSS) technology, the integration of multiple satellite constella-
tions—including the Global Positioning System (GPS), the BeiDou
Navigation Satellite System (BDS), GLONASS, and the Galileo
system—has significantly enhanced global positioning capability
and availability" 2, Together with the widespread availability of
high-precision satellite orbit and clock products, Precise Point Posi-
tioning (PPP) has emerged as a powerful positioning technique
capable of achieving centimeter- to decimeter-level accuracy with-
out reliance on local reference station networksB4. Owing to its
infrastructure independence and global applicability, PPP has been
widely adopted in scientific research and engineering practice,
particularly in remote, rural, and infrastructure-limited regions>-71.
PPP achieves high positioning accuracy by integrating precise satel-
lite orbits and clocks, earth orientation parameters, and advanced
observation and stochastic models®-191. Continuous improvements
in multi-constellation GNSS systems, precise products and process-
ing strategies have further enhanced the robustness and applicabi-
lity of PPP across diverse operational scenarios!'!2, Nevertheless,
the positioning performance of PPP remains highly sensitive to
observational environment quality, particularly in complex and
obstructed scenarios, among which forested environments repre-
sent one of the most challenging and least understood application
cases for PPPL13-16],

Forested environments represent one of the most challenging
scenarios for GNSS-based positioning. The heterogeneous structure
of forest canopies, consisting of trunks, branches, and foliage, leads
to complex signal propagation phenomena, including attenuation,
diffraction, and severe multipath effects!'”.'8], Numerous studies
have demonstrated that forest canopy obstruction can significantly
degrade GNSS positioning accuracy by reducing satellite visibility
and increasing observational noisel'9, The impact of vegetation on
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GNSS signals is strongly dependent on forest type and structure:
coniferous forests, for instance, often exert a more pronounced
adverse effect than broad-leaved forests due to denser canopies
and vertically oriented trunksi2021, These characteristics highlight
the importance of explicitly accounting for vegetation structure and
density when evaluating PPP performance in forested environ-
ments. These characteristics make forest environments a critical
testbed for evaluating the practical limits of PPP positioning perfor-
mance. Most existing investigations of PPP performance under
forest canopy conditions have primarily focused on static observa-
tion modes319, In static PPP, receiver coordinates are treated as
constant parameters, allowing long-term observation accumulation
and temporal averaging to suppress random errors and enhance
solution stability. In contrast, kinematic PPP estimates receiver posi-
tions epoch by epoch, relying more heavily on observation continu-
ity and instantaneous satellite geometry(2223], These two modes
differ fundamentally in their estimation strategies and handling of
temporal information, which may lead to contrasting performance
under challenging observation environments!24:251,

Under forest canopy conditions, these methodological differ-
ences are expected to result in substantially different positioning
behaviors between static and kinematic PPP. Previous studies indi-
cate that motion-induced geometric diversity associated with
receiver movement may partially enhance the robustness of kine-
matic PPP under weak-signal conditions(2224, However, it remains
unclear whether such potential benefits can effectively compensate
for vegetation-induced signal degradation, particularly under
increasing canopy density. Consequently, the key limitation in
current research lies in the lack of a mechanism-oriented under-
standing of how static and kinematic PPP respond differently to
vegetation-induced signal obstruction and multipath
interferencel627], In forested environments, PPP performance is
influenced not only by spatial variations in canopy density but also
by temporal canopy dynamics and operational conditions. Seasonal
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changes in canopy structure introduce pronounced temporal vari-
ability in GNSS signal propagation, altering signal attenuation char-
acteristics and multipath behavior, and leading to time-dependent
variations in PPP accuracy and convergence performancel?8l. Few
long-term, systematic studies have investigated how seasonal
canopy dynamics affect PPP performancel?®l. Beyond vegetation-
related factors, operational conditions—including receiver type,
antenna design, installation height, and handling practices—also
play a critical role in determining GNSS positioning performance
under forest canopiesB9-35l. These factors, together with satellite
constellation geometry, elevation angle thresholds, and terrain char-
acteristics, jointly influence positioning accuracy and solution stabi-
lity in complex forest environments(3637],

Based on the above considerations, this study aims to go beyond
conventional performance comparisons by systematically investi-
gating the mechanisms governing PPP accuracy degradation and
convergence behavior under forest canopy conditions. Open-sky
scenarios are used as reference baselines, with particular emphasis
on the contrasting responses of static and kinematic PPP to vegeta-
tion density and seasonal canopy dynamics. Specifically, this study
addresses the following research questions: (1) How do static and
kinematic PPP differ in positioning accuracy, convergence behavior,
and robustness under varying degrees of forest canopy obstruction?
(2) To what extent can motion-induced geometric diversity in kine-
matic PPP mitigate canopy-induced signal degradation compared
with static PPP? (3) How does observation duration interact with
canopy density to influence PPP convergence characteristics?

To address these questions, multi-constellation GNSS observa-
tion data were collected using M68 receivers provided by Beijing
BDStar Navigation Co., Ltd, covering Day of Year (DOY) 078 to 195 in
2023. Both static and kinematic experiments were conducted under
open-sky conditions and varying degrees of canopy closure.
Advanced multi-frequency PPP processing strategies were applied,
with independent reference solutions used for validation. By
systematically analyzing positioning accuracy, convergence charac-
teristics, and sensitivity to vegetation density and seasonal variation,
this study seeks to provide mechanism-oriented insights and prac-
tical guidance for PPP deployment in forested environments,
supporting applications in forestry surveying and related fields.

Materials and methods

Data description

To support a focused and reproducible evaluation of PPP perfor-
mance under forest canopy conditions, GNSS data was collected
using an M68 receiver manufactured by Beijing BDStar Navigation
Technology Co., Ltd. The M68 receiver is based on a Linux operating
system and a Qualcomm MDM9628 Cortex-A7 platform, providing
sufficient computational capability for multi-frequency and multi-
constellation GNSS processing. The integrated high-precision GNSS
module supports full-constellation and full-frequency signal track-
ing, including BDS (B1/B2/B3), GPS (L1/L2/L5), GLONASS (L1/L2),
Galileo (E1/E5a/E5b), as well as SBAS (L1) and QZSS (L1/L2/L5). In
addition, the receiver is equipped with an embedded high-preci-
sion inertial measurement unit (IMU), enabling real-time tilt
compensation during kinematic observations. Data transmission
and remote communication are supported through a Linux-based
4G cellular module compatible with major network standards. A
compact integrated antenna combining GNSS, 4G, WiFi, and Blue-
tooth functionalities was used to ensure stable signal reception
under field conditions. These specifications ensure compatibility
with high-precision PPP processing and facilitate reproducibility of
the experimental setup. The observation campaign spanned from
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Day of Year (DOY) 078 to 195 in 2023, with data collection sessions
conducted at approximately weekly intervals. This long-term and
periodic sampling strategy was designed to capture variations in
canopy density and seasonal vegetation dynamics, which are known
to strongly influence GNSS signal propagation in forested environ-
ments, while maintaining a consistent experimental configuration.

During each observation session, GNSS data were recorded at a
sampling interval of 1 s to preserve short-term signal fluctuations
and satellite visibility changes that are particularly critical for kine-
matic PPP under canopy obstruction. A satellite elevation cutoff
angle of 10° was applied to mitigate severe low-elevation multipath
effects while retaining sufficient satellite availability in forested
conditions. Owing to the large number of observation cycles, the
dataset acquired on DOY 085 was selected as a representative
example to illustrate the kinematic data acquisition trajectories,
whereas the complete dataset was retained for subsequent statisti-
cal and performance analyses.

The experimental design primarily targeted forest-obstructed
scenarios, with open-sky observations introduced as a reference
baseline to isolate and quantify canopy-induced effects on PPP
performance. Accordingly, the dataset comprises both static and
kinematic GNSS observations collected under forest canopy condi-
tions, supplemented by corresponding open-sky measurements
conducted using identical equipment and processing strategies.
The forest-obstructed kinematic experiments were carried out in an
artificial beech plantation located at Northwest A&F University,
Shaanxi Province, China (34°15'45" N, 108°03'34" E). This site
provides a controlled yet representative forest environment charac-
terized by dense foliage and complex signal obstruction, making it
suitable for evaluating PPP performance in typical forestry and
ecological monitoring scenarios. For reference purposes, open-sky
observations were conducted in a nearby unobstructed field north
of the campus (34°17'46" N, 108°02'59" E).

Although direct measurements of leaf area index (LAI) or canopy
closure were not available in this study, satellite visibility and PDOP
were adopted as indirect proxy variables to characterize canopy
density. Previous GNSS studies in forested environments have
demonstrated strong correlations between vegetation density,
satellite visibility, PDOP variation, and positioning performance. In
the artificial beech plantation investigated here, the canopy is char-
acterized by broad leaves and relatively continuous crown struc-
tures, with pronounced seasonal foliage development. Under such
conditions, long-term variations in satellite availability and PDOP
provide an effective surrogate for assessing relative changes in
canopy obstruction.

During kinematic observations, the GNSS receiver was mounted
on a vehicle and operated along predefined and repeatable trajec-
tories to ensure consistent motion characteristics across sessions.
Representative kinematic trajectories under forest canopy and
open-sky conditions are shown in Fig. 1, which serves to document
the experimental configuration and movement patterns rather than
to assess positioning accuracy.

To establish reliable reference coordinates for positioning accu-
racy evaluation, a continuously operating GNSS reference station
was installed on the rooftop of the College of Forestry at Northwest
A&F University. This reference station provided stable and continu-
ous observations throughout the entire campaign, enabling the
generation of high-accuracy reference solutions for the quantitative
assessment of PPP-derived positions. The availability of a fixed refer-
ence station ensures that positioning errors can be evaluated con-
sistently across different canopy conditions and positioning modes.

Given the extended duration of the observation campaign, a
staged sampling strategy was adopted to ensure temporal
representativeness while minimizing data redundancy. Specifically,
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Fig. 1 Comparison of GNSS trajectories and coordinate components in different environments. (a) Forest trajectories, (b) open-sky trajectories, (c) forest,

and (d) open-sky N/E/U components in the barycentric coordinate system.

two representative observation sessions were selected from each of
the early, middle, and late phases of the experiment to capture vari-
ations in satellite geometry and environmental conditions associ-
ated with seasonal canopy evolution. All datasets were collected
using integrated multi-constellation GNSS observations, including
GPS, GLONASS, BDS, and Galileo.

Under forest-obstructed conditions, satellite visibility exhibited
pronounced reductions and strong temporal variability due to
canopy-induced signal attenuation and blockage. Both static and
kinematic observations were characterized by frequent fluctuations
in the number of tracked satellites and corresponding variations in
Position Dilution of Precision (PDOP), reflecting degraded and
unstable satellite geometry beneath the forest canopy. These
features represent typical GNSS observation conditions encoun-
tered in forested environments, and provide a realistic basis for eval-
uating PPP performance under canopy obstruction.

For reference purposes, open-sky observations were conducted
under identical experimental settings. In these baseline scenarios,
satellite availability remained high, and observation geometry was
generally stable, with consistently low PDOP values for both static
and kinematic observations. This reference dataset enables isola-
tion of canopy-induced effects by comparison with forest-
obstructed observations. Statistical summaries of satellite availa-
bility and PDOP variations under both scenarios are presented in
Figs 2 and 3.

To provide a quantitative overview of canopy-induced signal
degradation over time, satellite availability and PDOP statistics were
summarized for the early (DOY 078-100), middle (DOY 101-140),
and late (DOY 141-195) observation phases. Results show a progres-
sive decrease in the mean number of visible satellites accompanied
by increased PDOP variability from early to late phases, reflecting

Zhang & Liu Smart Forestry 2026, 1: 005

the gradual densification of forest canopy during the growing
season. These trends support the use of satellite visibility and PDOP
as effective indicators of canopy density evolution.

Data processing models

PPP performance under complex environmental conditions was
evaluated using GNSS observations collected over a 117-d period
from DOY 078 to 195 in 2023. High-precision products provided by
the German Research Centre for Geosciences (GFZ) were employed
throughout the data processing, including precise satellite orbit and
clock corrections, earth rotation parameters (ERP), and observable-
specific signal bias (OSB) corrections. The use of consistent, high-qual-
ity external products ensured the temporal stability and reliability of
the positioning solutions across the entire experimental campaign. It
should be noted that the relative offset between the PPP receiver and
the reference station does not affect the evaluation results, as all PPP
solutions are assessed against double-difference reference coordi-
nates expressed in the same ITRF14 reference frame, and corrected
using identical antenna phase center models.

Both static and kinematic PPP solutions were processed using an
undifferenced observation model, which represents the standard
formulation for high-precision PPP applications. Although sharing
the same fundamental observation equations, static and kinematic
PPP differ in their parameter estimation strategies. In static PPP,
receiver coordinates are treated as constant unknowns, allowing
long-term observation accumulation to enhance noise averaging
and ambiguity convergence. In contrast, kinematic PPP estimates
receiver positions epoch by epoch, making the solution more sensi-
tive to instantaneous satellite geometry variations, signal
interruptions, and multipath effects, particularly under obstructed
conditions.
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Fig. 2 Performance of satellite availability and PDOP in open-sky scenarios across different observation days. (a)-(f) Static mode for DOY 085, 095, 123,
132,179, and 195, respectively. (g)-(l) Kinematic mode for the corresponding DOY sequence.

To ensure objective, consistent, and comparable accuracy assess-
ment, double-difference (DD) positioning solutions were adopted as
reference truth values(®. The DD approach is widely recognized for
its effectiveness in eliminating common-mode errors, such as satel-
lite orbit and clock biases, and thus provides a reliable benchmark
for evaluating PPP-derived positions. PPP performance was quanti-
tatively assessed by comparing PPP solutions with the DD reference
coordinates.

The detailed PPP processing strategies, applied correction
models, and evaluation metrics are summarized in Table 1, provid-
ing a transparent and reproducible framework for the comparative
analysis of static and kinematic PPP performance under different
environmental scenarios.

Statistical analysis

To quantitatively evaluate the performance of PPP under differ-
ent observation modes and environmental conditions, a unified
statistical analysis framework was adopted for all datasets. PPP-
derived position solutions were assessed by comparison with
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high-precision DD reference coordinates expressed in the same
ITRF14 reference frame, and corrected using identical antenna
phase center models.

Positioning errors were calculated separately for the east (E),
north (N), and up (U) components. Three statistical indicators were
used to characterize positioning performance: mean deviation
(Mean), standard deviation (STD), and root mean square error
(RMSE). The mean deviation reflects systematic bias, the standard
deviation represents solution dispersion, and the RMSE provides an
integrated measure of overall positioning accuracy. These metrics
were computed consistently for static and kinematic PPP solutions
under both open-sky and forest-obstructed conditions to ensure
comparability.

Convergence behavior was evaluated using the three-dimen-
sional (3D) positioning error derived from the combined E, N, and U
components. Convergence time was defined as the first epoch at
which the minimum value of a 20-epoch moving average of the 3D
positioning error was achieved. This criterion was applied uniformly
across all observation sessions to assess the influence of

Zhang & Liu Smart Forestry 2026, 1: e005
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Fig. 3 Performance of satellite availability and PDOP under forest-obstructed environments across different observation days. (a)-(f) Static mode for DOY
085,095, 123, 132, 179, and 195, respectively. (g)-(l) Kinematic mode for the corresponding DOY sequence.

environmental conditions and canopy density on PPP convergence
characteristics.

All statistical analyses were conducted using identical processing
strategies and evaluation criteria for different observation modes
and experimental scenarios, ensuring objective and consistent
performance comparison throughout the study.

Results

Positioning mode performance analysis
A statistical evaluation of multi-constellation PPP performance
was conducted using representative observation periods selected at
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approximately one-week intervals from DOY 078 to 195, 2023.
Open-sky observations were first analyzed as a reference baseline to
characterize the nominal performance of static and kinematic PPP
under favorable satellite visibility, against which performance degra-
dation under forest canopy conditions was subsequently evaluated.

Under open-sky conditions, multi-constellation PPP exhibits
stable positioning performance in both static and kinematic modes,
providing a reliable reference for subsequent analysis. Static PPP
generally achieves higher accuracy than kinematic PPP across all
coordinate components, particularly in the vertical direction, reflect-
ing the benefits of long-term observation accumulation and favor-
able satellite geometry. Horizontal positioning accuracy remains at
the decimeter level or better for both modes, indicating that satel-
lite availability and observation redundancy are sufficient to support
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Table 1. Precise Point Positioning and Double-Difference data processing
models.
Category Processing methods/strategies

Data processing model  Double Difference Precise Point Positioning

GNSS system GPS/BDS/GLO/GAL GPS/BDS/GLO/GAL

Observation type lonosphere-free (IF) lonosphere-free (IF)
model model

Combination model LC/PC ionospheric LC/PC ionospheric
combination combination

Stochastic model
Parameter estimation
method

Orbit and clock offset
Coordinate frame

Antenna parameters of
the receiver and satellite

Elevation angle
Kalman filtering

Elevation angle
Kalman filtering

Broadcast ephemeris
ITRF14

igs14.atx (GPS
parameters for the
uncalibrated
frequencies)

1s

10°

Precise products
ITRF14

igs14.atx (GPS
parameters for the
uncalibrated
frequencies)

1s

10°

Data sampling interval
Cut-off satellite elevation
angle

Estimating parameter

Baseline vector Position and clock offset

robust PPP solutions under unobstructed conditions (Fig. 4). In
contrast, PPP performance deteriorates markedly under forest-
obstructed environments, where canopy-induced signal attenua-
tion and multipath effects fundamentally alter observation quality
and satellite geometry. These effects are particularly pronounced for
static PPP solutions.

Forest-obstructed environments impose substantial constraints
on PPP performance, particularly for static positioning. In static PPP
mode, severe signal attenuation and frequent satellite blockages
result in pronounced accuracy degradation, with mean deviations
ranging from —4.52 to 3.23 m (E), —0.86 to 7.28 m (N), and —9.68 to
3.22 m (U). Corresponding STD values increase to 0.36-5.33 m,
0.34-3.04 m, and 0.70-7.73 m, while RMSE values reach 0.67-5.53 m
(E), 0.53-7.81 m (N), and up to 10.35 m in the U direction. These
results indicate substantial instability and bias, particularly in the
vertical component.

PPP in forest-obstructed environments

By comparison, kinematic PPP exhibits comparatively improved
robustness in forest-obstructed scenarios. Mean deviations are
reduced to —0.60 to 0.96 m (E), —1.22 to 1.82 m (N), and —2.77 to 3.14
m (U), with RMSE values ranging from 0.52 to 3.96 m, 0.78 to 5.22 m,
and 2.20 to 7.54 m, respectively. Although significant fluctuations
persist under severe obstruction—especially in the vertical direc-
tion—the kinematic mode provides more stable horizontal position-
ing and improved continuity relative to the static solution. These
results are presented in Fig. 5.

Under forest-canopy conditions, the observed performance differ-
ences are primarily driven by environmental impacts on GNSS observa-
tion quality and satellite geometry. Forest canopy obstruction sharply
reduces the number of visible satellites, increases PDOP values, and
amplifies multipath effects due to the dominance of low-elevation
signals. Frequent signal interruptions, cycle slips, and degraded carrier-
phase observability further impair solution continuity, with the verti-
cal component being the most vulnerable. Despite these challenges,
kinematic PPP benefits from receiver mobility, which enhances
geometric diversity and enables filtering algorithms—such as
Kalman filtering—to exploit temporal correlations between epochs.
This dynamic estimation framework improves resilience to short-
term signal blockages and supports trajectory continuity, thereby
partially mitigating the adverse effects of environmental obstruction.
The asymmetric degradation among the E, N, and U components
reflects the directional dependency of canopy-induced signal blockage,
with the vertical (U) component being most vulnerable due to prefer-
ential obstruction of high-elevation satellites.

Analysis of the impact of forested and open
scenarios on positioning performance

Under forest canopy conditions, environmental obstruction exerts
a decisive influence on the convergence behavior and positioning
accuracy of PPP solutions. Comparisons with open-sky reference
scenarios are used to illustrate the magnitude of canopy-induced
degradation in convergence efficiency, geometric stability, and
achievable accuracy.
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Fig. 4 Comparative statistical analysis of PPP positioning accuracy in open-sky scenarios (reference baseline). (a)-(c) Mean deviation, standard deviation
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(f) Mean deviation, STD, and RMSE for the static mode.
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Under open-sky reference conditions, static PPP exhibits rapid
and stable convergence within approximately 6-10 min, supported
by high satellite availability (25-35 satellites) and low PDOP values
(1-2), providing an upper-bound benchmark for PPP performance.
Under forest-obstructed conditions, PPP convergence is substan-
tially prolonged, typically exceeding 15-20 min and, in some cases,
failing to fully stabilize within the observation window. These delays
coincide with frequent satellite blockages, abrupt reductions in
satellite count, and pronounced PDOP fluctuations, reflecting persis-
tent degradation of geometric strength (Fig. 6).

In forest-obstructed environments, static PPP positioning perfor-
mance deteriorates markedly. Mean deviations increase to —0.70 m
(E), 1.01 m (N), and —0.21 m (U), while RMSE values rise to 2.61 m,
197 m, and 4.10 m, respectively, indicating a transition from
centimeter-level accuracy to decimeter- or meter-level accuracy
under canopy obstruction, with the vertical component being most
severely affected. The pronounced degradation of the vertical
component can be primarily attributed to the geometric character-
istics of the forest canopy and their impact on satellite visibility.
Forest canopies predominantly obstruct signals from high-elevation
satellites, which are critical for accurately resolving the height
component in PPP solutions. As a result, the positioning solution
becomes increasingly dependent on low-elevation satellites. These
signals are more susceptible to residual tropospheric delay errors
and multipath effects, both of which disproportionately propagate
into the vertical component. In contrast, horizontal positioning can
still be partially constrained by satellites distributed across different
azimuths. However, the limited spatial extent of the measurement
plot may also contribute to horizontal errors by restricting geomet-
ric diversity. For reference, under open-sky conditions, static PPP
achieves centimeter-level accuracy with RMSE values below 0.5 m in
all components (Fig. 7).

These results demonstrate that satellite visibility and geometric
quality are the primary determinants of PPP performance. While
static PPP performs robustly in open environments, forest obstruc-
tion significantly limits convergence speed and attainable accuracy
due to reduced satellite availability, unfavorable elevation angle
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distributions, intensified multipath effects, and frequent signal inter-
ruptions. Consequently, environmental conditions must be explic-
itly considered when applying PPP-based positioning in real-world
scenarios characterized by severe signal obstruction.

Under forest-obstructed conditions, the positioning performance
of kinematic PPP deteriorates markedly, consistent with the behav-
ior observed for static PPP. In open-sky scenarios, kinematic PPP
achieves relatively stable positioning accuracy, with mean devia-
tions of —0.04 m (E), —0.04 m (N), and 0.29 m (U). The corresponding
standard deviations are 0.13 m, 0.13 m, and 0.40 m, and the RMSE
values are 0.20 m, 0.17 m, and 0.56 m in the E, N, and U directions,
respectively.

In forest-obstructed environments, kinematic PPP performance
degrades substantially. Mean deviations change to —0.02 m (E), 0.10
m (N), and —0.53 m (U), while standard deviations increase to 1.77 m,
2.07 m, and 4.10 m. Consequently, the RMSE values rise to 1.82 m,
2.15m, and 4.29 min the E, N, and U directions. The statistical results
are shown in Fig. 8.

Influence of canopy density on positioning
performance

Forest canopy density exerts a direct control on GNSS signal avail-
ability and, consequently, on PPP positioning performance. To
quantify this influence, long-term time-series PPP solutions
collected from DOY 078 to 195 in 2023 were analyzed under varying
degrees of canopy closure. Both static and kinematic PPP solutions
were evaluated with respect to convergence behavior and 3D posi-
tioning accuracy. For each epoch, PPP-derived position coordinates
were compared with reference coordinates to compute 3D position-
ing errors. Convergence time was defined as the first epoch at which
the minimum 20-epoch moving average of the 3D positioning error
was achieved. Although direct measurements of leaf area index (LAI)
were not available in this study due to logistical constraints associ-
ated with repeated in situ forest measurements over a long-term
observation period, canopy density was indirectly characterized
using satellite visibility and PDOP variations. These indicators have
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Fig. 6 Convergence behavior of static PPP under varying experimental scenarios. (a)-(f) Time-to-convergence in open-sky scenarios for DOY 085, 095,
123,132,179, and 195, respectively. (9)-(l) Corresponding convergence curves in forest-obstructed environments for the same DOY sequence.

been widely validated as effective proxies for canopy density and
foliage dynamics in forested GNSS studies!'8:21],

Under canopy-obstructed conditions, static PPP generally exhib-
ited a relatively stable number of tracked satellites, with most
samples maintaining approximately 24 visible satellites and limited
short-term variability. Corresponding PDOP values remained
comparatively low, indicating that static observations can preserve a
nominally stable geometric configuration despite persistent canopy
obstruction. In contrast, kinematic PPP showed pronounced tempo-
ral variability in satellite visibility, with satellite counts fluctuating
between approximately 15 and 30. These variations were accompa-
nied by substantial PDOP fluctuations, typically ranging from 1.5 to
6, reflecting rapidly changing geometric conditions induced by
receiver motion and intermittent signal blockage beneath the forest
canopy.

The impact of increasing canopy density on PPP performance is
further reflected in convergence behavior and positioning accuracy.

Page 80of12

Static PPP exhibited comparatively long convergence times,
predominantly between 25 and 40 min, with convergence exceed-
ing 40 min at sites characterized by dense canopy cover. As canopy
closure increased, static PPP showed a clear tendency toward
delayed convergence and, in some cases, unstable solutions. By
comparison, kinematic PPP achieved shorter and more consistent
convergence times, generally within 15 to 40 min across the full
range of canopy conditions.

A similar contrast is observed in 3D positioning accuracy. Static
PPP achieved low RMSE values under sparse canopy conditions, but
experienced pronounced accuracy degradation with increasing
canopy density, with RMSE values reaching up to 6.34 and 4.03 m in
heavily obstructed sites. In contrast, kinematic PPP maintained a
narrower RMSE range throughout the observation period, with
values between 0.26 and 1.13 m, indicating greater stability under
varying canopy conditions. These results are summarized in Fig. 9.
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Discussion

From a mechanistic perspective, PPP performance under forest
canopy is primarily governed by satellite geometry degradation,
increased observation noise, and mode-dependent estimation
strategies. This study provides a comprehensive quantitative evalua-
tion of PPP performance under varying environmental conditions
and observation modes, and places these findings within the
context of existing PPP studies to clarify when and why static or
kinematic PPP may fail or succeed in forested environments.

Consistent with earlier studies>?2, open-sky environments
remain the most favorable operational conditions for PPP. Under

Zhang & Liu Smart Forestry 2026, 1: 005

such scenarios, static PPP benefits from stable satellite visibility and
favorable geometric configurations, enabling rapid convergence
and high positioning accuracy. However, the present results demon-
strate that this advantage diminishes substantially under forest
canopy conditions. As canopy density increases, static PPP exhibits
pronounced degradation in both convergence behavior and posi-
tioning accuracy, particularly in the vertical component. While multi-
path interference and signal attenuation under vegetation have
been widely reported!’®19, most previous studies relied on short-
term or single-epoch observations. In contrast, the long-term
dataset analyzed here reveals a nonlinear degradation pattern, indi-
cating the existence of a canopy-density threshold beyond which
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Fig. 9 (a) PPP convergence time statistics, and (b) 3D RMSE statistics.

static PPP frequently fails to converge reliably. The identified
canopy-density threshold corresponds to a critical transition in satel-
lite geometry and parameter estimability rather than a gradual
degradation process. As canopy density increases, satellite visibility
decreases, and PDOP rises progressively; however, once satellite
availability falls below a critical level and PDOP exceeds a tolerable
range, the PPP system undergoes a geometric breakdown. Under
this condition, the normal equations become increasingly ill-condi-
tioned, leading to a sharp reduction in ambiguity estimation reliabil-
ity and convergence stability. This transition is clearly reflected by
the abrupt increase in convergence time and RMSE shown in Fig. 9,
which coincides with pronounced drops in satellite visibility and
elevated PDOP values observed in Figs 2 and 3. These results indi-
cate that the canopy-density threshold marks a shift from geometry-
limited positioning to observation-noise-dominated PPP solutions,
in which residual atmospheric errors and multipath effects domi-
nate error propagation.

A central contribution of this study lies in the systematic compari-
son between static and kinematic PPP under varying canopy condi-
tions. Receiver motion introduces motion-induced geometric diver-
sity by continuously altering the relative geometry between the
receiver and visible satellites. Even under partial signal blockage,
this temporal change in geometry improves parameter observabil-
ity compared with a static configuration. Within the Kalman filtering
framework, this geometric diversity enables the state estimator to
bridge short signal interruptions through temporal prediction and
measurement updating, thereby mitigating the impact of intermit-
tent satellite loss and enhancing solution continuity. This effect is
indirectly reflected in the narrower RMSE range and more stable
convergence behavior observed for kinematic PPP under dense
canopy conditions. Contrary to the conventional assumption that
static PPP is universally superior, the results show that kinematic PPP
demonstrates greater robustness in forested environments. These
observations are consistent with motion-enhanced robustness
reported?'.24], but the present results further demonstrate that
trajectory continuity and temporal redundancy can outweigh the
benefits of static observation stability under dense canopy condi-
tions. This behavior can be primarily attributed to the geometric
structure of forest canopies, which preferentially obstruct high-
elevation satellite signals that are essential for resolving the vertical
component. As a result, PPP solutions under dense canopy condi-
tions rely more heavily on low-elevation observations, which are
more susceptible to residual tropospheric delays and multipath
effects. In contrast, horizontal positioning benefits from a wider
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azimuthal distribution of satellites and is therefore relatively less
sensitive to canopy-induced signal blockage. This finding provides
empirical support for the hypothesis that kinematic PPP may repre-
sent a more suitable positioning strategy in highly obstructed natu-
ral environments.

The vertical component exhibits substantially greater degrada-
tion than the horizontal components in both observation modes.
This anisotropic error behavior is primarily attributable to the prefer-
ential blockage of high-elevation satellites by the forest canopy,
which weakens vertical geometric strength more severely than hori-
zontal geometry; in dense beech plantations, broad leaves and
continuous crown structures further exacerbate this effect by reduc-
ing near-zenith sky visibility and forcing the solution to rely on low-
elevation signals that are more susceptible to multipath and atmo-
spheric residuals. Compared with coniferous or mixed forests
reported in previous studies®28], the vertical RMSE values observed
in this beech plantation are generally higher, highlighting the influ-
ence of broadleaf canopy structure and higher canopy closure.
While similar vertical error amplification has been reported in previ-
ous studiesl'4, the present analysis demonstrates that this degrada-
tion intensifies with increasing canopy density and seasonal foliage
development. The vertical RMSE values (4-10 m) observed under
dense canopy conditions are comparable to those reported(28],
while exceeding those reported for mixed forests!®], highlighting the
role of canopy closure. This indicates that vertical PPP accuracy in
forested environments is fundamentally constrained by canopy
geometry, rather than processing strategy alone, and that vegeta-
tion phenology introduces a time-varying bias that must be consid-
ered in long-term applications.

The long-term observation strategy adopted in this study also
highlights the seasonal dependency of PPP performance, a factor
rarely addressed in short-duration experiments. From early spring to
late summer, positioning accuracy and convergence stability exhibit
clear temporal trends that mirror vegetation growth cycles. While
seasonal noise in PPP time series has been previously noted®'9, the
present results demonstrate that seasonal canopy dynamics affect
both static and kinematic solutions, reinforcing the necessity of
long-term monitoring when evaluating GNSS performance in
dynamic forest ecosystems.

These findings have direct practical implications for GNSS users
operating in forested environments. Static PPP remains appropriate
for applications requiring high absolute accuracy under low-canopy
or open conditions, provided sufficient observation time is available.
However, under moderate to dense canopies, kinematic PPP offers
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greater robustness and reliability, particularly for mobile platforms
and time-constrained surveys. The observed sensitivity of vertical
positioning further suggests that applications demanding high
vertical accuracy should avoid sole reliance on PPP under dense
canopy, or incorporate auxiliary sensors. Moreover, observation
timing and trajectory design emerge as practical considerations, as
reduced foliage conditions and continuous motion can significantly
improve solution stability.

Finally, this study points toward several directions for future research.
Incorporating quantitative canopy descriptors derived from LiDAR or
optical remote sensing would allow a more explicit linkage between
vegetation structure and GNSS signal degradation. In addition, hybrid
positioning strategies integrating inertial sensors and canopy-aware
stochastic modeling, as well as adaptive filtering or machine-learning-
based approaches, may further enhance PPP robustness in severely
obstructed and time-varying forest environments.

Although the experiments were conducted in an artificial beech
plantation, the key mechanisms identified in this study—namely
satellite geometry degradation, enhanced multipath effects, and the
contrasting responses of static and kinematic PPP under canopy
obstruction—are not specific to a single forest type. These mecha-
nisms are expected to be relevant across different forest structures
and climatic conditions, although their quantitative impacts may
vary with canopy composition, closure, and phenology. Conse-
quently, while the numerical results reported here are site-specific,
the observed performance trends and mechanistic interpretations
provide useful reference for PPP applications in other forested envi-
ronments.

The limitations of this study should also be explicitly acknowl-
edged. First, the experiments were conducted in an artificial beech
plantation, and the results may not be directly generalizable to
natural or coniferous forests with different canopy structures and
species compositions. Second, all experiments were performed
using a single receiver type (M68), and potential receiver-depen-
dent effects on PPP convergence and positioning performance were
not evaluated.

Future work will focus on extending the analysis to diverse forest
types and incorporating quantitative canopy descriptors, such as
LiDAR- or optical-derived leaf area index, to strengthen the linkage
between vegetation structure and PPP performance.

Conclusions

This study presents a systematic and long-term quantitative
assessment of Precise Point Positioning (PPP) performance under
varying environmental conditions, integrating static and kinematic
observation modes across open and forested scenarios with differ-
ent canopy densities. Based on GNSS data collected over an
extended observation period in 2023, the results demonstrate that
PPP accuracy and convergence behavior are jointly controlled by
environmental obstruction and observation strategy. Under open-
sky conditions, static PPP achieves rapid convergence and centime-
ter-level accuracy due to favorable satellite geometry and high
signal redundancy, whereas kinematic PPP consistently maintains
sub-meter precision. In contrast, forested environments signifi-
cantly degrade PPP performance, particularly for static solutions,
where reduced satellite visibility, increased PDOP variability, and
canopy-induced multipath effects lead to prolonged convergence
times and pronounced vertical errors.

A key finding of this study is the nonlinear relationship between
canopy density and PPP performance. As canopy closure increases,
static PPP exhibits a sharp decline in both accuracy and solution
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stability, with convergence times frequently exceeding 30-40 min
and positioning errors reaching the meter level or resulting in solu-
tion failure under dense vegetation. By comparison, kinematic PPP
demonstrates greater robustness in obstructed environments, bene-
fiting from motion-induced geometric diversity and filtering conti-
nuity that help mitigate intermittent signal loss. This challenges the
conventional assumption that static PPP is universally superior and
highlights the conditional advantage of kinematic PPP in complex
forested settings. Additionally, the vertical component is consis-
tently more vulnerable than the horizontal components, underscor-
ing the inherent sensitivity of height estimation to canopy-induced
signal attenuation and limited elevation-angle diversity.

From a practical perspective, these results provide clear guidance
for PPP deployment in forested and semi-forested environments.
Static PPP is recommended primarily for open or low-canopy condi-
tions where sufficient observation duration can be ensured, whereas
kinematic PPP is better suited for environments with moderate to
high canopy density, especially for mobile platforms or time-
constrained surveys. Applications requiring high vertical accuracy
should be approached with caution under dense canopy conditions
unless extended observation periods or auxiliary sensors are
employed. These findings are particularly relevant for forestry
surveying, ecological monitoring, and agricultural applications,
where environmental obstruction is unavoidable and positioning
reliability is critical.

Future research should focus on incorporating quantitative
canopy descriptors derived from LiDAR or optical remote sensing
into PPP stochastic modeling, as well as developing hybrid position-
ing frameworks that integrate PPP with inertial sensors or adaptive
filtering strategies. In addition, canopy-aware observation weight-
ing and seasonally adaptive error models represent promising direc-
tions for improving PPP robustness in dynamic vegetated environ-
ments.
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