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1. Abstract/ Summary  

The purpose of GNSS Loan 1136 was to support the deployment of an Unmanned Aerial 

Vehicle (UAV) collecting LiDAR data and digital aerial photographs (DAP) over remote 

tropical forests in Gabon, and Peru.  The purpose of these field campaigns was to obtain 

measurements of forest recovery after controlled logging. The data were collected as part of a 

European Research Council (ERC) funded project titled FODEX (Tropical Forest 

Degradation Experiment), the aim of which is to use these data to improve our ability to 

map and monitor changes in forest structure and carbon stocks following human disturbance 

using satellite data. The pre-logging data in Peru was collected under Loan 1109, with the 

pre-logging data in Gabon, and post-logging data collected under Loan 1124.  

2. Background 

The FODEX (Forest Degradation Experiment) is a 5-year experiment (July 2018 – December 

2023) that aims to shed new light on the status of the world’s tropical forests and how they 

are changing in response to human activities. The basis of the project is a twin large-scale 

field manipulation experiment with four one-ha forest inventory plots located within active 

logging concessions in the Peru and Gabon (Figure 1) (McNicol et al., 2021). Within each 

plot, the project collected Terrestrial Laser Scanning (TLS) data alongside traditional forest 

inventory measurements before and after controlled logging meaning the actual change in 

forest structure / aboveground tree volume and biomass can be used to train and test models 

of change (Aquino et al., 2022; Carstairs et al., 2022b, 2022a) (Figure 2).  These ground data 

will be compared to LiDAR data collected via a 3.3m wingspan UAV (Delair DT26X UAV 

equipped with a Riegl miniVUX) and a 24 MP camera (Davenport et al., 2020; McNicol et 

al., 2021). The UAV is capable of collecting high-resolution (cm level) data on tree structure 

and health over large areas, information that is unobtainable using ground and/or satellite 

based platforms. These data have been collected several times over each concession and used 

to scale the ground data to give thousands of hectares of biomass change data. 

In order to properly generate, and then combine these multi-scale datasets across 

multiple time-points, accurate and precise information on the location of the field plots and 

the flight trajectory of both of our UAVs is required.   To that end, we requested the loan of 

two Leica GNSS Systems; one to act as Base Station for the purpose of correcting both the 

UAV trajectory, and the data from the second Rover system, which was used to collect 

additional ground control and reference points to further refine and correct LiDAR derived 

point clouds.  
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Figure 1 – The location of our study area in Gabon (A), and Peru (B) alongside more detailed 

maps of the study area, including the extent of the LiDAR data collected in 2021 and the 

location the field plots (yellow polygons). The image was first published in Aquino et al., 

(2022) 
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Figure 2 – (Left panel) The biomass carbon stocks of our eight 1-ha forest inventory plots in 

Gabon and Peru, including the initial carbon stocks, and the proportion removed through 

controlled logging. (Right panel). The plot level losses are compared to Sentinel-1 C-band 

radar data to try to predict carbon losses in other parts of the study areas. 

 

3. Survey Procedure  

The UAV with the LiDAR and RGB camera is equipped with a GNSS receiver capable of 

Post Processing Kinematic (PPK) correction, however, the nearest reference stations are 

several hundred kilometres from the field sites. The solution was to establish a temporary 

reference station at each field site, which can then be used as basis for a PPK correction of 

the UAV flight trajectory, and ground control points (GCPs) which will allow additional 

adjustments and validation (Figure 1).  

As with our previous data collection campaigns, the Leica GS10 base receiver was deployed 

in a secure, but open area at each site (within 10 km of target area), and initially left for 18 - 

24 hours to obtain enough data for an accurate and precise estimate of its position. A physical 

marker (typically metal re-bar inserted in ground) was used as a reference point to position 

the receiver.  This process was repeated twice over the course of each field campaign (Table 

1 and Table 2) to account for any uncertainty on the position, and ensure the position of the 

receiver remained static.  The receiver runs in-sync (1 measurement/s) with the UAV and was 

set to record data for an hour before and after each day’s missions to allow PPK correction.   

Prior to the commencement of the UAV missions a minimum of three (GCPs) - square targets 

1 – 2 m2 in size composed of alternating black and white material arranged in a checkerboard 

pattern – were placed across the road/ track network to allow further correction of the flight 

trajectory and help support co-registration during the processing of each mission (Figure 3).  

These were geo-located using the GS12 rover receiver, which was left a minimum of 3 - 5 

minutes, but normally up 10 minutes over each target, or until the DOP values reached a 

plateau. As with the base station, repeat measurements are made over a subset of these GCPs/ 

marker points account for measurement error in the initial collection.   
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Figure 3 – Example of the base station set up (in the village of Epena, Republic of Congo; 

Loan 1109) (Left), the data from which is used to correct the UAV flight trajectory, and the 

data collected from the rover receiver, which was used to collect GCPs (centre; example from 

Peru under Loan 1109). These GCPs were clearly visible in the RGB images (right image) 

and the LiDAR data. The estimated positon is identified with a blue dot. The distance to the 

centre of the target (defined manually) was 0.01, 0.01, 0.01 (x,y,z). 

 

4. Processing and modelling 

The GS10 base station and GS12 rover GNSS data were processed using the Leica Infinity 

software. The GS10 data were corrected using the Trimble CenterPoint RTX Post-Processing 

Service (Table 1 and Table 2). The rover receiver data were then tied to the base station in 

Infinity and the results exported in their local UTM coordinates.  The flight trajectories of the 

LiDAR-RGB UAV were reconstructed using the GNSS/ IMU measurements and then 

adjusted using the differentially corrected base station data within the Applanix POSPac 

Software. The corrected flight paths and laser data were combined using the RIEGL software 

package, RiPROCESS to generate the initial laser 3D point cloud. Residual errors in the 

flight trajectory, e.g. due to discrepancies in GPS tracking and elevation, were identified and 

corrected in the LiDAR data using the small buildings for reference to further adjust the 

relative position and orientation (i.e. line-up) of individual laser scans. The trajectories were 

then further refined using the corrected GCPs (Figure 4) to produce the final LiDAR point 

cloud. 
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Figure 4 – (top) The percentage of each mission where there was a fixed, floating, and no 

possible solution for PPK correction of the flight trajectory. Missions 1 – 9 were carried out 

in Gabon, and 10 – 14 in Peru. (bottom) An example of post-processing correction to the 

trajectory of the UAV based on the GCPs and additional references points. The image 

highlights that the L2 slips largely affected the height measurements.. 

 

5. GNSS Data Quality 

Overall, the PPK correction resulted in a relatively small (< 0.5 m), yet important adjustment 

to the UAV flight trajectories. However, in sharp contrast to our previous campaigns, we 

found that for nine of the fourteen missions conducted, a floating-point, or no solution was 

achieved for the UAVs positions across the majority of these flights. A visual analysis of the 

data showed that for these missions there were multiple cycle slips in the L2 data received by 
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the UAV, the reasons for which are not entirely clear, and may reflect a combination of 

problems. One possible explanation is a hardware issue with the receiver; however, a caveat 

is that a fixed-point solution was achieved for the majority of the other four missions.  

Another potential cause may be due to how the missions themselves were conducted, 

including the length of time the drone spent in its default holding pattern after launch, and the 

stability of the drone when in flight. The standard operating procedure is to monitor the drone 

for 2 – 3 minutes at the start of each mission to check all systems are operating smoothly, and 

to allow the GNSS receiver to relocate all of the available satellites after the rapid launch. It 

is possible that as our experience of operating the UAV has increased the time spent checking 

the key functions of the drone has sped up accordingly, giving the GNSS receiver less time to 

locate all available satellites.  

Whatever the root cause, the GCPs were a valuable addition to the data processing as 

they allowed additional adjustments to be made to the final point cloud. As this was the third 

time the sites have been covered, we also used the previous LiDAR data to generate an 

additional 30 – 40 manual reference points at each site.  These were including mainly to 

correct the height data (z-coordinate) using reliable measurements of the ground surface 

collected along the road and track networks, with the corners of buildings / solar panels also 

used to help refine the x,y coordinates. As with our previous measurement campaigns, we 

achieved a fixed solution for the majority of the field-measured GCPs in both Peru and 

Gabon, with the absolute distance between repeatedly measured GCPs (x,y,z) averaging 3.6 

cm [min = 0.019 cm; max = 8 cm] (Tables 1 & 2).  One of the GCPs in Gabon was excluded 

as it appears to have been moved from its original position, with another three GCPs lost 

across the two study sites. This has been a recurring problem over the course of the project 

with wind, animals and humans all playing a part. The placement of the GCPs has been a 

challenge given the vegetation density, and the lack of open space, which means these 

necessarily have to be placed close to or along the road and track networks. 

 

6. Interpretation and Preliminary findings 

The data collected under this Loan has not yet resulted in any publications, however, there 

are currently two manuscripts in preparation that use the UAV-LiDAR data collected in 

Gabon.  There have been another two manuscripts published that use the data collected under 

Loans 1109 and 1124.   Both of these manuscripts use freely available Sentinel-1 data to map 

areas of tree cover loss across Gabon (Carstairs et al., 2022b), and in Peru (Aquino et al., 

2022), both of which use the LiDAR change data as reference/ calibration (Figure 2 and 

Figure 5). For these analyses, the GNSS receivers were critical in ensuring that various UAV 

LiDAR datasets collected across multiple were correctly aligned, allowing the change in 

canopy cover to be measured without any meaningful error (i.e. differences are in single digit 

cm, not in metres). Additional work will focus on the mapping of aboveground carbon stocks, 

and its changes over time by combining the UAV and TLS data, which again required the 

UAV data to be accurately aligned both in space, and in time to allow these datasets to be 

merged, and individual trees to be matched between time points. All published manuscripts 

have been tagged in PURE – the University of Edinburgh’s Research Information System – 

as using GEF equipment.  
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Figure 5 – Canopy cover loss over Gabon, based on Sentinel-1 radar imagery, with UAV 

LiDAR change data used as calibration. The images were first published in Carstairs et al. 

(2022).  

 

7. Data Archive  

All of D-GNSS raw data are stored in the NERC GEF facility hard drives in Edinburgh. In 

addition, geo-referenced and registered UAV-LiDAR data in the .las format, and Digital Area 

Photographs are stored on the Mitchard Research Group Datastore, which is located on the 

University of Edinburgh servers and automatically backed-up.  The raw data will also be 

deposited on the Edinburgh DataShare repository (https://datashare.is.ed.ac.uk/) where it will 

be freely available for sharing. All the raw LiDAR, RGB imagery, and GNSS data will be 

stored on the NERC CEDA.  

8. Conclusions  

As with all of our previous campaigns, the work under Loan 1136 was deemed a success and 

allowed us to complete the final part of the data collection under the FODEX project. The 

GNSS data were critical to this achievement, allowing us to perform the necessary PPK 

corrections on the UAV flight trajectories, and collect valuable GCPs, which aided the 

construction of the 3D point clouds. Our experience has taught us that care should always be 

taken to ensure that the base station is placed in a secure and open location, away from 

human interference, and that GCPs should be included in all measurement campaigns, even if 

just to act as validation points. The data collected as part of these Loans (1109 & 1124) has 

already led to five publications, with another three to be submitted by February 2024.   
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Table 1 – GNSS data collected in Gabon under Loan 1136. The coordinates are in UTM 33S.  

Point Id Date  Easting Northing Ellip. Height Geoid Separation   

Base (1) 16/06/2022 187892.52 9978362.23 204.32 8.4542   

Base (2) 18/06/2022 187892.54 9978362.24 204.322 8.4542   

        

Point Id Point Role Easting Northing Ellip. Height 
Difference 

Easting Northing Height 

GCP1 Averaged 193899.15 9984069.02 494.83 -0.005 0.0152 0.0367 

 1 (Phase PP) 193899.15 9984069.04 494.86    

 2 (Phase PP) 193899.15 9984069.02 494.82    

GCP2 (excluded) No Averaging 194351.05 9983902.45 488.21 NA NA NA 

 1 (Float PP) 194351.05 9983902.45 488.21    

GCP3 Averaged 194769.50 9983622.99 478.20 -0.0154 -0.0104 0.0303 

 1 (Phase PP) 194769.50 9983622.99 478.23    

 2 (Phase PP) 194769.51 9983623.00 478.20    

GCP4 Averaged 195524.38 9983621.42 486.71 0.01961 0.1031 0.0280 

 1 (Phase PP) 195524.40 9983621.52 486.73    

 2 (Phase PP) 195524.38 9983621.42 486.70    

GCP5 Averaged 195880.70 9983635.98 497.62 -0.0043 0.01 -0.019 

 1 (Phase PP) 195880.69 9983635.98 497.62    

 2 (Phase PP) 195880.70 9983635.97 497.64    

GCP6 Averaged 196104.60 9983650.96 504.47 -0.0055 0.012 0.0150 

 1 (Phase PP) 196104.59 9983650.97 504.49    

 2 (Phase PP) 196104.60 9983650.96 504.47    

GCP7  Averaged 196496.38 9983968.45 519.78 -0.0113 -0.027 0.0203 

 1 (Phase PP) 196496.38 9983968.44 519.79    

  2 (Phase PP) 196496.39 9983968.47 519.77       
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Table 2 – GNSS data collected in Peru under Loan 1136. The coordinates are in UTM 18S.  

Point Id Date  Easting Northing 

Ellip. 

Height 

Geoid 

Separation   

Base (1) 25/07/2022 420117.72 8786916.15 271.36 29.5805   

Base (2) 31/07/2022 420117.72 8786916.15 271.36 29.5805   

        

Point Id Point Role Easting Northing 
Ellip. 

Height 
Difference 

Easting Northing Ellip. Hgt 

GCP1 No Averaging 420915.40 8785337.05 298.09 -- -- -- 

 1 (Phase PP) 420916.34 8785337.37 302.39 -- -- -- 

GCP2 Averaged 420840.08 8785477.77 297.85 0.0046 0.009 -0.0205 

 1 (Phase PP) 420840.08 8785477.78 297.84 -- -- -- 

 2 (Phase PP) 420840.08 8785477.77 297.86 -- -- -- 

GCP3 Averaged 420704.67 8785861.07 291.63 0.0159 0.014 0.0061 

 1 (Phase PP) 420704.67 8785861.08 291.63 -- -- -- 

 2 (Phase PP) 420704.66 8785861.06 291.63 -- -- -- 

GCP4 No Averaging 420710.69 8786031.27 295.20 -- -- -- 

 1 (Phase PP) 420711.18 8786031.63 291.69 -- -- -- 

GCP5 No Averaging 421638.09 8781542.85 327.13 -- -- -- 

 1 (Phase PP) 421638.09 8781542.85 327.13 -- -- -- 

GCP6 No Averaging 421479.80 8781370.49 328.69 -- -- -- 

 1 (Phase PP) 421479.80 8781370.49 328.69 -- -- -- 

 




