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Abstract. Unmanned Aerial Vehicles (UAVs) and Structure from Motion with Multi-View Stereo (SfM-MVS) photogrammetry
are increasingly common tools for geoscience applications, but final product accuracy can be significantly diminished in the
absence of a dense and well-distributed network of ground control points (GCPs). This is problematic in inaccessible or
hazardous field environments, including highly crevassed glaciers, where implementing suitable GCP networks would be
logistically difficult if not impossible. To overcome this challenge, we present an alternative geolocation approach known
as GNSS-supported aerial triangulation (GNSS-AT). Here, an on-board carrier-phase GNSS receiver is used to determine the
location of photo acquisitions using kinematic differential carrier-phase positioning. The camera positions can be used as the
geospatial input to the photogrammetry process. We describe the implementation of this method in a low-cost, custom-built
UAY, and apply the method in a glaciological setting at Store Glacier in West Greenland. We validate the technique at the
calving front, achieving topographic uncertainties of £0.12 m horizontally (~1.1x the ground sampling distance) and +0.14
m vertically (~1.3x the ground sampling distance) when flying at an altitude of ~450 m a.s.]. This compares favourably with
previous GCP-derived uncertainties in glacial environments, and allowed us to apply the SEIM-MVS photogrammetry at an
inland study site where ice flows at 2 m d*! and where stable ground control is not available. Here, we were able to produce,
without the use of GCPs, the first UAV-derived velocity fields of an ice sheet interior. Given the growing use of UAVs and
StM-MVS in glaciology and the geosciences, GNSS-AT will be of interest to those wishing to use UAV photogrammetry to

obtain high-precision measurements of topographic change in contexts where GCP collection is logistically constrained.

1 Introduction

In recent years, Unmanned Aerial Vehicles (UAVs) have emerged as a versatile and practical tool for aerial surveying. A
common application of this method that holds particular promise in the geosciences is the production of 3D topographic models
from sequential 2D imagery using Structure from Motion with Multi-View Stereo (SfM-MVS) photogrammetry (Westoby
et al., 2012; Fonstad et al., 2013; Eltner et al., 2016). With repeat surveys enabled through flight autonomy, StM-MVS is
creating new opportunities for the study of terrain evolution in 4D (James et al., 2017). The technique compliments, and

provides key advantages over, satellite-based earth observation methods, which have larger spatial coverage but lower spatial
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resolution, as well as an inherent trade off between spatial and temporal resolution in many applications. With a relatively
low barrier of entry in terms of cost, UAV-derived photogrammetry is rapidly advancing and the versatility of the technique
provides new avenues of research using additional image processing methods or on-board sensors, many of which have yet to
be explored. UAV-SfM has become an increasingly used tool within the cryospheric sciences (see Bhardwaj et al., 2016), in
particular through the application of feature-tracking methods to multitemporal datasets in order to produce velocity datasets in
glacial environments as diverse as the Himalaya (Immerzeel et al., 2014; Kraaijenbrink et al., 2016), Alps (Seier et al., 2017),
Peruvian Andes (Wigmore and Mark, 2017), and the Greenland Ice Sheet (Ryan et al., 2015; Jouvet et al., 2017, 2018).

While UAV-derived photogrammetry offers key advantages over conventional surveying techniques in studies of 4D topo-
graphic change, the dependency on ground control points (GCPs) is often impractical and a hindering factor needed to scale
and orient photogrammetric models to a real coordinate system (James and Robson, 2014; Carrivick et al., 2016). Previous
work has shown that the quantity and distribution of GCPs can have a significant impact on the final accuracy of the pho-
togrammetric products: for example, topographic error has been shown to increase if the number of GCPs is decreased and
spacing between GCPs increases (Tahar, 2013; Johnson et al., 2014; James and Robson, 2014; Shahbazi et al., 2015; Tonkin
and Midgley, 2016). Accuracy assessments performed specifically for a glaciological environment report that for a ground
sampling distance (GSD) of ~6 cm, local accuracy decreases with the distance to the closest GCP at a rate of about 0.09 m
per 100 m (Gindraux et al., 2017). Additionally, Gindraux et al. (2017) report an optimal GCP distribution density (i.e. beyond
which no improvement in accuracy is observed for their GSD) of 7 GCP km? for horizontal accuracy and 17 GCP km™ for
vertical accuracy. Producing a GCP network of this density in glacial terrain can be impractical, logistically-expensive to col-
lect, and often unfeasible — as well as limiting one of the inherent advantages of UAVs in being able to remotely and accurately
observe terrain which is difficult and hazardous to access on the ground. The difficulties of producing these networks can be
observed in applied glaciological studies, where GCPs are often located only along the valley sides near a glacier’s lateral
margin (e.g. Immerzeel et al., 2014; Ryan et al., 2015). On-ice GCPs, if used, require repeat surveying as GCPs continuously
advect with the glacier’s flow. On fast-flowing glaciers (surface velocities of metres per day), these changes are so rapid that
GCP collection would need to be nearly contemporaneous with image acquisition to be effective for accurate geolocation — a
requirement which is unfeasible for these glaciers due to crevasses forming on their surface. As a result of the difficulties in
building GCP networks in glacial environments, alternative methods are often applied to externally constrain photogrammet-
ric products. Such methods include using tie points to tie datasets together geodetically (Kraaijenbrink et al., 2016); linearly
interpolating the on-ice GCP location from the beginning and end of a UAV campaign (Jouvet et al., 2017); or providing some
additional external constraint using an on-board navigational GPS geolocation (Ryan et al., 2015; Jouvet et al., 2017). The
practical limitations of GCP collection is one of the most limiting factors in UAV-derived photogrammetry in the geosciences,
especially in glaciological studies, where errors to date have been systematically larger than what is theoretically possible with
this technique. Furthermore, these limitations have meant that no one has, to date, succeeded in using UAV-based methods to
derive 4D surface evolution and velocity fields away from an ice sheet margin, where topographic ground-control is especially

scarce and often lacking altogether.
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Figure 1. Location of study sites. (a) Store Glacier with calving front and inland study sites highlighted. Inset: location of Store Glacier in
Greenland. (b) Calving front ight zone with example ight path shown. (c) Inland ight zones with labelled names: downstream transverse
(DT), upstream longitudinal (UL), and upstream transverse (UT). Transect F9 marks location of g. 9. Ice thickness from BedMachine v3

(Morlighem et al., 2017) is overlaid, and supraglacial lakes at the inland study site (L028 and L031) are also labelled.

Recent developments in lightweight, low-cost GNSS technology have allowed for the proliferation of a new technique
whereby differential carrier-phase GNSS positioning is used to accurately geolocate imagery and subsequent photogrammetric
products. This technique, known as GNSS-supported aerial triangulation (GNSS-AT; Benassi et al., 2017), has been shown tc
result in sub-GSD horizontal accuracy without the use of GCPs (Mian et al., 2015; Fazeli et al., 2016; Hugenholtz et al., 2016;
Benassi et al., 2017; van der Sluijs et al., 2018). Published applications of this technique in the geosciences are so far limited
(van der Sluijs et al., 2018; Strick et al., 2018), and no studies yet examine the appropriateness of this technique for the study
of glacial dynamics.

The aim of this paper is to: (i) apply GNSS-AT using a low-cost, custom-built airframe suitable for the study of extreme
environments; (ii) develop and describe modi cations to the GNSS-AT process to allow surveys to be undertaken at inland ice
sheet location far from suitable GPS reference stations; and (iii) validate the method for the study of glacier dynamics. Here,
we demonstrate the suitability of GNSS-AT assisted UAV photogrammetry for assessing glacier dynamics using examples
from two speci ¢ settings where on-ice GCPs are not feasible. The rstis the glacier's calving terminus, where deep fractures
prohibit access, and bedrock exposure allows method uncertainty to be quanti ed; the second is the interior ice sheet where

there is no exposed bedrock and therefore distributed ground control is prohibitively dif cult.
2 Methods

2.1 Study site

Store GlacierQarassap Sermia’0.4 ° N 50.6 ° W) is a marine-terminating outlet glacier in West Greenland. The third-fastest
outlet glacier in Greenland, it has a 5.2 km wide calving front draining34,000 kn? catchment (Rignot et al., 2008). The
terminus of Store Glacier has been located in approximately the same position since at least 1948 (Weidick et al., 1995), likely
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due to the presence of a prominent basal pinning point and the position of the terminus at a lateral valley constriction (Todd
et al., 2018). The calving front of Store Glacier also marks the study site of a previous. application of UAVs to the study of
glacial dynamics in Greenland by Ryan et al. (2015). Store's ice catchment extends 280 km from the calving front (Todd et al.,
2018), and is underlain by an active subglacial hydrological system extending at least 30 km inland.

We surveyed two locations on Store Glacier: (i) at the calving front of Store, and (ii) at an on-ice site 30 km inland (Fig. 1).
Our ights at the calving front were designed to test the GNSS-AT method, with exposed bedrock at the sides of the calving
front providing good ground control for validation and error quanti cation. The location of our primary inland ight zones
were motivated by a subglacial bedrock trough visible in Bedmachine v3 data (Morlighem et al., 2017), which our ights
pro le longitudinally and transversely (Fig. 1c).

2.2 UAV platform and ight planning

We used a Skywalker X8 UAV (Figs. 2a, S1), an off-the-shelf xed-wing air frame with a 2.12 m wingspan (Ryan et al., 2015;
Jouvet et al., 2017). In a setup similar to the one used by Jouvet et al. (2017), we use open hardware “PixHawk” autopilot
(https://pixhawk.org/) and APM Arduplane rmware (http://ardupilot.org/plane/) for ight control along a pre-programmed
ight path. The UAV is capable of 1 hour of ight time at a 60 km h' cruising speed, although given our use case in an
extreme environment, we ew conservatively for no more than 40 minutes. The total scienti ¢ payload weighs 500 g. This is
includes a nadir mounted Sony000 24 MP camera with xed 16 mm lens. To allow for direct georeferencing of each photo
location, we included an on-board lightweight L1 carrier-phase GNSS receiver (an Emlid Reach, using a small Tallysman
TWA4721 antenna with a 100mm ground plane). The GNSS receiver was powered by the PixHawk autopilot, and recorded
camera trigger events in the output RINEX data via a hot shoe trigger cable linked to the camera. The cost of a complete
ight unit (including frame, hardware, and scienti ¢ payload) was approximateBi500 per unit. Further necessary ground
equipment, which could be shared between units, camef800: this includes the radio transmitter and lithium polymer
battery charger, but not the ground-based GPS (sections 2.3, 4.3).

The UAV ew autonomously along pre-de ned ight routes designed on-site using Ardupilot's Mission Planner software.
The 5m ArcticDEM mosaic (Porter et al., 2018) was used to assist with the ight path design, ensuring a constant relative
altitude over the glacier and avoiding collision with high relief topography at the glacier margins. For each ight, the UAV
ew a route autonomously at a relative altitude o450 m above ground level, resulting in a ground-level footprint 660 x
440 m and a GSD of 11 cm. Our camera was set to autofocus, and a xed f-stop and ISO (between f/4—f/8 and 1ISO 100-400
respectively depending on lighting conditions) chosen to target a auto shutter speed of 1/1000 s. Photos were recorded in RAW
format to ensure lossless storage of images, and converted into Photoscan-compatible 16-bit tiffs before processing. Flight
lines were spaced 250 m apart and the camera was set to trigger ev&® m, typically acquiring 300 images in an average
ight. These parameters ensured adequate overlap in the photographs for photogrammetry purposes, targeting 80% in the ight
direction and 60% in the cross- ight direction. Flight paths in the ice sheet interior, where ight endurance allowed, also
included a lower-altitude 200 m along-track ightline with sharp banking turns designed to obtain imagery from multiple

elevations and oblique angles. The aim of these lower-level ights was to reduce the potential vertical *doming' effect on
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reconstructed surface topography that can occur when using self-calibrating bundle adjustment with image sets consisting of
solely near-parallel viewing directions (James and Robson, 2014; James et al., 2017; Nesbit and Hugenholtz, 2019).

2.3 GNSS-supported aerial triangulation

The block orientation process of SfM-MVS photogrammetry can be performed in two main ways (Benassi et al., 2017). The
rstis Indirect Sensor Orientation (InSO), where ground-based GCPs provide external constraints. The second is Direct Sensor
Orientation (DSO, sometimes referred to as “direct georeferencing'’), where external orientation parameters are provided by
on-board systems including GNSS and an inertial measurement unit (IMU). Full DSO combines camera orientation data (e.g.
from the IMU) with accurate camera location data from a GNSS receiver (see Cucci et al., 2017). Although DSO is not a new
method for aerial photogrammetry (e.g. Blankenberg, 1992), InSO based methods have prevailed in UAV-based surveying, as
the inexpensive navigational GNSS and IMU equipped in standard commercial UAVs are not accurate enough to provide more
than metre-scale accuracy (James et al., 2017). Recently, commercial off-the shelf UAV units with DSO capability have become
available, although these remain expensive, often in excess of £20,000 for xed-wing units at the time of writing. Here, we
take advantage of the recent availability of low-cost, light-weight carrier-phase GNSS recievers to implement direct orientation
for the rsttime in a glaciological study. The implementation described in this study is a subset of DSO referred to as GNSS-
supported Aerial Triangulation (GNSS-AT), which requires GNSS data but not IMU data (Benassi et al., 2017). GNSS-AT
is therefore well-suited to UAV applications where IMU data is not available or not accurate enough (e.g. where IMU data
is limited to that from lower-quality navigational units). GNSS-AT does, however, require position data that is more accurate
than that provided by the GNSS receivers typically used for UAV navigation which use the Standard Positioning Service (SPS).
Higher positioning accuracy than is offered by the SPS can be achieved by using differential carrier phase positioning, which
makes use of the ability of GNSS receivers to measure the carrier phase to one hundredth of a cycle, equivalent to about 2 mrm
in distance (Leick, 2004).

To obtain accurate camera positions we kinematically post-processed 5 Hz data logged by the on-board L1 carrier-phase
GNSS receiver. Data were post-processed using the differential carrier phase kinematic program within Emlid's b27 fork of
RTKLIB v. 2.4.3 software relative to a base station located at the launch site. Single-frequency receivers such as the Emlid
Reach can be used for differential carrier-phase positioning for baselines on the order of kilometres — distances over which the
differential ionospheric delay is negligible. To apply differential corrections over the longer baselines as is often necessary in
glacial environments, dual-frequency (L1/L2) receivers must be used to cancel out the frequency-dependent ionospheric delay
As dual-frequency GNSS receivers suitable for integrating in to the UAV were not available at the time of the survey (see
section 4.3) we use single-frequency carrier phase positioning to determine the camera position ('R' in Fig. 2c) relative to a
nearby base station (3B, and dual-frequency carrier-phase positioning to determine the absolute position of the base station
("B1") relative to a bedrock-mounted reference station{).Brhis method has the limitation that the UAV must stay within 10
km of the launch site base station, which may be located on or off the ice, but allows the launch site base station, and therefore
the UAV ight, to be located long distances away from the bedrock-mounted reference station. In this study, our base station

(B1) was a Trimble R9s GNSS receiver (with Zephyr 3 antenna) located at the launch site, and the bedrock-mounted reference



Figure 2. The method used in this study: (a) Launching the Skywalker X8 on the ice sheet; (b) cartoon visualising the relationship of
kinematic GPS corrections between the UAV rover (R), on-ice launch site base statjpar{8 the off-ice reference stationBand (c)

owchart showing the work ow used in this study to derive photogrammetry products and velocity elds at the inland study site.

station was a continuously-operating Trimble NetR9 GNSS receiver (with Zephyr 3 Geodetic antenna) recording at 0.1 Hz

located at Qarassap Nunata (70.4 ° N, 50.7 ° W), a mountain ridge near Store Glacier's calving front. For practical reasons

and redundancy, we used this three-receiver set-up for all ights including those at the calving front, however, only one of

the dual-frequency receivers was strictly required for ights at the calving front, where a bedrock-mounted base station was
5 located nearby.

Whilst the Emlid Reach GNSS receiver is capable of real-time kinematic (RTK) we used instead post-processed kinematic
(PPK) positioning for three primary reasons. First, PPK does not rely on maintaining a reliable real-time radio link with a GNSS
base station, which would introduce additional technical constraints. Second, PPK solutions are also often more accurate thar
RTK solutions as precise ephemeris data for the GNSS satellites is available during post processing. Third, absolute positioning

10 using RTK requires a stationary reference station with a known position, which is not possible in real time on an advecting ice
surface.

The overall work ow for photogrammetric reconstruction and for the generation of the glacier velocity eld is illustrated
in Figure 2c. First, the position of the Qarassap Nunata reference station was estimated using the average of 17 days of dat
collected at 0.1 Hz and processed with Precise Point Positioning (PPP) using the Natural Resources Canada Precise Poir

15 Positioning service (webapp.geod.nrcan.gc.ca/geod/tools-outils/ppp.php). Second, the position of the launch site base statiol



