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The Western Hudson Bay project is a Canada-Nunavut Geoscience Office–led geoscience compilation project in the Kivalliq Region of
Nunavut, along the western coast of Hudson Bay from the Manitoba border to Rankin Inlet (NTS map areas 55D–F, K, L). The project ob-
jective is to compile all existing aggregate, mineral potential, surficial geology, land cover and permafrost data for this area. Although per-
mafrost and ground ice are important features of the landscape along the western coast of Hudson Bay, there are limited studies of ground
temperature and permafrost in the Kivalliq Region. As such, the project also involves the development of methods for regional character-
ization of permafrost conditions by integrating observations from different sources across different scales, from site-based data to remotely
sensed data.
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Abstract

Unmanned aerial vehicles (UAV) can be used for landscape reconnaissance and mapping periglacial features in permafrost

terrain. The UAV images can be processed using structure-from-motion (SfM) photogrammetry to create digital elevation

models (DEM), and differential DEMs generated from repeated UAV surveys can be used for mapping ground surface dis-

placement. This study examines the performance of a small and portable consumer-grade UAV for image acquisition, eleva-

tion modelling and ground displacement mapping as part of an existing permafrost study near Rankin Inlet, Nunavut. Imag-

ery is interpreted in terms of permafrost landforms, DEMs are compared to commercial elevation products, and UAV

differential DEM results are compared to results obtained from differential interferometric synthetic aperture radar

(DInSAR). Acquired images are very effective for landscape reconnaissance, surficial geological mapping and permafrost

interpretation. The DEMs created from SfM processing of UAV images have subdecimetre relative accuracy over small re-

gions, and high absolute accuracy near ground control points (GCPs). Away from GCPs, DEM accuracy degrades signifi-

cantly, but the DEM is still a valuable tool for studying relative microtopography, and for qualitative interpretation of peri-

glacial features. Although results at GCPs suggest subdecimetre to decimetre landscape change detection, ground

displacement mapping using UAV differential DEMs is limited by low-frequency spatially variable artefacts. Comparison

of UAV differential DEM results to DInSAR shows little correspondence at the kilometre-scale, but in the immediate

vicinity of GCPs, displacement patterns are similar and there is good agreement with an independent measurement of

seasonal ground displacement.

Résumé

Les véhicules aériens sans pilote (UAV) peuvent être utilisés aux fins de reconnaissance de terrain et de cartographie des

éléments périglaciaires dans les zones pergélisolées. Les images UAV peuvent être traitées en utilisant la photogrammétrie

SfM (Structure-from-Motion) pour créer des modèles altimétriques numériques (MAN); des MAN différentiels, établis à

partir de levés réalisés à l’aide d’un UAV, peuvent ensuite servir à produire des cartes de déplacement de la surface du sol. Le

présent article examine le rendement d’un petit UAV portable de qualité grand public en matière d’imagerie et de production

de MAN et de cartes des déplacements de la surface du sol. Cette recherche s’inscrit dans le cadre d’une étude sur le

pergélisol menée dans la région de Rankin Inlet, au Nunavut. Les images sont interprétées en termes de reliefs du pergélisol,

les MAN sont comparés aux produits commerciaux de photogrammétrie et les MAN différentiels d’UAV sont comparés aux
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données obtenues par interférométrie radar différentielle (DInSAR). Les images acquises se révèlent très efficaces pour la

reconnaissance de terrain, la cartographie de la géologie de surface et l’interprétation du pergélisol. Les MAN créés à partir

du traitement SfM des images UAV ont une précision relative, inférieure au décimètre sur de petites régions, et une précision

absolue élevée à proximité des points d’appui au sol (GCP). Loin des GCP, la précision des MAN se dégrade de façon

appréciable, mais les MAN s’avèrent néanmoins un outil précieux pour l’étude de la microtopographie relative et pour

l’interprétation qualitative des caractéristiques périglaciaires. Bien que les résultats recueillis aux GCP semblent indiquer

un niveau de détection sous-décimétrique à décimétrique des déplacements, la cartographie des déplacements de la surface

du sol est limitée par des artefacts de basse fréquence variant spatialement. La comparaison avec les données DInSAR

montre peu de correspondance à l’échelle kilométrique, mais dans le voisinage immédiat des GCP, les schémas de

déplacement sont similaires et concordent avec une mesure indépendante de l’affaissement saisonnier du sol.

Introduction

Aerial imaging, elevation modelling and ground displace-

ment mapping are useful components of permafrost stud-

ies. Airphotos, satellite images and other remote sensing

data can be used for mapping land cover, geology or geo-

morphology, in addition to inferring permafrost processes

(Jorgenson and Grosse, 2016). Digital elevation models

(DEMs) can further illuminate periglacial landforms and

allow for quantitative description of landform characteris-

tics and periglacial microtopography (e.g., Hubbard et al.,

2013; Wolfe et al., 2014). Ground displacement mapping

via differential elevation models or differential interfero-

metric synthetic aperture radar (DInSAR) can be used for

detecting landscape change associated with seasonal pro-

cesses, thermokarst or permafrost aggradation/degradation

(Short et al., 2014; Günther et al., 2015; Armstrong et al.,

2018).

However, extensive satellite imagery can be costly, as are

high-resolution DEMs constructed from light detection and

ranging (LiDAR) data, or photogrammetric processing of

high-resolution satellite imagery. Furthermore, commer-

cial satellite products are typically limited to submetre res-

olution and higher resolution airphotos are not always

widely available or current. Unmanned aerial vehicle

(UAV) imaging offers an ever-maturing alternative to satel-

lite or fixed-wing imaging at subdecimetre resolution

(Colomina and Moline, 2014). In particular, small con-

sumer-grade UAVs equipped with simple optical (visible-

band) cameras offer the ability to acquire low-cost high-

resolution aerial imagery almost on-demand and in remote

locations. Affordable UAV technology in combination

with accessible software for structure-from-motion (SfM)

photogrammetric processing has allowed for in-house gen-

eration of high-resolution DEMs with subdecimetre

accuracy (Harwin and Lucieer, 2012; Westoby et al., 2012;

Clapuyt et al., 2016).

This paper documents an investigation into the perfor-

mance of a small consumer-grade UAV for acquiring im-

ages useful for general reconnaissance of landscape condi-

tions, geomorphological interpretation and ground

displacement mapping in permafrost terrain, as part of ex-

is t ing studies near Rankin Inlet , Nunavut (e.g. ,

Oldenborger et al., 2017, 2018). Structure-from-motion

software was utilized to construct UAV orthomosaics and

generate DEMs, which were then compared to a commer-

cial elevation product. Ground displacement maps were

created via UAV differential DEMs and compared to results

obtained from DInSAR. The question behind this exercise

is purposely posed as: what products can be built using con-

sumer-grade UAV hardware and software that is portable

and affordable, and what level of accuracy can be

achieved? This approach is in contrast to asking the ques-

tion: what UAV hardware and software solutions are re-

quired to deliver a particular product at a particular level of

accuracy? This approach is rationalized with the observa-

tion that many potential UAV users are not experts in hard-

ware or software, but rather earth scientists (and others)

who see an opportunity for easily acquiring low-cost aerial

information to complement existing research programs.

Study area

The Hamlet of Rankin Inlet is located on the western coast

of Hudson Bay in the Kivalliq Region of Nunavut (Fig-

ure 1). The surficial geology of the western coast of Hudson

Bay in the vicinity of Rankin Inlet consists of glacial, ma-

rine and glaciofluvial deposits (McMartin, 2002). The re-

gion was covered by the Laurentide Ice Sheet during the

Wisconsinan Glaciation; after deglaciation, a postglacial

sea deposited marine sediments and reworked glacial sedi-

ments (Dyke, 2004). Isostatic rebound and emergence re-

sulted in the formation of coastal permafrost that continues

to evolve.

Average mean annual air temperature (MAAT) for Rankin

Inlet was -10.3°C from 1981 to 2016 with an increase of

0.06°C/yr. (Oldenborger et al., 2017). Permafrost thickness

in the region has been estimated to range from 300 m near

the coast to 495 m inland, and active layer thickness may

vary from 0.3 to 4 m depending on local ground conditions

(Brown, 1978; Smith et al., 2010; Golder Associates,

2014). Permafrost temperatures range from approximately

-5 to -7.5°C at depths of zero annual amplitude ranging

from 10 to 30 m (Brown, 1978; Golder Associates, 2014;

Oldenborger et al., 2017).
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Several permafrost study sites were chosen in the vicinity

of Rankin Inlet to represent a variety of terrain conditions

including developed and undeveloped land, and different

geological settings (Oldenborger et al., 2017). Among

these sites, one was located within Iqalugaarjuup Nunanga

Territorial Park to acquire qualitative imagery of perigla-

cial features, and two were chosen to quantitatively investi-

gate the performance of UAV surveys for building DEMs

and ground displacement maps (Figure 2). Site INTP is an

esker crest flanked by fine-grained glaciofluvial and till

sediments. Site RI03 is characterized by till and undifferen-

tiated till and marine sediments surrounding raised beach

sediments that exhibit unconnected ice-wedge troughs.

Site RI05 is characterized by valley-fill nearshore marine

sediments with a large-scale ice-wedge polygon network

surrounded by low hills of till and undifferentiated till and

marine sediments.

Methods

Images were obtained during 2017 field campaigns in June

(sites INTP, RI03, RI05) and September (sites RI03, RI05)

using a consumer-grade DJI Phantom 3 Advanced UAV

(Figure 3a). The Phantom 3 Advanced has an integrated

12.4 megapixel SONY EXMOR sensor with a 3.61 mm fo-

cal length (20 mm equivalent), a maximum electronic shut-

ter speed of 1/8000 s, and an onboard GPS receiver, which

automatically writes location data to the exchangeable im-

age format (EXIF) tag of each acquired image. Flying mass

is 1.3 kg. Survey and flight-line planning were managed us-

ing DroneDeploy software. DroneDeploy was chosen due

to its ability to store offline planning imagery for use in the

field. Given the constraint of visual line-of-sight operation,

maximum UAV-to-operator distance was found to be ap-

proximately 500 m, resulting in a maximum survey area of

approximately 20 ha without relocation.

Flight parameters were set at values of 50 m altitude and

4 m/s maximum speed. Flight altitude was chosen based on

multiple flights at 30 m, 50 m and 70 m. At a low flight alti-

tude, ground resolution improved but image quality was re-

duced. Processing time also increased due to the larger

dataset. At a high flight altitude, image

quality improved and processing time was

reduced but resolution was compromised.

A flight altitude of 50 m, with a nominal

ground surface distance (GSD) of 2 cm per

pixel directly below the aircraft, achieved a

compromise between image quality and

resolution. The maximum speed was cho-

sen to ensure vertical camera positioning

and precise image capture, while managing

battery lifespan. Subsequent processing re-

vealed that the chosen flight speed necessi-

tated the use of a rolling shutter correction

(see below). Image overlap values of 70%

sidelap and 80% frontlap provided good

coverage and high quality of the image

dataset, and were not adjusted.

Ground control points (GCPs) were ac-

quired using a dual-frequency NovAtel

Inc. SMART6TM survey-grade dual-fre-

quency global navigation satellite system

(GNSS) receiver (Table 1). Raw code and
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Figure 1: Geographic location of Rankin Inlet and permafrost dis-
tribution in the Kivalliq Region of Nunavut (after Heginbottom et al.,
1995).

Figure 2: Location of study sites in the vicinity of Rankin Inlet, Nunavut and within
Iqalugaarjuup Nunanga Territorial Park (INTP). Digital topographic data licensed un-
der the Open Government Licence – Canada.



phase data were acquired using a versatile and low-cost

data logger based on a Raspberry Pi microcomputer (Fig-

ure 3b). The data were post-processed using the precise-

point-positioning (PPP) service provided by Natural Re-

sources Canada. Acquisition times of approximately two

hours per GCP resulted in average PPP errors of less than

4 cm at 95% confidence (two standard deviations) in both

the horizontal and vertical directions. A total of 17 GCPs

were acquired in June 2017: three at site INTP and seven at

each of sites RI03 and RI05 (Figure 2). Ground control

points were located in areas of expected low seasonal

ground displacement with the intent of repeated usage

without reacquisition of GNSS data. In general, large rocks

were used as ‘permanent’ control point markers (Fig-

ure 3b). A total of eight GCPs were reacquired in Septem-

ber 2017 (four at each of sites RI03 and RI05) to check re-

peatability error, and to provide an independent measure of

seasonal ground displacement (if possible within the mar-

gin of error). In most cases, the difference between June

and September GCPs was found to be less than or equal to

the statistical error of acquisition. Only for GCP09 (site

RI05) is there GNSS-observed subsidence (7 cm) that

exceeds the level of statistical error (Table 1).

The SfM photogrammetry processing was performed using

Pix4D Mapper software, which uses proprietary ‘block

bundle adjustment’ algorithms to construct a composite

orthomosaic and a 3-D digital surface model (DSM) from

an image dataset (e.g., Westoby et al., 2012). For image

datasets, Pix4D quality reports were checked in the field to

ensure that there was enough visual content in the images

for processing, that the images could be calibrated into a

single block, and that there was a large number of key point

matches. Field quality reports were used to establish flight

parameters (above) and surveys were reflown in the event

of any quality warnings for visual content, image

calibration or key point matches.

Prior to input to Pix4D for SfM processing, the image

datasets were manually examined to delete individual im-

ages that were not centred at nadir, not at the requested

flight altitude, showed the propeller or any part of the UAV,

or exhibited excessive noise of any form, such as blurriness

or poor colour. Once the clean dataset was ready, the Pix4D

processing flow used was standard. The image dataset was

uploaded and the co-ordinate system, flight lines and geo-

location were checked. The GCPs were added and marked

on at least 6–10 images; updated September GCPs were

used where available. The GCPs were incorporated within

the bundle adjustment to generate a DSM that honoured the

GCPs within error levels. Key points were automatically

matched, along with full automatic calibration of internal

(focal length, radial distortion, rolling shutter) and external

(rotation, position) camera properties. The 3-D point cloud

was produced at half-scale density (approximately 4 cm

GSD) and output orthomosaic and DSM resolution was

equal to the point cloud GSD with medium surface smooth-

ing. Due to the general ground-cover nature of the vegeta-

tion in the study area, the output DSM, a triangulated fit to

the point cloud, was treated as the ground surface DEM

without any further processing to strip vegetation. More in-

tensive filtering of the DSM surface would correct for

small, isolated regions of higher vegetation, but the occur-

rence of any pervasive high vegetation, such as willows,

would need to be accounted for in generating a ground

surface DEM (e.g., Peppa et al., 2016).

Processing quality reports were used to ensure that the opti-

mized camera parameters were close to the camera specifi-

cations, and that the average horizontal error of GCP loca-

tion was less than the average GSD. In general, camera

optimization resulted in the greatest occurrence of quality

warnings during processing. With a consumer-grade UAV,

such as the Phantom 3 Advanced, optimization of the cam-

era parameters will almost always be required due to fac-

tors such as temperature and vibration (Pix4D SA, 2017).

Camera quality issues were solved by removing images
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Figure 3: a) Preparing for a survey flight with the DJI Phantom 3
Advanced unmanned aerial vehicle within Iqalugaarjuup Nunanga
Territorial Park. b) Surveying a ground control point with a global
navigation satellite system (GNSS) receiver and Raspberry Pi data
logger at site RI05 in the vicinity of Rankin Inlet, Nunavut.



composed predominantly of water as it obfuscates key

point matching. Furthermore, for the camera type and the

flight speeds recorded in the field, it was determined that a

rolling shutter correction was required for all surveys to

achieve acceptable camera quality due to relative motion

between the camera and the ground during acquisition of

each individual image (Vautherin et al., 2016).

Results

Results of UAV surveys are presented sequentially for sites

INTP, RI03 and RI05. For site INTP, no independent high-

resolution topographic or ground displacement data are

available. Accordingly, site INTP is assessed in terms of the

value and utility of the UAV orthomosaic and DEM for gen-

eral reconnaissance of landscape conditions and geomor-

phological interpretation in permafrost terrain. For sites

RI03 and RI05, UAV results are compared to high-resolu-

tion satellite imagery (WorldView-1 with 50 cm GSD) and

an independent digital terrain model (DTM) at 1 m resolu-

tion and 30 cm vertical accuracy generated by PhotoSat In-

formation Ltd. from stereo WorldView images. For site

RI05, UAV differential DEM results from June and Sep-

tember are compared to ground displacement measure-

ments obtained from DInSAR processing of RADARSAT-

2 Spotlight data from June to September, 2017 at 1.2 m

resolution with a change detection limit of ±1 cm (e.g.,

Short et al., 2016).

Site INTP

The UAV orthomosaic and DEM for site INTP are shown in

Figure 4. The GCPs are matched with a mean vertical accu-

racy of 7 cm (8 cm root mean square [RMS]) with 3 cm stan-

dard deviation, but error is expected to increase away from

the GCPs. The vehicle, operators and yellow field box are

clearly resolved in the orthomosaic and DEM. The horizon-

tal dimensions of the field box are 50 by 60 cm (Figure 3a)

and the box height of 22 cm is recovered as approximately

25 cm above the surrounding ground, although the recov-

ered shape is somewhat spread out (Figure 5).

At the resolution of the UAV images (4 cm GSD), individ-

ual sedge hummocks and boulders can be resolved, along

with large- and small-scale polygonal networks. The boul-

dery ground cover, different types of vegetation and surface

water conditions are all readily apparent from the orthomo-

saic (Figure 4a). In addition, periglacial features such as so-

lifluction lobes and ice-wedge troughs can be interpreted

from the orthomosaic. However, these features are associ-
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Table 1: Ground control point (GCP) locations, statistical acquisition errors and repeatability, Rankin Inlet area,
Nunavut. For GCP01, the rock marker was moved between June and September. For GCP05, the receiver was

misplaced off-centre in September. Locations are reported with 95% confidence interval (2σ). Projection and ver-
tical datum: UTM Zone 15N, NAD83 (Canadian Spatial Reference System) Canadian Geodetic Vertical Datum of

1928 (Height transformation version 2.0). Abbreviations: σ, standard deviation; Δz, difference in elevation; E,
easting; N, northing.



ated with microtopography and they are much more appar-

ent on the shaded relief DEM (Figure 4b). In particular, a

series of solifluction lobes associated with historical peri-

glacial mass movement is highlighted by the DEM

(Figure 4d).

The surficial geology of Rankin Inlet was mapped at a scale

of 1:15 000 from 1969 airphotos (McMartin, 2002). At this

scale, glaciofluvial deposits and some solifluction lobes

and ice-wedge troughs could be mapped. However, the

UAV DEM allows for refinement of the surficial geological

map and the geomorphological interpretation. The bound-

aries between the ice-contact stratified deposits (esker crest

and coarse sediments), the distal fine-grained facies of the

subaqueous outwash deposits and the glaciofluvial sedi-

ments are more clearly defined on the orthomosaic and
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Figure 4: Site INTP, Iqalugaarjuup Nunanga Territorial Park, Nunavut. a) Unmanned aerial vehicle (UAV) orthomosaic, June 29, 2017.
Black lines are flight lines and black crosses are ground control points. The white box depicts the location of subregion 4c). b) Shaded relief
rendering of UAV digital elevation model. The white box depicts location of subregion 4d). c) Orthomosaic showing mudboils and surficial
geology interpretation. d) Digital elevation model showing solifluction lobes.



DEM and form a sequence of coarse-fine-coarse sediments

from the centre of the esker toward the east (Figure 4c, d).

Solifluction lobes are confined to the fine-grained subaque-

ous outwash deposits. Barely visible on airphotos, mud-

boils are evident on the orthomosaic (Figure 4c) and sup-

port the interpretation of the distribution of the fine-grained

facies.

Site RI03

The UAV orthomosaic and DEM for site RI03 are com-

pared to the WorldView-1 satellite imagery and the derived

commercial DTM product (Figure 6). For the UAV DEM,

the GCPs are matched with a mean vertical accuracy of

3 cm (4 cm RMS) with 3 cm standard deviation. Although

ice wedges and hummocky ground can be interpreted from

the WorldView-1 imagery, these features are not carried

over to the DTM due to the resolution limitation. More sur-

prisingly, the access trail is not well represented by the

DTM, despite having a width of 6–8 m. In contrast, hum-

mocky ground and ice-wedge troughs of less than 1 m

across are readily interpreted from the UAV orthomosaic
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Figure 5: Elevation profiles through the yellow field box (Figure 3a)
in east to west and north to south directions (site INTP, Iqa-
lugaarjuup Nunanga Territorial Park, Nunavut). The field box has
dimensions of 50 by 60 by 22 cm.

Figure 6: Site RI03, Rankin Inlet area, Nunavut. a) WorldView-1 satellite image, August 8, 2012. b) Shaded relief rendering of Photosat dig-
ital terrain model with elevation contour lines (m asl). c) Unmanned aerial vehicle (UAV) orthomosaic, September 7, 2017. Black lines are
flight lines and black crosses are ground control point locations. d) Shaded relief rendering of UAV digital elevation model.



and DEM, and microtopography within individual ice-

wedge furrows can also be detected due to increased vege-

tation height (e.g., Oldenborger et al., 2017). The SfM pro-

cessing also recovers topography under water where auto-

matic key point matches are reliable. However, the validity

of this topography cannot be verified, and it is removed

from subsequent analysis using a water mask (Figure 7).

Although the UAV DEM appears noisy at the native GSD,

this is due to the high resolution, and it can be filtered and/

or resampled at any desired scale.

The UAV DEM was resampled (using linear interpolation)

to the resolution of the DTM so that elevations could be

compared directly (Figure 7). The correlation between the

DTM and the resampled UAV DEM is nearly 1:1 (Fig-

ure 7a). At the seven GCPs, the mean elevation discrepancy

is 0.98 m (1.00 m RMS) with 0.22 m standard deviation.

Away from the CGPs, the elevation discrepancy increases

systematically (Figure 7b). There is no meaningful correla-

tion between elevation discrepancy and elevation either at

the GCPs or over the entire DEM, for which the mean dis-

crepancy is 1.06 m (1.15 m RMS) with 0.46 m standard

deviation.

Site RI05

The UAV orthomosaic and DEM for site RI05 are com-

pared to the WorldView-1 satellite imagery and the derived

commercial DTM product (Figure 8). One of the GCPs

(GCP11) is not seen in the UAV image set. Another GCP

(GCP10) is seen in multiple images, and was used in SfM

processing, but was subsequently trimmed to eliminate

edge effects. With these exceptions, the UAV DEM

matches the GCPs with a mean vertical accuracy of 0.08 m

(0.10 m RMS) with 0.07 m standard deviation. In compari-

son, the DTM matches the GCPs with a mean vertical accu-

racy of 1.32 m (1.33 m RMS) with 0.15 m standard

deviation.

When the UAV DEM is resampled (using linear interpola-

tion) to the resolution of the DTM, the correlation is again

nearly 1:1 (Figure 9a). The mean elevation discrepancy at

the GCPs is 1.26 m (1.27 m RMS) with 0.13 m standard de-

viation. Over the entire DEM, the mean discrepancy is

1.31 m (1.54 m RMS) with 0.81 m standard deviation.

Again, there is no meaningful correlation between eleva-

tion discrepancy and elevation. As with site RI03, the dis-

crepancy increases systematically away from the CGPs, to

the northeast for site RI03 and the south for site RI05 (Fig-

ures 7b, 9b). However, at site RI05, there is also a trend of

high-low-high discrepancy from the eastern to the western

edge of the survey area (Figure 9b). Some of the discrepan-

cies between the elevation models are real as exhibited by

the appearance of the distinct ice-wedge troughs in Fig-

ure 9b. The troughs are apparent in the WorldView image

(primarily due to ponded water), but do not carry over to the

DTM. In contrast, the troughs, including ponded water and

variations in vegetation, are well imaged in the UAV ortho-

mosaic, and are clearly apparent in the UAV DEM.

Figure 10 shows the seasonal ground displacement maps

(June–September) created by DInSAR processing of

RADARSAT-2 data and by UAV differential DEM. At the

site scale, there is very little apparent correspondence be-

tween the two maps. The DInSAR map exhibits some geo-

logical control, and a correspondence to electrical conduc-

tivity and unfrozen moisture content (Oldenborger et al.,

2018). However, the UAV differential DEM shows a clear

160 Canada-Nunavut Geoscience Office

Figure 7: Site RI03, Rankin Inlet area, Nunavut. a) Comparison of
digital terrain model (DTM) and resampled unmanned aerial vehi-
cle (UAV) digital elevation model (DEM). b) Distribution of eleva-
tion discrepancy. Both datasets have had a water mask applied
based on Figure 6c.



bowl-shaped effect of high positive displacement on the pe-

riphery of the site and high negative displacement at the

centre, which is an artefact of spatially variable error. Nev-

ertheless, there appears to be meaningful information in the

UAV differential DEM. Figure 11 shows a 50 by 50 m area

of site RI05 near GCP09 where GNSS measurements indi-

cate 7 cm of seasonal ground displacement (Table 1). Ap-

proximately 20 m away from GCP09, -6.5 cm of seasonal

ground displacement was measured independently from

June to September 2018 using a heave sleeve (Figure 11a).

At the heave sleeve location, the 2017 seasonal ground dis-

placements from DInSAR and the UAV differential DEM

are in good agreement with each other, at -5.7 and -6.0 cm,

respectively, and with the independent measurement of

2018 seasonal ground displacement from the heave sleeve.

Furthermore, the general pattern of displacement is similar,

considering the increased detail of the UAV differential

DEM despite resampling.

Discussion

The UAV image fidelity is superb, with approximately 4 cm

GSD easily achieved for the study area, with average hori-

zontal location accuracy less than GSD at GCPs and no ap-

parent distortion away from the edges of the orthomosaics

(e.g., Figures 4, 6, 8). Using the UAV orthomosaic and

DEM, periglacial features and detailed surficial geology
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Figure 8: Site RI05, Rankin Inlet area, Nunavut. a) WorldView-1 satellite image, August 18, 2012. b) Shaded relief rendering of Photosat
digital terrain model with elevation contour lines (m asl). c) Unmanned aerial vehicle (UAV) orthomosaic, September 9, 2017. Black lines
are flight lines and black crosses are ground control point locations. d) Shaded relief rendering of UAV digital elevation model.



can be mapped and interpreted, and relative microtopo-

graphy can be extracted with subdecimetre accuracy (e.g.,

Figure 5). Absolute accuracy of the UAV DEM is more dif-

ficult to quantify for this study given the limited number of

GCPs, which represent the mostly costly step of data acqui-

sition in terms of both hardware and time. At GCPs, abso-

lute vertical accuracy is subdecimetre, but this is an ex-

pected result of SfM processing. In comparison to a

commercial DTM product, the UAV DEM exhibits near 1:1

correspondence across both survey sites (RI03, RI05; Fig-

ures 7, 9). At GCPs, the UAV DEM is more accurate than

the DTM. The mean DTM error is in excess of the quoted

accuracy, but DTM error is nearly a constant offset for each

site as evidenced by a small standard deviation of discrep-

ancy that is below the quoted DTM accuracy. Offset of the

DTM at the GCPs is attributed to drift of the DTM away

from calibration benchmarks (which may be several kilo-

metres away), or offset of the benchmark itself. However,

away from the GCPs, there is a consistent increase in dis-

crepancy between the UAV DEM and the DTM that is at-

tributed to errors in the DEM (Figures 7, 9). Increasing

DEM error away from the GCPs is well-documented for

SfM processing of UAV images (e.g., Tonkin and Midgley,

2016) and is attributed to cascading errors associated with

many factors including camera specifications (focal length,
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Figure 9: Site RI05, Rankin Inlet area, Nunavut. a) Comparison of
digital terrain model (DTM) and resampled unmanned aerial vehi-
cle (UAV) digital elevation model (DEM). b) Distribution of eleva-
tion discrepancy. Both datasets have had a water mask applied
based on Figure 8c.

Figure 10: Site RI05, Rankin Inlet area, Nunavut. a) Seasonal
ground displacement from differential interferometric synthetic ap-
erture radar (DInSAR). b) Seasonal ground displacement from un-
manned aerial vehicle (UAV) differential elevation model. Black
crosses are ground control point locations. Black lines depict poly-
gon features from Figure 8.



lens distortion, shutter speed), camera orientation, flight

altitude, wind and surface roughness, with less influence

attributed to the SfM algorithm (Clapuyt et al., 2016).

In constructing the differential DEM for ground displace-

ment mapping, standard error propagation would suggest

the detection limits for change in elevation are approxi-

mately 6 and 14 cm for sites RI03 and RI05, respectively,

which are comparable to the expected magnitude of sea-

sonal ground displacement. However, the extremely vari-

able nature of the UAV DEM accuracy results in a bowl-

shaped artefact dominating the differential DEM (Fig-

ure 10b). Camera calibration errors are known to cause

domed distortion (James and Robson, 2014) and are thus

suspected to be a strong source of error for the DEM. The

error does not cancel out after differencing, suggesting that

if systematic, it is not consistent across repeated surveys.

Despite the strong artefact, closer examination of the UAV

differential DEM in the vicinity of a GCP reveals ground

displacement estimates that are in good agreement with

DInSAR, in terms of pattern and magnitude, and with an in-

dependent on-the-ground measurement. The increased de-

tail of the UAV differential DEM suggests a correspon-

dence between high displacements (subsidence), contrasts

in vegetation and active layer/permafrost processes that

need to be further examined. Meaningful information re-

sides in the UAV differential DEM that might be extracted

using more sophisticated processing such as distortion cor-

rection (James and Robson, 2014), a dense network of

pseudo-GCPs (Peppa et al., 2018) or a probabilistic differ-

ential DEM (Wheaton et al., 2010).

In terms of environmental factors of acquiring data in Can-

ada’s subarctic, wind was not generally a problem up to ap-

proximately 30 km/h, but wind gusts resulted in bad im-

ages, typically involving some part of the aircraft. Summer

temperatures did not cause operational problems with the

UAV; the control device (iPad tablet) exhibited screen

problems at near freezing temperatures, but that happened

before any perceivable influence on the UAV other than re-

duced battery life. Variable lighting and cloud cover did not

cause problems with orthomosaic or DEM construction

(e.g., Figure 4). The main cause of flight disturbance was

damaged rotors, with only minor visible damage required

for flight disturbance. Problems could be encountered with

more pronounced topography and/or taller vegetation

cover, such as willows or other shrubs.

Whereas deployment in remote terrain requires portable

hardware, better image data and DEM results would likely

be possible with a higher quality setup including a camera

with a global shutter and less lens distortion, and on-board

differential GNSS, although cost would increase signifi-

cantly. At no extra cost for advanced hardware, increasing

the amount of image overlap and including oblique camera

orientation might improve estimates of ground elevation at
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Figure 11: a) Site RI05 heave sleeve (Rankin Inlet area, Nunavut).
b) Seasonal ground displacement from differential interferometric
synthetic aperture radar (DInSAR) in the vicinity of ground control
point GCP09. c) Resampled seasonal ground displacement from
unmanned aerial vehicle (UAV) differential elevation model in the
vicinity of ground control point GCP09. Both datasets have been
masked for positive displacements greater than 1 cm in either
dataset.



the expense of increased flight and processing time (Fraser

et al., 2016). Finally, the strategy of locating GCPs in areas

of low-ground displacement likely resulted in less-than-

optimal placement. Subsequent campaigns should employ

a more distributed placement of GCPs with reacquisition of

GNSS data.

Economic considerations

The western coast of Hudson Bay is a region where land-

based infrastructure projects could significantly impact the

local economy and community welfare. Permafrost and

ground ice are important features of this landscape and can

significantly affect ground stability and infrastructure. Un-

manned aerial vehicle surveying can provide useful infor-

mation on permafrost conditions that may be used in land-

use planning to mitigate risk associated with thaw-sensitive

substrate. Small consumer-grade UAV hardware and soft-

ware may be a cost-effective tool for permafrost research in

remote or semi-remote environments, depending on study

objectives and constraints.

Conclusions

Imagery acquired using a consumer-grade UAV provides a

cost-effective means of landscape reconnaissance and per-

mafrost interpretation in remote locations. Image quality

surpasses freely available satellite alternatives, and pro-

vides a modern complement to historical airphotos (where

available). The DEMs created from SfM processing of

UAV images have subdecimetre relative accuracy over

small regions and high absolute accuracy in the immediate

vicinity of GCPs. Away from GCPs, DEM accuracy de-

grades significantly, but the DEM still provides a valuable

tool for studying relative microtopography and for inter-

pretation of surficial geology and periglacial features. Al-

though measurements at GCPs suggest decimetre to sub-

decimetre change detection, ground displacement mapping

is limited by spatially variable error suspected to result pri-

marily from camera distortion, and inadequate or incorrect

camera calibration in the SfM processing. The comparison

of UAV differential DEM results to DInSAR reveals little

correspondence at the kilometre-scale, but closer inspec-

tion in the vicinity of GCPs reveals similar displacement

patterns and good agreement with an independent measure-

ment of seasonal ground displacement.
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