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Abstract. Advancements in technology have facilitated new opportunities in aerial photogrammetry; one of
these is the use of unmanned aerial vehicles (UAVs) to estimate snow depth (SD). Here, a multi-rotor type UAV
is used for SD retrievals over an area of 172 000 m2. Photos with 80 % forward and 60 % side overlaps were taken
by UAV on two different (snow-covered and snow-free) days. SD estimations were obtained from the difference
between 3-D stereo digital surface models (DSMs) produced for both days. Manual SD measurements were
performed on the ground concurrent with UAV flights. The current study is unique in that the SD retrievals were
derived using two different image acquisition modes. In the first, images were taken as UAV was continuously
flying and in the second UAV had small stops and kept its position in air fixed as the photos were taken. Root
mean square error of UAV derived SDs is calculated as 2.43 cm in continuous and 1.79 cm in fixed acquisitions.
The results support the hypothesis, based on theoretical considerations, that fixed-position image acquisitions
using multi-rotor platforms should enable more accurate SD estimates. It is further seen that, as SDs increased,
the errors in SD calculations are reduced.

1 Introduction

Accurate estimation of water potential within the basin is im-
portant for optimum management of water resources. To this
end, timely and accurate measurements of the rainfall and
snowfall, which are major fresh water inputs into the basin,
are needed. Runoff due to snowmelt is key to meeting the de-
mands for freshwater in many regions (Barnett et al., 2005).

Reliable estimation of snow depth (SD) and snow water
equivalent (SWE) which are indicators of water potential
of the basin are very important for hydrological modelling,
flood forecasting, avalanche mitigation and disaster manage-
ment (Vander Jagt et al., 2015). SD and SWE measurements
have been performed since 1960s using the snow courses.
However, generally bi-weekly performed snow courses are
not temporally dense enough to monitor changes in snow
depth. Snow pillows and depth sensors improve the tempo-
ral resolutions of SD and SWE data obtained from the field.
Moreover, they provide the most reliable information about
SD and SWE. However, they provide point values and can
only explain 30 % of the observed spatial variability in SD
(Erxleben et al., 2002). Moreover, getting data from moun-

tainous regions, where the main snowfall occurs, is limited
due to safety and logistics.

Snow covered areas (SCA), by changing from 46.5×
106 km in January to 3.8× 106 km in August for Northern
Hemisphere (Robinson et al., 1993), show the highest varia-
tion on Earth’s surface after sea ice (Papa et al., 2002). Re-
mote sensing (RS) provided new opportunities in globally
monitoring SCA showing such large variation. Furthermore,
RS facilitates the collection of temporally and spatially dis-
tributed SCA information while minimizing the risks associ-
ated with data acquisition with in-situ methods in high-risk
areas (Vander Jagt et al., 2015).

Although methods for SD estimations using aerial pho-
togrammetry have been available since the 1960s, the util-
ity of these methods has been limited due to the high cost
and limited accuracy of the SD estimates (Vander Jagt et al.,
2015; Nolan et al., 2015). However, due to recent advance-
ments in computer technology including the performance of
photogrammetric software, along with improvement in cam-
eras, Global Positioning System (GPS), and Inertial Mea-
surement Units (IMU), there has been a renewed interest
in the use of aerial photogrammetry for monitoring snow
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Figure 1. Study area within Uluyazı Campus.

depth. Mounting such equipment onto Unmanned Air Vehi-
cles (UAV) has led to reduced aerial photogrammetry costs
which eventually increased the use of UAVs in the field of
geosciences (Westoby et al., 2012; Colomina and Molina,
2014). UAVs provided high temporal and spatial resolutions
with their rapid image acquisition and low altitude flying ca-
pabilities. Moreover, as UAVs became portable, they have
been used in cadastral, archeological and vegetation studies
(Manyoky et al., 2011; Rinaudo et al., 2012; Zarco-Tejada et
al., 2012) and started to take place in many applications of
classical RS and aerial photogrammetry.

Investigations into the utility of using UAVs to estimate
SD are nascent and prior studies have focused on the use of
in-flight imagery from fixed-wing or multi-rotor UAVs (Büh-
ler et al., 2016; Harder et al., 2016; De Michele et al., 2016).
In this study, the effects of image acquisition method (UAV
in-flight and UAV at fixed position) on UAV based snow
depth accuracies are investigated. To the current knowledge
of the authors such a comparison is not available in litera-
ture yet.

2 Study Area

The study area is located in Uluyazı Campus of Çankırı
Karatekin University being in 3 km north-east of Çankırı
province (40◦37′ N, 33◦36′ E). Figure 1 shows the study area
(172 000 m2) in red polygon roughly including Engineering
and Science Faculties and the open space to the south. It
comes fourth, in terms of areal coverage, after Harder et
al. (2016), 320 000 m2, De Michele et al. (2016), 300 000 m2,
Bühler et al. (2016), 275 000 m2.

3 Methodology

SD estimations using UAV are based on the difference of
Digital Surface Models (DSMs) obtained on snow covered
and snow-free days (Vander Jagt et al., 2015; Bühler et al.,
2016; De Michele et al., 2016; Avanzi et al., 2017). Although
some researchers used fixed wing UAVs (De Michele et al.,

Figure 2. UAV used in the study.

2016; Harder et al., 2016), a multi-rotor UAV, also known as
quadcopter or multicopter (Fig. 2), namely DJI Phantom, is
used here because of its greater stability (Vander Jagt et al.,
2015; Bühler et al., 2016; Avanzi et al., 2017).

To increase the accuracy of the derived DSMs and or-
thophotos, ground control points (GCPs) distributed as ho-
mogeneously as possible over the study area were used fol-
lowing the approach of Vander Jagt et al. (2015), De Michele
et al. (2016) and Harder et al. (2016). The location (x,y,z)
of GCPs were collected using Leica Viva Global Navigation
Satellite Systems (GNSS) receivers.

The flight dates, 3 February and 24 March 2017 for the
snow-covered and snow-free cases, respectively, were chosen
based on the predicted total cloud cover from the ECMWF
numerical weather prediction model. Flight path was ar-
ranged to enable 80 % forward and 60 % side overlap and
uploaded to UAV before the take-off. Other than take-off and
landing phases all flight was performed autonomously. Fig-
ure 3a and b shows photos from snow-covered and snow-free
conditions of the yellow region presented in Fig. 1.

4 Results and Discussions

Before SD calculations, the geolocation (x,y,z) accuracies
of DSMs were assessed by comparing with GCP measure-
ments performed onsite. They were found to be accurate to
within ±2.5 cm; this is similar to the uncertainty of 3 cm re-
ported by Nolan et al. (2015). Then, orthophotos and DSMs
were obtained for snow and snow free days (Fig. 4a and b).

Using the orthophotos and point clouds, DSMs (Fig. 5a
and b) were derived. The difference between two DSMs pro-
duced SD values. The differences between UAV derived SDs
and manual measurements are presented in Fig. 6 for two dif-
ferent image acquisitions (in-flight/at fixed point) on snowy
day. Figure 6 shows that the bias in SD calculations decreases
as SD values increase. This finding is similar to De Michele
et al. (2016) and Avanzi et al. (2017). Although SD was de-
termined for all locations using the imagery collected for
UAV in-flight, it was not possible to determine SD in all cases
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Figure 3. Image for 3 February (a) and 24 March 2017 (b).

when using imagery collected for UAV in fixed-positions due
to the insufficient lighting.

Figure 7 shows the bias comparisons for the updated case
based on the light conditions.

Scattered diagrams of calculated and measured SDs are
presented in Fig. 8 for both in-flight/at fixed point cases.

Figures 7 and 8 indicate that the calculated SDs by fixed
point image acquisitions gave smaller biases and higher cor-
relations.

5 Conclusions

In this study, SDs derived from UAV images obtained by us-
ing two different image acquisition modes were compared.
In the first case, the images were acquired while the UAV
was in continuous flight mode and in the second case; they
were collected while the UAV was kept in a fixed position.
The UAV derived SDs were also compared with manual SD
measurements performed concurrent with UAV flights over
an area of 172 000 m2 on the Uluyazı Campus of Çankırı
Karatekin University. The locational accuracies DSMs were

Figure 4. Orthophotos for snow (a) and snow free days (b).

computed using ground control points (GCPs) as ±2.5 cm.
The Root Mean Square Error (RMSE) of SD measurements
were 2.43 and 1.79 cm, respectively, for in-flight and at fixed-
position image acquisitions. The smaller RMSE agrees with
the theoretical expectation. Also, the coefficient of determi-
nation (R2) was higher for fixed position image acquisitions.
Although the methodology used is the same in all cases, the
accuracy of the SD estimates increases as the depth increased
from 10.5 to 225 cm.

The same effect of lighting conditions on the accuracy of
SD estimates described by Harder et al. (2016) were also
observed here. Specifically, insufficient light reduced image
contrast which eventually affected the accuracy and utility
of SD estimates. This effect was particularly pronounced
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Figure 5. DSMs for snow-covered (a) and snow-free days (b).
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Figure 6. SD bias values for in-flight/at fixed point image acquisi-
tions.

when the approach was applied to imagery collected while
the UAV was in fixed-position image acquisition mode.

This work should be followed up by additional studies us-
ing near infrared imagery collected via UAV to estimate SD,
as also discussed by Bühler et al. (2016).
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Figure 7. SD bias values for good light conditions.
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Figure 8. Scatter diagram of SDs.
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