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Authors Response regarding: “Accuracy of snow depth estimation in mountain and
prairie environments by an unmanned aerial vehicle”
By: Phillip Harder, Michael Schirmer, John Pomeroy, and Warren Helgason

The author response is comprised a summary of the major changes made in the manuscript, the
point by point responses to the reviewers and lastly a version of the revised manuscript with all
of the changes tracked.

SUMMARY OF MAJOR CHANGES

Portions of the manuscript have been reduced, removed or modified to make it more
concise.

References have been updated to reflect current state of current complementary
publications

More information has been provided on the flights characteristics of the Ebee platform,
camera specifications, vegetation characteristics at the alpine site and snow surface and
depth measurement protocols at the various sites.

More information on the problematic flights, how they were identified and why the
problems occurred is now included.

The extent of the snow covered areas remove from analysis with the identification of
erroneous points is now included.

The results are now more explicitly discussed with respect to platform. Specifically, we
contrast our fixed wing results with multirotor results of other recent studies.

The discussion of the use of the complementary orthomosaics to observe snow processes
now has a more complete discussion. Additional figures highlight the quantification of
snow covered area and visualize the problems of snowcover estimation in the presence
of exposed stubble.

Reponses to the reviewers:

Author responses in red

Response to Reviewer 1

Regarding General Comments Paragraph 1:

“More information, context, and discussion regarding the UAV system would help frame the
results and conclusions presented in the study. The world of UAVs and their payloads is broad
and quickly expanding. Given the diversity of aircraft, cameras, and processing techniques
available, the authors should refrain from representing the results from one UAV system
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(theirs) as indicative of UAV / SfM snow estimation techniques as a whole. Quantitative results
may be particular to the UAV system of choice. More discussion of how the choice of aircraft,
payload, and processing software may have influenced results is needed.”

We agree that articulating our results more clearly in terms of the platform that we use (fixed
wing Ebee RTK) will help us to frame our results in the context of recent work that have used
multirotor platforms and differentiate more clearly the results that come from unmanned and
manned platforms. The revised manuscript now reflects this context more clearly. More
information is also included on the UAV platform and camera.

Regarding General Comments Paragraph 2:

“For example, the Sensefly Ebee Real Time Kinematic aircraft was shown to be sensitive to wind
speeds greater than 6 ms-1. While this conclusion may be useful to future surveyors (i.e. it may
not be worth their time to collect data on windy days), other platforms, such as rotary aircraft
or even delta wings with more sophisticated autopilots, may be able to compensate and collect
consistent data at higher wind speeds.”

A minor edit has been made to the wind sensitivity value. Initially a wind speed greater than 6
m st was reported to lead to an increase in DSM errors. Re-examination shows that any
differences in DSM error with respect to wind speed were not larger for wind speeds up to 10
m s! and this value is now used in the paper. This value is obviously platform specific.

"Do the authors recommend future surveys use rotary platforms?”

It has been suggested that multirotor UAV’s may be more stable and return better data
products in windy conditions (Buhler, et al., 2016). However, there have not been any direct
comparison studies that the authors are aware of that validate such assertions. A general
statement regarding the use of fixed wing vs. multirotor is challenged by the broad range of
UAV designs and capabilities on the market. We see that the only clear benefit of using a
multirotor platform is that larger, heavier, potentially more sophisticated, sensors can be
carried (which may improve DSM accuracy as our camera’s exposure settings were found to
generate erroneous points) and landing accuracy is higher. Disadvantages of multirotor UAVs
are that flight speeds and areal coverage are more limited than for fixed wing UAVs. We now
note in the manuscript that the Ebee RTK returns data at resolutions that are more than
sufficient for our purposes (3cm pixel?), can cover much larger areas and has a higher wind
resistance (>14 m/s) than many multirotors — this seems to be a clear overall advantage.
Landing accuracy (+/- 5 m) was also sufficient to locate a landing location in the complex
topography of the alpine site. The more important issue relative to any comparison between
platform types is that all UAVs will have limited flight times and results will be compromised if
conditions are windy. A direct comparison between fixed wing and multirotor platforms is
necessary to determine exactly how snow depth errors of various platforms may respond to
variations in wind speed and lighting conditions. Until then, based on this experience and
results of other recent studies (Vander Jagt et al., 2015; Bihler et al., 2016; De Michele et al.,
2016), the sufficient image quality, reasonably good high-wind stability, suitable launching and
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landing procedures for alpine and prairie environments that are noted in the revised
manuscript, in conjunction with the clear advantages in fixed wing range, may make fixed wing
platforms preferable to the multi-rotor UAVs that have been described in the snow literature to
date.

“Or does the decreased flight range / endurance of rotary aircraft compared to fixed wings
outweigh the increased stability?”

This is platform specific but comparing this experience and results of other recent studies
(Vander Jagt et al., 2015; Bihler et al., 2016; De Michele et al., 2016) would suggest that if the
reported errors are similar than the increased range/ endurance of fixed wing platforms hold an
advantage. That being said one cannot say anything with certainty without a direct side-by-side
comparison. The manuscript has been amended with this discussion as noted above.

“How much of an operational concern is wind sensitivity, given that snow precipitation events
and wind events frequently coincide?”

The reviewer does raise the concern that snow precipitation and wind events do sometimes
coincide but those events should not be of concern as any UAV should not be flying in a snow
event and certainly not in a blowing snow storm because limited visible range (Pomeroy and
Male, 1988) would make such operations illegal. Regulatory constraints (in Canada and other
regions) restrict operations to visual line of sight, which is significantly hampered by snow in the
atmosphere. Practically, airborne snow would significantly obscure surface features as seen
from the UAV, reducing its ability to resolve the surface with SfM — there is no point in flying.

The most important consideration when planning to map snow depth with any UAV should be
whether the anticipated signal to noise ratio will allow for direct estimates of snow depth or
snow depth change. A discussion of platform type and its role in data quality that reflects these
points is now in the revised manuscript.

Regarding General Comments Paragraph 3:

“A similar discussion of the camera payload would be useful to readers as well. What is the
specific model of the Canon IXUS used in this study? A quick Google search yields at least a
dozen different models. What are the specifications of the camera? In particular, what is the bit
depth? The point about the camera automatically adjusting exposure based on center-weighted
values and overexposing some scenes, causing erroneous points, is important. More discussion
of this type is useful — for example, that those planning a UAV snow survey should avoid
cameras with automatic light metering. Also, the authors mention their system is not equipped
with a stabilizing gimbal, which clearly increased wind sensitivity and decreased vertical
accuracy. A 3-axis gimbal capable of maintaining an ideal camera orientation is a common
feature of many consumer or “prosumer” level UAVs. A gimbal would certainly increase the
quality of the SfM inputs, and therefore perhaps the snow depth resolution. Readers interested
in snow, but perhaps UAV/SfM novices, would benefit from a more detailed discussion of the
camera system used in the study.”
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We concur that more details on the camera system would be beneficial. The camera a Canon
PowerShot ELPH 110 HS, (which is the same as a Canon IXUS 125 HS) is used to capture red,
green and blue band imagery and is modified to be triggered by the autopilot. Exposure settings
are automatically adjusted based on a centre-weighted light metering and results may be
improved in the future if one could manually adjust exposure settings (not possible with Canon
ELPH). Most small fixed wing UAV’s do not employ a gimbal due to the space and weight
requirements for such arrangements and in the case of the Ebee RTK the camera is fixed in the
UAV body. To stabilize the camera when taking photos the UAV cuts power to the motor to
minimize vibrations and levels the entire UAV resulting in consistent nadir image orientation.
The camera has a 16.1 Mp 1/2.3-inch CMOS sensor and stores images as JPEGs, resulting in
images with 8-bit depth for the three color channels. These details are now in the revised
manuscript and addressed in the discussion of errors.

Regarding General Comments Paragraph 5:

“Whether or not the erroneous points caused by overexposure are included in the authors’
results is unclear upon first reading. For example, section 3.1 (256 - 257) reads “These results
exclude areas affected by erroneous points, as described in section 3.3.2, which was small
compared to the total snow-covered area.” Which results are the authors referencing? Are the
authors speaking generally about every single treatment? Or just the alpine-bare? For example,
the authors should consider replacing “These results” with “The alpine-bare results” or “All
results.” In general, an instance of the word "this" or “these” which lacks a referent can be
confusing to the reader because they are unsure as to what precisely the writer is referring.
After reading section 3.1 it seems the authors did not include the erroneous points for some or
all of the results - but upon referencing section 3.3.2 (322 - 324) the reader finds conflicting
information: “Erroneous points could be eliminated with the removal of overexposed images.
However, reducing the number of images in such a large amount caused a larger bias and gaps
in the point cloud, which made this method inappropriate.” Are the overexposed erroneous
points included in the results or not? If the erroneous points are included, specify which results
are impacted.”

We appreciate the reviewer’s identification of a confusing discussion on the identification and
removal (or not) of erroneous points. This discussion has been simplified and limited to section
3.3.2. Some of the erroneous points encountered in early processing, only on alpine snow,
coincide with snow surface measurement locations. On certain days, these errors limited the
number of useful surface measurements. Incidentally, the erroneous points are located several
metres above the surrounding surface, and thus are obvious and simple to exclude and so it
does not make sense to include these in the error statistics.

The areas removed for each flight (as a percentage of the total snow covered area (SCA)) varied
between 2% at the beginning of melt when the surface was predominantly snow-covered and
22% near the end of melt when a small number of snow patches persisted. The values of the
removed SCA are now noted in the revised manuscript. The point of this discussion was to note
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how we approached the errors in the hope of helping others who may encounter this issue in the
future.

Regarding General Comments Paragraph 6:

"Although the literature is sparse regarding SfM estimates of snow, the authors must be wary
of comparing results derived from much different methods. For example, in the discussion
section (286 - 292) the results are contrasted against the findings of Nolan et al. 2015, despite
their methods using a manned aircraft. Similarly, Buhler et al. 2015 is a reference to a manned
aircraft experiment. Given the topic sentence of this section begins “Differencing of UAV
derived DSMs...” (emphasis mine) some readers may find the contrast of the authors’ results
with that of a manned aircraft campaign misleading. Also, the 30 cm mean error reported by
Nolan et al. is a geolocation error rather than a snow depth error. Snow depth errors were
reported as 10 cm, and rigorously documented. Mean snow depths are not reported by Nolan
et al. and thus as readers we cannot calculate or assess the SNR of his results, but it does seem
like this study is suggesting a higher snow depth threshold for measurements than Nolan et al.
That needs to be addressed.”

We agree it is important to differentiate that the imagery in this study was collected with a
small fixed wing UAV rather than a multirotor or manned aircraft. The main difference between
these studies is the collection platform, as application of SfM is fundamentally the same.
Different processing software: Agisoft versus Pix4D Mapper versus Postflight Terra (and even
between versions of Postflight Terra as we noticed) will give different results but the SfM
principles are all the same. The differences in platform will lead to differences in the accuracy of
image geotags and orientation, image resolution, bit depth and image overlaps. Regardless,
very similar errors are being reported from the many recent studies applying SfM to snow
despite the range of platforms and software being employed- this suggests to us that the
greatest sources of uncertainty is the SfM procedure, followed by the differences in platform
characteristics. The revised manuscript differentiates more clearly between the sources of
uncertainty and the platforms used in the referenced studies. The 30cm mean error that we
attribute to snow depth error from Nolan et al. (2015) was an error and are grateful that the
reviewer brought it to our attention. It is corrected in the revised manuscript.

Regarding Technical Corrections:
Both errors were typos, we thank the reviewer for noticing them, and they are corrected in the
revised manuscript.

Regarding Overall recommendation:

"I recommend the authors make revisions to the paper based on the comments above. In
general, the authors need to discuss the results appropriately with respect to the referenced
work and use more precise language. Also, given the limited scope of this study, readers will
prefer a considerably shorter paper. Striving for concision may improve the clarity of the paper
as well. The paper could easily be shortened by up about 30%.”
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We thank the reviewer for these detailed comments. More precise language will be
implemented in the revised manuscript and we will adjust how we reference similar studies to
more appropriately reflect their results and the platforms they used in contrast to this study.
Efforts were made to be more concise and the revised manuscript is shorter than before and
includes recommended details on the UAV platform, camera and more explicit discussion of
this work with respect to platform type.

Response to Reviewer 2:

Regarding General Comment 1:

“There appear to be a low number (or potentially a low number) of snow depth data used to
evaluate depths retrieved from SfM. In some areas of the manuscript this is clear (e.g.
observations range between 3 to 19 in the Alpine), but in the prairie, measurements ‘between
and at 34 snow stakes’ is ambiguous. In addition, the reader is left unaware of the spatial coverage
of these measurements (within each airborne measurement area) nor how representative they
are. At the very least | would expect the n-value to be included in tables 1 and 2. Currently in the
literature the amount of in-situ evaluation data for airborne SfM studies are highly variable, e.g.
De Michele et al. (2015) tens of depths, Biihler et al. (2015) hundreds of depth, Nolan et al. (2015)
thousands of depths. So while this comment should not be seen as an impediment to publication,
where very low numbers of in-situ data exist, this needs strong justification or perhaps judicious
exclusion from analyses.”

We agree that the number of verification points in this analysis is quite variable. Manual snow
depth observation protocols were different at the alpine and prairie sites due to the dynamics of
the melt processes, and logistics. The locations of the manual snow observations were fixed
throughout time at the prairie site. Each stubble treatment zone had 17 observation points
identified by a physical stake for a total of 34 points at the prairie site. In contrast, the alpine site
did not have a fixed snow course and snow depth measurements were limited by logistics and
thus ranged between 3 and 19 sites. While the number of snow measurements is limited and
variable at the alpine site, there were 100 surface measurements that were continually snow free
which that had very similar errors over the course of the campaign to those of the snow surfaces.
Considering the snow covered and non-snow covered surface errors together one can see that
despite the limited n of error measurements specific to snow, these were not different from the
large sample over bare ground. In contrast to other studies which are limited to assessing
accuracy over a single or small number of flights we assessed accuracy over a large number of
flights over a season. Therefore, the total number of surface observations available to assess
accuracy was high. At the alpine site, absolute snow surface accuracy was assessed at 101 points
and snow depth accuracy was assessed at 83 (five probe average at each point corresponds to
415 individually probed depths) points. At the prairie site, absolute snow surface and snow depth
accuracy was assessed at the same 646 points. This information is now included in the tables. The
locations of the points used to assess snow depth and the alpine bare surfaces are plotted in the
site figure (Fig lab). The prairie site is very homogenous so evaluation points are quite
representative of the study area. The alpine evaluation points are not as representative of the
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areal variation in snowpacks due to steep and inaccessible slopes but do reflect the variabilities
in snow depth observed. These points are clarified in the manuscript.

Regarding General Comment 2:

“Quantification of SCA is demonstrated in Fig 8, and only briefly mentioned in section 3.4. The
authors mention this is not discussed in this paper. This leads the reader to ask why not? If data
are available to do this in a more thorough manner than currently presented, then this analysis
would make an exceptionally valuable contribution to the literature, increase the scientific value
of this paper and should definitely be included.”

This is a good comment. The quantification of SCA has been added as an objective of the paper
and the manuscript section on quantification of SCA has been expanded. The discussion of
orthomosaic accuracy is complementary to that for the DSM so not much text is needed to
include this. The additional step needed to assess SCA from orthomosaics is to implement a
classification scheme and some options such as traditional supervised/unsupervised classification
as well as object-oriented classification are now discussed with a clearer example. Compared to
estimating snow depth from DSMs, calculating SCA from an orthomosaic is relatively simple and
so is discussed concisely.

Specific Edits:

While NIR imagery was attempted, as it is not used in any of the results or discussion
| suggest excluding it from this paper.

e For the sake of brevity and lack of results all references to NIR will be removed.

While written in a very readable style, the manuscript in its current form could be shortened in
many areas, losing extraneous text that is not relevant to the main thrust of the argument. This
will provide room for select expansion of sections in greater detail that are currently vague. Some
suggestions for sections to delete or shorten considerably are: Ln 11-14; Ln 29-32; Ln 93-97; Ln
98-104; Ln 115-118; Ln 146-149; Ln 152- 155; Ln 266-269; Ln 342-345; Ln 408-412. Could much
of the information in Ln 168- 181 be put in a table, making this section much more concise?

e Many of the identified sections have been edited to reduce redundancy and/or make
more concise.

Ln 137: Could the size of the areas measured be explicitly mentioned?

e The prairie site was 65 hectares but the UAV consistently mapped ~100 hectares (to
ensure the area of interest was captured). The alpine site was 24 hectares in size. These
areas are listed in the revised manuscript.

Ln 205: Why was vegetation negligible? I'd like more information about the nature of the
vegetation here to justify this claim for the creation of DSMs.
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e Alpine site vegetation was sparse and where it did exist was limited to short grasses on
the ridgetop (<10cm) and shrubs and coniferous trees in deep gullies on the shoulders of
the ridge. To avoid potential errors in detecting change associated with vegetation
obscuring the snow, springing up as snowpack ablated or growing, accuracy assessment
points (the 100 points surveyed) with no vegetation (bare ground or exposed rock) were
selected. Other errors, such as offsets or tilts, which are minimized through inclusion of
GCPs, had a greater impact on DSM accuracy than vegetation. This is clarified in the
revised manuscript.

Ln 205 — ‘most of the flights’ — this is vague. How many flights? Did this affect the analyses?

e Not all flights throughout the measurement campaign had concurrent snow
measurements. Only 8 flights did and this is clarified in the revised manuscript

Ln 219 — (linked to previous vegetation comment) While vegetation is said to be negligible | need
more convincing that grasses, particularly on 24 July at the Alpine site after ‘spring up’ once the
snow has cleared, would not have any impact on the on the ability to pick the ground surface
from photos. | expect this concern can be allayed through local knowledge, but it needs to be
made explicitly and clearly here as it has been a big issue in the past at other sites.

e See answer to previous comment regarding vegetation. These grasses were very sparse.

Ln 240: Please give more details describing what ‘dynamic conditions’ and ‘surface characteristics’
are.

e Dynamic conditions reflect changes in lighting due to variability in cloud cover and wind
over the course of the flight and surface characteristics reflect changes in vegetation
exposure and their shadows. This is clarified in the revised manuscript.

Ln 242: Please define either here or very clearly in 3.3.1 how ‘problematic flights’ are defined.
Currently this is, at best, vague.

e Agreed and fixed. Problematic flights were identified upon on examination of the DSMs -
we could easily see that the generated surfaces clearly did not represent the snow
surface (rough, with gaps in point clouds). For four of these flights this was due to high
wind conditions (> 10 ms-1) and challenging light conditions that were also reflected in
quite high RMSE values. One flight at the alpine site had a bias much larger than the
other flights. To date we have not been able to come up with a reasonable explanation
for this situation beyond the fact that it increases with the inclusion of GCPs. Diagnosis
of this error is hampered by the “black box” nature of the software, we cannot examine
intermediate steps to determine where the error originates. The identification of these
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‘problematic flights’ is more rigorously defined in section 3.3.1 of the revised
manuscript.

Ln 255: Give more explanation on what is meant by ‘limited observations’ and why this doesn’t
affect the detection of differences.

e That sentence was poorly constructed and did not convey what was intended. It is
changed in the revised manuscript

Ln 283: No correlation is presented. Do you mean ‘related’? If so please change the terminology?
If not, please add the statistical correlations.

e For the sake of brevity, the brief discussion of bias correction and the associated figures
is now removed.

Ln 325-340: Uncertain that this section on SGM is that useful. Proprietary software (last sentences
of this paragraph) is always problematic for scientific understanding, but somewhat unavoidable
for much SfM processing. Also, please explain what 2.5D” means.

e The section of SGM is very specific to the processing software that we did use and while
important to replicate/understand how we dealt with the erroneous points it is now
shortened to be more concise. 2.5D refers to the type of point cloud that is used in the
DSM generation. 2.5D point clouds are point clouds that do not have overlapping
elements. The best way of conceptualizing this is to consider the figure at the following
link: https://support.pix4d.com/hc/en-us/articles/202556289-Difference-between-a-3D-
and-a-2-5D-Model#gsc.tab=0. This is clarified in the revised manuscript.

Ln 376-381: | consider this just speculation. Suggest removal.
e Removed in the revised manuscript.

Ln 335: ‘were’ rather than ‘where’.
e Corrected in the revised manuscript.

Ln 373-375: Repetitive use of ‘This’. Hard to understand what ‘this’ is referring to. Please re-write
this section with increased clarity.
e Agreed. Section is rewritten.

Ln 472: De Michele et al. 2015 is now in TC rather than TCD.
e Reference is now updated

Ln 597 & 601: Is the mean of the absolute values not the same as RMSE? If so, then stick with
RMSE as terminology.


https://support.pix4d.com/hc/en-us/articles/202556289-Difference-between-a-3D-and-a-2-5D-Model#gsc.tab=0
https://support.pix4d.com/hc/en-us/articles/202556289-Difference-between-a-3D-and-a-2-5D-Model#gsc.tab=0
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e This is the mean of the bias values from the various flights. Since bias can be negative
the absolute of bias values is used to ensure that the magnitudes of the biases are
preserved. This should read (is updated in revised manuscript) “mean of absolute bias
values”. This is different from RMSE, which is the root of the mean squared error.

Fig 1 c) — Is this short or tall stubble — please specify.
e Tall stubble and is now specified in the caption.

Fig 5 — Opening sentence of caption - introduce ‘Alpine’ as well as the prairie sites.
e Corrected in the revised manuscript.

Fig 7 — Add ‘100’ on the y-axis of both plots.
e Corrected in the revised manuscript.
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Manuscript with tracked changes

Abstract

Fhe-guantificatien-efQuantifying the spatial distribution of snow is crucial to predict and assess srew-as
aits water resource potential and understand land-atmosphere interactions-ir-celdregions—Fypicat. High-
resolution remote sensing appreaches—to—guantifyof snow depth havefeecused-enhas been limited to
terrestrial and airborne laser scanning and more recently with application of Structure from Motion (SfM)
techniques to airborne (manned and unmanned) phetogrammetryimagery. In this study photography
from a small unmanned aerial vehicle (UAV) was used to generate digital surface models (DSMs) and
orthomosaics for snowcovers at a cultivated agricultural Canadian Prairie and a sparsely-vegetated Rocky
Mountain alpine ridgetop site using Structure-from-Metion{SfM)-. The abilityaccuracy and repeatability of
this method to quantify snow depth, changes in depth and its spatial variability was assessed for different
terrain types over time. Root mean square errors in snow depth estimation from thedifferencing snow
covered and non-snow covered DSMs were 8.8 cm for a short prairie grain stubble surface, 13.7 cm for a
tall prairie grain stubble surface and 8.5 cm for an alpine mountain surface. This technique provided
meaningfatuseful information on maximum snow accumulation and snow-covered area depletion at all
sites, while temporal changes in snow depth could also be quantified at the alpine site due to the deeper
snowpack and consequent higher signal-to--noise- ratio. The application of SfM to UAV photographs ean
estimate-snow-depthreturns meaningful information in areas with mean snow depth > 30 cm—this
restricts—ts—utitityfor-studies, however the direct observation of the-ablatiensnow depth depletion of
shallow—windblewn snowpacks with this method is not feasible. Accuracy varied with surface
characteristics, sunlight and wind speed during the flight, with the most consistent performance found for
wind speeds < 6-m-s* ' ' : ' i i i

and surfaces with negligible vegetation cover.

1. Introduction

Accumulation, redistribution, sublimation and melt of seasonal or perennial snowcovers are defining
features of cold region environments. The dynamics of snow have incredibly important impacts on land-
atmosphere interactions and can constitute significant proportions of the water resources necessary for
socioeconomic and ecological functions (Armstrong and Brun, 2008; Gray and Male, 1981; Jones et al.,
2001). Snow is generally quantified in terms of its snow water equivalent (SWE) through measurements
of its depth and density. Since density varies less than depth (Lopez-Moreno et al., 2013; Shook and Gray,
1996) much of the spatial variability of SWE can be described by the spatial variability of snow depth. Thus,
the ability to measure snow depth, and its spatial distribution, is crucial to assess and predict how the
snow water resource responds to meteorological variability and landscape heterogeneity. Observation and
prediction of snow depth spatial distribution is even more relevant with the anticipated and observed
changes occurring due to a changing climate and land use (Dumanski et al., 2015; Harder et al., 2015; Milly
et al., 2008; Mote et al., 2005; Stewart et al., 2004).

11
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The many techniques and sampling strategies employed to quantify snow depth all have strengths and
limitations (Pomeroy and Gray, 1995). Traditionally, manual snow surveys have been used to quantify snow
depth and density along a transect. The main benefit of manual snow surveying is that the observations
are a direct measurement of the snow water equivalent; however, it requires significant labour, is a
destructive sampling method and can be impractical in complex, remote or hazardous terrain (DeBeer and
Pomeroy, 2009; Dingman, 2002). Many sensors exist that can measure detailed snow properties non-
destructively, with a comprehensive review found in Kinar and Pomeroy (2015), but non-destructive
automated sensors, such as acoustic snow depth rangers (Campbell Scientific SR50) or SWE analyzers
(Campbell Scientific CS275 Snow Water Equivalent Sensor), typically only provide point scale information
and may require significant additional infrastructure or maintenance to operate properly. Remote sensing
of snow from satellite and aerial platforms quantify snow extent at large scales. Satellite platforms can
successfully estimate snow-covered area but problems remain in quantifying snow depth, largely due to
the heterogeneity of terrain complexity and vegetation cover. To date, Light Detection And Ranging (LiDAR)
techniques have provided the highest resolution estimates of snow depth spatial distribution from both
terrestrial (Griinewald et al., 2010) and airborne platforms (Hopkinson et al., 2012). The main limitations
encountered are available areas of observation (sensor viewshed) for the terrestrial scanner and the
prohibitive expense and long lead time needed for planning repeat flights for the aerial scanner (Deems
et al., 2013). Typically, airborne LiDAR provides data with a ground sampling of nearly 1 m and a vertical
accuracy of 15 cm (Deems and Painter, 2006; Deems et al., 2013). While detailed, this resolution still does
not provide observations of the spatial variability of snow distributions that can address microscale
processes such as snow-vegetation interactions or wind redistribution in areas of shallow snowcover, and
the frequency of airborne LiDAR observations are typically low, except for NASA’s Airborne Snow
Observatory applications in California (Mattmann et al., 2014).

An early deployment of a high resolution digital camera on a remote controlled gasoline powered model
helicopter in 2004 permitted unmanned digital aerial photography to support studies of shrub emergence
and snowcovered area depletion in a Yukon mountain shrub tundra environment (Bewley et al., 2007).
Since then, Unmanned Aerial Vehicles (UAVs) have become increasingly popular for small-scale high-
resolution remote sensing applications in the earth sciences. The current state of the technology is due to
advances in the capabilities and miniaturization of the hardware comprising UAV platforms
(avionics/autopilots, Global-positioning systems (GPS), Inertial Momentum Units (IMUs) and cameras) and
the increases in available computational power to end users for processing imagery. The conversion of raw
images to orthomosaics and digital surface models takes advantage of Structure from Motion (SfM)
algorithms (Westoby et al., 2012). These computationally intensive algorithms simultaneously resolve
camera pose and scene geometry through automatic identification and matching of common features in
multiple images. With the addition of information on the respective camera location, or if feature locations
are known, then georeferenced point clouds, orthomosaics and Digital Surface Models (DSMs) can be
generated (Westoby et al., 2012). Snow is a challenging surface for SfM techniques due to its relatively
uniform surface and high reflectance relative to snow-free areas, which limit identifiable features (Nolan
et al., 2015). The resolution of the data products produced by UAVs depends largely on flight elevation
and sensor characteristics but can promise accuracies down to 2.6 cm in the horizontal and 3.1 cm in the

vertical (Roze et al., 2014). Fhevertical-aceuracy-of the (DSM)-isgenerally 1 -3-timesthe ground-sample
distance{GSB)}{Strecha;—2044)—The unprecedented spatial resolution of these products may be less

important than the fact these platforms are deployable at a high, user-defined, frequency below cloud
cover, which can be problematic for airborne or satellite platforms. Manned aerial platforms have the
advantage of covering much larger areas (Nolan et al., 2015) with a more mature and clear regulatory
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framework (Marris, 2013; Rango and Laliberte, 2010) than small UAVs. However, the greater expenses
associated with acquisition, maintenance, operation and training efrequired for manned platforms
(Marris, 2013), relative to small UAVs, are significant (Westoby et al., 2012).-Smal-UAVs-evercome-the

m on-of-terre DAR vie had con nts and-in-principle A-canarate DSMs-eauq vell fo

complexand-fatterrain- Many snow scientists have expressed great enthusiasm in the opportunities UAVs
present and speculate that the-data-they—preduece may drastically change the quantification of snow
accumulation and ablation (Sturm, 2015).

The roots of SfM are found in stereoscopic photogrammetry, which has a long history in topographic
mapping (Collier, 2002). Major advances in the 1990’s in computer vision (Boufama et al., 1993; Spetsakis

technigue-has automated and simplified the data requirements to go from a collection of overlapping 2D

images to 3D points clouds, relative to traditional photogrammetry. Significant work by the
geomorphology community has pushed the relevance, application and further development of this
technique into the earth sciences (Westoby et al., 2012). Recent application of this technique to snow
depth estimation has used imagery captured by manned aerial platforms (Blhler et al., 2015; Nolan et al.,
2015) and increasingly with small UAVs (Be-Micheleetal—2015: Vander Jagt et al., 2015; Blihler et al.,
2016)—Fhese; De Michele et al., 2016). The manned aircraft examples have reported vertical accuracies
{root-mean-square-errorsi-from-the-mannedplatferms-of-of 10cm (Nolan et al., 2015) and 30 cm (Biihler
et al., 2015) with horizontal reselution-between-resolutions of 5-20 cm (Nolan et al., 2015) and 2 m (Buhler
et al., 2015} and-from-the UAV-2015). Unmanned aircraft examples have shown similar accuracies and
resolution with vertical errors of reported to be ~10 cm with a horizontal efreselutionresolutions between
50 cm (Vander Jagt et al., 2015) and 10 cm (Bihler et al., 2016). The accuracy of assessmenrtassessments
of the De Michele et al. (26452016), Vander Jagt et al. (2015), and Biihler et al. (2016) studies were limited
to a small number of snow depth maps, Biihler et al. (2016) had the most with four maps, andbut more
are needed to get a complete perspective on the performance of this technique and its repeatability under
variable conditions.

terrain—and-vegetation—and-also-of-itstemporal-repeatability—The overall objective of this paper is to
assess the accuracy of snow depth as estimated by imagery collected by small UAVs and processed with
SfM techniques. Specifically, this paper will; 1) assess the accuracy of UAV-derived snow depths with
respect to the deployment conditions and heterogeneity of the earth surface; specifically variability in
terrain relief, vegetation characteristics and snow depth, and 2) identify and assess opportunities for UAV

generated data to advance understanding and prediction of snowcover and snow depth dynamics.

2. Sites and Methodology

2.1 Sites

The prairie field site (Fig. 1a) is representative of agricultural regions on the cold, windswept Canadian
prairies, where agriculture management practices control vegetation physical characteristics which, in
turn, influence snow accumulation (Pomeroy and Gray, 1995). There is little elevation relief and the
landscape is interspersed with wooded bluffs and wetlands. Snowcover is typically shallow (maximum
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depth < 50 cm) with development of a patchy and dynamic snow-covered area during melt. Data collection
occurred at a field site near Rosthern, Saskatchewan, Canada in spring 2015 as part of a larger project
studying the influence of grain stubble exposure on snowmelt processes. The 65-hectare0.65km? study
site was divided into areas of tall stubble (35 cm) and shorter stubble (15 cm). Wheat stubble, clumped in
rows ~30 cm apart, remained erect throughout the snow season, which has implications for blowing snow
accumulation, melt energetics and snow cover depletion (Fig. 1c). Pomeroy et al. Srew(1993, 1998)
describes the snow accumulation dynamics and snowmelt energetics irof similar environments-have-been

described-by- .Pemereyetal-(1993 1998}

The alpine site, located in Fortress Mountain Snow Laboratory in the Canadian Rocky Mountains, is
characterized by a ridge oriented in SW-NE direction (Fig. 1b, d) at an elevation of approximately 2300 m.
The average slope at the alpine site is ~15 degrees with some slopes > 35 degrees. Large areas of the ridge
were kept bare by wind erosion during the winter of 2014/2015 and wind redistribution caused the
formation of deep snowdrifts on the leeward (SE) side of the ridge, in surface depressions and downwind
of krummbholz. Vegetation is limited to short grasses on the ridgetop while shrubs and coniferous trees
become more prevalent on gullies on the shoulders of the ridge. Mean snow depth of the snow-covered
area at the start of the observation period (May 13, 2015) was 2 m (excludlng snow-free areas) with
maximum depths over 5 m. The w—atbede had—du
deposition-fromlocalized sources—Fhe0.32 km? study area was d|V|ded between a North and a South area
(red polygonsin Fig. 1 ) due to UAV battery and hence flight area Ilmltatlons Snow-accumulation-dynamics
A v-DeBeer and Pomeroy (2010,
2009)—)& MacDonaId et al. (2010) and—Maeséman—et—al—Q@i%)—and—m%m%e#wenmen%s—WEgh—et
{2012}, Grinewald et al {2010} Mittaz et al {2015} andReba—etal{2011).describe the snow

accumulation dynamics and snowmelt energetics of the area.

2.2 Methodology

2.2.1 Unmanned Aerial Vehicle - flight planning — operation - data processing

A Sensefly Ebee Real Time Kinematic (RTK) UAV (Fig. 2a) was used to collect imagery over both sites. H-is
marketed-as—a-complete-system—inchudingthe- UAV-The platform andis bundled with flight control and
image processing software; to provide a complete system capable of survey grade accuracy without the
use of ground control points (GCPs) (Roze et al., 2014). The Ebee RTK is a hand launched, fully autonomous,
battery powered delta wing UAV with a wingspan of 96 cm and a weight of ~0.73 kg including payload.
Maximum flight time is up to 45 minutes with cruising speeds between 40-90 km h™l. Aconsumergrade
camera—a-Canon-XUS,—captured-imagery-that-was-taggedA modified consumer grade camera, a Canon
PowerShot ELPH 110 HS, is captured red, green and blue band imagery and is triggered by the autopilot.
The camera is fixed in the UAV body, there is no stabilizing gimbal as often seen on multirotor UAVs, but
when taking a photo the UAV cuts power to the motor to minimize vibrations and levels the entire UAV
resulting in consistent nadir image orientation. The camera has a 16.1 Mp 1/2.3-inch CMOS sensor and
stores images as JPEGs, resulting in images with 8-bit depth for the three color channels. Exposure settings
are automatically adjusted based on a center weighted light metering. Images are geotagged with location
and camera orientation information supplied by RTK corrected Global Navigation Satellite System (GNSS)
posmonlng and IMU respectively. A Leica GS15 base station supplied the RTK corrections to the U-A%Lt-hat
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and-MNR{850-am)-bands-Ebee to resolve image locations to an accuracy of + 2.5 cm. The Ebee was able to
fly in all wind conditions attempted but image quality, location and orientation became inconsistent
and/er—was—missed-when wind speed at the flight altitude (as observe by an on-board pitot tube)
approached-erexceeded 14 m s,

site—TFhe-UAV was flown 22 times duringover the course of the melt period (6 to 30 March 2015) with

three mere-flights over athe snow free surface between 2 and 9 April 2015. A loaner Ebee, from Spatial
Technologies, the Ebee distributor, performed the first 11 flights at the prairie site due to technical issues
with the Ebee RTK. The geotag errors of the non-RTK loaner Ebee were 5 m (error of GPS Standard
Positioning Service) and therefore required GCPs to generate georeferenced data products. At the Alpine
site, to reduce variations in the height of the UAV above the surface in complex terrain, flight plans were
adjusted using a 1 m resolution DEM, derived from a LiDAR DEM. The UAV was flown 18 times over melt
from 15 May to 24 June 2015 with four flights over bare ground on 24 July 2015. Table 1 summarises flight
plan attributives of the respective sites. Figure 2b provides a typical flight plan generated by the eMotion

flight control software for the prairie site.

Postflight Terra 3D 3 (version 3.4.46) was-used-toprocess-processed the imagery to generate DSMs and
orthomosaics. Though the manufacturer suggested that they are unnecessary with RTK corrected geotags

(error of £2.5 cm), all processing included GCPs-{lecations-highlighted-n-Fig—1)-. At the prairie site, 10 GCPs
comprised of five tarps and five utility poles were distributed throughout the study area- (blue points in
Fig. 1a). At the alpine site, the north and south areas had five and six GCPs; (blue points in Fig. 1b),
respectively comprised of tarps (Fig. 3a) and easily identifiable rocks (Fig. 3b) spread over the study area.

Processing involved three steps. First, initial processing extracted features common to multiple images,
optimized external and internal camera parameters for each image, and generated a sparse point cloud.
The second step densified the point cloud and the third step generated a georeferenced orthomosaic and
a DSM. Preferred processing options varied between the sites, with the semi global matching algorithm in
the point densification used to minimize erroneous points that-were-encountered at the alpine site (see
Sect 3.3). Generated orthomosaics and DSMs had a horizontal resolution of 3.5 cm at the prairie site and
between 3.5 cm and 4.2 cm at the alpine site.

2.2.2 Ground truth and snow depth data collection

To assess the accuracy of the generated DSMs and their ability to measure snow depth, detailed
observations of the land surface elevation and snow depth everthe-course-ofsnowecoverablation-were
made-were collected. At the prairie site a GNSS survey, utilizing a Leica GS15 as a base station and another
GS15 acting as a RTK corrected rover, measured the location (x, y and z) of 3417 snow stakes on each

15



634
635
636
637
638
639

640
641
642
643
644
645
646
647
648
649
650
651
652
653

654
655
656

657
658
659
660
661
662
663
664
665

666
667
668
669
670
671
672

673
674
675

stubble treatment to an accuracy of <+ 2.5 cm. This gives 34 observation points at the prairie site (locations
identified as red dots in Fig. 1a). Over-the melt period, the snow depth was measured with a ruler at each
point (error of £ 1 cm}alengshow-surveys-betweenand-at-each-of). Adding the 34-shew-survey-stakes:
Combining—the—manually measured snow depths measured—by—theshowsurveys—and—theirto the
corresponding land surface elevations from the GNSS survey gives snow surface elevationpeintsthatean
beelevations at each observation point directly eemparedcomparable to the UAV derived DSM.

At the alpine site, 100 land surface elevations were measured at points with negligible vegetation (bare
soil or rock outcrops) with a GNSS survey to determine the general quality of the DSMs. Megetatien-was
negligible-at-theselocations—FermeostoeftheFor eight flights a GNSS survey was also performed on the
snowcover- (all measurement locations over the course of campaign are highlighted in Fig. 1b). To account
for the substantial terrain roughness and to avoid measurement errors in deep alpine snowpacks, the
snoweever-snow surface elevation was directhy-determined-by-themeasured via GNSS survey and snow
depth was—measu%ed—wmhestlmated from the average of five snow depth measurements ina 0.4 m x 0.4
m square at these A .
elepth—elete#mmeel—by—t—he—UA# hat QOII’lt Time constraints and |nacce55|ble steep snow patches limited the
number of snow depth measurements to between three and 20—measurements—per—flght—19

measurements per flight. While the number of accuracy assessment points over snow is limited for each
flight the cumulative number of points over the course of the campaigns used to assess accuracy over all
flights is not; at the alpine site there were 101 GNSS surface measurements and 83 averaged snow depth
measurements available, and at the prairie site 323 measurements on each stubble treatment.

At both the prairie and alpine site, GEPlocation-measurementemployed-the same GNSS RTK surveying

method established GCP locations. Snow surveys (maximum one per day) and DSMs (multiple per day) are
only compared if from the same days.

2.2.3 Snow depth estimation

Snow-depth-was-estimated-by-subtractingSubtracting a DSM representingof a snow- free periedsurface
from a DSM representinga—period-with-snowecover—This-assumes-thatof a snow covered surface results
estimate snow depth if snow ablation is the only eause-ef-change-inthethings changing surface elevations
between the dates-ef-image-capture-observation periods. Vegetation is limited over the areas of interest
at the alpine site and any spring up of grasses or shrubs is insignificant, based upon local observations,
with respect to the large snow depths observed (upto 5m). The wheat stubble at the prairie site is
unaffected by snow accumulation or ablation. The snow-free DSMs corresponded to imagery collected on

2 April for the prairie site and 24 July for the prairie-and-alpine sites,respectivelysite.

2.2.4 Accuracy assessment

The accuracy of the UAV-derived DSM erand snow depth was estimated by calculating the root mean
square error (RSMERMSE), mean error (bias) and standard deviation of the error (SD) with respect to the
manual measurements. The RSMERMSE quantifies the overall difference between manually measured and
UAV derived values—Bias, bias quantifies the mean magnitude of the over (positive values) or under
(negative values) prediction of the DSM with respect to manual measurements—Fhe, and SD quantifies the
variability of the error.

2.2.5 Signal-to-Noise Calculation
The signal-to-noise ratio (SNR) compares the level of the snow depth signal with respect to the
measurement error to inform when meaningful information is available. The SNR is calculated as the mean
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measured snow depth value divided by the standard deviation of the error between the observed and
estimated snow depths. The Rose criterion, commonly applied in image processing literature, is used to
define the threshold SNR where the UAV returns meaningful snow depth information; this is further
described in Rose (1973). The Rose criterion proposes a SNR > 4 for the condition at which the signal is
sufficiently large to avoid mistaking it for a fluctuation in noise. -Ultimately, the acceptable signal to noise
ratio depends upon the user’s error tolerance (Rose, 1973).

3. Results and Discussion

3.1 Absolute surface accuracy

#hghfes—aﬁd—a—sm%mapy—ef—aﬂ—the—ﬁhgh%s—resWeW—The accuracy of the DSMs relative to the measured
surface points are-variable-duevaries with respect to dynamielight conditions at time of photography and

thedifferences in snow surface characteristics_and extent. This is seen in the RMSE for individual flights
varying from 4 cm to 19 cm-_(Fig. 4). Only a few problematic flights, which will be discussed in section
3.3.1, showed larger RMSE-ef-up-te-32-emRMSEs, which are marked in blue in Figure 4. In general, the
accuracy of the DSMs as represented by the mean RMSEs in Table 12, were comparable between the
prairie short stubble (8.1 cm), alpine-bare (8.27 cm);) and alpine-snow (7.5 cm) sites and were greater over
the prairie tall stubble (11.5 cm). Besides the five (out of 43-flights) problematic flights,~which-wil-be
diseussed-in-seetion-3-3-1, accuracy was relatively consistent over time at all sites. To clarify, the prairie
flights simultaneously sampled the short and tall stubble areas, thus there were only three problematic
flights at the prairie site in addition to the two at the alpine site (EigureFig. 4). The larger error at the tall
stubble is due to snow and vegetation surface interactions. Over the course of melt, the DSM gradually
became more representative of the stubble surface rather than the snow surfaceas-the-show-surface

3%—2—wh+eh—wa5—5ma”—eempa%ed49—ﬂae4e%a4—seew—eeve¢ed—a¥ea— More pomts are matched on the hlgh

contrast stubble than the low contrast snow leading to the DSM being biased to reflect the stubble surface.
This is apparent in the increasing tall stubble bias as the snow surface drops below the stubble height. By
comparing the many alpine-bare points to the limited number of alpine-snow points (3 to 19) the relative
difference in errors between the snow and non-snow surfaces was assessed. The benefit of the large
amount of alpine-bare points (100) reveals the general errors, offsets and tilts in the DSM. It is concluded
that the snow surface errors are not appreciably different from the non-snow surface errors.

The manufacturersuggeststhatRTK level accuracy enof the camera geotags witheutthe-use-efGCEPscan
is supposed to produce products with similar accuracy-te, without the use of GCPs, as those generated
with standard GPS positioning and the use of GCPs (Roze et al., 2014).Fhis-was-assessed-with DSMs created
with and without GCPs for flights where the Ebee’s camera geotags had RTK-corrected positions with an
accuracy of £ 2.5 cm—Fhis-ameunted-te-nine tested this claim. Nine flights atfrom the prairie site and 22
flights atfrom the alpine site_met the requirements for this test. Inclusion of GCPs had little effect on the
standard deviation of error with respect to surface observations, but resulted in a reduction of the mean
absolute error of the bias from 27 cm to 10 cm and from 14 cm to 6 cm at the prairie and alpine site,
respectively.
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3.2 Snow depth accuracy

The snow depth errors were similar to that of the surface errors with the alpine and short stubble sites
having very similar errors, with mean RMSEs of 8.5 cm and 8.8 cm, but much larger errors over tall stubble,
with mean RMSE of 13.7 cm (Fig. 5 and Table 23). Snow depth errors were larger than the surface errors
as the errors from the snow-free and snow-covered DSMs are additive in the DSM differencing. The
usability of snow depth determined from DSM differencing requires comparison of signal-to-noise. Signal-
to-noise, SNR in Fig. 5, clearly demonstrates that the deep alpine snowpacks have a large signal relative to
noise and provide very useable information on snow depth both at maximum accumulation and during
most of the snowmelt period (SNR >7). In contrast, the shallow snowpack at the prairie site, despite a
similar absolute error to the alpine site, demonstrates decreased ability to retrieve meaningful snow depth
information over the course of snowmelt; the signal became smaller than the noise. Applying the Rose
criterion of a SNR ~4, it is apparent that only the first flight at the short stubble and the first two flights at
the tall stubble provided useful information on the snow depth signal.

1he—e#epef—ﬂ4e—eshmated—snew—dept—hThls is correlated-to-the-bias;relevant when applying this is-west

jestechnique to other areas with

shallow, wind redistributed seasonal snowcovers_such as those that cover prairie, steppe and tundra in
North and South America, Europe and Asia. This is in contrast to other studies whlch &uggesiédo not limit

where this technique can be u#i

te%@—emreasonablv applled (Buhler et aI 20152016; NoIan et al., 2015)Errors-of such-a-magnitudeare

3.3 Challenges

3.3.1 UAV Deployment Challenges

An attractive attribute of UAVSs, relative to manned aerial or satellite platforms, is that they allow “on-
demand” responsive data collection. While deployable under most conditions encountered, the significant
variability in the DSM RMSEs is likely due to the environmental factors at time of flight including wind
conditions, sun angle, flight duration, cloud cover and cloud cover variability. In high wind conditions (>14
m s!) the UAV struggled to maintain its preprogrammed flight path- as it is blown off course when cutting
power to take photos. This resulted in missed photos and inconsistent density in the generated point

clouds. FhisUAV-dees-not-employWithout a gimbal-te-stabilizegimballed camera erientation—and-thus

windy conditions also resulted in blurry images-frem-the-unstableplatferm that deviate from the ideal
vertical orientation. The flights for the DSMs with the greatest RMSEs had the highest wind speeds as

measured by the UAV. Four of the five problematic flights were due to high winds (>10 m s) and were
identified by relatively low-density point clouds with significant gaps which rendered DSMs that did not
reflect the snow surface characterises.
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As the system relies on a single camera traversing the areas of interest, anything that may cause a change
in the reflectance properties of the surface will complicate post-processing and influence the overall
accuracy. Consistent lightning is important with a preference for clear, high sun conditions to minimize
shadew-dynamies-changes in shadows. Diffuse lighting during cloudy conditions resultedresults in little
contrast over the snow surface and large gaps in the point cloud over snow, especially when the snow
cover was homogeneous. Three flights under these conditions could not be used and were not included
in the previously shown statistics. Clear conditions and patchy snowcover led to large numbers of
overexposed pixels (see Sect 3.3.2). Low sun angles should be avoided as orthomosaics from these times
are difficult to classify with respect to the large and dynamic surface shadows present and the relatively
limited reflectance range.

It is suggested that multirotor UAV’s may be more stable and return better data products in windy
conditions (Biihler, et al., 2016). There have not been any direct comparison studies that the authors are
aware of that validate such assertions. A general statement regarding the use of fixed wing vs. multirotor
is also impossible with the broad spectrum of UAVs and their respective capabilities on the market. The
only clear benefit of using a multirotor platform is that larger, potentially more sophisticated, sensors can
be carried and landing accuracy is higher. That being said the Ebee RTK returns data at resolutions that are
more than sufficient for our purposes (3cm pixel ™), can cover much larger areas and has a higher wind
resistance (>14 m/s) than many multirotors. Landing accuracy (+/- 5 m) was also sufficient to locate a
landing location in the complex topography of the alpine site. The more important issue relative to any
comparison between platform types is that all UAVs will have limited flight times and results are
compromised if conditions are windy and light is inconsistent. Until a direct platform comparison study is
conducted this experience, and results of other recent studies (Vander Jagt et al., 2015; Biihler et al., 2016;
De Michele et al., 2016), suggests that fixed wing platforms, relative to multi-rotor platforms, have similar
accuracy and deployment constraints but a clear range advantage.

3.3.2 Challenges applying Structure from Motion over snow
Erroneous points over snow were generated byin post-processing with the default settings at the alpine
sitessite. These points were up to several metres above the actual snow surface and were mainly located
at the edge of snow patches, but also on irregular and steep snow surfaces in the middle of a snow patch.
The worst cases occurred during clear sunny days over south-facing snow patches, where-the-whele-snow
pateh—waswhich were interspersed with these erroneous points. These points are related to the
overexposure of snow plxels in the FaW|mages which t—yp+ea4+y—eeea—#ed—d-&#mg—d+reet—semhght—eve¥—a—sm&”
Y areg i had bare ground in the centre and small
snow patches on the edges Ihe—Ganen—lX—US—eameFa—Thls is a_consequence of the automatically
adjustsadjusted exposure based on centre-weighted light metering and-is-retadjustable—Errenesusof the
Canon ELPH camera. It is recommended that erroneous points could be el+m+natedm|n|m|zed with the
removal of overexposed images—Hewev
a—targer; however this increased the blas and led to gaps in the point cloud, whlch made this
methodapproach inappropriate.

The semi-global matching (SGM) option with optimization for 2.5D point clouds (point clouds with no over
lapping points) proved to be the best parameter setting within the post-processing software Postflight
Terra 3D. Semi-global matching was employed to improve results on projects with low or uniform texture
images, while the optimization for 2.5D removes points from the densified point cloud (SenseFly, 2015).
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The SGM option removed most of the erroneous points with best results if processing was limited to

individual flights. Including images from additional perpendiewtar—flights er—mergingsubareas—with
everlappingimages-resulted in a rougher surface with more erroneous points. This istikeh-due-temay be
caused by changes in the surface lighting conditions between flights, which challenges SfM. Hewever
there-was-ho-additional-bias-introduced-by-the-use-ofBias did not change when using SGM ardthough
some linear artefacts were visible when compared to default settings. These linear artefacts caused the
standard-deviation-efthe-errorsd to increase from 1 cm to 3 cm on bare ground. Areas with remaining
erroneous points wherewere identified and excluded from the presented analysis. Fhe-abiity-to-reduce
these-erroneous—peintsTable 3 summaries the extent of the areas removed with SGM-depended-en-the

versiehrespect to the snow covered area at the alpine site. The fifth problematic flight identified (1 June

ﬂlght over north area of Pes#hght—'Fe#a%D—Resth—s—aehevedalpme S|te) had a_much Iarger bias with

sheeid—test—dﬁe#en&e#smns—te—aeh%%epmwpes%the |ncIu5|on ofGCPs and the reason for th|s cannot

be determined. The “black box” nature of this proprietary software and small number of adjustable
parameters clearly limits the apphicationsapplication of this post-processing tool for scientific

applicationspurposes.

3.4 Applications
The distributed snow depth maps generated from UAV imagery are of great utility for understanding snow
processes at prewously unrealized resolutlons spatlal coverages and frequenues Ihese—p#eeleets—rw

d+5tHleHJéed—medeLs—at—a—h+gh—Fesek+Hen—F+gH-Fe—7- igure 6 prowdes examples of UAV derlved dlstrlbuted

snow depth maps. The identification of snow dune structures, which correspond to in-field observations,
is a qualitative validation that UAV derived DSM differencing does indeed provide reasonable information
on the spatial variability of snow depth. Actual applications will depend upon the surface, snow depth and
other deployment considerations as discussed.

Applications at the alpine site also include the ability to estimate the spatial distribution of snow depth
change due to ablation (Fig. 8b7). To obtain ablation rates, the spatial distribution of snow density is still
needed but it may be estimated with a few point measurements or with parameterizations dependent
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upon snow depth (Jonas et al., 2009; Pomeroy and Gray, 1995). In Fig. 867 the mean difference in snow
depth between the two flights was 0.9 m; this gives a SNR of ~11 which is more than sufficient to
confidently assess the spatial variability of melt.

Despite the limitations and deployment considerations discussed, YAVs-arethe Ebee RTK was capable of
providing accurate data at unprecedentedvery high spatial and temporal resolutions-that-can—advance
understanding. A direct comparison between fixed wing and multirotor platforms is necessary to
determine how snow depth errors may respond to variations in wind speed and lighting conditions. Until
then, based on this experience and results of snrew-precesses—Fheother recent studies (Vander Jagt et al.,,
2015; Bihler et al., 2016; De Michele et al., 2016), we do not expect there to be large differences in errors
between platform type. Rather, the most important consideration iss-when planning to map snow depth
with a UAV should be whether the anticipated sigral-te-neise+atioSNR will allow for direct estimates of
snow depth or snow depth change. FhisThe SNR issue limits the use of this technique to areas with snow
depths or observable changes sufficiently larger than the SD of the error. Fhisanalysis-established-this
thresheoldata-minimum;,to-be~30-em-We propose a mean snow depth threshold of ~¥30 cm is necessary
to obtain meaningful information on snow depth distribution with current technology. This threshold is

equal to four times the mean observed SD (Rose criterion), but will vary with the appllcatlon site and
user’s error tolerance. F

The use of SfM in shallow snow environments, such as on the Canadian Prairies, is therefore limited to
measuring near-maximum snow depths. Besides providing an estimate of the total snow volume, this
information can also inform snow cover depletion curve estimation and description (Pomeroy et al., 1998).
Simple snow cover depletion models can be parameterized with estimates of snow depth mean and
coefficient of variation (Essery and Pomeroy, 2004), which otherwise need to be obtained from snow

surveying. For 2015 coefficients of variation from the peak snow depth maps were 0.255 and 0.173, at the
short and tall stubble sites respectively, which are similar to previous observations from corresponding
landforms/surfaces (Pomeroy et al., 1998).

In addition to parameterising snow cover depletion models, UAV data could also be used to test their
performance as Structure from Motion processing of UAV images produces orthomosaics in addition to
DSMs. Sequences of orthomosaics are especially useful to quantify the spatio-temporal dynamics of snow
covered area (SCA) depletion processes. Orthomosaics are complementary products to DSMs and their
guality is subject to the same deployment conditions as DSMs. Orthomosaics have the same horizontal
accuracy and resolution as the DSMs but without a vertical component any DSM vertical errors are
irrelevant. Interpretation of SCA from orthomosaics is therefore possible regardless of surface
characteristics or snow depth. The classification of orthomosaics to quantify surface properties will
introduce error, and can be challenging in changing light conditions, which changes the spectral response
of snow or non-snow covered areas across the surface. Typical supervised and unsupervised pixel based
classification procedures can be readily applied. Since UAV imagery is at a much higher resolution than
satellite or airborne imagery classification differences in spectral response due to varying light conditions
can be compensated for by using object oriented classification which also takes into account shape, size,
texture, pattern and context (Harayama and Jaquet, 2004).
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An example of a snow-covered depletion curve for the prairie site is presented in Fig. 8. A simple
unsupervised classification of the orthomosaic into snow and non-snow classes quantifies the earlier
exposure of the tall wheat stubble relative to the short wheat stubble. The tall stubble surface is an
illustrative example of the advantages UAVs offer for SCA quantification. Tall stubble is a challenging
surface to quantify SCA on as snow is prevalent for a time below the exposed stubble surface rendering
other remote sensing approaches inappropriate. From an oblique perspective, the exposed stubble
obscures the underlying snow and prevents the classification of SCA from georectification of terrestrial
photography (Fig. 9). Due to the surface heterogeneity on small scales (stubble, soil and snow all regularly
occurring within 30 cm) satellite, and most aerial, imagery struggles with clearly identifying SCA. To
identify features accurately, in this case exposed stubble versus snow, multiple pixels are needed per
feature (Horning and DuBroff, 2004). The 3.5 cm resolution of the orthomosaic corresponds to
approximately three pixels to span the 10 cm stubble row which is sufficient for accurate SCA mapping
over a tall stubble surface. The advantages of high-resolution UAV orthomosaics are obviously not limited
to SCA mapping of snow between wheat stubble and can be readily applied to other challenging
heterogeneous surfaces where SCA quantification was previously problematic. Snow cover data at this
resolution can quantifying the role of vegetation on melt processes at a micro-scale, which can in turn
inform and validate snowmelt process understanding.

4. Conclusions

A-nrew-toela-smattUAV-that toekphotegraphsfrem-which-The accuracy of DSMs and orthomosaics-were,
generated through application of SfM techniques to imagery captured by a small UAV, was evaluated in
two different environments, mountain and prairie, to verify its ability to quantify snow depth and its spatial
variability fervarying-weatherconditions-over the ablation period. The introduction of functional UAVs to
the scientific community requires a critical assessment of what can reasonably be expected from these
devices over the-seasonal snowcover. Snow represents one of the more challenging surfaces for UAVs and
SfM techniques to resolve due to the lack of contrast and high surface reflectance. Field campaigns
assessed the accuracy of the Ebee RTK system over flat prairie and complex terrain alpine sites subject to
wind redistribution and spatially variable ablation associated with varying surface vegetation and terrain
characteristics. The mean accuracies of the DSMs were 8.1 cm for the short stubble surface, 11.5 cm for
the tall surface and 8.7 cm for the alpine site. These DSM errors translate into mean snow depth errors of
8.8 cm, 13.7 cm and 8.5 cm over the short, tall and alpine sites respectively. Ground control points were

needed to achleve this level of accuracy. EFFe{—vaHed—\M%h—bras—m%eh—aﬂewed—appheat-m—ef—a—bm

ebservations—The STM technlque prowded meanlngful |nformat|on on maximum snow depth at aII sites,
and snow depth depletion could also be quantified at the alpine site due to the deeper snowpack and
consequent higher signal-to-noise ratio. These findings demonstrate that SfM can be applied to accurately
estimate snow depth and its spatial variability only in areas with snow depth > 30 cm. This restricts its
application for shallow, windblown snowcovers. Snow depth estimation accuracy varied with wind speed,
surface characteristics and sunlight; the most consistent performance was found for wind speeds < 610
m s%, surfaces with insignificant vegetation cover, clear skies and high sun angles. The ability to generate
good results declined over especially homogenous snow surfaces and southerly aspects in mountain
terrain. Clear sky conditions were favourable for high snow-covered fractions with limited snow surface
brightness contrast. During snowmelt with reduced snow-covered fraction, clear sky conditions caused
overexposure of snow pixels and erroneous points in the point clouds.
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The challenges of applying SfM to imagery collected by a small UAV over snow complicate the generation
of DSMs and orthomosaics relative to other surfaces with greater contrast and identifiable features.
Regardless, the unprecedented spatial resolution of the DSMs and orthomosaics, low costs and “on-
demand” deployment provide exciting opportunities to quantify previously unobservable small-scale
variability in snow depth that will only improve the ability to quantify snow properties and processes.
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Table 1: Flight plan specifications

Variable Prairie Site Alpine Site
Flight altitude 100m 100m
Lateral overlap 70% 85%
Longitudinal overlap 70% 75%
Ground resolution 3 cm pixel? 3 cm pixel?
Number of flights (over snow/over non-snow) 22/3 18/4
Approximate area surveyed per flight 1 km? 0.32 km?

Table 21: Absolute snrew-depthsurface accuracy semmarytsummary?®

Area Variable e (@) MaxMaximum MirMinimum Total Points €
(cm) (cm)
alpine-bare RMSE 8.7 15 4 1120
alpine-bare Bias® 5.6 11 1 1120
alpine-bare SD 6.2 12 3 1120
alpine-snowAlpine RMSE 87.5 1406 3 101
alpine-snowAlpine Bias**b 414 11013 01 101
Alpinealpine-snow SD 7#315.4 12013 3 101
Short RMSE 8.81 12.515:8 04.4 357
Short Bias**b 54.4 1511.2 0 357
Short SD 6.13 9.5 16:3.2 0357
Tall RMSE 11.513.7 27.218.4 04.9 357
Tall Bias**®b 9-86.6 26-417.5 0.3 357
Tall SD 8.34 14.213-9 03.1 357

*2 summary excludes feurfive flights identified to be problematic due-te-windy-conditions-
**b mean of absolute bias values-
¢ cumulative points used to assess accuracy over all assessed flights

Table 2: Absolute snow depth accuracy summary?

Area Variable Mean (cm) Maximum (cm) Minimum (cm) Total Points ©
Alpine RMSE 8.5 14.0 3 83

Alpine Bias” 4.1 11.0 0 83

Alpine  SD 7.1 12.0 3 83

Short RMSE 8.8 15.8 0 323

Short Bias® 5.4 15.2 0 323

Short sD 6.1 10.3 0 323

Tall RMSE 13.7 27.2 0 323

Tall Bias® 9.8 26.4 0 323

Tall sD 8.3 13.9 0 323

2 summary excludes two flights identified to be problematic

® mean of absolute bias values

¢ cumulative points used to assess accuracy over all assessed flights




131 Table 3: Summary of areas excluded due to erroneous points with respect to snow covered area at Alpine
132 site.

Flight® Snow covered area (%) Percentage of snow
covered area excluded (%)

5-19 N 45.9 0.0
5-20 S 32.6 2.0
5-22 N 39.8 0.0
6-01 N 24.0 0.0
6-08 N 12.5 3.2
6-18 N 5.3 19.3
6-24 N 3.1 21.9
624 S 3.7 18.9

133 2month-day portion of study area
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Figure 1: Orthomosaics of a) the prairie site located near Rosthern, Saskatchewan and b) the alpine site at
Fortress Mountain Snow Laboratory, Kananaskis, Alberta . The prairie site image (March 19, 2015) has
polygons depicting areas used for peak snow depth estimation over short (yellow) and tall (green) stubble.
The alpine site image (May 22, 2015) was split into two separately processed subareas (red polygons). Red
points in a) and b) are locations of manual snow depth measurements while green points at the alpine site
b) were used to test the accuracy of the DSM over the bare surface. Ground control point (GCP) locations
are identified as blue points. Axes are UTM coordinates for the prairie site (UTM zone 13N) and alpine site
(UTM zone 11N). The defining feature of the prairie site was the c) wheat stubble (tall) exposed above the
snow surface and at the alpine site was the d) complex terrain as depicted by the generated point cloud
(view from NE to SW).
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Figure 2: a) Sensefly Ebee RTK, b) a typical flight over the prairie site where red lines represent the flight

path of UAV and the white placemarks represent photo locations.
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Figure 3: Examples of ground control points that included a) tarps (2.2 m x 1.3 m) and b) identifiable rocks

at the same maghnification as the tarp.
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‘Figure 4: Root mean square error (RMSE, top row), Bias (middle row) and standard deviation (SD) of DSMs
with respect to surface over alpine-bare, alpine-snow, and short and tall stubble at prairie site,
respectively. Blue bars highlight problematic flights and are excluded from summarization in Table 2. X-
axis labels represent month-date-flight number of the day (to separate flights that occurred on the same
day). Alpine-bare accuracies are separated into north or south areas, reflected as _N or _S at the end. The
last number in the alpine-snow x-axis label is the number of observations used to assess accuracy as they
vary between 3 and 20.
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Figure 5: Estimated UAV snow depth error with respect to observed snow depth for the alpine site and the
short and tall stubble treatments at prairie site. Blue bars highlight problematic flights and are excluded
from summarization in Table 43. X-axis labels represent month-date. The last value in prairie labels is the
flight of the day (to separate flights that occurred on the same day). Alpine labels separate the north or
south flight areas, reflected as _N or _S respectively, and the last value is the number of observations used
to assess accuracy as they vary between 3 and 19. Horizontal line in the SNR plots is the Rose criterion
(SNR=4) that is used to identify flights with a meaningful snow depth signal.
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Figure 6: Bias corrected distributed snow depth (meters) for a) short and b) tall stubble treatments at peak
snow depth (March 10, 2015) at the prairie site.
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Figure 7: Snow depth change per day (dHS d!) between May 19 and June 1 in the northern portion of the

alpine site.
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Figure 8: Estimation of snow covered area requires an a) orthomosaic which is then b) classified into snow

and non-snow covered area. W This produces a c) snow cover depletion curve when a sequence of

orthomosaics are available. The short and tall stubble surface snow covered areas at the prairie site are

contrasted, with a snowfall event evident on March 23.
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Figure 9: a) An oblique photograph demonstrates the issue of tall stubble obscuring underlying snowcover

when considered in contrast to b) a UAV orthomosaic of the same area on the same date that clearly shows

widespread snowcover.
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