General Comments

The authors present an overview of the methods employed to measure snow depth from
UAVs using Structure from Motion (SfM) techniques over a sub-arctic environment.
Notably, they present comparisons between several different UAV platforms in terms of both
general platform limitations and with respect to measured vs. observed snow depths. Such
comparisons are also partitioned by date and land cover across three separate plots.

In my opinion, the paper is well-written and presents results clearly and concisely through the
effective use of tables and figures. The methods are well presented to allow repeatability and
the various platforms are well described and compared. | think the work's major novelty lies
in the inter-comparison of several platforms, and different baselines, as well as a large range
of dates, land cover, and illumination conditions. Bringing all of these components together is
challenging, but I think it is done well and presented in a way that will allow others to design
and implement effective SfM snow depth mapping projects in similar regions.

With that said, | believe there are a few areas that could be improved. This refers to a need
for a heightened emphasis on recommendations especially pertaining to the use of multiple
baselines. A clear section or figure aggregating the recommendations from throughout the
work would greatly benefit the paper. Without the focus on best practices, this work
essentially presents a workflow that has already been established to some degree in the
literature. More specific suggestions along these lines are presented below.

Response: We thank the anonymous referee for the review of the manuscript and the helpful
comments and suggestions. Point by point responses (in blue font) are given below.

Major Suggestions

Provide more emphasis on recommendations. This could be in the form of a table or a new
figure within the discussion section. Such recommendations that are mentioned in the text
include: the best platform for accuracy/ease of use (RTK vs. GCPs), general
recommendations on GCP use, environmental operating suggestions (cold temps and wind),
appropriate baselines, and operations in low light conditions. Currently, this information is
largely spread throughout the text.

Response: We will prepare e.g., a summary table in the discussion section 4.2 for different
platforms, GCP strategies, etc., and their respective applicability and suitability denoted for
example as (-) poor, (+) suitable (++) good. Further effort will be made to collect
recommendations and related information in that section.

The use of different baselines in this work and pros/cons should be highlighted more. |
believe more focus should be placed on the tradeoffs between using the ALS and UAV-based
baselines as well as recommending best practices. There is novelty and value to adding an
increased focus on these particular findings. For example, based on the results, it seems to me
that (if possible) establishing a LIDAR-based baseline might be a good standard practice
before doing SfM work.

Response: Thank you for the good suggestion. In our case, we were “lucky” that the ALS
campaign to update the freely available, national pointcloud/DEM inventory was in the same
region during the surveys (updated on average every six years). It is evident that similar



freely available, sufficiently high resolution, and up-to-date ALS data is not generally
available globally. However, it might indeed be a good practice to acquire LiDAR-baseline, if
possible, e.g., by renting a suitable UAS-Lidar equipment to save on the costs. Furthermore,
even if relying solely on UAS-SfM, emphasis should be placed on acquiring accurate
baseline as the errors will propagate to all snow depth models. During summer in high
latitudes, there is a very long window for the flights as the sun never sets, although one
should still aim to do the flights during the window when sun is relatively high in the sky.
The fieldwork is also in general less demanding during summer. Thus, there should be better
opportunities to spend extra time ensuring that the baseline will be captured with high
accuracy. For example, bulk of the literature on the accuracies of RTK/PPK-equipped UAS
indicates that one GCP could be suffiecient to largely mitigate possible bias. However, much
of the literature has provided results in areas < 20 ha (similar to subplot sizes in this study).
Recently submitted manuscript (Rauhala, 2023) by the first author of this manuscript
highlights that accuracy-wise it is be beneficial to use multiple GCPs at least with PPK
workflow in larger areas. This is especially relevant with regards fixed wing platforms such
as eBee RTK utilized in this study, which are capable of mapping much larger areas
compared to smaller multicopter UAS. We will add a paragraph to further discuss the
baselines, tradeoffs, and best practices.

Rauhala, A.: Accuracy assessment of UAS photogrammetry with GCP and PPK-assisted
georeferencing. Submitted to the Proceedings of FinDrones2023 (New Developments and
Environmental Applications of Drones), Springer Remote Sensing/Photogrammetry, 2023.

The lighting conditions aspect was stated as one of the primary objectives of this study,
though I feel it wasn’t sufficiently focused on/addressed — It seemed to be shown that low
light didn’t notably affect the retrievals, but this is in contrast to previous literature. The
discussion on this topic seemed to be a bit of an afterthought. Other points may be considered
to be emphasized instead (like the choice of baselines or the performance across multiple
platforms).

Response: Due to findings in previous literature, we expected stronger effect of the low light
conditions on the accuracy of the results. From the image acquisition perspective, when
operating the camera at maximum aperture, one can either increase the 1ISO value or decrease
shutter speed to acquire properly exposed images. The former runs the risk of increasing the
noise in the images, possibly leading to spurious tie point correlation results in the SfM
algorithm. The latter runs the risk of too much motion blur resulting in poor image quality,
and consequently, possibly poor model accuracy. In this case, we were able to find a suitable
middle ground between the two. The ISO value was increased two stops to 1ISO400, whereas
lower than usual cruise speed was utilized to further allow decreasing the shutter speed to
calculated, lowest possible value that should not induce too much motion blur (> 0.5 pix).
Another aspect related to low light (or flat light during overcast conditions) mapping of snow
is possible lack of features that are necessary for the SfM algorithm to perform sufficiently.
This might be affected by the depth of snow, how fresh the snow is, location, etc. For
example, thick snow in open alpine location might be quite even and featureless, whereas
shallow, early winter snow on forest location may better show features due to spatial
variability being low, i.e., the snow surface quite faithfully follows even small-scale forest
floor features. We will include further discussion on the lighting conditions.



Minor/Technical Suggestions
L15: revise - “...and the UAV snow depth results compared to in situ measurements.”
Response: Revised as suggested.

L24 - L31: Try to separate the sentences on societal impacts & ecological/environmental
implications. Reads as though it could be plant/animal communities OR human communities.
Also, generally, can add a bit more detail here on the importance of snow before moving on
to monitoring approaches. Especially, how snow relates to nature/the environment.

Response: Done, introduction was modified as suggested:

“Knowledge of changes in snow accumulation, depth and melt is crucial for nature and
society in northern and alpine regions. In the northern hemisphere especially, snow is
important to local ecology providing shelter and protection from harsh winter conditions and
supporting early summer hydrological conditions (soil moisture, discharge, etc) and a unique
environment in north and mountainous areas (Demiroglu et al., 2019; Boelman et al., 2019).
Also Northern communities, tourism and industry are adapted and often depended on snow
conditions as winter resources (transport, leisure) but also as water storage for hydropower
and other needs. Currently, snow resources are threatened by global warming, which will
have many direct and indirect effects on northern environments (Carey et al., 2010, Bring et
al., 2016). Any changes in magnitude, timing and variability of snowfall, accumulation
patterns and melting will alter, among other things, water availability and soil moisture
(Barnett et al., 2005; Kellomaki et al., 2010), which, in turn, impacts flood prediction and
warning, hydropower generation (reservoir inflow forecasting), water management,
transportation, local authority daily management activities and the tourism sector
(Veijalainen et al., 2010).”

L45 - L52: Either provide a bit more of an overview on the range of what was done in these
studies or point the reader to the latter discussion section where you detail these studies more.

Response: Changed the introduction of previous studies as follows:

“Numerous studies have assessed the potential of using UASs in snow depth mapping during
recent years in various locations including alpine (Vander Jagt et al., 2015; Bihler et al.,
2016; De Michele et al., 2016; Buhler et al., 2017; Adams et al., 2018; Avanzi et al., 2018;
Fernandes et al., 2018; Redpath et al., 2018; Revuelto et al., 2021), apline and prairie (Harder
et al., 2016; Harder et al., 2020), meadow and forest (Lendzioch et al. 2016; Broxton and van
Leeuwen, 2020), arctic (Cimoli et al., 2017), and freshwater lake settings (Gunn et al.,
2021).”

L59: ‘submitted to the same journal’ can be removed
Response: Removed, as suggested.

L59 - L60: consider rewording, the data itself shouldn’t have implications; are you referring
to the insights it provides, regarding accumulation and melt patterns?

Response: We are referring to insights, sentence changed as following:



“The accompanying paper (Meri0 et al. 2022) delves deeper into the insights provided by the
gathered data on local snow accumulation and melting patterns.”

L159: The tree masking is an interesting approach. | suggest adding an additional sentence or
two describing the ‘Maximum Likelihood Supervised Classification’. Additionally, assuming
there is a related citation/paper to this approach, that should be included here.

Response: Included a citation and changed as follows:

“The three masks were generated using Maximum Likelihood Supervised Classification,
which is a probabilistic approach derived from the Bayes theorem (Ahmad and Quegan,
2012). In the classification, each pixel is assigned to one of the desired classes it has the
highest likelihood of belonging, based on the training samples.”

Ahmad, A. and Quegan, S.: Analysis of maximum likelihood classification on multispectral
data, Applied Mathematical Sciences, 6, 6425-6436, 2012.

Figure 2 (and throughout): The use of the term DEMs of Difference (DoD) is used
throughout. | suggest adding the acronym in the figure

Response: Acronym will be added to Figure 2.

L174: Related to the previous point, make sure that the difference (or not) in meaning
between DoD and snow depth is clear (and why DoD is used instead of snow depth). Are
these terms interchangeable?

Response: DEM of Difference (DoD) is a commonly used term, especially in
geosciences/geomorphometry literature, describing the result of differencing between two
digital elevation models (or digital surface models). In this context, UAS-derived snow depth
map and DoD can be used interchangeably. The advantage of using the term DoD is that it
simultanously describes at least part of the method by which the snow depth map was
acquired, while also highlighting that the accuracy of the map is dependent on both the
accuracy of the baseline and the accuracy of the obtained snow surface elevation (i.e., the
concept of error propagation). We included a clarification that in this study DoD is used
interchangeably with UAS-derived snow depth map.

L215: Provide citation/source for “Levene’s test”
Response: Citation added (Levene, 1960).

Levene, H.: Robust tests for equality of variances, Contributions to Probability and Statistics:
Essays in Honor of Harold Hotelling, 69, 1960.

L225: “struggles’ -> ‘performs poorly’ (or similar)
Response: Changed to ‘performs poorly’ as suggested.

L240: are these biases high or low? It may also be valuable to add a table with information of
the bias/errors of all the baselines used (maybe in supplementary material)



Response: These biases are high relative to e.g., baselines obtained with PARTK, which had
biases of -0.64, 1.82, and 3.66 cm for mire, mixed, and forest subplots, respectively (see table
below). We can include statistics for all baselines (or even all surveys) in the supplement.

Table. Biases/mean errors for baselines obtained with different platforms.

PARTK Mavic eBee ALS
Bareground mire -0.64 7.82 16.56 0.64
Bareground mixed 1.82 5.37 9.97 0.83
Bareground forest 3.66 2.67 4.34 7.46

This is also a good place to point out that Eq. (3) and the resulting Table 4 contained
unfortunate errors. Since the DoDs are obtained by subtracting the baseline models from the
snow surface DSMs, it is in our view more reasonable to subtract the mean error of baseline
from the mean error of snow DSM to obtain a trueness estimation for individual DoDs (i.e.,
snow depth maps). Especially so as the DSMs have a general tendency to have a positive bias
(40 times out of 45 when the four different baselines are included). This way the trueness
estimations highlight that the positive biases to a degree cancel each other out and e.g., a
negative DoD trueness indicates likely underestimation of snow depth, which is often seen in
the comparison of UAS-based and manual snow depth measurements in Fig. 8 boxplots.
Revised Table 4 is given below.

Table 4. DoD trueness during different measurement periods and in study locations.

MIRE MIXED FOREST
PARTK  Mavic eBee PARTK Mavic eBee PARTK Mavic eBee
DEC12 (cm) 4.13 -3.73 -13.18 3.61 -2.64 -7.70 -0.06 -1.56 -4.12
FEB21 (cm) -0.04 -5.57 -16.52 -0.37 -5.71 -8.24 -0.14 9.62 3.09
APRO3 (cm) 4.14 -3.28 -15.78 -1.53 -4.26 -6.80 -4.76 -0.89 -9.60
APR24 (cm) 0.58 -7.48 -0.60 -1.27 -6.03 3.86

Figure 1: If you are going to present the point snow depth observation from the ultrasonic
sensor (in Figure 7), make sure to indicate its location in Figure 1

Response: Location will be added to Figure 1.

L.294: ‘No clear correlation’ -> can you describe this a bit more? It is concerning if the
observed and UAV-derived depths are not correlated across all depth products. That draws
into question the ability of these approaches to accurately capture the snow variability across
the basin, and only suggests it can capture general differences through time. Please add some
more interpretation here.

Response: This was a good remark, the description of correlations was indeed badly worded
or rather described too briefly. Strong and statistically significant correlations were not
observed on all individual dates or subplots. This is especially true for the DEC12 survey.
This is likely due to the snow depth being quite uniform in the early winter. As described in
the manuscript, the “manual snowline measurements resulted in mean snow depths and
standard deviations of 36.8 cm and 4.8 cm for the DEC 12 survey, ...”. Thus, the small
variations in the snow depth are not captured well due to inherent random errors in the UAS-



based snow depth measurements. This was also reflected on in the conclusions: “However,
data from all platforms could be usable in further analysis and to produce spatially detailed
snow depth information, especially during the times in winter when the snow depths relative
to the uncertainty of snow depths are high (i.e., high signal-to-noise ratio).” If we for example
look at the correlation coefficients for PARTK during different surveys from DEC12 to
APR24 (Table below), we see clear increase in correlation as the winter progresses, snow
depths increase, and/or local variations get larger. With the flooding mire subplot excluded,

the correlation coefficient for PARTK during APR24 would be as high as 0.86.

Table X: Pearson correlation coefficients for different dates.

PARTK | PARTK-L eBee eBee-L Mavic Mavic-L
DEC12 0.05 0.18 -0.16 0.00 -0.20 -0.12
FEB22 0.39* 0.47* 0.31 0.52* 0.12 0.18
APRO3 0.68* 0.59* 0.49* 0.60* 0.58* 0.70*
APR24 0.68* 0.59* 0.54* 0.61*

*Statistically significant at the p<0.05 level
We will include the table and following clarification is given:

“In the early snow season with low snow depths, no clear correlation was observable on
individual subplots/dates when comparing manual snow depth measurements and the UAS-
derived snow depth pixels at the location of the manual measurement (Table X). This is likely
due to the snow depth being quite uniform in the early winter. Thus, the small variatrions in
the snow depth are not captured well due to inherent random errors in the UAS-based snow
depth measurements.”

Figure 9: In the results, can you add a comment on the clear high (Dec 12) and low biases
(Apr 3)?

Response: We added the following comment regarding the mentioned biases:

“There is noticeable positive bias with all UAS during the DEC 12 survey and a negative bias
during the APR 03 survey. To a degree, these biases are also seen in the comparison of
generated DSMs and checkpoints, especially in the case of DEC 12 survey where all the
UASs had a tendency for overestimating the snow surface elevation.”

L401 — 404: This is a good opportunity to delve into why you think the lowlight conditions
did not affect the products notably (and why it did in Revuelto et al 2021). The stated
objective of providing an assessment of how low light conditions affect SfM snow depth
mapping is left with a somewhat ambiguous conclusion. Make sure this is clear.

Response: We addressed this earlier, discussion on the lowlight conditions will be included.
L470: Reword — | think a general statement mentioning how weather constraints and
unpredictability are unavoidable limitations when working with UAVs + providing your

example.

Response: Reworded as follows:



“Unpredictable weather places unavoidable limitations on all UAS operations. In our case,
the planned surveys were postponed several times during the winter due to weather
conditions, including snowfall, very low temperatures, and high wind speeds.”

Conclusion: One recommendation - specifically recommend a platform (i..e, the Phantom 4
RTK) for providing the best SfM products (w/ relevant error statistics)

Response: We will make a platform/workflow recommendation to use Phantom 4 RTK or
similar platform with at least one GCP on areas comparable to subplot sizes in this study. For
considerably larger areas the recommendation is to use multiple GCPs if possible (following
the best practices addressed earlier).



