
Replies to referee comments on:

Snow accumulation, albedo and melt patterns following road construc-
tion on permafrost, Inuvik-Tuktoyaktuk Highway, Canada
J. Hammar, I. Grünberg, S. V. Kokelj, J. van der Sluijs and J. Boike
The Cryosphere,

RC: Referee’s Comment, AR: Authors’ Response, � Manuscript Text

Referee #1

This study looks to quantify snow conditions along the newly constructed Inuvik-Tuktoyaktuk Highway, a gravel highway
extending 138 km along the tundra-taiga ecotone in the Mackenzie Delta uplands. The highway was constructed entirely on
ice-rich permafrost, and is therefore sensitive to the underlying permafrost conditions, which have been observed rapidly
warming in this region. The study analyzes the localized influence of the highway embankment on snow accumulation and the
effects of road dust on late season albedo, snowmelt timing and extent. Through a combination of several platforms (Airborne
Lidar, Landsat 7+8, and Sentinel-2) the authors adequately apply widely accepted remote sensing methods to undertake a novel
analysis of the effect of all-season tundra roads on snow conditions. The manuscript is well written, clear and well structured,
and acceptable for publication in TC.

Response to Referee #1

We are very grateful for the constructive comments and suggestions provided by the referee that have significantly improved
our manuscript. Please find our responses and relevant changes to comments below (referee comment in gray italic and authors
response in normal font).

Minor comments:
RC: Line 29. The drifting of snow is widely studied in this study region, specifically at TVC. Perhaps the authors should include

reference to snow accumulation beyond infrastructure.

AR: In line 64, we refer to the studies by Wilcox et al. (2019) and Walker et al. (2021), which use drone imagery to examine snow
depth and timing of snowmelt. Furthermore, we added results of previous studies related to the influence of shrubs on snow
albedo and snowmelt timing to the introduction in the revised version:

As shrubs act as a windbreak, increased shrub growth alters the snow thickness [...]
::
In

:::::::
addition

::
to

:::
this

::::::::
potential

:::::::
warming

::::::
effect,

:::::
shrub

:::::::
branches

::::
also

:::::::
protrude

:::
the

:::::
snow

::::::
surface

::
in
::::::
spring,

::::::
which

::::::
lowers

:::
the

::::::
albedo

:::
and

::::
may

::::
lead

::
to

:::::
earlier

::::::::
snowmelt

::::
and

::::
thus

:
a
::::::
longer

::::::
summer

::::::
season

:::::::
(Marsh

::
et

::
al.,

::::::
2010;

::::::
Wilcox

::
et

:::
al.,

:::::
2019).

RC: Line 52. What on the influence of shading of tall shrubs on reducing incoming radiation and decreasing the amount of energy
used to warm the soil? And what are the effects of soil moisture characteristics on the thermal regimes of the underlying
ground cover? There are numerous studies mentioning this effect. May be worth mentioning to provide the readers with a full
understanding of the shrub-snow-soil feedback system.
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AR: We agree that it is worth including the shading effect of shrubs during summer and revised the paragraph as follows:

Tall shrubs also reduce the availability of light, water and nutrients for mosses, while heavy dust deposition
eradicates low-growing mosses and lichens (Raynolds et al., 2014). This, in turn, results in a decline in moss
and lichen cover, which may decrease thermal insulation of the ground in summer, further amplifying soil warming.

::
In

:::::::
addition

::
to

:::
this

::::::::
potential

:::::::
warming

::::::
effect,

:::::
shrub

::::::::
branches

:::
also

::::::::
protrude

:::
the

::::
snow

:::::::
surface

::
in

::::::
spring,

:::::
which

::::::
lowers

::
the

::::::
albedo

::::
and

::::
may

::::
lead

::
to

::::::
earlier

::::::::
snowmelt

::::
and

::::
thus

:
a
::::::
longer

:::::::
summer

::::::
season

::::::
(Marsh

::
et
:::
al.,

::::::
2010;

::::::
Wilcox

::
et

:::
al.,

:::::
2019).

::
In

::::::::
contrast,

:::::
during

::::::::
summer,

::
the

::::::::
presence

::
of

::::::
shrubs

::::::
reduces

:::
the

::::::::
incoming

::::::::
radiation,

::::::
leading

::
to

::::::
cooler

::::
soils

:::
and

:::::::::
potentially

::::::::
shallower

:::::
active

::::
layer

::::::::
thickness

:::::::::
(Lawrence

::::
and

::::::::
Swenson,

:::::
2011;

:::::::::::
Myers-Smith

:::
and

::::
Hik,

::::::
2013).

::::::::
However,

::
the

:::::::
reduced

::::::::::
availability

::
of

::::
light,

:::::
water

:::
and

::::::::
nutrients

:::
has

:
a
:::::::
negative

::::::
impact

:::
on

::::::
mosses

:::::::
growing

:::::
below

:::
the

::::::
shrubs

::::
(Gill

:
et
:::

al.,
::::::

2014).
:::::

This,
:::::::
together

:::::
with

:::::
heavy

::::
dust

:::::::::
deposition,

::::::
results

::
in

::
a
::::::
decline

::
in

:::::
moss

::::
and

:::::
lichen

:::::
cover,

::::::
which

::::
may

:::::::
decrease

::::::
thermal

:::::::::
insulation

::
of

:::
the

::::::
ground

::
in

::::::::
summer,

::::::
further

:::::::::
amplifying

:::
soil

::::::::
warming

:::::::::
(Raynolds

:
et
:::
al.,

::::::
2014).

We further included the effects of soil moisture characteristics on the thermal regimes of the underlying ground cover in the
following paragraph:

Process-based land surface models showed [...] are most strongly affected by early season snow accumulation
(Park et al., 2015).

:::::::::::
Furthermore,

::::::::
increased

:::::
snow

:::::::::::
accumulation

::::::
serves

::
as

::
an

:::::::::
additional

:::::
source

:::
of

::::
water

:::::
when

::
it

:::::
melts,

::::::::::
contributing

::
to

::::::
higher

:::
soil

::::::::
moisture

::::
and

::::
pond

:::::::::
formation

:::::
along

:::
the

:::::::::::
embankment

::
in
::::

the
::::::
spring.

::::
The

:::::::
elevated

::::
soil

:::::::
moisture,

:::
in

::::
turn,

::::::
impacts

:::
the

:::::::::
subsurface

:::::::
thermal

::::::
regime

::
by

::::::::
delaying

:::
soil

:::::::::
refreezing

:::
due

::
to

:::
the

::::::
release

::
of

:::::
latent

::::
heat

::::::
(Hinkel

::
et

:::
al.,

:::::
2001;

::::::
Zhang,

::::::
2005).

RC: Line 64. Wilcox et al. also included mapping ultra-high resolution snowmelt timing using optical drone imagery (and along the
proximity of the primary study site for this manuscript).

AR: We have revised the sentence to also include the snowmelt timing from Wilcox et al.

Drone imaging have been successfully used to determine snow depth
:::::::::
distribution

::::
and

::::::::
snowmelt

::::::
timing

::
in

:::
the

::::
Trail

:::::
Valley

:::::
Creek

::::::
(TVC)

:::::::::
watershed,

::::::
NWT using structure from motion techniques (Wilcox et al., 2019; Walker et al.,

2021).

RC: Line 94. Add "The" before ITH.

AR: Done.

:::
The

:
ITH is located within [...]

RC: Line 127. I am curious about the "1.41m" search radius. What is the reasoning behind this specific value?

AR: We used the default search radius formula in the Points2Grid approach which is defined as: search radius = grid resolution ·√
2, we have revised the sentence to include the formula:

We interpolated the ground-classified dataset with inverse distance weighting (IDW) using the PointS2Grid
::::::::::
Points2Grid

approach integrated into PDAL with a circular neighbourhood search radius of 1.41 m
:
,
::::
with

:::
the

::::::
default

:::::::
circular

:::::::::::
neighborhood

::::::
search

:::::
radius

::
of

:::::::::::::::::::
grid resolution ·

√
2,

:::::::
resulting

::
in

::
a
:::::
radius

::
of

::::::
1.41m.
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RC: Line 134. The absence of in-situ snow depths along this 4km study site of TVC is unfortunate, however the authors have
developed a clever method for testing the accuracy of their DTM snow depths.

AR: We were fortunate to have two datasets with such a small time gap that we could use the road as a reference for validation. If
the datasets had been spaced further apart in time, we would not have been able to rely on the road as a reference due to ground
subsidence and settlement of the road material after construction.

RC: Line 238. What was the average snowfall for these years at this study site? It would be useful to compare the effects of the
highway embankment accumulation zones to the natural snowfall, or snow accumulation of the region

AR: We appreciate the reviewer’s valuable suggestion and incorporated a comparison between the snow accumulation within the
highway embankment zones and the region’s average snow depth in the revised manuscript using the nine nearest pixels
surrounding the transects of the ERA5-Land reanalysis long-term dataset (Muñoz Sabater, J., 2019). In general, April 2019
(0.5m) has less snow than the multi-year average of that date (0.6m) but the snow depth is well within the spread of other
years and the rapid snow depth decline only started one month after our overflight (Fig. R1). The ERA5 snow depth matches
well with the average which we observed at the north and west of the road, while we observed lower snow depth at the south
and east sides. This is likely due to the specific topography at the studied road section. We added the additional method, a short
info in the results, and some sentences in the discussion section:

Method:

:::
We

::::
used

:::::
ERA5

:::::
snow

:::::
depth

:::
data

:::::
from

:::::::::
1950–2022

:::::::
(Muñoz

:::::::
Sabater,

::
J.,

:::::
2019)

::::
with

:
a
:::::::::
horizontal

::::::::
resolution

::
of

::::::::
0.1°x0.1°

::
to

:::::
assess

:::::::
whether

::
or

:::
not

:::::
April

::::
2019

::::
was

::::::::::::
representative

::
for

::::::
typical

::::::
spring

:::::::::
conditions.

:::
To

:::::::
achieve

:::
this,

:::
we

:::::::::
calculated

::
the

:::::
daily

:::::::
average

::::
snow

:::::
depth

:::
for

::::
each

::::
year

:::::
from

::
the

::::
nine

:::::::
nearest

:::::
pixels

::::::::::
surrounding

:::
the

::::::::
transects.

Results:

:::
The

:::::::
average

:::::
snow

:::::
depth

::
at
::::

the
:::::::
northern

::::
and

:::::::
western

:::::
sides

::
of

:::
the

:::::::::::
embankment

::::::::
matches

::::
well

::::
with

::::
the

:::::::
regional

::::::
average

:::::
snow

:::::
depth

::::::::
obtained

:::::
from

:::
the

::::::
ERA5

:::::
snow

:::::
depth

:::::::
product

::
of

::::
0.5

::
m

::
at
::::

the
:::
day

:::
of

:::
our

::::
data

::::::::::
acquisition

::::::::::::::::::::
(2019-04-10).According

::
to

:::
the

:::::
ERA5

:::::::
dataset,

:::
the

:::::::::
multi-year

::::::
average

:::::
snow

:::::
depth

::
at

:::
this

::::
date

::
is

:::
0.6

::
m

:::::::::::
(1950–2022).

::::
Thus

:::
the

:::::
snow

::::
depth

:::
of

::::
April

:::::
2019

:::
was

:::::
below

::::::::
average,

:::
but

::::
25%

::
of

:::
the

::::
years

::::
had

::::
even

:::
less

:::::
snow

:::
and

:::::
rapid

::::::::
snowmelt

:::
did

:::
not

::::
start

::::
until

:::
one

::::::
month

::::
later.

Discussion:

::
As

:::::::::
compared

::
to

::::
other

:::::
years,

:::::
April

::::
2019

::::
had

:::
less

::::
than

:::::::
average

::::
snow

::::::
depth.

::::::::
However,

:::::
rapid

::::::::
snowmelt

:::
had

:::
not

::::::
started

::
by

:::
the

::::
time

::
of

::::
data

::::::::::
acquisition.
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Figure R1: Snow depths of 1950–2022 derived from ERA5 reanalysis data with the days of the year 200-365 from 2018 in blue
and the year 2019 highlighted in red.

RC: Figure 4. I like this figure as it provides a clean and easy to follow overview of the snow accumulation patterns based on slope
and aspect. However I have two comments. First, the authors need to include a picture of the highway and snow embankments.
This reviewer is familiar with the study location, but others may not be. Second, where is this data sourced from? It if ECCC or
the nearby TVC research station? The authors need to cite the source.

AR: We added the reference to the wind data and changed the caption to Figure 4 and added two pictures of the highway:

(c) shows the predominant wind direction for the Trail Valley Creek study site (October 2018 – April 2019).
::
for

::
the

:::::
Trail

:::::
Valley

:::::::
October

:::::
2018

:
–
:::::
April

::::
2019

:::::::
(climate

::::::::
identifier:

:::::::::
220N005,

::::::
current

::::::
station

::::::::
operator:

:::::::::::
Environment

:::
and

::::::
Climate

:::::::
Change

::::::
Canada

::
-
::::::::::::
Meteorological

:::::::
Service

::
of

:::::::
Canada)

::::::::::::
(Environment

:::
and

:::::::
Climate

:::::::
Change

:::::::
Canada,

:::::
2023).

(a) (b)

Figure R2: Inuvik-Tuktoyaktuk Highway (ITH) on August 24, 2022 (a) and after the first snowfall on September 23, 2021 (b).

RC: Section 3.2. Snow Albedo decrease: This makes sense as it corresponds to the timing of the (enhanced) snowmelt with proximity
to the road. I was hoping the study would have talked about increasing albedo over the snow accumulation period. But I have
also noticed in similar studies that the dust produced during the winter (during non-construction years) is minimal until the
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snow begins to melt on the road surface, and dust is free to be redistributed. The authors do a good job in the discussion
describing why this may be so (lack of dust availability due to the snow-capping of the road surface).

AR: Your comment about increased snow albedo over the snow accumulation period is a great point which we may consider in
future research. Your insights into dust production during the winter and its connection to snowmelt are noted, and we are glad
you found our discussion informative. Moreover we revised the following sentence to also include the potential increased dust
production in spring:

Moreover, a protective layer of snow or ice on the road may shield the dust from mobilization.,
::::::::::
potentially

::::::
leading

::
to

::::::::
increased

:::::::::
production

::
in

:::::
spring

:::::::
relative

::
to

:::
fall

::::
and

::::::
winter.

::::::::
However,

::
it

::
is

::::::::
important

::
to

::::
note

:::
that

:::
we

::::::::
currently

::::
lack

:::::::::::
ground-based

::::
data

:::::
(snow

:::::::
samples

:::
and

::::::
albedo

:::::::::::::
measurements)

::
to

:::::::
confirm

:::
this

:::::::::
hypothesis

::::::::::
empirically.

RC: Figure 5, a. What are the "seven distances", it was not clear in the panel

AR: Figure 5a is sharing the x-axis and legend with 5b, we understand that this is not intuitive and added this information in the
caption in the revised version of the paper.

RC: Discussion. The authors did a good job here addressing several key issues discussed in their results section relating to snow
clearance practices and snow accumulation, dust availability and albedo, and the effects of the highway orientation on all three
snow characteristics discussed with. One question, did the authors look at spatial patterns of snowmelt timing with relation to
vegetation cover? Perhaps an area of future study using higher spatial and temporal resolution (such as the drones mentioned
early in the methodology section).

AR: Your question about the spatial patterns of snowmelt timing in relation to vegetation cover is interesting and aligns with the
broader context of our research. It is also already subject of related studies at the TVC site, such as Wilcox et al. (2019). While
this aspect was beyond the scope of our current study, we appreciate your suggestion and agree that it is a valuable area for
future study. We are currently looking at patterns of snow accumulation in more detail and hope to follow up on this topic soon.

RC: Line 390. Wilcox et al. (2019) looked at snowmelt patterns across the entire 2016 snowmelt period in the TVC study area with
relation to vegetation and permafrost development. This may be a more applicable and recent study to include in the discussion.
Could be worth citing here.

AR: We agree with the comment and have revised the paragraph to further include the influence of vegetation type on the snowmelt
timing:

This can be attributed to the road being constructed in interfluvial regions and at elevated terrain, which typically
exhibits lower snow accumulation than lower lying areas and topographic hollows

::::::::::
depressions.

::::::::::
Moreover,

:::
the

::::::::
vegetation

:::
in

:::
the

::::::
region

::::::
affects

:::
the

::::::
timing

::
of

:::::::::
snowmelt,

:::::
with

:::::
dwarf

::::::::::::::
birch-dominated

:::::
areas

:::::::::::
experiencing

::::::
earlier

::::::::
snowmelt

::::::::
compared

::
to

:::::
other

::::::::
vegetation

:::::
types

:::::::
(Wilcox

::
et

:::
al.,

:::::
2019).

::::::
Dense

:::::
dwarf

::::
birch

::::::::
canopies

:::
are

::::
often

:::::::::
associated

::::
with

:::::::
elevated

:::::
terrain

:::::
rather

::::
than

::::::::::
depressions.As a result, these areas experience an earlier and more frequent absence

of snow compared to other parts of the landscape.
:::::
These

::::::
factors

:::
can

::::::::::
collectively

::::::::
contribute

::
to

::
a

:::::
region

:::::::::::
experiencing

:
a
::::
more

::::::::
frequent

:::
and

::::::
earlier

::::::
absence

:::
of

::::
snow

:::::::::
compared

::
to

::::
other

:::::
areas

::::::
within

:::
the

::::::::
landscape.

RC: Acknowledgements. The authors should include reference to their NWT science license number. What about contributing
acknowledgement to the Trail Valley Creek Research Station, the primary study site?

AR: We appreciate the suggestion and have revised our acknowledgement:
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Part of this work [...].
:::
The

:::::::
research

::::
was

:::::::::
conducted

::::::
under

:::
the

:::::
NWT

:::::::
science

::::::
licence

::::
No.

:::::::
17024.

:
The authors

alsoacknowledge that this study was conducted in the Inuvialuit settlement region in the western Canadian Arctic.
:::
We

:::
also

:::::
thank

:::
the

:::::
TVC

:::::::
research

::::::
station

:::::
team

::
for

::::::::
scientific

::::::::::
discussions,

:::::::::
assistance

::::
with

::::
field

:::::
work

::::
and

::::::::
long-term

::::
data

::::::::
collection

:::
and

:::
the

::::::
Aurora

::::::::
Research

:::::::
Institute

::::::
(ARI)

::
for

::::::::
logistical

:::::::
support.

A: Additional comments from the authors

In the editor’s initial decision, we were recommended to double check the location of the treeline in Figure 1, which appeared
to be too far north in relation to the TVC research station. The definition and precise location of the treeline varies strongly
across different scientific publications and studies. For the Mackenzie Delta region in particular, a large number of studies
displays different tree lines (Eaton et al., 2001; Raynolds et al., 2019; Brandt, 2009; Burn and Kokelj, 2009; Palmer et al.,
2012; Fraser et al., 2014; O’Neill et al., 2023). An important study by Antonova et al. (2019) estimates tree height and forest
properties using TanDEM-X data in small forest patches located at the northern edge of the treeline zone in the Canadian Arctic,
specifically including TVC. In this study, the term "treeline zone" is utilized to refer to the transition area between boreal forest
and tundra, implying that the change is not abrupt, and a gradient of tree densities and heights can be observed within this zone.
Therefore, in the revised version of our manuscript we refer to the region as "treeline zone".
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