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Author’s reply to Reviewer Comment #1 

Author reply in italics

Overview: 

Mazzotti et al. explore the interplay between topographic shading, forest cover, and three-
years of varying meteorology on how snow evolves near Davos, Switzerland.  The paper is
well-written and contributes to understanding of how and why forest-snow process vary
between years and different locations.  I recommend publication following minor
revisions.  These fall in two categories.  The first, listed under major comments, involves
putting the results in a larger context.  The second, listed under minor comments,
involves improving clarity (by rewriting very long and complicated sentences).  The
authors are welcome to reach out to me if they have any questions about any of my
comments:  Jessica Lundquist, University of Washington, jdlund@uw.edu 

We would like to thank Jessica Lundquist for the positive assessment of our work and for
the constructive input. Please find our detailed replies to major and minor comments
below.

Major comments:

This is a very thorough paper with a lot of years of analysis.  Given the large focus on
different components of the energy balance, I recommend that you comment on your
relative confidence in your spatial calculations of SW, LW, turbulent fluxes.  You keep
saying sensible heat flux is a dominant term, but I think you are less confident about
that than about your radiation calculations.

The capability of FSM2 to represent the dynamics of individual energy balance components
at high spatio-temporal resolution was thoroughly assessed in Mazzotti et al. 2020
(doi:10.1029/2020WR027572). Therein, we would like to highlight Figure 4 (and similar
figures in the Supporting Information) in particular, which present comparisons of
modelled sub-canopy short-and longwave radiation, air and snow surface temperatures to
data acquired with moving micro-meteorological sensors, at a temporal resolution of
15mins and spatial resolution of approx. 1.5m. Figure 7 additionally reports modelled and
measured below-canopy wind speeds.



These micrometeorological measurements allowed direct validation of the measured fluxes
and state variables; hence it is correct that we have highest confidence in the modelled
spatial variability of sub-canopy incoming radiation fluxes. However, the spatial
measurements of air and snow surface temperatures provided insights into the
temperature gradients that determine sensible heat exchange (together with wind).
Corresponding measurements allowed us to conclude that turbulent fluxes exhibit a less
strong spatial variability than radiative fluxes, and the ability of FSM2 to capture snow
distribution patterns in heterogeneous forest at different times during the snow season
indicates that the order of magnitude of the modelled turbulent fluxes must be in the right
order of magnitude (to arrive at realistic melt rates). In lack of a system to measure
turbulent exchange with moving sensors, this was our best option to indirectly validate
spatial turbulent exchange simulations, and we are not aware of any other such efforts in
existing literature. These considerations reported in the discussion of Mazzotti et al.
(2020). We will add an equivalent comment to the discussion of the revised manuscript
(Section 4.3: Assets, limitations and outlook).

How transferable are your results to other regions of the globe?  Further south, further
north, or warmer or colder?  How transferable to other modeling work? The following
comments indicate some thoughts on how to more broadly interpret your work here.

Thank you for the below detailed remarks and inputs, which we reply to individually.
Transferability of our results is addressed in the discussion (Section 4.2), where we state
that the observed patterns may not transfer to other climates, but our process insights do.
Limitations occur where the processes driving accumulation and melt are substantially
different. We will expand these paragraphs in the revised manuscript to accommodate
considerations based on your comments below.

The following are details related to overarching question number 2:

* Obviously, I’m biased by being me, but I’d be really curious to see you put your results
in context of Figures 6, 7, and 8 from Lundquist et al. 2013. I was trying to get at what
you’ve done here with a much simpler model, and I’m curious how much of your results
confirm what the simpler model shows, and how much your results show that a more
complicated model really is needed.  (Motivation:  we have a lot of forest and water
managers in the U.S. who would like to use simpler models if possible — what are the
trade-offs.) 

The results from our study confirm the conceptual findings and process-level insights from
Lundquist et al. (2013), but derive them based on ‘real’ heterogeneous forest structures
and meteorological conditions. Consequently, our study is more concerned with small-
scale variability at one site rather than differences between sites with varying climatic
characteristics.

In view of forest management applications, the simpler model used by Lundquist et al. is a
powerful tool to derive ‘rule of thumbs’ (e.g., does forest thinning accelerate or delay
snowmelt?), while our approach would allow to draw conclusions on more specific
management measures applied to an existing stand with its unique characteristics (e.g. if
the impact of a specific forest thinning strategy is to be quantitatively assessed). The
‘need’ for a more complex model thus depends on the specific application; availability of
data (both meteorological forcing and canopy structure information) is another factor
affecting model choice and may motivate the choice of a simpler model over a more
complex one. We will incorporate these considerations in the discussion, Section 4.2
(implications and applications).

* You say that you have to consider all three factors (canopy structure, topography, and
meteorology), but could you consider topography as a local modification to meteorology? 



At your study site, does it do anything other than alter your solar exposure? For example,
you state that Currier et al. 2022 could be further refined by accounting for topography,
but the DHSVM model used in that paper does adjust all of the local meteorological inputs
based on topography (including shading by surrounding slopes).  (I’m less familiar with
Broxton’s paper, but I’m pretty sure the topographic effects are included in Currier et al.
2022.)

Yes, considering topography as a local modification to meteorology is a possible point of
view. However, treating them as two separate factors allowed us to discuss two aspects:

Between-year variability caused by variability in meteorological forcing (while
topography is constant), see Section 3.5.
The fact that the main topographic impact is on solar exposure leading to more
complex dependencies between canopy structure and snow distribution patterns on the
south- than on the north-exposed slope, see Section 3.4 (as an effect of the
superposition of time-invariant factors only).

Regarding the adjustments of meteorological inputs to account for topographic effects, see
our reply to your final comment in this section.

* You definitely don’t need to add another citation to your paper, but you might be
interested to look at Lundquist and Flint 2006
(https://journals.ametsoc.org/view/journals/hydr/7/6/jhm539_1.xml ) which talks about
topographic shading being more important when melt occurs earlier in the year.  Look at
Figures 12-15, which talk about the interplay of warming, latitude, and terrain on net
radiation.  Your multi-year analysis takes this basic concept and expands to the impact of
forest cover. I think that looking at these conceptual figures and discussion might help you
put your results in a larger context.

Thank you for this input, indeed the conceptual figures and discussion are in line with our
reasoning. This reference is particularly interesting in the context of Section 3.5 where we
show how the response of the snowpack to variability in meteorological conditions may
differ between points. We will consider this reference in when discussing snow regimes
(Section 4.1) and the transferability of our results to other latitudes and climates.

* I’d also like to see a bit of discussion about the scale at which topography would become
more important than canopy structure in controlling accumulation.  For example, if you
have a north-facing slope in a rain shadow, and an adjacent south-facing slope that
experienced orographic enhancement (or vice versa).  You have a unique situation in that
your slopes experience the same precipitation, but differences have been observed even
at very fine scales (e.g., see Minder et al. 2008: and Anders et al. 2007). 

This is an interesting point. It is correct that differences in precipitation patterns that are
strong enough to override heterogeneity caused by canopy structure can occur at the
hillslope scale already. In such a situation, the comparison of points that ‘feature the same
canopy structure but are in different topographic settings’ (Section 3.3 / Figure 6) would
show accumulation differences, despite a similar impact of interception. Likewise,
elevation controls on snow distribution likely override canopy structure effects if the
domain considered spans a sufficiently large range of elevations. This has been reported in
existing work (e.g. Tennant et al. 2017, doi:10.1002/2016WR019374).

However, the main purpose of our analysis is not to rank the importance of the factors
topography, canopy structure, and meteorology in governing accumulation and ablation
processes in absolute terms, but to assess specific combinations of these factors and the
snow distribution patterns they create. This is particularly interesting in the context of sub-
grid variability at sub-kilometric model resolutions, which are now more and more



common in watershed- and regional-scale applications (e.g. the Swiss operational snow-
hydrological model operates at a 250m resolution, Broxton et al. 2021, doi:
10.1029/2021WR029716 considered 100m pixels). In such situations, topography-driven
variability in meteorological variables would be captured by the driving data fields in the
model, while the canopy-structure-driven variability would need to be parametrized (see
Clark et al. 2011 for an extensive discussion on these different process scales). Based on
our results, different topographic settings featuring the same canopy characteristics may
require different sub-grid variability parametrizations; but it is correct that this conclusion
depends on the model resolution the parametrization is intended for. We will add
considerations on scale to Section 4.2, where we discuss the relevance of our findings in
the context of sub-grid variability parametrizations.

Minor comments: 

There a large number of very long and complicated sentences.  Some shortening for
clarity would be helpful.

We will revise the language and shorten long sentences where appropriate. Specifically,
we will adapt all the sentences marked in the annotated PDF (see later comment). Thank
you for pointing out this lack of clarity.

For example, this line around line 40 is super awkward to read “In view of ongoing
changes in both, snow cover regimes due to increasing temperatures (Mote et al., 2018;
Marty et al., 2017; Notarnicola, 2020; Bormann et al., 2018), and forest structure
following manmade and natural disturbances (Bebi et al., 2017; Seidl et al., 2017;
Goeking and Tarboton, 2020), it is also urgent and pertinent to adequate forest and water
resources management strategies - particularly in regions where downstream water
supply is dependent on snow resources from forested headwaters”

We will modify this paragraph as follows: “Snow cover regimes are changing due climate
warming (Mote et al., 2018; Marty et al., 2017; Notarnicola, 2020; Bormann et al., 2018),
and forest structure is being altered by and natural disturbances (Bebi et al., 2017; Seidl
et al., 2017; Goeking and Tarboton, 2020). In view of these changes, understanding
forest-snow dynamics can inform adequate management strategies, particularly in regions
where downstream water supply is dependent on snow resources from forested
headwaters”

Not sure what you mean by this sentence: “However, it remains unclear whether
landscape heterogeneity entails a variable response of snow cover dynamics to
environmental change.” - line 42

We will reword this sentence as follows for better clarity: “However, it remains unclear
whether the response of snow cover dynamics to environmental change will vary,
depending on where this snow is located within the heterogeneous landscape.”

I really like Figure 3.

Thank you, we are glad you do! 

Line 247:  Regarding higher peak SWE not implying longer snow duration — note that
these two are strongly linked across most of the western U.S., but these are also in snow
packs with greater than 1 meter of SWE (and hence longer total melt out periods).  With
regards to greater context above, it might be nice to add some discussion to how different
regions may or may not see similar results to what you show here.



This is a good point. In Section 4.1, we discuss the role of the relative strength of snow
accumulation and ablation patterns in determining what snow cover dynamic regime exists
at a specific location, and indeed the strength of these patterns can be related to local
climate (especially precipitation amount and latitude/timing of radiation). Specific climate
characteristics may favor or prevent the existence of any snow cover dynamic regime. We
will comment on how these insights allow us to infer transferability to other climates and
provide examples at the end of Section 4.2 in the revised manuscript. Please note that the
topic of transferability of results is already touched upon in this Section (L514 ff.).

Additional sentences that would benefit from clarification are noted on the attached
annotated PDF.

The sentences highlighted in the annotated PDF will be shortened and simplified as
suggested. All but one comment in the annotated PDF only relate to writing style do not
require specific replies here. Only exception: in L193 you correctly point out that depletion
does not only include melt, but also sublimation. In the revision, we will change the
expression ‘cumulative melt’ to ‘cumulative depletion’ throughout the manuscript.
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