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We would like to submit the manuscript S8M 5.1: a distributed cryospheric model with dry and wet snow,
data assimilation, glacier mass balance, and debris-driven melt for publication in GMD. The manuscript
is a re-resubmission of manuscript gmd-2021-92, which was reviewed by a third referee.

We have extensively revised the manuscript based on comments from the referee and would like to thank
them for finding the time to review our manuscript.

Please find attached our point-by-point replies and the new version of our manuscript for details. We
also attached a version of the manuscript with tracked changes.

With our best regards,

Francesco Avanzi and coauthors



Reply to Referee #3

In the revised manuscript version Avanzi et al. have addressed the review comments that
Anonymous Reviewer #1 and Anonymous Reviewer #2 have raised in the first assessment
of the manuscript. After my assessment in this second round of reviews, I think the main
points of criticism have already been discussed and addressed adequately by the authors.
Having said this, I have just some minor comments I recommend to account for before
the manuscript is published. Most of them are of a technical nature, and due to the fact
that some statements seem vague or contain “flavored language” (=judgmental/subjective
terms). However, overall there are no major statements left that I would particularly
disagree with. I am fine with not seeing the manuscript again before publication. All the
best wishes!

We thank Reviewer #3 for their positive assessment of our manuscript.

1. 218 f., and other places: there are a lot of announcements what could be improved in
the model and what is planned future work. This is interesting, but it is not typical ”paper
style” to mention it distributed in the entire manuscript. Comments like these are content
I would expect mostly in the outlook section.

We thank the referee for this comment, and have revised the manuscript to avoid such
statement whenever possible (e.g., see lines 438fF). Note that we did keep some of these
statements, especially when such clarifications were asked by previous referees (e.g., see lines
438ff or 95fF), or when they represented only brief and local comments that would be out
of context with the content of the Outlook section (e.g., see lines 219-220).

Section 2.5: Maybe I missed it, but where does the initial glacier thickness/outlines come
from? I think this should be cited as well.

We added examples of such datasets in the literature (see lines 424fF). In this regard,
note that Section 2 is a general description of S3M, with no specific reference to the Aosta
valley case study.

1. 494: “240m”: I think this is the first time where the resolution is mentioned in the text.
Shouldn’t it occur in a place somewhat more prominent?

We added information in Section 2 regarding the spatial resolution being at user’s discre-
tion, while 240 m is just the resolution of our example of use in Aosta valley (see lines 108fF).
In this regard, note that Section 2 is a general description of S3M, with no specific reference
to the Aosta valley case study.

I. 643: I am confused here about the reason you give for the positive elevation changes
at the head of the glacier: in the definition of hG in 1.419 you say that hG is glacier
thickness. The glacier thickness defined in this way and its change shown on Fig. 10
bottom right thus includes surface height (change) including ice, firn and snow changes.
A hG might be positive due to the snow distribution pattern on the glacier, or differing
elevation data acquisition dates within the hydrological year. However, according to me



the positive change is not due to the snow-to-ice conversion (It would be negative, since
snow is compacted when turning into ice!).

We apologize for the confusion here. Positive changes in glacier thickness are possible due
to the instantaneous conversion of seasonal snow into ice at the end of each water year. This
conversion does include compaction, but may still represent a positive term due to residual
snow at the end of the water year in areas of minimal melt. We added this clarification to the
manuscript (see lines 642fF).

Conclusions: What I am missing here is a summary of the validation with some numbers
that prove how well the model did. You are talking about the fact that this model “chan-
nels elements from the state of the art in cryospheric sciences into a parsimonious and
computationally efficient model”, so, since the manuscript spends quite some paragraphs
on validation, a summary of these quality measures should be found here again (e.g. the
efficiencies you have added as response to Reviewerl’s comment on “Evaluation at Torgnon
study plot (section 3.3))”).

We agree and added the requested information to the Conclusions (see lines 725fF).

1.15: “a user manual”

1.30: “about snow-glacier amount”: What is meant by this? The amount of snow on
glaciers?

1. 34 “applicationS”

1. 47: please add citation from complex flow approaches, e.g. Jouvet Huss (2019): Future
retreat of Great Aletsch Glacier, Journal of Glaciology.

1. 80: “Alpine”

I. 204 ff.: “Our approach is the result of intensive trial and error and yields satisfactory
results” -; IMHO it is too early to state this here.

1. 213, 215: THE model time step

All these technical/grammar /spelling/language comments were included in the revised
manuscript.

1. 501/505: “in principle, a fairly large amount” together with “fine-tuned based on expert
knowledge” and “our experience suggests”: these are four vague expressions concatenated,
which leaves me with a feeling of insecurity. My advice: name the exact (amount of)
parameters that can be calibrated using standard (e.g. least squares) methods, and those
that have to be guessed. If your experience suggests two main calibration parameters, this
statement should be supported by how you come to this conclusion (e.g. by a sensitivity
analysis), especially in view of the fact that you deny their strong influence afterwards (see
also comment on 1200/486/489 of Reviewer2).

We agree and rephrased ad recommended (see lines 501fF). Our focus on the two melt
parameters was the result of both manual tuning of parameter values during model devel-
opment (not a formal sensitivity analysis) and a review of existing literature on this matter



(Hock, 2003; |Pellicciotti et al. 2005]).
l. 516: “based on preliminary tuning”: what exactly is meant by this?
We removed this unclear statement and clarified the passage (see lines 515fF).

1 548/549: “note that snow-depth assimilation maps are only generated between August
and April in an effort to unaffect the simulation of the depletion phase of the seasonal
snowpack.” What does this mean?

This means that assimilation was NOT performed between May and July, in order not to
perturb the model simulation of snowmelt (see lines 548fF).

Fg. 5: the position of the panel labels is such that they can really be overlooked easily. 1
would put them outside of the individual panels in the top left corner.

1. 561:“complicate”
l. 566: “satisfactorily”: leave out (judgmental)

Fig.6: I would add “OL” spelled out, at least in the caption. It should be self-evident what
abbreviations in the figures mean without having to dig into the text.

1. 596: delete “well”

All these technical/grammar /spelling/language comments were included in the revised
manuscript.

1.600: unclear to me what you mean by “warm” and ‘“cold” storm

We were referring to the fact that the first storm corresponded to a rise in air temperature
and so was predominantly rainfall-driven, while the second was mostly snowfall-driven. This
is a minor detail that was not relevant to the main story, so we removed it for clarity (see
lines 595fT).

Fig.8: the LWC levels on the colorbar are somewhat arbitrary: why don’t you go for a
continuous colormap?

Done.

1. 627: This sentence is not understandable to me.
Sentence removed (see lines 622fF).

1.629: “2012 data” — source?
Source added (see lines 628fF).

1.632: “satisfactory”: here again: I would state only the correlation result and let the reader
judge



1.634: What does ‘“visually higher” mean?
l. 634 ff.: no “the” before the proper nouns
1. 636: first-; former

All these technical/grammar /spelling/language comments were included in the revised
manuscript.

Fig. 10/11: it’s basically impossible to compare the individual figure panels, since the
colorbar changes its limits constantly. Please ensure they are the same for all panels.

We understand referee’s point here, but think that the main point of these figures is to
compare spatial patterns within each panel, and how they match the Ah parametrization,
rather than spatial patterns across panels (see lines 641fF). Thus no change was made.

1. 663: “When is a...”

1. 670 f.: “a few hours” -; since you give so precise details about the technical equipment,
I would have expected a number here, accordingly. (as a consequence of reply to comment
on 1.613 by Reviewer 2)

I. 668: “attractive” -; I would use “particular”, or similar

I. 672: “is a factor here”: a question arises for me: a factor with which influence? Is
netCDF fast or slow compared to what is possible? How much time does it consume with
respect to the overall runtime?

1. 676: delete “such”

l. 680: "urgent‘: if you say it like this, it gives the impression you should have done it
before publishing this article. Do you mean ”help to resolve rain on snow events in the
model”?

All these technical/grammar/spelling/language comments were included in the revised
manuscript. Regarding 1672, we meant that reading and saving files is the most significant
contributor to computational time. We have not run specific tests on this, so it remains a
qualitative information that we think will be important for readers.
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Abstract.

By shifting winter precipitation into summer freshet, the cryosphere supports life across the world. The sensitivity of this
shifting-mechanism to climate and the role played by the cryosphere in the Earth energy budget have motivated the develop-
ment of a broad spectrum of predictive models. Such models represent seasonal snow and glaciers with various complexities,
and generally are not integrated with hydrologic models describing the fate of meltwater through the hydrologic budget. We
present S3M v5.1, a spatially explicit and hydrology-oriented cryospheric model that successfully simulates seasonal snow
and glacier evolution through time and that can be natively coupled with distributed hydrologic models. Model physics include
precipitation-phase partitioning, snow and glacier mass balances, snow rheology and hydraulics, a hybrid temperature-index
and radiation-driven melt parametrization, and a data-assimilation protocol. Comparatively novel aspects of S3M are an ex-
plicit representation of the spatial patterns of snow liquid-water content, the implementation of the Ah parametrization for
distributed ice-thickness change, and the inclusion of a distributed debris-driven melt factor. Focusing on its operational im-
plementation in the north-western Italian Alps, we show that S3M provides robust predictions of the snow and glacier mass
balances at multiple scales, thus delivering the necessary information to support real-world hydrologic operations. S3M is well
suited for both operational flood forecasting and basic research, including future scenarios of the fate of the cryosphere and
water supply in a warming climate. The model is open source, and the paper comprises an-a user manual as well as resources

to prepare input data and set up computational environments and libraries.

Copyright statement. TEXT
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1 Introduction

The cryosphere is a decisive driver of the Earth system (Barry, 2011; Beniston et al., 2018). Besides altering surface albedo and
so concurring to the regulation of global temperature (Flanner et al., 2011), snow and glaciers accumulate winter precipitation
and release it during the warm, spring and summer seasons, when demand by societies and ecosystem services is comparatively
high (Barnett et al., 2005). This shift in water supply supports water, food, and energy security across climates (Viviroli et al.,
2007), with key societal implications (Sturm et al., 2017). For example, snow represents up to 80% of annual water supply in
the semi-arid, largely summer-dry western US (Bales et al., 2006; Serreze et al., 1999; Skiles et al., 2018), while 1.4+ billion
people in Asia rely on discharge from high-mountain, cryosphere-dominated regions (Immerzeel et al., 2010). Meanwhile, the
Andean cryosphere acts as a significant freshwater resource for semi-arid regions of South America (Masiokas et al., 2020),
with an estimated contribution of up to 27% to dry-season water supply in La Paz, Bolivia (Soruco et al., 2015).

Seasonality between winter accumulation and summer melt (Barnett et al., 2005), compounded by equally complex but
more short-term processes such as rain-on-snow (Rdssler et al., 2014), challenges decision makers like water-resources or

hydropower managers, who need early and diverse information about srew-glacier-snqu and glacier-jce amount, distribution,
and melt timing to make accurate decisions on water use, allocation, and storage (Georgakakos et al., 2004; Anghileri et al.,

2016; Avanzi et al., 2018). This need has catalyzed the development of a variety of models to predict snowmelt- and icemelt-
driven discharge (DeWalle and Rango, 2011), to the extent that cryosphere modeling is a dominating topic of both basic and
applied contemporary geosciences (Dozier et al., 2016). Application-Applications for cryosphere models are not limited to
water-supply and flood forecasting, but include avalanche hazard forecasting (Bartelt and Lehning, 2002; Vionnet et al., 2012),
land-surface and weather modeling (Dutra et al., 2010; Wang et al., 2017), and snowmaking (Hanzer et al., 2020). The projected
rise in future temperature and aridity (IPCC, 2021) further prioritizes robust predictions of cryospheric water resources, because
shrinking glaciers and decreasing snow accumulation may endanger water supply and its predictability (Harrison and Bales,
2016) — especially during droughts (Huning and AghaKouchak, 2020).

Cryospheric models intersect hydrology with thermodynamics and rheology and as such present a bewildering variety in pro-
cess representation. Regarding seasonal snow, options range from detailed, physics-based micro-scale models to intermediate-
complexity, energy-balance models er-and siinple one-layer, temperature-index models. Some examples of such models include
SNOWPACK (Bartelt and Lehning, 2002), Crocus (Vionnet et al., 2012), SMAP (Niwano et al., 2012), UEB (Tarboton and
Luce, 1996), SNOBAL (Marks et al., 1998), GEOtop (Zanotti et al., 2004; Rigon et al., 2006; Endrizzi et al., 2014), the Fac-
torial Snowpack Model (Essery, 2015), SRM (Martinec, 1975), or HyS (De Michele et al., 2013; Avanzi et al., 2015), among
many others. From a glacier standpoint, the most recurring distinction resides around glacier movement being captured through
complex ice-flow approaches (Jouvet apd Huss, 2019),. glacier-specific parametrizations of changes in thickness (Huss et al.,
2010), an equilibrium relationship between glacier area and long-term climate (Schaefli et al., 2007), or non-dynamic mass

balance (Bongio et al., 2016). Parametrizing melt beneath supraglacial debris is another frequent aspect of modeling discretion
(Fyffe et al., 2014).
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While detail in process representation may appear as the prime driver of model selection, in hydrologic practice this choice
also depends on other four pragmatic factors, which make hydrology-oriented cryospheric models essentially different from
those oriented to, e.g., avatanche-hazare-pyalanche-hazard forecasting. First, streamflow generation in cold regions involves
not only snow and glacier ice, but also precipitation-topography interactions (Blanchet et al., 2009; Mott et al., 2014; Cui et al.,

2020), vegetation-water feedback mechanisms (Zheng et al., 2016; Avanzi et al., 2020), and soil-water storage (Bales et al.,
2011). Thus, snew-ice-snow-and ige hydrology is inherently spatially distributed and multi-scale (Dozier et al., 2016), with
the focus being arguably more on distributed than on point predictions (Bldschl, 1999). Second, high-elevation cryospheric
regions remain largely ungauged (Rasmussen et al., 2012; Avanzi et al., 2021), meaning that the necessary input data to run
complex models is often missing or sparse at best. This condition has favored parsimonious models (Bartolini et al., 2011) and
data-assimilation schemes to remedy model deficiencies with independently observed data (Andreadis and Lettenmaier, 2006;
Piazzi et al., 2018). Coupled with data sparsity is the third factor, that is, the evidence that simplified and complex models
often yield comparable predictive accuracy for bulk processes relevant to the seasonal freshet, such as Snow and Ice Water
Equivalent (Huss et al., 2010; Avanzi et al., 2016; Magnusson et al., 2015). This explains why hydrology-oriented cryospheric
models tend to have low complexity when it comes to internal layering and micro-scale properties. Fourth, processes relevant to
cryosphere water resources span horizons from a few hours (such as rain-on-snow events, see Wiirzer et al., 2017) to decades
(such as glacier dynamics, see Huss et al., 2010), implying that models used for real-world forecasting must be efficient
enough to provide landscape-scale predictions in a timely manner (say, a few hours, see Pagano et al., 2014). Ultimately, these
four factors trace back to empiricism rather than reductionism being the dominant (and perhaps most successful) paradigm in
hydrology (Savenije, 2009), owing to unresolved issues related to upscaling mechanicistic laws to the landscape and measuring
the complete heterogeneity of hydrologic processes (Bloschl and Sivapalan, 1995; Beven, 2006).

Here, we present Snow Multidata Mapping and Modeling (S3M) v5.1, a snow and glacier model developed by CIMA Re-
search Foundation (https://www.cimafoundation.org/). Specific aspects of interest in S3M are (1) a spatially explicit prediction
of both dry and wet-snow spatial patterns, as well as bulk snowpack liquid water content (Byy, in vol%), an increasingly deci-
sive variable for snowmelt and avalanche hazard forecasting (Techel and Pielmeier, 2011; Mitterer et al., 2013; Wever et al.,
2014; Avanzi et al., 2015; Wever et al., 2016); (2) the combination of both snow and glacier mass dynamics in a coherent
modeling framework, including the so-called Ah parametrization by Huss et al. (2010) and melt beneath supraglacial debris;
(3) provisions for assimilating various decision-relevant variables like SWE, snow depth, and satellite-based snow-cover area.
S3M v5.1 is the last generation of a model originally proposed by Boni et al. (2010), but significantly developed thereafter
(henceforth, simply S3M).

The paper is organized as follows: Section 2 focuses on model description, including both snow and glaciers. Section 3
presents an example of results for an inner alpine-Alpine valley in north-western Italy where various versions of this model
have been operational since the 2000s (Aosta valley). Finally, sections 4 discusses model applicability and future developments.
The Supporting Information includes an User Manual discussing run preparation, execution, and post-processing.



2 Model description

85 The main modeling philosophy behind S3M is to provide a ready-to-use tool for applications over large areas and when a short
turnaround is needed. Thus, S3M complies with the four pragmatic factors of operational, hydrology-oriented cryospheric
models outlined in the Introduction, including being spatially distributed, parsimonious as for both input-data requirements
and complexity, and enough computationally efficient to be deployed in operational, real-time flood-forecasting chains (Laiolo
et al., 2014). These chains generally ingest an ensemble of weather predictions, may include parameter and/or state perturba-

90 tion, assimilate remote-sensed and in-situ measurements, and must provide predictions for a variety of closure sections across
the landscape in a matter of hours, if not minutes (Pagano et al., 2014). As such, they tend to be much more conceptual and
computationally simple than research-oriented Earth-system models (Pagano et al., 2014). S3M tries to bridge the gap between
these two realms, by accompanying simplicity and computational efficiency with an open-source environment that allows for
frequent updates and improvements.

95 Parsimony implies a number of trade-off choices regarding what process representation to include, and to which extra cost.
Current model physics include precipitation-phase partitioning, snow and glacier mass balances, a hybrid temperature-index
and radiation-driven melt parametrization, snow rheology and hydraulics, and a data-assimilation protocol. Relevant drivers of
snowpack and glacier evolution that are not yet included comprise internal snowpack energetics and the full energy balance,
longwave losses, turbulent heat fluxes, sublimation, and canopy-snow interactions. While recent literature has showed that the

100 added value of complex, physics-based snow models over more parsimonious alternatives for variables that are relevant to
hydrology may sometimes be elusive (Rutter et al., 2009; Magnusson et al., 2015; Zaramella et al., 2019; Girons Lopez et al.,
2020; Gunther et al., 2019), designing more holistic and physics-based operational models remains a key to achieving the most
accurate representation of snow temporal dynamics and spatial patterns, especially at fine resolutions (see for example results
in Lafaysse et al., 2017; Vionnet et al., 2021). Strategies to include these processes in future releseases of S3M are discussed

105 in Section 4.

S3M is a raster-based model, with the same set of equations belng solved for each cell and no lateral mass or energy transfer
besides glacier change in thickness. A i i

and-meltreuting-through-the-snewpaek-(see-Seetion-4)-All input, state, and output variables are distributed, meaning they are
passed to the model as rasters with fixed resolution in geographlc degrees (see the Supportlng Informatlon) Shatjglresolutiqn

110 | equations are

ordinary differential equations with no need for iterative computations, so they are solved for all pixels in the simulation domain
using a forward-Euler method, as this method provides comparatively high numerical stability and minimizes computational

time. The time step of the model is flexible, but it is generally set to 1 hour.
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2.1 Definitions

We define snow and glacier ice as a mixture of three constituents: ice, liquid water, and air. Following De Michele et al. (2013)
and Avanzi et al. (2015), the control volume of unitary area (ht o) for each pixel of the simulation domain is defined as:

V.
hrotr =hg +hs = % o)

where hg is glacier thickness (m), hs is the height of snow (often referred to as snow depth, m), Vot is the control volume in
m? and A is the area of the pixel (m?); hg = Ve/A and hs = Vs/A, where Vg and Vs are the total volume of glacier and snow
within the pixel under study. We define Mg and Mg as the mass of seasonal snow and glacier ice for each pixel, respectively
(in kg). As for seasonal snow, this mass is Ms = Mp + My, with Mp and My, the mass of the dry (snow grains) and wet
(interstitial liquid water) constituents, respectively. The mass of air is assumed to be negligible compared to Mp and Myy (De
Michele et al., 2013).

Snow is a foam of ice (Kirchner et al., 2001), meaning that the dry constituent occupies a porous skeleton of height hp (m,
volume Vp) and porosity n = hp /hp (=), where hp is the height of pores in the mixture (m, volume Vp). Thus, we define the
density of the solid skeleton pp (in kg m™3) as:

Mp _ pi(Vb—Ve)

= Vo =P =), @

PD

where p; = 917 kg m~3 is ice density. The density of the wet constituent is equal to that of liquid water: pyy = Mw /Vw =
1000 kg m~23 (Vyy is the volume of liquid water in the mixture, height hy ). The density of glacier ice is assumed equal to p;,
with no progressive compression and/or air expulsion from cavities (Paterson, 1994).

During most of the snow season, the dry and wet constituents of the snowpack are both contained in hp, the prevalent
volume. However, an oversaturation condition takes place during the last instants of the snow season due to phase change
(De Michele et al., 2013). Despite being a limit, virtually unmeasureable scenario, including this oversaturation condition is
important from a numerical-stability standpoint. Thus, the total control volume of snow hg (that is, snow depth) is hereby
defined as:

hs = hp + My —nhp ] 3

where [TIare Macaulay brackets, which provide the argument if this is positive, otherwise 0. In other words, hs is equal
to the height of the porous structure hp plus — if present — the oversaturated volume [hly, — nhp [({De Michele et al., 2013).
Accordingly, the bulk snow density ps (in kg m™3) is

_ Mp + Mw _ PpVp + pw Vw _ pohp + pw hw @)
Vs Vs hs

Ps
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and Snow Water Equivalent (in m w.e.) is SWE = pg % hg % p;vl. We also define the bulk volumetric liquid water content
of the snowpack as:

VW hW
e = e—_—"—=—, 5
W= Vo T he ®)
Glaciers are modeled as a single-phase material, the mass of liquid water and air being being negligible compared to glacier
ice. Thus, the Ice Water Equivalent for glaciers (IW E) is:

IWE = p’:‘)\t‘v@. ©)

Figure 1 summarizes the prognostic variables and main mass fluxes of S3M. Dynamic inputs for S3M are total precipitation,

air temperature, relative humidity, and incoming shortwave radiation (see the Supporting Information for details).
2.2 Snow: mass-conservation equations

The mass-conservation equations for the dry and wet constituents of the snowpack read as follows:

Mo . o
at =S¢f—M+R @)
Mu g -0, ®

where S is the snowfall mass flux, M is the snowmelt mass flux, R is the refreezing mass flux, Ry is the rainfall mass flux,
and O is the outflow mass flux (also known as snowpack runoff, see Avanzi et al., 2019). All these mass fluxes are expressed
in kg A t—* and are denoted with a", as opposed to customary hydrologic fluxes in mm A t=1, which will be denoted without”
in the following. Given that Mp = pphp A, we simplify Equation 7 as

1 d(pphpA) Sf—M+R ©)

to obtain

d pph dSWE
pho D _ o _
dt pw  dt Sf—M+R, (10)
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Figure 1. Prognostic variables and main mass fluxes of S3M (see Section 2 for details). as is snow albedo (-), S¢ and R¢ are snowfall
and rainfall rate (mm At™?), respectively, SWEp (mm) and po (kg m™3) are dry Snow Water Equivalent and dry bulk snow density,
respectively, SW Ew is wet Snow Water Equivalent (mm), R, M, and O are snow refreezing, melt, and outflow, respectively (mm At™1),
he is glacier thickness (m), Mg is ice melt (mm At™1). Note that albedo is here listed as prognostic variable for clarity, but the actual,

underlying prognostic variable is technically snow age As. The background image is Rutor glacier in north-western Italy.

where SWEp is the dry-snow water equivalent (pp th\jvl) and S¢, M, and R are the snowfall, snowmelt, and refreezing
mass fluxes in mm w.e. At~ Note that SW Ep and all related mass fluxes will henceforth be expressed in mm w.e., with a

conversion by 1000 mm m~1 being implicitly included between Equation 7 and 10. Likewise, we simplify Equation 8 as

1 d(pwhwA) B F\;f +M-R-0 (11)



































































