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Abstract. Melting calorimetry, a classic experiment conducted in high school chemistry laboratories using calorimeters made
from coffee cups, holds untapped potential beyond its educational context. Despite the fact that in the past this technique has
been successfully used to measure the liquid water content in snow, its widespread adoption was impeded as it is often unjustly
associated with generating large measurement errors. This paper shows how this technique can be incorporated in a rigorous
field protocol to measure the liquid water content in the snow providing also a quantification of the uncertainty associated to
the measurements. The results presented here encourage the use of melting calorimetry in all cases where liquid water content

of the snow has to be quantified.

1 Introduction

The presence of liquid water has a profound impact on the physical characteristics of snow, including advecting heat through
preferential flow, thermal conductivity, density, and mechanical properties, consequently influencing its hydrological and sta-
bility responses (Techel and Pielmeier, 2011; Avanzi et al., 2017; Wever et al., 2016). Therefore, the precise measurement of
liquid water content (LWC) within the snowpack assumes critical importance as it provides invaluable information to properly
describe the current conditions of the snowpack and predict its evolution (Hirashima et al., 2019; Wever et al., 2014), and
characterize the backscattering of radar signal e.g., (Gagliano et al., 2023; Marin et al., 2020).

Calorimetry is the scientific technique used to measure the heat energy transferred during a physical or chemical process,
such as a reaction or a change in state. This is achieved by utilizing a calorimeter, a specialized device designed to accurately
measure the heat exchanged between a system and its surroundings. It has emerged as a promising technique for LWC deter-
mination within the snowpack, e.g., (Yosida, 1960; Jones et al., 1983; Kawashima et al., 1998; Jones, 1979; Boyne and Fisk,
1987; Kinar and Pomeroy, 2015). To measure the LWC in snowpacks, calorimetry offers two distinct approaches based on
the process involved: melting and freezing calorimeters. In a melting calorimeter, a snow sample is immersed in hot water.
This results in the transition of the solid portion of the sample to a liquid phase, and the heating of the melted ice portion and
of the LWC to the equilibrium temperature. The measurement of the energy required for this transition is directly related to

the amount of ice present in the snow sample. Consequently, the LWC can be derived as the difference between the mass or
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Table 1. List of Symbols

SYMBOL | Definition

0w Snow Liquid Water Content expressed as percentage of liquid water for snow volume
Vs Volume of the snow sample

M Mass of the snow sample

M; Mass of the ice sample

My, M, Mass of the melting and of the freezing agent

R Ratio between M,, and M

E Calorimetric constant expressed in equivalent water mass

Tw, To Hot water and freezing agent initial temperature

Ty Final temperature of the system at the end of the experiment

Mea Calorimeter internal wall mass

C Water specific heat i.e., 4.2 x 10* Jkg7'K ™!

C; Ice heat capacity i.e., 2.09 x 10 J kg 'K™*

Co Freezing agent specific heat. In the case of using silicone oil, C, is 1.83 x 10* Jkg7'K~! at —10°C.
Ceal Calorimeter internal wall specific heat

L Latent heat of ice fusion i.e., 3.34 x 10° J kg’l

Pw Water density i.e., 1000 kgm 3

00, Uncertainty associated to the LWC measurement

oM, ,0M, | Uncertainty associated to the mass of melting and freezing agent

oM, Uncertainty associated to the mass of the snow sample

0Ty 0T, Uncertainty associated to the measure of the melting and freezing agent
ory Uncertainty associated to the final temperature of the system

oV, Uncertainty associated to the volume of the snow sample

OE Uncertainty associated to the calorimetric constant

the volume of the sample and the ice content. On the contrary, a freezing calorimeter involves immersing a snow sample in a
freezing agent such as cooled silicon oil that induces the transition of any liquid water in the sample to a solid phase, and the
cooling of the ice fraction and of the freezed LWC to the equilibrium temperature. The measurement of the energy required for
this transition is directly related to the amount of LWC present in the snow sample.

The selection of the most suitable approach for implementing calorimetry to measure LWC demands consideration of both
field usage and the accuracy of the obtained results. Firstly, it becomes evident that the practical handling of these methods
significantly varies. Specifically, the usage of freezing calorimeter presents several challenges. This calorimeter requires the
use of a freezing agent such as silicone oils or toluene, which possess characteristics that make them less desirable for use. For

instance, these agents may be toxic and pose difficulties in terms of proper disposal and clean of the instruments after use. Due
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to the variability in the physical composition of the freezing agent caused the different in its preparation, its specific heat has
to be retrieved through a dedicated analysis every time a new agent is used.

Furthermore, operating a freezing calorimeter poses challenges associated with maintaining the freezing agent within a
temperature range of —50 to —20°C. This task is complicated by thermal losses and operational difficulties encountered in
cooling down the active agent on the field. Additionally, active monitoring of temperature changes is required throughout the
experiment, lasting at least 15 minutes (Fisk, 1986), to ensure complete freezing of the LWC and the system reaching thermal
equilibrium. During this period, thermal losses can be substantial, introducing significant uncertainties. In melting calorimetry,
keeping the melting agent warm in a cold environment remains an issue. However, this can be mitigated by using a portable
stove to raise water temperature. In contrast to freezing calorimetry, a larger mass of water needs to be melted, requiring
a considerable amount of energy. Despite this, the process, with proper mixing, can achieve thermal equilibrium quickly,
resulting in fewer potential thermal losses through the calorimeter. This enhances the overall efficiency of the experiment
compared to a freezing calorimeter.

Interestingly, researchers and users of the freezing calorimeter driven by the recognized difficulties associated with operating
this instrument (Boyne and Fisk, 1987), have developed and employed alternative methods, such as the dilution method (Fisk,
1986), to mitigate some of these challenges. Surprisingly, little effort has been directed towards a practical comparison between
freezing and melting calorimeters for measuring LWC (Linlor, 1975). This is mainly due to the common perception that
melting calorimeters are prone to producing large errors. Indeed, in the study conducted by Colbeck (1978), several measuring
techniques including the freezing and melting calorimeter were compared within a theoretical framework of propagation of the
uncertainty. The primary objective was to determine the measuring methodology that would result in lower uncertainty when
deriving the water saturation and porosity. The analysis revealed that the uncertainty is propagating in a larger quantity when
starting from a measurement of ice volume i.e., utilizing the melting calorimeter compared to starting from a measurement
of water volume i.e., employing the freezing calorimeter. Based on this analysis, assuming that the relative uncertainty in
measuring the ice volume is similar or greater than that in measuring the water volume, the freezing calorimeter was deemed
preferable over the melting calorimeter. However, the study provided only an intuitive explanation to support this assumption,
suggesting that freezing a smaller amount of water leads to a reduced error compared to melting a larger amount of snow.
This nonetheless overlooks the practical challenges associated with freezing a small amount of water within a snow sample
under real-world conditions, as discussed previously. Even after the rigorous uncertainty propagation analysis of the melting
calorimeter performed by Kawashima et al. (1998), which demonstrated an uncertainty comparable to that of the freezing
calorimeter, the melting calorimeter did not experience widespread adaptation.

In this paper, we aim to compare the melting and freezing calorimetry techniques, focusing on their applicability for mea-
surements in remote areas. Our findings indicate that the results obtained using the melting calorimeter are still accurate enough
for an accurate analysis of LWC offering at the same time notable practical advantages. To support our claims, we have thor-
oughly examined and propagated uncertainties, encompassing not only instrumental factors but also variations arising from
the operational procedures and environmental conditions. As a result, we have devised a field protocol that effectively mini-

mizes these uncertainties. The protocol includes specific instructions on the amount of hot water to be used, its temperature,
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Thermometer

Insulated Cap

Insulateddouble
wall bottle

Vacuum

Figure 1. The figure illustrates a cross-section of the calorimeter, depicting a schematic representation of its components. In detail it is
possible to notice the double wall insulated bottle and the vacuum in between the walls, a snow sample (M) immersed in the melting (M)

or freezing agent (M, ). For convenience, the thermometer is embedded within the insulated cap of the system.

the size of the calorimeter, the masses involved, and other crucial details for controlling the uncertainty during the experiment
replication. This protocol was applied in two different test sites in Italy and Switzerland by two different research groups with
different melting calorimeters. The results, compared to independent measurements of dielectric constant of the snow, show
how the application of the proposed protocol to the melting calorimeteric measurements is able to properly track the wet front

penetration inside the snowpack in an accurate way.

2 Formulation of Melting and Freezing Calorimetry

The calorimeter experiment is formulated as an energy budget problem. Each term in the energy budget associated with a
change in temperature depends on the mass involved, their specific heat, and the temperature difference. Conversely, terms
related to phase transitions are determined by the mass involved and the latent heat. Before dealing with the computation of
the energy balance, some practical considerations on the setup and measurement operations will be provided.

The setup for calorimetry used to measure LWC in snow involves three essential instruments: i) a specialized instrument
known as a calorimeter (see Fig. 1), ii) a scale, and iii) a thermometer. The calorimeter is designed as an insulated container
to maintain a given temperature and create an adiabatic environment, ensuring ideal heat exchange between the snow sample
and the melting or freezing agent. The thermometer is generally already part of the calorimeter. It is inserted into the insulation
cap of the calorimeter, with particular attention of introduce any points for heat exchanges, and is used to monitor temperature
changes during the experiment.

From a practical point of view, the calorimetry experiment starts with the placement of a precisely measured mass of either
melting agent (M,,) or freezing agent ()M,) into the insulated container. Commonly used melting agent is hot water, whereas
the most used freezing agent is silicone oils. The initial temperature of the melting agent (T;, > 0°C)) or the freezing agent

(T, < 0°C) is recorded. Subsequently, a snow sample of mass M, and volume V is added to the calorimeter. The resulting
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mixture is stirred to facilitate rapid mixing and efficient heat transfer. During this process, the temperature of the mixture is
monitored until it reaches equilibrium (7;), indicating the completion of the heat exchange between the snow sample and the
agent. Minimizing the duration of these steps is essential to maintain the assumption of an adiabatic system (Kawashima et al.,
1998). Any potential losses of the calorimeter, which may be large in the freezing calorimeter giving the low temperature of
operation, must be accounted for in the analysis e.g., monitoring the temperature for long time (Jones et al., 1983). During the
calorimetric experiment, heat exchange occurs not only between the snow sample and the fluid but also with the calorimeter
walls. This additional heat exchange must be considered in the calculation by adding an extra term to the water mass, denoted
as calorimeter constant £ (Jones et al., 1983; Fasani et al., 2023). All these quantities are then used to calculate the heat
exchanged during the process, allowing for an estimation of the liquid water content (0,,) within the snowpack. As we progress
with the paper, when we discuss LWC, we will be specifically referring to the volumetric LWC, which is a measure defined as
the ratio of the volume of LWC to the volume of the snow sample.

In detail, in the melting calorimeter, the energy introduced by the hot water Qpot;water and the calorimeter’s internal wall
QContainer Must balance with the sum of energy terms for the sinks. These include the heat needed for melting the ice
content Q;ce;meit» the heat required to bring the melted ice and the liquid water already present in the snow to the equilibrium

temperature Qmeited;ice and Qrwc. In Eq.(1) is shown the energy balance equation, detailing the different terms of the

equations
Qhot water T QContainer + Qice melting + Qmelted ice T QLWC =0 (1)
——— ~——

MMC(T; —T,)  MeCe(Ty —Tu) LM; M;C(Ty —Ts) Mw, o C(Ts —Ts)

Where, C and L represent the specific heat of water (4.2 x 10 Jkg™'K ™) and the latent heat of fusion of ice (3.34 x
10° T kg™ 1), respectively, p,, is the density of water i.e., 1000 kgm 2 and F is the calorimeter constant expressed in g. T} is
the temperature of the snow sample, that by definition is set to 273.15 K.

From Eq.(1), 6} can be derived as follows (Kawashima et al., 1998)

The freezing calorimeter operates on a similar principle to the melting calorimeter, however in this case the freezing agent
and the container extract heat from the ice content and the LWC in the snow, causing it to freeze. The corresponding energy

balance equation is given by:

ereezing agent + QContainer + Qcooling ice + ereezed Lwc+ Qcooling freezed LWC = 0 (3)

MfC(TffTo) Mccc(Tf_To) MiCi(TffTs) 7MWLWCL MWLWCCi(TffTs)

Where, C, is the heat capacity of the freezing agent, and C; is the heat capacity of ice (2.09 x 10° J kg 'K ~!). In the case
of using silicone oil, C,, is 1.83 x 10° T kg 'K~ at —10°C.
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In this case, the 8% is directly related to the temperature difference induced by the freezing of water present in the snow and

it is derived as shown in the following (Jones et al., 1983)

O =
Vspw

M, ((Mo+E)Co(Ty —T,) Ci(Ts —Ty) 4)
LM, L

It is finally important to highlight that the determination of parameter E requires specific considerations. The introduction of
F is necessary to account for the heat exchange that occurs between the snow sample and the internal walls of the calorimeter
during the experiment. This imply accounting for conduction and radiation heat transfer mechanisms. In this study, we exclu-
sively address heat conduction, assuming that the influence of radiation is negligible. In fact, the radiative transfer between the
inner and outer wall is the most important energy loss factor of the calorimeter, but in the time-frame of the experiment i.e.,
few minutes this can be neglected. Therefore, as an inherent material property of the calorimeter, the computation of E can be

accomplished as follows

M, cal C’cal

FE =
C

&)

Where, M., and C,, represent the mass and specific heat of the internal wall of the calorimeter, respectively. This method
requires precise information about the calorimeter construction, which, in the case a commercial insulated container is used,
can be obtained from the producer or by destructively analyzing the bottle itself. Alternative methods for estimating E are
detailed in Appendix A. However, it is important to note that these methods, although non-destructive, are associated with

significant uncertainties and are thus recommended to be avoided.

3 Propagation of the Uncertainty in Calorimetry

In scientific measurements, accounting for uncertainty propagation is crucial to accurately quantify the uncertainty associated
with the obtained results (Moffat, 1988). The overall measurement uncertainty is influenced by a variety of factors, including
instrumental uncertainties, environmental conditions and variations introduced by the operator during the experiment. Prop-
erly accounting and quantifying these sources of uncertainty is essential to ensure the reliability and validity of the LWC
measurements using calorimetry.

In Section 3.1, we will initiate the uncertainty propagation analysis by focusing on the instruments uncertainty. The losses
occurring during the experiment realization can be assumed to be equal both for melting and freezing calorimeter since the
basic operations are analogous. This will enable a direct comparison between the melting and freezing calorimeters, reveling the
suitability of the methods for real LWC measurements. In Section 3.2, we will extend the analysis to include uncertainties due
to operator and environmental variations in the melting calorimetry. This is done by conducting repeated measurements done
by different operators and under different conditions, which will also showcase both the method consistency and its accuracy. In

Section 3.3, practical considerations pertaining to each step of the melting calorimetric experiment will be explored, focusing
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on minimizing all sources of uncertainty. Finally, Section 3.4 shows the results of the sensitivity analysis of the melting

calorimeter.
3.1 Instrumental uncertainty propagation: Melting vs Freezing Calorimetry

Instrumental uncertainty, which is arising from the limitations and imperfections of the measuring instrument itself, is propagat-
ing in the final estimation of LWC. In both melting and freezing calorimetry, the uncertainties are associated with temperature
measurements and mass determinations. To quantify uncertainty propagation, statistical methods such as error propagation
analysis are employed. In detail, the uncertainty Ogum.r Can be determined as the squared root of the sum of the squared partial
derivatives of #2-F with respect to the variables with an associated uncertainty, each, multiplied by the squared associated

error. The general formulation is reported in Eq. (6) (Moffat, 1988).

2
0"
Opyr = Z( om; ) o2, (6)

m;

In Eq. (6), m; represents a single measurement affected by uncertainty, and o,,, is the associated uncertainty. For the melting
calorimeter, the required measurements are Vi, M., M, T,,, Ty and E (see Eq. (2)) with associated instrumental uncertainties
owm, and oy, , which depends on the accuracy of the scale, o, and or;, which depends on the accuracy of the thermometer,
ov,, which depends on the uncertainties in measuring the volume of the sampler; and finally on o, which depends on the

uncertainty of the estimation of F (see Appendix A). Equation (6) can be applied to Eq. (2) and expanded as follows

A A OMN? . (00MN? L, (90MN\? , (00MN\?
Tgm = <8Mw) UM“’+<8MS> JMS+(8Tw> CTTer(an) JTer(@VS) UVSJF(@E) op @)

The partial derivatives in Eq. (7) are calculated as follows:

a0y M, CT, Ty ®
a]\411) B Vepw L Me
o0M M, CM,+E ©)
8Tw B ‘/sp'w L MS
o0M M, C (My,+E

w c 1 10
Ty~ Vipw L < M, ) (10)
90 M, C(My,+E)(T,-T;) 1 C ( (M, + E)(T,, —Ty)
oM, Vipu L M2 " Vetu <1 L < M, -0 Ts>)> (“)
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00y M, C ((My+E) (T, —Ty)

v, Vipw (1_ L ( M; - _TS)» 12
M _

0 M, CT, Ty 13

OE — Vipw L M,

Similarly, for the Freezing Calorimeter, we can analyze the error propagation associated with temperature and weight mea-

surements of Eq. (4). In detail, by applying Eq. (6) we obtain

9oL \? 8oL \? BOEN? ,  (O0EN® , [(90MN\? | [(90EN?
705 = <8Mo) UMO+(3MS) UMer(aTo) UTO+<an> "Tf+<avs) UVS+(8E> oF (19

The partial derivatives in Eq. (14) are calculated as follows:

007 M, C,(Ty—T,)

oM, Vip, LM, (15)
90y M, (M,+E)C, 6)
or,  Vipw LM,
06 M, ((M,+E)C,
Tw C; 17
Ty %mL< M, T ) (17)
06 1 ((M,+E)C,(Ty —T,) 1 (M, + E)Co(Tf —T))

== —Ci(Ts—T 1
6M3 I ( VngMs + Vspw ( M. Cz( s f))) ( 8)
008 M, ((M,+E)Co(Ty =T,)  Ci(T, —Ty) (19)
Vs, V2p, LM, L
005 M, C,(Ty—T,) 0)

OE  Vipw LM,

By evaluating Eqs. (7) and (14) it is possible to compare the two methods as done in (Colbeck, 1978). In detail, by assum-
ing V, =200 cm?, a value consistent with the density measurement sampler (Proksch et al., 2016), which ensures compact
dimensions for both the snow sampler and the calorimeter, facilitating transportation, and considering a snow density of the

3

dry snow of 366 kgm™°, we set the temperature and mass of hot water at 40°C and 2 times M, respectively, in line with
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Figure 2. The figure provides a comparison of uncertainty in estimating LWC by propagating instrumental uncertainty using both the melting
and freezing calorimeter methods. Notably, freezing calorimetry demonstrates lower uncertainty. However, it is essential to recognize that

both methods offer uncertainties that still enable accurate measurement of LWC.

(Kawashima et al., 1998). Similarly, we set the temperature and mass of the freezing agent at —30°C and 1.3 times Mj, re-
spectively, as per (Jones et al., 1983). The calorimetric constant was assumed to be equal to 6.58g. The LWC was varied from
0 to 12%, considering the most common values in melting snowpack. Additionally, we consider a scale with uncertainty of
0.1 g, a thermometer with uncertainty 0.2°C, an uncertainty in the estimation of the calorimeter constant £ of 0.1 g. Regarding
the uncertainty associated to the sample volume, to the best of our knowledge, no studies have been conducted in that specific
direction. However from our practical experience a value of 2 cm?® can be realistic according to the tools we are using.

By substituting these values into Eqs. (7) and (2), we quantified the uncertainty associated to the LWC. The results are
illustrated in Fig. 2. The comparison demonstrates the superior performance of the freezing calorimeter, particularly for high
LWC values, where the melting calorimetry reach almost 0.5% uncertainty whereas the freezing calorimetry stops at 0.2%
uncertainty. However, the general low value of oy, indicates that the melting calorimeter can still provide a significant and
reliable measurement of LWC. Coupled with its notable practical advantages, the melting calorimeter becomes an attractive
and compelling choice for field applications, particularly in remote areas.

It is finally important to highlight that, the uncertainty analysis presented here produces the same results as the paper of
Colbeck (1978). By applying Eq. (7) for water saturation S,,, we can find that its relative uncertainty g, is 5.1 times the
relative uncertainty of the ice volume, whereas by applying Eq. (14), X5, is 0.84 times the relative uncertainty of the water
volume, considering the values used in the original paper of Colbeck (1978). Nevertheless, it is essential to note that the relative
uncertainty produced by the melting calorimeter on the estimation of the ice volume is one order of magnitude lower than the
relative uncertainty produced by the freezing calorimeter on the water volume. This renders the final uncertainty of the two

methods comparable, as shown in Fig. 2. All the details are reported in Appendix B.
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3.2 Random uncertainty introduced by environmental factors and operator variations

After assessing the instrumental uncertainty of the melting calorimeter, it is crucial to consider the additional error sources
that arise during the practical implementation of the experiment. These uncertainty sources primarily stem from the operator
handling the various steps involved in the experiment, and the environmental factors at the measurement site. Quantifying
these errors is challenging, but it is essential to establish a robust measurement protocol to minimize their impact. To quantify
the impact of these sources of uncertainty we recruited a group of volunteers to perform a large number N of calorimetric
experiment i.e., N > 30 following basic guidelines.

We designed the experiment utilizing an ice cube as a surrogate for snow samples. This approach provides a controlled means
of assessing uncertainties stemming from sample preparation. Indeed, preparing the snow samples by introducing liquid water
artificially into dry snow as done in (Kawashima et al., 1998) is a non-linear operation that requires the precisely estimation
of the effects of this operation on the snow matrix introducing significant uncertainties on the effective LWC. On the contrary,
using ice cubes allows to minimize the uncertainty in the sample preparation allowing to both i) appreciate the effectiveness
of the melting calorimeter; and ii) proper characterize the effects of the operator variations in performing the calorimetric
experiment under different environmental conditions.

The experimental setup, resembling the classic calorimetric experiment conducted in high school chemistry laboratories,
aims to compare the measured final temperature TfEXp of the mixture of hot water after the addition of the ice cube with the
theoretical temperature T’y calculated using the calorimetric formula. Specifically, the experiment involved a predetermined
mass M; of ice at a known temperature 7; and a mass M, of water at a known temperature 7T,,. The ratio between the ice mass
M; and the water mass M,, was kept constant to %.

As done in Eq. (1), in Eq. (21) we can express the experiment as an energy budget by equalizing the energy carried by the
hot water (Qrot water) and the internal wall of the calorimetry, in thermal equilibrium with the hot water (Qcontainer), With

the sinks consisting of the ice cube (Q;ce meiting) and the melted ice (Qmeited ice)-

Qhot water T QContainer + Qwarming ice T Qice melting — Qmelted ice — 0 (21)
——
MMC(Ty —Ty) McCo(Ty —Tw) M;Ci(Ty —Ty) LM; M;C(Ty —Ti)

From the energy balance of Eq. (21) can be derived the final temperature T’y of the system as presented in Eq. (22).

_ C;M,T,— LM, +C(M,, +E)T,,
a C(My+E) + M;C

Ty (22)

The associated experimental uncertainty ag’;p, which is the sum of the instrumental uncertainty 01}‘;, the operator induced

P

. 0O . . . .
uncertainty G’Tfe and the environment induced uncertainty JE‘}V that is

Exp __Ope Env Ins
o, =0p, tor, +or; (23)

10
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In detail, the experimental uncertainty can be calculated as Root Mean Square (RMS) of the differences between the mea-

sured final temperature TfEXP and the theoretical final temperature T’y as reported in Eq. (23).

N Ex|
(T, — T, P)2
E’;P \/Zz ( fl fz ) (24)

Whereas, the instrumental uncertainty UIT“; is calculated using the approach introduced in Section 3.1, that for this specific

case can be found as:

- s\ T\ T \° Ty \ >
JITf:\/<8Mfi> ot (51) A+ () o+ () o4 25)

Therefore the uncertainty associated to the operator variations J%Pe and the environmental factors U:EF‘;" can be retrieved by

Eq. (23).

At this point, it is important to dig into a comprehensive analysis of these two distinct sources of uncertainty. Field campaigns

often expose researchers or practitioners to challenging environmental conditions, encompassing factors such as wind, snowfall,
or rain. The temperature spectrum can fluctuate significantly, spanning from sub-zero to positive values, thereby amplifying the
potential for heat loss from the hot water and inducing changes in the sample phase, respectively. Additionally, the involvement
of different operators, each potentially employing slightly varied techniques due to the different interpretations, introduces a
layer of variability throughout the measurement procedure.

To take into account the influence of these uncertainty sources, we begin by examining the impact of wind on the measure-
ment scale. Conducting an experiment involving subjecting the scale to a controlled breeze generated by a fan, we observe that
the scale uncertainty escalates from 0.1 g to 1.5 g. This outcome translates to a corresponding oy exceeding 1% across all
conditions. Consequently, it is imperative to safeguard the scale against wind during experimentation; failure to do so renders
the experiment result unreliable and the estimation of the uncertainty impossible. In case of scale shielded from wind oy, and
om, can be considered equal to the uncertainty of the scale.

To further simulate variations in air temperature and operator performance, we assemble a diverse group of individuals
with varying expertise in the field of snow measurements. These participants are tasked with conducting measurements within
an environment spanning temperatures from -5 to 20 °C. This multifaceted approach aims to capture the intricate interplay
between operator influence and temperature differentials.

The outcome of the experiment is presented in Fig. 3. From a qualitative point of view, the figure demonstrates a good
agreement between the measured and theoretical values indicating the effectiveness of the melting calorimetry. The small
spread of the data indicate that the experimental is largely reproducible among different operators. The missing of a bias indicate

that there are no large systematic errors. From a quantitative point of view the RMSE, o%p = 0.5°C on the final temperature

T't, compared to the 0.2°C instrumental error, cr%‘fS alone. Resulting in cr%’e + a%" = 0.3°C. Importantly, when neglecting the
term E in Eq. (25) the omission leads to a bias of —0.2°C. This overestimation distinctly showcases the systematic uncertainty

induced by failing to account for the heat transferred to the internal calorimeter walls.

11
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Figure 3. Results of the calorimetric experiment performed by a group of volunteers. The measured final temperature (y-axis) is compared
with the theoretical final temperature (x-axis) derived from Eq. (22). The different colors of the dots represent the different people who

performed the experiment. The red area represent the instrumental uncertainty of all the measurements using Eq. (25).

Given the fact that the steps of this experiment are exactly the same of the steps for the derivation of LWC using Eq. (2),

. Ope+E!
we can use the derived o7

to update the uncertainty calculated in Section 3.1 by adding this uncertainty to the final
temperature measurement or,. In Fig. 4, we observe how this new characterization of the uncertainty affects the uncertainty
in the estimation of LWC with respect to only considering the instrumental showing a more realistic value that is ranging
from about 0.8% to 1% for the parameters listed in Sec. 3.1. A similar analysis could be applied to the freezing calorimeter,
considering the losses associated with the measurement time required by this technique. However, this is beyond the scope of

the paper.
3.3 Minimizing the Instrumental Uncertainty of the Melting Calorimetry

Now that the main source of uncertainty have been analyzed, it is possible to make some important considerations on how to
decrease the overall uncertainty of the melting calorimetry. As described in Section 2, some of the variables involved in the
calorimetry are free to be selected during the experiment. These are V;, M, M,,, T,,, and E. However, all these variables are
strictly connected to each other with some implications that it is better to account for.

Firstly, by increasing the volume sample V, one is expecting that the uncertainty is decreasing being V at the denominator
for all the terms in Eq. (7). Nonetheless, the volume of the sample is linked to its mass, which increases by increasing the
volume. This has an effect of compensation on o/, which stabilizes around 0.46% for samples exceeding 100 cm?®. This
outcome paves the way for dedicated investigations into employing various sample volumes for characterizing liquid water

transport within the snowpack. Although such research lies outside the scope of this paper, we provide here some ideas that
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Figure 4. Comparison of the propagation of uncertainty considering the instrumental uncertainty (solid red line) and random uncertainty

introduced by variations in operators and environmental factors (dashed red line) for the melting calorimeter.

explain the volume selected in the context of this paper. As discussed in Section 3.1, Vj is generally constrained by the snow
sampler used, which is normally fixed e.g., the Taylor—LaChapelle density cutter. Similarly with the measuring of the density
(Proksch et al., 2016), Vj is selected focusing primarily on the resolution required to describe LWC in the snowpack: a small
snow cutter allows to sample the small difference in LWC within the snowpack, whereas a large volume density sample provides
snowpack bulk information. Given the high heterogeneity of LWC (Techel and Pielmeier, 2011), one can think of sampling
the snowpack with a high vertical and horizontal resolution. This however requires performing a large number of calorimetric
analysis, which may require a time for which it is not possible to assume that LWC did not change (for example, to avoid this,
by employing a parallel team of students in 1967, Yosida perform 120 measurements to describe the temporal evolution of a
160 cm snowpack over 7 hours highlighting that an average of 20 mins are required for each measurements). On the contrary,
taking a snow sample that is big poses some challenges for both the selection of the calorimeter, which generally features a
small aperture (see Fig. 1) and the possibility to represent specific cases such as the situations of water saturation on top of ice
layers. In practice, by considering a calorimeter with capacity of 0.5L, V; should fall between 100 and 300 cm?. For melting
snow, this corresponds to a M that ranges approximately between 60 and 150g. Within these values the influence of V; on the
overall uncertainty o is limited. For samples of this volume, it is advisable to prioritize a smaller vertical footprint—such
as a cylindrical sampler with a diameter of 4 cm and a depth of 18 cmn—over a shallower penetration depth with a larger
vertical footprint. This strategy aids in identifying saturated layers and ensures smoother insertion of the snow sample into the

calorimeter i.e., diameter of the sampler < opening of the calorimeter.
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At this point, the remaining variables are M,,, T,, and E. It is then mathematically convenient to introduce a new variable

as done in (Kawashima et al., 1998) i.e.,

(26)

This allows us to plot the uncertainty in function of the temperature of water and the ratio between the masses for different level
of LWC and using different calorimeter constants (see Fig. 5). Considering a V, = 200cm?, a dry snow density of 366kgm_3
and a calorimeter with £ = 6.58 g it is possible to show that low value of R i.e. a same mass of hot water and snow and
high water temperature 7, are then one that produce the best results in terms of uncertainty. However, high 7', means a
large temperature loss when the calorimeter is open to insert the snow sample. To minimize this loss, that otherwise has to be
considered in the calorimetric formulation, a T}, of 40 to 50 degree Celsius together with a quick insertion of the snow sample
in the calorimeter, is a good trade-off for all the possible cases as indicated by (Kawashima et al., 1998). On the other hand it
is worth stressing the fact that, even though low values of R produce the best results, this has two practical implications that
should not be neglected: i) if an immersion thermometer is used (as the one represented in Fig. 1) a particular attention should
be devoted to the fact that the probe is properly immersed inside the water-snow mixture. Otherwise the temperature measure
will oscillate. Therefore, especially if the calorimeter is very tall and the snow sampler is small and cannot be increased, M,
should be increased. This may allow a proper immersion of the temperature probe inside the snow-water mixture. ii) If the snow
sample is too big with respect to the water mass, or the water temperature is too low, the heat exchange cannot be completed
i.e., Ty < 0°C. As recommendation we advise to keep 7 > 5°C. A value of R = 2 is a good trade-off for all the possible real
cases (see Fig. 5).

Finally it is important to mention that different value of F imply a change in the uncertainty. However, as we stress the
fact that this change is limited and therefore different size, shape and quality of calorimeter can potentially be employed.

Differently, a wrong estimation of the calorimeter constant can have a big impact on the accuracy of the measure of LWC.
3.4 Sensitivity Analysis of the Melting Calorimetry

By studying Eqgs. (8)-(13) we can derive important information about the sensitivity of melting calorimetry to variation of the
input variables Vs, M, M,,, T\, and E. In fig.6 is reported the variation in the LWC 971}]/[ associated to the change of the
experiment parameters for a realistic case where the snow density is 416kgm_3, M, =83.4g, M,, = 166.8g, Ty =4.8°C,
T, =40°C, E = 6.58g and 6 = 5.0%.

Figure 6a illustrates that the error in volume measurement is directly proportional to LWC. However, the impact of this
error is relatively limited. For instance, in the considered scenario where a snow cutter with dimensions of 4 x 2.75 x 18cm?® =
198cm? is employed and a portion of 20cm? is lost due to incomplete filling i.e., the snow cutter is not filled to a depth of 2cm,
the resulting LWC measurement is overestimated by a mere 0.10%. This suggests the feasibility of utilizing snow samplers with
variable depth, such as samplers with moving piston, to adapt the sample size according to LWC distribution in the snowpack.

In Fig. 6b, one can observe how even a small error of a few grams in the measurement of hot water mass can significantly

impact the resulting LWC, causing a nearly 1 percentage point difference. This highlights the crucial significance of ensuring
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Figure 5. In the figure is presented the uncertainty associated to 82/ as a function of the experiment parameter R and T,,. In detail the
uncertainty is presented for 3 representative scenarios of 62 i.e., 0%, 6%, and 12%. In (a) is presented the dry snow scenario with 2/ = 0%;
in (b) is presented the medium wetness scenario with M = 6% and in (c) is presented the limit wetness scenario with oM =12%. Gray area
represent the cases where the calorimetric experiment results in a final temperature lower than 0°C. The indicated red boundary signifies a
"safety"” threshold constrained by a final temperature of 5°C, i.e. the points laying on the red line result in a 7y = 5°C. When working on the
left side of the curve, we are pushing the limits of experimental feasibility. Therefore, it is advisable to exercise caution and strive to remain

on the right side of this boundary. In all cases, high values of R are associated with high uncertainty.

a stable and well-prepared position for the scale, protected by the influence of wind gusts by a well dug snow pit and an
additional shield. In the end the plate of the balance should be sufficiently large compared to the calorimeter.

The accurate measurement the hot water temperature is equally important (see Fig. 6¢). An overestimation of 1°C in T,
results in an approximate 1% underestimation of 6. Additionally, it is crucial to emphasize the importance of measuring T},
only after the entire calorimeter has reached temperature stability. Using a well-insulated container and promptly inserting the
snow sample into the calorimeter, so that the hot water is not losing temperature, are vital factors to minimize errors in the
measurement of T,. The specification regarding the depth of immersion for the thermometer probe must be satisfied.

The misreading of T leads to a directly proportional error in the final LWC measurement (see Fig. 6d). Achieving an

accurate measurement of 7'y necessitates ensuring that the heat exchange process is fully completed. To facilitate this, gently
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Figure 6. In the figure is reported the variation of 82 with respect to the six parameters that define the experiment. In detail in (a) is reported
the variation of 6 with respect to Vs, in (b) is reported the variation of OM with respect to M, in (c) is reported the variation of M with
respect to 17, in (d) is reported the variation of OM with respect to T, in (e) is reported the variation of OM with respect to M

and in (e) is reported the variation of OM with respect to E.

shaking the calorimeter is recommended, and the completion of the process can be verified by observing a clear stabilization
in the temperature reading. This is usually occurring within 30 seconds after inserting the snow sample into the calorimeter.

An error in the mass measurement of the snow sample M, introduces a directly proportional error in 62! (see Fig. 6e). To
ensure accurate measurements, the same precautions as those taken for the measurements of M,, should be followed.

Finally, it is crucial to note that an error in £ is inversely proportional to the LWC (see Fig. 6f). Neglecting the heat exchange
with the calorimeter wall, i.e., assuming F = Og, results in significant errors in the final measurement of 0{),4 . Therefore, when
using a new calorimeter, proper time and effort should be dedicated to accurately estimating F, as described in Section 3.1.

The selection of the values will be summarized in section 4 in form of a protocol that all the research and practitioners can

follow during field experiments.
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4 Melting Calorimeter Protocol

In this section, we will provide a comprehensive summary of the analyses conducted throughout the paper and propose a
practical measurement protocol to be followed during field campaigns. First, the necessary materials need to be prepared,

including:

Calorimeter This could be a commercially available insulated container designed to maintain the temperature of beverages
or food. The calorimeter constant must be known or derived for accurate measurements (e.g., with Eq. (5)). In this work
we used a commercial insulated container i.e., Stanley Classic Legendary Food Jar made of stainless steel (i.e., SAE
304) Ceq = 500 J kg_1 K~ ' and M.y =69.1 g, E=6.58 g. The uncertainty of this measurement is only related to the

uncertainty of the scale used to weight the container i.e., 0.1g.
High-Precision Immersion Thermometer Used to monitor temperature changes during the experiment.

Precision Balance Utilized for measuring the mass of hot water and snow samples. The scale should be at least splash proof

(IPX4).
Supportive Surface A hard, supportive surface such as Plexiglass.
Wind Shield A well dug shelter or an external barrier, such as a plexiglas container can be used to shield the scale from wind.
Insulated bottle The bottle acts as a reservoir of hot water, ensuring a continuous supply for the experiment

Snow sampler This can be any of the available snow sampler for density measurements. The shape and size of the sampler

must match the shape and size of the calorimeter.

The snow pit should be dug so that the snow wall is shaded from the sun. Once the snow pit is prepared, a shaded area
for the scale should be established (see Fig. 7a), protecting it from solar radiation and wind. Another hole should be dug for
storing the snow sampler and auxiliary tools needed for sample preparation in order to maintain them at low temperatures. The
outer surface of the pit profile should be smoothed, and the bottom should be level to ensure accurate measurement of the snow
height at which the LWC measurement will be taken.

Following these preparations, the following steps should be followed:
1. Warm up the water at the temperature of 40 to 50°C and store it in the insulated bottle;
2. Tare the scale with the calorimeter and the lid with the thermometer on top;

3. Prepare the hot water inside the calorimeter in a quantity that meets the minimum immersion requirement of the ther-
mometer and is approximately two times the sample mass (annotate it as M,,); If a volume of 200cm? is used, approxi-

mately 200g of hot water should be used;

4. Close the calorimeter and wait for the temperature to stabilize;
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(a) (b)

Figure 7. In (a) is reported the essential materials for the melting calorimeter experiment. From left to right: the insulated container where
heat exchange occurs, its thermometer, the thermos storing the hot water used in the experiment, and the scale for measuring mass placed on
a stable plexiglass panel. In (b) is reported from left to right, the snow cutter, used for sampling the snowpack at the Weissfluhjoch site and

the Denomether used during the measurement campaign.

5. Record the temperature T,. It should be around 40°C;

375 6. Tare the scale with the calorimeter and hot water (otherwise the uncertainty of the two measurements must be propagated
through eq.(6)).

7. Retrieve the snow sampler from the shaded hole and collect a snow sample from the designated height, ensuring no

phase changes occur (i.e. take the sample on shade) or any loss;
8. Open the calorimeter and place the snow sample inside. Minimize the time for this step;
380 9. Gently shake the calorimeter;
10. Weigh the snow mass M, by placing the calorimeter on the tared scale waiting for the temperature to stabilize;
11. Once the temperature stabilizes, approximately 1 minute after sample insertion, read the temperature 7.
12. Empty and dry the calorimeter for subsequent measurements.

By following this protocol meticulously, the measurement of LWC in the snowpack can be conducted with the accuracy and

385 the uncertainty showed in this paper.
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Figure 8. The figure gives an overview of the two sites used for tsting the calorimeter. Ia a) the two sites can be visualized in the Alpine
context, while in b) and c) the Weissfluhjoch and Senales sites can be respectively visualized in the local context. In the end in d) is shown a

picture of the senales site and in e) is shown a picture of Weissfluhjoch site.

5 Experimental Application of the Melting Calorimeter protocol: LWC Profiles in the Field

To assess the performance of the calorimeter in field conditions and refine the measurement protocol, a series of field activities
were conducted. These activities aimed to test the accuracy and reliability of the calorimeter protocol in real snowpack and with
real conditions. The field tests were carried out in Val Senales (Italy) (see Fig. 8b-d) and at the Weissfluhjoch (Swiss) (see Fig.
8c-e) with different melting snow packs, including different snow densities and liquid water content levels spanning the period
from April to June 2023. In order to asses the validity of the calorimetric measurements of LWC, additional measurements of
density, specific surface area (SSA), stratigrafy, infrared imaging (IR), and LWC conducted with the Denothmeter (Denoth and
Foglar (1986)) were acquired. The large number of measurements allowed to fine-tune the operations in the field according to

the protocol and minimizing the disturbance caused during sample collection allowing to compare the different measurements.
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5.1 Weissfluhjoch

The field tests performed in Switzerland were carried out at the field site of Weissfluhjoch (2536 m a.s.1.) in the area of Davos
(Graubiinden). In addition to being a high-altitude research station for which there is one of the longest observed time series
in the world (Marty and Meister, 2012). It lies on a wide flat area partially sheltered from wind, the research field is fenced to
safeguard the snow surface as much as possible from outside intrusion and disturbance, and finally, two huts are made available
to the operator, providing shelter and tools, as well as electricity, heating and internet connection. These features make the
research field particularly suitable for performing high-level measurement campaigns for various types of snowpacks.

LWC measurements carried out at the Weissfluhjoch field site are part of a comprehensive measurement campaign which
took place over the course of the winter season 2022-2023. The measurement campaign started on 14 February and lasted until
16 June 2023. At the beginning of the campaign, the recorded snow height was 108 cm; on the last day of measurements, it was
50 cm. The maximum recorded snow height during a campaign day was 192 cm. Measurements have been performed every
second day, for a total of 36 days of measurements. A wide set of variables was measured (Snow Water Equivalent; profiles
of snow temperature, density, permittivity, Specific Surface Area; snow roughness) using manual, electromagnetic and remote
sensing systems. The vertical resolution of the snow temperature, density, permittivity and Specific Surface Area profiles is
very high: measurements were taken each 10, 4, 3 and 2 cm, respectively.

Figure 9 describes the state of the snowpack at the field site of Weissfluhjoch through some properties sampled with vertical
profiles on the day of 22 May 2023. The measurements started at 08:00 Local Time (LT) in the morning underneath an
overcast sky. The measured air temperature was 7 °C and a neglegible wind was blowing from North at a speed of 1 kmh~!.
The height of the snowpack was 164 cm, the surface was smooth, and no new snow had fallen in the previous 24 hours. The
temperature profile sampled every 10 cm from top to bottom showed that the snowpack was fully isothermal. The Near Infra-
Red (NIR) photograph reported in Figure 9e illustrates quite a complex snowpack stratigraphy on that day, which along with
the stratigraphic observations helps to get a qualitative idea about general conditions and local peculiarities. It is important
to notice that even though the NIR image was aligned with the LWC and density profiles through a rigorous co-registration
procedure, ensuring that the meterstick depicted in the middle of the images aligns with the y-axis of the plots, the stratigraphic
features of the snowpack and the vertical profiles shown in Fig. 9 were sampled one next to each other along an approximately
2-meters wide wall. Given the irregularity of the layers, the location of the ice lenses recorded in the field and shown in Fig. 9
does not match perfectly with the NIR image.

Figure 9e is annotated with qualitative comments about the state of the snowpack on the measurement day, in terms of
wetness, layers and types of grains. Surface melt was observed on the superficial layer, blocked by a layer of transformed snow.
Between H=124 cm and H=121 cm, the first ice lens was observed. Between the first ice lens and the upper transformed layer,
the snow seemed drier than on the surface. Other dry layers were observed until H=98 cm, spaced out by two more ice lenses.
Just below the last ice lens the snow seemed dry, but it was observed to become wetter towards the ground. Finally, water runoff
was found on the bottom of the snow pit. Figure 9(a) and 9(b) show the LWC sampled with the melting calorimeter and with the

Denoth every 5 and 2 cm, respectively; Fig. 9(c) shows the snowpack density sampled every 3 cm with the snowcutter; Fig. 9(d)
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Figure 9. Snow profile at Weissfluhjoch on 22 May 2023. Panel (a) shows the volumetric LWC profile sampled every 5 cm with the melting
calorimeter and its associated uncertainty computed with Egs. (2) and (7). Panel (b) shows the LWC profile sampled every 2 cm with the
Denothmeter. Panel (c) shows the snow density sampled every 3 cm with the snowcutter. Panel (d) shows the Specific Surface Area profile
sampled every 4 cm with the SLF InfraSnow sensor. Panel (e) is the co-registered Near Infra-Red picture on a greyscale taken on the same
day before starting the measurements: different reflectance values in the picture identify differences in optical equivalent grain size. Layers
are indicated according to the wetness, whereas acronyms refer to the official classification of snow on the ground (Ice, 1990): MF refer to
melt forms, RG to rounded grains, DH to depth hoar. On the panels, bullet points represent measurements, lines connecting them are linear

interpolations, grey lines represent the position of the ice lenses as visually detected in the field.

shows the Specific Surface Area (SSA) sampled every 4 cm by means of the SLF InfraSnow sensor (FPGA Company). Surface
melt is captured by both the calorimeter and the Denoth, although the LWC on the surface measured with the calorimeter
is notably higher. The layer of transformed snow is highlighted by LWC values between 4 and 5% (i.e. the maximum water
retention capacity of snow) by both the calorimeter and the Denoth, which basically agree considering the possible natural
variations. Ice lenses are characterized by drops in LWC values (this is particularly well observed with the Denoth because of
its higher measurement vertical resolution) and a locally higher density. Ice lenses are observed to block the drainage of the
LWC to the bottom: in between ice lenses the snow is drier and characterized by a drop in LWC which can be observed with
both the calorimeter and the Denoth (Fig. 9(a) and 9(b)), a local decrease in density (Fig. 9(c)) and a local increase in SSA,

which increases with smaller and drier grains (Fig. 9(d)).
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Figure 9(a) shows a very high LWC value at 87 cm from the bottom. As can be qualitatively observed from the NIR picture
in Fig. 9(e), that height coincided with an extremely wet layer of snow. This was well captured by the calorimeter and can be
confirmed by the fact that at that height the highest snow density and SSA were recorded (Fig. 9(c) and 9(d), respectively).
Interestingly, despite the high vertical resolution of the measurements, the Denoth seemingly did not identify this wet layer.
This can be also due to a very localized point of water saturation. Finally, the LWC values measured by both the calorimeter and
the Denoth show that from H=87 cm to the bottom, the snowpack is releasing meltwater: from close to zero, values increase to
2 and 10% at the bottom, respectively. The release of water can be also observed as a gradual decrease of snow density below

the highest value measured at H=87 cm and, qualitatively, in a gradual decrease of SSA.
5.2 Schnalstal

The TItalian test site is located in Schnalstal, in South Tyrol. This site has been chosen because the high altitude (~3000m)
guarantees the presence of abundant snow and a long-lasting melting season, and it is well-served by lifts and roads, making it
easy to access.

The snowpack at the Schnalstal field site, with a height of 79 cm, was profiled on 7 June 2023, at 12:30 LT. During the mea-
surements, the air temperature stood at 1.8 cm, and there was negligible wind speed, ensuring relatively stable conditions for
the assessment. The snowpack structure was as follows: from the surface down to 65 cm, a layer of recent snow was observed,
which had undergone wetting due to temperature and solar radiation, which were relative high that day. The subsequent layer,
spanning from 65 cm to 57 cm, contained three prominent ice lenses. Notably, a significant amount of LWC was trapped within
this layer, contributing to its distinctive characteristics.

Continuing downwards, the layer from 57 cm to the base at 0 cm was characterized by coarse snow crystals with size from
1 to 2 mm, exhibiting lower water retention capability. Importantly, there was no noticeable LWC presence within this layer.
However, the lowermost 20 cm of the snowpack presented some noticeable challenges. This section displayed loose and coarse
crystals, leading to difficulties in proper sampling and ensuring optimal coupling between the Denoth instrument and the snow.
Consequently, these lower 20 cm were excluded from the subsequent analysis to ensure data accuracy and reliability.

Figure 10 (a) depicts the volumetric liquid water content (LWC) profile, measured with the melting calorimeter technique,
along with its corresponding uncertainty, as computed using Egs. (2) and (7). Panel (b) of the figure portrays the LWC profile
derived from Denoth measurements. Panel (c) showcases the snow density associated with the measurement points obtained
from the calorimeter. These profiles collectively provide valuable insights into the internal structure of the snowpack and
its distribution of liquid water. Specifically, the LWC profile reflects the typical conditions in 2023 of the European alpine
snowpacks, where ice lenses were often present. Despite a significant amount of snowfall occurring in spring, the melting
process was hindered by the presence of these ice lenses, impeding the transport of water to the ground. Finally we can notice

how the Denothmeter is underestimating the superficial LWC as for WFJ.
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Figure 10. Snow profile at Schnalstal on 7 June 2023. Panel (a) displays the volumetric LWC profile generated using the melting calorimeter,
including its associated uncertainty calculated through Eq. (2). Panel (b) exhibits the LWC profile sampled with the Denoth. Panel (c)
illustrates the snow density associated with the calorimeter measurement points. In panel (d) in the end it is reported a scheme of the profile

since for that site no IR photos were available.

6 Conclusions

The potential of melting calorimetry for measuring snow LWC has long been overshadowed by misconceptions about its
accuracy.

This paper, challenged this perception by comparing the melting and freezing calorimetry techniques, focusing on their ap-
plicability for measurements in the field. Our findings indicated that the measurements obtained using the melting calorimeter
are still accurate enough for an meaningful analysis of LWC in the snowpack, offering at the same time notable practical advan-
tages. To support our claims, we had thoroughly examined and propagated uncertainties, encompassing not only instrumental
factors but also variations arising from the operational procedures and environmental conditions. As a result, we devised a field
protocol that effectively minimizes these uncertainties. The protocol includes specific instructions on the amount of hot water
to be used, its temperature, the size of the calorimeter, the masses involved, and other crucial details for controlling the uncer-
tainty during the experiment replication. This protocol was applied in two different test sites in Italy and Switzerland by two
different research groups with different melting calorimeters. The results, compared to independent measurements of dielectric
constant of the snow, showed how the application of the proposed protocol to the melting calorimeteric measurements is able
to properly track the wet front penetration inside the snowpack in an accurate way.

In conclusion, this research encourages the wider adoption of melting calorimetry as a valuable tool for quantifying liquid

water content in snowpacks.
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Code and data availability. The code to calculate LWC and its uncertainty from the melting calorimetry analysis will be made available

along with the code for generating the figures in the paper in a dedicated GitLab of the Snowtinel project.

Appendix A

In order to derive the calorimetric constant F, if information regarding the material and mass of the calorimeter cannot be
obtained, the heat-balance principle can be applied. In the literature, the calorimeter constant is typically determined using a
basic heat-balance principle (Jones et al. (1983); Austin (1990)). When warm fluid is mixed with cold fluid in the calorimeter
bottle, the heat lost by the warm fluid must be equal to the heat gained by the cold fluid and the bottle itself.

For the case of water, the heat-balance equation is given by:

Qhot water T Qcold water QContainer =0 (Al)
——
MpC(Ty —Tw) MC(Tf—-T.) MC.(Tf—Te)

Therefore we can obtain the calorimetric constant expresed in equivalent water mass as follows

_ Mu(Ty —Th)

="y ™ "

In this equation, M}, and T}, represent the mass and temperature of the hot water, while M, and T, represent the mass and
temperature of the cold water, respectively. By analyzing the uncertainty propagation of the measurements on E with the same

approach presented in 3.1 we can retrieve the uncertainty on the estimation of E, o g:

9E \? , 9E\* 9E\? 9EN? , [(9E\® ,
JE—\/(aMh> UMh+<8Mc> JIVIC—’_(aT’h) U'Th+<azjf> 0Tf+(671,> UTC (A3)

The partial derivatives in Eq. (A3) are calculated as follows:

OE  Ty—T,

oM, T.—Ty (Ad)
OF

oM, -1 (A5)
0B My A6)

T, T.—Ty
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oF - Mh(TC — Tf) + Mh(Tf — Th)

Ty (T. 1y )? A7
OE Ty —Ty
T, M(T.-Ty)? (A8)

It becomes evident that o g is strongly related to the difference T’y — T, which should be maximized. To achieve this, we
aim to maximize the difference between T and T}, while minimizing M .. However, in a hypothetical scenario with M. =5 g,
Mp =495 g, T. = 273K, T, = 373K, and F = 6.58 g, the uncertainty o associated with E is equal to 2.6 g, which is
approximately % of the value of E. Realistically, this experiment is challenging to conduct, primarily because it would be
extremely difficult to maintain thermal equilibrium for 5 g of water with the internal wall.

A possible mitigation of this problem, it is to use hot water and ice instead of water at different temperatures.

For the ice-water case, the heat-balance equation to retrieve £ becomes:

Qhot water T QContainer + Qmelting ice T Qcold water — 0 (A9)
——
MpC(Ty —Tr) M.C.(Ty—Tp) LM; M;C(Ty —T.)

From where we can derive E as follow:

M;(C;T; — L —Ty)

E:
C(Ty —1Th)

— M, (A10)

Here, M, and T; represent the mass and temperature of ice, while M} and T}, represent the mass and temperature of hot
water.

Also for this case we can propagate the measurements uncertainty and find the associated o g

6E22 8E22 8E22 3E22 3E22
UE_\/((?MZ) O'Ml+<a]\4h> U'A/[h'i‘((?,r}L) UTh+(((9Tf> O'Tf+(aTi> or, (A11)

The partial derivatives in Eq. (A11) are calculated as follows:

OE _ CTi—L-CT;

— Al2
oM, C(T;—Th) (A12)
OF

o = (A13)
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OE  M;(CiTi— L—CTy)

Al4
Ty, C(Ty—Ty)? "
OE  —CMy(Ty —Ty) — Mi(CiT; — L — CTy) (A15)
oT; ~ C(Ty —Tw)?
22 _ LQ (A16)

T, C(Ty —Tw)

Analyzing the error for this case, we observe that it is strongly influenced by the difference between Ty and Tj,. In a
hypothetical scenario with M, = 3009, M; = 200g, T}, = 373K, T; = 244.5K, and F = 6.58¢, the uncertainty o g associated
with E is equal to 1.6 g, which is approximately i of the value of E. This is still an high uncertainty, but unlike the water-water
case, this experiment does not suffer from the same limitations. Hence, if it is impossible to retrieve the exact mass and specific
heat of the calorimeter, the best way to estimate £ would be using hot water and ice. It is important to note that for both cases,
using ice and water at extreme temperatures would lead to noticeable heat dispersion in a short amount of time, making it
challenging to obtain exact temperature measurements.

Because of these reasons we destructively analyzed our calorimeters to estimate I using Eq. (5). Fortunatly this process has

to be done once, and other users can use E provided in the paper i.e., £ = 6.58g.

Appendix B

In this Appendix, we will show all the formulations partly presented in (Colbeck, 1978) that allows us to prove that the relative
uncertainty produced by the melting calorimeter on the estimation of the ice volume is one order of magnitude lower than the
relative uncertainty produced by the freezing calorimeter on the water volume.

We compute the relative uncertainty produced by the melting calorimeter on the estimation of the ice volume starting from

Eq. (2) in the main paper, written in terms of V:

C
W:ﬁ[Mw(Tw_Tf)_Ms(Tf_Ts)] (B1)
Hence, we compute the partial derivatives for each of the measured variables, by assuming k& = %:

aV; k
= —Mw
azjw Pi
aV; k
- _*(Mw‘kMs)
oy pi
oV; k (B2)
aV; k
S
BT pi( r—Ts)
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Table B1. Variable values used for the computation of the relative uncertainty produced by the melting calorimeter on the estimation of the

ice volume.
Variable Value Unit
C 42-10° | Jkg™'K™?
L 3.34-10° Jkg™!
pi 917 kg m®
M., 1.067 kg
Tw 313.15 K
Ts 277.04 K
M 0.5335 kg
T 273.15 K
and calculate the relative uncertainty >y, as sum of each term:
545 Y, — oV || Tw || dT n oV || Ty || dT n oV; || My || dTl oV, || M| |dT B3)
Vi oT, || Vi || Tw | 0T, || Vi || Ty | T |0My || Vi || M| " |0M, || Vi || M,
By simplifying, we obtain:
ov; | |dT ov; ||dT ov; | |dM oV, ||dM
Yy, = - e B4
V= lor, || ‘an v, +‘8Mw v, laMs v, B
By considering the values reported in Table B1, we obtain Xy, = 0.007426Kg. The values in the table are obtained by
considering a snow sample with M,, = 2- M,, V, = 1073m?3, V; = 500-10~%m3, V; = 75-10~%m? and V, = 425 - 10~%m?3.
550 Similarly, for the freeezing calorimeter we can compute the relative uncertainty on the estimation of the water volume
starting from the equation of Jones, Eq. (4) in the main paper, written in terms of Vyy:
V.= MOCO(TfO—TO)—|—MSCS(TfO—TS) (BS)
w pr
Hence, we compute the partial derivatives for each of the measured variables, by assuming k& = %:
Wy M,C,
oT,  pwl
WV  MyCo+ MCy
0Ty, wl
f P (B6)
A% _ Co(Tpo —1T,)
oM, Pwl
OV  Cs(Tyo—Ts)
oM, puwl
555 and calculate the relative uncertainty Yy, as sum of each term:
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Table B2. Variable values used for the computation of the relative uncertainty produced by the freezing calorimeter on the estimation of the

water volume.

Variable Value Unit
C, 1.83-10% | Tkg7'K™!
Cs 2.09-10° | Jkg 'K™*
L 3.34-10° Tkg™?!
Pu 1000 kg m®
M, 0.69355 kg
To 243.15 K
Tso 267.69 K
M, 0.5335 kg
TS 273.15 K
Sy :’8Vw T, d7T ‘8Vw Tto || dT ‘8Vw M, ||dM '8‘/“, M, dM E7
“ 0T, || Vw || To g0 || Vi || To OM, || Vw || Mo OM; || Vi || Ms
By simplifying, we obtain:
o :’8Vw g OV g ’8Vw dﬂ ‘8Vw d7M (BS)
“’ 0T, || Vi T || Viw OM, || Vi OM; || Vi

dM and dT are the instrumental uncertainties and are fixed to 10~ g and 0.1 K respectively. By considering the values
reported in Table B2, we obtain Xy, = 0.014809Kg that results twice the error Xy, calculated for the melting calorimeter.
The values in the table are obtained by considering a snow sample with M, =1.3- My, Vs = 1073m?3, V; = 500- 10~ %m3,
V; =75-10"%m3 and V, = 425 - 10~ %m3.
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