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Abstract

Measuring the amount of solid precipitation by nseafh a heated rain gauge leads to
systematic under-measurement because of under-gatiiiems. The magnitude of the
measurement error can be estimated by comparingrtiweint of precipitation measured by
the heated rain gauge with the increase in measum@d cover water equivalent (SWE). The
data used are the ones recorded at the obsertengfdiago Pilone (Piedmont, Italy) during
the winter 2008/2009. Before being used, SWE datachecked for consistency towards
manual observations. A model (SNOWPACK) is usedawfirm the rain gauge under-catch,
and the modelled precipitation is used as a referdn estimate the measurement error.
Threshold values for wind speed and air temperaaoeeused to explain the occurrence of
measurement error. Quite good relationships areddaetween the error magnitude, wind
speed and air temperature. By adding the error terthe measured value, the precipitation

data are reconstructed quite well.
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List of Symbols

Abbreviation Signification

LW Long-wave

SW Short-wave

SWE Snow water equivalent

Symbol Description Units
E Heating rain gauge error mm
H Snow height m

k Conversion factor

LWinjout Incoming or outgoing long-wave radiation wW.m?
Msn, Mass of snow kg
Peorr Corrected precipitation mm
Py Amount of precipitation recorded by the precipitatgauge mm
Preas Precipitation measured by the heating rain gauge mm
Py Sum of new snow SWE obtained from measuremengssmowboard mm
Qqr Ground heat conduction W.m?2
Qint Changes in snowpack sensible and latent heagstora W.m?2
Quat Convective exchange of latent heat with the atiesgp W.m?2
Qmett Loss of latent heat of fusion due to melt watawvieg the snowpack W.m?2
Qrad Net radiant energy exchange W.m?2
Qrain Rainfall sensible and latent heat W.m?2
Qsens Convective exchange of sensible heat with the gpimere W.m?2
Riet Net radiation at the snow-surface interface W.m?2
Ps Water density kg.m?*
SWiout Incoming or outgoing short-wave radiation W.m?2
SWE Snow water equivalent of snow mm
T Air temperature °C
Ven Volume of snow m’
Vi Volume of water represented by snow m?

w Wind speed m.s*
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| ntroduction

The Politecnico di Torino (Turin Polytechnic), faled in 1906, is one of the most important
school of engineering in Italy. It consists of &igols, 4 of engineering and 2 of architecture, Whic
spread over different campuses in Piedmont, ahddt18 research departments. There are around
28.000 students studying on 116 courses, therestafbof over 900 lecturers and researchers, and
around 875 administration staff. Besides, in th@®brecast balance, the income is 300 million
euros, 129 million of which are from the Ministetell'lstruzione Universita e Ricerca (Ministry for
Universities Education and Research). So, not gdmyPolitecnico is a teaching university with a
broad range of studies, including space, envirotraed land, telecommunications, information,
energy, mechanics, electronics, chemistry, aut@maslectrical engineering, industrial design, and
architecture and building, but it is also a researgiversity interested in the development of both
theoretical and applied research.

Among those 18 departments, there is the DITIC,dtepent of Hydraulics, Transport, and
Civil Infrastructures, which is divided in 4 labtoaes : one for theoretical and applied reseanch i
hydraulics and related disciplines, a centre fotemmlogy and hydrology, a roads laboratory and a
transport laboratory. So, it is concerned withaakas of hydraulics and transport, which include
fluid mechanics, fluvial, environmental, and mani& hydraulics, hydrology and water resources,
hydraulic and maritime constructions and layoutsads, railways, transport of goods and
passengers, safety and environmental impact ofspah systems. National and international
partnerships in research have led to many exchaagesng institutions for teaching staff,
researchers and post-graduate students. Moredwerddpartment undertakes many projects in

collaboration with regional, provincial and townuowils.

The following study is part of a research projeeteloped by the regional council of Piedmont
(Direzione Pianificazione delle Risorse Idriche. iDirection of Water Resources Planning), in
collaboration with the DITIC, which began two yeago. Its objective is to determine the amount
of water stored in the snow cover thanks to thevatmbn of two experimental sites, and to develop
indicators of the quantitative state of this watesource (Conoscenza della riserva idrica nevosa
anche attraverso l'attivazione di siti sperimentiimisura e messa a punto di indicatori dellocstat
guantitativo delle risorse idriche).

Knowing the snow cover water equivalent (SWE) ipamant for snow and water management.

For example, it helps to predict the amount of watieich would be available for agriculture during



spring and summer. It can also help to predictitbensity of possible floods during the melting
period.

This amount of water stored in the snow cover cofma® the different precipitation events
which occur during a winter. Each of these evedtisaa new quantity of water to the snow cover.
This quantity can be deduced from the height aeddémsity of the new snow layer. However, the
amount of water stored in the snow cover can bectlyr measured thanks to an instrument called
snow pillow which consists of a pillow filled withn anti freeze fluid, so that the amount of snow
laying on it can be converted into pressure vammatNevertheless, this kind of instrument is quite
expensive (around 4000 $) and its installation ot @asy. On the contrary, instruments which
measure air temperature, relative humidity, winelesly etc. are much more widespread. Therefore,
relating new snow density to some meteorologicahmpaters would permit the determination of
snow cover water equivalent in similar places wheresnow pillow is present.

On the other hand, the water equivalent of wintecipitations is frequently measured thanks to
a rain gauge which is heated, so that the solidiptation can be melted. However, such an
instrument provides data with a quite importantartainty. So, comparing these data to those from
the snow pillow - or later to those derived frommsorelationship between new snow density and
meteorological parameter - would permit to betstingate measurement errors from the heated rain
gauges. This last objective is the one retaineth®present study.

Nevertheless, some other points will be studiethag can also be of interest for this project.
Diurnal variations observed in measured snow deythbe looked more in details since the
evolution of this parameter allows the determinatadf the new snow layer height. Besides, a
method has been proposed to select periods witheasurement errors, but an approximation has
to be done. So, the validity of this approximataii be verified.

The two experimental sites which were chosen ago [Rilone (2320 m) and Limone Piemonte
(2020 m), both situated in the region of Piedmdtaly). At Limone Piemonte, because of early
snowfall during the winter 2007/2008, installingetisnow pillow was not possible. Moreover,
during the winter 2008/2009, the snow pillow emgtiaf its content, so that no SWE data are
available. For those reasons, this site will nostuglied. Regarding the site of Lago Pilone, tle ra
gauge was not heated during the winter 2007/2008& leading to inaccurate precipitation values.

So, the data studied are mainly the ones meastiteya Pilone during the winter 2008/2009.



|. Generalities about Snow

[.1. Snow Crystals: Formation and Variation

The snow-formation process requires three conditiarold air, moisture and airborne particles.
Subfreezing clouds, where liquid, vapour and seoi&der are present, are at the origin of snow, and

for them to exist, a mean for cooling is required.

a) Cooling Air Mass :
(Doesken and Judson, 1997)

The principal means to cool air to saturation idiftoit. There are several lifting processes,
operating independently or in combination.

The first mechanism is called orographic liftingjr. is forced upward over elevated terrain. This
phenomenon explains why sometimes one side of theéntains is covered by snow, whereas the
second one doesn’t record any precipitation.

The second process is due to warm fronts or coladtsrEigures 1 and 2, AppendiX) AWarm
fronts consist of warm air moving horizontally ahding lift over colder air, while cold fronts
consist of cool air pushing under warm air. Sinke boundary between cold and warm air is
steeper with cold fronts, lifting is more rapidateng to more intense snowfall, generally over a
smaller area and for a shorter duration than wehmvfronts.

The last important process is called convergermemapanied by a phenomenon of divergence
aloft : air mass converges towards regions of loesgure at the surface, and excess flows are
forced upward. It often results in widespread sradia/f

Nevertheless, air motions in the atmosphere areptxmand other processes can occur, for
example vertical temperature gradients may prodyeeard motions. Besides, by adding moisture
to the air, it is possible to reach the saturataiimout lifting processes. This phenomenon, called
lake-effect, takes place when warm water from lae®ceans evaporates into a cold air mass
above.

b) The Snow-Formation Process :
(Doesken and Judson, 1997)




Thanks to evaporation and transpiration from ocetalses, soil or plants, water vapour is
transported into the atmosphere. As air mass risespls and its capacity to contain water vapour
decreases. Once saturation conditions are reaersdr vapour condensates onto small particles
forming droplets. When the air keeps on coolingsthaj these droplets remain as liquid even if the
temperature is well below zero, thus obtaining swoeled droplets. At the same time, water
vapour changes directly into ice, which one is d#pd onto tiny particles called freezing nuclei.
For a specific temperature, vapour pressure ovégrvaaoplets is greater than the vapour pressure
over ice. Thanks to this, water molecules are fearesd from droplets to ice crystals, and as water
droplets get smaller, ice crystals continue to grtws forming snow. Then, when the mass of a
crystal is enough, it begins to fall through theutls. Sometimes it can collide with a super-cooled
droplet which instantly freezes on impact, thusatrg rimed crystals. However, many snow

crystals melt or evaporate before they reach thargt.

c) Variation in Snow Crystal Type and Size :

The snow-formation process is always the samegdbpéending on meteorological conditions,
the type of crystals that form chang€gg(re 3, Appendix A They can be classified in four general
types : needle, hexagonal plate, dendrite, hexagomlamn. Combinations of these types are
common and their frequency of occurrence dependsairorological conditions.

Experiments revealed that the type of crystal fatrdepends on air temperature : needles and
irregular crystals formed between -5 and -8 °C dgexal plates and columns near -9 °C, dendrites
at -14 to -17 °C, and hexagonal plates and colupet®y -20 °C (Gold and Power, 1954). In fact,
the type of crystal formed depends on the numbevaiér molecules which condense per unit of
area per second (aufm Kampe et al., 1951). Thiatguas proportional to the difference between
the vapour pressure over water and the vapourymeesser ice, which one varies with temperature.

Furthermore, it was noted that the degree of sapaation with respect to ice influence the
shape of the crystal (aufm Kampe et al., 195lipdteases as air temperature decreases, and leads
to crystals which look smaller and much simpleslape. It was also found that the particle used as

a nucleus doesn't influence the principal shapth@fmature crystal.



|.2. Density of Fresh Snow

One of the most important and useful charactessifcnew snow is its density. Indeed, it links
its volume and its mass, equal to its water mass;tware generally expressed in term of heights
(Equation J. It has to be noted that equation (1) is used@th a fresh snow layer and a complete
snow cover. So, knowing the density and the heijla snow deposition, its water equivalent can
be deduced. Typically, new snow density varies fidhio 350 kg.ri (Judson and Doesken, 2000).

Besides, it depends on many different parameters.

3] m V,, _ SWE [mm
1) p [kgm3|=—S01=p W =
() [ ] Ven WVsn H [m]

With mg,: Mass of snow deposition
Van:  Volume of snow deposition
Vy:  Volume of water represented by the snow dejoosit
Ps Water density
H: Snow deposition height
SWE : Snow water equivalent, i.e. snow depositeight after it has been melted

a) Influence of Snow Crystal Shape and Size :

Grant and Rhea (1974), and Power et al. (1964)aegmgd variations in new snow density
thanks to some physical causes. Crystal shapeemdks density as it controls the amount of air
entrapped between the individual snow crystals. tha reason, dendrites, which have spatial
extensions, produce the lowest densities, wheresglles, plates, and irregular crystals are
associated with higher density values. For a sjgesifape, variations are explained by the random
fitting together of the snow crystals as they setth the snow cover. Riming, by reducing inter-
crystal space, frequently causes higher densiéied, can increase it by 30 to 100 %. Likewise
crystal size influences density, with smaller caistproducing higher densities as they allow for

better packing.

b) Influence of Meteorological Parameters :

The first studies which were done concern the imlahip between air temperature and new

snow density. In general, new snow density seenfsat@ a parabolic dependency on surface air
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temperatures, with a minimum near -11 °C, a maxinitom -20 to -25 °C, and a considerable
scatter between -5 and -7 °C (Bossolasco, 19545 WMc et al. (1988) found a linear relationship
between site air temperature and fresh snow defsity.52), with density increasing when air
temperature increases. However the air temperatisess are greater than -10 °C, therefore the part
where density increases with decreasing air tenyreraan not be seen. Besides, regarding wind
speed and relative humidity influence on new snenstty, weak correlations have been found.

Moreover, Diamond and Lowry (1954) studied thetretaof new snow density to the upper air
temperatures. They found a linear relationship .64P when using the 700-mb temperature. A
good correlation was also found with the surfacgeanperature (r=0.50) as it is slightly below the
700-mb level, but no relationship was found betweew snow density and the 500-mb
temperature. Judson and Doesken (2000) also foulivtkar relationship (r=0.52), with a large
variability in densities at warmer temperaturesariand Rhea (1974) also studied the relationship
between the 700-mb temperature and new snow detsitya parabolic dependency was found
with higher densities at both the lowest and higkesperatures.

Furthermore, instead of taking into account airgernature only, Stashko (1976) also took into
account crystal size. He assumed that both crgttatture, related to air temperature, and relative
humidity can be represented by the size of thetakySo, classifying snowflakes by size, he found
for each category an hyperbolic relationship betweew snow density and surface air temperature
with quite good correlation coefficients, generdllgher than 0.80.

c) Elevation and Geographical Controls :

Grant and Rhea (1974) found a variation of densitly elevation for a specific mountain pass.
Greater densities are associated with lower elewsti which could be explained by a higher
frequency and degree of riming of the snow crydtllsg through the lower and warmer portions
of clouds. On the contrary, Judson and DoeskenQ)268amined new snow density distribution
from 6 sites in Colorado and Wyoming, and foundltdveest mean density at the lowest elevation
whereas the highest mean density was found athehggjevation. Simeral (2005) also studied the
relationship between density and elevation, butlaar pattern was found.

Judson and Doesken (2000) investigated the spatration of fresh snow density, that is to
say the relationship between density at one sitedamsity at a second site. It was found that the
correlation coefficient decreases with increasiigjatice between the two sites as snow climate is

more likely to be different. Grant and Rhea (19a&p explained variations in new snow density by



orographic influences and differences in the stomgin. So, the importance of considering the

scale in the analysis of new snow density was uineek:

In summary, it appears that new snow density iecadd by geographical and elevation
controls. However, new snow density is mainly esdiato snow crystal types and size, and also to
their degree of riming. Moreovedjfferent studies has been done to correlate fseslw density
with surface and upper air temperatures with deffémresults : either a parabolic relationship or a
non linear decrease in density with a decreasempérature. Besides, a relationship between new
snow density, air temperature, relative humidityndvspeed and snow surface temperature have
been proposed by Lehning et al. (2002) with a gited coefficient of determinatiorf€0.83), but
actually, very few studies have tried to correla®wv snow density with all meteorological

parameters.

[.3. Snowpack Energy Balance

To explain better snow cover evolution, it is nesegy to understand its energy balance which is
represented by equation (2) (DeWalle and Rango8200appears that the ground heat fluy iIQ
small in comparison with the other fluxes, andlsence of melt water in the snowpack, there is no
loss of latent heat of fusion . So, the snowpack energy balance is mainly godetethe
energy exchanges at the surface of the snow coeeQag Qsens Qat, and Quin. Furthermore, even
if rain on snow has an important influence on watewvements in the snowpack and on the water
retention characteristics of snow, the amount efrgy brought by rain is of minor importance. For

those reasons, we will focus on radiation and ti@riuexchanges.

(2) Qint = Qrad + Qsens+ Qlat + Qrain + Qgr + Qmelt

With  Q.g: Netradiant energy exchange
Qsens:  Convective exchange of sensible heat with thsphere
Qat:  Convective exchange of latent heat with theosiphere
Qnin: Rainfall sensible and latent heat
Qu:  Ground heat conduction
Qmer: Loss of latent heat of fusion due to melt widaving the snowpack
Qnt: Changes in snowpack sensible and latent hersigsio



a) Radiation Exchange :

The radiation exchange is the most important corapbof the energy balance, especially
during the day. For example, on prairies withowgatation cover, it can represent from 84 to 100 %
of the daytime surface energy input. Besides, taxtiatransfers have to be separated into two
energy balances, one for short-wave radiation, fondong-wave radiationEquation 3. Short-
wave (SW) radiation originates from the sun so thiatpresent during the day only. It consistaof
direct beam and a diffuse component. The long-waVveé) radiation originates from the sky and
the surrounded terrain and is present day and.nidt& other wavelengths represent less than 5 %

of the total incoming radiation, so that they aoé taken into account (Male and Granger, 1981).

(3) Rnet = SWn - SV\éut + I—Vvin - I-Vvout

With  Ruer: Net radiation at the snow-surface interface
SWiout : Incoming or outgoing short-wave radiation
LWinour: Incoming or outging lonc-wave radiatio

Regarding incoming SW radiation, the part whichHewt off the snow surface is the outgoing
component. The other part is absorbed by the snoface and penetrates the snow cover, thus
influencing the snow cover energy balance. The gggage of incoming SW radiation which is
reflected is determined by the snow surface alb&tis parameter can present a large variability
and mainly depends on snow surface characterisiicdecreases with wet and old snow, and it
increases with increasing grain size. A diurnalataon is also observed because of a variation in
snow reflectance with solar angle (higher at lowles of incidence). Besides, snow surface albedo
increases with cloud cover because of the multipfeection process between snow and clouds.
Finally, it has to be noted that because of thé laidpedo of snow, the radiation balance is mainly
governed by the long-wave fluxes (Male and Grant@81).

The incoming LW radiation coming from the sky isher transmitted through the atmosphere
or emitted by the atmosphere, principally by watapour, carbon dioxide and ozone (Male and
Granger, 1981). The other component, which coma® fthe surrounded terrain, is an important
part of the snow surface energy balance when iedlstopes are considered or when other emitting
surfaces are close (Pluss and Ohmura, 1996). Mergdur this range of wavelengths, the
reflectance of snow is nearly zero. Therefore,dbtgoing LW radiation is linked to snow surface
temperature only, that is to say to the StefanZBadétnn law applied to a grey corps. Furthermore,

the net LW radiation balance can be either positiveegative.



b) Turbulent Exchange :

Turbulent exchange is also an important componenhe snow surface energy balance, and
consists of both sensible and latent heat convedtizeWalle and Rango, 2008). Convective
transfer of sensible heat depends on the magnitumdethe sign of the temperature difference
between air and snow surface, but also on winddspeface roughness and stability of the air. It
causes large energy gains when air temperatureich tmigher than snow surface temperature, for
example in late spring, whereas it causes conwveenergy losses when the snowpack is warmer
than the air, i.e. during winter or at night durthg melt period. Regarding latent heat conveciion,
can also be positive or negative. Transfer of vagimm the snowpack to the atmosphere causes
loss of latent heat, due to evaporation when liquader is present, or due to sublimation when
subfreezing temperatures prevail. On the contratyen vapour contained in the atmosphere
condensates or sublimates onto the snowpack, energyded to the snow cover. Energy losses
generally occur during winter, whereas energy gares more likely to occur during melting
periods. Latent heat convection depends on therdifce in vapour pressure between snow cover

and atmosphere, wind speed, surface roughnesgaiility of the air.

|.4. Variation in Snow Cover Distribution

Snowfall variability is both a spatial and a temgdgghenomenon. From place to place, from
year to year, the amount of snow and snow coveatidur can vary a lot. Nevertheless, spatial and
temporal variations also appear at a small scateoAling to whether the area is exposed to wind
or not, according to whether a forest cover is gmesr not, snow cover characteristics and
evolution are not the same.

In windblown areas, the phenomenon of blowing sstnengly influences the snow surface
distribution. It consists of snow particles removexin the snow cover by wind and carried away
(Figure 4, Appendix A When vegetation or rocks protrude through thewgrack, it leads to
localized drift formation. Such a phenomenon isecatlrifting snow, and results in an uneven snow
surface. Moreover, blowing snow often leads to dumibn in snowpack mass. Typically,
sublimation of wind transported snow particles camove from 15 to 45 % of winter snowfall.
Blowing snow is enhanced by high amounts of sndwfaigh wind speeds and cold air

temperatures as they slow snow surface metamorpmshmelt (DeWalle and Rango, 2008).



On the contrary, in protected areas like foreste@ds variations in snow cover mainly result
from differences in canopy interception and windtdiround trees. Moreover, the presence of a
canopy has different consequences on the snowcsudaergy balance. A smaller part of the
incoming SW strikes the snow surface, but an ingrarpart of the LW radiation is trapped beneath
the canopy, so that the radiation balance at tlwsvssurface is nearly zero when a canopy is
present. Regarding turbulent heat fluxes, theygareerally smaller because of a higher atmospheric
stability. Those differences often result in longaeow cover duration in forested areas (DeWalle
and Rango, 2008).

II. Measuring Snow : Instruments and Problems

[1.1. Measuring Snow

To study new snow density or snowpack snow wataivatgnt, data must be available, which
implies that snow measurements have to be donemibog than 100 years, snow data have been
recorded manually, and more recently automated uneaents have been developed. Manual

observations are still used to verify automatedsuesd data.

a) Manual Measurements :
(Doesken and Judson, 1997)

Snow depth, defined as the total amount of old med snow on the ground, is manually
measured thanks to a simple ruler or to a gradyadst

To record the amount of new snow, a snowboard eamskd. It consists of a piece of plywood
or other material, painted white to reduce theuiafice of solar radiation. After new snow depth has
been measured, snow is removed and the snowboasktidlush with the snow surface.
Nevertheless, the amount of fresh snow is oftensorea just as rain, that is to say thanks to a rain
gauge.

Regarding snow precipitation, there are two wayshtain its water equivalent. The first is to
melt the contents of the rain gauge. Sometimesateterain gauge is used, which melts solid
precipitation as it falls. The second way is to tneebnow core taken from the snowboard with a

calibrated tube. Then, either the volume or theghteof the melted snow is measured, and using
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the section of the rain gage/calibrated tube,ntlwa converted into a water depth. So, knowing new
snow depth and its water equivalent, new snow tienan be deduced.

To determine the snow cover water equivalent, avstare is taken from the snowpack and as
previously, it is melted and converted into a wakepth.

Nevertheless, to allow more frequent observatiensn in some remote areas which can’t be
accessed easily, the automation of snow data tioltlebas begun in the 1970’s, and during the
1990’s, almost all human observers have been regplag electronic sensors.

b) Automated Measurements :
(Doesken and Judson, 1997)

Different instruments exist but only the most useds will be presented.

To record snow depth at a specific site, acoustigpdical sensors are widely usdeigure 1).
This kind of instrument consists of a transceivevdole mounted on a horizontal arm directly
above snow surface. It sends an acoustic or opsigalal toward an area on snow surface, and
measures the time required for it to do the roumg Knowing the wave velocity, the distance
between the sensor and the snow surface can bendietd, thus obtaining snow cover height.

New snow depth can not be automatically measutdws to be deduced from measured snow
depth evolution.

To measure precipitation water content, a rain gaisgstill used. Often if consists of a tall
standpipe charged with an anti-freeze mixture, wheslumetric contents is converted into a
calibrated depth. Changes in this depth reveahtheunt of precipitation. The instrument used can
also be a heated rain gauge completed with a meehgorocess. The liquid precipitation is
collected in a container mounted on a bascule. Whenveight is enough high, the container falls
over, sending an electronic signal. The number edforded signals provides the amount of
precipitation.

Regarding the snow cover water equivalent, it ingypally measured thanks to an instrument
called snow pillow Figure 1). It consists of a pillow filled with an anti-free fluid. Thanks to a
pressure transducer or thanks to the fluid level standpipe, the weight of the snow lying on the
pillow can be converted into an electrical readofgthe SWE. Moreover, increases in SWE
combined to increases in snow depth permit to dedegv snow density.

However, whether it is done manually or automalycaheasuring snow is not so easy and

various problems can occur.
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[1.2. Problemsin Measuring Snow

a) General Problems in Measuring Snow :
(Doesken and Judson, 1997)

The fact that variations in snow cover distributman occur has been underlined previously in
part I.4. Besides, the snow cover is a dynamigcstire, thus modifying itself with time. Because
of that, measuring snow accurately can be difficult

As just said, snow is a dynamic structure whicllee@s it lies on the ground. Depending
on meteorological conditions and on new snow dgngiis phenomenon, also called compaction,
would occur either rapidly or gradually. New snosvparticularly prone to compaction and can
undergo very fast changes. Moreover, snow oftertsnasl it lands because of warm soil or because
of warm air, wind or sunshine. These propertiesraw result in problems exclusively related to
manual measurements, which concern the time ofldlyeon which observations are taken, and the
frequency with which they are taken. Between a sewent and the time of observation, several

hours can have passed, so that the amount of new snoften under-measured. However, data
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about the whole snowpack are not affected and dhegonsidered to be quite reliable. Besides, the
influence of the snow observer has been reportegigs negligible.

Another problem which concerns both manual andraated measurements is caused by snow
cover spatial variability. Indeed, snow can eabityblown and redistributed by wind, sometimes
forming drifts or being completely removed from tund or the snowboard. So, to avoid this
problem and obtain accurate data, protected araas to be preferred. Another consequence of
blowing/drifting snow is the creation of an unewsow surface, making more difficult snow depth
measurement. Variations in snow melt intensity @iao lead to an uneven snow surface. Therefore,
when snow depth is manually measured, it has toedd on several points. When it is measured
thanks to an acoustic or optical sensor, it canl l@athe presence of spikes and unexplained
variations in the data.

Furthermore, problems in precipitation measuremantsreported. When the precipitation is
liquid, rain gauge accuracy is quite good. Howewehen precipitation is solid, under-catch
problems are frequent. Indeed, if the rain gaugeotsheated, a snowcap or a bridge can form over
the gauge orifice, thus reducing the amount ofipretion collected. Therefore, heated rain gauges
have to be preferred, even if under-catch problarasot totally eliminated.

So, to reduce measurement problem, the observiaghas to be carefully chosen. Besides,
manual measurements are considered to be quialesliand so do automated measurements under
certain conditions. For the instruments used ataligerving site, measurement errors are looked

more in details.

b) Errors in Precipitation Measurements :

Previously, the fact that rain gauges have to lseddehas been underlined. However, under-
measurements can still occur.

One of the most important problems encounteredlatead to wind. Indeed, it can deflect snow
particles trajectory so that they are not catchth®y gauge. The catch of total snowfall can be
reduced by 50 to 80 % because of wind (DeWalleRauago, 2008).

This problem can also be explained by the facthleating the gauge causes some convection of
the warmer surrounded air, which can prevent someev<crystals to be catch and may increase
evaporative loss (DeWalle and Rango, 2008). Lodgedo heating represent only a few percentage

of measured precipitation, and losses due to caiveecurrents are mainly expected for light
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snowfall during low air temperatures (Sevruk, 1988deed such temperatures lead to smaller

crystals, more affected by heating and blowing out.

Sevruk (1983) proposed a method to correct thieesseof measured precipitation which
consists of using a conversion facto2qqQation 4. The precipitation obtained from the snowboard
is supposed to be the actual precipitation, whetkasone measured by the rain gauge is the
erroneous value. Using linear regressions, he toaeélate this factor k to the average wind speed
on days with snowfall for a particular month, andtie portion N of snowfall which occurs on days
with mean air temperature less than -8 °C (exptess@bo of the precipitation gauge measurement).
However, for heated rain gauges, no relationshye leeen found between k and the average wind

speed, and only a weak correlation has been fauedist between k and N with r=0.45.

P
Pg
With  k: Conversion factor
Py: Monthly or seasonal amount of precipitationoreled by the precipitation gauge

Py Sun of new snow SWE obtained from measuremenia snowboarc

Besides, such a multiplicative factor which compées for the precipitation gauge under-catch
has also been used by Rohrer and Braun (1994). Wowehey explained that it might be
advantageous to use an additive correction ter@rmi@ted thanks to the comparison between the
rain gauge precipitation and the water equivalémesv snow measured on a snowboard.

Actually, it is also possible to correct the daithaut using a conversion factor, that is to say by
adding a term of error to the measured valleguétion 5. The term of error can be calculated

thanks to some relationship found between its ntagaiand meteorological parameters.

(5) F)COFI’ = Pmeas+ E

With P,,: Corrected precipitation
Pmeas: Measured precipitation
E: Heate( rain gauge err

c) Errors in Automated Snow Depth Measurements :

We will focus on the errors which can occur whemgsn ultrasonic snow depth sensor as it is

the one installed at the observing sites, andpeags that there are many different causes ofserror
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when using such a sensor (Brazenec, 2005). Thedis is related to how the sensor has been
designed and installed. Indeed, if the sensor tspegoendicular to the target surface, or if this

target is too small and reflects little sound, theasurement will be inaccurate. Besides, if the
mounting structure is not rigidly installed, highmals can make it shake, so that the sensor is not
able to accurately send or receive the signal.

Other problems can be due to climate factors.dfttnsducer is obstructed by ice or snow, the
sensor can not work. It the wind is too strongndy blow the echo out from under the sensor.
Moreover, problems often occur during snowfall drerw blowing snow is present. Instead of being
reflected off the snow surface, the pulse may Ifleated off the falling snowflakes, so that the
signal is scattered and unable to provide accwaiti. It has also been suggested that snowfall can
attenuate the sound pulse.

However, the most important errors are relatedht dnow surface state. Depending on the
surface structure, loose powder vs. hard packedt cfor example, snow depth can be
underestimated because the surface is a poortafleicsound or because the signal has penetrated
the snowpack. Finally, a rough or uneven snow serfean result in inaccurate measurements.
Indeed, it implies that over the target area sneypthl changes, and since the pulse is not always
reflected off the same part of the area, the medsanow depth can be different between two

consecutive measurements.

When using an ultrasonic snow depth sensor, it agphat measurement errors lead to both
small and large amplitude variability in the sendata Figure 2. The first one is inherent in the
data and can appear even with snow free conditibns.second one consists of occasional large
data spikes which are easily detected.

Large amplitude variability is mainly caused by wnorystal type (i.e. snow surface structure),
intense snowfall, presence of blowing/drifting snamd uneven snow surface. Besides, it especially
occurs during snowfall events since most of thdofacattributed to it are frequent during these
periods. It can also be noted that effect of bl@Adnifting snow can be minimized if the observing
site is sheltered from windfazenec, 2005).

Regarding small amplitude variability, it is mainBxplained thanks to variations in air
temperature. As said previously, an ultrasonic sdepth sensor sends a series of ultrasonic pulses
toward an area on snow surface, measures the ¢iquered for it to do the round trip, and deduces
the snow cover height thanks to wave velocity. Aty wave velocity is not constant and
principally depends on air temperature. So, medsaie temperature is used to correct the

ultrasonic wave velocity. However, this correctawesn’t seem to be enough since small amplitude
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variability in snow depth can be related to air pemature variations. In fact, it has been reported
that measured snow depth varies inversely with gasun air temperature, and that problems occur
in the hottest part of the day (Bergman, 1989)sTisiprobably due to an over-measurement from
the air temperature thermistor located in the traiver module, because of solar heating without
the benefit of ventilation (Huwald et al., 2009hig over-measurement would lead to a higher
calculated sound velocity, leading to a higheratise between the sensor and the snow surface,
finally leading to a smaller measured snow dep#sides, scattering in air temperature between the

transceiver module and the snow surface can aleotafl snow depth sensor accuracy.
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Figure 2 : Lago Pilone, Winter 2008/2009 : Zoom
Small Amplitude Variability in Measured Snow Depth

d) Errors in Automated SWE Measurements (Snow Pillow)

The primary cause of errors is related to changenmperature. Indeed, when the temperature
within the snowpack varies around 0 °C, melting egfdeezing occur, leading to formation of ice-
or crust layers. They act like a bridge, so thpag of the snow on the pillow is supported by the
surrounded snow, thus reducing the pressure opillbev and causing SWE underestimation. This
phenomenon is known as snow bridging (Sortebead; ,€2001).

Moreover, differences between the thermal propedfehe pillow and those of the surrounding
ground can lead to differences between the ratenofvmelt on the sensor and the one on the

ground surface. If the rate of snowmelt on the sersthe highest one, SWE under-measurement
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can occur (snow bridging). Conversely, if the @mitanowmelt on the ground is the highest one, the
surrounded snow load is partially transferred ottte pillow, thus resulting in SWE over-
measurements. Such errors can reach 40 %, evevh 20€he extreme.

Furthermore, it appears that snow pillow accuracgreater for high SWE values. Sorteberg et
al. (2001) reported deviation of £50 % between SindEh manual observations and snow pillows
in areas where the maximum SWE recorded is beldwn®®, whereas this deviation is only £20 %
in areas where the maximum SWE is above 300 mmy Hi® noted that there is a greater
difference between SWE from the pillow and manuaVsys during the melting period than during
the mid-winter. However, it would rather be dueldoal variations in melting intensity, or to
difficulties in taking good snow samples when snasv very wet. Finally, presence of
blowing/drifting snow at the pillows can produceces in measured SWE, first because it doesn’t
represent the actual snowpack SWE, and also betacae introduce variations which shouldn’t

occur.

Johnson and Marks (2004) proposed a method totdeteiods during which snow pillows are
supposed to give erroneous data, so that periotf®uti measurement errors can be selected and
new snow density will be studied only during thpseiods.

This method consists of observing simultaneoushnges in snowpack SWE, snow depth and
snowpack density. Snow pillow under-measurementirscevhen a decrease in SWE is recorded
while snow depth is constant or increasing. In tase, measured snowpack density decreases

(p=SWEH). Decreases in snowpack density are of courseilppessor example when a new

snow layer is added to the snow cover, neverthélesssshould correspond to an increase in SWE.
Likewise, over-measurement is generally chara@drisy an increase in SWE while snow depth
decreases. Such changes can be explained by ddmgification rate of the snow cover. However,
too high densification rate are not conceivable.

Besides, since measurement errors are found wleehabe of the snowpack is at the melting
point, another condition to detect them is thatshew temperature slightly above the soil must be
superior to a threshold. This temperature is sughds be a better indicator of snow cover thermal
conditions than the temperature at snow-soil iatefsince it remains at or close to 0 °C for long
periods. However, the snow temperature at a fewirneters above the ground is rarely available,
so that it is approximated by a temperature indéxch one is equal to the average air temperature
for the prior 24 h. Furthermore, it is assumed thater- or over-measurements occur only when the

snow cover density is superior to a threshold vath is to say when it is enough high for snow to

17



support shear stresses and bridge the sensor msfdraload to it. Table 1 summarises the

parameters used to detect snow pillow under- aed-measurements.

Undermeaserement indicator Orvermeasurement indicator Definition
Tipaen = Tinges Tingee =™ T pnres Tinaey SNOW cover temperaiie index (“C)
T e, Temperature index threshold
P = Pes B = Pinge 7 Average snow cover density (kg m™)
Paze, Average density threshold value
%ﬂ <D %—L -0 Dewz SWE (mm of water)
%‘-’i‘n SWE rate of change
smow -, [ T’”‘ =0 Dy SNOW depth (10
f‘mﬂﬂ-’- Snow depth rate of change
g do _ jdg g . sit
3 <0 ar = L jlr‘m 3y Awerage density rate of change
—. _
fr%)] Average density rate of change threshold
jS thres - i -

Table 1 : Parameterased to detect snow pillow under- and over-measargs
according to the method of Johnson and Marks (2004)

[11. Snow Cover Modelling : SNOWPACK

Before estimating heated rain gauge under-catchkthéo SWE, data must be checked for
consistency. Therefore, some manual measuremenésdeee at our observing site, three times in
a winter. It appears that the snow depth is quigédl measured by the snow depth sensor. On the
contrary, SWE and snowpack density from manual inggdare much higher than the ones
recorded, which would mean that the snow pillowaratieasures snow weigtiigures 4, 5, &
Such an evidence was already found for the seaB0W2008 at Lago Pilond-igure 3, Appendix
E). Hence, if the SWE data from the snow pillow dom@present the actual snow cover water
equivalent, estimating heated rain gauge undehcétmm this parameter would be incorrect.
Moreover, for the winter 2008/2009, when compar8\WyE data with those from the heated rain
gauge, it appears that the SWE measured from the& pilow and the cumulated precipitation are
in good agreement~{gure 5. The discrepancy is mainly due to very intensewdalls which
occurred around 14/12/08. This would confirm thathb SWE and precipitation are under-
estimated, unless one demonstrates the manual isgspb be unreliable. So, a software able to
simulate the snow cover evolution will be used, drile comparison between our data and those
from the simulation confirms the rain gauge undscik, it would be possible to estimate its
magnitude thanks to modelled data.
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The software chosen is called SNOWPACK. After aireare avalanche period on February
1999 in Switzerland, this software has been dewloBartelt and Lehning, 2002Lehning et al.,
2002;°Lehning et al., 2002 The aim was to provide avalanche forecastersrimftion about the
snow cover, when direct human observations aredetgerous or too time-consuming. Using
meteorological data and some other parameterssttigare is able to simulate the snow cover
evolution, that is to say snow depth, SWE, and @amk microstructure evolution throughout the
winter. So, not only this software helps avalantirecasters by providing them information on
snow microstructure, but it is also useful to estienthe snow cover SWE, parameter directly

related to the amount of precipitation.

[11.1. Generalities about the M odd

a) Numerical Model :
(Bartelt and Lehning, 2002; Lehning et al., 2002)

The model is a one-dimensional model, which assuhssmotions parallel with the slope and
lateral gradients (temperature and vapour pressuweezero. The snow cover evolution is modelled
thanks to four differential equations which govenass (air and water), energy, and momemtum
conservation. Phase changes like snow melting fseeang are taken into account, and the
boundary conditions at the snow-soil and at thewssurface interfaces can be chosen (either
Neumann or Dirichlet).

Besides, snow metamorphism routines, essentiallgrped by water vapour gradients, are used
to determine the microstructure of each snow layerthermore, snow viscosity and thermal
conductivity formulations are linked with both mascopic and microscopic snow properties
(principally grain radius and temperature).

Regarding surface mass and energy exchanges, tieegatculated thanks to existing or
improved formulations which use air temperatur@vssurface temperature and wind speed. Other
properties like snow surface albedo or new snowsitierare determined thanks to statistical
relationships derived from measurements at sorase gitthe Swiss Alps.

Furthermore, the amount of fresh snow is determaitter thanks to snow depth evolution or
to measured precipitation data and calculated mew glensity. In the second case, new snowfall
water equivalent (new SWE) is equal to the amodirgrecipitation, whereas in the first case it is

deduced thanks to new snow density. Besides, itdbs noted that when snow depth evolution is
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used to drive the model, the new snow height isutaled as the difference between measured
snow depth and snow depth expected by the model show event was occurred.
Examples of SNOWPACK interfaces are shown in AppeBd

b) Remarks about the Model Outputs and Model Sentsitivi

First, it appears that there are problems whenigitaton data are used as input. The most
important one is that modelled snow depth is alwaryderestimated, even after the precipitation
data have been corrected. It may be due an inapatepthreshold air temperature used to
determine whether if precipitation is solid or idRasmus et al., 2007).

On the other hand, when measured snow depth istoseth the model, snow depth is quite
well simulated for most of the simulations. Howewis observation is fallacious since measured
snow depth is used to determine increases in nemtishhow depth. Furthermore, discrepancies are
more important during melting periods where snoptlkas often overestimated. This may be due
to an underestimation of snow surface heat flugesthat the melting is too slow (Rasmus et al.,
2007). Another reason may be due to the factttiegasnowpack settling in the model is too fast, i.e
snowpack layers densify too quickly, so that toacinmass is added to the snowpack (Bartelt and
Lehning, 2002; Rasmus et al., 2007). This wouldl lEatoo high modelled SWE values, which is
frequently observed.

Moreover, the agreement between measured and raddibwpack structure varies. Actually,
only a few comparisons have been done. Besidespdssible that an observer and the model don’t
have the same description of the grain types, hArsddescription can also be different from one
observer to another.

Finally, it has been reported that manual obsewmatiand modelled data are more likely to
show good agreement when snow depth is quite homeoges, snow is relatively soft, and weather
is cold and dry. On the contrary, when the snowathermal, dense, hard and wet or melting, and

when snow depth is not homogeneous, the agreesigaherally poor (Rasmus et al., 2007).

Regarding the model sensitivity, it has been stlidig Rasmus et al. (2007). One by one,
several inputs have been modified, and the conseggeon the model outputs have been observed.
Modelled SWE and snow depth seem to be the mositsenquantities, followed by snowpack
structural characteristics (temperature, grain foand size) and snow cover evolution

characteristics (melt, duration, wetting).
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Furthermore, the inputs whose modification leadthtomost important changes include snow
depth, boundary conditions and radiation paransggan. On the contrary, using a constant albedo
or changing relative humidity, ground temperatureyw snow parameterisation, or residual water
content products minor effects on the studied gtiesit

Finally, it has been found that the model sensgijtilbecomes more important towards the

melting period, and so does the choice of the idjatét and boundary conditions.

[11.2. SNOWPACK [nput Parameters

a) Required and Facultative Inputs :

To use SNOWPACK, different parameters have to beiged. Some parameters are absolutely
required, others are facultativ€aple 3. The required ones are : air temperature, reddtivmidity
and wind speed. Moreover, at least incoming oreotfld SW radiation has to be provided.
Likewise, at least precipitation or snow depthaguired. The facultative parameters are : snow
surface temperature, incoming LW radiation, snow-saerface temperature (called bottom
temperature) and wind direction. Facultative unlabde parameters must be set to zero, for the

model to understand that they can not be used.

Compulsory Parameters

Air temperature
Relative humidity
Wind speed
Incoming and/or Reflected shortwave radiation
Precipitation rate and/or Snow depth

Facultative Parameters

What SNOWPACK does if the

Parameter . .
parameter is not available

Deduced thanks to the differential
Snow surface temperature equations governing snowpack mass,
energy and momentum conservation
Estimated thanks to air temperature and
relative humidity
Snow-soil interface temperature Assumed to be equal to -0.1 T
Wind direction ?

Incoming longwave radiation

Table 2 : Required and Facultative SNOWPACK InpaitiaD
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b) When an Input Parameter is not Provided :

Without air temperature, relative humidity or wisdeed SNOWPACK can not work. Indeed
those meteorological are often used during the Isitiom. They are used to calculate new snow
density, to determine sensible and latent heatefluat the snow surface, and to estimate snow
surface albedo if necessary. They are also uselktert rain events and calculate the amount of
energy they add to the snowpack.

Besides, it is possible to use either incoming eflected SW radiation or both. When both
parameters are available, snow surface albedoresttyi calculated, but when only one of these
parameters is provided, the statistical model edu® determine snow surface albedo so that the
second parameter can be deduced.

Moreover, SNOWPACK can use measured precipitatimiiax snow depth. If snow depth is
not provided, the amount of new snow is determiteahks to precipitation (when air temperature
is below 1.2 °C) and modelled new snow density.a&Ra#igg the amount of rain, it is determined
thanks to precipitation (when air temperature saggr than 1.2 °C). If precipitation data are not
provided, rain never occurs in the model, but tim@ant of new snow can still be known thanks to
snow depth evolution. When both precipitation anovs depth are available, the first one is used to
determine the amount of rain and the second odetermine the amount of new snow.

Regarding snow surface temperature, if it is nailable, it is considered as an unknown
parameter and is determined by solving the diffeg@mérquations governing snowpack mass, energy
and momentum conservation. For incoming LW radmtiohen it is not measured, it is estimated
thanks to air temperature and relative humiditysides, if bottom temperature is not availablesiit i
set to -0.1 °C. Finally, regarding wind directiahe use done by SNOWPACK is not clearly

understood. But we can think that if it is not gd=d, it is simply not used.

c) Problem of Missing Data :

As said before SNOWPACK requires several measuagdnpeters to work, but unfortunately
measurement instruments can have problems, and dataanay be missing. Nevertheless, when
replacing the missing data by -99.9, SNOWPACK canmun and keeps on doing the computation.
Depending on the parameter, a linear interpolasaone, the last measured data is used, or -99.9
is used as a valid datagble 3.
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What SNOWPACK does when some

Parameter o
data are missing
Air temperature Linear Interpolation
Relative humidity Linear Interpolation
Wind speed Last measured value used

Incoming and Reflected

shortwave radiation Linear Interpolation

Incoming longwave radiation Linear Interpolation

Snow surface temperature Linear Interpolation

Bottom temperature Linear Interpolation
Precipitation -99.9 used as a valid value

Snow depth Linear Interpolation

Table 3 : What SNOWPACK does when some Data aigngis

d) SNOWAPCK Initialisation :

Before doing a simulation, some site charactesstiist be precised, which ones include the
site latitude, longitude, and altitude, its slopegla, and the canopy height. An example of the
interface used to initialise the model is displapad~igure 1, Appendix B.

Regarding the snow cover, if there is snow on tloeigd at the date at which the simulation
begins, all its characteristics must be given. Théans that for each snow layer, we have to know
its date of formation, its temperature, its volunoetvater, ice and void content, but also the radiu
the sphericity and the dendricity of the grains.

Furthermore, one or more soil layers can be setthia case, the density, the thermal
conductivity and the specific heat of each soiklayust be defined. However, those parameters are
required only if a Neumann boundary condition igdust the snow-soil interface, in order to
calculate the heat flux through the ground. Whensaib data is provided, a Dirichlet boundary
condition is automatically used, which means thattnow-soil interface temperature is used as a

boundary condition.

e) Other Operating Parameters :

After having done the initialisation, other paraersthave to be chosen. An example of the
interface used for this step is displayed on Figyr&ppendix B.

As said before, the boundary condition at the ssavface interface can be chosen, i.e.
Neumann or Dirichlet. If the first one is choselme tmodel automatically switches to a Dirichlet

boundary condition when the snow surface tempegasiclose to the melting point : a threshold
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temperature is used and can be modified by the ug@wise, the boundary condition at the snow-
soil interface has to be selected if some soilfayave been described. In this case, it is passibl
adjust the value of the geothermal heat flux.

Furthermore, it is possible to choose which sicaifon of the atmospheric layer will be
assumed for the determination of the snow surfaessnand energy exchanges. For the same
reason, the model needs the height of the windosetige height at which other meteorological data
are measured, and the roughness length over snesidd3, the model can test for blowing snow
conditions (real erosion). Otherwise, only virtwabsion will be performed. A canopy module,
which takes into account the effect of the surrathdegetation, is also available.

Finally, the computation step length has to be ehodts value depends on the data
measurement time step and the accuracy wantedcdllypiif the data are measured every 30 min,

the computation step length is 15 min.

V. Results

[V.1. Choiceof the Input Parameters

Before doing a simulation, model inputs must beseimo However, this choice depends on the
parameters measured at the observing site butoalsbe data which are missing. The following
work was also done for the season 2007/2@¢@pHéndix

a) Measured Parameters at Lago Pilone during the W2@@8/2009 :

Table 4 shows the parameters measured at the aife Rilone during the winter 2008/2009.
They include a heated rain gauge and the standgisbes for air temperature, relative humidity,
and wind speed. Moreover, as one of the object¥élsis project is the determination of new snow
density, a snow depth sensor and a snow pillowpersent. Other instruments are also installed in
order to measure incoming and reflected SW radiatiosnow surface temperature, snow
temperature at the base of the snowpack, and sempetrature at 30, 60 and 90 cm from the

ground surface.
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Time Step Measured Parameters

Precipitation

Wind speed

10 min Snow surface temperature

Incoming and Reflected
SW radiations

Snow depth
30 min Air temperature
Relative humidity

Bottom temperature

4 h Temperatures at 30, 60 and

90 cm from the ground

Table 4 : Lago Pilone, Winter 2008/2009
Measured Parameters and their Frequency of Measentm

First it can be noted that the required data presholisted (lll.2.a)) are all measured at our
observing site, and so do some facultative parameidoreover, it appears that all the measured
parameters are not recorded with the same time stefhat the data have to be grouped together in
a single time step. Using a time step of 4 h wdei#tl to approximations which can be avoided by
using a smaller time step. Moreover, using a titeg as small as 10 min doesn’t seem of interest.
Therefore, a time step of 30 min has been choshis. fime step seems to be commonly used
(Bartelt and Lehning, 2002) and is also the moadhualt parameter. The rain rate is measured
every 10 min, so to have the value for a 30-miretstep, a sum is done. For wind speed, solar
radiations, and snow surface temperature, a meases. Regarding bottom temperature and snow
temperature at 30, 60 and 90 cm from the grounhseirwhich are measured every 4 hours, their
value is considered to be constant during the gfitwours. This approximation seems correct as
those parameters are quite constant during theenkioiter, that is to say almost unmodified during

a period of a few hours long.

b) Missing Data :

As said before, for the model to be run, missinadan be set to -99.9. Letting their value to
-99.9 is certainly the best solution if only a felata are missing. However, if a series of data is
missing, doing a linear interpolation or considgrihe data as constant is inappropriate and another
solution has to be found. So, to determine whethiesing data can be replaced by -99.9 or not, a
threshold number of consecutive missing data hdmetohosen. As input data are provided with a
30-min step time, the threshold of 10 values hanhehosen, which represents a period of 5 h.

Figure 3 represents, for each measured paramiegerepartition of the missing data for the winter
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2008/2009 at Lago Pilone. The total number of migsiata and the number of missing data which
can be replaced by -99.9 are shown in Table 5.

No data are missing for wind direction and incomingg-wave radiation as they are not
measured and set to zero. Besides, no data isnguifsi air temperature and relative humidity, and
except for snow surface temperature and snow dafittother missing data can be replaced by
-99.9 without introducing important errors. Furtimere, the region of Piedmont has precised that
getting back the missing data is not possible.

For snow surface temperature, missing data whichreza be replaced by -99.9 represent 4
periods which last 14 hours, 17 hours, 3.5 days2ihdays. Even if it is not very accurate, it is
conceivable to interpolate snow surface temperdturéhe periods smaller than one day, even for
the period of 3.5 days. However, it is really imgibte to do that for the period of 20 days. Another
solution could be to stop SNOWPACK, and to restawithout using snow surface temperature,
which means that this temperature would be caledléty the model. At the end of the missing
period, SNOWPACK can be stopped again and restaviddsnow-surface temperature set as an
available parameter. However, SNOWPACK has to hi@lized before each run. This means that
information about the composition of the each sheyer at the beginning of the simulation must
be manually given. But the number of snow layers loa greater than a hundred, and providing all

the data manually seems to be a waste of time.

Albedo =1 HHHHHE - - A HHH - - + #HF +HE &
Snow ternp 90crm 4 + +
Snowternp B0crm 4 + +
Snowtermp 30cm 4 + +
Snow depth 4 . +
Precipitation 4 +
Bottom temp 4 + +
Snow surftemp 4 + - HE +H + +
Inc LW Radiation 4
Refl S¥W Radiation 4 + 4+
Inc S Radiation 4 + +
Wind direction 4
Wiind speed 4 + + + + +
Relative hurnidity 4
Airtemp 1

0g.10.2008 14.11.2008 22122008 28.01.2009 07.03.2009 13.04.2008 21.05.2009

Figure 3 : Lago Pilone, Winter 2008/2009
Repartition of Missing Data between 08/10/08 antD6®9, Albedo Problem
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Total Number of Number of Missing

Parameter Missing Data Data which can be

Replaced by -99.9
Air temperature 0 0
Relative humidity 0 0
Wind speed 7 7
Wind direction 0 0
Incoming SW radiation 2 2
Reflected SW radiation 2 2
Incoming LW radiation 0 0
Snow surface temperature 1297 18
Bottom temperature 15 15
Precipitation 1 1
Snow depth 541 3
Temperature at 30 cm from the ground 15 15
Temperature at 60 cm from the ground 15 15
Temperature at 90 cm from the ground 15 15

Table 5 : Lago Pilone, Winter 2008/2009
Number of Missing Data between 08/10/08 and 08#6/0

Regarding snow depth, missing data which can notepéaced by -99.9 represent a unique
period which lasts around 11 days, at the end afl 2009, that is to say at the end of the winter
when snow events are supposed to be sparse. ¥ thassing data are replaced by -99.9, it is
obvious that it will introduce errors in the simtiba but actually, the simulation is not affected f
the prior months, that is to say for the period ave interested in. Besides, if the simulation is
stopped before a period of missing data, and testaxith precipitation data used to drive the
model instead of snow depth data, there is s@lgame problem with SNOWPACK initialisation.
Therefore, missing snow depth data are set to -&8he model will do a linear interpolation.

c) Aberrations :

When observing measured data, some aberratiorieward, and removing them before doing a
simulation may be necessary. Nevertheless, all unedsdata are not checked in details. For
example, too fast changes in temperatures or velatimidity can occur. However, correcting this
kind of error is not easy, so that they are noemakito account. In fact, only the most important
aberrations will be removed, that is to say thoke&kvare quite obvious. For the winter 2008/2009
at Lago Pilone, they concern three parametersw stepth, incoming and reflected SW radiations.

Regarding measured snow depth, negative valuesoanetimes recorded at the beginning and

at the end of the winter. Those values are simgpjaced by zero.
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Besides, it is also possible for measured refleStradiation to be greater than the incoming
one, which leads to snow surface albedo valuesrisup® 1 Figure 3. As it is physically
impossible, measured SW radiation data are deletexh this problem occurs, and considered to be
missing data (i.e set to -99.9). In fact, when ddimo simulations, one with those data set to -99.9
and another one with the original values, the peeges of change in modelled SWE and snow

depth are smaller than 1 %, which means that threessessurement problems are not very important.

d) Chosen Inputs :

The required parameters, like air temperaturetiveldumidity and wind speed, are given as
input. Moreover, as the objective is to determirmated rain gauge under-catch, measured
precipitation can not be used to drive the model smow depth must be used to determine the
amount of new snow. Besides, the effects of raismow cover characteristics are not negligible,
therefore it is chosen to provide both measuredipitation and snow depth. Furthermore, when
doing a simulation with only reflected or incomi8§V radiation used, it clearly appears that snow
depth evolution is not well simulated, and thangsboth incoming and reflected SW radiation is
better Figure 3, Appendix B So, this last solution is chosen.

Regarding facultative parameters, incoming LW raolies and wind direction are not measured,
therefore they are set to zero. Besides, snowhsi@iface temperature is measured so that it has
been chosen to use it. Actually, its value is abvad}1/-0.2 °C during the mid winter, and if it wer
not set as available, it would be assumed to baleéqu0.1 °C. This reveals that the availability o
this parameter is not very important. About snowasie temperature, to make up for the problem
of missing data, the model will be run without wgithis parameter. Moreover, simulations have
been done with the data from the winter 2007/2008go Pilone during which there is no problem
of missing snow surface temperature d&igyre 4, Appendix B When this parameter is provided,
it appears that until the beginning of the meltiguirsnow depth is better modelled when using a
Neumann boundary condition. Besides, it appearnsftiiasuch a boundary condition, having the
snow surface temperature or not leads to very sthalhiges in modelled SWE and snow depth (less
than 2 %). It implies that obtaining modelled daith a relatively good accuracy is possible even
without snow surface temperature. Table 6 sumnmatise parameters used to do the simulation for
the winter 2008/2009 at Lago Pilone, more details loe found on Figures 1 and 2, Appendix B.
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e) SNOWPACK Initialisation :

Site characteristics which are unknown are assumée equal to the default values. Latitude,
longitude and altitude are known. As the site igegfiat, it is assumed that the slope angle i® zer
Moreover there is no vegetation right nearby theeoling site, therefore the canopy height and the
leaf area index are set to 0.0, and the direcutihrtall is set to 1.0. Regarding the snow cover, if
there is snow on the ground at the date on whiehstimulation begins, all its characteristics must
be given. Actually, having all these parametersaspossible. That is why it has been decided to
start the simulation when there is no snow on tioeigd (i.e. 08/10/08). Furthermore, one or more
soil layers can be set, but soil composition anbdoperties are actually unknown, so that no soil
layer is described.

f) Other Operating Parameters :

After having initialised the model and chosen whiceasured data will be used, other choices
have to be made.

First, it appears that when the snow-surface teatpes is not available, modelled SWE and
snow depth are the same whatever the snow-suriteréace boundary condition is. Indeed, in both
cases, the snow-surface temperature used is theabmdated thanks to the differential equations,
so that using a Neumann or Dirichlet boundary cimdileads to the same outputs. However, since
a choice has to be made, a Neumann boundary camdgi arbitrarily chosen. The threshold
temperature required to switch to a Dirichlet baanydcondition has no consequences in this case
and is therefore let to its default value.

Since no soil layer is described, the Dirichlet thaary condition at the snow-soil interface is
automatically selected and the geothermal heatdauxnot be modified.

Regarding the stratification of the atmosphericetaypecause of a lack of knowledge in this
field, the default value is used. Besides, the tegd the wind sensor is known (6.8 m). For the
height at which other meteorological data are megkihe height of the air temperature sensor is
chosen as it is one of the most useful paramet@mg.

Moreover, it is recommended not to use the bloveimgw module when no snow depth data are
available, but since snow depth data are provitldths been chosen to use this module. On the

contrary, the canopy module will not be used. Inklétds of no interest at a site without canopy.
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Finally, since the meteorological data are measekenty 30 min, a calculation step length of

15 min was chosen.

Air Temperature
Relative Humidity
Wind Speed
Incoming and Reflected SW Radiations
Bottom Temperature
Precipitation per Meteo Step

Measured Parameters Used
for the Simulation

Snow Depth
. Measurement 30 min
Time Step - -
Calculation 15 min
Slope Angle 0
T Canopy Height 0
Initialisation
Number of Snow Layers 0
Number of Soil Layers 0
Determination of New Snow Amounts Thanks to Snow Depth Evolution

Boundary Condition Used at the
Snow-Surface Interface
Blowing Snow Module ON

Canopy Module OFF

Neumann (Choice without consequences)

Table 6 : Input Data and Parameters Used to RuriMioeel

IV.2. Comparison between Measured, Modelled, and Manual Data

a) Snow Depth :

Model results are reported in Figure 4. By lookiigthe graph, it emerges that during the
accumulation periods, the modelled curve mergels thié¢ measured one since this last one is used
as a reference to determine new snowfall. On timraxy, some discrepancies are observed during
melting periods. This condition is very frequers, said in part Ill.1.b), and prevents the model
from detecting some new snow events. Moreover,nduthe period of missing data, measured
snow depth is assumed to decrease linearly, smévatsnowfall can not be detected by the model.
Because of this, modelled SWE is maybe a bit sm#in it should have been, but as said in part
IV.1.b), since this problem occurs at the end ef winter, the modelled data for the prior months
are unaffected.

Regarding manual measurements, they show a quibel ggreement with modelled and
measured snow depths, even if manual data showath gnder-measurement. This can be due to
variations in snow cover height, leading to diffezves between data from the sensor and from

manual observations. Besides, it has to be notadftin a specific date of observation, the three
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readings give three distinct values. These undersomements might also be due to snow

compaction during snow cores sampling.

b) SWE:

Regarding the snow cover water equivalent, the flextiene is much higher than the measured
one (around 2.5 times higher), which would supplet assumption of both a snow pillow and
heated rain gauge under-measureméijufe 5. Indeed, even if it has been reported that
SNOWPACK often overestimates SWE, such a differeoae not be due to this fact only.
Moreover, the measured and modelled curves have ordess the same shape, which implies that
even if they have a different magnitude, changeSWE are quite well modelled. Nevertheless, the
new snow events, which are not detected becaus®délled snow depth evolution, are therefore
not present in modelled SWE. Besides, the diffezdmetween the two parameters is detected right
from the beginning of the simulation and is almmmtstant during the whole winter.

Furthermore, it appears that not only modelled Sgviiguch higher than measured SWE, but it
is also higher than manual values. Nevertheleselation to those manual SWE, the difference is

guite reasonable, and might be attributed to thdehsystematic overestimation.

300 -

250

200

150

Snow Depth (cm)

100

Missing Snow Surface Temperature Data
Mizsing Snow Depth Data

50 Modelled Snow Depth
Measured Snow Depth
Manual Measurement

%.10.2008 14.11.2008 22.12.2008 28.01.2009 07.03.2009 13.04.2009 21.05.2009

Figure 4 : Lago Pilone, Winter 2008/2009
Comparison between Measured and Modelled Snow Depth
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Figure 5 : Lago Pilone, Winter 2008/2009
Comparison between Measured and Modelled SWE
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Figure 6 : Lago Pilone, Winter 2008/2009
Comparison between Measured and Modelled Snowpankify
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c) Snowpack Density :

First it has to be precised that modelled snowglsrisity is calculated thanks to modelled SWE
and snow depth. Besides, remarks about the snoer aensity are quite similar to those about
SWE : measured and modelled snowpack density leeveame evolution but the one modelled is
around three times higher than the one meastiigdre 6). This kind of result was expected since
for a specific snow depth, snowpack density is dfliye proportional to snowpack SWE
(p=SWEH).

Besides, the agreement between manual measureamehtsodelled snowpack density is good.
Indeed, modelled SWE is higher than the one fronrmuahobservations, but so does modelled
snow depth, so that snowpack densities are alrhestame. The discrepancy is more important for
the first observation of the winter : modelled SVEEtill higher than the one from the readings but

snow depth readings are much closer to the measdiatad

d) Remarks about the Last Manual Observation :

Regarding SWE, the last manual observation (in Mantust be looked more in details. Indeed,
the two first readings follow quite well modelledV&, whereas the last one shows a decrease in the
snow cover SWE which doesn’t occur according tontloelel. Besides, this decrease doesn’t appear
in the data from the snow pillow. But it can beeatbthat the higher value of the third sounding is
almost equal to the smaller value of the secondhdiog, and even slightly superior. Such an
observation is in good agreement with evolutiorboth modelled and measured SWE. So, this
unexpected decrease in SWE showed by manual dafat mliso be explained by difficulties in

snow sampling because of variation in snow covetridution.

IV.3. Comparison between Measured and Modelled Precipitation

So, the simulation done with SNOWPACK confirms ti®WE and precipitation are really
underestimated by the measurement instrumentsh€xe tpremises, it is now possible to focus on
the heated rain gauge error. But before studymgiagnitude, we have to look more in details the
way the model detects precipitation events. On ploisit, even if it has been said that changes in

SWE are quite well modelled, several problems dmserved when comparing the measured
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precipitation with the one from the moddtigure 7. The most evident is that measured and
modelled new SWE have quite different values. Meeepit appears that the model records new
SWE whereas no precipitation is measured. In theviing of this study, the data referred as input
data correspond to those provided to the model redsethe output data correspond to those
modelled by SNOWPACK. Moreover, since there ardl stome doubts on the manual

measurements accuracy, they will not be used a$eeence. Therefore, even if modelled SWE is
certainly over-estimated, we assumed that eaclewaiiunodelled new SWE represents the actual

amount of precipitation.

) ..HHH o .” .h W

Precipitation (mm)

MWissing Snow Depth Data

I Input Precipitation
I Output Rain
Output Mew SWE

W 105008 14.11.2008 22122008 78.01.2004 07.03.2008 13.04.2008 71.05.2004

Figure 7 : Lago Pilone, Winter 2008/2009
Comparison between Measured and Modelled Precipitat

a) Rain with Air Temperature below 1.2 °C :

Previously, it has been said that the amount of seaw is determined thanks to snow depth
evolution, and the amount of rain thanks to inpetpitation. It would mean that precipitation data
are used only when air temperature is greater thariC, and that when air temperature is below

1.2 °C, the model doesn’t take into account theutngrecipitation. To verify this assumption,
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measured precipitation data are replaced by fdtelata, i.e. precipitation values are set to 0 when
air temperature is below 1.2 °C. If the assumptsgorrect, doing a simulation with the filtered
precipitation should lead to the same outputs awthe original input precipitation is used.

In fact, by doing so, even if they are small (lédssn 0.4 %), changes in snow depth and SWE
are found. This is explained by the fact that wiising the original precipitation, 7 output rain
events are found with air temperature below 1.2 é@&nts which have been removed by the
filtering. Air temperatures range from 0.4 to 1@ When such events occur. More details can be
found in Table 7. The filtered is applied againhwé threshold temperature of 0.4 °C, so that the
prior events are not preserved. It appears thatettemblsnow depth and SWE are exactly the same
as the ones obtained thanks to the original pratiph. Moreover, it can be noted that the amount
of rain measured and the one detected by SNOWPAE€Kxactly the same, except for the prior
events where the modelled rain rate is twice sm#ikn the measured value.

No explanation has been found but since there rgeaofew events, it seems correct to say that
when air temperature is below 1.2 °C, measuredigtaton is useless. It implies that the
measured precipitation doesn’t influence the medehew SWE, that is to say the study of the
heated rain gauge error. This fact is confirmedthmy following observation, that is to say the

presence of modelled new snow events even if nciptation is the measured by the rain gauge.

Modelled Rain Events with Air Temperature below IC2
Date 01/11/08 | 02/11/08|07/11/08| 08/11/08| 09/11/08| 28/03/09| 06/06/09
Hour 13.30 10.00 | 14.30 | 15.00 | 15.30 | 13.30 | 15.30
Air Temperature (°C) 1,1 1,1 0,9 0,4 0,9 1,1 0,8
Measured Precipitation (mm) 0,8 0,6 0,2 0,4 0J6 0|4 3.8

Modelled Rain (mm) 0,4 0,3 0,1 0,2 0,3 0,4 1.4
Modelled SWE from New Snow (mnj) 0,0 0, 0,/ 0,0 0,0 0j0 0 0

Wind Speed (mY 2,7 4,2 0,0 0,3 0,9 1,6 3,1
Relative Humidity (%) 98 100 85 68 76 80 96

Table 7 : Lago Pilone, Winter 2008/2009
Modelled Rain Events with Air Temperature below°C2: Details

b) Snow Events Detected by the Model while No Preafjt is Measured :

As just said, it appears that even if there is rexipitation measured by the heated rain gauge,
new snow can be detected by SNOWPACK. Actuallywsdepth data are used to drive the model.
So, an increase in snow depth can be interpretedreesv snow event. However, we can wonder

why the heated rain gauge doesn’t record any ptatigm. Before the 22/11/08, the rain gauge was
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not heated. Therefore, to eliminate under-catcllpros due to this fact, events which occur before
this date are not taken into account.

Such a problem occurs 83 times during the winted82Z009. A first explanation for this
problem could be found thanks to the rain gaugeibgity which is equal to 0.2 mm. So, if the
new SWE is smaller than 0.2 mm, a snow event odmuirsio precipitation is recorded. However, it
appears that when the problem occurs, the new S§trdined by SNOWPACK is always higher
than 1 mm and can even reach 15.5 mm. So, thegmoisinot due to the rain gauge sensibility.

However, it is known that wind can reduce the caictotal snowfall. So, if the wind is strong,
it is possible that the heated rain gauge doesntird anything. Among the events where new SWE
is detected by the model but no precipitation isasueed, the ones with wind speed superior to
4 m.s' represent 29 % of the events. For those events] speed is between 4 m.and 8 m g,
and the average value is 5.9 T(std dev 1.3 m3¥.

Furthermore, in order to melt solid precipitatidime rain gauge is heated. A resistance is used
but it is not directly on contact with the gaugectdally, the surrounded air is heated, which can
enhance the evaporation loss and especially theopienon of blowing snow out due to convective
currents. Besides, when air temperature is very, bus possible that the surrounded air is not
enough heated, and that the solid precipitatiamoistotally melted, which can lead to a partial or
total obstruction of the heated rain gauge oriicel cause under-catch problems. The rain gauge
constructor indicates that the instrument works famperatures superior to -30 °C

(http://www.cae.it/it/stazioni.php but the region of Piedmont has reported thatfuiydions

appeared for air temperatures around -10 °C. S@s @ssumed that problems due to low air
temperature can occur when air temperature is be®WC. The events selected in this way
represent 73 % of the total events, for which emperature is between -14.5 and -5.2 °C, with an
average value of -8.7 °C (std dev 2.4 °C).

In summary, 8 % of the events are only caused Imgl\wpeed superior to 4 rit,$53 % are only
caused by air temperature below -5 °C, and 20 %cauvsed by both strong wind and low air
temperatureTable §. So, when the model detects a snow event buth¢aged rain gauge doesn’t
record any precipitation, 81 % of the events canelplained by high wind speed, low air
temperature or both. Besides, it seems that eamrsmore likely to occur because of low air
temperatures, and that they are more important velretemperature and wind speed effects are

combined Figures 1 and 2, AppendiX)C
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Thresholds values

Wind speed 4 m.s-1
Air temperature 5C
Events explained
By high wind speed only 8 %
By low air temperature only 53 %
By both hlgh wind speed and 20 %
low air temperature
Total 81 %

Table 8 : Lago Pilone, Winter 2008/2009
Modelled Snow Events while No Precipitation is Mead : Explanation

IV.4. Heated Rain Gauge Error

a) When No Precipitation is Measured by the Heated [&ziuge :

For the prior events, the relationship between vapéed/air temperature and the magnitude of
the measurement error can be studieigures 3 and 4, Appendix)CThe relation proposed by
Sevruk (1983) can not be used as the measuredppation is zero. Therefore the difference
between modelled and measured precipitation, exleas heated rain gauge error, is used. Linear
regressions lead to weak correlations between thgnitude of the error and wind speed or air
temperature, and so does the multiple regressiesidBs, when using a logarithmic regression, the
correlations with wind speed or air temperaturessiteweak (f=0.28 and=0.02), but when doing
a multiple regression, a quite good relationshifpisid with £=0.43 Equation §. The p-value for
each coefficient, which ones are all significana & % level, can be found in Table 1, Appendix C.

(6) IN(E) =0.136 w+0.049T +0.890

With E: Heated rain gauge error, i.e. differenebveen modelled and measured precipitation (mm)
w:  Wind speed (m3
T: Air temperature (°C

Nevertheless, when no precipitation is measureowkmy if precipitation has occurred or not is
rather difficult. Therefore, the transposition bétprior relation to less instrumental sites (@ely

rain gauge) is not straightforward.
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b) When Some Precipitation is Measured by the Heated Bauge :

When precipitation is measured, correcting the datthe basis of meteorological parameters is
possible. Therefore, the measurement error canob&onted to wind speed and air temperature
(Figures 5 and 6, AppendiX)Qf a relationship is found, the measurementreconld be estimated,
and the measured data could be corrected thanksjuation (5). Besides, as previously, the

precipitation events which occur before the rainggais heated are not taken into account.

First, linear regressions were done, but it appélaas correlations are better when using
logarithmic regressions. One negative value, cgupimoblem with the logarithmic function, was
removed. Only weak correlations are found witht@mperature {x0.16), whereas the relationship
between the logarithm of the error and wind speegliite good @=0.50). Besides, it is even better
doing a multiple regression with both wind speed ain temperature %0.56). The regression can
also be done with other meteorological parametkesrélative humidity. When doing a regression
with this parameter only, no result is found. Besidnultiple regressions which use air temperature
and relative humidity at the same time lead to fatiehts of correlation a bit higher, but also ttn
significant p-values. Actually, it is due to a plain of multi-collinearity since a good linear
relationship can be found between these two pammé¢air temperature and relative humidity).
Nevertheless, doing a multiple regression withtnegahumidity and wind speed leads a better
correlation than when using wind speed onfi 0.52). Finally, the multiple regression between
wind speed, air temperature and the logarithm efdfror is the one retained since it shows the
higher £ value and the smaller p-valuégiation . The p-value for each coefficient can be found

in Table 2, Appendix C.

(7) IN(E) =0231w + 0056T + 0.463

With E: Heated rain gauge error, i.e. differebetveen modelled and measured precipitation (mm)
w:  Wind speed (m3
T: Air temperature (°C)

c) Data Correction :

Since quite good relations were found, correctimg precipitation data is possible. The snow
events, which are modelled and also measured,carected using equations (5) and (7), while the

ones which are modelled but not measured are ¢edesing equations (5) and (6). Modelled data,
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which are assumed to represent the actual pretgpitaand corrected data are confronted on Figure
8. Figure 7, Appendix C shows the measured, matielled corrected precipitations during the

whole winter. It has to be underlined that the srements which occur before the rain gauge is
heated (20/11/08) can not be corrected since tleega taken into account in the correlations.

By looking at the graphs, it appears that for thenés with modelled precipitation superior to 8
mm, the corrected precipitation is quite small@ntthe modelled one, but it is also much higher the
measured oneF{gure 7, Appendix L Actually, those events correspond to the vertgnse
snowfalls which occurred around 14/12/08 and lethdiscrepancy between data from the rain

gauge and data from the snow pillow. Otherwise ptieeipitation is quite well corrected.

Corrected New SWE (mm)
Corracted New SWE (mm)

[} 8
Modelled New SWE (mrm) Modelled New SWE(mm)

Figure 8 : Lago Pilone, Winter 2008/2009
Comparison between Modelled and Corrected Predipitawhen Some Precipitation is Measured
by the Rain Gauge (left) and when No PrecipitatioMeasured (right)

IVV.5. Additional Work

a) Diurnal Variations in Measured Snow Depth :

When observing the curve representing measured siepih, it appears that oscillations are
frequent. They appear at a small temporal scaken evhen no snow event occurs. The technical
characteristics of the snow depth sensor are igoac= = 1.5 cm max, sensitivity = 0.1 cm. So,
oscillations of 1 or 2 cm each 30 min can be exygldi However, changes more important can be
recorded : increases or decreases of 5 cm in 30ameimquite frequent, and they can even reach
more than 10 cm. Therefore, those changes have &iudied more in details. Previously, it has
been said that such a phenomenon is often obsanc&dome causes have been proposed : because

of solar heating, temperature would be over-medsudi&ring the day, leading to decreases in
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measured snow depth. So, the objective is to vérifye explanations already found are valid for
our data. The period chosen is included betwee®3009 and 26/03/09. During these two weeks,
both measured and modelled precipitations are zothat they can not be the cause of the
observed variations.

First, when comparing snow depth variation to clesngm snow surface energy balance, it
appears that they are inversely related : wherettexgy balance is positive, that is to say when
energy is added to the snow cover (i.e. duringddw), snow depth shows a decredsgyre 1,
Appendix D. Moreover, observing both snow depth and air &majoire variations, it appears that
they are also inversely relatefigure 2, Appendix P So, it confirms that oscillation in measured
snow depth is a diurnal phenomenon which may lseaelto solar heating. In this case, the sound
pulse velocity is corrected with a temperature Wwhloesn't represent actual air temperature. This
would support the explanation of a snow depth wmdeasurement because of a too high air
temperature measured at the snow depth sensor.

Besides, the same observation is done when doegdimparison with changes in snow surface
temperature as it is directly linked with snow sid energy balanc€&igure 3, Appendix P It can
be noted that this temperature is often close 1€ @uring the days for the period studied, so that
snow surface characteristics vary, especiallyllied which decreases with wet snow. Therefore,
the amount of reflected SW radiation might be ashialler, thus reducing the sensor heating, but
the pulse is more prone to penetrate the snowplagk,leading to snow depth under-measurement.

So, variations in snow depth are quite well ex@dinThe next step could be to look more in
details the relationship between changes in aiptgature and changes in measured snow depth, so
that the oscillations can be removed from the datahis case, the detection of new snow events
thanks snow depth evolution would probably be maceurate. Therefore, without using a
numerical model and when no precipitation is measiny the rain gauge, it would be possible to
know if precipitation should have been measuredamhount could be estimated by equation (6) for
example, so that the data from the rain gauge cbelthetter corrected. Regarding the modelled
data, they may not be very affected by this noiseesthe model already includes a control routine,

which one eliminates spikes and uses maximum clsangaow depth.

b) Selection of Events without Measurement Errors :

The method proposed by Johnson and Marks (20044det®ct periods during which

measurement errors can occur has been applied thatai (Allamano, 2009). This method requires
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that the snow temperature a few centimeters abdowground, if not available, is approximated by
the average air temperature during the prior 2Athour observing site, this temperature is not
measured so that the approximation has been darethb bottom temperature and the snow
temperature at 30 cm from the ground are availaldterefore, to try to valid this approximation,

24h-average air temperature will be compared téobotemperature in a first time, and to snow

temperature at 30 cm from the ground in a second.ti

Comparison : 24h-average air temperature / bottemperature

First, it has to be noted that when there is nonspa the ground (October and June), the
temperature measured at the ground level almostsmonds to air temperature. But those data are
not of interest since snow-pillow measurement sroan not occur when there is no snow layer.

Then, as expected, it appears that bottom temper&ualmost constant during mid-winter,
from December to MayHigure 4, Appendix D Its value is either equal to -0.2 or to -0.1 #@jch
means that even if 24h-average air temperaturegelsaa lot, bottom temperature doesn’t change.
Besides, snow depth is always higher than 50 cmceSsnow is a good insulator, it can explain
why bottom temperature is not influenced by airgenature. So, when snow depth is high enough,
no relationship is found between the 24h-averagteaiperature and the temperature at the base of
the snowpack.

During the period of snow cover formation (Novenmbbottom temperature range from -0.8 °C
to 0 °C, for a mean value of -0.2 °C. In fact, a®rs as snow begins to accumulate, bottom
temperature is almost constant. So, it is possleonsider that as soon as there is a fresh snow
layer on the ground, bottom temperature is notigriced by air temperature.

Finally, during the end of the melting period (esfdViay), bottom temperature is not constant
any more. It varies a lot, and can reach valuekdrithan 10 °C, even up to 23 °C. However, snow
depth is still around 40 cm when bottom temperab@gins to vary. It may be explained by the fact
that snowpack has begun to melt, so that it cositaiare liquid water and becomes less insulating :
bottom temperature is more easily influenced byairperature. Nevertheless, no relation between

bottom temperature and 24h-average air temperatur®e foundKigure 5, Appendix P

Comparison : 24h-average air temperature / snowptemature at 30 cm from the ground

As previously, the data are not taken into accoumn snowpack height is below 30 cm since

the measured snow temperature at 30 cm from thendralmost corresponds to air temperature.
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For the other data, four remarkable periods aremks : one where snow temperature varies
below 0 °C, another one where this temperatureugiddincreases and comes closer to 0 °C, a
third one where it is constant, and a last one @/teraries a lot Kigure 6, Appendix D

The third period (April and May) is not of intereas the snow temperature is constant.
Likewise, during the second period (from the endetember to the beginning of April), the snow
temperature changes very slowly, so that it isiptss$o consider it as constant for periods ofwa fe
days long. Besides, the comparison between snowerture and 24h-average air temperature
doesn’t show any correlation. So, it can be assummad during the mid-winter, the snow
temperature at 30 cm from the ground is not infb@ehby changes in 24h-average air temperature.
It can also be underlined that snow temperaturaydwemains below 0 °C during this period.

During the first period (November and Decembe®, show temperature varies and seems to be
influenced by 24h-average air temperature. Eithiamesar or a parabolic relationship can be found
with similar coefficients of correlation, respeaiy r=0.69 and r=0.66Fgure 7, Appendix P
Besides, snow height is smaller than 1 m, which egyain why the snow temperature at 30 cm
from the ground can be influenced during this prio

During the last period (end of May), at the endre melting period, so as previously, snow
temperature changes a lot, but no relationship \®#h-average air temperature can be found

(Figure 8, Appendix

However, to study new snow density, only periodermsnowfall occurs are of interest. They
correspond to the beginning and the middle of thtes, that is to say when bottom and snow
temperature at 30 cm from the ground are alwayswb@l °C, and often quite constant. So, when
using these data, no measurement errors assoegidtedemperatures at the melting point can be
detected. Furthermore, when bottom temperatureti€onstant, no relationship can be found with
24h-average air temperature. When snow temperatu8® cm from the ground is not constant,
either a linear or a parabolic relationship is foah the beginning of the winter, i.e. when snowkpac
depth is not very important. But later in the wmtavhen the snow cover is very thick, no
relationship is found. Besides, at the end of tledting period, both temperatures vary a lot and are
above 0 °C almost all the time, which may produ@asarement errors. However, no relationship
is found between their variation and changes in@&Mrage air temperature. Therefore, there is no
evidence to support the fact that snow temperatudesv centimeters above the ground is related to
the 24h-average air temperature. Neverthelessge simc information about this parameter is

available, using the 24h-aveage air temperatuseiggested seems to be the better solution.
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Conclusions and Outlook

The heated rain gauge under-catch was investigdtedgo Pilone, a high-elevation site in the
Italian Alps, during the season 2008/2009. The aihje was to estimate its magnitude thanks to
precipitation data from a snow pillow measuringidevActually, the gauge under-catch is almost
zero when the precipitation is rain, but it is muadgher when precipitation is snow. Besides,
measurement errors are more likely to occur witthiwind speed and low air temperatures. High
wind speed, in fact, can deflect snow particlegettary, while low air temperatures can lead to
dysfunctions and gauge orifice (partial or totab®stuction. Furthermore, to estimate the
measurement error, the actual precipitation muskr®vn. The snow water equivalent values
(SWE) measured by the snow pillow can not be cameitlas reference values since discrepancies
are observed between these data and manual sampling

Since our observing site is equipped with a fuligttumented meteorological station, enough
data are available to use the numerical model SN@®@K which can simulate the snow cover
evolution and characteristics. The comparison betweeasured and modelled SWE confirms the
snow pillow under-measurement, and allows us tdysheated rain gauge error. So, some problems
related with the detection of rain events are oleskr however they are few and have scarce
influence on modelled new SWE. Moreover, some neaawsevents are modelled even if no
precipitation is measured, which confirms that miedenew SWE are not influenced by measured
precipitation. Those measurement errors can béetela meteorological conditions. As expected,
they are more likely to occur with low air tempewrats (inferior to -5 °C) and high wind speed
(superior to 4 m:Y. Furthermore, modelled precipitation is assumedrepresent the actual
precipitation, so that the rain gauge error is rofi as the difference between modelled and
measured precipitation. The magnitude of this efamtually its logarithm) was correlated with
wind speed and air temperature thanks to a multgdeession, leading to quite good relationships
with r’=0.56 or 0.43 (depending on whether some predipitas measured of not), and coefficients
all significant at a 5 % level. The measured valwege then corrected according to these relations.
Except for the very intense snowfall events whictcurred around the 14/12/08, modelled and
corrected new SWE are in good agreement. Nevesgelee accuracy of this correction could be

improved, and other studies could be done.

The modelled SWE from SNOWPACK, in fact, is oftarecestimated, so that the magnitude of
the error may be over-estimated compared to theabarror. Therefore, a calibration of the

modelled data could be necessary. Moreover, new stepth is determined as the difference
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between measured snow depth and snow depth expbgtede model if no snow event was

occurred. Therefore, some new snow events are ndeled. Besides, when the modelled snow
depth is higher than the measured one before a sememt, new snow depth might be

underestimated. For example, modifying the modegbl@mentation (i.e. snow surface energy
fluxes, settling rate), could improve the modellofgsnow precipitation.

Furthermore, the measurement error can be studreallfmodelled snow events, which means
that a single correlation between measurement andmeteorological parameters could be found.
This would allow to transpose the relationshipetsslinstrumented sites. On the other hand, it could
be interesting to look for a more site-specific retation, including other variables like snow
surface temperature or eventually short-wave rehat

Variations at a small temporal scale are also eesem measured snow depth for the season
2007/2008 at Lago Pilone. Comparing them to charigeair temperature could support the
explanation of an air temperature over-measurena¢nthe snow depth sensor. Besides, the
influence of snow surface characteristics like dtbeould be studied more in details.

In conclusion, the present study has confirmedadh#te present time, the snow pillow installed
at Lago Pilone under-estimates the snow cover watprivalent. Moreover, a method was
implemented to select periods without measuremaotr<s i.e. periods during which new snow
density could be studied. These outcomes are efdst since the present study is part of a project
conducted by the DITIC and the regional counciP@dmont whose aim is to know the snow cover
water equivalent thanks to direct measurementstaritie development of relationships between

new snow density and meteorological parameters.
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APPENDIX A :

Figures regarding Generalities about Snow
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Figure 1 : Scheme of a Warm Front
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APPENDIX B :

SNOWPACK : Examples of Interfaces,
Figures related to its Sensitivity

B Snow and Soil Input File Creation

i File Mame:  |6231SN_qui\DATAYinputiLagPi_1.snof| Station Characteristics:
' T Latitude; de
e Station Mame LagPil | aid] -
nput o ' Longitude; 06| deg
BASIC DATA |
Date af Profile: Altitude: | zz80| m
Year Maonkh Day Howr Minute i —‘
[2oo8 |- [ 10 |-[ oa | [os |¢f oo | T | o
J | | ' Slope Azimuth: | ol deg
Adc valles f i i X
: Sniow Depth: | 0 em el | 0.2
then press L 'I
"Continue' Murnber of Snow Lavers: ‘ ol Bt pok ot | 0.0z m
E— C Height:
Murber of Soil Lavers: | DI s | 0.0] M
' = Leaf Area Index: | o0 m2fm2
Direct Throughfall: | 1.0/ [Fraction]
Layer Depth: [ J cm Yolurnetric Fractions (Tokal = 100%:):
Sktep 2t — e = & )
Mo. of Elements: | | Ice | | Yaid | |
Input of Layer Temperature: |_ | deg Water |._ | ol | .
LAYER DATA S _—
Aedd values Diate of Layer Formation: Soil Properties;  Density: | | kafm3
Izirar by fqyar, o = I
:;en :VE'S}; Year -Mu:unth - Diary Hour  Minuke Conductivity: |: | "W K
“Create Flig" = | | | | Specific Heat: | | 1/kak
Shaw Grain Radius: |_ |mm Sphericiky: |_ | Garain Marker: | |
Propetties: Bond Radius: |_ i imm Dendricity: |- i | Surface Hoar: | | kg m2
Mok ackive yek, J ] — —
Prey, Lavet Mext Laver Edit Basic Data Create Flg

Figure 1 : SNOWPACK Initialisation
Interface for the Simulation at Lago Pilone, Win2€08/2009
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SN_GUI:

Model Settings

Meteo Step Length: | 3|:|,|:|| in

Model Directary;

() Measured Surface Temperatures Avallable

Sniow & Soil Data:

uSN_gui'l,DF'.T.ﬁ.'l,input'l,LagPiI_l (SN0 |

Meteo Daka; i i i i
INPIIT (%) Enfarce Measured Snow Heights EEHEGE AN orDATAinaUE aghl 2005 2005 1 |
{7} Measured Incoming LW Radiation Available Height of Wind Value: 68| m
Define Shw' Radiation 2 Height of Meken Values: 59 m
Mo, of Measured Snow Soil Temp, ! | 3 | | Roughnass Length: I_IZI.IZIIZIZ | 5
Calculation Step Length: | 15.0 il'ﬂil'l Atmaspheric Stability Blowing Snaw:
Boundary Conditions: NELTRAL | 0| !
MODEL Surface !Neumann khiroughiouk L
Threshold | -1.0 | Inchusion of Soil Data: OFF Canopy Madel:
Battom: | Cirichlel (fixed Temperature) Geothermal Heat Flux: i | OFF
Time Series Profile Profile Exvaluation: Cukput File Path: mﬁaﬁ:ﬁ:ﬂ—l
Cibput Writing: [ on ]i [ on ]i o5 ' =
Skart Haur: Research Station: | LagPil_2008_2003 |
OUTPUT o0 G Profile Data File:
Davs Between; | D.I325| 0,025 | E——— | Experiment; |1 |
W TRnpUt temptake, oit
Internal Temperature Depths {n m): 1:| IZI.3| 2 | IZI.E-| 3 | IZI.'.:J| 4 | 1.2I 5 | 1.5! I
[ Save ser Settings ] [ Restore Defaulks J [ Cancel ]

- 0000000000000 ]

Figure 2 : SNOWPACK Operating Parameters
Interface for the Simulation at Lago Pilone, Win2€08/2009
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Figure 3 : Lago Pilone, Winter 2008/2009
Influence of Short-wave Radiation Used on Modeiadw Depth,
i.e. Incoming, Reflected, or Both Short-wave Raalat
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Figure 4 : Lago Pilone, Winter 2007/2008
Influence of Snow-Surface Boundary Condition (NeumiaDirichlet) and Snow Surface Temperature
Availability (TSS / No TSS) on Modelled Snow Depth
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APPENDIX C :

Figures related to Modelled Precipitation and O2barection
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Figure 1 : Lago Pilone, Winter 2008/2009
Modelled New SWE when no Precipitation is Measu@ashfrontation with Wind Speed
16 -
— Mean air temperature =-7.15 *C
+  Unexplained Events : 19 %
12 +  Events explained by both High ¥Wind Speed and Low Air Temperature : 20 %
= +  Ewents explained by High Wind Speed only : 8§ %
E Ewents explained by Low Air Temperature only : 53 %
= 6F
[val
=
a
=
24T
3 |
) | ‘ ‘ |
1] [l
4
—_ + 3 * 4
o 1 3
— . *
% - "0 :
[1:3
T ¢
o
5
*
12+ .
*
*
i
_]J%J 0.2008 14.11.2008 22122008 28.01.2009 07.03.2004 13.04.2009 21.05.2008

Figure 2 : Lago Pilone, Winter 2008/2009
Modelled New SWE when no Precipitation is Measu@ashfrontation with Air Temperature
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Comparison between Rain Gauge Error and Wind Spémh Some Precipitation is Measured
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Precipitation {mm)

LRI

Coefficients

value std dev | T-value | p-value R
a 0,136 0,018 7,474 8,59E-11
b 0,049 0,011 4,473 |2,53E-05] 0,426
c 0,890 0,087 10,248 | 2,22E-16

Table 1 : Lago Pilone, Winter 2008/2009
Statistics regarding Equation 6 : In(E)=aw+bT+c (NRvecipitation is Measured by the Rain Gauge)

Coefficients

2
value std dev | T-value | p-value R
a 0,231 0,020 11,705 |0,00E+00
b 0,056 0,012 4,629 |8,01E-06] 0,561
c 0,463 0,099 4,660 | 7,04E-06

Data not corrected befores

Table 2 : Lago Pilone, Winter 2008/2009
Statistics regarding Equation 7 : In(E)=aw+bT+c (8e Precipitation is Measured by the Rain Gauge)

Missing Snow Depth Data
I viodelled New SWE

Modelled Rain

Corrected Precipitation
I o asured Precipitation

14112008

22127008

28.01.2009

07.03.20089

Figure 7 : Lago Pilone, Winter 2008/2009
Comparison between Measured, Modelled and Correetedipitation
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Measured Snow Depth (cm)

Measured Snow Depth (om)

205

200

195

APPENDIX D :

Additional Work
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Figure 1 : Lago Pilone, Zoom : from 07/03/09 to @&09
Comparison between Measured Snow Depth and Sndac8uEnergy Balance
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Figure 2 : Lago Pilone ,Zoom : from 07/03/09 to @&09
Comparison between Measured Snow Depth and Air &extye
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Comparison between Measured Snow Depth and Sndac8uremperature
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Figure 4 : Lago Pilone, Winter 2008/2009
Comparison between the Temperature at the Basee@mowpack and
the Average Air Temperature for the Prior 24 Hours
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Figure 5 : Lago Pilone, Winter 2008/2009
Relatioship between the Temperature at the Badeedbsnowpack and the Average Air Temperature
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Figure 6 : Lago Pilone, Winter 2008/2009
Comparison between the Temperature at 30 cm frenGtiound Surface and
the Average Air Temperature for the Prior 24 Hours
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Figure 7 : Lago Pilone, Winter 2008/2009
Relationship between the Temperature at 30 cm fnentGround Surface and

the Average Air Temperature for the Prior 24 Hodeos,the Months of November and December
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Figure 8 : Lago Pilone, Winter 2008/2009
Relationship between the Temperature at 30 cm fnentGround Surface and
the Average Air Temperature for the Prior 24 Howasthe End of May
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APPENDIX E :

Work Done for the Winter 2007/2008 at Lago Pilone

Albedo =1 +-H + 4 H# +H +H +  HHEH H +
Snow temp 90cm + -
Snow temp G0cm 4 -
Snow termp 30cm + -
Snow depth 4 + & +
Frecip 1 + &
Bottorn temp 4 .-
Snow surftemp 4 - + + + + +
Inc L Radiation
Refl S Radiatiors + & +
Inc 3¥W Radiationd + & +
Wind direction 4
ind speed 4 + + & + + + +
RH 1 + &
Airtemp 1 + &

01.10.2007 0v.11.2007 16122007 21.01.2008 28.02.2008 04.04.2008 13.05.2008

Figure 1 : Lago Pilone, Winter 2007/2008
Repartition of Missing Data between 01/10/07 an)6&8, Albedo Problem

Total Number of Missing Number .Of Missing

Parameter Data Data which can be

replaced by -99.9
Air temperature 135 0
Relative humidity 135 0
Wind speed 154 17
Wind direction 0 0
Incoming SW radiation 142 5
Reflected SW radiation 142 5
Incoming LW radiation 0 0
Snow surface temperature 2594 13
Bottom temperature 384 0
Precipitation 137 0
Snow depth 174 0
Temperature at 30 cm from the ground 2513 0
Temperature at 60 cm from the ground 384 0
Temperature at 90 cm from the ground 2513 0

Table 1 : Lago Pilone, Winter 2007/2008
Number of Missing Data between 01/10/07 and 0886/0
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Comparison between Measured and Modelled Snow Depth
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Figure 3 : Lago Pilone, Winter 2007/2008
Comparison between Measured and Modelled SWE
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Figure 5 : Lago Pilone, Winter 2008/2009
Comparison between Measured and Modelled Precipitat
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Modelled Rain Events with Air Temperature below G2
Date 24/11/07 | 19/01/08| 09/04/08| 09/04/08 | 09/04/08| 10/04/08| 11/04/08| 30/04/08 | 11/05/08
Hour 13.00 | 3.00 | 1030 | 15.30 | 17.30 | 16.00 | 12.30 | 12.00 0.00
Air Temperature (°C) 1,1 1,0 0,8 1,0 0,9 1.1 0,8 11 0,p
Measured Precipitation (mm) 0,6 0,4 0,4 0,8 0y 0|6 0,6 04 0,4
Modelled Rain (mm) 0,3 0,1 0,2 0,4 0,2 0,] 0,8 0,2 o,p
Modelled SWE from New Snow (mn)) 0,0 0,( 0, 4,1 0 00 00, O 0
Wind Speed (m:§ 0,0 1,5 0,9 0,5 0,1 1,4 26| 1,2 3,5
Relative Humidity (%) 86 69 75 80 85 87 89| 86 91

Table 2 : Lago Pilone, Winter 2007/2008
Modelled Rain Events with Air Temperature below°C2: Details

Observations:

At the beginning, many data are missing. To avbith@ maximum this problem, the simulation
can be started on 20/11/07, when there is stillsnow on the ground. Moreover, inputs and
operating parameters are the same as for the s2888/2009, so that results are more likely to be
compared.

Regarding modelled snow depth, SWE and snowpacsitgethe observations are very similar.
Moreover, the same problems appear with modelledipitation, which one is quite higher than
measured precipitation. There are still modelled exvents with air temperature below 1.2 °C, and
even one event with both rain and snow. Howeves, élient was not studied more in details. The
problem of modelled new snow events without meakprecipitation is still present and is more
frequent, obviously because the rain gauge wabkemsted.

As we are interested in heated rain gauge errofumioer work was done with the data from the
season 2007/2008 at Lago Pilone.
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