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Abstract

Snow surface temperature is a key control on asdltref dynamically coupled energy
exchanges at the snow surface. The snow surfageetature is the result of the balance
between external forcing (incoming radiation) andrgy exchanges above the surface that
depend on surface temperature (outgoing longwaliatran and turbulent fluxes) and the
transport of energy into the snow by conduction enattwater influx. Because of the
strong insulating properties of snow, thermal geats in snow packs are large and
nonlinear, a fact that has led many to advocateipheilayer snowmelt models over single
layer models. In an effort to keep snowmelt modeimple and parsimonious, the Utah
Energy Balance (UEB) snowmelt model used only ayer but allowed the snow surface
temperature to be different from the snow averaggerature by using an equilibrium
gradient parameterization based on the surfacegmatance. Although this procedure
was considered an improvement over the ordinaglesilayer snowmelt models, it still
resulted in discrepancies between modeled and mezhsnowpack energy contents. In
this paper we evaluate the equilibrium gradientregpgh, the force-restore approach, and a
modified force-restore approach when they are matedg as part of a complete energy and
mass balance snowmelt model. The force-restoreramtified force-restore approaches
have not been incorporated into the UEB in earlgio@s, even though Luce and Tartoton
have done work in calculating the energy componesitsg these approaches.. In addition,

we evaluate a scheme for representing the perwtratia refreezing front in cold periods
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following melt. We introduce a method to adjuseefive conductivity to account for the
presence of ground near to a shallow snow surfibese parameterizations were tested
against data from the Central Sierra Snow LaboyatA, Utah State University
experimental farm, UT, and Subnivean snow laboyaibiNiwot Ridge, CO. These tests
compare modeled and measured snow surface temgersttow energy content, snow
water equivalent, and snowmelt outflow. We foulmal twith these refinements the model
is able to better represent the snowpack energnbaland internal energy content while

still retaining a parsimonious one layer format.

Keyword: Energy Balance snowmelt model, refreezamgw, snow water equivalent,

surface temperature of snow.

1. Introduction

Snowmelt is an important source of water in thetaresUnited States and much of
the world. Modeling snowmelt is important for watesources management and the
assessment of spring snowmelt flood risk. The meeginvolved in snowmelt have been
widely described (U.S. Army Corps of Engineers,@395ray and Male, 1981; Bras, 1990;
Dingman, 1994; Linslegt al., 1975; Viessmast al., 2002). In snowmelt modeling, the
heat flux between the snowpack and the atmospbgrariially governed by the snow
surface temperature (Gray and Male, 1981; Dingrh@84; Dozier, 1989) which depends
on the conductive heat flux into the snow. Modglkonductive heat flux through the
snowpack is a complex problem due to the changatgra of the snowpack through the

influences of heating and cooling history. Oné¢haf primary reasons for the poor
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performance of single layer models in comparatakdations is the poor representation of
internal snowpack heat transfer processes (Bl@uthKirnbauer, 1991; Koivasulo and
Heikenkeimo, 1999). Some snowmelt models useefutifference solutions of the heat
equation (Anderson, 1976; Dickinsehal., 1993; Flerchinger and Saxton, 1989; Jordan,
1991; Yen, 1967). Possible inaccuracies in mogddhe internal snowpack properties
could lead to errors in estimating the snowpacksrav surface temperature (Colbeck and
Anderson, 1982). Models such as CROCUS (Vioenak.,, 2012) have made considerable
progress in representing the detail of within sppacesses. There has also been recent
progress towards using Richards equation to moeéivater flow in snow using multiple
layers (Weveert al., 2014). However Wevet al., did note that there are challenging
numerical issues associated with inhomogeneitiggdim size and density, and precise
guantification of the parameters that impact theleh@s a challenge. Furthermore, there is
an increasing realization that lateral inhomogéein snowpacks are important (e.g.
Wankiewicz, 1979; Higuchi and Tanaka, 1982; Katsimand Dozier, 1999; Williams et
al., 2010; and Eiriksson et al., 2013). These mnbgeneities result in lateral variability
across a range of scales and fingering in the Watyrheltwater enters and flows through
snow that is different from the matrix flow represed in one-dimensional finite difference
solutions. This suggests that even our most corgrlewpack models must seek a way to
parameterize unmeasurable sub-element scale Jayiakhie to the difficulties in intensive
field work. In the single layer approach we maihel surface temperature that provides the
connection between the snow and the atmosphereatitiva relatively straightforward

way to avoid modeling the complexity of processes.
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Modeling needs a balance between representingsititat are important to the
purpose, or question being addressed and avoidimgplexity and inaccuracy for details
that are less important. There is no one righitswi and in this paper we examine and
evaluate single layer solutions that avoid somgh@fcomplexity of multilayer models for
our purposes, which are the quantification of oNet&face energy exchanges and
meltwater produced by a snowmelt model for hydriglalgstudies.

The UEB snowmelt model (Tarbotehal., 1995; Tarboton and Luce, 1996, You
2004) is a physically-based point energy and makmbe model for snow accumulation
and melt. The snowpack is characterized usingawvoary state variables, namely, snow
water equivalentyV, (m) and the internal energy of the snowpack apddyer of soilU,

(kJ mi?). The physical basis of the model is the cons@maf mass and energy. Snow
surface temperature, a key variable in calculdatgnt and sensible heat fluxes and
outgoing longwave radiation, is modeled using a thrface skin or equilibrium gradient
approach. The surface skin is assumed to haveheatccapacity. Snow surface
temperature is calculated from the energy balahtieeasurface of the snowpack by
equating incoming and outgoing fluxes between tteswsmass and the air above; this
allows the snow surface skin temperature to bedifft from the average temperature of
the snowpack as reflected by the energy contehis thus reflects the key insulating effect
of snow on the surface energy balance withoutritreduction of additional layers and
their resultant complexity and the potential faoemwhere there is insufficient information
to properly model this complexity.

The UEB model was initially tested against snowuatglation and melt

measurements and was found to perform well. Lltatts included comparisons against
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internal energy through measurement of the tempergtrofile in a snowpack (Tarboton,
1994). These tests indicated a discrepancy bettireermodeled and the measured internal
energy (Tarboton, 1994; Tarboton and Luce, 1996)ce (2000) and Luce and Tarboton
(2010) analyzed the snowpack energy fluxes fromesen of measurements collected at
the USU drainage farm in Cache Valley, Utah to @&t the reasons for the discrepancies
in the internal energy. One cause was the esbmati longwave radiation inputs based on
air temperatures in an environment subject to feettemperature inversions and resultant
fog. Another cause of the discrepancies was thenpeterization of snow surface
temperature. These problems had been offsetticly @her in a way that when the
longwave radiation inputs were corrected, the medislirface temperatures no longer
matched measurements. To address this problers, (2000) and Luce and Tarboton
(2001, 2010) evaluated various alternative paranzetéons against the currently used
equilibrium gradient approach. These includedftinee-restore approach (e.g. Deardorff,
1978; Dickinsoret al., 1993; Hu and Islam, 1995) and a modified forcgtenee approach
that was suggested (Luce 2000; Luce and Tarbof01,2010) to improve the
representation of snow surface temperature andimgive the representation of energy
content in the snowpack. However these evaluati@re driven by measured surface
temperature and did not include coupled modelindpefsnow energy balance driven by
atmospheric forcing. In this paper these suggestawe implemented and tested within the
UEB snowmelt model.

Snowmelt generated at the snow surface is initladlgl in the snowpack as liquid
water up to the liquid holding capacity. When slueface forcing changes to cooling, this

water refreezes and a refreezing front penetrateghe snow. The rate of penetration of
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the refreezing front is governed by the rate ot hess, the latent heat of fusion, and the
temperature gradient in the layer above the reiingdront. The original UEB model
(Tarboton, 1994; Tarboton and Luce, 1996) usecthibrium gradient approach to
estimate snow surface temperature and did not atéouthe presence of liquid water
during refreezing periods with the result thatshew surface temperature is modeled as
too low with too little heat loss during these pes. Multiple-layer snow models (e.qg.
Flerchinger and Saxton, 1989; Jordan, 1991) acdouniis effect because the liquid
content and temperature of each layer is explic#presented. Here we present and test a
formulation for representing this refreezing effecthe single layer UEB model. In
addition to the two changes mentioned above weiatsaduce a method to adjust the
effective thermal conductivity of shallow snowpat¢isaccount for the combined effect of

snow and the ground below the snow.

2. Model Description

2.1 Mass and energy balance equations

The original UEB model is described by Tarbo#bal., (1995) and Tarboton and
Luce (1996). Here we evaluate modifications intieet to refine the representation of
surface temperature, including the modified forestore approach, refreezing of liquid
water and conductivity adjustments for shallow sriau, 2004). In separate work, we
have evaluated the addition of a vegetation lay&/EB (Mahat and Tarboton, 2012;

Mahat et al., 2013). We refer to the Tarbogbal., (1995) model as theriginal UEB



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

model. The model examined here we refer tsualsice UEB. This is a single layer model
used to model snow accumulation in the open aatssthe beneath canopy part of
vegetation UEB that models snow accumulation and melt indtee environments.
Vegetation UEB comprises two layers, a surfacerlthyat is surface UEB and a vegetation
layer that was evaluated by Mahat and TarbotonZpathd Mahat et al., (2013). A
comprehensive review of the surface layer modgivien here so that the reader can
understand the context for the modifications thateamade. Where we do not use a
qualifier the methods are the same in surface UikBtlae original UEB.

In the UEB model (Tarbotoet al., 1995; Tarboton and Luce, 1996), the time
evolution of the snowpack is driven by the enengghange between the snowpack, the air
above and the soil below according to mass andygriiance equations through snow

water equivaleniV, and energy conterit),

(L_ltJ:Qm +Q; —Q.+Q, +Q, +Q, +Q. -Q,, (kJ n? h—l) (2)
dd_Vtv:Pr-}-PS_MF_E’ (mhl) (2)

whereQg, is the net shortwave energy received by the snokya; is the incoming
longwave radiationQje is outgoing longwave radiatio@Q, is the energy advected by
precipitation into the snov@)y is the ground heat flux to the combination of sraowl the
upper layer of soilQ, is the sensible heat flux to/from the snow wiinstonvention that

flux to the snow is positivee is the latent heat flux to/from the snow with sgpmvention
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that flux to the snow is positive, aid, is the advected heat removed by meltwakgnis
the rate of precipitation as raiB; is the rate of precipitation as snav; is the meltwater
outflow rate; ancE is the sublimation rate;is time (h). Internal energy is not defined
relative to absolute zero, but rather relativeh®melting point.U is thus taken as 0 kJm
when the snowpack is frozen at® and contains no liquid water. With this defioiti
negative internal energies correspond to the cotdent (e.g., Dingman, 1994 p182) and
positive internal energies reflect change in pleds®me fraction of snow from frozen to
liquid. The model requires inputs of air temperafwind speed, humidity, and incident
radiation that are used to drive the energy balasmte precipitation that is used to drive the
mass balance. Precipitation is partitioned intmgall or rainfall based upon air
temperature (U.S. Army Corps of Engineers, 1996)ocations where snow is subject to
redistribution due to wind blown drifting or slidinan accumulation factor (Tarboteinal.,
1995; Tarboton and Luce, 1996; Luce et al., 1998)sed to adjust the snowfall inputs.
The use of energy content as a state variable nteahthe model does not
explicitly prognose snowpack temperature. Sincevpaak temperature is important for
energy fluxes into the snow, it needs to be obthatiagnostically from internal energy and

snow water equivalent as follows:

IfU<O0 Tae =U /(o WC, + p,D.C,) All solid phase (3 a)
If O<U<pyWh T,e =0°C with Li=U/(puwhiW) Solid and liquid mixture (3b)
U - o, Wh, o

If U>pWhg T All liquid (3¢

e - pg Dng +pW\mW
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In the equations abov&se denotes snowpack average temperafi@® b denotes
the latent heat of fusion (333.5 kJ®gpw the density of water (1000 kg C; the
specific heat of ice (2.09 kJ k§CY), pg the soil densityCy the specific heat of soiC,, the
specific heat of water (4.18 kJ'k§C™), D, the depth of soil that interacts thermally with
the snowpack anl: the liquid fraction by mass. The basis for equati(3 a) to (3 ¢) is
that the heat required to melt the entire snow megeivalent at 0 °C ig,Wh; (kJ m?).
WhereU is between 0 and this quantity, the liquid fractis determined by proportioning,
i.e.Li=U/(pwhyW). The heat capacity of the snow combined withrttaly interacting soil
layer ispwWC; + pgDeCq (kJ °C'm™®), so in the case thit<0, dividingU by this combined
heat capacity giveE,e. WhereU> p,Wh; the snow contains sufficient energy to melt
completely and the temperature of the remainingjdigphase is given by (3 c). Practically,
the condition in Equation (3 c) only occurs wh#fhis zero since a completely liquid
snowpack cannot exist; it becomes melt runoff. éttheless, this equation is included for
completeness to keep track of the energy contemmglperiods of intermittent snow cover.
With Tae representing the temperature of the ground, EQ.H@&adles the possibility of
snowfall melting immediately due to coming in carttevith warm ground.

The net shortwave radiation is calculated fromdeat shortwave radiation and
albedo calculated as a function of snow age arat gdhimination angle following
Dickinsonet al. (1993). The incident shortwave radiation is@itmeasured or estimated
from the diurnal temperature range (Bristow and flaell, 1984). On sloping surfaces,

incident radiation is adjusted for slope and asfegt Dingman, 1994).
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In the albedo model, which follows Dickinsenal. (1993) and is described in
detail in Tarboton and Luce (1996), the dimensissigge of the snow surfaagjs
retained as a state variable, and is updated \&ith #me step, dependent on snow surface
temperature and snowfall. Reflectance is compidetivo bands; visible (< 0.7 um) and
near infrared (> 0.7 um) with adjustments for ilination angle and snow age. Then
albedo is taken as the average of the two reflee@nA parametealyens (M) represents the
depth of snowfall that is assumed to restore tloevssurface to new conditiong € 0).
With snowfall,Ps, less thartyews in a time step the dimensionless age is reducexdfagtor
(1-Py/dnens)

When the snowpack is shallow (deptk h = 0.1 m) the effective surface albedo,
is taken as ;ahg+ (11 4)as wherer ,=(1-zh)e?®". This interpolates between the snow albedo,
as, and bare ground albeda,y, with the exponential term approximating the exgural
extinction of radiation penetration of snow scaied/¢ at depth h.

The incident longwave radiation is estimated basedir temperaturd, (K) using
the Stefan-Boltzmann equation. The emissivityioisaestimated using Satterlund's (1979)
equation for clear conditions. The presence afdsancreases downward longwave
radiation. This is modeled by estimating the cloader fraction based on the Bristow and
Campbell (1984) atmospheric transmission factae (Beails in Tarboton and Luce, 1996) .
The outgoing longwave radiation is calculated fritw& snow surface temperature using the
Stefan-Boltzmann equation, with emissivity of snaywtaken as 0.99.

The latent heat fluxQe and sensible heat flug, are modeled using bulk

aerodynamic formulae (Anderson, 1976):

10



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

Qn = pan(Ta —Ts)Kp (4)
and

Qe = Pahy(ds — da)Ke, (5)

wherep, is the density of ailC;, is the specific heat of air at constant pressure

(1.005 kJ kg °C™), hy is the latent heat of vaporization (sublimatiohjoe (2834 kJ kg),

0a is the air specific humiditygs is the specific humidity at the snow surface whgh
assumed to be saturated relative to the vaporymeesser ice (e.g., Lowe, 1977), alkg
andKe are turbulent transfer conductances for sensiideaent heat respectively. Under

neutral atmospheric conditioks andK;, are given by

k2u
n= %2 (6)
[In(z / 29)]
wherez, is the measurement height for wind speed, air &zatpre, and humidity is the
wind speedk, is von Karman’s constant (0.4), ands the aerodynamic roughness. When
there is a temperature gradient near the surfamgancy effects may enhance or dampen

the turbulent transfers, necessitating adjustmerts. We use

Oy (7)

11
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263 Kg=K,—1 )
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264

265 where®y, @4, @ are the stability functions for momentum, senski#at, and water vapor,

266 respectively. The stability functions are estimaisuhg the bulk Richardson number:

267

268 R=In(la"T) (9)
E(Ta +Ts)u

269

270 whereg is gravity acceleration (9.8 rif)s For stable conditiongR{0), we use the

271 approximation of Price and Dunne (1976),

272

213 clecpH ) clecpE ) 1+110Fq ' (10
274

275 For unstable condition&¢(0) we use (Dyer and Hicks, 1970; Anderson, 1976;
276 Jordan, 1991),

277

278 ¢M1¢H = ¢M1¢E =(1-16R )°7°, (11)
279

12
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Because information for estimating turbulence uredéremely unstable conditions
is poor, we capped the value ofb}/@y at 3, which occurs ne& = -0.2. Anderson (1976)
shows that iterative solutions of Deardorff's (1pé8pirical equations begin to level off
for more strongly unstable situations as the valugis approached. Strongly unstable
conditions are rare over snow, but this is in tloelet code for completeness. These
stability corrections assume that sensible anchidteat transfer coefficients are equal,
Kn=Ke.
2.2 Original quantification of surface energy flux

An important characteristic of the UEB model iss&parate representation of
surface temperature and average snowpack temperafirs facilitates reasonable
modeling of surface energy exchanges that depesti@n surface temperature, while
retaining a parsimonious single layer model. s gaper we apply new parameterizations
for the snow surface temperature introduced by lamceTarboton (2010) and test them in
the context of a full surface energy balance. Juma of energy fluxes in Equation (1) from

above the snowpack are referred to as the surfergyforcing.

Qforcing (Ts) = Qan +Qii +Qn(Ts) +Qe(Ts) + Qp ~Qie(Ts) (12)
The sensible heat, latent heat, and outgoing lougwadiation are functionally dependent
on the surface temperatufig, In the original model, the heat conducted ihi® $now Q.

is calculated as a function of the snow surfaceptatureTs, and average snowpack

temperatureT] ave.

13
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Qu(Ts: Toe) =ko G —=——"5~ (13)

ave )

ave) —_ |‘<S S I(T
Z

e

whereps is the snow density (kg B), k the snow thermal diffusivity (fh™), Z. the
effective depth over which the temperature gradsetd (m), andks=k/Z is termed snow
surface conductance. In the original model, bez#usre is uncertainty in values @y
andk, Kswas used as a calibration parameter.

The energy balance at the surface is given by:

ch( ave) QfOI’CI ng ( ) (14)

Equation (14) is solved numerically fég using the Newton-Raphson method
backed up by a more robust bisection approach. NHw@on-Rhapson scheme is used first
because it is more efficient. It tests for conesrce and in time steps (a small percentage
depending on the data) when it does not convehgemnbdel resorts to a more robust
bisection approach that is guaranteed to convezgause the equation giving temperature
flux into the snow based on surface temperatuneoisotonic. This is the case for all the
surface temperature parameterizations evaluatbds the new approach for surface
temperature does not alter the numerical stabiktirysically,Ts is constrained to be no
greater than 8C when there is snow present. When the equilibsohation produces a
solution of Ts>0°C, this means that conduction into the snow caancbmmodate all the

energy input through surface forcing, and the estr@rgy will produce meltwater at the

14
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surface, which then infiltrates into the lower gast the snowpack and,if<0, refreezes,
representing the meltwater advection process émsport of energy into the snow. In
these cases the surface energy flux terms in Eaquét) are calculated usifig= 0°C to

model the snow energy content change.

3. Alternative M odd s of Surface Heat Conduction

Heat flow in a snowpack can be described usingliffiesive heat transfer equation

and assuming homogeneity of snow properties (Y8&7)L

oT 0°T
- = k_’ 15
ot 02° (15)

whereT is the temperaturéQ), z is depth relative to snow surface (m), &rid the thermal
diffusivity of snow (nf h). Thermal diffusivity is related to thermal comdvity and

specific heat by:

k=", (16)

where/ is the thermal conductivity of snow (kJ'r&k™ h). For semi-infinite boundary

conditions (0g<«) with sinusoidal temperature fluctuation at th@empboundaryz=0):

15
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T(Ot) =(T)+ Asinat), (17)

the differential equation (15) has solution (Bengl &#cGregor, 1966):
_E . Z
T(zt) =(T)+ Ae ¢ sm(wlt _Ej (18)

In this solution A is the amplitude of the imposed temperature flattun at the surfacey
is the frequency{T), the average about which surface temperatureufticns are

centered, and is the damping depth for a given frequency. A&tshow surface, the

primary forcing is diurnal, suggestingrw,=2n/24 H', with the damping depth,
/2k .
d=d, = a , corresponding to frequeney.

Equation (18) indicates that temperature osciltetiare damped by a factte for

each increment of depth, and the time-averaged temperature at each dzepTIj i

Equation (18) can be differentiated on the deptio( evaluate the temperature gradient,

and the surface energy flux @t0) can be written as:

Q. =4 (39_-; Ot) = )(lj—A [sin(et) + codat)]. (19)

16
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Recognizing thab;cos(w1t) is the derivative o$in(w1t) with respect to t, and

substituting Equation (17) and its time derivain® Equation (19) yields:

A 9T o) +l(T 0.1 = (T)). (20)

Q=4 at d,

This expresses the surface heat flux as a funofitwoth the time derivative of
surface temperature and the difference betweeautrent surface temperature and the
time averaged surface temperature (Luce and Tarp2610). This analytic solution for
the simplified setting of a semi-infinite domaintwvsinusoidal surface temperature forcing
serves as the basis for the numerical approximatibisurface temperaturg, that are

evaluated.

3.1 Equilibrium gradient approach

The original equilibrium gradient method of surfaemperature parameterization
used in Equation (13) can be seen to be an appabwimto Equation (20) that ignores the

time derivative of the surface temperature termapploximates the average temperature
at the surface over tim«éT}, by the snowpack average temperatiigg, while using

actual surface temperatuik, in place of the sinusoidal forciAgO,t). This method
approximates the energy flux as a gradient betwleesurface temperature and average
temperature of snow over an effective distafAgequivalent tal;. In the original UEB
modelZ, was absorbed into the parameé{ethat was calibrated, however heligs related

to the diurnal frequency, so to retain this calilora capability we us&.=rd; (i.e., the

17



384 damping deptld; scaled by a dimensionless adjustable paramgterd write Equation (13)

385 in the form showing the similarity to Equation (20)

386
p)

387 Q. =—-(T.-T..). (21)
rd,

388

389 3.2 Forcerestore approach

390 The force-restore parameterization (e.g. Deardd€7,8; Dickinsoret al., 1993; Hu

391 and Islam, 1995) is:

392
A1 A
= _— [T - —(T.- 22
393 ch d1 C()]_At (TS T3|ag1)+ rdl (Ts Tave)1 ( )
394

395 (Luce and Tarbton, 2010). Hefieis the time step antyag is the surface temperature of

396 snow in the previous time step. A finite differerapproximation has been used for the

397 time derivative ana(T) has been replaced by the depth average snowpagletaturer ;.

398 Again, we have scaled the damping depth by a pdeame

399 3.3 Maodified force-restore approach

400 Luce (2000) and Luce and Tarboton (2001; 2010)ddahat the diurnal cycle may
401 be superimposed on a temperature gradient thagdsatilonger weekly to seasonal time
402 scales, causing variations in the temperature gnadind heat fluxes with depth. Luce

403 (2000) and Luce and Tarboton (2001; 2010) suggektedhe heat flux and the surface

18
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temperature could be estimated using the follownoglification to the force-restore

equation:

p A N R
Qu =d—w1 (T —Tsagl)+—(T ~T )+ 2T T, (23)

where T, is the average surface temperature estimateddqgrévious 24 hours, arf, is

the 24 hour time average of the depth average sackwemperature. Thé'3erm
represents the superimposed gradient, a lowerdrexyueffect, approximated using an
equilibrium gradient approach similar to Equati@a)( In this parameterizatiaty is the

damping depth associated with the longer time doaténg having lower frequenayy, i.e.

d, = |[— . In Equation (23) since the appropriate low fregy parameteids) is not
If

knowna priori, Luce (2000) and Luce and Tarboton (2001; 201Qysested thad; be

calibrated.

3.4 Theory of meltwater refreezing

The approaches described above solve for surfageet@ture based upon a balance
between surface forcing and the capacity of thevamear the surface to conduct heat into
or out of the snowpack. However, during a coofpegiod following melting where there is
liquid water present in the snow, the depressiosnofv surface temperature is inhibited by
the energy required to refreeze liquid water nearsurface before a temperature gradient

can be established and conduction can occur. &heffect of this is that when there is
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liquid water present the snow surface stays watamger and heat loss at night and in
cooling periods is more rapid. To accommodateeffect we have developed a
parameterization for the penetration of a refreghiont and conduction of heat between
the surface and refreezing front while there igitigwater present in the snow.

When snow energy conteldtis greater than 0, liquid water exists in the spagk.
The snowpack is assumed to be isothermal’@t 0Using the relationship between energy
content and liquid fraction (Equation 3 b), the igglent depth of liquid water in the

snowpackwy, (m) is calculated as:

W :LfW: (24)

The capillary holding capacity of the snow is defiras mass fraction liquid

holding capacityl., times snow water equivaleb§W, which implies that the maximum
, . . LWpo, ,
density of capillary watep,,, is p,, = D5 = L. p,, whereD is the depth of snowpack.

We assume that prior to melt outflow, when theitiquater content is less than the
capillary holding capacity, the meltwater is heldree maximum density of capillary water
in the upper portion of the snowpack. The juddiiien for this assumption is that energy
generating melt primarily originates at the surfaéith this assumption the depth to

which meltwater has penetrated is:
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(25)

This describes the state of the snowpack prionemnset of a refreezing episode
during whichQxorcing iS Negative. The negative forcing will resultrafreezing that
penetrates down from the surface as illustratdéigare 1. The rate of increase of the

depth to the refreezing fromd;, is given by:

adr _ —M : (26)
dt Pmhi
whereQ(Ts) is the heat flux just above the refreezing friwetie indicated to be a function
of surface temperatur. The sign convention is that heat flux is pogitinto the snow
which is why there is a negative sign in Equati®)(
We assume a linear temperature gradient abovestteering front witfQ(Ts)

given by
SAEPRS @7)

We use an equilibrium approach for surface tempesgahat balances the surface

forcing with the conduction into the snow above tbkeeezing front, neglecting any heat
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stored in the snow between the refreezing frontthadsurface (as this will be small

because the heat capacity of snow is less thaatdr@ heat of fusion). This is written

Q(Ts) = Qforcing (Ts) ' (28)

To solve ford,(t) the dependence Qfiorcing(Ts) ONTsis linearized,

Qforcing (Ts) =a-bTs. (29)

Herea is the forcing surface energy flux when the swefamperature of snow is’G, and

b is the slope of surface forcing flux to surfaceperature function. This is a positive
value since)(Ts) decreases witlis. a is obtained by puttinds=0 into Qorcing(Ts). b is
obtained by putting a small negative (below freggif into Qrorcing(Ts) @and solving (29).

If ais greater than 0, then the surface forcing istpesand meltwater is being generated at
the surface sd; is set to 0. Whea becomes less than 0, the snowpack starts refggezin

Combining Equations (27) and (29) gives:

LT, =a-bT, (30)

Tscan then be expressed as:
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Substituting thidTsinto (27) then the result into (26) gives:

o ___ xa (32)
dt pmhf 0\+bdr)

Integrating Equation (32) starting from the initiefreezing depth;; during a time step,

we get:

b, . b, al
Ad +—=d " —-(Ad . +=d . ) =- At 33
r 2 r ( rl 2 rl ) ,Omhf ( )
This has solution
A+ [ +2p(ad +2g 2 - A8t
2 pmhf
d, = 5 ) (34)

Only the positive root has been retained since paokitive values ofl, are physically
interpretable and is a value greater than 0. Wheks greater thand,, the effective depth

associated with diurnal temperature fluctuatiomslomeltwater is refrozen, the model
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reverts back to the surface temperature paramatemzwithout refreezing of meltwater as

described above.

3.5 Adjustment of thermal conductivity, A, for shallow snowpack

In equations (13), (21), (22) and (23) the tempeeagradient is calculated over an
effective depthZ, = rd,;) estimated from the depth of penetration of s@f@mperature
forcing at a diurnal frequency. When the snowhiallsw this depth may extend into the
ground below the snow cover. In such cases threnddeconductivity used in the surface
temperature parameterizations above needs to tréflecombined conductivity of snow
and soil below. We therefore take the effectiveral conductivity of the snowpacks,
as the harmonic mean to the effective defithwhere the amplitude is damped by the
same factor as it would be for deep snow (see €igur In deep snow the amplitude of

Zoldy _ e’ |

diurnal temperature fluctuations at de@ths damped by (Equation 1&) n

the combined snow/soil system, givenwve first solve for the depth into the sailat which
the amplitude of diurnal temperature fluctuatichgamped by this same facter' . Then
Ae IS obtained by taking the harmonic mean to thigtlie The thermal diffusivity of the
ground below the snov, is related to the thermal conductivil, heat capacityCy, and

density,po, of the ground through:

k, =—2. (35)
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The diurnal damping depthy, associated with this ground thermal diffusiviy i

d, = |[—2, (36)

The amplitude of diurnal temperature fluctuationl@pthz, into the ground, relative to the

surface temperature fluctuation is therefore daniped Ae Ag. Equating this tae™"

we obtain:
Z. Z
S+ 2=y, 37
) (37)
Thusz is:
ZS
zZ, :dg(r —d—). (38)

The effective thermal conductivitye, and the effective deptH,, for the shallow

snowpack are then estimated through:

ze:zs+z2:zs+dg(r—§), (39)

1
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)

A—le ] z:lg , (40)
Equation (40) is used to obtain the effective th@roonductivity near the surface when the
snow is shallow. This is used in the parametdonatfor surface temperature that
calculate the surface heat flux between the snokvaad the atmosphere as well as
conduction into the snow.

Summarizing our model improvements, the force resémd modified force restore
approach have been included in the new surface &feB/melt model to better
parameterize the surface temperature of snow. wArafeezing scheme was developed to
model heat loss following partial melt through miotigthe penetration of a refreezing
front into the snowpack. The model was changetijost effective thermal conductivity
used in the surface temperature parameterizatioa $ballow snowpack where the

penetration depth for diurnal temperature fluctuaiextends into the ground.

4. Study Sitesand Data

The new surface UEB model was calibrated and tested data from three

locations in the Western U.S.
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Utah Sate University Drainage and Evapotranspiration Experimental Farm.

The USU drainage and evapotranspiration experirhérta is located in Cache
Valley near Logan, Utah, USA (41.6° N, 111.6° W5Q@3n elevation). The weather
station and instrumentation were in a small ferexedosure at the center of an open field
with no obstructions to wind in any direction far@ast 500 m. Cache Valley is a flat-
bottomed valley surrounded by mountains that redewations of 3000 m. During the
period of this experiment the ground was snow cavérom November 20, 1992 to March
22, 1993. Air temperatures ranged from -23 °C&6Q and there was 190 mm of
precipitation (mostly snow, but some rain). Thewrmaccumulated to a maximum depth of
0.5 m with maximum water equivalent of 0.14 m. ®ewllected included measurements
of snow water equivalent, snow surface temperatareperatures within the snowpack and
the upper soil layer, and the meteorological véesinecessary to drive UEB at 30 minute
time steps.

Shallow soil temperatures were measured using ltewntocouples placed below
the ground surface at depths of 25 mm and 75 mnother thermocouple was placed at
the ground surface. The snowpack temperature veasumned using thermocouples
suspended at 50, 125, 200, 275 and 350 mm abowgdbad surface on fishing line strung
between two upright posts. These temperature ma@asmts were corrected for high
frequency fluctuations in the panel reference teatpee (Luce and Tarboton 2010).
Snowpack surface temperature was measured witlEtgcest Interscience model 4000
infrared thermometers. Internal energy conterthefsnowpack was calculated from the
temperature profile of the snowpack and upperlagér accounting for the near surface

nonlinearity through an analytic integral of Eqoat{(18) as described by Luce (2000),
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Luce and Tarboton (2010). Snow water equivalerst mwaasured using a snow tube. Snow
pits provided measurements of density and depthed&h measurement occasion snow
water equivalent was measured at eight locatia@wsgff when snow had disappeared from
some) and averaged.

A complete dataset including the air temperaturadwpeed, relative humidity,
incident shortwave radiation, outgoing shortwawdaton, temperature profile through the
snow and surface temperature of snowpack was alafieom January 26, 1993 to March
22, 1993 when the snow completely melted away. déta at USU DF was used in this

study to calibrate the new surface UEB model.

Central Serra Show Laboratory

The Central Sierra Snow Laboratory located 1 knh @@Soda Springs, California,
measures and archives comprehensive data relevanbw. It is located at 39”18,
120°22 W, at an elevation of 2100 m. The meteorologizdh are reported each hour and
consist of temperature, radiation, humidity, préeaimon, and wind measurements at two
levels in a 40 m by 50 m clearing and in a mixexifes canopy with 95% forest cover.
Snow depths and water equivalent are measured @aitgpt on weekends) and eight
lysimeters record melt outflow each hour. The diaten the open site used in this study
were collected between November 14, 1985 and Jul986 when the snowpack
disappeared at the open site at a 6 hour time #taptal of 124 snow water equivalent
measurements in addition to hourly lysimeter dateevavailable for this time period. This

dataset was used to test the new surface UEB model.
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Niwot Ridge, Colorado

Another dataset used to test the new model coraas Subnivean snow laboratory
at Niwot Ridge on the eastern slope of the Fromgeaof Colorado (3517 m MSL, 218’
N, 10535 W) collected during the 1995~1996 winter seasditge instrument site is
located in a relatively flat area above the treelnthin a broad saddle of the ridge. The
high elevation and exposure of Niwot Ridge, anddsily dry atmospheric conditions,
result in large clear-sky atmospheric transmisgivitgh solar insolation, and low
magnitudes of incident longwave radiation, lowtamperatures, and high wind velocities.
The dataset includes measurements of air temperatind speed, relative humidity, and
incident shortwave radiation from April 28, 1996September 30, 1996 with a time step of
2 hours. Measured lysimeter data are also aveilbhough there are concerns as to how
representative it is due to preferential flow p&gfirgger-flow) in the snow resulting in
under-catch of meltwater (Cline, 1997a). The sewiace UEB model was validated
against this data for further variability reseaothhe spatial distribution of snow water

equivalent in the year of 1996.

5. Resaults

The new surface UEB model with the modified forestore surface temperature
parameterization was calibrated against the data the USUDFto adjust some parameters
and reflect the model changes. The model wastdetad at the CSSL site. The model
was validated using data from the Niwot ridge g#sting to some degree the physical

basis and transferability of the model parameters.
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At USUDF, Luce (2000) and Luce and Tarboton (2G@Qnd evidence that the
estimates of the incoming longwave radiation usetthé original model testing (Tarboton
et al., 1995; Tarboton and Luce, 1996) were too low dukedquent inversions during
winter. Luce (2000) estimated the downward longsveadiation flux from the total
snowpack energy balance during non-melt periodsngall other energy components such
as ground heat flux, net shortwave radiation, tientfluxes and outgoing longwave
radiation. The corrected longwave estimates walieated against cloud and fog
observations at a nearby airport. In validatirgnlew surface energy approximation, we
used the measured shortwave radiation, the downkvagivave radiation estimated by
Luce (2000), and the measured ground heat fluxite dmplementations of surface UEB
with each of the three alternative surface tempeggtarameterizations given above
(Equilibrium gradient, Force-restore and Modifieat¢e-restore). The new surface model
includes parameters from the original UEB modelall as new parameters introduced
with the enhancements. Although there is someedegf circularity in using the total
energy balance as an estimator of one stream oimimg energy, none of the alternative
surface temperature parameterizations and noreotfreezing components were used in
making the estimates. Consequently, comparisomsgralternative model choices are
nominally unaffected by the partially calibratedidpvave radiation estimates at the
USUDF location, and the results should be vieweithéncontext of a comparison for
different approaches and incremental improvemeherahan as a validation per se. Table
1 gives parameter values indicating which are rawd, which were adjusted from their
original UEB values to fit the data at USUDF ascdssed below.

5.1 Modeled internal energy of snow
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650 Figure 3 shows the time series of measured snamngrand snow surface

651 temperatures at the USU Drainage Farm that we tasealculate the internal energy

652 content of the snowpack. Because this measurethaltenergy is only based on

653 temperatures and does not account for any liquiemmesent, measured internal energy
654 content is only comparable to modeled internal gynduring cold periods when liquid

655 water is not present. During warm periods, the eletlenergy content is expected to go
656 above zero while measured energy content remanse ¢b (just below) zero. The three
657 approaches for surface temperature approximatisaried above were included as

658 options in the new surface UEB. (The original UBBdel only had the gradient approach).
659 The comparisons between the modeled and measueedahenergy values (Figure 4)

660 focus on periods when the snow is cold and liquadiewis not present. These comparisons
661 appear similar to the initial work of Luce (2000g&re 2-5) and Luce and Tarboton (2001;
662 2010) that indicates that the modified force ressow surface temperature

663 approximation compares best to the internal eneogyent of snowpack. Here we note
664 that these results differ from the earlier work.ate (2000) and Luce and Tarboton (2001;
665 2010) in that the new results are complete modelisitions driven by inputs of air

666 temperature, humidity, radiation and wind with sgd temperature calculated by the

667 model. The earlier work used the measured suttanperature to drive calculations of
668 internal energy estimating only the conduction ithi® snow, which does not test

669 interactions of the new scheme with energy fluxgsethdent on surface temperature. The
670 results here are from a free running model forogedéather inputs that do test the

671 modeling of dynamic interactions among the suriawergy exchanges and surface

672 temperature. Some parameters and physical prepepiantified earlier (Luce and
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Tarboton, 2001; 2010) were used here. Followirgsticcess of the modified force-restore
surface temperature approach relative to the aperoaches at the USUDF, the modified
force-restore was used in all subsequent evaluatibthe other sites.

Comparisons between modeled and measured varahlESUDF are shown in
Figures 5, 6, 7, and 8. Figure 5 includes meassmed water equivalent and the results
from five model runs. Four model runs are fromnke surface UEB model using the
parameters listed in table 1, each initialized ahff@rent date indicated by the letters (a)
through (d) following periods of severe weather bkely erroneous inputs. The fifth
model run is from the original UEB model with itsgnal parameters reported by
Tarboton (1994). Figure 6 shows the measured ardelad energy content from the new
surface UEB model run initialized on 1/26/1993 thge with a model run using the code
prior to the addition of the refreezing parametgian. Note that with the addition of the
refreezing parameterization, lower energy conteeiter in line with measurements is
obtained than without the refreezing parameteonati

Figure 7 shows measured and modeled energy cdndemthe original UEB model,
indicating a large discrepancy in energy contdrtis problem was identified by this
comparison to internal energy computed from tentpeggprofile measurements (Figure 3).
This discrepancy has been resolved (Figure 6) tirdlie combination of modifications
reported in this paper (modified Force-Restorefasar refreezing and shallow snow
conductivity adjustment). These results pointimportance of comparing models to
measurements of their internal state as withouditezt comparison to energy content the
discrepancy with the original UEB may not have bielemtified.

5.2 Modeled snow water equivalent and meltwater
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Figure 8 shows surface temperature comparisonsvintime intervals chosen to be
illustrative of periods prior to the onset of mattd during the period when snow is melting.
The model runs shown in Figure 8 (a) were initedion Jan. 26, 1993. The original UEB
model run shown in Figure 8 (b) is the same adgare 8 (a) while the new surface UEB
model run shown was initialized on Mar. 9, 1993té\that these surface temperature
comparisons, such as were used in the developrém original UEB do not indicate the
energy discrepancy that full profile temperatureasuements reveal.

The new surface UEB model and the calibrated mpaelmeters were then tested
using the 1985 -1986 data from the CSSL, CA. Coispas of the modeled and the
measured variables are shown in Figures 9, 1(arid 12. The modeled results well fit the
measurements. More descriptions of the resulte wersent in the discussion section.

The new surface UEB model was also tested using @8 from the Subnivean
Snow Laboratory at Niwot Ridge, CO. Modeled andesleed snow water equivalent are
compared in Figure 13. The model was initializethwhe beginning observed snow water
equivalent value of 1.4 m. Melt outflows that tethto 0.23 m were recorded. These were
used to infer the snow water equivalent back thindirge. However, as shown in Figure
13, there is a discrepancy between the measuradtett (0.23 m) and observed initial
snow water equivalent (1.4 m). This is presumedetdue to preferential meltwater

drainage flow paths in the snow as reported presloat this location (Cline, 1997b). An

. W, + : _—
adjustment factor was calculatedaé'zﬁ , WwhereW, is the initial measured snow
m

water equivalenty’ pis the total precipitation during the modeling tiaed >. mis the

total measured meltwater outflow.
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5.3 Modeled albedo

The USUDF instrumentation included a net radiomater downward and upward
pointing pyranometers. These were used to obtemeasured estimate of Albedo that was
compared to albedo as simulated by the originalehadd new surface UEB model
(Figure 14). These results indicated that albeds mot being refreshed to new snow
values following snowfall. This was corrected lyanging the threshold of new snow
water equivalent that restores albedo to the n@w sover,dyens, to 0.002 m; this was

previously 0.01 m.

6. Discussion

The most significant change introduced into théaser UEB model was the
change to the surface temperature parameterizafigure 9 shows the snow water
equivalent data originally used to validate the Ua&del, together with surface
temperature comparisons, such as Figure 8 andonmlibw comparisons such as Figure
10. These results looked satisfactory at the thnepnce measurements of internal energy
(Figure 7) were obtained it was realized that thgimal UEB had problems representing
internal energy and this deficiency was tracedart fo the surface temperature
parameterization (Luce and Tarboton 2010). Incatnag the modified force restore
approach they suggested into the UEB model resudtadprovements in snowpack
internal energy estimates (Figure 4).

Density and thermal conductivity are the primaryapaeters introduced in the

new parameterization of surface temperature (egus1, 22 and 23). Variability in
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thermal conductivity as a function of snow densityo be expected as both are determined
by the snow’s microstructure but are not uniquelgted to each other. Measurements of
the thermal conductivity of snow are thoroughlyiesved by Sturm et al. (1997). In the
literature there is variability in the values reggar for thermal conductivity (Anderson,
1976; Gray and Male, 1981; Lee, 1980). Anders®7§1p30 Figure 3.1) shows that the
thermal conductivity of the snowpack may change eveide range from 0.15 kJhin ™
K™ to 7.5 kd it h'* K at a density of 200 kg th Lee (1980) also reported a range from
0.25 kJ it h* K™ at a density of 100 kg fto 5.3 kJ rith™ K™ at a density of 700 kg Th
Gray and Male (1981) indicated that thermal congitgtchanges are nonlinear from
0.18 kJ nth™ K™ at a density of about 175 kghto 5.76 kJ rith™ K™ at a density of
800 kg m®. The UEB model retains a degree of simplicitynby modeling surface density
and thermal conductivity as time varying quantiti@fe surface UEB uses a single
thermal conductivity value and snow density, arelvialues ofis = 0.33 kJ rith™ K™ and
ps= 200 kg it were calibrated to fit the internal energy measwmets of Figure 4
considering the snow thermal properties inferredhffrequency analysis by Luce and
Tarboton (2010). Snow density is reflective of tlemsity of the snow surface, involved in
surface energy exchanges, rather than the snovgsagkvhole. Modeling the thermal
conductivity as a function of density may improfie performance of snowmelt models if
the density was able to be apporprietely modeledvéver, the errors in modeling the
density may also brought in errors in modelingshgace heat conduction and the internal
energy content.

A value ofr=1 was used for the dimensionless damping deptbrfadhis

nominal value corresponds to a gradient over tipghd® which diurnal temperature
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fluctuations are attenuated by a factor of 1/ee il thermal conductivity parameter also
plays a role in the model when the snowpack ideglEquation 40) and was set to a
value of 6.5 kJ mh™ K, within the range of soil heat conductivity regatfor the Logan
Area (Hanks and Ashcroft, 1980; Luce, 2000). Tdve frequency forcing frequency value,
wir, was set to 0.0654 rad/h based on Luce and Tarl§a@i.0).

It is interesting to note that with a new surfaes@perature parameterization
calibrated to USUDF data, the model better reptsstie CSSL snow water equivalent
data (Figure 9) and cumulative melt data (FigureeEdly in the season. This model
successfully resolves the failure to capture eselgson melt, a problem which is a fairly
common feature of single-layer models (Slater e2@01). The model now holds energy
content closer to zero and is able to represeiyt s@aason melt, correcting the relatively
small early season discrepancy in comparisons ®lLCGfata that was present in the original
UEB model calibrations. Small discrepancies stiikt in the modeled snow water
equivalent and the measurement snow water equivaté¢he high accumulation period.
This may be due to remaining model errors and sameertainty (undercatch) in the
snowfall measurements that are inputs. The disappee date of the snow at CSSL was
still modeled about one week later than the obskmbich may be due to errors in
modeling the decrease of albedo perhaps due tamamation of the snow or due to the
increase of longwave radiation from the nearbydbcanopy.

Representation of observed snow water equivalddSatDF in a single model
run proved to be difficult. We attributed thisuocertainty and likely erroneous input
guantities during windy and stormy severe weatleeiogds. Snowfall was recorded in a

heated unshielded precipitation gauge so is unnatal likely to suffer from undercatch.
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786 There was also snow drifting resulting in accumataand scour associated with strong
787 winds, and griming of the instruments recordingaadn.

788 One of the problems discovered with the originaBUBodel was that it offsets
789 the bias due to the surface temperature paramatierizoy a bias in heat loss following
790 surface melting (Figure 6). Following a periodsabwmelt, the observed energy content is
791 observed to fall below 0 but the modeled energyerrremained above 0. Without the
792 refreezing parameterization surface temperatureadnately drops in a cooling period,
793 limiting the heat loss by reducing the outgoinggaave radiation. The parameterization
794  of the refreezing front corrected this to some ®ix(Eigure 6) keeping the surface

795 temperature warmer and sustaining greater outdongyvave radiation energy losses, the
796 extra energy loss going to refreeze liquid watesspnt and allowing the model energy
797 content to drop more in line with the observations.

798 Melt outflow rates were not measured at USUDF. dtenges in surface

799 temperature and refreezing parameterization chatihgechodeled amount of liquid water,
800 which changed melt outflow. We used measured outftow at CSSL (Figure 11) to
801 adjust the snow hydraulic conductivity to 200 t k value still within the range from 20
802 m h'to 300 m H reported in the literature (Gray and Male, 1981ijuid holding

803 capacity was adjusted to 0.02 to better fit metflow.

804 De andz, were adjusted based on the research of Luce (20@D).uce and

805 Tartboton (2010) where a value of 0.1 m was suggefsir the soil effective depth and a
806 value 0.01 m suggested for the surface aerodynamghness of snowg in the calculation

807 of turbulent heat flux.
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The Albedo measurements at USUDF enabled refineaighe parameter
guantifying the new snow water equivalent thatoe=st albedo to the new snow cover,
resulting in a more responsive modeling of albedmosistent with observations (Figure
14). However, there is an offset between modefedadserved albedo in this figure,
which, we believe, is due to downward pointing tediband pyranometers not being
appropriate for measuring snow reflectance. Howthay do still provide us with relative
measurements useful in quantifying the timing asponsiveness of albedo changes.

As was observed at the USU drainage farm, the neface model also gave a
good approximation of the surface temperature ohwsgFigure 12) at the CSSL snow
laboratory. Both the new model and the originatieigerform well in approximating the
surface temperature of snow at CSSL site. Howelremew model corrects the offsets
between the modeling of snow surface temperatutdl@modeling of the internal energy
of the snowpack in the original model. Here weertbiat uncertainties exist in the
measurements, e.g., the measurement of surfacetatape of snow has positive value
during some daytime periods.

The comparison between modeled and measured sntaw &cauivalent at Niwot
Ridge inferred from observed initial snow water igglent and melt outflow is given in
Figure 13. This shows that after the adjustmebtoect the discrepancy between initial
snow water equivalent and measured melt, the balckHated snow water equivalent
compares well with modeled snow water equival@ue to the adjustment involved this is

really only a check on the timing of the ablation.
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7. Conclusions

This paper has: (1) Evaluated the force restorenawdified force restore
temperature parameterizations developed for aesiager snowmelt model in a complete
energy balance free-running model driven by onhyaaspheric forcing; (2) Introduced and
evaluated a new parameterization for the refreeairigjuid water near the surface in an
energy balance snowmelt model; and (3) Introducediaement to adjust thermal
conductivity parameters for shallow snowpacks. l€tively these contributions have
solved the issue of overestimating the energydbsmowpack and underestimating the
average snow temperature in an earlier versioheofdEB snowmelt model. With these
refinements, the model was better able to represtarnal energy content, snow surface
temperature, early and late season snowmelt aed@ldpuite well. Through this modeling
work the understanding of snow surface energy exggggand how they can be more
effectively modeled has improved.

This work has integrated information from a numblemeasurement sources to
validate and improve parameterization of processése model. Without the temperature
profile measurements that quantified internal epeitte energy content discrepancy would
have been hard to identify.

The new surface UEB snowmelt model has been cadthiand tested against
datasets from the USU Drainage Farm and CSSL sabaradtory and performed well at
these two sites. The paper also included tesiastggome data from Niwot ridge,
Colorado. However some discrepancies still exastvben the modeled variables and the

observations. Also some variables cannot be lsteoimpared or compared against a
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complete dataset. A more complete dataset oidhé&llwater content, together with
continuous observation of snow water equivalerayssurface temperature, melt, and
depth, is necessary for a comprehensive test ahtitkel improvements given here. This
speaks to the need for integrated measurementslltpla variables at each of multiple
sites to more fully constrain snow mass and enprggesses to further improve snow
models. Such datasets are becoming available (Mbal., 2012) and it is important for
future studies to take advantage of such dataaedsfor more of such datasets to be
collected.

Surface UEB is a single layer model designed tpadysimonious, yet use
physically based calculations for the energy andsnexchanges at the snow surface so as
to be transferable, with limited calibration, ttet locations. This transferability was
evaluated to a limited extent in this paper by gsmultiple somewhat geographically
dispersed test sites in Utah, Colorado and Cal#oifhe results thus provide some level of
confidence in the transferability of the model,upb further testing at additional sites
would add to the confidence in the model transfiéitabor lead to further improvements.
Surface UEB uses a limited number of state vargabteas to be easy to apply in a spatially
distributed fashion. It focuses on surface enexghanges and surface temperature as the
variable at the interface between the surface amdsphere governing energy exchanges.
It avoids attempting to represent the internal gnexchanges between snowpack layers
thereby avoiding the introduction of errors du¢h® challenges in representing these
complex internal snow processes. UEB compared &ohpiagainst more complex layered

models in a recent model intercomparison (Ruttaet.e009). Further evaluation of
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surface UEB together with other models in differelimate and topographic settings, as

suggested in Rutter et al. (2009), should be pdrsue
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51



1087

1088

Atmosphere
Amplitude
N g TP
Deen Shallow >
snow snow
A A
rd1
l ........................ A
z
\ A
1089
1090

1091 Figure 2 Heat conduction scheme for combined sramlggstem. The dashed lines at
1092 depths A and B indicate the depths at which tentpegdluctuation amplitude is damped
1093 bye" in the deep snow and combined snow/soil systepentively.

1094

1095

52



N~ S v
Npanry T TR
5 WAL
(th\~£\\ f"\\ r O
SRV AN
— - 1
G 10 i 0
o ’\ -—-5
3 - — 125
g .15 /
g M u hl — —20
s yr(etnne® vy Ny |- 27.5
= 20 —--35
,Nd ] M Ts
-25
'30 T

1/25/1993 1/28/1993 1/31/1993 2/3/1993 2/6/1993 2/9/1993
1096

1097 Figure 3 Measured snow, ground, and snow surfawperatures at the USU Drainage
1098 Farm. Tis the measured surface temperature of snow fromfeared sensor. Other
1099 temperatures are from thermocouples labeled acuptditheir height relative to the
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1108 Figure 4 Comparisons of internal energy of snowghaing the first two freezing weeks at
1109 the USU Drainage Farm. Measured is the internatggnof snowpack calculated from the
1110 temperature profile (Figure 3). Gradient, Forcgore, and Modified force restore

1111 represent the modeled internal energy of snowpatiguhe equilibrium approach, the
1112 force-restore approach, and the modified forceoresapproach respectively.

1113

54



1114

Uncertainty due to

Discrepancy in extremely strong wind - 40

Jsnowfall and
extreme strong
wind

©
[E
»

m
©
[E
I

1

8 0.12 - . T 303
o \ 3
© 0.1 4 I + 255
= vl ) 5
o 0.08 - \ + 205
g 0.06 B Measured H 152
§ ' Original UEB K g
= 004 1 ——— Modeled (Different initialization times) 11\_!;1 . - 10
Ug) 002 ——— Precipitation T L 5

0 | Y W ,

1/25/1993 2/4/1993 2/14/1993 2/24/1993 3/6/1993 3/16/1993 3/26/1993

Figure 5 Comparisons of snow water equivalent i&31& the USU Drainage Farm. The
dashed lines are the modeled values with new nstdek at different times.
Precipitation input is shown (spiky line at thetbat) relative to the axis at the right.
Letters (a) through (d) indicate points where traelel was re-initialized following
periods of likely erroneous inputs due to severatier.

1115

1116

55



1117

1118

4000 Measured ——— Refreezing —-—-Without refreezing

3000
2000

! q
1000 - E\P‘w\ ., ) j" u‘eJ‘M' i

0
-1000 -
-2000 -

'3000 T T T T T 1
1/25/1993 2/4/1993 2/14/1993 2/24/1993 3/6/1993 3/16/1993 3/26/1993

Energy content (KJ/m2)

1119
1120

1121

1122 Figure 6 Comparisons of internal energy of snowpad®93 at the USU Drainage Farm.
1123 The wide solid line is the measured values. “Refigg” represents the modeled internal
1124 energy of snowpack with new surface UEB model. thtvut refreezing” represents the
1125 model without the refreezing scheme.

1126

56



1127

1128

10000 -
5000 -
0 Mg
-5000 +
-10000 -
-15000 -

Energy content (KJ)

-20000 - ——Measured
-25000

'30000 T T T T T T
1/25/1993 2/4/1993 2/14/1993 2/24/1993 3/6/1993 3/16/1993 3/26/1993

1129
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Figure 14 Comparison of measured and modeled alaethe USU drainage farm.
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Table 1 Model parameter values

Parameters

Value

Thermal conductivity of snovig

**0.33 kI m* K* ht

Thermal conductivity of soilg

65kl m:K?*ht

Low frequency forcing frequenays

**0,0654 radians H  (w1/4)

Dimensionless damping depth factor **1
Threshold depth for fresh snalens **0.002 m
Saturated hydraulic conductivib§e, *200 m H*
Surface aerodynamic roughness *0.01m
Capillary retention fractiokb, *0.02
Soil effective deptiDe *0.1m
Snow densitys *200 kg m*
Ground heat capacit@ 2.09 kJ kg K™
Density of soil layepy 1700 kg m°
Emissivity of snowes 0.99
Temperature above which precipitation is rain 3°C
Temperature below which precipitation is snow -1°C
Wind/air temperature measurement height 2m
Bare ground albeday 0.25
New snow near infrared band reflectange 65%
New snow visible band reflectaneg 85%

** These parameters are new, i.e., they were reggort in the Original UEB

* These parameters were calibrated to have newesalu
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Table 1 Model parameter values
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Figure 1 Schematic illustration of temperature peafuring the downward propagation of

a refreezing front.

Figure 2 Heat conduction scheme for combined srmiggstem. The dashed lines at
depths A and B indicate the depths at which tentpexdluctuation amplitude is damped

by e" in the deep snow and combined snow/soil systepentisely.

Figure 3 Measured snow, ground, and snow surfaupdratures at USU Drainage Farm.
Tsis the measured surface temperature of snow fromfeared sensor. Other
temperatures are from thermocouples labeled acuptditheir height relative to the
ground surface. Negative heights are below thargicurface and positive heights above

the ground surface. O refers to the measured tatype at the ground surface.

Figure 4 Comparisons of internal energy of snowghging the first two freezing weeks at
the USU Drainage Farm. Measured is the internatgnof snowpack calculated from the
temperature profile (Figure 3). Gradient, Forcgaee, and Modified force restore
represent the modeled internal energy of snowpariguhe equilibrium approach, the

force-restore approach, and the modified forceoresapproach respectively.

Figure 5 Comparisons of snow water equivalent i&31& the USU Drainage Farm. The
dashed lines are the modeled values with new nstdek at different times. Precipitation

input is shown (spiky line at the bottom) relatteehe axis at the right. Letters (a) through
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(d) indicate points where the model was re-initiadi following periods of likely erroneous

inputs due to severe weather.

Figure 6 Comparisons of internal energy of snowpad®93 at the USU Drainage Farm.

The wide solid line is the measured values. “Refirey” represents the modeled internal

energy of snowpack with new surface UEB model. thbfut refreezing” represents the

model without the refreezing scheme.

Figure 7 Comparisons between the measured and ewbiheérnal energy of the snowpack

at the USU Drainage Farm in the original model.

Figure 8 Comparisons of snow surface temperatut®93 at the USU Drainage Farm. (a)

the first two subfreezing weeks, and (b) end ofrtieeleling period when the snowpack is

occasionally in an isothermal state.

Figure 9 Comparisons of snow water equivalent id61& CSSL.

Figure 10 Comparisons of accumulative melt in 1886SSL.

Figure 11 Comparisons of meltwater outflow ratd 986 at CSSL

Figure 12 Comparisons of surface temperature o/snd.986 at CSSL
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1235 Figure 13 Comparisons of snow water equivalen9®@6lat Subnivean Snow Laboratory at
1236 Niwot Ridge watershed, CO.
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1238 Figure 14 Comparison of measured and modeled aléethe USU drainage farm.

1239

1240

69



