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Abstract. Localscale advection of energy from warm snfree surfaces to cold sneeovered surfaces is an important
component of the energy balance during snowcover depletion. Unfortunately, this process is difficult to quantify in one
dimensional snowmelt model$his manuscript proposes a simple sensible amhtdteat advection model for snowmelt
situations that can be readily coupled to -dimaensional energy balance snowmelt models. An existing advection
parameterizatiowas coupled to a conceptual frozen safiltration surface water retention model toiestte the areal average
sensible and latent heat advection contributions to snowmelt. The proposed model daveparméh observations of latent
and sensible heat advection providing confidence in theepsoparameterizations and the assumptions apghed/covered
area observations from unmanned aerial vehicle imagery used to update and evaluagegcaling properties of snow patch
area distribution and lengths. Model dynamics and snowmelt imiplisaivere explored within an idealized modelling
experiment by coupling to a onglimensional energy balance snowmelt moBey, snowfree surfacesvere associated with
advection of dry aithat compensatEfor positive sensible heat advection fluxes aadimitedthe net influence of advection

on snownelt. Latent and sensible heat advection fluxes both contdipatstive fluxes to snow when snefnee surfacesvere

wet and enhancknet advection contributions to snowmelt. The increased net advecti@s fiam wet surfaces typically
develop towards #hend of snowmelt and offset decreases in thedonensional areal average melt energy that declines with
snowcovered area. €mewmodel can be readilycorporated intexisting onedimensional snowmeltydrology and land

surface schemmodels and wilfoster improvements in snowmelt understanding and predictions.

1 Introduction

Sensible and latent turbulent heat fluxes contributing to snowmelt are complicated during snowcover¥d jckEpletion

by the lateral redistribution of energy from snémee surfaces to snow. Unfortunately, many calculations of the snow surface
energy balance have largely been limited to-dimeensional model frameworK8run et al., 1989; Gray & Landine, 1988;
Jordan, 1991; Lehning et al., 1999; Marks et al., 1989¢h simulate melt at points withoebnsidering variations ity 6 .0

Despite the sophistication of these methaldsy haveneglectedocalscale advection of energy.
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The differences isurfaceenergetichetweersnowcoveed and snow free areas leads to a heterogeneitibution of surface
temperatureand nearsurface water vapour These horizontal gradients drive a lateral exchange of heat (sensible heat
advection) and water vapour (latent heat advection when considering the induced condensation or sublimétietganiag

edge of a snowpeh. Advection ontributions to snowmelt are noegligibleassensibleneat advection has beestimated to
account foup to 55% of the snowmelt energy bala(@eanger and Male, 197&esulting in areal melt rates being the greatest
whensnowcoveis between 40% and 60f8hook 1995; Marshkt al. 1997)Advectionis very challengig to directly observe

due tothe dynamic nature of snowcover ablatiBirectobservation®f themeltimplications of advection hawgilisedrepeat
terrestrial laser scanning identify and quantifyargermelt rates on the leading edge of snow pat¢hedt et al., 2011) The
development ofnternal boundary layeras air flows over heterogenous surfacesvjgles an alternatapproactto measure

the adection energy flux directlyfGarratt, 1990) Measurements of these internal boundary layers across snow surface
transitions reflect established power laws of boundary layer hégiatok 1995; Granger et al. 2008)d ca quantify the

latert and sensible heat advection through boundary layer integré@Goanger et al., 2002, 2006; kdzr et al., 2017)In
contrast to these fimags the formation of boundary layers fsobeen attributed as a cause of atmospheric decoupling of
the atmosphere from the snow surface leading to the suppression of sensible heat advection in(MwttAdpsal., 2013,

2016, 2017)The reader is referred Eujita et al (2010, Grange et al(2002, 200§ Mott et al.(2013, 2016, 20)7andSauter

and Galog2016)for discussions on the complexitieEboundary layer development over snow during advection situations
and how this may influence overall energy exchampes to the compléty of the process and difficulties in observation,

modeling has been the focus of much more work on this topic.

To madel advectiorto snow patchedVeisman (197 7applied mixing length theorymplicitly accounting for both latent heat
advection {'O) and sensible heat advectio® . This work was proposedt a timewhen knowledge ofthe statistical
propertiesof snowcover werinadequate¢o allow for easyextensiorto naturalsnowpacksGray et al(1986) noted that T h e
major obstacle to the development of an energy balance model for calculatinguamdities is the lack of reliable methods
for evaluating the sensible heat fluxpriority research need is the development of "bulk methodolofiestalculating
thisterm,especially for patchy, snewo v e r c o Buthsequentmmadsls have had variable complexity. Marsh and
Pomeroy (1996kstimate areal averag@ via a simple advectionefficiency term relate to “Y6 .0 Another approach to
estimde areal average estimates of advectipplied nternal boundary layer integrati@pproacks (Granger et al., 2002,
2006)to tile modelgEssery et al., 200&)ndaccounedfor thescaling properties of naturahowcover(Shook et al., 1993a)
Other investigationkhave employeadomplexatmospheric boundary layer modélsston, 1995)and large eddy simulation
(Mott et al., 2015, 2017; Sauter and Galos, 201d)quantify the nodinear relationships between snow patch
characteristics/geometry and advected energy. Numerical models provide the most detailed descriptpmoadsthes but
are constrained to &lized boundary conditions. Tipeoblem withall these modelling approaches is that nbage had

validation with actualadvectionobservations antdO has largely been ignored. Orllyston (1995) consideredyO , but in
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that study did noéxplicitly partition advected energy inf® or O componentsind assmeda constansaturated snoviree
surface This is in contrast to observationsi® thatshow a dependency upon tignamic extent oponded meltwatefand
associatedlynamicnearsurface humidityonten} which is prevalent in areas loiw topogaplhic relief andlimited snowmelt
infiltration due to frozen sadl(Harder et al., 2017)'he main challenges in modelling these dynamics is to consti@izreal
extent over which the advection exchartakes place, quantify the gradients in scalar between upwind and downwind surfaces,

and relate the scalar gradients to advection fluxes.

There remains a pressing need for an approach that can estirahtevaragéO andd'O contributions during snowmelt that

can easily integrate with existing edenensional snowmelt models. This work seeks to understand the implications of
including localscale’© and0'O with onedimensional snoweldt models. To address this objective, this paper presents a
simple and easily implementabi® and0'O model. Specific objectives are: to validate the proposed model with observations
of advectim; to re-evaluatethe scaling relationships of ew-cover geometry with current datasets of sramwer; and to

guantify the implications of including advection upon snowmelt.

2 Methodology

The methodology to address the research objectivasely outlined here. A conceptual and quantitative modeh&work
extenddthe Granger et al. (2008dvection model, hereafter referredas the extended GM2002, to also consii@r. The
performance of the extended GM2082s evaluated with respect © and0'O observations as reported (Harder et al.,

2017) Snowcover geometry scaling relationships ployed in the model framewor{Granger et al., 2002; Shook et al.,
1993b) originally based ofiY$ @lassifications from coarseesolution or obliqgue imageryyere reevaluated with high
resolution unmanned aerial vehicle (UAV) imagery. The complete model framework, hereafter referred to as the Sensible anc
Latent Heat Advection Model (SLHAMyas thenused to explore the dynamics of the extended GM2002 when coupled wit
frozen soil infiltration and surface detention storfigetional water area parameterizations. Snowmelt simulation
performance and implications of includiff@ anddO were explored with coupling of SLHAM to the Stubb&now
Atmosphere snowmelt Mell (SSAM) (Harderet al.,2018) The SSAM nodel accounts for the dynamic influence of crop
stubble emergence on the sensinhel latent heat and shortwave and longwave radiation terms of the snow surface energy
balance that is coupled to the mass balance of a single layer snowpack model to sinowatelt. Development and
validation for SSAM focused on representing snowmekhallow snowpacks in the agricultural regions of the Canadian
Prairies. SHLAM is coupled to SSAM here as a demonstration of its ability to be coupled to existing snoemglbaiance
modelsthat assume continuous snowcov@ther snowmelt models cousimilarly beeasily coupled to SHLAMThemodel
performance of SSAM and SSABLHAM was also compared against the Energy Balance Snowmelt MGda} and
Landine, 1988)a snowmelt model commonly implemented for snowmelt prediction on the Canadian PralBBSM the

contribution of advection energy is indirectly addressed through simulafi@an areal average albedo that varies from a
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maximum of 0.8 premelt, a continuous snow surface, to approach a low of 0.2 at the end of melt, which represents bare soil
rather than oldnow(Gray and Landine, 1987)he areal avexge net radiation, greater than typically received by a continuous
show surface, is assumed to contribute to areal average snowmelt thereby implicitly accounting for advectiositifide a
approacho include advection energy for snowmdlis unconstained by SCA dynamics and will overestimate maitow

values of'Y6 .0The implications of including advectiowere evaluated with initial conditions and driving meteorology

observed over two snowmelt seasons from a research sitedacdle Canadin Prairies.

2.1 Model framework

Horizontal gradients of scalar properties are a first order control on the advection flux. For snowmelt the gradients are
conceptualised as snefnee surfaces upwind of a transition terew-coveredsurfa@. During melperiodsupwind snowfree

surfaces are typically comprised of dry soil and/or ponded water which correspond to warm dry and/or warm moist near surface
air properties, respectivel y. I n cont rted aebdr swface air ifures 1la)c o mmo
Conceptual air temperature and specific humidity profiles over snow, soil, and water surfaces are shown in Figure 1b to
articulate the atmospheric boundary layer dynamics observe@rdwyger et al(2002, 200% and Harder et al.(2017).
Assuming the changes in profiles are solely due to exchange wislutfaee the magnitudend direction of the energy flux

can be quantified by the integrated differences in profiles between the surface and the mixing height; the point above the
surface where differences due to surface heterogeneity disappear with atmecasptiag (Granger et al., 2002)Vhen the

upwind snow free surface is warm the cooling of the air as it moves over the snow will lead to sensible heat advection to the
snowpack andige versa. Latent heatlvection is dependent upon surface temperature as well as saturation. Thus, air from a
dry soil may increase in humidity as it moves over smdvich induces greater sublimation and therefore a reduction in
snowmelt energgHarder et al., 2017)In contrasta wet upwind condition will lead to a decrease in humidity as the air moves
over the relatively drier snow due to condensation upon the snow surface, whicts impease of latent heatar increase

in snowmelt energyHarder et al., 2017)

To scale any estimate of fetch length advection to an areal average representation the geometric prdpextest anh
exchange are needddver the course of melty® declines from completely sneeovered to snoviree conditions with the
intermediate periods defined by a heterogeneous blend of both. Conceptually the advection of energy to snow therefore i
bounded by the areas of sndn@e and snoveovered surfaes that constrain energy transfer. Iniidvection contributions to

melt aredominated by energy advecting from emerging sffie@e patches to the surrounding snow (Fig2e The total

amount ofenergy advected will be limited by the smaller srose sirface source area available to exchange energy; all
energy entrained by air movement across isolated $remvpatches will be completely advected to the surrounding snow
surfaces. At the end of ewmelt snow patches remain in a sndmge domain, and somenergy is advected from the warm
surrounding snoviree surface to isolated snow patches (Figme The amount of energy advected is limited by the smaller

show surface area available to exchaegergy. When the snow surface is the most heterogengithisa complex mixture
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of snow and snovfree patchesadvection occurs between isolated sHoge patches, surrounding snowcover, stime
surfaces, and isolated snow patches at the same timeej@oalty there will bea gradual transition from isolatexhowfree
patch to isolated snow patch advection constraitéssh and Pomeroy (1996) and Shook et al. (1988b)dthat magnitude
of the snowmelt advection flux will be greatest wheém is 4060% and this rangaas used to bound the transition of
advection constraints. The advection mechanism transitions over the course of the melt aadceptually related tY6 6

by a fractional sourcé® term that assumes a lineaeighting between 60% and 40"%0 as

p Y6 O T
Q - £ m Y6 O ™. 1)
T YO O T8

A "Qof 1 implies the exchange of advection energy is limited by the $rempatch areas and@of 0 impliesthe exclange

of advection energy is limited by the snow patch areas. Conceptually early advection frofnesnpatches will have a more
effective energy exchange mechanism than later advection to isolategatahes. The unstable temperature protieve

a rdatively rough warm snovfree surface patch will enhance exchange with the atmosphere, and therefore surrounding
showcover, per unit area of sndiee surface. In contrast, the stable temperature profiles above a cool and smooth isolated
snow patb will li mit energy exchange per unit area of snow surfice stability influences upon surface exchange dynamics
are implicitly accounted for in the parameterisation of stability term#&/eigman(1977)and ae expresed in Section 2.1.1.

During snowmelt, meltwater may infiltrate into the frozen soil and any excess will pond prior to and during the runoff phase;
these interactions will influence the near surface humidity of the $remsurface. ThusO may enlance sublimation when

the upwind surface is dry or condense and enhance melt when the upwind surfadélaraestet al., 2017Any attempt to

model advection must quantify the dynamic spatiapprties of the snow and sndree patch distributionsyY ¢ ,dractional

water coverage of ponded water, and horizontal gradients of temperature and humidity between snowfaed smfages.

With quantification of these processes, existing simple advection parametrizations can be extended tcQ@adulaie
contributions to snowmelt in a manner that accounts for the dynamics of the driving variables and processesaasiyill b
implemented in snowmelt energy balance models. The SLHAM model qeathié components of the conceptualdab
outlinedin Figure1l and Figire 2.

2.1.1 Advection versus distance from surface transition

Granger et al. (2002)evelopeda simplified @proach to estimate the advection over a surface transition from boundary layer
integration. Advected energy, (W m2), waspresentedis a power function of patch length(m) downwind of a surface
transition as

0 0 8 (2)

The coefficientd(W nr2) scales with wind speed and the horizontal scalar gradient and the coeffiGieist a function of

the Weisman (19775tability parametersu{). Parametrizations for these coefficients vary for sensiblg énd latent O )
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heat advection and whether advection is from a sine@/patch or to a snow patch; parametrizations are summarized in Table
1. The GM2002 approach is restricted to considefingontributions to snow. To extend this approacb® the dand
parameterizations of GM200&ere assumed to remairalid. The parameterization for coefficieiin the case obO was
modified to use the surface vapgressure gradient (kPa) with division by the psychrometric congtdkP#é K-]). This
relates the horizontal water vaparadient to be inerms of an equivalent temperature gradient; in the units of the original
parametrization. The coefficiemd for 0O uses the humidity stability parameter Weisman (1977)ather than the

temperaturetability parameter.

Thehumidity of the air at the surface interfaceadsely observed but is needed to quantifydfie term. TheQ was estimated

by assuming saturation at thé. The'Q is more challenging as it varies with the surface fraction of ponded i@ter ([-

]) as

Q "0 Q p O Q 8 (3)

The surface water vap@ressue for water surfaces@ [kPa]) was estimated byssunng saturation at the surface
temperature of the ponded watéy ( [K]). Assuming negligible evaporation from dry soil surfacksing snowmeltthe
surface water vapor of sollY [kPa])can betaken to be the same as actual wmpwessure observed above the surface. The
"Y was also weighted bYD as,

v o "y o O v @

where”Y (K) is the dry soil surface temperature. The remaining uncertainties in applying this framasedte

representation of the statistical distributiorDpfind estimation 6O and™0.

2.1.2 Fractional coverage of ponded water

To estimatéO  , the meltwater in excess of frozen soil infiltration capawi#g estimatedisingthe parametric frozen soil
infiltration equation ofGray et al. (2001)Gray et al(2001) parameterizechie maximum infiltration of the limited condition
(‘00 T@m]) as,

8 8

06 "08"Y8 p Y 8 _

08 h (5)
whered (2.1 []) is a coefficient representing prairie soil¥,(-) is a surface saturation (generally assumed to be& (), is
the antecedent soil saturatiél, (K) is the initial soil temperature, and (hours) is the infiltration opportunity tien Thed
term is estimated as the cumulative hours of active snowmelt over the course of the snowmelt perioanéitweats
(0 [mm]) is calculated as

0 B 0 ‘OO (6)

where M (mm) is the snowmelt sinceetheginning of meltd{ ) to the present time stéR
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To related toa™o , an elevation profile of the microtopography must be known. For simplicity, the furrows that
define the microtopography of an agricultural fieldre assumed to be represented by a half period, trough to peak, of a sine

curve (Figured). Thus™O is given by the solution of

Y o -igb * 0O wéiO * h @)
where the ratio of filled detention storag¥ ( [-]) is determined from
Y ——F (8)

wher a usedefinedy (mm) is the maximum detention storage of the surface.(Any that is greater thaiy is

removed as runoff and thereafter unavailable to future infiltration.

2.1.3 Snoveovered Area

The"Yd oOonstraiisthe overdlexchange of energy between the snow surface and the atmodggssang. and Pomeroy (2004)
developda“Y0 parametrizationfrom the closed form fit to the parametid ourve produced by homogeneous melt of a
log-normal SWE distribution

Y6 6 OAToR ¢— h €)
where"Yw'Gs in mm and, (mm) is the standard deviatioof "Y @ ‘Gat the premelt maximum acumulation.The,,
constrains the spatial variability of a snowpack and how it relaté&Staiepletion. Snowcover with high spatial variability
will have a longer duration of patchiness and therefore advectibrcamtribution to more of the totalhew melt. Other
parameterizations 6% 6 éxist and this was selected for its simplicity, relative success in describing ob&&bvedrves and

derivation in similar environments as to what is being modelled.

2.1.4 Snow Geometry

Perimeterarea reldbnships and patch area distributions of snow and snesvpatches show fractal characteristics that can
be exploited to simplify the representationsoowcovergeometry needed to calculate advection. There are ewononly
used scaling relationship. Fo appl i cat i on Shook & al.r(1938#hé fsactibneofrssnolw patches greater than

a given ared00 , is given as a power law distribution
¥

"00 — h (10

where® is a threshold value (given as the smallest patch size observed, and hereafter takén &s (nf) is patch area,
andO (-) is the scaling dimension. The scaling dimension is the same between snow arfdesnpatches, relatively
invariant with time, and ranges between 1.2 andSt®ok et al., 1993kgnd is not a fractal dimensigimre and Novotn,

2016) AHa c k 6 =latibnship betweelinear dimension and ared landscape feateswas established bRigon et al.,

(1996)and this was extended o and0 of snow patches b§ranger et al. (2002s
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0 OD (11)

where® is a constant taken as 1 aBdwas fitted by Granger et al. (2002)ke 1.5.

The relationships of E¢L0) and(11) were exploited to develop a probability distributionlofThe exceedance fractioiq

(10), was converted to a probability distribution with calculation of probabilities for discrete intervals; thisraEbd
appropriate selection of intervals. Thatgh area probability)(0  is also equivalent to the probability associated with the
probability of patch length®( 0 ), therefore

ndo o 06 06 (12)
where'Qs the index for intervals @i  that span a range constrainedas 6 b A discrete bin wi
to capture the large change'®o  at the more frequent small valuesiof. To estimate an arkaverage advection exchange
the normalized areal extent of eachgbasizewas calculated. The limited number of the largest patches will dominate the
exchange surface extent. Thuy® s transformed to give a normalized areal fraction of thiearea that is represented by

each patch siZ&0o as,

"Q0 —8 (13)

The transformation of the probability of occurrence to a fractional area of patch size is visualizeded.Figu

2.1.5 Areal Average Advection

Using the abovelescribed parameterizations®0 ,0,"Y6,00  andO0 ,"@nd boundary layer integratié@ andd'O
parameterizations, the areal average advediiorfyV), can be calculateds,

0 "Qp "Yb6®B Q0 Oy p QY6 B Q0 Oy Qp Yo B Q6 00j p

QY6 B Q6 0O; (14)

The terms, from left to right represent e from snowfree patchesO to snow patched} ‘Ofrom snowfree patches, and

0 Oto snow patches. All summation terms constit@teand0'O for the range of patch areas expected, from2itaran
environment appropriate maximum expected patch size ([m?]). Calculation of O andd'O use Eq(2) with application

of appropriateédand®parameterizations frofiable 1 and) as calculated with E¢i.1) from the range ob . Advection fluxes

for the range of patch sizes encounteagedweighted byQo , Eq (13), to give an areal average maximum flux. The
advection process must be constrained to sinee/or snow surfaces over which exchange takes place hence the staling
the maximum advection byp "Y06 6and"Y0 from snowfree patches and to snow patches respectively."(Thad

p "Q terms quantify the relative contribution fromaosmnfree patches and to snow patches over snowmelt™and
depletion. The primarcontrols on the model behauare the horizontal gradients of humidity and temperature, and wind

speed.

dt
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2.2 Reevaluation of SnowGeometry Scaling relationships

The coeficients for the snovecover geometry relationships are based on oblique terrggtogbgraphy or aerial photography
with coarse resolution and limited temporal samp(iBgook et al., 1993bRecent advances in UAV technologiesyide a

tool to reevaluate these relationships with georectified high resolirtiagery. During the 2015 and 2016 snowmelt seasons,
0.035 m x 0.035 m spatial resolution rgitenblue (RGB) imagery was collected daily during active melt. This imagery was
classified into snow and nesnow areas with pixdbased supervised thresholdiofjblue band reflectance. Cells that share
the same classification and were connected via any of the four mutually adjacent cell boundaries were grouped into snow an
nonsnow patches. The SDMTools R packay@anDerWal efal., 2014)was used to calculate patch areas. Patch length is a
challenging to define and quantify. For this analysis a similar approd@ratmer et al. (2002yas usedn which thepatch
lengthwas calculateds the mean of the height and width of the minimum rotated bounding box that contained thecamtire sn
patch. Patches with areas less than?lvere removed from the analysis as Boéd classificatioartefactsare associated

with such small patch sizeShe 1 n# area threshold is consistent with the existing literature on advection and snowcover
geomdry (Granger et al., 2002; Shook et al., 1993b, 19984en"Y® Was less than 50%now patch metrics were quantified

and when"Y0 Was greater than 50%nowfree patch metrics were quantifiesh example is provided in Figuge

2.3 Model Dynamics

The influence of the advection model upon snowmelt dynaméssexplored with two approaches. The first approach is a
scenaricand sensitivityanalysis where inputs are fixed and a selection of process parameterizations are employed to illustrate
the relationship betweé® and0'O and the snowree surf@e humidity dynamics and snowmelt implications. The second
approach coupd the SLHAM with an existing ongimensional snowmelt model to estimate the influence of inclyding

not including the advection process on snowmelt simulations.

2.3.1 Scenario Aalysis

To explore the dynamics of modelled advection contributionsrakseenarios were implemented with the model. The first
scenario (No Advection) constitutes a baseline for typicaldimensional model that assumes no advection, the second (Dry
Sufface) includes advection from a warm dry surface, the third (Wet Suifededes advection from a warm wet surface,

and the fourth (Dry to Wet Surface) includes advection from a warm surface that transitions from dry to wet as a function of
the'0O0 ¥ -O relationships. To understand the implications upmmwsnelt for each scenario, input variables were held
constant and the model was run until an assumed isothermal snowpack was fully depleted. A constant mélt erfevgy,

m2), was applied which represents the net snow surface energy balance as estimated via tygiiveeinsienal model. The
initialized "Y w ‘Qvas ablated, leading to infiltration excess, detensitorage, runoff, or sublimation. The relative dynamics of

thevarious scenarios are sensitive to the inputs/parameters used, as summarized in Table 2, and demonstrate the relationsh
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betweerdO and0'O and the snowiree surface humidity conceptualization and snowmelt implications from a theoretical

perspective

2.3.2 Sensitivity Analyss

The sensitivity of SLHAM tSY ,"Y,"Y , 6, andY "Qrariability is also explored to understand the implications ujyan'O

and"Yo depletionO ,"0O, 00 and netadvection. The Dry to Wet $ace scenaridiolding theinput variableconstant

and varying each variable in turn as detailed in Tablwas employed to understand the dynamicspiit variability. A

common assumption is that is 0 °C as mélater immediately after disctge from an isothermal snowpack is 0 °C and
underlying frozen soils are O 0 AC. Unlike the snow sur
phase change so val ues possiblefo® waier surfacexaibesartd déigh shoravavarcadiance o f
("Yo" ) during the daytime. Analysis of available thermal images from a FLIR T650 thermal caaseused taorrect for
atmosphere conditions and water surface emissititis analysishowedthat daytiméY wasgeneelly >0 °C and < 2°C.

This range ifY was used to test the sensitivity of thé upon SLHAM dynamics. Intermittency of observations and
inherent uncertainties in thermography preedr#t more precis estimation ofY . The range ofill other variables were

selected to represent conditions commonly experienced during snowmelt on the Canadian Prairies.

2.3.3 Coupled Advection and SnowStubble-Atmosphere snowmelt Model simulations

Conditions cotrolling advection processeme not constant over snowmelt therefore SLHAMs coupled with a one
dimensional snowmelt model (SSAM) to estimate the role of advection contributions over a snowmelt season. Briefly, SSAM
describes the relationships betwebarsvave, longwave and turlemt exchanges between a snow surface underlying exposed
crop stubble and the atmosphere. The surface energy balanceupled to a single layer snow model to estimate snowmelt.
A slight modification of SSAM, or any ordimensonal model that computeseal average snowmelt, is needed to include
advection. The energy terms of edienensional energy balance models are represented as flux densities)(@¥ean an
assumed continuous snasever and therefore need to be weightedbyd parametrization (§9) to properly simulate the
areal average melt energy available to the fraction of the surface comprised of snow. Thev&SAM with and without
SLHAM to explore the impact of advection simulation"¥m ‘OSimulation perforrancewas guantified via@ot mean square
error (RMSE) and model bias (MB) of the simeldtY w Qersus snow survel & @bservations. The relative contribution

of advectionwas quantified through estimation of the energy contribution to total snowfelbmmonly used snowmelt
model, the Energy Balance Snowmelt Model (EBSM{Gody & Landine (1988)was also run to benchmark performance.
The EBSM has had wide application in this region and simulatiotefdoyed as an optiowithin the Cold Region
Hydrological Modelling (CRHM) platfornfPoneroy et al., 2007)

10
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The SSAM, SSAMSLHAM and EBSM simulationsvere driven by common observed meteorological data, parameters and
initial conditions obtained from intensive field campaigns at a research site near Rosthetth®asin, Canada (52.69 °N,
106.45 °W). The data for the 2015 and 2016 snowmelt seasond refiovely flat agricultural fields characterized by
standing wheat stubble, 15 cm and 24 cm stubble heights, for the respective years. Observationsquiired for SLHAM
come from infrared radiometers (Apogeel3il) deployed on mobile tripedo snowfree patches. Unfortunately, no time
series of Y observations are available and values or models to deS¥ribéor shallow pondedneltwater in a prairie
environment have not been discussed in the literature. Like snowpack refrgexidgd meltwater can also refreeze at night
as heat capacity of this shallow water is limited. In this framework, as observations or mé#elsasé unavailable, a simple
physically guided representation“af takes the form of,

Y Y 1l
™I Y 1

A description of the field site and data collection methodolagidetailedn Harder et al(2018)

"y 8 (15)

3 Results and Discussion
3.1 Performance of extended GM2002

The extended GM2002 proposed hesas testedusingadvection estimates from vertical air temperature and water vapour
profiles asreported inHarder et al(2017) the results are summarizedTiable 3. The model slightly overestimatéd and

00 on 30 March 2015, likely due to the limiting assuiops of theGM2002model. A key missingomponent of GM2002

is the influence of differences in surface roughness upon the growth of the internal boagdarylsimple power law
relationship with respect to distance from transition is employed in the model. Further w@kabger et al. (2006)
demonstrated that boundary layer growth has aitipe relationship with upwind surface roughness and that the
parametrization employed in GM2002 overestimates the boundarydagéy by up to a factor of 2 when upwind surface
roughness is negligible. The GM2002 is based upon the integrated differ¢éacmerature through the boundary lageepth

thus a greater boundary layer depth will increase the estimated advection. This péathsexpy the model overestimates
values in the situation of a rough upwind surface. Other potential limiting aisampnclude homogenous surface
temperatures, uniform eddy diffusivities for different scalargjno vertical advection. Despite the mbdlmitations, the
acceptable performance in simulating the March 18 and March 30 observations gives confideth¢e gmaple model is

reasonable fosomeapplications and provides guidance for future improvements.

3.2 Re-evaluation of Snowcover Geometry

Differences exist between the originally reported parameters and those found from the analysis of UAV imagery (me
coefficients summarized in Table 4). Early work applying fractal geometry to natural phen(vieardelbrot, 1975, 1982)

discusses the Korcak expones a fractal dimension. More recent work suggests that the Korcak law describing the area
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frequency relationshipsinot a fractal relationship but rather a mathematically similar, but distinct, scalingniasvand

Novotn, 2016) Therefore, th&® value is not necessarily >= 1 or <=2 and the identified exponent terms in Table 4 near or
greater than 2 are plausible. TBeterms are very similar to those previously reporf@danger et al., 2002)rom this

analysis, it is apparent that application of these parameters between sites must be done with caution as local topography al
surface conditions may influence the snow pateé distribution. The lack of a tempotta¢nd of these terms (time series of

‘O in Figure6 andO in Figure7) over the course of snowmelt and equivalence in scaling of snow andfig®patches

implies that locally specific parameters may be applied as constants over the course of the melt and irrespective patch type
The resolution of the underlying imageryiffdrences in classification methodologies and surface characteristics may
contribute to some of the differences in terms observed and those previously reported. An illustrative comparisorais that of
tall and sharstubble surface. The tall stubble seganowcovergeometry is heavily influenced by the early exposure (and
hence classification as n@mow from nadir imagery) of stubble rows which leads to very long and narrow patches even if
snow is still present ithin the stubble. In contrast the oblejimagery ofShook et al. (1993b) and Granger et al. 0@2will

not quantify the snow betweetubble rows and larger and less complex snow patches would be represented by the previously
reported coefficients. Further work is needed to calculate the scaling properties of patches over a more comprele¢ysive vari
of topography and vegetation types.

3.3 Implications of including advection in snowmelt models
3.3.1 Advection dynamics in scenario simulations

The dynamics of the various scenarios are expressed through visualizatiéas@epletion (Figure8) and magnitudes of
the’O, 0O and netadvection terms (Figur®. A critical consequence of includifiy6é @ snowmelt calculations is that areal
average melt ratewill vary between a continuous and heterogenesmsw surface The0d  driving meltin a one
dimensional melt model is ierms of a flux density; an energy flux with a unit area dimension (§where exchange is
limited to the"Yd .0As the"Y & decreases the corresponding areal averagget® melt snow will also decrease which will
decrease the areal average me#.rahis is evident in the melt rate of the No Advection scenario, which decreases with time
as the'YO decreasedncluding energy from advection, for the Dry Surface, \Blatface, and Dry to Wet Surface advection
scenariosgcauses théY w @o deplet faster as there is now an additional energy component that incred¢ésdepletesin

these scenariohé additional energy gained from advection is greater thanethection of areal average as"Y® &
decreasediO from a constant Wet Surfaie greater thamny other advection scenaridespite a reduction 7i© from the

cooler surfaceand therefore an overall slower meahe consistently pagve 0O towards the snow &gls to a large net
advection flux. In ontrast, a consistently warm Dry Surface has a much high#lux, and faster melt ratehan the Wet
Surface that is partly compensated by a negaf®edue tosublimaton and a decrease in the overall energy for melt from
advection. When the suda wetness is parameterized by detention storage and frozen soil infiltration capacity, Dry to Wet

Surface, the snoviree surface is dry and warm in the early stages of mdlb@nis negative and limits melt; as in the Dry
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Surface scenario. As meltqueeds antO begins to increas¢he upwind’Y cools and the humidity gradient switches
resulting in positive)O and a decrease 1® which canpound to slow melt relative to the Dry Surface scendiiere are
clear implications for tl timing of melt and thus snow hydrology depending upon the upwind condltiggmevident that

SLHAM can quantify the key advection behawigin relation to tle upwind surface dynamics

3.3.2. Sensitivity to Input Variables

The influence of the input variables on the SHLAM modeMaluatedhrough a sensitivity analysis (kige10). Itis apparent
from the variability in"Y & @epletion that theY andd have the largest influence on advection contributions to snowmelt.
This is expected a8 and”Y variables quantify the first order controls driving advectithrg air mass movement and
horizontalscalargradiens respectively In contrast th&Y ,"Y, andY "Qvariables have considerably less variability for the
ranges simulateds they have less influence upon the scalar profile differences between upwind and downwind Iécations.
critical model feedback relates to the influence dynampiwind surface temperature and humidity and is articulated in this
sensitivity analysis. If melt rates exceed the frozen soil infiltration capacity ponding d€urs,>0, which forces the

upwind surface to the assumed water surface temperatheeconsequent sign of the surface humidity gradient will influence

whether0'O induces condensation (increased melt rate) or sublimation (decreased melt rate) which influences the net

advecton and melt rate. This feedback is manifested in the sehsitif all variables. The transition of the upwind surface
from dry and warm to cooler and saturated tempers the advection contributions to melt. Gemgraliygnge in a variable
that increaes the profile gradient dncreses energy exchange willaé toincreasd "Yw '@nd"Y ¢ depletionratesand
increaseaxtent and duration gD . Changein 'O and0'O tend to becompensatory resulting in relatively smaktreases
in net advection fluxes.

Sensitivity toany variableis only expressetbwards the end of the snowmelt, wh#&to & 50 mm andYd & depleting
rapidly. Differences in melt rate atienited by the rapid reduction in the SCA exchange surface at the emdwfneltWhilst
clearly important for simulatinghe dynamics ofdvection and sources of energy driving snowyf¥lt H'Y, and’Y "have a
relatively limited influence upon overall & Glepletion compared tdY and6. In the absence ofY models or
observations, the assumptiongtlmed in Eq(15) will have a relatively limited influence upon simulation™¥to ‘Qvith the
fully coupled SSAMSLHAM model.

3.3.2 Advection dynamics in coupled advection and snowmelt models

The scenario analysis demonstrates the melt response tooreriatisurface wetness but actual snowmelt situations have
forcings that vary diurnally and with meteorological conditions. Snowmelt simutatigtn three models of varying
complexity provides insight into the implications of process representation. SBAMSAM-SLHAM show considerable
improvementvhen ompared to EBSM (Figurgl and Table 5). The SSAM simulation is by itself a significant improvement

upon EBSM for'Y @ Qrediction during melt. The addition of SLHAM does not change Yhe Gimulation performance
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appreciably but does increase the physical realism of the model with its more complete surface energy balance.-The SSAM
SLHAM simulations including advéion, relative to SSAM simulations without advection, ledawer areal average melt

ratesin 2015 and higheratesin 2016.Lower wind speeds in 2015 led to lower advection contributions than 2016 which had
relatively higher wind speed$he comparison fathe simulated melt with snow survéyw @bservations shoed that the
differences are mimal (Figurell and Table 5). While the SSAISLHAM simulations do not change melt rawstotal

amount of energythe sourcs of energy driving snowmello change. Early meldisplaysno differences &°Y6 temains
relatively homogenou®ifferences appear due to decresis theturbulent sensible and latent hestd radiation fluxesvith

a decrease in tH¥ 0 éxchange surfacnd the advection fluxéscreasing with the increasing horizontahkr gralients and

surface heterogeneitfhe cumulative net energy from advection for these two seasons contributed energy to melt 4 mm and
5 mm of"Y @ Gn 2015 and 2016 respectively (Figur®).1The advection energy contribution represents 6.5 % ar6d% ®f

total snowmelt in 2015 and 2016, respectively.

3.4 Energy Balance compensation

An unappreciated dynamic of loestale advection during snowmelt is th@ andO may be of opposite sign and therefore
will compensate for one anothembling to a lowr net advection contribution. This ocswrhen the gradients 6¥andr)
between a snoyree and snovecovered surface are opposite in sign; a warm but dry dremwsurface upwind of a cool and
wet snowcovered surface driving snow surfagblimation. his wasevidentin the reduction of the advection energy due to
a negative)O throughout the Dry Surface scenario and early melt of the Dry to Wet Surface scenarioQFitjutee 2015
and 2016 snowmelt simulations, the accumulé@f®dwas negatie for much of the meltgriod which compensatkfor the
consistently positivéO term (Figure 2). 0O only increasd, enhancing the positiv® contribution, near the end of melt in

2015 when increased surface wetrlesgisto a positivédO term

The advection fluxes may also be of opposite sign to the sen€ble § and latent§HO ) turbulent fluxes between the
snow surface and the atmosphere. Inclusion of the advection process ther&fere@sf the overall sensible datkent heat
exchange at the snow surface (net exchanghis interaction is further complicated by the varyiMg of the SSAM
SLHAM model versus the complete snowcover assumption of SSAM. Including advection decteastatived ‘Gy 1.4

MJ in 2015and by 3.9 MJ in 2016 (Table 6). Cumulati@when including advection, increased by 0.2 MJ in 2015 and by
5.7 MJ in 2016. The net exchange when including advection shows that the inclug®©ndefcreases the ilnence ofO;

the change in net ekange is lower than the changé@exchange (Table 6). The role of advection in modifying net exchange

is clearly complex and varies by season. Despite differences in magtitedgposite signs @fO andO demonstrate that

these energy contrittionspartiallycompensate for one another, therefore reducing the net influence of advection on snowmelt.
This compensatory relationship has been migsethe focuson™O in snowmelt advection researclhich has herefore

overemphasizethe contributon of 'O to snowmelt. This compensatory mechanism also helps to explain why observed latent
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heat fluxes are often much smaller than model predictions iméfievaterpondedCanadian Praireduring met (Granger et
al., 1978) The compensation D by 0O will be a more important interactioon the Canadian Prairies, or similavel

environmentsbut perhaps less so mountain regions where complex terrain leadspd meltwater runoff

3.5 To advect or not to advect?

The simulationof snowmelt with, and without, advectigave minimal differences in the resultiny & Gimulation. This
demonstratesystem insensitivity to processes that on their own appear to be impohentndy explain wh{EBSM, like
many other pisically basednow melt model§Jordan, 1991; Lehning et al., 1999; Marks et al., 198&snot accommodate
heterogeneousnowcoveryet successfully simulag€Y o ‘@epletion. In EBSM the simulation of an areal average albedo rather
than a snow albedo perfoeairelatively well in simulatingY w ‘@Figure11) without considering SCA depletion or advection
controls. The modelling challenges@f arenot limited to EBSM as otheb parameterizations, especially temperature
dependent ones, typically underestimate during melt and therefore indirectly, and perhaps unintentionally, account for
adveced energycontributions(Pedersen and Winther, 2005; Raleigh et 2016) While modeled & values that
underestimate actudl values are effective parameterizations for simulatioty af Cthey cannot realistically incorporate
the impacts of dust on snow or changes in snow albedo with grain size or welmess,SCA constraints and advection
process conceptualizations are necessary to improve confiitiearagd applicability oEnowmelt models. This is evident when
comparing the more accurate and physically complete SSAMAM simulation of"Y® @o the EBSM simudtion of 'Y 'O
(Figurell).

Understanding the implications of lande and climate changes on variables bey¥gd@re needed to fully inform coupled
modelling of landatmosphere and radiation feedbacks between land surface and numerical wediimateomodels. The
framework presented explicitly considers advection and scales it¥wtl® and horizontal gradients which are the primary
controls of advection. A simple indication that a more appropriate model conceptualization is being usealivettisn
framework is that the minimum albedo value simulated is 8.€6nsistent with thdbr clean meltingsnow(Wiscombe and
Warren, 198Q)whilst the0.2 in EBSMis not While the"Y @ ‘Gimulation differences are not particularly larthee new model

is getting the d@Ar i ght anduwithostweadibrationBy mclutifg@ mdére appyopriaté suiteefphysicals
processeghis model can produaealistic melt simlations in areas or years where the variables governing advection deviate

from the conditions observed during model development.

3.6 Limitations and Future Research Needs

The SLHAM framework replaces the large uncertairggivdng from physicallyunrealigic albedo parametrizatiof&ray and
Landine, 1987; Ralgh et al., 2016and ignoredYd dynamics(Essery and Pomeroy, 2004ith a more physically realistic

framework. The individual process parametrizations still have uncertainties that need to be constrained. The advection versu
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patchlength parametrization of GM2002acks inclusion of surface roughness differences and the valid bounds of the
parametrizations need clarificatidbbservation®f stable atmospheric profiles over snpatchegFujita et al., 2010; Mott et

al., 2015, 2016; Shook and Gray, 198@mnplicate energy exchangehe goal of this simplenodel was to develop an easy
to-implement advection frameworkith stability represented by the Weisman (1977) stability paramétensre work will
need tarevaluatethe stability assumptions @ranger et al(2002 andWeisman(1977)or devise more appropriate schemes
to account for the stability influenc&he™Yd thodel ofEssery and Pomeroy (2004)challenged by exposure of vegetation
in shallow snow. The conceptuslirface water pondingnodel developed in this work requires field observatiangidher
parameterizations to agately quantify the relevant variables. The transition of advection mechanisrsrfoowfreesources

to snow patclsourcesuses a conceptualized relationship¥o .0A targeted field campaign is needed to assess thiityaf

the conceptualized and its possible relation to the advection efficiency teriarfshand Pomeroy (1996)An estimate of

“Y is needed to implement this framework and will limit application of SLHAM in its current form, asliingdY is non
trivial and observations are often unavailable. Ideally a multisource land surface scheme with explicit represestaton of
and ponded water is used to repres$¥nt and”Y . In the interim, th8Y assumptions iEq (15) may be used but need to
be tested further. A regression”df to incoming shortwave radiation afidis preseted in the appendix to provide a simple
and physically guided solution to remove this limitation when modelling snowmelt iculigral regions on the Canadian
Prairies. These uncertainties will be addressed in future work and will require additiodabldsdrvations and model

validation, testing, or development.

4 Conclusions

To date the development of easily implementable apptopriate models to estimate the advectioi©oandd'O to snow
during melt have proved elusive. The formulation presaimére is an initial framework that can be used to augment existing
onedimensional snowmelt models. When tested against witsems the extended GM2002 model provideasonable
estimates of botfO and0O and opportunities for improvement of the method are discussed. The scaling parameters
necessary to describe the spatial heterogeneity of snow andre®patchesvere reevaluated with UAV data. Couplingf

the simple advection model wittnowcovergeonetry scaling laws;Y& depletion, frozen soil infiltration and a surface
detention fractional water area parameterization regirita model that meets the objective of a formulation that can account
for 0O and"O to snow as an areal average cifmition. A scenaridbased analysis of the model rewasithe compensatory
influence of0'O from a warm but dry surface; tl¥ driven sublimation offset© inputs. Coupling SLHAM wth SSAM
demonstrated that advection constitutes an importatippasf meltenergy:11% of the melt observed in the 2016 snowmelt
season. The reduced radiation exchange to the snow surface fraction, due to dedéadmgompensated for with an
increase in net sensible and latent heat exchange that leadsnmhdifferences in théY @ ‘@epletion. This compensatory
dynamic hasometimesallowed onedimensional energy balance snowmelt models to provide adequate simula¥an Of

despiteusing he fiwrongo0 process concept ewlkiproppdedeoccan be edsity eoupled v e c
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to existing onedimensional energy balance models and is expéactieaprove the prediction of snowmelt in areas dominated
by heterogeneous snowcowkiring melt.Such adoption will permit successful use of moadiséic albedo parameterisations.
This work provides a guiding framework to address the long identified need to develop "bulk methodologies" for calculating

sensible and latent heat terms fatchy snowcover conditiongGray et al., 1986)

Code and Data Availability

The data and code discussed in this manuscript areabbdailthrough the corresponding author, Phillip Harder
(phillip.harder@usask.ca).

Appendix

The SLHAM framework requires® value which is a challenging variable to explicitly model during snowmelt. To provide
an interim solution a multiple linear regression is developed to estifitatefrom "Yo° and”Y. This empirical
parameterization iappropriate to snowmelt situation on the Canadian Prairies when the surface is comprised of crop residues
and should be treated with caution in other domains. The developed regression is physically guidedhas \thgables
controlling”Y isthe net radiation, whose variability is dominated¥y” , and turbulent fluxes, which are dependent upon
the"Y gradients. During nighttimé&’ is very similar to'Y while during daytime the additional energy fro¥» °  heats the
surface to temperatures abowe A multiple regression that contains these parameters provides a simple but effective way to
estimate”Y in a manner consistent with energyldrece interactions. A full description of the ebgations used to
parameterize this relationship can be foundHarder et al(2018) Briefly the"Y is observed with &hielded Campbell
Scientific HMP45C212 anti ® is observed with a Campbell Scientific CNR1 with both sensors 2 m above the ground
surface. ThéY observations from Apogee-3lL1 sensors, mourdeon mobile tripods to ensure consigtegpresentation
snowfree surfaces, sampled surfaces of tall wheat stubble (0.35 m) and short wheat stubble (0.2 m) in 2015 and wheat stubbl
(0.24 m) and canola stubble (0.24 m) in 2016. Hereafter they are refer€ali Stubble, Short Stubble, WheatdaCanola,
respectively. All observations were logged atmibiute intervals. The empirical representatioriYof (°C) in relation to

o (Wm?) andY (°C) is,

Y Mmoo TXY p] 8 (16)

Model performancvas assessed with the rootansquare error (RMSE) and model bias (MB). Each test pread#fferent
perspective on model performanééD "Y1 a weighted measure of the difference between the observation cdel, m
(Legates and McCabe, 200ad0 6 indicates the mean over or underprediction of the model versus olmesyaang and
Pomeroy, 2007)The"Y regression provides good estimates of the diurnal variability and magnitudes with respect to
observations (Figurg3). The highest values during daytime are simulated well which is critical for the appropriate simulation

of advection processeShereisbw bi as for all simul ations; MB <1.09 AC.
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negligible as most surface temperature models will simulate errors at a similar madaitkele et al., 1997) This
parametrization provides a simple but effective workarouid if observations are unavailable or unmodeled. This empirical
relation should be treated with cartiif implemented outside of the conditions found during snowmelt in cropland areas of

the Canadian Prairies. In such cases locally derived resaifpmshould be developed ™t should be explicitly modelled.
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Figure 1: a) Conceptual cross section of the advection process during snowmelt and b) conceptual specific humiditg air
temperature profiles between snow (0 °C, 100% RH), soil (6 °C, 60% RH) and water (1 °C, 100% RH) surfaces and the mixing
height (3 °C, RH of 60%).

21



Figure 2: Conceptual model of advection dynamics for a) the early melt period where energylismited to what is transported out of
soil (brown) patches to the surrounding snow (white), and for b) the later melt period where snow patches remain and advection
energy is limited to that exchanged over the discrete patches.
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Figure 3: Conceptual waterarea volumerelationship diagram wherea cross section of land surface microtopography (brown is soll
and blue is water) is assumed to follow a sinusoidal profile.
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Figure 5: Example of snow cover geometry scaling properties, exceedance faction versus patch area (bottom jeit 8) and
patch length versus patch area (bottom right 8 ), for snowamvered area classification abne-meter resolution from March
29, 2016 (top axes are UTM 13N northing and eastings Red lines are the besfit scaling relationships where slope provides the
scaling constant.
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Figure 6. Time series of fitted g parameter with respect to snow and soil patches for various land covers over the course of
snowmelt.
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Figure 7. Time series of fitted  parameter with respect to snow and soil patches for various land covers over the course of snowmelt.
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Figure 8: Modelled snow water equivalent depletion for various advection scenarios

28



Dry Surface

1004 - 100
-80
501 -60
0 - 40
-20
-50 4 -0 CJD Advection
— Wet Surface % Term
E 100 - 100 © — Sensible
§ 80 2 — Latent
T 50- 60 &
3 o L 40 8 — Net
= \\“-H____ F20 >
c -50+ 0 @
w 0¥}
Dry to Wet Surface g:". ___ Snow Covered
1004 L 100~ Area
- 80
50 - 60
-40
O_
-20
-50 ; : : -0
0.3 0.4 0.5

Normalized Time (-)

Figure 9: Latent heat (green), sensible heat (redand net (blue) advection components for the SLHAM scenarios plotted with
snowcoveed area (black).
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Figure 10: Sensitivity of snow water equivalent and snoveovered area depletion, ponded water fraction, sensible heat advection,
latent heatadvection and net advection with respect to variation in water surface temperature.
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Figure 11. Snow water equivalentsimulation for EBSM (red line), SSAM (green line) and SSAMSLHAM (blue line) with respect
to snow survey mean (black points) and 95% pesmntile sampling confidence interval (black lines).
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