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Abstract

A new, two-layer canopy module with thermal inerdéis. part of the detailed snow model
SNOWPACK (version 3.2.1) is presented and evaluatesd a by-product of these new
developments, an exhaustive description of the manaodule of the SNOWPACK model is
provided, thereby filling a gap in the existingefiture.

In its current form, the two-layer canopy modulesisted for evergreen needleleaf forest,
with or without snow-cover. It is designed to refwoe the difference in thermal response
between leafy and woody canopy elements, and itmgiact on the underlying snowpack or
ground surface energy balance. Given the numb@radesses resolved, the SNOWPACK
model with its enhanced canopy module constitutesvesy advanced, physics-based
modelling chain of the continuum going from atmasghto soil through the canopy and
snow.

Comparisons of modelled sub-canopy thermal radiatm stand-scale observations at an
Alpine site (Alptal, Switzerland) demonstrate impements imputable to the new canopy
module. Both thermal heat mass and the two-layroma formulation contribute to reduce

the daily amplitude of the modelled canopy tempegetsignal, in agreement with

observations. Particularly striking is the attemuatof the night-time drop in canopy

temperature, which was a key model bias. We speadlfi show that a single-layered canopy
model is unable to produce this limited temperatiiop correctly.

The impact of the new parameterizations on the fletiedynamics of the sub-canopy
snowpack is analysed. The new canopy module yietasistent results but the frequent
occurrence of mixed-precipitation events at Alpiavents a conclusive assessment of model
performance against snow data.

The new model is also successfully tested withquéceic tuning against measured tree
temperature and biomass heat storage fluxes abdresl site of Norunda (Sweden). This
provides an independent assessment of its physwaistency and stresses the robustness
and transferability of the chosen parameterizations
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1 Introduction

In the Northern Hemisphere, around 19 % of the alysnow-covered areas are forested
(Rutter et al., 2009). As this type of ecosystem t@nsiderable implications for the mass and
energy balance of the surface snowpack (e.g. Hardimd Pomeroy, 1996; Otterman et al.,
1988), the proper understanding and representafitiie snow-canopy interactions is crucial
whenever realistic estimates of snow cover and dhgiamics in forested environments are
needed. This is specifically of concern for hydgial modelling at all scales, runoff
estimates from poorly gauged catchments, flooddrodght forecasting, global water budget
assessment, and in support of local water resouncasagement including irrigation,
provision of drinking water, industrial, touristoc hydropower applications.

Also, the snowpack insulates the underlying sadnfrwinter cold air temperature, with
implications for the ecosystem in terms of vegetatcover and dynamics (Rasmus et al.,
2011; Grippa et al., 2005), litter decompositiorg(€&accone et al., 2013) or carbon cycling
(e.g. Kelley et al., 1968). The representation ok tinsulation is one of the critical
uncertainties of the modelling of the global satwon cycle and its evolution in permafrost
environments (Lawrence and Slater, 2010; Gouttevial., 2012). The northwards migration
of shrubs observed in the last decades at higtudas (e.g. ACIA 2005) also indicates that
snow-forest interactions are to become more ancraaoncern for climate modelling in the
context of global warming.

The insulation properties of snow depend on snoptlrdand snow thermal conductivity,
which in the end relates to the type, charactegstind spatial arrangement of snow crystals
within the snowpack. The realistic descriptionluéde parameters can hence be a prerequisite
for a reliable representation of soil thermal regimnd microbiological processes. Snow
stratigraphy is also of concern for specific loaativities like reindeer grazing in northern
countries (Tyler et al., 2010; Vikhamar-Schuleragt 2013). At present, to the authors’
knowledge, such a description is rarely provided rogdelling tools for sub-canopy
snowpacks (Rasmus et al., 2007; Tribbeck et al6R00

Several processes affect the snow cover in subpgagiavironments when compared to open
sites. Snow interception by dense canopies ancegukst sublimation or melt of intercepted
snow can reduce sub-canopy snow accumulation byoup0 % (Hardy et al., 1997).
Conversely, canopy shading from solar shortwavéatiat (SW) can lead to longer-lasting
snow cover in forested environments, while enhaneed-wave emission (LW) from sunlit
trees with low albedo can have the reverse effémaft et al., 2004; Strasser et al., 2011,
Lundquist et al., 2013). In such an environmerfea$ by topographical shading, solar angle,
canopy structure, and understory further complictite matters. Sub-canopy snow is
additionally sheltered from wind, thereby experiagcreduced turbulent fluxes. Finally,
canopy debris tend to accumulate over the snowrasdify its optic properties on the course
of the season.

This complexity makes the understanding and priedicof the sub-canopy snow cover
evolution a challenging task. As a result, generatiof modellers have worked to capture
how canopies affect the micro-meteorological coadg above snow, and predict the
resulting evolution of sub-canopy snow (e.g. Ess&®#98; Pomeroy et al., 1998; Durot 1999;
Liston and Elder, 2006; Rutter et al.,, 2009; Seass al., 2011). The first focus of this
modelling was usually on snow interception, intptce evaporation and (lack of) snow
redistribution, as major features shaping the arhotisnow beneath canopies (Essery, 1998;
Pomeroy et al.,, 1998). Later, the sub-canopy ohimitanopy micro-meteorology was
increasingly refined to include a representatioteaiperature, radiation and turbulent fluxes:
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Durot (1999) initiated a treatment of the meteogatal fields provided by the French analysis
SAFRAN to translate them into sub-canopy fields.isThnvolved an homothetic
transformation of the air temperature, an increas®r humidity, a formulation for turbulent
fluxes in canopy-dampened wind conditions, andsimeding from solar radiation through a
Beer-Lamber or a linear law. Later, Jansson andbkey (2001), Yamazaki (2001), Tribbeck
et al. (2004, 2006), Liston and Elder (2006) and<3er et al. (2011) set up dedicated snow
models designed for forest environments, featudiffgrent strengths and weaknesses. For
instance, the COUP model (Jansson and Karlberdl)Z@@tures an advanced representation
of snow-canopy processes but lacks a detailedrddygnowpack and the associated physical
processes. Oppositely, the SNOWCAN model (Tribbetcl., 2004, 2006) couples a robust
radiative transfer model for canopies to the detagnowpack model SNTHERM, but their
treatment of interception is coarse and experinhenta

In 2004 and 2009, two significant internationalencbmparison exercises were compiled to
compare the skills of a broad scope of snow modaigging from land-surface models snow
schemes, to very sophisticated models designedI|doal catchments or point-scale
applications (SnowMIP: Etchevers et al. 2004; SndlR24 Essery et al. 2008; Rutter et al
2009). They demonstrated the increasing skill efghow models to capture the dynamics of
the sub-canopy snow cover, but highlighted someaneimg challenges: misrepresentation of
early-season melt-events, lack of time-transfeitgmif calibration at forested sites, difficulty
to capture the maximum snow accumulation in warwirenments, sometimes imputable to
unreliable precipitation data. According to Ruieml.(2009), the former and the latter could
be in part due to a coarse representation of mpxedipitation events and rain-on-snow, but
also to the misrepresentation of ablation eventgedrby air temperature rising above 0°C,
when models diverge from observations due to theatment of sub-canopy longwave
radiation. In a recent publication, Lundquist et @013) pointed the longwave canopy
emissions as the main cause of an early sub-casropy melt in snow regions where mean
winter temperature exceeds -1°C. This effect, dmd itnportance of accounting for the
thermal structure of different canopy elements, lh&en pinpointed before by other
observation-based studies (Pomeroy et al., 200&riSet al., 2004). However, most snow
models of the current generation fail to capturs éffect due to an inappropriate treatment of
the canopy thermal regime : the COUP model, andcSthi®WPACK model before our work
(Bartelt and Lehning 2002, Lehning et al. 2002&yrlieg et al. 2002b, Lehning et al., 2006),
use the above-canopy air temperature as a substdutanopy temperature. There are few
exceptions, though: In their design of a land siafanodel dedicated to intensively cold
regions, Yamazaki et al. (1992, Yamazaki, 2001plvesa separate energy balance for two
canopy layers (crown and trunks). However, theyndb compare their results to canopy
temperature or radiation data, nor do they aséesadded value of this specific model design
for the sub-canopy snow surface energy balancthdrafore-mentioned SNOWCAN and in
SnowModel (Liston and Elder, 2006), an observethygpothesized canopy temperature can
be used as a model input to compute the thermadseoni of the canopy and its impact on
sub-canopy snowmelt. However, this is not a comgmeive modelling approach, that would
suppose to compute the canopy temperature by.iteeDMUNSEN, Strasser et al. (2011)
uses the heuristic formulation by Durot (1999) whaccounts for thermal dampening by the
canopy, but do not propose a physical formulatibthe canopy temperature. This approach
may show some limits in specific meteorological ditions.

Our work here builds on the hypothesis by Ruttemalet(2009), and aims at testing the
improvements induced to the sub-canopy energy baldmy considering a physically-

consistent formulation of the canopy thermal stieeeiand distinguishing between woody and
leafy elements. Focus is mostly on snow-coveredremments, but not exclusively. For our
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purpose, we develop a 2-layer canopy representdligah and wood) in the SNOWPACK
model. SNOWPACK proposes a very detailed, physacal microphysical representation of
the snowpack. Before our work, it included a simpd@e-layer canopy module where
radiation and precipitation interception by forelments were represented (e.g. Musselmann
et al., 2012), but the equivalence between air@rbpy temperature was assumed, and no
distinction was made between leafy and woody elésn&@ecause SNOWPACK was initially
developed for alpine environment and is still mpstbed in alpine or boreal context where
conifers are dominants, our new canopy module rsnimw only suited for needleleaf,
evergreen forest.

Micro-meteorological and sub-canopy, stand-scaldiateon data collected during the

SnowMIP2 experiment build a proper dataset for ékaluation of our developments. We

complement them with tree trunk temperature andhbgs flux measurements collected in a
summer boreal environment, which are an interesesgcase for model transferability and
robustness.

Our contribution is hence structured in the follogiway:

1. an exhaustive documentation of the new model aaad@mopy module it is embedded
in, is proposed, for the sake of clarity and knalgke dissemination. Earlier versions
of the canopy module had been only partially désctiin Stahli et al. (2006) and in
appendix A of Musselmann et al. (2012).

2. existing simultaneous observations of sub-canopliat@n, snow evolution and
meteorological conditions from Alptal (Switzerlandje used to validate the new
model and demonstrate its robustness and improveroeer simpler canopy
formulations and with respect to observations.

3. model validity and transferability is finally test@gainst observations of components
of the canopy energy balance taken from a differeahiferous environment
(Norunda, Sweden).

2 Model description

2.1 The SNOWPACK / Alpine3D snow model

SNOWPACK is a one-dimensional, physics-based smoveicmodel originally dedicated to
avalanche risk assessment. Driven by standard nodtgocal observations, the model
describes the stratigraphy, snow microstructurepwsnmetamorphism, temperature
distribution, and settlement as well as surfacerggnexchange and mass balance of a
seasonal snow cover. It has been extensively destcin Bartelt and Lehning (2002) and
Lehning et al. (2002a, b). Since 2005, it alsoudek the effect of vegetation above and
within or below the snowpack.

Snowpack can be wrapped into an open-source, Bpaistributed, 3-dimensional model for
analyzing and predicting the dynamics of snow-d@t@d surface processes in complex
alpine topographies: Alpine3D (Lehning et al., 2006 addition to SNOWPACK, Alpine3D
includes a preprocessing and interpolation modaiarfeteorological fields (Bavay & Egger,
2014), a module computing the spatially distributediations as affected by topography
(Helbig et al., 2009), an optional snow transpodded (Groot et al., 2011) and an optional
runoff model (Zappa et al., 2003 ; Comola et @1%). The interpolated or provided spatial
meteorological fields drive the energy and masariaad of the surface snowpack, computed
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by SNOWPACK. The canopy module and its new featdesscribed hereafter can run within
Alpine3D.

2.2 The canopy model structure

The canopy module of SNOWPACK calculates the uppeundary conditions for the
snowpack or bare soil surface below the canopg.based on an energy balance approach in
order to be consistent with the distributed radmtscheme used in Alpine3D. Interception
and throughfall of precipitation, transpiration agebporation of intercepted snow or rain as
well as the influence of the canopy on radiatived &urbulent heat fluxes at the snow or soil
surface are included in the model.

In its 1-layer version, the model represents vegetaanopy as a single big-leaf with state
variables (i) canopy temperatufg, (K) and (ii) storage of intercepted water or sriofmm).

All canopy processes are then computed based ea Hasic input parameters: canopy height
Zean (M), leaf area indekAl or plant area indeRAI (m*> m?), and direct throughfall fractiog

(-)- PAI has more of a physical sense as non-leafy canlgpyeats play a role in radiative
extinction and turbulent fluxes, bBAI andLAI can usually be derived from each other via a
factor depending on stand characteristics, thuswhteh between both just affects parameter
values in our formulations. The description heresliAl; the direct throughfall fraction can
be set to zero iEAI is provided as a stand-scale average includingpagaps of moderate
size (up to ~1 m). These 3 model parameters interdkscribe differences between forest
stands without further tuning.

The consideration of the thermal inertia of theestrstand in the 1-layer version with heat
mass (1LHM) and the 2-layer version (2LHM) impodbée use of an additional input
parameter, the mean stand basal @e@n’ m?). The different parameters used by the
SNOWPACK canopy module are listed in Table 1, dguishing between the ones to be
provided by users according to forest-specificjtaasd the ones internal to the model.

The idea behind the 2-layer version of the canopgute is to capture the thermal contrast
between two distinct compartments of the canopy:

- the upper (or outer) canopy compartment (leaveseedles) which is most directly
exposed to the atmosphere

- the lower (or inner) canopy compartment (twigs,nclees, trunks, some leaves), for
which energy and mass fluxes have already beemedltby the upper canopy
compartment

This modelling choice relies on observational dagdlighting this contrast and its relevance
for the sub-canopy energy balance (Pomeroy e2@09). With respect to the 1-layer version,
one state variable is added, namely the temperafuhe trunk or lower canopy compartment
Tirunk (K). Teanis then replaced bijeaves the temperature of the upper canopy.

The coupled water and heat balances of the camaygy are calculated in three steps:

(i) First, a preliminary mass balance is calculateduting interception and throughfall
of precipitation.

(i) Second, the canopy temperatiig, is calculated by solving the energy balance of the
canopy. For this purpose, all the non-linear endhgyes to the canopy have been
linearized in terms of canopy temperature via Tiagkries. The radiation transfer and
turbulent exchange of sensible and latent heattla@a deduced. For the 2-layer
version, the energy balance of the upper canopyiatdudes thermal emission from
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the lower canopy which is similarly linearized iarms of T¢a, via the explicit
formulation of an energy balance for the lower gano

(i) Third, the mass balance of the canopy is updagdtidevaporation (or condensation)
calculated in step two.

The 2-layer version affects the canopy energy ltalaand computation of net radiation in
each layer. For the sake of simplicity the 1-laga@nopy module is first fully described. The
specificities implied by the consideration of tvayérs are then dealt with in the last part of
this section.

2.3 Interception parameterization

The mass balance of the canopy layer includes tfAteees of water: interception of
precipitationl (mm day'), interception evaporatioBi,; (mm d*) and water unloading from
the canopyJ (mm d%):

di/dt=41-E, -U. 1)
wherel (mm) is the interception storage.

A fraction (1-c;) of the precipitatiorP (mm day') is available for interception at each time
step. The interception rate is calculated as atimm®f canopy storage saturation with an
equation originally proposed by Merriam (1960)the form given by Pomeraat al. (1998):

_ 2
Al :c(ImaX—I)(l—exp{— ¢ Cf)PH. @

Im
where the parameter(-) is a model time-step dependent parameter knasvthe unloading
coefficient. Pomeroy et al. (1998) suggested aevalic = 0.7 appropriate for hourly time-
steps. Canopy interception capacityx (mm) is assumed to be proportional to leaf area
index:

| =iLAl 3)

max

where the parameters (mm) is either set to a constant correspondinghé&interception
capacity for liquid precipitation when these occor,parameterized as a function of snow
density during snowfall events, following Pomeegyal. (1998):

iLAI = imax(o'27+ 46/ psjnt) ' (4)

Schmidt and Gluns (1991) reported estimates op#rametermax (mm) for spruce (5.9) and
pine (6.6). The density of the intercepted spaw;: (kg m°) is estimated as a function of air
temperature (Lehningt al.,2002b). Different values have been repoftedhe interception
capacity of snow, depending on forest type andatinfe.g. Koivusalo et al., 2002; Essery et
al., 2003). Most important is to recognize the éamdjfference between solid and liquid
precipitation. The phase of the intercepted wateassumed to be equal to the phase of
precipitation at each timestep. A mixture of liquiciter and snow can therefore form the
interception storage, and unloading proceeds asinti@eception capacity of the needles
decreases with the enhanced density of the intexdepixture or with a shift towards positive
temperatures.

The partition of precipitation into snowfall andnfall in SNOWPACK depends on available
data. Usually precipitation with undistinguishedapé is used, and a temperature threshold
disentangles the phases with linear or logisticaimag around the threshold (Kavetski and
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Kuczera, 2007). When phase information is availabl@ mixed events occur, the interception
capacity is calculated according to Eq. (4), bungishe weighed sum of liquid water and new
snow density instead of the density of snow. For-oamly or snow-only events, Eq. (3) and
(4) are respectively used without change.

Different approaches have been proposed for caicokof snow unload from the canopy:
Esseryet al. (2003) set the unload rate equal to a frac(d0 %) of calculated melt of
intercepted snow. Koivusalo and Kokkonen (2002uemex that all intercepted snow unloads
as soon as the air temperature rises above 0°Chale chosen to calculate snow unldad
(mm day") only when the interception storage exceeds theahinterception capacity:

U=maxo,l -1 __]/4t, (5)

which happens when the interception capacity isiced due to the precipitation of heavy,
wet snow or due to an increase in air temperatweden release of large amount of snow is
thus avoided since the intercepted snow densityci®ased gradually towards the threshold
air temperature for snowfall. This is favorable tbe numerical stability of the snowpack
simulation. This simple parameterization also retpehe fact that individual branches
usually release snow at a time and total unloadfragwhole tree is not very frequent.

ThroughfallT (mm day?) to the forest floor is thus equal to:
T=P-4l1+U (6)

Evaporation of intercepted water is calculated ag pf the canopy energy balance (cf.
below) and added to the water balance at the etfteahodel time step.

2.4 Canopy energy balance
The canopy temperature is directly derived fromdaeopy energy balance.

The 1-layer canopy module with no heat mass (1LnoldNg. the version used in previous
modelling studies: Rutter et al. 2009, Musselmanalge 2012) relies on an assumption of
stationarity, whereby net radiation of the can®y can(W m?) is assumed to equal the sum
of sensibleHcan (W mi?) and latentLEca, (W mi) heat fluxes neglecting any storage or
sources/sinks of heat within the canopy:

Rnetcan = H can + LEcan (7)

In the new canopy module, 1 layer version with heass, (1LHM) the thermal inertia of
trees is accounted for via a biomass storageBMx., (W m™®), modifying the canopy energy
balance :

R = H can + LEcan + BM can (8)

net,can

2.4.1 Radiation transfer

A radiation transfer model for a single canopy tagbove a snow or bare soil surface has
been adopted from Taconet et al. (1986) by Stéhlale(2009). The model assumes a
fractional absorption of radiation in the canopyelagiven by the absorption facter(-). A
fraction of the absorbed radiation is reflected, defined by the reflection factors for
shortwave (albedo) and longwave radiation, respelgti Radiation transmitted to the surface



abw NP

PO OWO0~NO®

[

12
13
14

15
16
17

18

19
20
21
22

23

24

below is absorbed and reflected according to threesponding reflection factors for the
surface.

Following these basic assumptions, and integratingultiple reflections between the canopy
layer and the underlying surface, the net shortwadation absorbed by the canopy layer
SWet can(W mi®) is given by:

SV\Aetcan = SWL - O-f acansw - (1_ Uf )SW (9)

+ Z (asurf )n (O-f Occan)n_l (1_ O-f )SW

n=1

- i (asurf)n (O-facan)n (1_ Uf )SW

- Z (asurf)n (Gfacan)n_l (1_ O-f )ZSV\{

n=1

whereSW (W m?) is the incoming shortwave radiation above theopgriayer, andcan (-)
andasyif (-) are the albedo of the canopy and the snowgofiace below, respectively. The
first three terms on the right hand side are tlvedant, reflected, and transmitted downward
radiation with regard to the canopy layer. The naing three terms are the sums of incident,
reflected and transmitted upward radiation, assallteof multiple reflections between the
canopy and the surface below. Equation (9) canrbpli$ied to:

Rsurt (1_ 0t ) J (10)

:I‘_O-f(xsurfoC

S\Metcan = SW (1_ acan)gf [1+

can

by mathematical relationships for geometric seflé® same procedure can be applied for net
shortwave radiation absorbed by the ground suré&.sut (W m?) which thus can be
written as:

SW (1_asurf)(1_0'f) (11)

1_0-fasurfa

SWetsurf =

can

The calculation of the longwave radiation is furtlsemplified by assuming an emissivity
equal to 1, giving the following equations for tatgwave radiation absorbed by the canopy
LWhet can(W M), and the ground surfat&Vhet surt(W m2),:

LW, iean= ¢ (LW, + 0TS} =202 ) (12)

netcan — surf can
LW, gt = =0 )LW, + 0 ,0T 4 —0 T (13)

netsurf — surf

where ¢ is the Stefan-Boltzmann constant 5.67° M mi* K* and LW, is the thermal
radiation from the sky. Neglecting the emissivityght overestimate the loss and gain of
thermal radiation from the canopy. On the otherdhéime absorption facte (-) has a similar
effect on the net adsorption/emittance, and it imagifficult to separate these two properties.

The net radiation to the canopy is then the surh@LtV and SW net contributions:
Rnetcan = S\Met,can + LW (14)

net,can

The albedo of the canopyan (-) is equal to:
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Qcan = fWetawet + (1_ fWet)adry (15)
wherefyet (-) is the fraction of the canopy covered by ingmted water calculated as:
fwet: (I /Imax)2/3 1 (16)

andowet (-) andagry (-) are the albedo of wet and dry canopy, respelsti The albedo for the
wet part of the canopy can be set differently fguid and solid interception (Table 1).

The canopy absorption factex(-) is assumed to be equal for longwave and difssatwave
radiation, independent of interception storage phdse, and is calculated as a function of
LAI:

o, =1-exp{-k,, LAI'} (17)
wherek a (-) is an extinction parameter with values normnaktween 0.4-0.8.

For direct shortwave radiation, it can optionally & function of solar elevation anglge.,
following Chen et al. (1997):

(18)
O air = 1—€Xp — k-LAl A
' sin(&,.)

wherebleeyis limited to the range [0.004/2] to ensure a positive value @f.

Direct and diffuse SW radiations are in this casemtangled by the model after Erbs et al.
(1982).

For the sake of completeness, the effective surédloedo, oo (-), and radiative surface
temperature]e«(K) above the canopy layer are given as:

1-o0,)? (19)

atotal = acano-f + asurf
1_ acan asurf Uf
and
0.25 20
T — LWl B LWnet,can - LWnet,surf ( )
eff — o

respectively. These variables have no influencéherilD-simulations presented here, but are
used to estimate the contribution of longwave ahdrtsvave radiation from surrounding
terrain when the SNOWPACK model is used withindieributed Alpine3D model.

Finally, the radiation fluxes calculated by the @ay module are only applied to the fraction
of the surface covered by the canopy, assumed tbhebeomplement of the direct throughfall
parameter:(1-¢). An exception to that occurs for direct shortwawaiation which is
collimated in the solar direction: when sun is abthe zenith, the sun beams are not parallel
to the tree trunks and the projected surface oecupy the canopy along their trajectory is
higher than(1-g). This higher fraction of canopy shadind-¢ i) is derived following
Gryning et al. (2001) from the mean canopy height(m) and an average canopy diameter
Dcan (1 m by default):

X 21
1-¢Ci g = Min{l @-c ){1+ 4XZan H (21)

n:Dcan' tan (Helev)
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In the remaining fraction of the surface, the exg®of longwave and shortwave radiation
between the atmosphere and the ground surfac&idatad without influence of the canopy.

2.4.2 Turbulent fluxes

The turbulent fluxes of sensible and latent heatnfthe canopy to the reference level of the
meteorological input (above the canopy) are catedlasing the bulk formulation:

22
H can = p_CP (Tcan - Tair ) ( )
rH
I-Ecan = 0.622 i (esat[Tcan] - eair ) (23)
R-\Tair rE

wherep (kg m®) andc, (J kg K™) are the density and heat capacity of Big, (K) is the
canopy layer temperaturé,; (K) andey, (Pa) are the air temperature and the actual vapour
pressure in the air at a reference lemgm) above the ground surfade(J kg?) is the latent
heat of vaporization of water (or sublimation whip < 273.15 K),R, is the specific gas
constant for air (J kg K™), andesa{Tca] (Ps) is the saturated vapour pressure corresponding
to the canopy temperature. Furthermore, the tartiutransfer coefficients for heat and
vapour are expressed in terms of the aerodynarsistaaces (s m?) and g (s m) (further
described below). Latent heat flux is the sum afspirationE, (mm s%) and evaporation of
intercepted wateE;,; (mm s%). The partitioning of the components from partlgtveanopies
can be a delicate problem. To simplify the numéscdution of the energy balance, we have
chosen to formulate an effective aerodynamic rascs g for latent heat calculated as an
average of the corresponding values for transpmaii; and interception evaporatiaRin,
weighted by the fraction of wet canofy:
i: ! fwet+ i(1_ fwet)

r-E r-Eint Etr

(24)

The total evaporatioft.a, (M day’) is calculated directly (Eq. (23)), and its comeots are
derived as secondary results:

(25)

rEint

r (26)
E(I‘ = Ecan_E (1_ fwet)

Etr
The derivation of the aerodynamic resistancesréorspiration and interception evaporation is
given in the next section. Transpiration is noobwakd if the achievedEc,, IS negative
(condensation). In such cases, the solution okttexgy balance has to be re-calculated using
fwe1.

At temperatures below the freezing point the madkettanopies do not transpire anymore. If
the canopy energy balance forces, through Eq. @#gvaporation that cannot be sustained
by the interception storage, the latter limits gussible evaporation and the canopy energy
balance is recalculated accordingly.

2.4.3 Aerodynamic resistances

The aerodynamic resistances for sensible and |&kesmit fluxes are calculated using a two-
layer model adapted from Bly#t al. (1999) which for simplicity assumes logarith or log-
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linear wind profiles both above, within, and beltlve canopy. More elaborate models have
been suggested by for instance Shuttleworth andaééal(1985), however, the remaining
uncertainties in the representation of the withanapy turbulent exchange call for a simple
approach. The aerodynamic resistance for scalara the canopy level, defined by the

displacement height (m), to the reference level of the wind and terapge measurements

Zer above the canopy, is calculated as:

Zref _d
1/r, =uk/|In +y, +Ch0/(pCp)

Zom

whereu- (m s%) is the friction velocity:

z, —d (28)
U = Uk/| In +y.,
ZOm

k is the Karman constant (0.4, (m) andz, (m) are the canopy roughness lengths for heat
and momentumy ,, (-) and y,, (-) are functions correcting for atmospheric siapibllowing

Hogstrom (1996) and Beljaars and Holtslag (1994 )addition to Blythet al. (1999), and
following e.g. Koivusalo and Kokkonen (2002), wéraduce an additional parametgp (W

m? K% representing a minimum heat exchange coefficitamt windless conditions.
Displacement height, and canopy surface rougheesgH of momentum and heat are related
to the canopy height through the parametg(s), fzom (-), andfzonizom(-) with values given in
Table 1:

(27)

d = d ann (29)
ZOm = szchan (30)
ZOh = szh/ zOmZOm (31)

In addition to the resistance between the canapfcanopy reference level) and the reference
level for meteorological measurements (above theomg), excess resistances from the
canopy surface, and from the soil/snow surfacedadnthe canopy), to the canopy level are
defined as:

32
Mean = |n(ﬁ}i ( )
Zon JUk
(33)
r.surf = ln{ ZOm Ji fsurf
ZOhsurf LLk

There, a multiplicative increase of the resistabe®w the canop¥s, (-) is introduced as a
function of the leaf area index:

for = 1+ 1, @—exp{- LAI}) (34)

surf

with a maximum value of 1 t#, A (-). The excess surface resistance below the gangp,
affects the heat and latent fluxes computed fromm dlound to the reference level. This
resistancés corrected for atmospheric stability by applythg same stability functions as in
Eq. (27) and (28), but in this case using the teatpee difference between the canopy and
the snow or bare soil surface instead of the teatper difference between the canopy and the
air. With the current choice of parameter valuks,excess resistance for the canopy surface
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is almost zero, but the theoretical framework fdat@r use/optimization of this parameter
based on observational data is set.

In the end, the total aerodynamic resistances dat from the reference level to the canopy
and the ground surface, respectively, are given by:

ra'r + r-can (35)

r |
(36)

Hean —

r M T

Hsurf — lair surf

The aerodynamic resistances for sensible and lagattfrom the ground surface are assumed
to be equal. For evaporation from intercepted snbw,resistance from the canopy to the
canopy layer can be increased with a faGi@how (-) compared to rain following Lundbegg

al. (1998) and Koivusalo and Kokkonen (2002):

I’Eint = I’air + I’can X fra,snow ’Tair < OOC (37)
1 T, 20°C

The total resistance for transpiration also takesstomatal control into account:

rEtr = rair + rcan+ rstomata (38)

where the stomata resistane@mata (-) IS calculated as a function of a minimum resise
rsmin (-), Incoming solar shortwave radiation, vapouegsure deficit and soil water content
Oso1 @S suggested by Jarvis (1976), and soil tempera@tyréollowing Mellander et al. (2006)
and Axelsson and Agren (1976):

fl[SW] fz[esat B eair] f3[esoil] f4[TsoiI] (39)

r =r__
stomata smin
LAI

The functiond;-f4 in Eq. (39) all take values between 0 and 1, $pieg optimal conditions
for root water uptake corresponding to the respaighe leaf stomata to conditions in the
atmosphere and the root zone.

2.4.4 Biomass heat flux

Due to their thermal inertia, trees can store enenger periods of high exposure to solar
radiation, and release it at night. This biomasa flex is accounted for in the 1LHM version
of the canopy module via the areal heat mass e$H#lc., (J K* m?):
t _ Tt 40
BM,,, = HMcan'@ (40)
At

whereT'an (K) and T ..y are the canopy temperature at the modeldt-1 timesteps, andt
(s) is the model timestepiMca, is here derived from parameters commonly obsebsed
forestersLAl, mean stand basal alBdm? m?) and mean canopy heiglzt).

HM can = HM leaves + HM trunk (41)
HM leaves = LAI Qeaf pbiomass Cpbiomass (42)
HM trunk = 05 B ann lobiomass Cpbiomass (43)

The leaf thicknessieas (M), biomass densitybiomass(kg mM°) and biomass specific heat mass
Cp biomass(J kg' K™) are fixed parameters with values 10900 and 2800 respectively
(Lindroth et al., 2010). In Eqg. (43), the volumevadody biomass (referred to asunk’ but
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comprising trunks and branches assimilated to ¢lweed canopy layer) is calculated from
mean tree basal area and height assuming a cqmafdé for trunks. In this study, areal heat
masses will be expressed as “water equivalent &estl massesiMeq (kg m?), e.g. as the
areal mass of water yielding the same heat masshb(J K* m?):

44
HM AM (44)

eq
Pwater

whereC, waier= 4181 J kg K™ is the liquid water specific heat mass.

2.5 Two-layer canopy version

With respect to the 1-layer canopy module, they2ddormulation induces changes in the
formulation of radiative transfer, turbulent andriass fluxes, and in the end the energy
balance of the canopy. These differences are ttiesfof the present paragraph, whereby the
upper canopy layer is equivalently referred to‘laaves” while the lower canopy layer is
labelled“trunk”. The formulation of the radiative and turbulent guments of the 2-layer
module is illustrated in Fig. 1.

2.5.1 Radiative transfer

In a real forest the trunk layer intercepts partsh® shortwave and longwave radiation
transmitted, reflected and emitted by the upperrmasbpy layer and upwelling from the soil
surface.

Our model features a simplified representatiorhc: t

* For SW radiation, only the transmitted radiatioanfr the upper canopy (with absorption
factor ofeaves@nd albedoumeaved are intercepted or reflected by the trunk layeith( the
respective factorsqunk andayunk). Radiation undergoing multiple reflections betwegound
surface and upper canopy are unaffected by th& tayer (Fig. 1) The SW flux reaching the
ground and both canopy layers are expressed aogtydi

vanet,trunk = SVV¢ (l - Jfleaves)(l_ atrunk )0- ftrunk (45)
1- 1-0 (46)
S\Metleaves: SW (1_ aleaves)o- fleave: 1+ Four ( o 193V93)( ftfunk)
1 -0 fleavegsurf atrunk
(1_ afleaves)(l_ aftrunk )(1_ asurf) (47)
S\Metsurf 2L :SW

1- Jfleavesa surf aleaves

Obviously, the biomass responsible for SW and LWnekon has now to be split into the
two canopy layers so that the total extinction3d¥ is similar in both versions. Equating the
first order radiation from Eq. (11) and (47) yields:

(1_ Uf ) = (1_ Ufleaves)'(l_ Uftrunk ) (48)
Or equivalently, based on (17):

LAI =LAl o+ LAI (49)

leaves trunk

whereLAlieavesaNdLAlyunk are the respective portions of the tatal attributable to the upper
and lower canopies. We denote hereafter
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_ LAl ieaes (50)
LA
and express the leaves-layer and trunk-layer absorfactors as functions afAl andfy;:
O teaves = 1= exp{—Kk , f_ -LAI} (51)
O qun =1—exp{-k_, @- f )-LAI} (52)

Similarly to the 1-layer version (Eq. (18)), thdaetors can be adapted to enhance absorption
of direct SW radiation based on solar elevationeng

fLal IS an a priori undetermined parameter of our mddel to the difficulty of deriving it from
of existing datasets for different forest types atdictures. In Sect. 4, we show that the
calibration of the model at Alptal against this graeter yieldd o =0.5, which means equal
contribution from the woody and leafy parts of theest to shortwave extinctions. This value
is adopted as default value in the model (see Sdot.discussion).

* For LW radiation, the choice of an emissivity oD for ground and canopy suppresses
multiple reflections. Thermal emission from the apganopy layer and from the ground is
attenuated by the trunk layer with the same abgwrgactor as for SW radiatiosyunk. The
trunk layer then radiates thermally towards theaugtband the upper canopy layer and sky.

Lanettrunk = O-ftrunk(Lw (1_ Ufleaves) + O-Tstrf + a-fleavegTI:aves_ 20—Ttrtnk) (53)
LWnetIeaves: O-fleaves(Lwl + O-Tstrf (1_ Uﬁrunk) + a-ftrunkO-Ttrtnk - 20-]-I:aves) (54)
LWnetsurf 2L = (1_ o eraves) (1_ O-ftrunk) Lw + O-ﬂeaves(l_ O-ftrunk)o-l_l:aves-l- o ftrunkO-Ttrtnk - O-Tstrf (55)

As for the 1-layer version, this radiation balamcenly valid on the canopy-covered fraction
of the model grid-cell, which i€l-c) for diffuse SW radiation and LW radiation, afidg gi)
for direct SW.

2.5.2 Turbulent Fluxes

Sensible heat exchange between the lower or uppeopy layer and the atmosphere is
parameterized the same way as in the one-layer Invedsion, e.g. via the resistancgcan
We consider that latent heat exchange between gasmagh atmosphere only occurs through
interception evaporation and transpiration at #ef-level, e.g. via the upper canopy layer
only.

2.5.3 Biomass heat flux

The upper and lower canopy layers are respectiathputed theHMeaves and HMrynk heat
masses from Eq. (42) and (43) which are used ibibmass heat flux parameterization (40)
in the place oHMcan.

2.5.4 Energy balance

An energy balance is formulated separately for daghr according to the energy balance
equation with heat mass (Eq. (8)), where all tearsslinearized as functions ®favesand
Tiwunk- The coupled system is then iteratively solvedofath temperatures.
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The values of all the model parameters as usdieiSNOWPACK canopy module are listed
in Table 1.

3 Dataand methods
3.1 Data
The data from two field sites are used here.

3.1.1 Alptal site

The first data set is from the Alptal forest sil@{03'N, 8°43’E, Erlenbach sub-catchment,

Switzerland ; site 1012 in the Fig. 1 of Stahliakt 2006) that served as test-site for the
SNOWMIP intercomparison study (Rutter et al., 2088l builds on a long tradition of snow

and meteorological investigations (e.g. Stahlilet2®06; Stahli et al., 2009). The site features
an ~11° west-orientated slope at 1185 m a.s.lisddminated by Norway spruce (85%) and
silver fir (15%), with a basal area of 4% fre* and a maximum height of typically 25 m. The

site LAI (including slope corrections and corrensofor clumping) ranges from 3.4 to 4.6

with a mean value of 3.97m? (Stahli et al., 2009).

At this site, the SNOWPACK model is run using metdogical data derived from
observations:

* Downward shortwave and longwave radiation measared 35 m high mast above
the canopy forest. The instrument is a heated,veotitated CNR1 from Kipp and
Zonen (2002) comprising two pyranometers CM3 (f§¥)Sand two pyrgeometers
CG3 (for LW).

* Precipitations measured by a heated gauge plac2sl it height on the high mast, so
that the highest trees provide a sheltering sinbdax fence.

* Wind speed recorded by a cup anemometer (WMS) at 86 the mast.

* Air temperature measured at 35 m by a ventilategfmb-hygrometer Thygan
(Meteolabor) also integrating a dew point hygromete

* Relative air humidity at 35 m height, derived frdme air temperature and dew point.
Validation data include:

e Downward SW and LW radiation measured below theopgri(LW|sc, SW|gc) by a
second CNR1 radiation sensor as described abovendunted on a carrier constantly
moving along a 10 m-long transect at 2 m altitudeve ground at 1 m mihspeed.
This transect was previously shown to have a reptasive LAI for the stand (Stahli
et al., 2009). Great care was put in the collectind pre-processing of this dataset, as
below-canopy SW radiation is typically close toaeFhis effort is well described in
Stahli et al., 2009.

As a post-treatment to this dataset, the LW raaliatiata were masked in cases when
snow interception on the sensor was suspectedpisalysuch case is illustrated in
Fig. 2: from the evening of Feb., 1% Feb., 2T at midday, the radiation measured
by the heated pyrgeometer is close to the emigsial of a blackbody at 0°C (snow
emissivity is around 0.98), whereas the air tentpeeais much colder and modelled
canopy temperature closely follows the air tempeeatsignal. The precipitation
record (Fig. 2 b) features almost continuous snbbvaizer that period. It is hence
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suspected that the measured radiation originates Bnow at temperature close to
0°C covering the heated pyrgeometer, and not frévhedmission by the canopy. Due
to their flat geometry, upwards-looking pyrgeometare likely to remain covered by
snow for substantial periods, typically a few daysalpine temperate winters. Over
the 2003-2007 period, an average of 25 days per weae masked after visual
identification of such events.

* Snow depth, snow density and snow water equiva|8WE) that were measured
below the canopy on a weekly basis, at 1 m interadng a 30-m transect adjacent to
the trajectory of the radiometer carrier. More detaf the exact procedure are
available in Stahli et al. (2009). We use the gpatverage of the measurements to
come up with stand-representative values.

Meteorological and validation data are availableféwr consecutive winter seasons between
2003 and 2007.

3.1.2 Norunda site

The second dataset is from the Norunda forest(6Q2€05'N, 17°28’E), located in a quite
level region about 30 km north of Uppsala, Swed#n45 m a.s.l.. Since June 1994 it is
equipped with meteorological instruments which wetemplemented by biomass
thermometers in June and July 1995. The foresdsimrtomposed of Scots pine (61 %),
Norway spruce (34 %) and birch (5 %) with a stad hetween 4 and 5 frm?, a mean
basal area of ~34.77ha’, and a maximum tree height of ~28 m.

At this site, SNOWPACK is driven by observed metéagical variables:

* Downwelling LW and SW radiation measured by a carabon of a ventilated CM21
pyranometer (Kipp and Zonen) placed at 102 m algpgand at the top of a Fluxnet
tower (http://fluxnet.ornl.gov/site/730) and a vil&ated LXV055 net radiometer placed
at 68 m on the same tower

* Air temperature recorded at 37 m height above gioby a copper-constantan
thermocouple placed in the ventilated radiatiorlslsi

e Air humidity measured at 28 m by a HP100 TST pr@babotronic)
* Wind speed recorded at 37 m by a sonic anemometer

* Precipitation data were unfortunately not availadti¢he site. We therefore made use
of precipitation data recorded at the Uppsala Aw®station (WMO number: 2-
462) openly provided by the Swedish Meteorologiaadd Hydrological Institute
(SMHI, http://opendata-catalog.smhi.se/explhr&his station is 26 km away from the
Norunda site and the nearest station in operatitimeatime of the measurements used
here.

The specificity of the Norunda site lies in the tionous measurement, over a summer, of the
biomass temperature at different heights and depttisn the trunks and branches of the
dominant tree species: pines and spruces. They coen@lemented by a detailed calculation
of tree-level and stand-level biomass heat storabesh builds a unique dataset to evaluate a
physics-based canopy model with heat mass. Theildetd the tree temperature
measurements and heat storage calculations camubé in Lindroth et al. (2010).

In the present study we make use pine trunk tertyoerat 1.5 m height, which has been
measured close to the trunk surface (1cm deep rwitie bark). Indeed, we are mostly
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interested in the ability of the model to reprodube trunk surface temperature which
generates the thermal emission of the trunk layée. also provide an assessment of the
canopy energy balance modelled by SNOWPACK by comgahe stand-scale modelled

biomass storage flux to the one inferred from okstéyns by Lindroth et al. (2010).

3.2 Methods: Model calibration

Three versions of the canopy module, corresponttirggtivation of the different features of
the new developments (bi-layered canopy and heasniable 2), are calibrated at Alptal in
order to evaluate the model in its best-performaataep. Calibration is performed against the
observed incoming longwave and shortwave radidbelow the canopy (L\dkc, SW|sc ).
The former is specifically affected by our new depenents.The observed sub-canopy SWE
is not used for calibration because known uncertsnn the snowpack modelling (in link
with mixed precipitation data, the treatment ohran-snow events and the parameterization
of interception) could compromise a proper calilrabf the canopy module.

Depending on the version, one or two model paramete calibrated, consistently with our
modelling choicesk s and/orf_ (Table 2).

Canopy heat mass also affects the LW radiation ee@limg to the ground surface. Heat
mass is a physical property of a forest stand,remich free parameter of the model. However,
its value is difficult to measure and our modelyoptoposes a coarse estimation of it (see
Sect. 2). In each of the versions with heat mass,therefore try to optimize its value
considering it as an additional calibration paranétersions 1LHM* and 2LHM*, Table 2).
This procedure is designed to assess the physmasistency of our formulation, by
comparing its performance to results obtained wittealistic heat mass values.

Calibration is performed by minimizing the erron@ition CC which is the sum of the model-
to-data RMSE (Root Mean Square Error) and MB (MBes) for the two observed variables
LW |Bc, SW|gc.

CC=|MB(LW|gc )|+|MB(SW, c|+RMSE(LW gc)*RMSE(SWa()

We prefer CC to the more common Nash-Sutcliff eficy (NSE) because LWc and
SW|sc exhibit a strong diurnal cycle: for such cyclic iaddes, even a low-performance
representation of the cycles yields a high NSE, dmel NSE sensitivity to further
improvements is typically low (Schaefli and Gu@a07).
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4 Resaults
4.1 Alptal
4.1.1 Model calibration

Table 3 summarizes the results of the calibratibrthe five model versions (1LnoHM,
1LHM, 2LHM, 1LHM*, 2LHM*) against LW|gc and SWgc data from the snow season
2003-2004.

For all versions, the calibrated extinction coeéiit k o is within the [0.4-0.8] range of
expected values (Stahli et al., 2009). Both Jgdand SW ¢ are affected b a;, but LW|gc

is less sensitive to radiation extinction (as atphesic LW extinction by canopy is partly
compensated by canopy thermal emission in the sange of magnitudesk x is therefore
mostly determined by calibration against §4/ and is the same for most versions, which
differ only in their modelling of LWpgc.

The calibration of thé s parameter partitioningAl between the uppermost and lowermost
canopy layers in the 2LHM version also yields thasonable value of 0.5: this would have
been an intuitive first choice for partitioning anopy into two layers.

The successive addition of heat mass (1LHM) andverlayer partition in the canopy
(2LHM) to the default 1LnoHM simulation improvesetlgeneral model performance, as
reflected in the decrease of the CC error functiot its components (MB, RMSE).

In the two versions where canopy heat mass is ggao(1LLHM*, 2LHM*), optimization

yields unrealistically high heat mass values (HM%§0ni? and HM=60 kg rit respectively,
whereby field data indicate 30 kg%n However, while optimizing heat mass quite
significantly improves the performance of the 1elayersions (from CC=23.6 W frfor

1LHM to CC=19.3 W rif for 1LHM?¥), it only marginally affects the perforamce of the 2-
layer version (from CC=18.4 W frfor 2LHM to CC=17.5 W 17 for 2LnoHM). These are
encouraging results for the 2-layer canopy formaaton the one hand, this model version
shows a better performance than the one-layerempyanodel, even with the physically-
estimated heat mass. With the one-layered versiom @& performance can only be
approached with an unrealistic canopy heat massh®©ather hand, the performance of
2LLHM show a considerably reduced sensitivity tophescribed areal heat mass of the
canopy, a physical parameter which can be spatralijable and hard to retrieve with
precision over non-investigated forested areas.

The performance of all model versions after catibraover 2003-2004 slightly degrades
over the longer 2003-2007 time-period when obsematare available. Especially the MB in
LW |sc, and (to a smaller degree) in W¥, are increased over 2003-2007, questioning the
transferability of our 2003-2004 calibration. Weitkfore calibrate the 1LnoHM, 1LHM and
2LHM versions over the 2003-2007 period and anallgesechanges in best-fit parameters and
performance (Table 4).

The calibration over 2003-2007 vyields a slightlyfetient best-fit parameter value for the
extinction coefficient in the 1LHM and 2LHM versionk.a = 0.85 vska =0.75 when
calibrated over 2003-2004): this enhanced radiagixtmction improves the MB for SWc
over the 2003-2007 period, but slightly degrades rigsults over 2003-2004. The overall
picture is however not changed upon this new catiitn:

» over both periods, 2LHM performs better than 1LHMieth also performs better than
1LnoHM: this is an indication of the added valueoaf new parameterizations.
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» for all model versions, performance is better a@03-2004 than over the full 2003-
2007 period, especially for LV¥c. This may indicate that our model is still too plm
to capture the full range of snow-forest processes.

» over both periods, the two, slightly different taditions yield thoroughly comparable
model performances. This gives confidence in thelitya of our calibration and in the
possibility of calibrating the model over only oyear of data.

Ancillary calculations performed at Alptal revelht the modeled SWE is sensitivekiq,
andfia;, but that the calibratedk (s, fLa) values lead to RMSE to observed SWE close to the
absolute minimum obtained when variikg, andf_a, over their full range. In the surrounding
of the calibratedi{ a;, fLa)) values, the modelled SWE has furthermore a retigeasitivity to
variations ink_ 5 andfya. This result enhances our confidence in the maxeistness.

In the simulations discussed in the rest of theepagalibration over 2003-2007 is used.

4.1.2 Model evaluation against thermal radiation

In Fig. 3 are compared observed and modelled gd\as computed by the different model
versions without heat mass optimization (1LnhoHMHM, 2LHM) over the 2003-2004

calibration period. Similarly to the performancetros of Table 3, it illustrates gradually
increasing model performances from the 1LnoHM ®2hHM model versions.

With respect to 1LnoHM, the consideration of theer heat mass in 1LHM slightly delays
and reduces the canopy cooling at night and warmmip the morning: this translates into a
slight delay and smoothing of the diurnal cyclel&¥ |gc, part of which originates from
canopy thermal emission.

More striking, however, is the attenuation of th&lyd amplitude of LWgc induced by
2LHM, which brings the modelling results in closgreement to observations: especially, the
night-time (6PM-6AM) mean bias in L\¥c is considerably reduced in 2LHM with respect to
other model versions, amounting to -10.8, -7.8-@x8 W m? in 1LnoHM, 1LHm and 2LHM
respectively.

When only one bulk layer of canopy is consideréds tayer is exposed at night to intense
radiative cooling towards the sky, whose thermaissmity is low. With two layers of
canopy, only the uppermost layer experiences the®mpensated cooling. The lower layer
receives thermal radiation from the upper layerclvhias a higher emissivity than the sky.
This thermal sheltering yields higher temperaturd BW emission at night from the lower
canopy towards the ground surface. This mechanrewep to efficiently reproduce the daily
cycles (Fig. 3 a, b) and daily averages (Fig. 3ot)khe thermal radiation affecting the
snowpack.

4.1.3 Impact on the underlying snowpack

Over the four winters of interest here, a similanking of sub-canopy SWE modelled by
1LnoHM, 1LHM and 2LHM is observed, with 1LHM accufating most snow and 2LHM
generally featuring the smallest SWE (except fer2005-2006 winter; Fig. 3 ¢ and 4). With
respect to the thermal behaviors of the differendeh versions, such a result is somehow
counter-intuitive as 1LHM and 2LHM generally delivgreater amounts of LW radiation to
the snowpack than does 1LnoHM (Fig. 3 c.), henceributing more energy to mid-winter
ablation events (e.g. Fig. 3 d., December to Januar 1LHM, this increased ablation is,
however, compensated by a different effect of bieerhal canopy mass: as a result of the high
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thermal mass of the bulk canopy in 1LHM, the cantgyperature and hence interception
evaporation is reduced, and more snow unloads ithdéime two other versions, resulting in
higher sub-canopy snow accumulation. In 2LHM, tighhdiurnal temperature variations of
the upper canopy temperature combine with stroh@éradiation to the snowpack, resulting
in a thinner snowpack.

Noteworthy, the model ability to represent SWE f{ggically assessed by the RMSE to
observations) is degraded in 1LHM and improved iHE with respect to the original

canopy module 1LnoHM. The LW-enhanced ablation kHi (and small associated

changes in interception evaporation) does therafoteleteriorate the overall model skills.

In some specific ablation periods, 2LHM also protegeproduce the observed snowpack
dynamics better: one such event is the early Fepr2d804 severe ablation, when high
thermal exposure of the snowpack is better reprediucy 2LHM (Fig. 3 c¢) while the
concomitant ablation is also stronger in 2LHM, whioatches the observations better (Fig. 3
d). Similarly, the LW-enhanced ablation in 2LHM disato a sub-canopy SWE dynamics in
closer agreement with observations in the 2005tiablgphase and in early 2007 (mid-winter
complete snow disappearance). As mentioned in #tbads, we do not trust the modeling of
the accumulation phase, where high uncertaintiepréetipitation phase and interception
(enhanced by the warm temperatures at Alptal) ndiate a permanent bias in the modeled
snow cover. However, the capability of 2LHM to eetteproduce observed ablation events is
an encouraging result for the overall consisterfadh® canopy module.

4.2 Norunda: tree temperature and biomass stohage f

At the Norunda site, SNOWPACK is run using the Alptalibration from 2003-2007, and a

canopy basal area and areal heat mass derivedlfmahdata (Sect. 3). The difference in

latitudes (hence in solar angle), tree species ffjn&cots Pine at Norunda) and context
(Alpine winter vs boreal summer) between both sidesstitutes a huge challenge and an
excellent benchmark to test one desired featurea gbhysically-based model, e.g. its

transferability to different climate and ecosystgpes. We here specify that SNOWPACK

includes all the necessary features to be used 8silavegetation-Atmosphere-Transfer

model (SVAT) in the absence of a snow cover: a wailer balance, a surface and canopy
energy balance, and a temperature diffusion scherie soil. The model has also been used
as such in continuous multi-year simulations invimes studies (e.g. Bavay et al., 2013).

We compare observed tree trunk temperature to neaddEmperature of the bulk canopy (for
1LnoHM and 1LHM) or of the lower trunk layer (fo.BM) over summer 1995 at Norunda
(Fig. 5, Table 5). The modelled trunk layer tempae of 2LHM shows an improved ability
to reproduce the observed tree trunk temperatgrekisimiliar to the improvements seen at
Alptal, radiative loss of energy from the lower éayat night is considerably reduced with
2LHM, bringing night-time modelled temperature iloser agreement to observed data at
Norunda. Also, the reduced SW insolation receivethle lower canopy layer during daytime
in 2LHM prevents too high mid-day temperature @& thunks, an observation that 1LHM and
1LnoHM cannot reproduce. Finally, the combinatidrtreermal sheltering of the lowermost
canopy layer and its thermal inertia delays the trank cooling (resp. warming) at evening
(resp. morning) times, improving the temporal clatien with observations.

Heat fluxes to canopy elements are a substantiaygh not dominant, component of the
canopy energy balance (Lindroth et al., 2010, ther 6): they can amount to ~7% of the
daily net radiation received by the canopy. To ssdbe consistency of the SNOWPACK
canopy module we compare the modelled canopy head to the ones derived by Lindroth
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et al. (2010) from field measurements and extrdpdlat the stand scale. Note that 1LnoHM,
having no heat mass, does not consider any sucéstlu

Both the 1LHM and 2LHM versions overestimate thaydamplitude of biomass heat fluxes
with respect to observations, with an increased fmal1LHM (Fig. 6; Table 5). This is in line
with an overestimation of the daily amplitude ohopy temperature (or of the temperature of
the lowermost canopy layer for 2LHM) which is stgen with 1LHM (Fig. 5). Also, the
model biomass heat fluxes peak ~2h earlier tharobserved ones. We interpret this as an
artefact of modelling the canopy with only one @rotthermally homogeneous layers,
whereas it is in reality a continuous medium exgeeing thermal diffusion at scales smaller
than our layers. In reality, the low thermal in@rof a bark surface layer provokes quick
surface heating as a result of solar enery inpgt (g the morning). This temporarily limits
further heating from turbulent and radiative fluxestil the surface heat has diffused into the
trunk. Contrarily, the bulk, thermally inert trun&yer of our model heats up to a smaller
temperature because the heat flux is accommodatedebwhole layer and not only by its
uppermost surface: further heating by turbulent eadiative fluxes is then still possible and
the heat flux towards the biomass keeps beingisestand homogeneously distributed in the
layer. As a result, our modelled canopy accommadiatgoming energy more rapidly than a
real one during the first part of the diurnal cycldne aforementioned mechanism can also
cause the accommodation of more heat energy byntdueled trunk layer than in reality: in
reality, the capacity of the canopy to accommodaat is somewhat limited by thermal
diffusion, and heat uptake stops when availablarsahergy starts going down. At that time,
the wooden medium has usually not reached an hameogs (high) temperature yet (e.g. Fig
1 from Lindroth et al., 2010).

As such, the representation of the biomass stdtages by 1LHM and 2LHM vyield only
moderate improvement to the model: they featureeasanable (though slightly shifted)
diurnal cycle (cf. the correlation coefficientsTable 5) but their RMSE to observations is of
the order of magnitude of the standard deviatiothefobserved biomass fluxes (Table 5, first
row).

However, model performance, especially for 2LHMinproved if the total heat storage flux
towards the biomass and canopy air space is caedidthick black line in Fig. 6, Table 5).
The air heat storage flux corresponds to the cleangétent and sensible heat stored in the
within-canopy air space. Lindroth et al. (2010)\pde estimates of these heat storage terms
based on air temperature and humidity measurenaeitdieights within the canopy air space.
On a daily basis, the air heat storage term reatee rapidly to solar heating than the
biomass heat storage flux. The air heat storage ilunot specifically accounted for in
SNOWPACK. However, the increased correlation cogffit and reduced RMSE obtained
when the SNOWPACK canopy heat flux is comparedhéosum of estimated air and biomass
heat fluxes, indicate that the canopy module predur bulk representation of the observed
fluxes. Such a result should be confirmed agaunthér observational datasets.
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5 Discussion

Our results show that the new features implememetthe SNOWPACK canopy module,
especially the two-layer scheme, improve the repriagion of the radiation budget at the sub-
canopy level. The importance of assessing the teatyre contrasts between different canopy
elements has often been underlined (Sicart et2804; Pomeroy et al., 2009), but the
validation of this hypothesis with a seamless ptssbiased canopy model has never been
brought to the scientific literature. As radiatisnone of the main drivers of the spring-time
sub-canopy snow energy balance (e.g. Garvelmaah, &014), this constitutes an important
achievement.

In line with Rutter et al. (2009) and many otheve, agree that the mass balance of snow is
most relevant when it comes to snow hydrologicalliaption or to the assessment of snow
hazards. Radiation, as a trigger for melt, sureppgs the end-of-season snow mass-balance,
but the latter is also in great part governed bg ticcumulation phase which our
developments here barely touch. We see our develofznas a necessary step in a sequential,
multi-directional validation process, whereby tleeful and independent validation of each
component of the snow model will gradually imprate skills: SNOWPACK being now
equipped with a more reliable and sophisticatedatag transfer scheme for the canopy,
diagnosing flaws originating from other processaséd-precipitations, rain-on-snow events
or misreprensented canopy interception) should dsee Promissing work has just been
published very recently as to new ways to paranzeteranopy interception in alpine forest
(Moeser et al., 2015). The proposed methodologulshater serve the improvement of snow
models like SNOWPACK in aspects of crucial intefestthe mass balance.

Other physical processes could further improve SNRAWK: in the present version the
within-canopy air humidity is equal to the abovexgpy one, while Durot. (1999) show a 10
to 20 % increase in within-canopy air humidity priag, with peaks during unloading. This
should impact the modeled turbulent fluxes. Aldoe teduction of albedo as a result of
canopy debris should be considered, though testerped at Alptal didn’t show much
change upon a specific parameterization of subjfmasnow ageing.

Further wintertime assessment of model performanceolder, controlled environments,
where mixed precipitation events are scarce buatiad play an important role, would help
confirm the added value of our new canopy formatafior the representation of sub-canopy
snow dynamics. Data from the SnowMIP sites couldi®ed for that purpose provided they
are combined with site knowledge and expertise, @amdllary data that help fit important
model parameters to the local canopy conditions.

SNOWPACK has a multi-layer and detailed represenmtaif snow and soil, which features a
highly resolved modelling of energy and mass baamcthin layers including e.g. snow
metamorphism and freezing point depressions dupimgse change in soil (Wever et al.,
2014). This detailed and physics-based descriptglould have a corresponding
representation of canopy processes, which has eeh lthe case in earlier versions of
SNOWPACK. The more detailed model described in¢histribution is therefore a consistent
extension of SNOWPACK and leads to an overall nii@@anced representation of processes
in the air - canopy - snow - soil continuum. A picgsbased, integrated modelling chain
featuring such level of homogeneity and detaibi®r Sivapalan et al. (2003) and Rultter et al.
(2009) underlined that such process-based modéhefrahan calibration of parametric
models) offer the best possibility to address theremt hydrological and ecosystemic
challenges related to snow in a manner that ensit@sgransferability and robustness with
respect to changing climate. The new version of BNRACK with the 2-layer canopy
module builds a sound basis for such investigations



Ooo~NOOUT A WNPE

The current two-layer formulation of the canopyltisiialso a suitable basis for a future model
adaptation to deciduous forest environments.

This formulation exhibits robustness in two ways:

» First, it shows little sensitivity to physical pamaters that are hard to assess from
standard forestry metrics or for non-investigate$ts. The canopy heat mass is one
of such parameters, as stated in Sect. 4. The otteeis the fraction of LAI attributed
to the top-most (“leafy”) canopy layer, as illusé@d in Fig. 7. The ratio of woody to
total plant area is hard to measure optically, eisflg for evergreen canopies (Weiss
et al.,, 2004). Pomeroy et al. (2009) used a fortrmiasomewhat similar to ours to
attribute LW radiation to emission from leafy or @dty elements. They conclude that,
depending on the forest structure and type, theled®anch fraction as seen from a
ground observer would range from 0.6 to 0.75 oftttal plant elements. Our Alptal
calibration attributing 50% of canopy LAl to the pgsmost, leaf-only layer is
consistent with this model-based estimate for &af branches.

» Second, the model exhibits a good performance etNbrunda site, while its free
parametersk{a andf_a) have been calibrated in a different forest ecesysand
climatic context at Alptal. In both forests, comdas species are dominant and it is
suspected that extrapolation of our parameterigatio deciduous forests requires
further adaptation. However, our results give aderfice in the possibility of using our
physics-based model without prior tuning in difi@ralpine and sub-arctic catchments
majorly covered by conifers.

Finally, it is a quite general finding that two-&yformulations of physical continuums often
bring substantial improvements over single-layezsomhe step from big-leaf soil-vegetation-
atmosphere transfer models to dual-source modeajs Biyth et al., 1999; Bewley et al.,
2010) is a typically illustration of this phenomenfor the computation of the land surface
energy balance. Similarly, Dai et al. (2004) impdvtheir modelling of forest GO
absorption by considering different regimes forlgwand shaded leaves. Our results here are
in line with this more general observation.

6 Conclusion

Our new canopy model demonstrates ability to siteulae difference in the thermal regimes
of the canopy leafy and woody compartments, assasdeby comparison to observed canopy
temperature and thermal radiation. This is achiexadhe separation of the canopy in two
layers of different heat masses, radiatively inteng with each other. In comparison, a one-
layered version of the canopy module always yighd®rer results despite optimization
attempts. The most striking improvement is the céida in night-time canopy cold bias,
which can only be achieved via the two-layer foratioih and results from the sheltering role
of the upper canopy layer.

The robustness of the new canopy model is confirimedhe successful evaluation of the
model without prior tuning at a boreal, coniferaite. The new formulation besides shows a
weak sensitivity to biomass areal heat mass, ast@rependent input parameter that can be
hard to estimate locally. Model evaluation agasmiw water equivalent data indicate that the
new parameterizations do not degrade the overaldeingkills while improving the
representation of some LW-enhanced ablation events.
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The improved representation of the radiative coneptsof the sub-canopy energy balance
achieved here opens the path to the tracking, stateting and modelling of further
processes relevant for the underlying snowpacktiikeulent fluxes or heat advection by rain.
In the end, enhanced models and process undenmsgesitbuld help obtain better hydrological
simulation tools for crucial purposes like climateange impact assessment.
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Tables

Table 1. Parameters used by the SNOWPACK canopy module.

Parameter (unit) Description value
imax (MM mi°) Coefficient for the maximum Spruce: 5.9
interception capacity Pine: 6.6
iLar (MM %) Maximum interception of water byRain: 0.25
canopy per unit ot Al Snow:
ina0.27+ 46/ p )
Kiai () Extinction coefficient for SW and LW[0.4 —0.8]
radiations default: 0.75
fiar (5) Fraction of LAl in the uppermost canopyefault: 0.5
layer. For 2LHM only.
Dcan (M) Average canopy diameter 1
Owet, snow-) Snow-covered canopy albedo 0.3
Oldry = Olwet, rain(-) Dry and wet canopy albedo 0.11
trunk (-) lower canopy layer albedo 0.09
fa(-) Ratio d/zan 2/3
szm(') RatIO Z)m/ZCan 0.1
szh/zOm (') Ratio Z)I‘/ZOm 0,999
racai(-) Parameter for the excess resistan8e
introduces by canopy between surface
g and reference level.
HES f ra.snow Factor for increased aerodynamitO
@ resistance for evaporation of intercepted
S snow
S| ppiomasdkg m°) Bulk biomass density 900
*?33 cp.piomasdd kKg' K™) | Bulk biomass heat capacity 2800
g Beaf(M) Mean leaf (or needle) thickness. Fd@.001
§ 2LHM only.
3 Zcan(M) Mean canopy height
2 2 LA (m? m?) One-sided mean stand leaf-area index
o
S & cf () Direct throughfall fraction
2 g B (m” m®) Stand basal area. For 2LHM only.




Table 2. Model versions and their calibration/optimizaticargmeters.

Model version Heat Mass Number of canopy Calibration parameters
represented layers
1L.noHM No 1 kea
1LHM Yes 1 Kal
2LHM Yes 2 kea
fLAI
1LHM* Yes 1 keal
HMcan
2LHM* Yes 2 keal
fLAI

HMtrunk




1 Table 3. Model performance after calibration and optimiaatiover 2003-2004. The
2 calibration criterion CC is in bold. The * denotesrsions where heat mass is optimized and
3 not physically derived.
Calibration over 2003-2004
M odel Bestfit Results over Results over
version | parameter 2003-2004 2003-2007
RMSE| MB | RMSE | MB | CC RMSE|MB |RMSE |MB | CC
LW LW | SW SW LW LW SW SW
1LnoHM | ka =0.75 14.1 -3.5| 94 03| 27.3 | 175 95| 9.1 14| 375
1LHM k.a =0.75 11.5 -25 94 0.3| 23.6 | 145 -10.6| 9.2 1.8| 36.0
2LHM fLa =0.5 8.3 -0.7| 9.3 0.2 | 184 | 9.6 -6.7 | 9.1 1.6| 27.0
k.a =0.75
1LHM* kia =0.8 8.7 -0.7| 9.4 -0.8|19.3
HM¢a=90
2LHM* koai =75 7.9 0.1 ] 93 0.2 | 175
fLa =0.6
HMiruni=60
Table 4. Model performance after calibration over 2003-2007
Calibration over 2003-2007
M odel Best fit Results over Results over
version | parameter 2003-2004 2003-2007
RMSE |MB |RMSE |MB |CC RMSE |[MB |RMSE |MB |CC
LW LW SW SW LW LW | SW SW
1LnoH | kA =0.75 13.4 24| 94 -0.426.2 | 17.2 -9.1| 9.0 0.2| 27.3
M
1LHM k.ai =0.85 11.4 -1.7 | 9.8 -1.§24.8 | 14.2 -9.8| 9.2 -0.5 33.8
2LHM k.a =0.85 8.2 0.3 9.8 -1.8/18.7 | 9.1 -5.8| 9.2 -0.6| 24.8
fia =0.5
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Table 5. Statistics of model evaluation at Noruntleorr’ is thecorrelation coefficient. The
mean modelled and observed biomass (and biomaksreat fluxes are null over a period
between two equal thermal states.

eat

Field data | Trunk temperature atBiomass heat flux (W m-2) Biomass + air h
Model 1.5 m (K) storage flux (W m-2)
version MB RMSE | corr RMSE corr RMSE corr
1LnoHM -041 | 1.7 0.88 | 16.3 0. 24.2 0.
1LHM -0.05 | 1.6 092 | 245 0.79 18.9 0.86
2LHM 005 | 11 0.96 | 15.7 0.88 11.3 0.92
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Figures captions

Figure 1. Radiative and turbulent fluxes in the 2-layer canepodule. Ellipses feature
radiation sources, dotted lines indicate radiatibsorption within the layer with the indicated
absorption factor; albedos at the border between layers are underlfr@dturbulent fluxes,
arrows denote aerodynamic resistance.

Figure 2. Typical event when snow-on-sensor is suspectazbserved and modelled L.
b. observed precipitation record.

Figure 3. LW |gc and SWE as represented by the different modelorey®ver the calibration
period. a.,b.: subsets of daily cycles. c.: 24-Baunning means over the calibration period. d.
SWE.

Figure 4. Sub-canopy SWE at Alptal over 2004-2007.

Figure 5._Comparison between observed Pine trunk temperatutes m height, 1 cm deep
into the trunk, and modelled canopy temperaturakk tanopy temperature for 1LnoHM and
1LHM, lowermost canopy-layer temperature for 2LHM.

Figure 6. Comparison between biomass (and biomass+air) soflages inferred from
observations (obs) and biomass fluxes modelled Hay different SNOWPACK versions
(model) at Norunda.

Figure 7. Sensitivity of model performance over 2003-200#th{Wa =0.85) tof 4 .The MB
and RMSE are for the variables W (SW in the legend) and L¥c (LW in the legend).



