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Abstract. Recent studies show that shrubs are colonizinging the effect of shrub expansion on the energy budget of
higher latitudes and altitudes in the Arctic. Shrubs affect thethe Arctic, future large-scale investigations should consider
wind transport, accumulation and melt of snow, but therewind redistribution of snow, shrub bending and emergence,
have been few sensitivity studies of how shrub expansiorand sub-grid topography as they affect the variability of snow
might affect snowmelt rates and timing. Here, a three-sourceover.

energy balance model (3SOM), which calculates vertical
and horizontal energy fluxes — thus allowing within-cell ad-
vection — between the atmosphere, snow, snow-free ground

and vegetation, is introduced. The three-source structure wak Introduction

specifically adopted to investigate shrub—tundra processes )
associated with patchy snow cover that single- or two-source he effects of shrub expansion or retreat on tundra surface

models fail to address. The ability of the model to simulate €Nergy balance have garnered much attention over the past
the snow regime of an upland tundra valley is evaluated; Fecade. Increasing evidence from field observations, remote
blowing snow transport and sublimation model is used toSensing and models suggests that warming in the Arctic has
simulate premelt snow distributions and 3SOM is used toled to a “greening” that is partly due to the densification and
simulate melt. Some success at simulating turbulent fluxes if#xpansion of shrub patcheStgrm et al. 2005a Jia et al,
point simulations and broad spatial pattern in distributed runs2006 Raynolds et 2J.2006 Tape et al.2006 Loranty et al,

is shown even if the lack of advection between cells cause€01% Tremblay et al.2012. Chapin IIl et al.(2003 esti-

melt rates to be underestimated. The models are then usd@ated that reductions in the duration of snow cover for Arctic
to investigate the sensitivity of the snow regime in the valley Alaska has increased local atmospheric heating by 3Wm

to varying shrub cover and topography. Results show thatPer decade, which is similar in magnitude to local warming
for domain average shrub fractional covef.4, topography ~ Predictions spanning multiple decades from a doubling of at-
dominates the pre- and early melt energy budget but has litmospheric CQ, and continuation of current trends in shrub
tle influence for higher shrub cover. The increase in domain€Xpansion could amplify this heating by two to seven times.
average sensible heat fluxes and net radiation with increas- In addition to climate-induced changes, grazing can also
ing shrub cover is more marked without topography wherecontrol shrub coverage and height. In northern Finland, in-
shrubs introduce wind-induced spatial variability of snow t€nsive year-round reindeer grazing prevents shrub growth
and snow-free patches. As snowmelt evolves, differences ifuch that albedo during the snow season is higher than in
the energy budget between simulations with and without to-N€ighbouring Norway, where more moderate seasonal graz-
pography remain relatively constant and are independent o9 management practices do not limit shrub heidfitt(

shrub cover. These results suggest that, to avoid overestimag! al- 2009 Cohen et al.2013. For this reason, the contri-
bution of grazing as one of many local solutions to control
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shrub expansion is increasingly being advandedjynen  ferent surfaces within a grid box as “tiles”. The energy bal-
2009 Tape et al.2010. ance for each tile is calculated separately and area weighted

Differences and changes in shrub cover also affect theéo produce the grid-box-average energy balance. This model
snow mass balance of tundra because the height, densitstructure does not allow for horizontal advection of heat to
and location of shrubs affect snow distribution by reduc- the snowpack from shrub canopies or bare ground patches
ing near-surface wind speeds within and downwind of shrubeven though discontinuous snow cover is known to substan-
patches Essery et a).1999 Sturm et al. 200J), trapping tially enhance snowmelt (e.dListon, 1995 Neumann and
wind-blown snow around isolated patches or at the edges oMarsh 1998 Granger et a).2002 2006 Pomeroy et al.
large patchesHssery and Pomerp0048. Pomeroy et al.  2003. The solution proposed in many LSMs (see &ellers
(2009 found that the standard deviation of snow water equiv-et al, 1986for SiB, Verseghy 1991for CLASS) is to calcu-
alent (SWE) in a sub-Arctic basin increased with decreasindate separate energy balances for vegetation and bare ground
shrub height, decreasing cover and increasing exposure tor snow surfaces within a grid box (so-called “two-source”
wind. Liston et al.(2002 predicted that replacement of low- models). However, this does not solve the problem for land-
growing vegetation over a 4 kirdomain in Arctic Alaska  scapes with exposed vegetation and patchy snow cover. Mod-
by shrubs with a 50 cm snow-holding capacity would de- els that calculate a single energy balance for composite snow-
crease domain-averaged sublimation by 68 % and increaseovered and snow-free ground are known to fail to simulate
snow depth by 14 %Essery and Pomerof2004h argued late-lying snow patchedMarsh and PomerqyL996 Bewley
that increased snow amount in shrubs is limited by the supet al, 2010. This causes two issues in model performance:
ply of wind-blown snow from open areas and predicted thatexcessive melt rates and modelled sensible heat fluxes that
the average SWE over an area in Arctic Canada with 30 %are in the opposite direction to observations for patchy snow
shrub cover would not increase further for increases beyonaover. In addition, these models do not consider horizontal
1min shrub height. advection of snow mass between grid boxes by wind.

Ground-based measurements, remote sensing and mod- A number of modelling studies (e.dgkaplan and New
elling studies in the YukonRomeroy et a). 2006 Bew- 2006 Lawrence and Swensp2011 Bonfils et al, 2012
ley et al, 2010, the Northwest TerritoriesMarsh et al. have investigated the effects of shrub expansion on snow
2010, Alaska Sturm et al. 20058, FennoscandiaGQohen  availability, distribution and/or energy fluxes, but none have
et al, 2013 and the pan-Arcticl{foranty et al, 2011) have  considered the effects of topography at basin or smaller
all shown that shrub branches exposed above snow decreaseales with a high-resolution model. This study aims to ad-
the surface albedo and increase the absorption of solar radress this gap by setting two objectives. The first is to intro-
diation. Shrubs can even absorb radiation while buried beduce and evaluate a new model (designated “3SOM3for
cause short-wave radiation penetrates snéarfen 1982 saurcemodel) that addresses issues described above for en-
Baker et al. 1991, Hardy et al, 1998. Sturm et al.(20053 ergy fluxes over sparse shrub tundra canopies and heteroge-
estimated that transitions from shrub-free to shrubby condineous snow cover. 3SOM is a distributed model adapted from
tions could increase absorption of solar radiation over thethe single-point two-source (shrub and snow) mod&ei-
show-covered period by 69 to 75 %. Once exposed, branchégy et al.(2010, which was itself adapted for cold environ-
can be 20C warmer than the surrounding sno®omeroy  ments fromBlyth et al.(1999), to solve three energy balances
et al, 2006, increasing turbulent heat and long-wave radi- for bare ground, snow and shrubs simultaneously within each
ation fluxes from the exposed shrub canopy. Tall shrubs regrid box. The second objective is to investigate the sensitiv-
duce the short-wave radiation reaching the snow surface bijty of snow accumulation and ablation to shrubs and topogra-
shading but increased long-wave radiation and sensible hegthy. This is achieved by initializing 3SOM with outputs from
fluxes from the canopy to the snow can give higher melt ratesan existing distributed blowing snow model, DBSHsSery
for snow beneath shrubs than for unshaded srBew{ey  and Pomeroy20048. The combined models are used to esti-
et al, 2010. For exampleSturm et al.(20050, Pomeroy = mate changes in net radiation, turbulent heat transfer and spa-
et al. (2006 and Marsh et al.(2010 observed higher melt tial distributions of SWE associated with variations in shrub
rates where shrubs were exposed above the snowpack thaover with or without the influence of topography.
where shrubs were buried.

Improved understanding of shrub—tundra processes from
field investigations has motivated recent model development® Sites and data
(e.g.Bewley et al, 2007, 201Q Marsh et al. 2010 Ménard
et al, 2012. However, one of the remaining difficulties in Model evaluation and sensitivity analyses were performed
modelling shrub—tundra is how to represent sparse canopiegsing data from a 1knx 1km area around a sub-Arctic
and horizontal interactions between shrub and non-shrub sutundra valley, the Granger Basin (GB) in the Yukon Terri-
faces. Land surface models (LSMs) operate at large scalemry, Canada. GB lies within the larger Wolf Creek Research
and represent the Earth surface as a series of grid boxe®asin (WCRB), a 179 ki drainage basin 15km south of
Sub-grid heterogeneity is often addressed by classifying difWhitehorse that has been the subject of more than 100 peer-
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reviewed papers and technical reports to date on cold-regior
hydrology (Richard Janowicz, Yukon Environment, personal
communication, 2013; see elgomeroy et a).2003 2004
2008 MacDonald et al.2009 Bewley et al, 2010. A dig-

ital elevation model, canopy height map and fractional veg-
etation cover map of GB (Fidl) were derived from lidar
data obtained during an airborne campaign in August 2007.
Details of the campaign and of the lidar data processing are
available inChasmer et a2008 andHopkinson and Chas-
mer (2009.

The valley site is situated in the sub-alpine ecozone of
WCRB and is characterized by a southwest-facing slope
(13), anortheast-facing slope ()7/and a valley bottom with /-
a stream flowing in a southeasterly direction. Tall (1.80 m on
average) willows cover the riparian zones of the valley bot-
tom; some of these become buried under snow in the win-
ter and spring up during melPémeroy et a).2006 Mé-
nard et al. 2012. Birch shrubs (0.3 to 1.5m tall) are also
widespread within the basin, generally being shorter on the
exposed, well-drained plateau and taller near the wet valley Vegetation fraction
bottom.

Heat fluxes and snowmelt simulated at points by 3soMFigure 1. 8 m resolution lidar-based digital elevation map of the
were evaluated using data from spring 2003 and 2004, and kmx 1km area aro_und the valley in the Granger basin, overlaid
the combined DBSM and 3SOM models were driven on aby a vegetatlon fraction map and_a contc_)ur map (1360 to 1480m
high-resolution grid with data from winter and spring 2007~ at20m |n_terval). Four meteorologlgal stations (from north t_o south:

south-facing, tall shrubs, north-facing and short shrub stations) and

2008. Driving and gvaluatlon data are used from seven autOf4 three snow depth transects are shown in black.
matic weather stations:

1. A station located amongst tall willow shrubs g m) in in Fig. 1. Air temperaturel,, wind speed:, wind direction

the riparian zone at 1363 ma.s.l., which has been mea- . . . . o
suring meteorological data since spring 1997. ugir, relative humidity RH, incoming short-wave radiation

SWi,, incoming long-wave radiation LW and snow depth

2. Two stations located above short shrubs (birches ofSd were measured every half hour at the tall and short shrub
0.32m on averagdewley et al, 2010 on an exposed Stations. Data from the alpine station were used to fill gaps
plateau away from the drainage course at 1424 ma.s.lin wind speed and direction data required by the blowing
approximately 330 m from the tall shrub station. The Snow model. As wind data were missing from both the sec-
first station was operated in spring 2003 and 2004 and®nd plateau and the alpine stations for 42 consecutive days
the second station was installed in summer 2007. from January to mid-February 2008, the missing data were

infilled with data collected at WIA. Daily snowfall measure-

3. Two stations situated on opposite slopes of the valley,ments were not made within the Wolf Creek Basin during the
one on the southwest-facing slope and the other on thetudy period, so snowfall data were obtained from the WIA
northeast-facing slope. They were operated in springmeteorological station. A correction factor for differences in
2003 and 2004 only. snowfall between GB and WIA due to the difference in el-

4. A sparse tundra alpine station at 1560 ma.s.l. and 3 kmevatlon was applied to the snowfall rate, as detaileMe

from the valley, operated between autumn 1993 andnard et al(2012. Average air temperature during the 2007—

summer 2009. The alpine zone has dwarf vegetation an&008 snovxi season, when the blowing snow model was run,
barren ground. was —10.9°C with a total of 36 h (no more than 5 consecu-

tive) above OC; as 24 h were below°C and all were below

5. Environment Canada make regular meteorological ob-2°C it was deemed appropriate to assume no winter melt
servations at Whitehorse International Airport (“WIA”) event. Visual field observations established that occasional
(Environment Canada - National Climate Data and In- overnight snowfall events occurred during the melt season in
formation Archive 2012, 19km from GB and 590m 2003, 2004 and 2008 but SR50 measurements did not show
lower in elevation. any difference in snow depth before and after the event, sug-

gesting that they had no or very little effect on the snow mass
Details of the instrumentation most relevant for this study arepgjance at the site.

provided in Tablel. The locations of stations 1-4 are shown
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Table 1. Specifications of the instruments most relevant to this study whose measurements were used to compile forcing meteorological data
for DBSM and 3SOM.

Instrument Measurement type Station Range Error
Kipp & Zonen CNR1 Net radiation Tall and short shrubs 0.3 to 2.8 um, 0 to 1000°% m +10 % of daily totals
5 to 50 um,—250 to 250 W 2
Kipp & Zonen CM5 Short-wave radiation Short shrubs 0.3t02.5um +1%
Kipp & Zonen CM21 Short-wave radiation Tall shrubs 0.3t02.7pum +10 % of daily totals
Kipp & Zonen SP-LITE Short-wave radiation Slopes 0.4to1.1pum Not specified
Vaisala HMP35/45C or CF Air temperature, Tall and short shrubs33 to 45°C (C) +0.4°C
relative humidity —53 10 45°C (CF) +2% RH
0 to 100 % RH (both)
Campbell KH20 krypton hygrometer ~ Fast response humidity Tall and short shrubs ~ 1.95to 9:49gm Not specified
Campbell CSAT3 sonic anemometer  Fast response wind speed  Tall and short sh+@0sto 50°C +4cms?t
and air temperature
Young 5103 wind speed Alpine 0to 100 m’s +0.3ms?
and direction 369 +3°
Campbell SR50 sonic ranging sensor  Snow depth Tall and short shrubs  0.5to 10m +lcm
Sensible and latent heat fluxes measured by eddy covari- T,
ance towers at the tall and short shrub stations in spring2003—- - — — — — — — — —¢— — — — — — — —
and 2004 are compared with point simulations in Saect. tH

A ground heat flux plate also provided measurements at the
short shrub station in 2003. Data from the slope stations are
used to evaluate the modelled distribution of incoming short-
wave radiation (discussed in Sedt2). Snow depths were Y
measured every 5m and snow density every 25m with an Y c
ESC-30 snow tube along three transects (E)gpf approx- %
imately 400 m length. The transects cover the main topo-
graphic features in GB (i.e. the slopes and the valley) and  shrub canopy I 1 H, lag T H,
a wide range of shrub height (0 to 2.60m) and cover (0 to

0.63). In 2008, the transects were monitored every three to T,

four days during the melt season until all the snow, except Multi-layer snow model T
in drifts on the northeast-facing slope, had melted. The tran-
sect measurements are used to evaluate simulations of snow
depth before and during melt in Sedt3.

Fv

|

Figure 2. Structure of 3SOM with reference to the heat exchanges
o ) and the resistance network.
3 Three-source model description and evaluation

This section describes the surface, sub-surface and snothe surface, the separate energy balance equations for vege-
schemes of 3SOM, represented schematically in Eignd  tation, snow-free ground and snow, identified by subscripts v,
presents an evaluation of point simulations against heat fluxg and s, respectively, are

and snowmelt measurements in spring 2003 and 2004.

RV = HV + LEV (1)
3.1 Surface and sub-surface schemes Ry = Hg + LEg + Gg )
The surface scheme has separate energy balances for snow
(Fs), bare groundKg=1— Fs) and exposed vegetation frac- g, — g, + LEs + Gs + Ms, (3)

tions (Fy, independent of’s and Fg) coupled through a net-

work of resistances, allowing horizontal and vertical transferwhereR is the net radiation and LE are the sensible and
of heat between sources within a grid box. Following the con-latent heat fluxes respectivelyf is the snowmelt heat flux,
vention that radiative fluxes are positive towards the surfaceGq is the heat flux from the soil to the soil surface afig

and turbulent and ground heat fluxes are positive away fronfrom the snowpack to the snow surface. Averaged over a grid

Hydrol. Earth Syst. Sci., 18, 23752392 2014 www.hydrol-earth-syst-sci.net/18/2375/2014/



C. B. Ménard et al.: Modelled sensitivity of the snow regime to topography, shrub fraction and shrub height

2379

box with exposed vegetation fraction, snow cover fraction The sensible heat fluxes at the snow, bare ground and veg-

and snow-free ground fractidfy = (1 — Fs), the net radiation
is

The total moisture flux, ignoring evaporation from dormant ;,

vegetation, to the atmosphere is

and, thus allowing advection from snow-free to snow- Hy =

covered surfaces, the sensible heat flux is

Neglecting multiple reflections between the vegetation andﬁ
the ground or snow, net solar radiation absorbed at the sur:

face is

SWs = 7(1 — as) SWin (7)
for the snow tile,

SWy = (1 — ay) SWin (8)
for the vegetation tile and

SWy = 7 (1 — ag) SWin 9)

for the ground tile, where SWis the incoming short-wave
radiation,t is the canopy transmissivity andis the albedo.
Unlike Bewley et al.(2010, who used a time-averaged

calculated from hemispherical photographs for their point o\ 2
. . . u
model evaluations is calculated here as a function of ex- rsg = 100(9—) ,

posed vegetation fraction
7 = exp(—0.92Fy) (20)

following Bewley et al. (2007). Long-wave radiation is

emitted both upwards and downwards from the vegetation
canopy, so the net long-wave radiation for vegetation tem-,

peraturely is

LWy = LWin — 20 .} + Fso Tg + Fyo Ty (11)

etation surfaces are respectively

pC
Hs=—L (Ts - Tp). (14)
ras
C
=220 (- 1) (15)
Tag
and
C
P2r (1, - 1), (16)
Fav

wherep is air density,C,, is the heat capacity of aiff; is

the temperature of the canopy air space, aadrag andray

re aerodynamic resistances for snow, ground and vegeta-
on sources. Transpiration from the dormant vegetation is
assumed to be negligibleé( = 0), but moisture fluxes over
the snow and ground surfaces are calculated as

L

Es = [Qsat(Ts, P) - Qc] (17)
Tas
and
p— p —
Eq = —rsg"' rag [Qsat(Tg, P) Qc], (18)

where Qsa(T) is saturation humidity at temperatureand
atmospheric pressur@, and Q. is the specific humidity of
the canopy air space.

The resistance for evaporation of soil moisture from bare
ground is parameterized as

(19)

C
whereg, is the unfrozen soil moisture content afidis the
critical volumetric soil moisture content, as Best et al.
(2011).
The aerodynamic resistance for energy exchange between
the canopy air space and reference height for temperature,
is given by

Fan = % In (Zd—’) (20)

Including absorption of long-wave radiation from the vegeta- wherek is the von Karman constant, is the friction veloc-
tion and the atmosphere, the net long-wave radiation for thety and 4 is the displacement height, taken to be 2/3 of the

snow and vegetation surfaces is

LWs = (1 — F) LWin + Fyo T} — o T (12)
and
Wy = (1 - R) Win + Ro T, — o Ty, (13)

exposed vegetation height. The aerodynamic resistance for
exchanges between the vegetation and the canopy air space
is given by

()
In{—,
kus Z0v

wherezgy is the roughness length of the vegetation, assumed

(21)

Fav =

where Ts and 7y are the snow and ground surface g phe 1/10 of the exposed vegetation heigdéwley et al.

temperatures.

www.hydrol-earth-syst-sci.net/18/2375/2014/
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in Egs. R0) and @1) leads to an increase in sublimation with increments (using the Clausius—Clapeyron equation to ex-
increasing vegetation cover rather than suppressing turbulemtand Qsa) and substituted into the balance equatiobs (
transport from the underlying snow. They proposed a modi-(2), (3), (6) and 6). This gives five equations for five un-

fied form, which adapted for 3SOM gives knowns (increments in vegetation, snow and ground surface
temperatures, and temperature and humidity increments in

i — [ﬂ + Fy C} ks (22) the canopy air space) that are solved using LU decomposi-

Tas In (d/zos) tion (Press et a].1996. A first solution is found assuming

1 1 no snowmelt; if this gives a snow surface temperature greater
— = A=A + FyC | kuy, (23)  than 0°C, the solution is repeated assumifig- 0°C and the
Tag In (d/ZOg) residual of the energy balance is used to melt snow aiWate

whereC is a dense canopy exchange coefficient given thez 2  \iegetation and snow cover fractions

value of 0.004 Zeng et al. 2002 andu, is the friction ve-

locity such that The exposed vegetation fraction, allowing for bending and
burial of shrubs by snow, is taken frobiston and Hiemstra

= (24) (2019 such that

In (zu/z0)
wherez, is the reference height for wind speed minus snow g, = F,omax [0, (1 _ 5 )] , (28)
depth and;p is the momentum roughness length for which, heB

as for the aerodynamic resistances, there exist a number %hereFvO is the snow-free vegetation fractioky, is canopy

aneren(; iorr;r;\ulatmnsl. lFOF".t:ho or :' Eqs.f22) anq tQ3) are height andB = 0.85 is a bending parameter estimatedvs
reduced to the usual logarithmic forms for resis ?nces OV€hard et al(2012 for the valley site in the 2007—-2008 season.
homogeneous surfaces. Followintason(1988, an “effec-

tive” roughness length, intended to represent a spatial aver Although the lognormal distribution has been used in
9 gth, P P many studies to describe snow cover fraction (Bgmeroy

age in a heterogeneous terrain, is calculated by weighting thgt al, 1998 Liston, 2004 DeBeer and Pomerog009, Es-
individual roughness values of the three sources such that sery’and Pomero§21004k) argue that a closed-form solution
F, Fa-F)  (—Fy) (1—Fy) -y is preferab_le tp the parametric form of the lognormal snow
20=2u eXPl— an @ /Zov)+|n2 @ /ZO()+ 02 (20 200) } ] -(25) cover distribution curve. Instead they propose a parameteri-
‘ zation, adapted fronfang et al(1997) and used in this study,

Heat fluxes into the ground and snow surfaces are calcuWhich closely fits the lognormal distribution such that
lated as
_ 2).soil (Tg - Tgl)
Azg1

Fs = tanh(§> , (29)
00

g (26)
where Sy is snow depth (m) andy is the premelt standard

and deviation of snow depth. DBSM was used to calculate the

2% (Ts — Ts1) standard deviation of snow depth for the points and the dis-
Gg= MW 'S TS (27)  tributed simulationsgo was found to equal 0.20 at both the

S
AZsl short and tall shrub sites.

whereAsoj and Asnow are the thermal conductivities of sur-
face soil and snow layers of temperatufg and 7s; and ~ 3-3 Snow scheme
thicknessAzg; andAzs;. Details of the soil thermodynamics . .
can be found irBest et al(2011). The three surface sources SnoW albedo decay during melt takes an exponential form
share a single soil column of four layers extending to 1.5 mfollowing Verseghy(1993) such that
depth per grid box. 3SOM uses a diffusive heat conduction
approach from the ground and snow sources to the top soiks(t + 8t) = [as(t) — asmin)] €XP (—rn;18t> + as(min).
layer to calculate the top soil temperature. Transfers of heat (30)
and water between soil layers are neglected; this makes the
model unsuitable for distributed hydrological modelling over \yhjle cold albedo decay is linear followingouville et al.
complex topography but has little impact on the simulations(lgga such that
of turbulent fluxes and snowmelt that are the focus of this
paper. as(t 4 81) = as(t) — 5 161, (31)

An implicit solution is used to find increments in sur-
face temperatures over each model time step. The flux pawhereér is the length of the model time step in seconds,
rameterizations are linearized in temperature and humiditysmin) is the minimum aged albedo ang, and rc are the
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melting and cold snow albedo decay time. Albedo is re-or wind-induced snow redistribution event occurred during
freshed by snowfallS;, such that, with incrememkas such  this 7-day cold period. Although this may have a small ef-
that fect on end-of-melt modelled snow, the snow pack is mostly
S st shallower than measurements because melt rates are over-
(32)  estimated at both stations in 2003. Despite this, 3SOM is
Sfthresh able to reproduce late-lying snow at the tall shrub site, which
wherearreshis fresh snow albedo andsnis the minimum ~ Was one of the features that the two-source model presented
amount of snowfall (10 kg m?) required to refresh albedo to  PY Béwley et al.(2010 could not reproduce. Modelled melt
fresh rates are 49 % larger f_;lt the tall than at the short shrub §|te in
The snow compaction and thermodynamic schemes used003 and 56 % larger in 2004 on average due to advection of
in 3SOM are taken from the Joint UK Land Environment heatfrom the shrubs to the snow. .
Simulator (JULES). A simple description of the scheme is N Poth years, the model is able to reproduce the direc-
provided below for convenience but the reader is referredion @nd magnitude of energy exchanges with the atmo-
to Best et al.(2019) for a full description. The number of sphere over a dynamic surface. Contrlb_ut|o_ns of the individ-
snow layers is adjustable and up to three snow layers are usétft! SoUrces to energy fluxes are shown in Bigt the short
here. Separate temperatures, densities, ice and water conterft'ub Site Hq from a small snow-free fraction is positive dur-

are calculated for each layer and updated at each time steff!9 daytime from the beginning of the run bif is negligi-

The thickness of the snow layers varies as snow compactQ'e because little vegetation is exposed and total sensible heat
or fresh snow accumulates. Less-dense freshly fallen snof/UxeS (measured and modelled) are predominantly negative
(100 kg nT2) is accumulated in the surface layer while me- unt|_l the snow has melted. At the tall shrub sikgjs positive
chanical compaction leads to higher snow densities in deepefuring daytime owing to large upwards heat fluxes from ex-
layers. Upon growth of the snowpack, the first snow |ayerposed vegetation and negative at night, with heat_ transferred
increases in thickness until it reaches a prescribed depth, {fom the atmosphere to both snow and vegetation. Down-
which point the layer splits in two. This process is repeatedwards sensible hea}t fluxes at night are sllght!y overestimated
upon accrual of each layer until the maximum number of Py the model, particularly at the tall shrub site. Lateqt heat
prescribed layers is reached. At this point, the thickness of!Ux€s from snow and bare ground are upwards during the
the top snow layer stays fixed and subsequent increases fi@y; When they are overestimated by the model, and small
snow depth are accommodated by increasing the depth At night for both sites. From 23 to 25 April 2003 and 1 to

the bottom layer. During snowmelt, snow depth is accommo-3 May 2004 at the short shrub site, the two-source model pro-

dated by decreasing the depth of the deepest snow layer firgp0S€d byBewley et al (2010 simulated sensible heat fluxes
When liquid water in excess of liquid capacity is reached,Of opposite directions, but of similar magnitude, to measure-

water is moved to the layer below. Refreezing of liquid wa- MeNts leading to model errors of up 250 WnSuch errors

ter within the snowpack and the resulting latent heat releas@® Not occur with 3SOM because, Bswiley et al.(2010
occurs when water flows to a layer where snow tempera_suggested, calculating separate energy balances for the snow
ture< 0. The temperature of the layer is then recalculated®"d snow-free ground produces a more accurate representa-
accordingly. Fresh snow and frost are added as an interintion of the turbulent fluxes during snowmelt over a heteroge-

layer 0 and the snow layers and snow pack properties ar@€0Us surface. o
recalculated accordingly following the conservation of mass  12Ple 2 shows quantitative assessments of the modelled

Aas = (Qfresh — As)

and energy. fluxes. Although just above half of the performance metrics
are improved compared to the two-source model, the addi-
3.4 Evaluation of the model at points tion of a third source has solved some of the issues identified

with the two-source model, namely the simulation of late-
Considering the single-point two-source-model presented byying snow patches and the direction of sensible heat fluxes
Bewley et al.(2010 as a benchmark against which 3SOM during snowmelt. Furthermore, although some of the errors
is compared, 3SOM is first evaluated against observations adre large, turbulent fluxes modelled at points have been com-
the tall and short shrub stations throughout the melt periodpared here with measurements that are influenced by het-
of 2003 and 2004. The model was initialized using manualerogeneous upwind surface conditions. Ideally, a footprint
measurements of vegetation height, premelt snow depth anchodel should be used to weight the modelled fluxes for com-
snow water equivalent at both stations. Results are presentguhrison with measurements. However, accurate determina-
in Fig. 3. Melt started earlier in 2003 and the snow at the tion of the measurement footprint and flux sources would
short shrub site had disappeared by 30 April, but melt at theconstitute an entirely separate study. Given these improve-
tall shrub site stagnated because of a drop in air temperatumments in point scale process representations, the model was
between 30 April and 6 May. The small increase in measuredlistributed to perform simulations over a landscape.
snow depth (2cm) and SWE (6kgt) on 3 May 2003,
which persists for the next two days, suggests that a snowfall
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Figure 3. Measured (dots) and modelled (lingg) snow depth(b) snow water equivalentc) sensible heat fluxd) latent heat flux and
(e)ground heat flux during snowmelt in 2003 and 2004. Snow depth and water equivalent measurements were manual (automatic snow deptt
at the short shrub site in 2003) and fluxes were measured using eddy correlation systems.

4 Description and evaluation of distributed simulations  or spring redistribution events; a full coupling of the models
is in development.

DBSM calculates changes in SWE within a grid box over
This section describes how meteorological data are adjusteime as
for driving distributed simulations and presents results ob-
tained using DBSM to simulate the evolution of accumulat- o
ing snow from September 2007 to April 2008 and then using
3SOM to simulate snowmelt through April and May 2008. wheregs is the rate of sublimation from blowing snow and
The sequential coupling of the models captures the dominang; is the rate of mass transport by blowing snow. Parame-
show processes in each season but neglects any winter me#rizations of the blowing snow fluxes depending on local

=8—qgs— V- q, (33)
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(a) Sensible heat fluxes (W m?) (b) Latent heat fluxes (W m?)
600 200
400 | T2l shrub site 2003 150 | Tall shrub site 2003
200 4 100+ }. rl M
0 e TETENST ey i heh CANana tcaon 58 71“‘.4" AN ﬂ It MAJ‘\ n |
-200 T T — T T T 600 -50 T T T T T T 200
Short shrub site 2003 | 400 Short shrub site 2003 150
- 100
200
s, nAAf«A*ﬂnnhﬂﬂjﬂﬂhﬂlﬂﬁi“'wND lhﬂﬁ*QE*Qnﬁﬂﬂﬂﬂﬂﬂﬂiﬂﬂﬂ‘LﬁAlm&hﬂgo
Y L - e T i v i
600 {— — ; . ‘ . -200 200 +— — . ‘ . ! -50
400 Tall shrub site 2004 1504 Tall shrub site 2004
| 1001 b A
200 i ot | h
U e e 2] 53 ALY '-J"- ﬁ.f“rﬁ»‘mmﬁmﬁiﬁs nM M‘
-200 ; T — T 600 -50 T T T T T T 200
Short shrub site 2004 L 400 Short shrub site 2004 150
A 200 it 50
ool A L L Mot AN
¥ i =, Vi ki - et v AR L
-200

-50

17/04 2204 27/04 02005 07/05 12/05 17/04 2204 27/04 02/05 0705 1205

(c) Ground heat fluxes (W m?)

300
200 {Tall shrub site 2003 A

ot IO A/lWMWMM Mumu

TR RAR: LY
. - ‘ - ‘ : 300
Short shrub site 2003 | 200

perore ~v~“‘ﬂﬂm\ﬁﬂMMMMMMMH. )

VUVY N VYT Y REVUY
300 T T T -100

200 {Tall shrub site 2004 MM\
100 4
s MMM“A

-100

Short shrub site 2004 I 200

oA

AT e Y U 0

17/04 2204 27/04 02005 07/05 12/05

Figure 4. Modelled (a) sensible heat fluxegh) latent heat fluxes an¢t) ground heat fluxes over individual sources (black=ground,
red =snow, green =shrub) at the tall and short shrub sites in 2003 and 2004.

wind speed, vegetation height, erodability of the snow sur-shrub cover and height than on one upwind. On the other
face, air temperature and relative humidity are described byhand, at lower resolution, the grid-box scale exceeds the scale
Essery et al(1999, Pomeroy and L{2000 andEssery and  at which surface features affect snow redistribution, thus hav-

Pomeroy(20043. ing the net effect of homogenizing the landscape and, by ex-
tension, the snow variability dependent upon it.
4.1 Effect of grid-box resolution on process With regard to the representation of shrub cover hetero-
representation geneity,Hopkinson et al(2005 showed that there could be

DBSM 4 8 12 16 and 20 lution i large errors in assessing short-vegetation parameters from
was run at 4, 8, 12, an m resolution in or- single laser pulse airborne lidar sensors because the open

der to determine the grid-box size at which Snow, vegeta-,, o0y stricture within and between shrubs allows numerous

tion and slope_scgle he_terogenelty atGB C.OUId be best relorep5enetrati0ns of the laser pulse into the foliage. As a result,
sented. Investigations into the representation of snow hetero[he number of laser pulse returns per grid box used to distin-

genei'ty ShO.WGd tha.to dec_;reases as a power f_unction of in- guish between ground and shrubs needs to be high enough
creasing grid-box size (Fig). At higher resolution, the sur- 1, minimize the noise from “false” within-shrub returns but

face features — such as slope, aspect, shrub patches — whi enough to allow for the sparse between-shrub canopy

are responsible for the heterogeneity of the snow distributionstructure to be identified. As a consequence, both DBSM
are explicitly represented; for example, DBSM redistributesand 3SOM were run at 8 m resolution as this ,vvas found to
more snow on a grid box downwind of a grid box with high
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Table 2.3SOM mean and root mean square errors, bias and correlation coefficient of sensible, latent and ground heat fluxes at the tall and
short shrub sites in 2003 and 2004. The ME, RMSE ehdf the two-source model describedBewley et al.(2010 are reproduced here

in parentheses for convenience; the bias was calculated for this study. The bold numbers indicate higher quantitative values for 3SOM than
the two-source model. ME and RMSE are in W

LE H G
ME RMSE Bias r2 ME RMSE  Bias r2 ME RMSE Bias r2

3SOM short shrubs 2003 6.7 16.2 0.44 0.77 —1.7 526 —0.03 0.81 183 475 20 041
Bewley et al (2010 (2.3) (16.0) (0.15) (0.56) 4235) (52.9) (0.44) (0.77) - - - -
Tall shrub site 2003 14.4 22.3 1.21 0.72 -1.7 610 -0.03 0.77 - - - -
Bewley et al (2010 (23) (13.1) (0.18) (0.62) 418.8) (41.5) (0.36) 0.85 - - - -
Short shrub site 2004 -48 146 -024 0.66 4.3 55.8 0.3 0.70 - - - -
Bewley et al (2010 (-6.0) (15.2) (0.30) (0.66) €136) (50.0) €1.01) (0.57) - - - -
Tall shrub site 2004 7.5 18.2 0.62 0.43 -6.9 59.0 -02 072 - - - -
Bewley et al (2010 (=2.7) (17.0) €0.20) (0.30) £25.6) (44.4) (0.71) (0.77) - - - -

° solar elevation and azimuth for each time step as described
21 f(x) = 1.36x " by Oke (1987 and Liston and Elder(200§. Comparisons
r’=0.99 between predictions and measurements made parallel to the
slopes at the slope stations in 2003 are shown in6:ig.

Wind speeds were distributed using tason and Sykes
(1978 model of flow over topography, which requires wind
speed and direction at an exposed location as inputs. These
data were obtained from measurements at the plateau station
when available and gaps were filled with data from the alpine
or WIA stations. Average wind directions for periods of over-
lapping data at these stations were within thé diScretiza-
tion used by DBSM. Average wind speed at WIA was lower
than the plateau’s by only 0.16 m%s but was 1.18 ms!
higher at the alpine station. Wind speeds at the alpine sta-
tion were multiplied by a factor of 0.77 found by minimizing
Figure 5. DBSM standard deviation of snow depth before snowmelt the difference between measured and DBSM modelled snow
as a function of grid-box size. The equation and correlation coeffi-depths used as initial conditions for 3SSOM.
cient of a power function to the relationship is displayed for conve- DBSM was run from 1 September 2007 to 19 April 2008
nience. to generate SWE and snow depth grids as initial condi-

tions for melt simulations by 3SOM, which was then run

. . from 19 April to 28 May. The standard deviation of pre-
be most representative of both snow heterogeneity and Oﬁwelt snow depth was calculated, using the snow depth grids

canopy structure. produced by DBSM, from each grid box and its adjoining
boxes (nine in total). Lacking distributed measurements or
an adequate model of below-ground heat and water trans-
port, the soil temperature was initialized to the measured

Some of the slopes in GB are in excess of 2Ot the alti- temperature at the tall shrub site (the soil temperature at the
tude range is less than 260m, so only the incoming shortPatéau station on 19 April only differed by°2 despite
wave radiation and the wind speed are distributed for modeflifferent snow conditions). As a simple method of making
driving; Pomeroy et al(2003 measured all of the meteo- the valley bottom wetter than the plateau, initial soil mois-
rological forcing variables on different slopes and at differ- tUré content was scaled according to a topographic index

ent elevations in the basin and found this to be a reasonable<irkby and Weyman1974 Beven and Kirkby 1979 such
assumption. thatd =054t Tl /Tlmax, Wheredsatis the volumetric soil mois-

Measurements of total incoming short-wave radiation {Ure content at saturation andwkk is the maximum value of
made with a levelled radiometer at the tall shrub site Weretopographlc index found within the domain.
partitioned into diffuse and direct components following the
empirical method proposed Iirbs et al(1982 and adjusted
for the slope and aspect of each grid box according to the

Gridbox resolution (m)

4.2 Distribution of the driving data and initial
conditions
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Figure 6. Modelled (black) and measured (red) incoming short-wave radiation at the two slope stations in spring 2003 (top panel: southwest-
facing slope; bottom panel: northeast-facing slope). All the data above 710%%ra unavailable on the southwest-facing slope because the
programmed maximum data-logger voltage range was exceeded.

4.3 Evaluation of distributed simulations 30 e I P wa— —
. — I re-melp 00 -
2.5 1 N igra:“sey — zlellj[ f melt
L E” + o 512 — Endofmelt .~
Modelled snow depths and standard deviation of snow depthss, | | . e B
are compared with manual measurements and discretized pet a 509 S i
melt period and three topographic features: the northeast-5** | YA g . o
. . ° + i b
facing slope (NFS), the valley and the southwest-facing slope< 1.0 - @ LA
. . o A K} ) -
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. . . . . .o o e
olated to 4 m resolution following the relationship between o = | s
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more direct comparison between measurements and model Measured snow depth (m) Measured standard deviation (m)

results. Measured and modelled snow depths along the tran-,
sect with the longest persisting snow cover are also Shoerﬁgure 7.Modelled vs. measured average snow depths and standard

(Fig. 8) to provide a more spatially explicit comparison. Fig- deviation of snow depth on the northeast facing slope (NFS), t_he

) .~ 2 valley bottom and the southwest-facing slope (SFS) before, during
ures7'and8 show that the broad features of snow dIStI’IbUtIOf? and at the end of the melt season. Modelled standard deviation is
and disappearance are captured; DBSM reproduces the driftSrapolated to 4 m resolution.
at each side of the transect and 3SOM melts the southwest-
facing slope faster than the northeast-facing slope. Neverthe-
less, errors in both space and time remain; errors in snow
depths increase during melt but decrease at the end of melbf larger shrub patches would improve model results. These
Figure7 shows that DBSM and 3SOM overestimate the stan-simulations revealed that the more homogeneous snow cover
dard deviation of snow depth on the northeast-facing slopecauses the turbulent exchanges regime to be become domi-
but Fig. 8 shows that this is due to DBSM underestimating nated by latent heat (28 WTA climatological area average
the width of the snow drift at the top of the slope; this er- at 20m against 14 W n? at 8 m) instead of sensible heat
ror then persists throughout the 3SOM simulation. The simu-fluxes (-6 W m~2 at 20 m against 28 W ii? at 8 m) and thus
lated disappearance of snow from the southwest-facing slopdid not solve the advection.
later than observed is consistent with the overestimation of Section3.4 shows that 3SOM performs well in point sim-
snow depth before the start of melt. This may occur becausalations when initial snow depth, SWE, vegetation frac-
the model only accounts for atmospheric advection of heation and vegetation height are specified from direct mea-
within and not between grid boxes. Warming of air by up- surements. A number of factors could contribute to errors
wards sensible heat fluxes over snow-free patches and warnand some of the poor quantitative statistics in TabBla
ing of snow by downwards heat fluxes as the air then passethe distributed simulations. Firstly, scales between model
over snow patches is a process that has been well document¢@8m x 8 m) and observations (snow probe at 5m interval)
at GB (Granger et a).2002 2006 Essery et a).2000. Fig- differ; the sensitivity obyg to grid-box size shows that scaling
ure 9 shows the southwest-facing slope on three dates durerrors are inevitable. Secondly, manual snow depth measure-
ing the first two weeks of the melt season; the red arrowments along the transects are also prone to sampling errors,
points to a snow-free patch close to one of the transects thads can be seen in Figwhere mean snow depth at the end of
was small enough on 20 April to be contained within a sin- melt on the northeast-facing slope is higher than during melt;
gle model grid box but had grown much larger by 27 April. although snow surveys were conducted as close as possible
Tests simulations were performed to assess whether increats the previous surveys, individual points generally differed
ing the resolution of the grid box to a size more representativeby a few centimetres (between 5cm to 1 m) because of the
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Table 3. Coupled model bias, mean error, root mean square (rms) and rms errors normalized by the standard deviation of measured
snow depths, for snow depths on the three dominant topographical units and at different stages of the melt season (Premelt=21 April;
Melt=25 April, 28 April, 3 May and 7 May; End of Melt=10 May, 16 May and 19 May. Only one of the three transects was surveyed on
the last two dates). ME and RMSE are in metres.

Bias RMSE NRMSE ME
NFS Valley SFS NFS Valley SFS NFS \Valley SFS NFS  Valley SFS
Premelt —-0.01 -0.06 -0.09 0.44 0.16 0.31 1.13 1.03 0.77 -0.01 0.05 0.07
Melt 0.04 -0.15 -0.38 0.46 0.22 0.42 1.13 0.90 0.86 -0.04 0.08 0.20
End of melt 0.36 0.24 0.24 0.54 0.22 0.40 1.04 0.87 0.72 -0.20 -0.04 -0.04
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Figure 8. Modelled (black) vs. measured (red) snow depths along a transect in the GB valley. The transect goes through the northeast-facing

slope (0—155m), the valley (155-240 m) and the southwest-facing

destructive nature of sampling snow density and depth. Fi
nally, given the high resolution of the model, small errors
in the lidar mapping of topography and vegetation will have
some influence on model results.

Hydrol. Earth Syst. Sci., 18, 23752392 2014

slope (240-410 m).

5 Effects of shrub expansion

Despite issues discussed above, the DBSM and 3SOM mod-
els are able to capture the evolution of broad spatial snow
patterns along transects representative of the topographic
features within GB and diurnal and seasonal variations in
energy fluxes at two points representative of short and tall
shrub cover. The models are now used in a sensitivity study
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2387

Figure 9. Area surrounding the two easternmost transects on the southwest-facing slope on 20 April, 27 April and 3 May 2008 from left to
right. The visible portion of the transects is approximately 200 m long. The red arrow is pointing to a snow-free patch.

investigating the effects of shrub expansion on snow distri-

bution and energy balance, with and without topography.

Shrub expansion can proceed by infilling and lateral

shrubs and colonization of areas beyond the shrublinpg
et al, 2006 Myers-Smith et a.2011). Without going to the

complexity of introducing an ecological model, shrub expan-
sion by the first two mechanisms was simulated by itera-
tively increasing the area and height of existing shrubs in the T
Granger valley for perturbed simulations. In each iteration,

the vegetation fraction and height in each model grid box

were increased by a random amount up to the maxima in any
of the eight neighbouring boxes. This process was repeatedgo | .
20 times, saving vegetation fraction and height maps after 1, &= 7|°
3, 5, 10 and 20 iterations; the vegetation fraction increases% 1 *
from 8 % in the lidar-derived map to 52 % after 20 iterations.
DBSM and 3SOM runs were performed without vegetation, 4
with existing vegetation, and with each of the five increased g |+ .
vegetation scenarios. Two runs were performed in each case: ~ oo o1 o2
one with the existing topography and one on a flat domain.

Model outputs were averaged over the central % kihthe
domain.
Premelt conditions on 22 April are shown in Fig0.

the vegetation fraction is increased for the flat domain, th
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Figure 10. Exposed vegetation fraction, vegetation height, mean
SWE and coefficient of variation in SWE on 22 April as functions
of snow-free vegetation fraction for simulations with (dots) topog-
About one third of the vegetation is buried by snow in eachraphy and without (crosses).
case, with little impact of topography. With no vegetation
and no topography, DBSM diagnoses sublimation of blow-
ing snow but no net redistribution within the domain. As

epremelt SWE is similar for runs with or without topogra-

domain-average premelt SWE increases because the reduehy and s controlled by the shrubs. Spatial variability in pre-
wmnelt SWE can be characterized by the coefficient of variation

ing snow sublimation. In runs with topography, the increase(CV:standard deviation divided by mean). In simulations

tion of near-ground wind speed by shrubs decreases blo

in SWE with increasingFy, is much less marked because ;
deposition of snow also occurs in areas of decreased windf N0 vegetation (CV =0 when, =
speed, such as hillslopes and depressions, and reduces
possible deposition in the tall shrubs of the valley bottom;
Quinton et al.(2004 estimated that the large drift near the
top of the northeast-facing slope can store up to 65 % of th
snow mass in the Granger valley. Fby > ~ 0.4, average

www.hydrol-earth-syst-sci.net/18/2375/2014/

without topography, the snow cover is uniform when there
0) but CV first increases

tyygen shrubs are introduced because they cause some spatial

variability in snow accumulation; as shrub cover increases
CV decreases because the shrubs suppress wind-induced re-
distribution of snow. Variability reaches a maximum with-

out vegetation in simulations with topography and drops to
CV=0.29 atFy, =0.52. In comparisorRomeroy et al(2004)

Hydrol. Earth Syst. Sci., 18, 2378392 2014



2388 C. B. Ménard et al.: Modelled sensitivity of the snow regime to topography, shrub fraction and shrub height

found CV =0.27 from snow surveys for well-vegetated sites
in WCRB.

Both the spatial variability in premelt SWE and average
premelt SWE are important to capture: the former deter-
mines how much snow-free ground is exposed after a certain.:
amount of snow has melte®dmeroy et a.1998a Essery
and Pomeroy20043 and hence influences the surface en-
ergy partitioning, the latter determines how much energy is
required to melt all of the snow. Time series of snow cover
fraction and snow cover depletion curves plotted against
SWE) are shown for selected simulations in Fig. With
no topography and no vegetation, the premelt SWE and spa- = |
tial distribution of melt energy are uniform and the transi-
tion from complete snow cover occurs in one time step. The S
simulation with topography but without vegetation has the “
highest premelt CV, giving a flattened snow cover depletion
curve and a much more gradual decrease in snow cover; some g
ground is exposed early as shallow snow melts but some _ -
snow cover persists late into May in deep drifts. Increas- ° Ly | 1205 2605 1% 130 % 60 30 0
ing vegetation fraction increases premelt SWE and decreases S i)

CV, delaying the onset of snow cover depletion but increasigyre 11. Time series of snow cover fraction (left panels) and snow

ing its rate once it has begun because of advected energybver depletion curves (right panels) from simulations with topog-

from exposed shrubs. raphy (top panels) or without (bottom panels) for three different

Figurel2shows net radiation, sensible heat and latent heatrea-averaged vegetation fractions.

fluxes averaged over early melt (22 April-4 May), main melt

(5-16 May) and late melt (17-28 May) periods in simula-

tions with and without topography. During the early melt pe- period when there are significant fluxes from vegetation and

riod, the snow cover in simulations without topography is snow-free ground but significant snow cover still remains.

nearly complete ks~ 1 in Fig. 10) and the sensible heat There are only small differences in fluxes averaged over

is dominated by downward fluxes from the atmosphere tothe late melt period between simulations with and without

the snow; this is offset by increasing upwards sensible heatopography because the surface is dominated by snow-free

fluxes from the vegetation with increasing vegetation frac-ground and vegetation. The difference in sensible heat fluxes

tions. In simulations with topography and low vegetation between simulations with and without topography are due

fractions, the snow cover is already incomplefe € 1) on  to late-lying topographical drifts, as indicated by longer per-

22 April, giving upwards sensible heat fluxes from snow-free sisting snow cover in Figll Sensible heat fluxes increase

ground that offset the downwards fluxes to snow and reducelue to increasing surface roughness with increasing vegeta-

the sensitivity of overall sensible heat to vegetation fraction.tion fractions but latent heat fluxes decrease slightly due to a

In simulations with and without topography, the increase indecrease in the fraction of late-lying snow patches. Because

net radiation with increasing shrub cover is largely balancedhe model lacks a hydrology module, partitioning of available

by less-negative sensible heat fluxes. Latent heat fluxes inenergy between latent and sensible heat fluxes for snow-free

crease slightly with increasing shrub cover due to advectiorground is uncertain.

of heat from exposed vegetation to snow within the same grid

box.

The relationship between simulations with and without to- 6 Discussion and conclusions

pography changes during the main melt period; differences in

Rn are constant independently Bf and sensible heat fluxes Corroborating previous findings (e @hapin Il et al, 2005

in simulations without topography are now almost indepen-Liston and Hiemstra2011, Bonfils et al, 2012 this study

dent of vegetation fractions less than 0.4. All simulations suggests that expansion and densification of tundra shrub

estimate less than 50 % snow cover by the end of this pepatches in a warming climate will have a positive feedback

riod, and those without topography have smaller snow coveion warming through decreases in surface albedo and in-

fractions than those with topography and the same vegetationreases in sensible heat fluxes to the atmosphere. This change

fractions because of lower initial SWE and more rapid snowin surface energetics with warming is predicted despite the

depletion. Advection between grid boxes, if introduced in theinclusion of a shrub bending parameterization which reduces

model, would likely have the greatest influence during thisthe exposed vegetation fraction and increases the albedo at
the beginning of the snowmelt season. However, topography

1.0
1.0

T T T T
90 6 30 0
SWE(mm%
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Figure 12. Area-averaged latent heat flux, sensible heat flux and net radiation as functions of snow-free vegetation fraction for simulations
with topography (dots) and without (crosses) over three time periods.

was found to moderate the magnitude of the effects of shrulfii) the effects of sub-grid redistribution of snow by wind,
expansion on premelt energy budgets and snow accumuldiii) the simplistic sub-grid snow cover fraction parameteri-
tions; for the domain studied here, wind-blown snow from zation as a function of SWE or snow depth that many mod-
the exposed plateau can be trapped in a topographic drifels adopt, and (iv) the effects of shrubs on redistribution of
on the northeast-facing slope before it reaches shrubs in thenow which are neglected (except in CLM4Liawrence and
sheltered valley bottom. This suggests that the positive feedSwenson2017).
back identified in studies of level Arctic plains may in fact  The crucial role of spatial variability in snow on snowmelt
be dampened in Arctic hills and mountain location, such asis well known Pomeroy et a).1998a 2004 Clark et al,
in upland Alaska, the Yukon Territory and the Northwest Ter- 2011, Egli et al, 2012 but its implications for shrub ex-
ritories in Canada. pansion studies have not been assessed until now. This study
The high resolution of the grid used here allowed influ- suggests that modelling shrub expansion without consider-
ences of topography and vegetation on snow accumulatioing the effects of topography on wind redistribution of snow
and melt to be explicitly resolved and shows dampeningand on snowmelt rates may lead to overestimation of win-
feedbacks due to small-scale topography that are likely taer and early spring energy budget responses. Although there
upscale and affect biome-scale energy fluxes. These findingsave been fewer investigations of high-latitude end-of-winter
have implications for studies investigating shrub expansionenergy budget, many have shown large differences in net ra-
over larger scales because of the number of processes whialiation and sensible heat fluxes between low albedo (gener-
are poorly or not represented in land surface or climate modally trees or shrubs) and snow-covered surfaces despite lim-
els but which were found to affect the energy budget, namelyited solar radiation (e.ddarding and Pomergy996 Chapin
(i) the effects of sub-grid topography on snow distribution, et al, 200Q Sturm et al.20053. Given the contrasting effect
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of topography between premelt and melt processes, furthewilliam Quinton for their efforts in the field.
research is needed to understand the significance of shrub
expansion in both complex and flat terrains during the wholeEdited by: C. De Michele
snow season.

Partial snow cover was explicitly represented by the mod-
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