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Abstract. Measurements of snowmelt and turbulent heatalso present in Western Alaska and Northern Scandinavia.
fluxes were made during the snowmelt periods of two yearsTall shrub canopies occupy less areal extent but are prevalent
at two neighbouring tundra sites in the Yukon, one in a shel-in both upland and sheltered riverine areas, consisting mainly
tered location with tall shrubs exposed above deep snow andf willow and alder (Alnus) species suchAlaus crispaJor-

the other in an exposed location with dwarf shrubs coveredgenson and Heiner, 2003). Epstein et al. (2004) suggest that
by shallow snow. The snow was about twice as deep inshrubs are sensitive indicators of climate warming and ap-
the valley as on the plateau at the end of each winter angbear to be the most responsive of a wide range of tundra and
melted out about 10 days later. The site with buried vegetatreeline biomes considered; this pattern is reflected in repeat
tion showed a transition from air-to-surface heat transfers tgphotography and satellite imagery suggesting recent expan-
surface-to-air heat transfers as bare ground became expossibns in Arctic shrub coverape et al., 2006).

during snowmelt, but there were daytime transfers of heat Tundra may be snow-covered for 6 to 8 months per year in
from the surface to the air at the site with exposed vegetatiorsub-arctic regions (Pomeroy et al., 2006) and up to 9 months
even while snow remained on the ground. A model calculat-in the Arctic (McFadden et al., 2001). Snowmelt is the major
ing separate energy balances for snow and exposed vegetannual hydrological event in these areas, providing between
tion, driven with meteorological data from the sites, is found 40% and 90% of the annual flow of freshwater to streams,
to be able to reproduce these behaviours. Averaged over 3Qakes and oceans at high latitudes. However, the processes
day periods the model gives about 8 Wmore sensible  controlling the rates and magnitude of snow ablation under
heat flux to the atmosphere for the valley site than for thevegetation canopies remain one of the greatest uncertainties
plateau site. Sensitivity of simulated fluxes to model param-in snowmelt calculations (Link and Marks, 1999; Koivusalo
eters describing vegetation cover and density is investigatedand Kokkonen, 2002; Gelfan et al., 2004).

Previous field and modelling studies have identified the ef-
fect of shrubs on snow accumulation, snowmelt, hydrology
and surface energy balance. Shrubs have a strong control on
snow accumulation through suppression of wind transport;

Shrub tundra occupies the latitudes and altitudes above thfor instance, McFadden et al. (2001) showed from measure-
coniferous forest treeline. Many species are present in shrufents in Alaska that shrubby tussock tundra and water track
tundra, although willow (Salix) and birch (Betula) dominate; Margin areas in which shrub birch was common had 27%
40% of the Alaska-Yukon Arctic region comprises upland deeper snow than tussock tundra, and Pomeroy et al. (1997)
low shrub canopies dBetula nana(dwarf birch) andSalix ~ found that shrub tundra north of Inuvik, NWT accumulated
pulchra (Jorgenson and Heiner, 2003), and these species af@ur to five times more snow than sparsely vegetated tun-
dra. Essery and Pomeroy (2004) and Liston et al. (2002)
used blowing snow models to simulate erosion of snow from

Correspondence tdR. Essery sparse tundra and trapping by shrubs. The amount of snow
BY (richard.essery@ed.ac.uk) accumulation around shrubs was found to be sensitive to

1 Introduction
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both the extent and height of shrubs (Essery and Pomeroy
2004). Sturm et al. (2001) also found that the deeper snow
in shrubs has different structural and thermal characteris-
tics from snow in open areas, such as a greater proportiorm
of weakly-bonded depth hoar of lower thermal conductiv-
ity, and proposed a positive feedback loop in which larger
and more abundant shrubs trap more snow and reduce suk
limation losses, leading to deeper snow cover; this promotes
higher winter soil temperatures and microbial activity which &
ultimately increases the plant-available nitrogen required for
further shrub growth. : ‘F)‘;jg
The effect of shrubs on snowmelt was identified by Price g shmb tundra
and Dunne (1976). Emergence of low-albedo shrubs from O Alpine tundra
a receding snowpack increases the absorption of solar radia
tion, increasing the energy available for snowmelt. Pomeroy
et al. (2003) found little difference in net radiation on north
and south facing shrub tundra slopes until the earlier shrub
emergence on the south facing slope, after which higher val-
ues of net radiation led to earlier snowpack removal by over_ . )
a month. Hydrologically, McCartney et al. (2006) showed Fig. 1. Maps_of the Wolf_ Creek Research Basin (100 m contc_nur in-
terval) showing vegetation zones, and the Granger sub-basin (10 m

that tall shrub canopies exert an inordinately large control ONcontour interval) showing the locations of the valley and plateau

the _tlmlng and magmtu_de of streamflow discharge in tundr_aautomatic weather stations and shrub cover (shaded) determined by
basins because of their enhancement of snow accumulatiofiyorme Jaser scanning.

and rapid meltwater production which overwhelms the infil-
tration capacity of soils. An increase in abundance of shrub
tundra during climate warming may therefore impactthe tim-2  Fjeld sites and data
ing and magnitude of freshwater runoff to the major drainage
basins. 2.1 Site descriptions

Accurate surface energy balance calculations are required
as boundary conditions in atmospheric models. Melt ratesThe 195km Wolf Creek Research Basin (685 N,
also determine the degree of vegetation exposure and fract35°11 W) near Whitehorse, Yukon Territory, Canada, lies
tional snow covered area, which in turn strongly influencein the mountainous headwaters of the Yukon River and has
albedo. BothStrack et al. (2003) and Viterbo and Betts a sub-arctic continental climate characterized by a large sea-
(1999) found that numerical weather predictions were toosonal variation in temperature, low relative humidity and rel-
cold (by as much as &) when the role of vegetation over atively low precipitation. The mean annual temperature is
snow was not represented correctly. Estimates of the in—3°C, and annual precipitation is 300-400 mm with approx-
crease in heating associated with the transition from shrubimately 40% falling as snow. Wolf Creek is situated within
free tundra to shrubland range frop10 W2 for the grow-  the Boreal Cordillera ecozone (Environment Canada, 1995)
ing season (e.gChapin et al., 2000, 2005) up to 37 W  and consists of three principle ecosystems: boreal forest,
for the non-growing season (Sturm et al., 2005). Althoughshrub tundra and alpine tundra cover 22%, 58% and 20%
energy-balance snowmelt models have been used to simuespectively of the total basin area (Fig. 1). The shrub tun-
late shrub effects on surface energy and moisture fluxes durdra zone is snow-covered from early October to May with
ing snowmelt, representations of important natural processesnowdrifts persisting until June.
in such models are tentative and require evaluation by field Measurements were conducted in the melt periods of 2003
measurements. and 2004 at two sites within the Granger Creek sub-basin

This paper presents measurements of snow accumulatiorffig. 1), with automatic weather stations (Fig. 2) providing
melt and turbulent fluxes of heat and moisture at two nearbyhalf-hourly meteorological data. One station was located at
sites: one with short vegetation that is completely buried by1363ma.s.l. in a valley bottom with a discontinuous wil-
snow prior to melt and another with tall shrubs that remainlow canopy up to 2.5 m in height overlying a ground cover of
partially exposed throughout the winter. The measurementgrasses and mosses. The shrubs in this area retain a number
are then used to evaluate the performance of an energy babf marcescent leaves and become exposed during the melt
ance model in simulating melt rates and energy fluxes to theseason both gradually as snow ablates and rapidly by spring-
atmosphere for the two sites, and the model is used to invesdp of buried branches when there is insufficient weight of
tigate how fluxes depend on shrub canopy structure. snow to maintain their burial. Many of the shorter shrubs

have been observed to be completely buried prior to melt

Hydrol. Earth Syst. Sci., 14, 1331-1340, 2010 www.hydrol-earth-syst-sci.net/14/1331/2010/
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Fig. 2. Automatic weather stations at the valley site (left) and the plateau site (right). Both photographs were taken on 18 April 2004.
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Fig. 3. Meteorological data for 15 April to 14 May 2003 at the F19- 4. As Fig. 3, but for 14 April to 13 May 2004.
plateau site. Dotted line shows wind speeds at the valley site. Radi-
ation fluxes are incoming to the surface.

2.2 Meteorological measurements

in high snowfall years, but part of the canopy remains ex-Incoming shortwave and longwave radiation, air temperature

posed. Another station was located 330 m from the valleyand wind speed measured on the plateau are shown for 30-

site at 1424 ma.s.l. on an exposed plateau. Shrub cover heday periods beginning on day 105 (mid-April to mid-May) in

is sparse and dominated by birches of limited height (averFig. 3 for 2003 and Fig. 4 for 2004. Both sites are nearly level

age 0.32m) that become completely buried by snowfall andand, despite differences in sky view, Sicart et al. (2006) found

blowing snow. that differences in incoming radiation between the sites were
generally not significant. Air temperatures at the sites are
also very similar, although the valley site is often a couple
of degrees colder at night, perhaps due to cold air drainage.
The major difference in the meteorology between the sites is

www.hydrol-earth-syst-sci.net/14/1331/2010/ Hydrol. Earth Syst. Sci., 14, 1331-1340, 2010



1334 D. Bewley et al.: Heat fluxes over shrub tundra

-200

D
1.0 —% e - 105 110 115 128 125 130 135
T 400 A
0.8+ 1 g S
% 0.6 E ) Sk
o r 1 3o N 4 =
8 0. " E .
“ $ % 200F I ] B
< . il . Nﬂ
0.2 ] &, u\«puf,’\.‘:“mfhi‘-u iFATEVAPRVATAE iy
0.0 g AVAaY ’-‘E’ik*ﬂ:f%z% TEIYEYEINY
0 20 40 60 80 100 120 140 160 180 H
=]
o
@

SWE (mm)

Y]
S
S

Fig. 5. Measured snow-covered fraction and average SWE, with
standard error bars, for the valley site in 2003 (open circles) and
2004 (closed circles) and the plateau site in 2004 only (crosses).
The fitted curve is given by Eq. (1).
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2.3 Snow measurements 0.0

200

1150

Snow depths were measured automatically at each site with

E
sonic ranging sensors, giving point measurements that may i ’1°°§
not represent good areal estimates. In addition, manual mea- L 150 ”
surements were made on several dates to obtain areal-mean ﬁ R
snow depth, snow water equivalent (SWE) and snow-covered 105 1o e 120 128 150 13

Day

fraction. Near the valley site, snow depths were measured on

a 61-point transect with 1 m spacing in 2003 and on a 7x7Fig. 6. Sensible and latent heat fluxes, snow depth and snow water
grid with 5m spacing in 2004. There were no distributed equivalent for the plateau site in 2003. Dotted lines are automatic
snow measurements in the immediate vicinity of the plateaumeasurements, symbols are manual measurements and solid lines
site in 2003, but snow depths were measured there on a 2%we model results discussed in Sect. 3.

point transect with 5m spacing in 2004. Snow density was

measured at a selection of points by weighing cores in an

ESC-30 snow tube, and snow-covered fractions were calcu- : _—
. . overcast and air temperatures only rose above freezing in the
lated as the fraction of the total number of points that were : : .
. . “afternoons. Thereafter, diurnal mean air temperatures again
snow-covered for each survey. The observed relationships

between SWE and snowcover fraction snow shown in Fig. 5 0se above freezing, and this led to the remaining snow at

can be approximated by a snowcover depletion curve of théhe valley station melting by day 131. Averaged over the
P y P snow-covered period, the melt rates were 4.3 mrhaeh the

form plateau and 7.3 mnTd in the valley; the latter value incor-
SWE ) - ) -
Fenow=tan 1) pprates the week-long period of near-zero melt at the begin
X ning of May.

which has been used in previous studies (Yang et al., 1997; There was more snow in 2004 than in 2003. Rapid abla-
Essery and Pomeroy, 2004) for snow depletion around shortion started in the valley on day 118 during a period of clear
vegetation. Adjusting the paramet&r to minimize mean  skies and rising air temperatures that persisted until the end
squared differences between Eq. (1) and the observations, @ April. The melt rate on the plateau was initially slower
value of 44 mm gives a reasonable fit to snow distributionsthan in the valley but increased to a similar rate by day 121
both in the valley and on the plateau. SWE and snow depthsvhen sufficient shrubs were exposed; the snow at this site
for both sites and both years are shown in Figs. 6 to 9. Theaemained until day 124, giving a mean diurnal melt rate of
results show consistent differences in pre-melt snow accu8.6 mmd™1. The remaining snow at the valley site melted
mulation between the sites, with more snow accumulating insteadily through May; patterns of cloud cover were less dis-
the valley than on the plateau. In 2003, rapid snow ablationtinct than in 2003, with no extended periods of clear or over-
began on day 113 and continued uninterrupted until day 120¢ast sky. Air temperatures were cooler between days 123 and
corresponding with a period of clear skies, high solar irradi- 130 resulting in slightly lower melt rates, but the warmer pe-
ance and warm air temperatures that exceededIduring riod thereafter was sufficient to melt all remaining snow at
each afternoon and were above freezing when averaged diuthe valley site by about day 134. Because more snow melted
nally. The shallow snow around the plateau station all meltedn a shorter period than in 2003, the overall valley melt rate
by about day 117. Between days 121 and 127, the sky wasvas higher in 2004 at 10.9 mnd.

Hydrol. Earth Syst. Sci., 14, 1331-1340, 2010 www.hydrol-earth-syst-sci.net/14/1331/2010/
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that fluxes to the atmosphere are positive. Coordinate rota-
tions have not been applied, but the double rotation method
recommended by Finnigan (2004) only gave small adjust-
ments for a sample of the flux data. Use of the eddy co-
variance technique for measurement of fluxes over snow has
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been reviewed recently by Reba et al. (2009).

On the plateau, sensible heat fluxes were small and mostly
negative while the ground remained completely covered with
snhow but increased rapidly upon the emergence of shrubs
and bare ground. Positive sensible heat fluxes were ob-

200
1150

100

SWE (mm)

150

served even during the period of continuous snowcover in the o5 o e o - -
valley, where relatively dense shrubs were always exposed Day

for long fetches in the predominant along-valley wind dire-

cions. In contrast, latent heat fluxes were small and, assun¥ig. 9. As Fig. 6, but for the valley site in 2004.
ing that transpiration was minimal from the leafless shrubs,

were entirely due to snow sublimation and evaporation of

soil moisture. The snow on the plateau was relatively well
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exposed to turbulent transfer, with daily mean sublimationfor turbulent transfers between the surface and the canopy air
rates of 0.42mmd! in 2003 while snow was still present, space,

after which the surface dried and latent heat fluxes decreased.

In the valley, sublimation was suppressed beneath the dense _ L <Z_“> In <Z_0> @)
canopy, and the daily mean sublimation was 0.38 mid k2U 20 20v

between the vegetation and the canopy air space, and

3 Model description and results 1
Zu Zt
" e (2 )n(2). ®
3.1 Model description k<U ~ \zo 20

To simultaneously calculate energy fluxes from an exposetﬂbove the canopy, whei is the wind speed measured at

shrub canopy (0 the aumosphere and energy fluxes to Bt £ 28 S0 ETCARSRE B SECS 8,
derlying snow that determine the melt rate, it is necessar)[ 9 9 9 '

to use a model that represents separate energy balances 108 Mason (1988), the effective momentum roughness length

the canopy and the snow. Several land surface models, sudi? s calculated here as
as CLASS (Verseghy et al., 1993) and CLM (Oleson et al., { [ 7 1-f, ]_1/2}
v v

2004), already have this type of structure but have not beeng =z, exp 9)
widely evaluated in comparison with field observations of en-
ergy fluxes and snow melt. The dual-source model of Blyth

Ete?(l_. (1999) was modified for comparison with observat|onswas found to give increasing sublimation rather than sup-

. . . ressing turbulent transport from underlying snow, so a mod-
Sensible heat fluxes are parameterised as being propoﬁ- 9 P ying

. : . X led form defined by
tional to temperature differences and inversely proportional
to aerodynamic resistances. The sensible heat flux betweert  1— f, SokU

+
IN?(z,/z00)  IN%(zu/205)

With the original form of Eq. (8), increasing vegetation cover

the surface and the canopy air space is e s InGa/z0) (10)
H; = &(TS —Te), (2) is used here, where the dense canopy exchange coeffitient
fas is given the value 0.004 (Zeng et al., 2005). Settipgqual

the flux between the vegetation and the canopy air space isto 0 or 1, Eqgs. (6—10) reduce to the usual logarithmic forms
for resistances over homogeneous surfaces.
Hy= 221, — 3 it
v=r —— (T =T0), ®3) Net shortwave and longwave radiation absorbed by the

’
a ) vegetation are calculated as
and the flux above the canopy is

SW, = f,(1— ary)SW (11)
H="2(1.—1), @) R
Taa and
wherep andc, are the density and heat capacity of &jrjs 4 4
the snow surface temperatuf®, is the canopy temperature, LWo= fo(LW, —20T+0 T, (12)

fv is the vegetation fractiorT,. is the canopy air temperature,

andT, is the air temperature measured above the canopy a\@/here SW and LV.V¢ are the mgasured incoming shortwave
and longwave radiation fluxes, is the canopy albedo and

heightz,. Assuming that there is no transpiration from the ' ; .

shrubs, the latent heat flux is simply is the S.tefan Boltzmann constant. Neglectlng.ml'JIUpIe reflec-
tions with the canopy, the net shortwave radiation absorbed

Lp at the surface is

®)

Fastraa

whereL is the latent heat of sublimation),, is the measured

specific humidity of the air an@sa(T;) is the saturation hu-  whereq; is the surface albedo andis the canopy transmis-

midity at the snow surface temperature. Considering the unsivity (multiple reflections amount to a renormalizatiornf

certainty in parameterisations of turbulent transport throughand the net longwave radiation is

vegetation canopies, Blyth et al. (1999) argued for the use of

simple logarithmic forms for the aerodynamic resistances intWy = v/ LW | +(1—vy)o T} —o T} (14)

Egs. (2) to (5), although this is not physically correct within

dense canopies. The resistances are

LE= [Qsat(Ts) — Qal,

SW, =7(1—a;)SW, (13)

wherev; is the sky view through canopy gaps. For partial
snowcover, the surface albedo is calculated as

ras= ——n & ) in (2 (6)
as K2U 0 Z0s ’ Ols:fsnO\/\»Olsnow‘f‘(l—fsnow)Olground, (15)

Hydrol. Earth Syst. Sci., 14, 1331-1340, 2010 www.hydrol-earth-syst-sci.net/14/1331/2010/
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where asnow is the snow albedogground is the albedo of
snow-free ground angsnowis given by Eq. (1). Energy con-
servation requires

Table 1. Mean and rms errors (Wnf) andr2 for all simulations
of sensible and latent heat fluxes.

SW, +LW, = H, +LE+G (16) Ho Lo
mean rms r mean rms r
at the surface, wher@ is the surface heat flux, Plateau 2003 —235 529 078 23 160 056
Valley 2003 —-18.8 415 085 23 131 0.62
SWy +LW, = H, a7 Plateau 2004 —-13.6 50.0 057 —-6.0 15.2 0.66

for the canopy, and Valley 2004 —-25.6 44.4 0.77 —-2.7 17.0 0.30

H=H,+H, (18)

For the plateau site (Figs. 6 and 8), the model captures

];;;Sth(el Egigczg)é)aallrr\gil)iig;riz?nugb;\l/tggr;gs;?z.m(gz ttﬁrég)egﬁc;the transition from small downwards sensible heat fluxes be-
e fore melt to large ards sensible heat fluxes once the sno
tions that can be solved for the three unknowhsT, and ge upw ! ux W

T,; Blyth et al. (1999) gives the solution. As the model was has disappeared, with smaller and predominantly upwards

oriinallv developed for savannah vegetation. it had to bedaytime latent heat fluxes throughout the simulation periods.
Iginailly develop v vegetation, 1t . The onset of melt is well-represented, although the model
modified to include snowmelt. If the initial solution gives

a snow surface temperature in excess 8EQthe tempera removes the snow a day or two early. For three days dur-
o S - ¢ ing meltin each year the model predicts sensible heat fluxes
ture is fixed at 0C and the solution is repeated to find the g y P

. ) of opposite sign from the observations. These are periods
snowmelt heat flux as the residual in £q. (16). when the snowcover was observed to have become patchy;
a model calculating simultaneous energy balances for snow

3.2 Parameter values .
and snow-free ground may be better able to represent this

Roughness lengths are set to typical values of 1 mm for snowS!tuation.

1 cm for snow-free ground and a tenth of the canopy height For the valley site (Figs. 7 and 9), the model matches the
for vegetation. Incoming and reflected shortwave radiationoPservations in producing downwards sensible heat fluxes at
measurements gave values of 0.85 for the albedo of snow andight and upwards fluxes during daytime even while snow
0.15 for the albedo of snow-free ground at the plateau sitefemains on the ground. The onset and initial rates of melt are
and 0.11 for the albedo of shrubs at the valley site. To makesaptured well; where the automatic and manual depth mea-
some allowance for the influence of radiation absorption bysurements differ, the model is generally closer to the manual
buried branches and leaf litter, the snow albedo at the valleyNeasurements. In 2004, the date at which the model becomes
site is set to a slightly lower value of 0.8. Considering the Snow-free matches the manual observations closely, but in
mature state of the snowpacks and the short simulation peri¢003 the model continues to melt snow during the cold pe-
ods, no snow albedo decay is included in the model. The patiod following day 120 during which the observations sug-
rametersf,, v andr are often parameterised as functions of 9est that melting halted. By this time, about one-third of the
leaf area index, but are difficult to measure and are poorly defeasurement points were snow-free. Excessive melt rates
fined for discontinuous canopies. From hemispherical phofor patchy snowcover are a known feature of models that cal-
tography, an aerial photograph and an array of 9 radiomeculate a single energy balance for the composite snow and
ters deployed under the canopy near the valley Bigsyley snow-free surface (Liston, 2004; Essery et al., 2005); a model
et al. (2007) estimated tha, increased from 0.20 to 0.71 With separate energy balances may, again, produce better re-
as snow melted and shrubs emerged between days 112 asdlts. Although some of the quantitative error statistics for
1291in 2004y s decreased from 0.77 to 0.59 andecreased ~ flux simulations shown in Table 1 are poor, the qualitative
from 0.69 to 0.57. Simulations were initially made with these Match to observed fluxes at both sites was obtained without
parameters set to median values pF0.46, v ,=0.68 and ~ &ny model calibration.

=0.63 for the valley site. Assuming that there is no exposed

vegetation at the plateau site while there is snowcover, theé-4 Sensitivity to canopy parameters

canopy parameters are simply setfig-0 andvy=7=1 for

plateau simulations. To explore how fluxes depend on the structure of the canopy,
the model was run using the valley meteorology for 2004 but
3.3 Model evaluation with the vegetation fraction and canopy transmissivity varied

independently between the limits 0 and 1. Sky view was set
Model results for both sites and both years are compared witkequal to transmissivity, giving longwave radiation transmis-
observations in Figs. 6 to 9. The model was initialized with sion equal to shortwave radiation transmission; this is likely
the measured pre-melt SWE and snow density in each caseto be a better approximation for overcast periods with purely

www.hydrol-earth-syst-sci.net/14/1331/2010/ Hydrol. Earth Syst. Sci., 14, 1331-1340, 2010



1338 D. Bewley et al.: Heat fluxes over shrub tundra

Net shortwave radiation (Wm~—?) Net longwave radiation (Wm~-%) becomes denser (Sicart etal., 2006), snowmelt increases cor-
T ] e respondingly. As the canopy is the dominant source of heat
o8 1 o8 transfer to the atmosphere, the sensible heat flux largely de-
osl T o.efﬂ‘% pends on vegetation fraction and increaseg,aBicreases;

20.47\/207 fm‘i% however, the sensible heat flux also increases gradually as
the canopy becomes denser and less heat is transported to
& the snow beneath. Finally the latent heat flux, which is de-
0 R o7 s rived entirely from the surface, increases as the canopy den-
¢ o oaa esne o ond 08 0e sity decreases and the radiative energy available for driving
sublimation increases. As the vegetation fraction increases,
the latent heat flux first increases as the transport of moisture
from the canopy air space to the atmosphere increases but
then decreases as the transport of moisture from the surface
into the canopy air space is suppressed. The simple model
used here does not include stability corrections to aerody-
namic resistances, but Lee and Mahrt (2004) found snowmelt
predictions to be sensitive to sub-canopy mixing parameteri-
sations at a more southerly site with shorter shrub vegetation.

o2F 194 0.2f

1
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4 Conclusions
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0.6 1
47 ] “4p ] Two field campaigns involved measurements of snowmelt,
] near-surface meteorology and energy fluxes at two neigh-

N bouring sites through the melt period. The sites had different
&t R vegetation structures and topographic settings: one was in a
valley with tall shrubs and deep snow, and the other was on
Fig. 10. Contour plots of average net shortwave, longwave and total@ plateau with shallow snow but no exposure of the dwarf
radiation at the surface, and melt, sensible and latent heat fluxes fogshrubs there prior to melt. Topography and vegetation to-
varying vegetation fractioy,, sky view facton r and transmittance ~ gether determine the pre-melt snow accumulation by control-
T, assuming =vy. ling the redistribution of snow by wind (Essery and Pomeroy,

2004).

Snow surface temperatures cannot excee@,Gso there
diffuse shortwave radiation rather than clear periods wheris a downward temperature gradient above a snow surface
the shrubs cast shadows (Bewley et al., 2007). when air temperatures rise aboveé@® during spring melt,

Figure 10 shows contour plots of radiative, turbulent andgiving downward sensible heat fluxes from the atmosphere
melt energy fluxes averaged over the period of snowcover fothat contribute to melting. Due to their low albedo, shrubs
varying canopy parameters (these parameters are not fully inean be warmed by absorption of solar radiation to tempera-
dependent in reality; the lower left corners of the plots cor-tures well above those of the air or the snow surface, giving
respond with the unrealistic situation of a canopy that coversupward sensible heat fluxes to the atmosphere even while
a small area but efficiently shades the surface). As formuthere is melting snow on the ground. Exposed shrubs can
lated in Eq. (13), the shortwave radiation at the snow surfacelso greatly increase the roughness of the surface, increas-
depends solely om, so the contours are horizontal. Long- ing turbulent fluxes. Increases in incoming longwave radi-
wave radiation at the surface, given by Eq. (14), largely de-ation beneath shrubs can outweigh decreases in shortwave
pends orwy, but the contours slope due to the dependenceadiation due to shading, giving greater net radiation at snow
on canopy temperature; as the vegetation fraction increasesurfaces below shrubs than for exposed snow. Heating of ex-
the canopy temperature increases due to less cooling of theposed shrubs at the valley site led to upward sensible heat
canopy air space by transfer of sensible heat to the snowfluxes approaching 200 Wni while snow remained on the
and the longwave radiation to the snow correspondingly in-ground. Conversely, the plateau snow surface was well ex-
creases slightly. For the high albedo of snow, the increase iposed to turbulent transfer, and sublimation was the main
longwave radiation dominates over the decrease in shortwaveechanism by which net radiation was dissipated while the
radiation (the contours are tighter in the longwave plot than insnowcover was continuous, but sensible heat flux rapidly in-
the shortwave plot), and the net radiation at the snow surfacereased upon the emergence of shrubs over melting snow and
increases as the vegetation fraction increases or the canogyare ground between snow patches.

0.2r o T 0.2
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The meteorological observations were used to drive a boreal ecosystems of western North America as components of
model that calculates separate energy balances for a snow the climate system, Glob. Change Biol., 6, 211-223, 2000.
surface and an exposed shrub canopy. The model was infchapin, F. S., and 20 others: Role of land-surface changes in Arctic
tialized with pre-melt snow observations and then evaluated SUmmer warming, Science, 310, 657-660, 2005. .
in comparison with the observations of snowmelt and sen-Environment Canada: Terrestrial Ecozones of Canada, Ecological
sible and latent heat fluxes. Differences between fluxes be%plg?er:g i:aESIfg::;sgesre\;leégﬁale{/O/\ttar@;,gﬁfpﬁ l‘?ﬁiﬁnpson
fonﬁ ar:dh aﬁerr] n;]elt ang kl)etr\]/veendthe Sltej' \f/ygre rgprgsentle C. D., Chapin, F. S., Michaelson, G. J., Ping, C. L., Rupp, T. S,,
we '_at ough the model showed some de |C|enC|es Incal- 5nd Walker, D. A.: The nature of spatial transitions in the Arctic,
culr?mng flgxes and melt rates for the few dgys in each year ; giogeogr., 31, 1917-1933, 2004.
during which the snowcover was patchy. Itis suggested thakssery, R. L. H. and Pomeroy, J. W.: Vegetation and topographic
additionally calculating separate energy balances for snow control of windblown snow distributions in distributed and ag-
and snow-free ground and considering horizontal advection gregated simulations for an Arctic tundra basin, J. Hydrometeo-
of energy would help to address these deficiencies. rol., 5, 734-744, 2004.

The model parameters include vegetation fraction, canopyessery, R. L. H., Blyth, E. M., Harding, R. J., and Lloyd, C. M.:
from field observations. These parameters vary with the ex- Svalbard, Nord. Hydrol., 36, 207-218, 2005. _
tent to which shrubs are buried by snow and would genera”yA re-evaluation of long-term flux measurment techniques. Part II:

. L . coordinate systems, Bound.-Lay. Meteorol., 113, 1-41, 2004.
have to be parameterised. One comphcaupn is that ShrUb§elfan, A., Pomeroy J. W., and Kuchment, L.- Modelling forest
are often observed to be bent over and buried by a depth o

g . ) cover influences on snow accumulation, sublimation and melt, J.
snow that is less than their height when erect. The mecha- ygrometeorol., 5, 785-803, 2004.

nisms involved are uncertain, but are likely to be related toHedstrom, N. R. and Pomeroy, J. W.: Measurements and modelling
the temperature-related properties of branch stiffness, snow of snow interception in the boreal forest, Hydrol. Process., 12,
cohesion and strength that control the interception and un- 1611-1625, 1998.

loading of snow in forest canopies (Schmidt and Pomeroy,Jorgenson, M. T. and Heiner, M.: Ecosystems of Northern Alaska.
1990; Hedstrom and Pomeroy, 1998). Further observations 1:2.5 million-scale map, ABR Inc., Fairbanks, AK and The Na-

are required of how shrubs of different species trap and bend ture Conservancy, Anchorage, AK, 2003. _
under snow. Koivusalo, H. and Kokkonen, T.: Snow processes in a forest clear-

ing and in a coniferous forest, J. Hydrol., 262, 145-164, 2002.
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