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Abstract

An energy balance approach is applied to simulate snow accumulation and melt in a forest clearing and in a coniferous forest.
The study site is located in southern Finland (60.1°N) where the winters are mild considering the high latitude. For forest
simulations the snow model is coupled with a procedure, which accounts for the effects of the canopy on the driving
meteorological variables of the snow model. Model results are first validated against measured values of snow water equivalent
and snow temperature in a forested site and in an adjacent clearing. Subsequently differences in snow accumulation, snowmelt,
and energy components contributing to snowmelt in open and forested conditions are studied. Effect of the canopy on snow
mass balance on the ground can be seen as higher accumulation and more intense snowmelt in the open. Due to these
counteracting processes the results show little difference in the annual maximum of the snow water equivalent between the
clearing and the forest. The model results suggest that in mid-winter the main source of energy for snowmelt is sensible heat in
the open, whereas both sensible heat and net radiation contribute equally to snowmelt in the forest. Solar radiation intensity
increases towards the spring, which causes net radiation to become dominant in both sites. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

In high latitudes, snow accumulation and melt have a
significant influence on hydrological processes. Preci-
pitation stored in the snowpack over the winter is
released in a relatively short period during snowmelt
in spring, which typically gives rise to annual maxi-
mum streamflows. In the boreal region, a large fraction
of the area is covered with forests where the influence
of the canopy on snow processes is significant.

A number of snow models with varying complexity
and data requirements are available for simulation of
snow processes. The temperature-index approach is
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the simplest way to approximate the amount of energy
available for snowmelt and requires only precipitation
and air temperature as input data. When records of
standard meteorological data (air temperature, preci-
pitation, radiation components, relative humidity,
wind speed) exist more complex models simulating
the energy balance of snow can be applied. All these
models have a similar boundary condition at the snow
surface where the sum of upward and downward
fluxes of energy results in change of snowpack
temperature, snowmelt, or freezing of liquid water
retained in the snow. Models have differences in
description of the internal processes; some models
consider the snowpack as a single bulk layer
(Ohta, 1994; Price and Dunne, 1976; Tarboton et al.,
1995), whereas others are more detailed in dividing
the snowpack into multiple horizontal layers (Anderson,
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1976; Illangasekare et al., 1990; Jordan, 1991; Tuteja
and Cunnane, 1997).

Data for temperature-index models are relatively
widely available, which explains why they are popular
in operational models for streamflow forecasting
(Kustas et al., 1994; Kuusisto, 1984; Vehvildinen,
1992). The temperature-index approach is less applic-
able when separation of snow surface energy fluxes
and prediction of the snow surface temperature are
important, which is often the case when hydrological
models are linked with atmospheric models (Marshall
et al., 1999). More physically based approaches may
also be called for when hydrological impacts of land-
use changes, such as logging, are assessed (Lundberg,
1996).

Snow energy balance models have typically been
designed to operate in open areas. Unforested areas
exhibit energy exchange with the atmosphere that is
radically different from the continuous forested areas
(Harding and Pomeroy, 1996), and thence the appli-
cation of these models in forested areas requires the
influence of the canopy on the energy flux compo-
nents to be taken into account. In several studies
conducted in boreal region, net radiation has been
found to increase in importance with respect to turbu-
lent fluxes when a forest canopy is present (Link and
Marks, 1999; Pomeroy and Dion, 1996; Price and
Dunne, 1976; Woo and Giesbrecht, 2000).

Hardy et al. (1997, 1998) and Davis et al. (1997)
studied spring snowmelt dynamics beneath deciduous
and coniferous forest stands in Saskatchewan,
Canada. They coupled a multi-layer snow energy
balance model SNTHERM that has been demon-
strated to perform well in open environments (Jordan,
1991) with a radiation transfer model, which
accounted for the shading effect of the canopy. Woo
and Giesbrecht (2000) and Giesbrecht and Woo
(2000) considered spring snowmelt in a subarctic
site in Yukon Territory, Canada, and accounted for
the effect of canopy both at single tree and forest
scales. All these studies have in common the fact
that they concentrate on periods of little or no preci-
pitation in the spring melt season and thus avoid the
need to consider the effects of interception. Intercep-
tion and sublimation of snow have been reported to
result in substantial decrease in net precipitation in
dense forests (Lundberg, 1993; Lundberg et al.,
1998; Nakai et al., 1999; Pomeroy et al., 1998) and

they have to be taken into account when snow
processes are described over the entire winter season.
Wigmosta et al. (1994) embedded into a hydrological
model a soil-vegetation—atmosphere transfer scheme
accounting for interception and the effect of canopy
on radiative and turbulent fluxes and assessed their
results against measured snow water equivalent and
streamflow. Long-term snow accumulation—melt
simulations considering other than only snow water
equivalent and streamflow data in model calibration
and validation have started to emerge (Storck, 2000),
but are still limited in number.

In the present study, snow accumulation and melt are
simulated over four winters in two adjacent sites of
which one is clearing and the other one is covered
with a mature coniferous forest. Snow modelling is
based on an energy balance scheme that is coupled
with a procedure accounting for interception and
effects of the canopy on the radiative and turbulent
energy fluxes. The objectives of this study are (1) to
assess the model performance in terms of reproduction
of measured snow water equivalent, snow temperature,
and throughfall, (2) to compare the dynamics of the
snow water equivalent in the open and in the forest,
(3) to compare the snow surface energy fluxes in the
open and in the forest, and (4) to identify the compo-
nents of energy contributing to snowmelt in the open
and in the forest in mid-winter and spring conditions.
Sensitivity of the model simulations to parameterisa-
tion of the canopy procedure is also explored.

Climatic conditions in the present study area in
southern Finland are more temperate than those in
North American and Siberian regions having as north-
erly a location. Due to the effects of the Gulf Stream,
winters are relatively mild and snowmelt may occur in
mid-winder conditions when intensity of the solar
radiation is insignificant. The role of different energy
sources giving rise to snowmelt in such conditions has
not adequately been addressed and this study attempts
to add to this knowledge.

2. Site description and data

Snow, runoff and meteorological measurements
were carried out during 1996-2000 in a forested
catchment (Rudbidck, 18 ha) and in an adjacent
clear-cut area (about 3 ha) in Siuntio, southern
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Fig. 1. Location of measurement sites in Siuntio, southern Finland.

Finland (Fig. 1). The Rudbéck catchment is one of the
small research basins of the Finnish Environment
Institute. The elevation ranges from 34 to 65 m. The
catchment is covered by a mature forest stand domi-
nated by Norway Spruce. The clearing has a few pine
trees left for seeding and small spruces planted after
the harvest. Bedrock is exposed on the hilltops and
soils are composed of silty and sandy moraines with
an average depth of 1-2 m to bedrock. More details
on the site information are published in Lepisto (1994)
and Lepisto and Kivinen (1997).

The climate is temperate with cold, wet winters, and
precipitation is typically of a relatively low intensity.
Mean annual precipitation (uncorrected) during 1991—
1996 was 700 mm, which includes 15—-25% of snowfall.

A matrix of 12 snow sticks was set up in the clear-
ing, and a total of 22 sticks were placed in the forest to
manually measure snow depth on the ground. Water
equivalent of snow was measured at three points in
both open and forested sites by weighing cylindrical
snow samples. Micrometeorological variables at a
height of 2 m above the ground surface were recorded
in the clearing and in the forest below the canopy to
provide input for the snow energy balance model.
Half-hourly data include air temperature, relative
humidity, wind speed, downward and reflected
short-wave radiation in both sites, and precipitation
in the open. Accumulated throughfall in the forest

was measured manually at six points approximately
once a week. Downward long-wave radiation was
measured in the open until January 1999 and then the
sensor was moved below the forest canopy. Additional
temperature measurements were recorded at depths of
0.5, 0.3 and 0.1 m below the soil surface, and at heights
of 0.1, 0.3 and 0.5 m above the ground in the forest.
Similarly, in the open temperature measurements were
recorded at 0.2 m intervals above and below the soil
surface (from —0.3 to +0.3 m). In winter 1998—1999,
the state of the canopy interception storage was visually
observed approximately once a week. The state was
described as (0) dry canopy, (1) wet canopy, (2) little
snow captured in the canopy, (3) some snow captured in
the canopy, and (4) much snow captured in the canopy.

The meteorological data were checked and edited
to provide continuous hourly input for snow model-
ling. Air temperature was compared against manually
measured readings to correct for a systematic bias.
Relative humidity was scaled not to exceed 100%.
Measured upward and downward short-wave radia-
tion data were used to determine whether the radiation
sensors pointing upwards were covered with snow.
During periods of the sensors being snow-covered,
the downward short-wave radiation was estimated
using the measured upward short-wave radiation and
an estimate of the new snow albedo of 0.85, and the
downward long-wave radiation values were estimated
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Fig. 2. Determination of the depth of intercepted water (W) during a
single time-step. P is the depth of precipitation during a time-step, f;
is the sky-view fraction, Cj is the interception capacity, and I, is the
canopy storage in the beginning of the computation time-step.

using the procedure suggested by Satterlund (1979).
An estimate of cloudiness required in the Satterlund
(1979) method was derived from the ratio of the
measured short-wave radiation and the simulated
clear-sky radiation.

Operation of the anemometers was occasionally
hampered by intensive snowfalls, and wind speed
was not measured in the forest between October 21,
1998 and January 25, 1999. When observed data from
one of the two stations (forest or open) were not avail-
able, the missing values of wind speed were estimated
from the existing records by multiplication with a
scaling factor. The factor was selected according to
the average ratio (0.21) between the wintertime wind
speed in the forest and in the open.

Precipitation in the open was corrected using the
procedure recommended for the Finnish H&H-90
measurement gauge in Fgrland et al. (1996). Six
manually operated precipitation gauges in the forest,
accumulated throughfall between the field visits. The
average of the six gauge readings was assumed to
represent the cumulative net precipitation in the
forest. Stemflow was assumed negligible.

3. Methods
3.1. Canopy model
The canopy model largely follows the method

given in Wigmosta et al. (1994), but the computation
of overstorey interception has been modified and

interception in the understorey vegetation has been
ignored. The form of precipitation is determined on
the basis of the air temperature. Below temperature 7
precipitation falls as snow and above temperature T,
as rain. Between T; and T}, the proportion of snowfall
(and rain) is a linear function of the air temperature.
The canopy temperature is assumed to be equal to the
air temperature. The share of precipitation falling
between the trees is computed as a product of the
total precipitation P and the sky-view fraction f;.
The remaining precipitation, i.e. (1 — f,)P, can be
intercepted in the canopy and it forms the input to
the interception procedure.

Calder (1990) notes that the maximum canopy
storage is approached in a gradual manner and is
only reached after accumulation of a considerably
greater depth of rainfall than the capacity value.
Aston (1979) has formulated this relationship mathe-
matically as

Iy = C(1 — e_kIPcum/CI)’ (1)

where I, is the canopy storage in Aston’s model, Cjis
the interception capacity, k; is a model parameter, and
P is the cumulative precipitation. This approach
was originally proposed in the context of a single
storm event assuming that the canopy storage is
empty in the beginning of the event and evaporative
losses need not to be accounted for. In the present
model, the Aston relationship (Eq. (1)) is extended
to simulate interception through multiple storm events
with accountancy for interception evaporation.
Computation of interception for snow and rain is
carried out in an identical manner except for that Cj
is higher for interception of snow (Cis) than for inter-
ception of rain (Cry).

Fig. 2 depicts in graphical terms how the depth of
intercepted water during a time-step, Wi, is deter-
mined. In mathematical terms

Wy = (C — Ip) — (C; — [y)e I =HPa, )

where [ is the canopy storage in the beginning of the
computation time-step. Now the change in the canopy
storage during a computation time-step, Al, can be
written as

Al =W, — E, (3)
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where Ej (Eq. (5)) is the depth of interception evapora-
tion during a time-step.

To complete the description of the present intercep-
tion model calculation of snow unloading is briefly
discussed. When the air temperature increases above
the freezing point and the canopy storage is greater
than Cy unloading of the intercepted snow (in excess
of Crw) occurs. Occurrence of snow unloading is
checked in the beginning of the computation time
step before the depth of intercepted water W is deter-
mined according to Eq. (2). Now throughfall Pr
during a computation time-step can be written as

Pr=[(1 = fOP — Wi] + /(P + Us, “)
where Us is the snow unloading during a computation
time-step.

Interception evaporation out of the canopy storage
is calculated using a combination equation of the
Penman—Monteith type
E = ARnc + pacp(es B ea)/rao

' A4+ ) ’

&)

where A is the gradient of the saturated vapour pres-
sure—temperature curve, R, is the net radiation in the
canopy, p, is the air density, c, is the specific heat of
air, e, is the saturation vapour pressure, e, is the air
vapour pressure, r,, is the aerodynamic resistance to
vapour transport, A, is the latent heat of vaporisation,

and vy is the psychrometric constant. Sublimation of
snow in the temperatures below 0 °C is calculated by
substituting A, with the latent heat of sublimation A
and adjusting the psychrometric constant by A,/A in
Eq. (5). Condensation into canopy is not allowed.

The aerodynamic resistance is calculated according
to the eddy diffusion theory assuming equal resis-
tances to transfer of heat, vapour and momentum.
Although this assumption is known not to be strictly
valid (Brutsaert, 1982; Male and Granger, 1981), it is
commonly used in a hydrological context (Calder,
1990; Lundberg et al., 1998; Lundberg and Halldin,
1994; Wigmosta et al., 1994). The wind speed is
assumed logarithmic above the canopy, exponential
within the canopy, and logarithmic above the snow-
pack on the ground (Fig. 3). Aerodynamic resistance
a 18 computed by integrating the reciprocal of the
eddy diffusion coefficient over the range from
d, + 7Zg0 to z; (Dolman, 1993)

1 —d —d
oo = 53— 1n( d % )1n( i o )
k Uy 200 ho - do

h
+ o n—n(zpo+dy)/hy _ 1 6
K. [e 1, (©)

K (hy — dy)
1 1’1( r T do ) ’
200
where k is the von Karman constant, i, is the wind
speed at the reference height z,, d, (= 0.63h,) is the
zero-plane displacement height, zo, (= 0.13h,) is the
roughness length of the canopy, #, is the vegetation
height, n is an extinction coefficient, and Kj is the
logarithmic diffusion coefficient at the top of the
canopy. Calder (1990) and Lundberg and Halldin
(1994) note that aerodynamic resistance for the subli-
mation of snow is an order of magnitude higher due to
the smooth surface of the intercepted snow. To account
for these effects r,, is multiplied by a factor f;, = 10
(Lundberg et al., 1998) at temperatures less than 0 °C.

The net radiation absorbed by the canopy is calcu-

lated ignoring multiple reflections between canopy
and snow surface, and it is given by

To(1 — a9l + (1 = f)(Ryg

+ Ris — 2Ryc), (8)

K, = (7

Rnc = Rs(l _f;)[l - 0 T
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where R; is the incoming short-wave radiation, «, is
the albedo of the canopy, 7. is the transmittance
through the canopy, and «; is the albedo of the surface
below the canopy (snow or ground), Ry is the down-
ward atmospheric long-wave radiation, Rj; is the
upward long-wave radiation from the surface below
the canopy, and R\, is the long-wave radiation emitted
by the canopy (upward and downward). The albedo of
canopy and ground surfaces was taken equal to 0.18.
The computation of the snow albedo is described in
Section 3.2.

The long-wave radiation terms are calculated as a
function of the substrate temperature 7. using the
Stefan—Boltzmann law

R = e.0T2, 9)

where o is the Stefan—Boltzmann constant, and &, is
the emissivity which equals unity for a vegetation
surface and 0.99 for a snow surface.

3.2. Energy fluxes above the snowpack

Energy fluxes are computed using estimated values
of meteorological variables beneath the canopy. In the
computations, canopy is assumed to have an effect on
radiation components, throughfall, and wind speed,
while air temperature and relative humidity are
taken equal to the values above the canopy.

Turbulent fluxes of sensible and latent heat are
given by

H= (”aCP + EHO)(Ta —Ty), (10)
7o

N
and

AE— ( 2,0.622
reRy(T, + 273.15)

T EEO)[ea —el. (D)

where H is the sensible heat flux, A E is the latent heat
flux, p, is the air density, ¢, is the heat capacity of air,
Eyo is the windless convection coefficient for the
sensible heat flux, T, is the air temperature, T is the
snow surface temperature, ry- is the aerodynamic
resistance, Ry is the dry gas constant, Ep, is the wind-
less convection coefficient for the latent heat flux, e, is
the air vapour pressure, e, is the saturation vapour
pressure at the snow surface, and A is the latent
heat of sublimation of ice. When the snow surface

temperature is 0 °C the latent heat of vaporisation of
water, A, is used in Eq. (11).

The effect of canopy on turbulent heat fluxes due to
reduced wind speed is accounted for in computation
of the aerodynamic resistance between the snow
surface and the reference height above the canopy
(Fig. 3). Wind speed is assumed to decrease exponen-
tially within the canopy as assumed in earlier studies
of canopy evapotranspiration (Choudhury and
Monteith, 1988). The exponential wind profile is
assumed to merge with a logarithmic wind profile
above the snowpack at the height of z,; (=2 m).

The resistance r, to the turbulent heat exchange
above the snowpack is calculated from

Fs = Fao T Feo T 7 in the forest (12a)

8§82

in the open (12b)

rS:rSS7

where r,, is the resistance from Eq. (6), r, is the
resistance within the canopy, rg is the resistance
between the snow surface and the height z,. Resis-
tances r., and ry are given by

hoe" .. _ .,
roy = o€ e nzlhy _ o n(dot,oo)/hc], (13)
nKh
and
()]
20s
= —————— = 14
Tss urst ( )

where d is the depth of the snowpack, zy is the snow
surface roughness length, and u, is the wind speed at
Zs. The correction for stable and unstable atmospheric
conditions is calculated from (Choudhury and
Monteith, 1988)

re = /(1 — 5Ri)*, stable 0 < Ri = Riyy, (15)
re = rJ(1 — 5Ri)**, unstable Ri < 0, (16)

i = g(Ta - TO)(er - di)
U2[0.5(T, + Ty) + 273.15]°

a7)

where Ri is an estimate of the Richardson number,
Ri.x is the upper limit of the Richardson number,
and g is the acceleration due to gravity.

Jordan et al. (1999) suggested that the correction
for stable atmospheric conditions might lead to
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Table 1

Parameters of the snow and canopy models, and perturbations of parameters in the sensitivity analysis

Parameters studied in sensitivity analysis Symbol Value Perturbation in
sensitivity analysis

Interception parameter ki 0.39 + 10%

Maximum interception capacity for water Ciw 0.008 m +10%

Maximum interception capacity for snow Cis 0.03 m *10%

Sky-view fraction f 0.15 *10%

Canopy albedo o, 0.18 *10%

Transmittance T 0.0 +0.1

Extinction coefficient n 1.9 * 10%

Height of vegetation hy 25m +10%

Zero-plane displacement height d, 15.75 m *10%

Roughness length of the canopy 200 325m *10%

Multiplier of resistance in snow conditions | 10 *10%

Lower temperature limit for form of precipitation T 0.0°C +0.5°C

Upper temperature limit for form of precipitation T 2.0°C +05°C

Windless convection coefficient for sensible heat flux Eyo 7.2 kJ/m*/h * 10%

Windless convection coefficient for latent heat flux Ery 0.0 kJ/Pa/h + 0.15 kJ/Pa/h

Other model parameters and some physical constants

Emissivity of snow" & 0.99

Emissivity of vegetation surface & 1.0

Ideal gas constant for dry air Ry 287 J/kg/°’K

von Karman constant K 0.41

Maximum limit for Richardson number Riax 0.16

Snow surface roughness length 205 0.005 m

Measurement height for meteorological data Zs 2.0m

Atmospheric pressure® Py 100.8 kPa

Maximum water equivalent of upper snow layer” SWE, 0.02 m

Saturated hydraulic conductivity of snow* K 20 m/h

Liquid water holding capacity of snow" L. 0.05

Specific heat of soil particles” C, 0.84 kJ/kg/°C

Density of soil particles® P 2650 kg/m®

Depth of soil layer” D, 0.8 m

Soil porosity® ¢ 0.5

Soil water content® w 0.45

Freezing depression curve parameter® dy 1.5°C

Albedo of ground” a, 0.18

* These parameters/constants are not found in Section 3, but their values are reported here for information (parameter definitions in Koivusalo

et al. (2002)).

cessation of turbulent heat exchange and excessive
cooling of the snow surface during cold periods with
low wind speeds. In the present snow model an
attempt is made to alleviate these problems by limit-
ing value of the Richardson number and by allowing
windless exchange of the sensible heat. The windless
convection coefficient Ey in Eq. (10) enables sensible
heat transfer to occur even when wind speed is zero
and thereby prevents surface temperature from falling
to unrealistically low values in response to radiative

losses. Jordan et al. (1999) suggested that the windless
convection coefficient for latent heat, Ey), had no
similar effect and therefore it was set equal to zero.
Values for windless exchange coefficients are given in
Table 1.

In the presence of a canopy net radiation flux R
into the snowpack is given by

Ry = Rs[Tc(l _fs) +fs](1 - as) + Rlc(1 _fs) + Rldfs — Ry,
(18a)
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and in the open it is computed from
Rys = Ry(1 — ag) + Ry — Ry, (18b)

Wigmosta et al. (1994) applied separate functions for
snow accumulation and melt seasons to describe the
decrease in snow albedo as a function of time since
the last snowfall. Calculation of snow albedo in the
present study rests on these functions. Winters in
southern Finland have typically several accumula-
tion—melt cycles, and thus a subdivision of a winter
into one accumulation and one melt season was
deemed to be too coarse. Instead, accumulation and
melt periods are separated on the basis of the air
temperature, and each period is associated with a
corresponding albedo decrease function. This albedo
computation scheme can be formulated as

a§+A’ = ol + Ad/, (19)
and

a0[0.94<’“’>°'58 - 0.94’”’58], 7! <0°C
r__
Aas = (.46

- 0.82’“‘“], T = 0°C
(20)

ao[0.82(’+A’)

where 7 is the time elapsed since the last snowfall (in
days), a is the albedo of new snow (0.85), A/, is the
change of albedo from ¢ to ¢ + At, and T! is the air
temperature at time ¢. The albedo is reset to « after a
snowfall event exceeding 2 mm (as water equivalent).

The advective heat flux Qp from precipitation (or
throughfall) is calculated as the energy needed to
convert precipitation to ice phase at 0 °C. For exam-
ple, rain-on-snow increases the liquid water mass of
the snowpack and hence the heat content of the snow-
pack is increased by the energy which would be
released if this rain was first cooled to 0 °C and then
frozen.

3.3. Snow energy balance model

The snow model used in the current study has been
described in detail in Koivusalo et al. (2002), and only
a brief summary is given here. The model is one-
dimensional and it simulates heat conduction through
the snow into the soil, snowmelt, liquid water
retention in snow, melt water discharge out of a snow-
pack, and compaction of snow. Time-series of water

equivalent, depth, and temperature of snow are
produced as an output. Computation procedures are
based on the ideas from Tarboton et al. (1995) and
Karvonen (1988). In the model, the snow—soil domain
is split into two layers of snow and one of soil. Separa-
tion of the snow into two layers restricts the heat
exchange with the atmosphere only to a part of the
snowpack, and inclusion of the soil layer enables
consideration of the ground freezing, where both aid
in obtaining a realistic estimate of the snow surface
and snowpack temperatures. The heat content of each
layer is used to determine the average temperature and
the liquid water content of a layer.

Energy balance at the snow—air interface is formu-
lated as

My + Qp=R,, + H+ AE + QOp, 21

where M, is the energy available to melt snow, Q is the
heat conduction to the top snow layer, R, is the net
radiation at the snow surface, H is the sensible heat
flux, AE is the latent heat flux, and Qp is the advective
heat flux from precipitation. Snow surface temperature
is iterated from Eq. (21) by balancing the sum of right-
hand terms with heat conduction Q, into the snow.
When the snow surface temperature reaches 0 °C, all
the remaining energy is used to melt snow. The term
snowmelt refers to phase change of ice into water
within the snowpack. Meltwater is stored within the
snowpack until liquid water retention capacity is
exceeded and water is discharged out of the snowpack.

Koivusalo et al. (2002) have successfully validated
the performance of the snow model against field data
of snow internal variables and surface fluxes
measured in northern Finland, and against results of
a multi-layer snow energy balance model SNTHERM
(Jordan, 1991).

4. Results and discussion
4.1. Performance criteria
The model results are assessed in terms of two

performance criteria. These are mean absolute error
E.. and bias B

1<
Ena = 3y 2.1 =l (22)
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Fig. 4. Calculated water equivalent of snow (SWE), and measured SWE (mean * standard deviation) in the open during four winters (a, b, ¢, d)
from 1996 to 2000. Measured SWE at an observation site located next to the meteorological station is also shown.

1 N
B=+ ; & — x), (23)

where N is the number of observations, £; is a calcu-
lated value, and x; is a measured value.

4.2. Clearing

Snow processes in the open are studied during four
winters from 1996 to 2000.

The model simulates one-dimensional vertical
processes at a point and does not take into account
horizontal redistribution of mass or advection of
energy. The model uses as input hourly data of preci-
pitation, air temperature, relative humidity, wind
speed, downward short-wave and long-wave radiation
measured at a height of 2 m above ground. Parameters
of the snow model (Table 1) are largely based on the
values suggested for a snow energy balance model in
Tarboton and Luce (1996). Soil parameters are taken
as typical values characterising moraine soil. In addi-
tion, soil water content and thickness of the soil layer
were adjusted by comparing measured and modelled
soil temperatures. The modelling results are assessed
against measured values of water equivalent and
temperature of snow.

Fig. 4 shows the water equivalent of snow in the
clearing for the whole study period. The four winters

exhibit considerable differences in snow dynamics.
Winter 1996—-1997 had only one major accumula-
tion—melt cycle. The warm spells in the middle of
the winter, which are common along the southern
coast of Finland, were not long enough to melt the
entire snow cover at any of the observation points.
Only little spread between minimum and maximum
values of the water equivalent of snow was measured
in the beginning of the winter, which is mainly due to
relatively low wind speeds during snowfalls. Later the
spatial variability of the water equivalent greatly
increased as a result of higher wind speeds during
snowfalls. These results suggest that in the clearing
snow drift has a significant role in the spatial distribu-
tion of snow mass. A prominent feature of this winter is
that the entire snowpack melted by the end of February.
Thereafter, only minor snowfalls occurred and the
ground remained snow free for most of the time.

The winter of 1997-1998 had several warm spells,
which gave rise to temporary snowmelts and low
values of maximum snow water equivalent. The
spatial variability in snow water equivalent was
higher than in the previous winter. This variability is
a result of both snow drift and snowmelt. Snowmelt
variability arises from spatial differences in radiative
and turbulent energy flux components. For example,
the aspect varies in the forest clearing and gives rise to
differences in downward flux of short-wave radiation.
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Fig. 5. Measured and modelled snowpack temperatures (daily averages) in the open for four winters (a, b, c, d) from 1996 to 2000. The
calculated temperature is a weighted average of the snow temperatures in the two snow layers with the weights being equal to the layer depths.

In the beginning of the winter 1998—1999 snow
accumulation and melt periods alternated until snow-
falls in February lead to a build-up of a deep snow-
pack. The deep snow cover lasted until the final
snowmelt from late March to mid April. The average
snow water equivalent had a maximum value of
155 mm (Fig. 4), which corresponds to a return period
of about 5 years (Kuusisto, 1984). The winter 1999—
2000 was rather similar to the winter 1997-1998
having again warm spells in the middle of the winter.

In Fig. 4, the modelled snow water equivalent is
compared against measured mean snow water equiva-
lent. Assessment of the model performance is based
on the rate of change in snow water equivalent
between observations. Change in snow water equiva-
lent (SWE,.,, — SWE,y) is considered to avoid propa-
gation of the error from one period between
observations to another. The mean absolute error for
the entire study period, i.e. for all four winters, is
1.29 mm/d. When snow accumulation and melt
periods are considered separately, the model errors
for accumulation and melt are found not to originate
from identical populations (Wilcoxon rank-sum test,
risk level of 1%). Mean absolute errors for accumula-
tion periods (N = 55) and melt periods (N = 20)
are 0.88 and 2.38 mm/d, respectively, and biases are
—0.11 and —1.78 mm/d. The results suggest that the
model reproduces more accurately snow accumula-

tion than snowmelt. The calculated biases indicate
that the precipitation measurement has small systema-
tic error, whereas snowmelt is overpredicted through-
out the study period. The weather station was placed
on a small ridge in the middle of the clearing in order
to minimise the effects of shading and turbulence
caused by the surrounding forest. With regard to
snowmelt this exposed location, however, is not repre-
sentative of the snowmelt conditions in the sheltered
areas on the ridge sides, where many of the snow
sticks were located. Fig. 4 also shows the measured
water equivalent at an observation point located next
to the meteorological station. Assessment of model
results against these values yields mean absolute
errors of 0.99 and 1.73 mm/d, and biases of —0.16
and —0.29 mm/d for accumulation and melt periods,
respectively. The small absolute value of bias for melt
periods indicates that now there is less systematic
error in snowmelt predictions than when comparing
against the mean snow water equivalent.

The readings of two temperature sensors at a height
of 0.1 and 0.3 m above the ground were used to derive
the snowpack temperature, which was taken as the
average reading of the sensors located below the
snow surface. The elevation of the surface was inter-
polated from snow depth measurements. The
modelled temperature of the snowpack was calculated
as a weighted average of the snow temperatures in the
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Fig. 6. Measured and calculated cumulative throughfall, and measured cumulative precipitation in the open for winter and summer seasons

from 1996 to 2000.

two snow layers with the weights being equal to the
layer depths. Fig. 5 shows the measured and modelled
snowpack temperatures (daily average) for four
winters from 1996 to 2000. The mean absolute error
is 1.26 °C and bias is —0.61 °C. Large errors can
occur when a temperature sensor actually measures
the air temperature even though according to the inter-
polated snow depth it should reside within the snow-
pack.

4.3. Forest

Snow accumulation and melt on the ground below
the forest canopy were modelled using the same para-
meterisation of the snow model as that used in the
open. The effect of canopy on mass and energy fluxes
was taken into account with an additional procedure,
which requires as input the same meteorological
variables as the snow model. Ideally, these variables
ought to be measured above the canopy, but in this
study the meteorological data measured in the open
were assumed to be representative of the conditions at
a height of 2 m above the canopy.

The canopy model was calibrated against meteor-
ological data measured below the canopy. Parameter
values resulting from calibration are listed in Table 1.
A sky-view fraction was estimated by comparing the
measured and calculated series of downward long-
wave radiation beneath the canopy for a period from
10 January to 13 October 1999. For the entire period
average daily long-wave radiation flux beneath the
canopy was 30.2MJ/m*d and the mean absolute
error between measured and calculated daily values
was 0.37 MJ/m*/d. Comparison of measured and
calculated series of downward short-wave radiation

beneath the canopy results in a negligibly small
value of transmittance 7.. The measured average of
daily short-wave radiation beneath the canopy for a
period from 1 December 1996 to 13 October 1999 was
1.3MJ/m%d and the mean absolute error was
0.33 MJ/m%d. The parameter n in Egs. (6) and (13)
was estimated by comparing the measured and calcu-
lated series of wind speed beneath the canopy for a
period from 1 December 1996 to 13 October 1999.
The mean wind speed for the entire period was
0.20 m/s and the mean absolute error between
measured and calculated daily averages was 0.07 m/s.

Fig. 6 shows the measured and calculated cumula-
tive throughfall, and measured cumulative precipita-
tion in the open separately for winter and summer
seasons. Winter season starts in November and ends
in April, and summer season covers the period from
May to October. The interception parameters (Cis,
Ciw, ki) were calibrated against measured throughfall
for a period from 1 December 1996 to 30 April 1999.
A period from 1 May 1999 to 28 April 2000 was used
for validation. Mean absolute errors were 0.31 and
0.16 mm/d and biases were 0.02 and 0.01 mm/d for
calibration and validation periods, respectively. There
is little difference between interception losses in
summer and winter seasons. The average interception
losses for summer and winter seasons are 29 and 26%,
respectively. Interception evaporation during the
winter, when the zenith angle of the sun is wide and
net radiation is of low intensity, is mainly explained
by advection of energy due to turbulence within and
above the forest canopy. Considerable wintertime
interception has also been reported in Nakai et al.
(1999), Pomeroy et al. (1998) and Lundberg et al.
(1998).
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Fig. 7. Modelled amount of water or snow captured in the canopy storage and visual observations of the state of the canopy interception storage

for winter 1998-1999.

In Fig. 7, the modelled amount of water or snow
captured in the canopy storage is presented along with
the visual observations on the state of the canopy inter-
ception storage for winter 1998—1999. According to
both model results and visual observations the canopy
dries completely several times during the winter. In the
middle of February, when the model calculated maxi-
mum values for the snow intercepted in the canopy, the
observed snow load in the canopy was very high. Severe
snowstorms accompanied with formation of rime in the
trees caused branches and even trunks to crack.

175 7 a)
150
125 1
100 A
75 1
o1

0 . A 4&

1-Apr-97

Iv Measured mean + standard dev.

— Calculated

SWE [mm]

1-Dec-96 30-Jan-97

1759 ¢)
150 -
125 - f
100 \
75
50 -
25 - .

0 v : . .

SWE [mm]

1-Nov-98 31-Dec-98 2-Mar-99 1-May-99

The water equivalent of snow on the ground below
the canopy is shown in Fig. 8 for the whole study
period. Similarly to the open, the spatial variability
in the measured water equivalent is high as indicated
by the large standard deviation. In the forest this varia-
bility is mostly a result of spatial differences in
throughfall and snowmelt. Snow drift has little
impact, because wind speeds beneath the canopy are
low.

Performance of the snow model is again assessed
against the rate of change in snow water equivalent
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Fig. 8. Calculated water equivalent of snow (SWE), and measured SWE (mean * standard deviation) in the forest during four winters (a, b, c,

d) from 1996 to 2000.
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Fig. 9. Measured and calculated snow temperatures (daily averages) in the forest for a period from January to March, 1997. The calculated
temperature is a weighted average of the snow temperatures in the two snow layers with the weights being equal to the layer depths.

between observations. The mean absolute error for the
entire study period is 1.12 mm/d. Mean absolute
errors for accumulation periods and melt periods are
1.03 and 1.26 mm/d, respectively, and biases are
—0.29 and —0.03 mm/d. In terms of the performance
criteria the snow model beneath the canopy yields
similar results compared with those obtained in the
clearing. Snowmelt is clearly overpredicted in early
March 1997. The modelled snow water equivalent is
sensitive to the air temperature; a good fit for spring
1997 would be easily achieved by subtracting less
than 1°C from the measured temperatures. Such
data manipulation was not considered to be appropri-
ate, although it is possible that even after correction
there still are errors of that magnitude in the tempera-
ture data.

The measured and calculated snow temperatures
(daily average) in the forest are plotted for a period
from January to March, 1997, in Fig. 9. Due to
problems with the instrumentation there are no reli-
able measurements available for any other period. The
mean absolute error and bias for the period are 0.82
and —0.12 °C, respectively. Because depth of the
snow in that winter never reached the level of
the second temperature censor at a height of 0.3 m,
the measured temperature was always based on only
one temperature reading at a height of 0.1 m. Since
the temperature gradient within a snowpack can be
very steep during cold periods, just one reading does
not give a good estimate of the average snowpack
temperature. This is one possible explanation for the
poor model fit in the middle of February when the air
temperature dropped below —10 °C and the measured
snow depth reached 0.25-0.29 m leaving the single
temperature reading at the bottom third of the snow-

pack. This issue was studied more closely by compar-
ing the measurements against the calculated
temperature in the lower one of the two snow layers
present in the model. Throughout the period from 12
to 25 February the single temperature sensor resided
within the bottom snow layer. Mean absolute error for
the average snowpack temperature for that period was
1.15°C, whereas comparison of the measured
temperature against the calculated bottom layer
temperature yielded a considerably smaller error of
0.36 °C.

4.4. Comparison between clearing and forest

Here the differences in snow processes with and
without forest canopy are discussed. The approach
taken is to compare modelled snow water equivalent,
cumulative snowmelt, and energy fluxes above the
snow surface in the open and in the forest. Recall
that the same set of meteorological input data have
been used in running the snow model in the open, and
the coupled canopy and snow model in the forest. The
objective is to isolate the effect of canopy on snow
processes from other factors, such as snow drift and
spatial differences in snowmelt. Hence the modelled
snow masses are used in the comparison instead of the
measured averages, which are affected by the spatial
differences in snowmelt especially in the clearing (see
Section 4.2). Furthermore, there are no measured data
on all energy flux components of interest.

The modelled snow water equivalent and cumula-
tive snowmelt in the open and in the forest are
presented for the entire study period in Fig. 10. The
cumulative snowmelt includes rainfall in periods
when there is no snow on the ground. Throughout
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Fig. 10. Modelled snow water equivalent (SWE) and cumulative snowmelt in the open and in the forest during four winters (a, b, ¢, d) from
1996 to 2000. The cumulative snowmelt (shown on top of SWE) includes rainfall in periods when there is no snow on the ground.

the winter snow water equivalent may be greater
either in the open or below the canopy depending on
meteorological conditions. Because of higher net
precipitation in the open, snowfall events, such as
those in February 1999, cause the water equivalent
to increase more rapidly in the open than in the forest.
On the other hand, the greater intensity of snowmelt in
the open causes the water equivalent to decrease faster
than in the forest. The result of higher accumulation
and more intense snowmelt in the open relative to the
forest is qualitatively similar to the findings of Troen-
dle (1983) and Troendle and King (1987). During a
sequence of warm spells snow mass in the open falls
below that in the forest (see e.g. December 1997 to
January 1998). The maximum value of the average
snow water equivalent in each winter is nearly equal
in the forest and in the open. Even though the clearing
receives more precipitation than the forest, the more
intense snowmelt in the clearing is capable of
compensating for this.

Fig. 11 shows cumulative energy fluxes above snow
surface in the open and in the forest. Note that the
fluxes are accumulated only when there is snow on
the ground. Positive flux is directed towards the snow.
The most prominent differences can be seen in net

radiation and sensible heat fluxes. Net all-wave radia-
tion in the open is dominated by an upward net flux of
long-wave radiation until in spring intensity of solar
radiation increases and reverses the net radiation flux
to point downwards. In mid-winter net radiation is
much less negative in the forest where the canopy
significantly contributes to downward long-wave
radiation. In spring, net radiation intensity is lower
in the forest due to a canopy shading effect. The
loss of radiative energy in the open results in an
efficient cooling of the snow surface in mid-winter,
which together with higher wind speeds gives rise to a
much greater flux of sensible heat compared to that in
the forest. The latent heat fluxes contribute only little
to the total energy balances both in the open and in the
forest.

The advective heat flux from precipitation as
defined in Section 3.2, includes energy associated
with phase change (freezing) in the case of rain, and
temperature changes to bring the precipitation to the
reference temperature (0 °C). The phase change
energy is the largest component of the advective
flux. During rain on snow events the energy associated
with phase change does not actually go to generating
melt. Rain on a cold snowpack freezes releasing
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Fig. 11. Modelled cumulative fluxes of net radiation (a), sensible heat (b), latent heat (c), and advective heat associated with temperature change
(d) above snow surface in the open and in the forest from 1996 to 2000. Positive flux is directed towards the snow.

energy to the snow and raising its temperature until
the snowpack is isothermal (0 °C). Once this occurs
rain does not freeze so the only energy that goes to
melt snow is due to temperature changes. The rain
water added does, however, mingle with melt water
and contribute to melt outflow. In order to explore the
importance of advective heat flux in generating snow-
melt Fig. 11(d) shows only the advective heat compo-
nent associated with temperature changes. From Fig.
11 it is clear that the advective heat flux contributes
only little to snowmelt.

In Fig. 12 daily sums of net radiation, sensible heat,
and latent heat are plotted for winter 1998—1999. In
the open, snowmelt events in mid-winter occur when
the weather is warm and cloudy. In such conditions
snowmelt is mainly driven by sensible heat with latent
heat flux occasionally having a significant contribu-
tion. Also, net radiation flux is only slightly negative
or sometimes even positive. The increase in solar
radiation intensity causes net radiation to become
the most significant source of energy contributing to
snowmelt in late spring. Unlike in the open, net radia-
tion in the forest contributes significantly to snowmelt
throughout the winter. In mid-winter peak values of

net radiation arise from long-wave radiation emitted
by the canopy and in spring from both short- and long-
wave radiation. During melt events in mid-winter
sensible heat flux is of the same magnitude as net
radiation flux. Latent heat flux is insignificant
throughout the winter. It is noteworthy, that wind
speeds below the canopy are low and the contribution
of the sensible heat flux to snowmelt is largely depen-
dent on the selection of the windless convection coef-
ficient (Epy in Eq. (10)), whose value was adopted
from Jordan (1992). Unlike the radiation components
the computed turbulent heat fluxes have not been vali-
dated against measurements. Particularly in the forest,
the modelled partitioning of the turbulent energy into
sensible and latent heat fluxes is sensitive to the
modelling choice of giving Eyy a nonzero value and
setting Eg, to zero. As documented and cited earlier
(see Section 3.2), this parameterisation was based on
previous snow modelling studies.

The dominant role of net radiation in spring melt is
consistent with earlier results from boreal forests
(Link and Marks, 1999; Pomeroy and Dion, 1996;
Price and Dunne, 1976). These studies do not address
mid-winter snowmelt, since it rarely occurs in the
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climatic conditions exhibited by their study sites. The
mid-winter melt events occurring in the current study
site are associated with warm, cloudy weather when
both long-wave radiation and sensible heat flux
contribute to snowmelt. As mentioned earlier, solar
radiation intensity in the middle of the winter is insig-
nificant.

4.5. Sensitivity of model results on canopy
parameterisation

The effect of perturbing canopy model parameters
on computed mean values of throughfall and snow
water equivalent is studied here. Mean throughfall is
computed omitting hours of no throughfall. Mean
snow water equivalent is derived by averaging the
results over all time-steps when snow is present.
Table 1 lists perturbations of the studied parameters.

Fig. 13 shows the model sensitivity to parameter
perturbations in terms of relative changes in mean
throughfall and snow water equivalent. Throughfall is
most sensitive to the sky-view fraction f;, the intercep-
tion parameter kj, and all parameters (h,, d,, zy,) in Eq.
(6) determining the aerodynamic resistance. Through-
fall is found to be much less sensitive to the parameters
that influence computation of net radiation intensity
within the canopy. This result is in line with the finding
of Lundberg and Halldin (1994) who reported the esti-
mation of interception evaporation to be very sensitive
to the aerodynamic resistance. Snow water equivalent
shows similar sensitivity to parameters k; and f;, to
which throughfall was also found to be sensitive. In
addition, it is very sensitive to threshold temperatures
T; and T;, which determine the form of precipitation,
and sensitive to the extinction coefficient n, which
affects the turbulent heat fluxes.
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As seen in Section 4.4, snowmelt conditions in the
study area are clearly different in mid-winter and
springtime. Therefore, sensitivity of the computed
surface energy fluxes contributing to snowmelt is
studied separately for two snowmelt periods, of
which one occurs in late January and the other one
in early April, 1999. Fig. 14 shows absolute changes
in energy components in response to parameter
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perturbations for the two melt periods. The same
figure presents partition of the total energy into
short- and long-wave radiation, sensible heat and
latent heat fluxes, and advective heat flux from preci-
pitation (Fig. 14(b) and (d)). Absolute changes are
examined here in order not to accentuate large relative
changes in fluxes of small intensity.

The mid-winter melt occurs during cloudy weather
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Fig. 14. Absolute changes in energy components in response to parameter perturbations during mid-winter melt period (a), partition of total
energy into short- and long-wave radiation, sensible heat, latent heat, and advective heat associated with temperature change during mid-winter
melt period (b), absolute changes in energy components during spring melt period (c), partition of total energy during spring melt period (d).
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when primary sources of energy giving rise to snow-
melt are long-wave radiation and sensible heat flux. In
the springtime melt period short-wave radiation is the
greatest contributor to snowmelt followed by sensible
heat flux. In the mid-winter period changes in indivi-
dual energy components resulting from parameter
perturbations are less than 5% (relative to the total
energy), whereas in the spring period changes close
to 30% are seen. Perturbing the sky-view fraction f;
affects the role of long-wave radiation as a contributor
to snowmelt in both periods, and the role of short-
wave radiation in springtime. Contribution of short-
wave radiation to spring melt is also influenced by
perturbation of the transmittance 7.. Largest changes
in turbulent heat fluxes are due to perturbations in
extinction coefficient n and windless exchange coeffi-
cients Eyy and Ef, as seen in the mid-winter period
plot. Sensitivity of the turbulent heat flux computation
is similar for the spring period, but this effect is
masked by much larger changes in the solar radiation
component.

5. Conclusions

Assessment of model results from the open against
measured mean snow water equivalent reveals that
snow mass changes are simulated more accurately
during periods of snow accumulation than during
periods of snowmelt. Small bias (—0.11 mm/d) of
the computed snow accumulation rate indicates that
the precipitation measurement has little systematic
error. When model results in the open were compared
against observations next to the meteorological
station, snowmelt was more accurately reproduced.
This is due to different snowmelt conditions at the
exposed location of the meteorological station when
compared with the average conditions within the
clearing. Ideally, if distributed meteorological data
were available, the average snow mass should be
computed using the distributed input data and aver-
aging the model outputs.

A significant proportion of the precipitation was
captured in the canopy both during summer and
winter. The average interception evaporation was
26% for winter seasons, and 29% for summer seasons.
There is little difference in cumulative interception in
winter and summer, although radiation intensity in the

winter is drastically lower. Interception during the
winter is mainly explained by advection of energy
due to turbulence within and above the forest canopy.

The effect of the canopy on snow mass balance on
the ground can be seen as higher accumulation and
more intense snowmelt in the open. As winters in the
study site typically comprise several accumulation—
melt cycles the snow water equivalent may be greater
at any time either in the open or below the canopy.
Also, there is little difference in the maximum values
of the average snow water equivalent in each winter.
When a warm spell is short enough to leave snow on
the ground both in the open and in the forest, the
cumulative snowmelt during one event is always
higher in the open. As the maximum snow water
equivalent prior to the spring melt is nearly equal in
both sites, there is not much difference in the cumu-
lative spring snowmelt. Melt is more rapid in the open
leaving the ground free of snow when there is still
snow melting in the forest. In conditions similar to
the study site the impact of forest harvesting would
be most clearly seen as increase of net precipitation
and hence as increase of water volume contributing to
streamflow over the winter season. However, the
volume of spring runoff resulting from the final melt
may not change.

The comparison of modelled energy fluxes above
the snow surface revealed major differences in net
radiation and sensible heat fluxes in the open and
below the canopy. The contribution of canopy to
long-wave radiation was clearly seen in mid-winter
as smaller radiation losses in the forest. In spring the
net radiation is of lower intensity in the forest due to a
canopy shading effect on short-wave radiation. Sensi-
ble heat flux in the open is much greater than below
the canopy. In mid-winter the main source of energy
for snowmelt is sensible heat in the open, whereas
both sensible heat and net radiation contribute equally
to snowmelt in the forest. Solar radiation intensity
increases towards the spring, which causes net radia-
tion to become dominant in both sites. Sources of
energy contributing to snowmelt in mid-winter both
in the open and in the forest are strongly dependent on
air temperature. Sensible heat flux is directly propor-
tional to the temperature gradient above the snow
surface and net radiation is dominated by the long-
wave components, which are functions of radiation
source temperatures. As winters in coastal areas of
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southern Finland comprise several melt periods and
melt intensity is sensitive to the air temperature, a
change in the local climate would have a prominent
effect on the extent and depth of the snow cover.
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