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Summary

Reasonably simple yet realistic modelling schemes simulat-
ing the heat and mass balance within a snow pack are
required to provide the necessary boundary conditions for
meteorological and hydrological models. An improvement to
a one-layer snow energy balance model (UEB, Tarboton
et al., 1995) is proposed to better simulate snow surface and
snow pack temperatures and, as a result, snowmelt. The
modified scheme is assessed against measured snow data
from the WINTEX field campaign during spring 1997 in
northern Finland, and compared with results from a complex
multi-layer snow energy balance scheme. The results show
that separation of a one-layer representation into two snow
layers and a soil layer enables a more realistic simulation of
soil and snow temperatures as well as of the snow surface
temperature. The two-layer and the multi-layer snow
schemes yielded comparable results for internal processes
in the snow whenever the simulation was carried out under
similar boundary forcing. The modified scheme is proposed
for use as a sub-scheme in meteorological or hydrological
models, or as a tool for simulating spatially-variable snow-
melt and the surface energy balance during seasonal snow
cover.

1. Introduction

The seasonal variation of snow cover has a diverse
influence on hydrological and meteorological
processes in high latitudes. From the hydrological
point of view, the processes to be simulated are,
e.g., the generation of spring snowmelt and flood-
ing, the formation and magnitude of the snow

1

load, and the evolution and distribution of snow
depth. For meteorological purposes, surface
boundary processes such as turbulent heat fluxes,
net radiation and heat conduction into and within
snow are important in describing the lower
boundary condition for atmospheric models. The
high albedo of snow in the visible portion of the
solar radiation spectrum and the high emissivity of
snow in the thermal part of the spectrum influence
energy exchange and skin temperature at the snow
surface.

A number of snow models of varying complex-
ity are available to quantify and simulate these
processes using routine meteorological data.
Major differences between the models are found
in the calculation of the energy to melt the snow,
and in the representation of internal processes
within the snow.

The energy index approach is the simplest way
to approximate the energy available to melt snow.
As an example, daily temperature and/or radiation
have been used as an energy index to melt snow in
operational models for streamflow forecasting
(Vehvildinen, 1992; Rango and Martinec, 1995;
Kustas et al., 1994). One of the advantages of the
energy index approach is the limited data
requirement, allowing applications over large
areas (e.g., Bergstrom and Graham, 1998). The
energy index approach, however, is less applicable
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if separation of the snow surface energy fluxes and
prediction of the surface temperature are impor-
tant. A full energy balance approach becomes
preferable, e.g., in coupling hydrological schemes
with atmospheric circulation or weather forecast-
ing models (Marshall et al., 1999), and in pre-
dicting the hydrological impacts of land use
change, such as forest clear-cutting (Lundberg,
1996; Harding and Pomeroy, 1996).

The concepts of the snow surface energy
balance have already been presented by the U.S.
Army Corps of Engineers (1956), Anderson
(1968), and Price and Dunne (1976). Models that
simulate the surface energy balance but treat the
snow pack as a bulk layer have been proposed as
an efficient means of separating the components
of radiation, the turbulent fluxes of latent and
sensible heat, and the advected heat from precip-
itation (Ohta, 1994; Wigmosta et al., 1994;
Tarboton et al., 1995; Stihli and Jansson, 1998).
Such models are computationally relatively sim-
ple and are suggested as being well suited for
modelling spatially-variable snow processes.
Models that subdivide snow into horizontal layers
use surface mass and energy exchange as
boundary conditions to the equations of heat and
mass transfer within the snow pack (Anderson,
1976; Morris, 1983; Illangasekare et al., 1990;
Jordan, 1991; Tuteja and Cunnane, 1997). Such
multi-layer models produce vertical profiles of
density, temperature and liquid water content in
the snow, and allow comparison with detailed
point-measurements.

Despite of the availability of multi-layer energy
balance models, there is still a need for a simple
parameterisation of snow that yields consistent
surface energy fluxes and skin temperature.
Bergstrom and Graham (1998) call for the imple-
mentation of surface energy balance routines in
operational continental scale rainfall-runoff mod-
els to enable a more consistent link to the climate
models. The parameterization of such an energy
balance scheme should not be more complex than
the underlying conceptual rainfall-runoff model.

Simple energy balance schemes using a one-
layer representation of the snow can successfully
simulate the dominant snow processes, such as
snowmelt and the major energy fluxes. However,
these simple schemes may become deficient when
comparing the results against measurements of
liquid water content and the thermal state of the

snow. Bloschl and Kirnbauer (1991) compared the
capability of a simple energy budget model and
a multi-layer model to simulate the internal
processes in the snow. As verified with measure-
ments, the simple model could not predict liquid-
water content of the snow and the resulting
snowmelt dynamics as well as the multi-layer
model. The use of a layered approach was preferred
in snowmelt calculation. A comparison between
the one-layer model, UEB (Tarboton et al., 1995),
and a multi-layer snow energy balance model,
SNTHERM.89 (Jordan, 1991), was presented by
Koivusalo and Heikinheimo (1999). The compar-
ison showed that both models yielded successful
mass balance calculations in terms of snow water
equivalent and melt water discharge from the
snow pack. Differences were found in the calcu-
lation of snow albedo and snow surface tempera-
ture, which altered the estimates of net radiation
and turbulent heat fluxes, respectively. In UEB the
bulk heat content of the snow and the layer of soil
beneath the snow pack was combined, which
made the estimation of the average snow tem-
perature difficult. The study by Koivusalo and
Heikinheimo (1999) suggested some modifica-
tions to improve the capability of the simple snow
energy balance model to simulate snow tempera-
ture and heat conduction into the snow. In partic-
ular, a more realistic representation of snow
requires a scheme for internal processes that
separates the heat exchanges within snow and soil.
The snow pack can be further divided into two
layers to better account for the extremely non-
linear heat exchange close to the snow surface.
The upper snow layer exchanges energy with the
atmosphere and shows a large variation in heat
content, whereas the heat exchange in the bottom
layer occurs through conduction and is reduced
due to the insulating effect of the layer above.

In the present study, the suggested two-layer
snow scheme is compared in terms of snow
internal variables to the results of SNTHERM and
to the measurements available from the WINTEX
field campaign during spring 1997.

2. Site description and data

Micrometeorological and snow data (Heikinheimo
et al., 2001) were measured at the Sodankyld
Meteorological Observatory (67°22'N, 26°39'E,
elevation 179m above sea level) during the
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WINTEX campaign as part of NOPEX (northern
hemisphere climate processes field experiment,
Halldin et al., 1999).

Sodankyli is located about 100 km north of the
Arctic Circle; the climate there is subarctic and
characterized by long and cold continental-type
winters and relatively warm but short summers.
During 1931-60 the average annual precipitation
was 507mm and the mean annual temperature
—0.5°C. Low solar elevations and short days
prevail during the winter, resulting in a mostly
negative radiation balance and stable atmospheric
conditions.

The meteorological data from Sodankyld Obser-
vatory covered the period March 12-May 30, 1997.
The data used in this study included downward
short-wave radiation at a height of 16.8 m, reflected
short-wave radiation at 2 m, net radiation at 2 m,
both air temperature and relative humidity at 2 m,
wind speed at 22m, cloud cover observations,
precipitation and form of precipitation. Radiation
measurements were taken at hourly and the other
meteorological data at 3-hourly intervals.

Vertical profiles of snow density and tempera-
ture were measured close to the Observatory in an
opening with a diameter of about 20 m within a
sparse coniferous forest stand. The height of the
trees surrounding the site increases with distance
from 4-6 m to 6-15 m at a distance of about 50 m.
Eight thermocouples (Chromel-Constantan) were
installed at fixed heights between 0.1 and 0.9 m
above the ground surface to measure the tem-
perature within the snow. Two infrared sensors
(Everest Inter Sci. Inc., model 4000) were pointed
downward to measure the snow surface (skin)
temperature. A Campbell 21X logger automat-
ically recorded one-minute measurements and
stored hourly mean values. Snow depth, snow
water equivalent, and snow density profiles were
measured manually depending on the occurrence
of precipitation and snowmelt, but at least once a
week. The snow density profile was measured
within a distance of 10-20 m from the snow tem-
perature sensors by weighing cylindrical snow
samples having a 0.1 m vertical resolution.

3. Snow models

A multi-layer snow model, SNTHERM, with
detailed parameterisation of the heat processes
was used as a reference to assess the results of a

simpler modelling scheme. The simple scheme
used the principles of UEB to derive snow surface
energy exchange, but the representation of the
snow and the soil was modified to overcome the
problems found in Koivusalo and Heikinheimo
(1999).

3.1 SNTHERM

Detailed documentation of SNTHERM.89 is given
in Jordan (1991) and only some general aspects
of the model are mentioned below. SNTHERM
describes the heat and mass processes within the
snow by subdividing the snow pack into horizon-
tally infinite homogeneous layers, whose number
increases with snow depth. The layers are subject
to heat balance and mass balance equations for the
three water phases and their mixture in the snow.
The model accounts for the densification and
metamorphosis of snow and their impact on its
optical and thermal properties. The liquid water
percolation through the snow is taken as a gravi-
tational flux ignoring the effects of capillarity.
The effect of freezing and melting on the mass
and energy balance is coupled using a freezing
curve that determines the relation between the
depression temperature below 0°C and the liquid
water content in the snow. The heat balance
equation accounts for the penetration of short-
wave radiation into the snow pack.

Precipitation and the turbulent exchange of
water vapour determine the snow surface bound-
ary condition for mass balance. Liquid water is
drained out of the snow pack at the snow/soil
interface and does not enter the soil profile, where
liquid water movement is disregarded. The surface
boundary condition for the heat balance is set by
the net radiation, by the turbulent energy ex-
change, and by the heat of precipitation. The snow
surface albedo may either be taken as a constant,
or the variable snow albedo scheme of Marks
(1988) may be used. The bottom boundary con-
dition for the heat balance is a constant tempera-
ture at the lowest soil node.

In later versions of the model the calculation
of turbulent heat fluxes has been revised (e.g.,
Jordan, 1992). The fluxes are derived from the
estimated temperature and vapour pressure gra-
dients between the snow surface and a reference
height. The bulk transfer coefficients for turbulent
heat exchange are corrected for atmospheric
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stability using the Richardson number as a
measure of stability. The correction has been re-
ported to degrade the model performance (Jordan,
1991) and it is suggested that the correction
should be used in a restricted mode, where the
Richardson number is limited to a maximum value.

SNTHERM does not account for the effects of
capillary pressure on water flow, fingering flow,
water ponding above ice lenses, and soil water
movement. Mass changes due to vapour diffusion
in the soil are ignored, except for the top soil layer
when it is exposed to the air.

Case studies with SNTHERM have been
reported by Koivusalo and Burges (1996), Cline
(1997) and Davis et al. (1997). SNTHERM has
been used as a reference model by Levine and
Knox (1997) and Marshall et al. (1999).

3.2 Modifications to UEB

The details of UEB are given in Tarboton et al.
(1995) and Tarboton and Luce (1996). The
following outlines the model procedures, includ-
ing the modifications to improve the performance
of the model in predicting snow thermal proper-
ties, such as snow surface temperature and aver-
age snow temperature.

The original UEB uses a lumped representation
of the snow pack plus a predefined layer of soil
that interacts thermally with the snow pack. The
basic state variables include snow water equiva-
lent, snow energy content, and snow surface age.
The inclusion of soil and snow heat content makes
the estimation of average snow temperature diffi-
cult, which in turn affects the predictions of heat
conduction into the snow and the snow surface
temperature (Koivusalo and Heikinheimo, 1999).
UEB was modified to separate the bulk thermal
processes in the snow and the soil. The soil down
to a prescribed depth was treated as a separate
layer, and the snow was subdivided into two hori-
zontally infinite layers. The two-layer snow scheme
restricts the heat exchange with the atmosphere
only to the upper snow layer. The lower snow
layer exchanged heat through conduction with the
upper snow and bottom soil layers. The depth of
the top snow layer was restricted to a maximum
water equivalent of snow (SWE), which was a
model parameter. A snow pack having less snow
than this maximum SWE was modelled as a single
layer.

3.2.1 Snow energy balance

The energy balance at the snow surface is calcu-
lated as
My=R;—R,+L;—L,+H+LE+ P — Q,,

(1)
where Mj is the energy available to melt snow
(kJ/m?h), R, is the downward short-wave radia-
tion, R, is the reflected short-wave radiation, L, is
the atmospheric long-wave radiation, L, is the up-
ward long-wave radiation, H is the sensible heat
flux, LE is the latent heat flux, P is the advective
heat from precipitation, and Qy is the heat conduc-
tion to the top snow layer. Positive energy flux is
directed towards the snow. Under freezing condi-
tions (My = 0), the snow surface temperature is
iterated by balancing the atmospheric energy fluxes
with the heat conduction into the snow. After the
snow surface temperature reaches 0°C, the net
energy input My is used to melt snow in the upper
snow layer. The heat balance of a snow layer is
calculated as:

du;

o = Gt M - M, j=12

(2)
where U; is the heat content of the snow layer j
(kJ/m?), Q; 1s the heat conduction between layers j
and j + 1 (kJ/m?h), and M; is the energy advected
with meltwater outflow from layer j to j+ 1. In
the present two-layer snow model j = 1 and j = 2
refer to the upper and lower snow layers, respec-
tively. The heat content of the snow is defined
relative to a reference state of water at 0 °C in the
ice phase. The relationship between the heat
content, the average temperature and the liquid

water content of the snow layer is (Tarboton et al.,
1995):

U — TjCi‘/Vjpw
P Ly iy Wipw

T;<0,Lr ;=0 (3)
T; :O>LfJ >0,

where Tj is the average snow temperature in layer
Jj (°O), C; 1s the specific heat of ice (2.09 kl/kg °C),
W; is the water equivalent of the snow (m), p,, is
the density of water (1000 kg/m?), Ly ; is the mass
fraction of liquid water in layer j, and Ay is the
latent heat of fusion (333.5 kJ/kg).

To obtain a more realistic simulation of the heat
conduction in the snow, snow density was added
to the model as a state variable, and an effective



Test of a simple two-layer parameterisation to simulate the energy balance and temperature of a snow pack 69

thermal conductivity of snow was used as in
Anderson (1976):

kr = ar + br(ps/pw), (4)

where kr is the thermal conductivity of snow
(kJ/hm°C), ar, by, and cr are parameters (0.0756
kJ/hm°C, 9.036kJ/hm °C, and 2.0), and p, is the
density of the snow. The heat conduction between
the snow layers was calculated explicitly from the
estimated temperature gradient:

— Ty — Tj
Qi = —kp L2 5
] T AZ]‘J_A,_] ) ( )
where Q; is the heat conduction from layer j to layer
J+1,and Ag; ;. is the distance between the mid-
points of layers j and j + 1. The thermal con-
ductivity kr between the layers was estimated as:

— Az + Az
kT — jZ] + Z]+] J+1 7 (6)
Azjfky + Azj1 [kr
where k% is the thermal conductivity in layer j.
Liquid water percolation in snow is assumed to

occur at 0°C and the heat of meltwater is given
relative to the ice phase:

M; = Fipyhy (7)

where F; is the water outflow from layer j to j + 1
(m/h).

3.2.2 Snow mass balance

The snow mass balance was calculated in the
same way as in Tarboton et al. (1995). The mass
input at the snow surface is written:

FO:PV—‘f_PS_E? (8)

where F is the atmospheric mass forcing at the
snow surface (m/h), P, is the liquid precipitation,
Py is the solid precipitation, and E is evaporation/
sublimation. The mass balance of a snow layer
becomes:

aw;
thsz—l - Fj, 9)
Fi=KaS;, j=1,2, (10)

Lri/(1 —Lr;)— L,
Pw/Ps — pw/pi — Le
where W; is the snow water equivalent (liquid plus

ice in m), F; is the water outflow from layer j
to j+ 1 (m/h), Ky is the saturated hydraulic

conductivity (20m/h), §; is the relative saturation
in excess of water retained by capillary forces, L.
is the liquid water retention capacity (0.05), and p;
is the density of ice (917 kg/m?). The meltwater
outflow is discharged from the snow at the ground
surface and does not enter the soil.

The snow density changes in two stages due to
snow compaction and metamorphism (Anderson,
1976; Jordan, 1991):

% = p} <C1W*e""2(T*’Tf)e*C3p!>, (12)
dp! .

05— pl s ey, (13)
Co = 6767(/)!7[)(1)7 pg] > Pd; (14)
c6 =1, pl < pa, (15)

where ¢y, ¢, and c3 are parameters (1.0 1/mh,
0.08 1/°C, 0.021 m%/kg), p/ is the density of the
snow in layer j (kg/m?®), W* is the load of snow
water equivalent (snow in the layer above and
50% of the snow in the current layer), c4, ¢s, and ¢7
are parameters (0.01 1/h, 0.04 1/°C, 0.046 m3/kg),
pa is 150kg/m?, and T* is 0°C. The density
change in Eq. (13) is enhanced by a factor of 2
when liquid water is present in the snow. The
density of new snow (kg/m?) is calculated as a
function of air temperature:

(50 T < —15°C
Pris =050 + 1.7(T + 15)"° T> —15°C,

(16)

3.2.3 Soil heat balance

The heat content of a soil layer is defined as in
Karvonen (1988):

Ug = (1 = ¢)DygpgCyTy + wDypyCo Ty
+ IDgpiCiTg - IDgpihf, (17)

where U, is the heat content of the soil (kJ/m?), T,
is the average soil temperature (°C), w is the liquid
water content, / is the ice content, ¢ is the porosity
of the soil, C, is the specific heat of the soil
(kl/kg °C), C,, is the specific heat of water, p, is
the density of the soil grains (kg/m?®), and D, is
the depth of the soil layer (m). The water move-
ment in the soil was disregarded and the total
water content of the soil was assumed constant.
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The soil heat and mass balances were related by
using a freezing depression curve:

w=(w+ e =T/ T, <0°C, (18)

where T is the freezing point temperature, and d,
is a parameter (0.5...1.5 in sandy soils). Combin-
ing Egs. (17) and (18) defines a relationship be-
tween soil heat and liquid water content. The soil
temperature can be solved by iterative methods
when the soil heat content is known. The heat
conduction from the bottom snow layer to the soil
was calculated according to Eq. (5) with the
estimated temperature gradient between the bot-
tom snow layer and the soil, and the assumed
constant thermal conductivity of the soil.

3.2.4 Surface energy fluxes

The energy fluxes at the snow surface determine a
boundary condition for the energy balance of the
upper snow layer. In this study, the net short-wave
radiation and the downward long-wave radiation
were taken as inputs to the model. The upward
long-wave radiation is calculated as a function of
the snow surface temperature according to the
Stefan—Boltzman law:

L, = e,0(Ty +273.15)* + (1 — &)Ly, (19)

where ¢, is the emissivity of snow (0.97), o is the
Stefan-Boltzmann constant (2.04 - 1077 kJ/m? h K*),
and T is the snow surface temperature (°C).

The bulk transfer coefficients for the calculation
of turbulent heat fluxes are estimated by assuming
a logarithmic wind profile above the snow surface
and equal exchange coefficients for momentum,
heat and vapour transfer:

2
Ky=—t (20)
[In(z/z0)]

where Ky is the bulk transfer coefficient (m/h) for
momentum, heat or water vapour in neutral atmo-
spheric stability, k£ is von Karman’s constant, u is
the wind speed (m/h) measured at the reference
height of z, and zy is the roughness length (m).
Tarboton et al. (1995) used a correction for stable
and unstable atmospheric stability following Price
and Dunne (1976):

K+ = Ky/(1 + 10Ri),
K« = Ky(1 — 10Ri),

stable Ri >0, (21)
unstable Ri <0,  (22)

Ri — g(Ta - TO)Z
l - )
12[0.5(T, + To) + 273.15]

where Kx is the bulk transfer coefficient, Ri is an
estimate of the Richardson number, and g is the
acceleration due to gravity. Tarboton and Luce
(1996) introduced an interpolation scheme to re-
strict the strength of the correction, because the
corrected bulk transfer coefficients gave unreason-
able values with large temperature differences be-
tween the reference height and the snow surface.
A comparison between the turbulent flux scheme
of UEB with that of SNTHERM reveals that a
major difference between the methods is the
inclusion of the free convection coefficient in
SNTHERM (Jordan, 1992). The calculation of the
turbulent heat fluxes was modified in the two-
layer scheme to account for the flux due to the
windless convection of sensible heat:

H = (K*pacp + Csk)(Ta - T0)7 (24)

00220a 14, — en(Ty)], (25)

where H is the sensible heat flux (kJ/m?h), p,
is the air density, ¢, is the heat capacity of air
(1.005 kJ/kg °C), Cy is the windless convection co-
efficient for the sensible heat flux (7.2kJ/m?>h°C),
LE is the latent heat flux (kJ/m%h), P, is the
atmospheric pressure (Pa), e, is the air vapour
pressure, e; is the saturated vapour pressure at the
snow surface, and /%, is the latent heat of sub-
limation of ice (2834 kJ/kg). When the snow sur-
face temperature is 0 °C, h, is taken as the latent
heat of vaporization of water (2500.5 kJ/kg).

The advected heat from precipitation was cal-
culated as the energy needed to convert precipita-
tion to the ice phase at 0 °C.

(23)

LE = Kxh,

4. Model setup

4.1 Input data

The models used identical input data which in-
cluded net short-wave radiation, downward long-
wave radiation, air temperature, relative humidity,
wind speed, and precipitation. All the variables
were measured or estimated at a height of 2m.
Koivusalo and Heikinheimo (1999) studied the
Sodankyld dataset of spring 1997 and estimated
the effect of the forest canopy on the downward
short-wave radiation and the wind speed as de-
scribed below.
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Since the short-wave radiation was measured
above the canopy at a height of 16 m, the short-
wave radiation input near the snow surface was
derived from the existing measurements of net all-
wave radiation and reflected short-wave radiation
at a height of 2m, and from the estimated net
long-wave radiation. The procedure implemented
in SNTHERM was used to estimate the downward
long-wave radiation, and the measured snow sur-
face temperature was used to calculate the upward
thermal radiation.

The wind speed was measured at a height of
22m and the corresponding value at a height of
2m was estimated by linearly reducing the wind
speed by 68%. This reduction was based on ob-
servations during the turbulent flux measurements,
when the vertical wind profile within the sparse
canopy was approximately linear.

The forest surrounding the site plays a role in
the snow surface energy balance through canopy
shading effects, through the emission of long-
wave radiation and through the effects of the
canopy on turbulent transfer. In this study, the
effect of the canopy on incoming short-wave
radiation and wind speed was accounted for, but
the effects of the forest canopy on long-wave
radiation and turbulent transfer coefficients were
ignored.

4.2 Model parameters

The values of the parameters for SNTHERM were
as suggested in the model documentation except
for the roughness length, which was set to a value
of 0.005m as suggested in the UEB documenta-
tion. In the calculation of the bulk transfer coeffi-
cients, the two-layer scheme was made similar to
SNTHERM by implementing a correction for the
weak transfer of sensible heat. The documentation
of the original UEB did not suggest any correction
for atmospheric stability, but the correction was
used in this study as implemented in Egs. (21-22).
The correction in SNTHERM was according to
the suggestion in the model documentation, i.e., a
stability correction was used by setting an upper
limit (0.16) on the Richardson number. In this
paper the turbulent fluxes from SNTHERM were
used as a reference. The fluxes from SNTHERM
were verified against eddy-correlation measure-
ments in an earlier study by Koivusalo and
Heikinheimo (1999).

Table 1. Soil parameters for the two-layer snow scheme

Parameter  Description Value

¢ soil porosity 04

0 soil moisture content 0.2

Pq density of soil grains 2700 kg/m?
Cq heat capacity of soil 1.5kJ/kg°C
kg thermal conductivity of soil ~ 2.0kJ/m°C/h
dg parameter in freezing curve 1.5

D, depth of active soil layer 0.4m

The maximum mass of the upper snow layer
was a new parameter introduced when the snow
representation of UEB was modified. This param-
eter was set to a value of 0.02 m. The soil param-
eters were set as given in Table 1 and followed the
ranges given in the literature. The ground heat flux
at the bottom of the soil layer was assumed to be
zero. To correct for the underestimation of the
gauge, precipitation was increased by a factor of
1.3 for snowfall and 1.15 for mixed rain and snow.
The air pressure was set to a constant value of
99 kPa.

Results from UEB are shown for comparison,
and are taken from Koivusalo and Heikinheimo
(1999). They used UEB with the parameter values
suggested in the model documentation, and there-
fore no correction for atmospheric stability was
used.

5. Results and discussion

5.1 Net long-wave radiation and turbulent
heat fluxes

The accumulated net long-wave radiation during
spring 1997 calculated by the two-layer scheme,
SNTHERM, and UEB is shown in Fig. 1. The net
fluxes by the two-layer scheme and SNTHERM
were practically the same, while UEB yielded a
higher net loss of long-wave radiation during late
winter, which was due to the different simulated
surface temperature of the snow. The net short-
wave and downward long-wave radiation were
used as an input to all the schemes.

Figure 2 shows that the cumulative flux of
sensible heat calculated by the two-layer scheme
was slightly higher than the flux by SNTHERM.
The difference between the calculated fluxes can
be considered relatively small and has no signif-
icant effect on the snow mass balance. The
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Fig. 1. Calculated cumulative net long-wave radiation during spring 1997 in Sodankyld. The results of the two-layer scheme
were practically the same as those of SNTHERM. The downward long-wave radiation was used as an input to the models.
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Fig. 2. Calculated cumulative fluxes of sensible heat (a) and latent heat (b) during spring 1997 in Sodankyli. Positive flux is

directed towards the snow

sensible heat flux was sensitive to the roughness
length and to the inclusion of the correction
scheme for atmospheric stability. The absolute
magnitude of the latent heat flux was small and
similar for each of the models when the ground
was snow-covered. The magnitude of the advected
heat from precipitation was insignificant in both of
the model runs.

Figures 1-2 show that the two-layer scheme
and SNTHERM had nearly identical boundary
conditions (similar energy fluxes) at the snow
surface, which allows a consistent comparison of
the modelled internal processes presented in the
following subsections.

5.2 Snow temperature

The average snow and soil temperatures obtained
from the model simulations and the measurements
are shown in Fig. 3. The measured snow tem-
peratures from different heights within the
snowpack were averaged to obtain the mean snow
temperature comparable with the model outputs.
The results of SNTHERM and the two-layer
scheme were the average temperature weighted by
the depth of the snow layers. The result obtained
from UEB was a temperature index of the snow
and soil derived directly from the calculated heat
content, and thus was not directly comparable to
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Fig. 3. Measured and calculated average temperatures of snow (a) and soil (b) during spring 1997. The measured snow
temperature was the average of temperature sensors located within the snow pack. The result of SNTHERM and the two-layer
scheme were snow-depth averaged temperatures. The result of UEB was a temperature index of the snow and soil layer

the measurements. SNTHERM yielded a slightly
lower average temperature compared to the
measurements. The results of the two-layer
scheme showed lower temperatures than
SNTHERM, which was due to differences in the
predicted soil temperature. The average tempera-
ture of the top 0.4 m of soil varied little during the
calculation period and compared well with the

SNTHERM results and moderately with the two-
layer scheme.

The heat content simulated by the two-layer
scheme was slightly less than that simulated by
SNTHERM during the winter, while the max-
imum heat content was slightly greater than that
calculated using SNTHERM (Fig. 4). The differ-
ence was due to the discrepancy in the modelled
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Fig. 4. Calculated total heat content of the snow by SNTHERM and by the two-layer scheme during spring 1997
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soil temperature and to the effect of nonlinear heat
exchange within the snow.

Figure 5 illustrates the evolution of the simu-
lated and measured snow temperature structure
during spring 1997. The measured profile was
interpolated linearly from the point measurements
made at 10cm intervals in the snow. The
SNTHERM results were interpolated from the
detailed model output of snow layer temperatures.
For the two-layer scheme the simulated bulk tem-
peratures of the upper and lower snow layers
are shown. The temperature profiles illustrate the
cooling of the snow surface and the resulting
nonlinear temperature profile below the surface
during cold nights. The temperature predicted by
SNTHERM shows slightly lower night-time
temperatures than those measured near the snow

131.0

Fig. 5. Calculated and measured time
evolution of snow temperature profiles
during spring 1997. The measured values
(a) were interpolated linearly from point
measurements made with a 10 cm resolu-
tion in the snow and from the measured
surface temperature of the snow. The
SNTHERM results (b) were interpolated
from the model output of snow layer
temperatures. The results of the two-
layer scheme (c) show the predicted bulk
temperatures for the snow layers. The
temporal resolution of the graphs is 6
hours and the vertical resolution 0.02 m

-5.0 0.0

surface. The differences were sensitive to the pre-
dicted snow depth. The two-layer scheme demon-
strated the difficulties of predicting a nonlinear
temperature profile using only two layers. The
temperature of the top layer matched well with the
SNTHERM results close to the surface, whereas
the temperature of the bottom snow layer was
close to the measured temperature in the middle
of the snow pack. The time of the occurrence of
isothermal snow at 0°C was well predicted by
both of the models.

5.3 Snow surface temperature

The simulation error in the snow surface tem-
perature as a function of measured temperature is
shown in Fig. 6. The results of both SNTHERM
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and the two-layer scheme showed a similar windless convection coefficient improved the simu-

random scatter, whereas UEB tended to over-
predict low nighttime temperatures and under-
predict daytime temperatures. However, the UEB
prediction could be improved by a calibration of
the surface conductance parameter, which was not
carried out in this or in the previous study by
Koivusalo and Heikinheimo (1999). The mean tem-
perature simulation error and its standard devia-
tion during 17 Mar-20 May 1997 were —0.85°C
and 1.5°C, respectively, using SNTHERM,
—0.84°C and 1.4 °C using the two-layer scheme,
and —0.63°C and 2.3 °C using UEB. If the snow
surface temperature was assumed to be equal to
the measured air temperature at a height of 2m
above the ground, the mean error and standard
deviation would be 3.2°C and 2.8 °C. This com-
parison of errors suggests that the model predic-
tions are relatively close to each other.

The nocturnal surface temperature of the snow
was sensitive to the inclusion of the windless ex-
change of sensible heat flux and to the estimated
heat conduction into the snow. The use of the

lation of low surface temperatures during strong
radiative cooling. The results of SNTHERM
showed a steep temperature gradient near the
snow surface, which we tried to replicate using a
relatively thin upper snow layer in the two-layer
snow scheme. The inclusion of a number of snow
layers, such as in SNTHERM, improves the
calculation of heat conduction during nonlinear
vertical temperature profiles.

5.4 Snow mass and liquid water in snow

The mass balance in terms of the cumulative pre-
cipitation, and the calculated depth and water
equivalent of snow is presented together with the
measured range of the variables in Fig. 7. The
two-layer scheme predicted a slightly faster snow-
melt than SNTHERM, especially during the first
half of the melting period. The snow depth and
snow pack densification simulated by the two-
layer scheme during March and April were well
in accordance with the measurements and the
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Fig. 7. Cumulative precipitation (a), snow depth (b), and snow water equivalent (c¢) calculated by SNTHERM and the two-
layer scheme during spring 1997. The measured depth and water equivalent of the snow are plotted as a range between

maximum and minimum values

SNTHERM results. The results of the original
UEB are not shown in Fig. 7, but they were very
close to the results of the two-layer scheme.

The calculated depth of liquid water retained
in the snow is shown in Fig. 8. The results of
the two-layer scheme are close to those of
SNTHERM, except during 8-14 May when the

two-layer scheme predicts a faster melt than
SNTHERM. The original UEB yields liquid water
in snow only after the combined layer of snow and
soil reach an average temperature of 0°C. Figure
9 shows the cumulative water flow out of the snow
pack as calculated by the models. Since the two-
layer scheme yielded a slightly faster snowmelt
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Fig. 8. Liquid water mass calculated by SNTHERM, the two-layer scheme, and UEB during the spring melt of 1997. The

liquid water mass is expressed in mm of water
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Fig. 9. Cumulative water flow out of the snow pack calculated by SNTHERM, the two-layer scheme, and UEB

than SNTHERM, the outflow starts and stops
earlier. UEB resulted in a slightly faster melt that
started approximately at the same time as that
from SNTHERM. The average and maximum
melt during May were 0.48 mm/h and 3.1 mm/h,
respectively, for SNTHERM, 0.44 mm/h and 3.3
mm/h for the two-layer scheme, and 0.43 mm/h
and 6.5 mm/h for UEB. UEB produced its maxi-
mum melt value at the time when the snow pack
disappeared, after all the remaining snow was
melted during one time step. The maximum melt
for UEB that coincided with the other models was
4.0 mm/h.

5.5 Snow density

Figure 10 presents the measured and calculated
time evolution of the snow density structure.
The measured profile of snow bulk density (liquid
+ice) was interpolated from the measurements
taken once or twice a week as described in Section
2. The SNTHERM results were interpolated from
the detailed model output of snow layer density
(liquid + ice). The results of the two-layer scheme
show the predicted bulk snow density in the upper
and lower snow layers. Before the snowmelt
period both measurements and model results
showed less dense layers of snow near the snow
surface and denser ones in the middle and at the
bottom of the snow pack, which is also reproduced
moderately well using the two-layer scheme. The
measurements indicate that the bottom of the
snow pack was less dense than the middle layers,
which was not predicted by the models. Another
discrepancy between the measurements and the
model results was the measured major densifica-
tion of snow during the snowmelt that occurred
near the snow surface, in contrast to the modelled
densification of the bottom of the snow pack

during the percolation of liquid water. The
measurements suggested that some snow layers
near the surface were thick and dense enough to
prevent percolation of melt water. The existence
of such dense layers may also explain the per-
sistent low density at the bottom of the snow pack
before the snowmelt period.

6. Conclusions

A two-layer snow energy balance scheme was
formulated by modifying an existing one-layer
snow model (UEB, Tarboton et al., 1995). The
modifications introduced had only minor effects
on the calculated bulk SWE and snow melt, but
improved the results of snow heat balance and
liquid water content.

The prediction of the snow surface temperature
was sensitive to the estimated turbulent heat fluxes
and to the calculation of heat conduction within
the snow. The results of the two-layer model in this
respect were improved after a correction scheme
similar to that implemented in SNTHERM was
used for atmospheric stability, and after the heat
conduction into the snow was described realisti-
cally by approximating the temperature gradient
between the snow surface and a thin top layer of
snow. The similar surface temperature produced
by the two models resulted in nearly identical
forcing to simulate internal processes within the
SNOW.

The use of two snow layers was successful in
representing the average vertical structure of snow
temperature and snow density. Neither the multi-
layer nor the two-layer snow scheme could rep-
licate the measured structure of snow density,
which was presumably influenced by layers pre-
venting water percolation through the snow.
Separation of the snow and soil thermal processes
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was necessary to realistically simulate average
snow and soil temperatures and heat content. This
approach also improved the simulation of liquid
water in the snow. In conclusion, the two-layer
scheme and SNTHERM yielded comparable
results whenever the simulation was carried out
under similar boundary forcing.
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