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[1] A series of numerical experiments have been designed to understand the physics at the
soil-vegetation-snow-atmosphere interface and to find the major parameterizations/
parameters, which are crucial to simulate cold season processes. Observational data sets
from Col de Porte of France, Ovre Lansjarv of Sweden, and Gander of Canada were used
to help interpret the results. This study shows that snow layering and compaction are
among the most important factors affecting proper simulations of snow depth, snow water
equivalent (SWE), surface temperature, and surface runoff. Fixed snow density could
produce as high as 100 percent error in estimating snow depth and could cause significant
biases in SWE simulation during the melting period. Furthermore, with a bulk snow/soil
layer, the simulated surface temperature would persistently be close to the freezing
point with substantially hampered variability, and the variability and the amplitude of the
runoff during the snow-melting season could also be severely underestimated. The
experiments also show that proper snow albedo is crucial during the ablation period and
affects the magnitude and timing in both SWE and runoff simulations. Furthermore, this
study indicates that the parameterizations in the surface aerodynamic resistance in the
stable regime play an important role in determining the sensible and latent heat fluxes
during the winter season in the Arctic region and then affect the snow depth simulations
and prediction of snow melting as well as runoff timing. Although the snow may fully
cover the ground in cold regions during the winter, numerical experiments in this study
show the vegetation still exerts a substantial influence in the snow depth and runoff
simulations. Numerical experimentation shows that less downward sensible heat on the
bare ground produces thick snow cover and extremely high peak runoff, which leads to a
typical deforestation scenario in cold regions. INDEX TERMS: 0315 Atmospheric Composition

and Structure: Biosphere/atmosphere interactions; 1655 Global Change: Water cycles (1836); 1860

Hydrology: Runoff and streamflow; 1863 Hydrology: Snow and ice (1827); KEYWORDS: snow

parameterization, simulation of snow and runoff
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1. Introduction

[2] Snow, one of four components in the cryosphere,
plays a crucial role in influencing the variability in the
global climate system over a variety of time and spatial
scales [Peixoto and Oort, 1992]. Through change of surface
albedo and regulation of turbulence heat and momentum
fluxes at the surface, snow modifies the exchange of energy
between the land surface and the atmosphere and signifi-
cantly affects the distribution of diabatic heating in the
atmosphere. Snow cover is also an effective insulator of
the soil thermal column. In addition, snow melting repre-

sents an effective heat sink for the atmosphere and an
important source of surface runoff and moisture for the soil.
[3] Due to the importance of snow in the water and

energy cycles, in recent years substantial efforts have been
made to develop pertinent models to simulate the processes
at the soil-vegetation-snow-atmosphere interface. Accord-
ing to the models’ complexity, Boone and Etchevers [2001]
have divided them into three categories. The first category
includes the bucket type of models [e.g., Robock et al.,
1995], force-restore type of models [e.g., Pitman et al.,
1991; Douville et al., 1995], and single snow layer models
[e.g., Verseghy, 1991; Schlosser et al., 1997; Sud and
Mocko, 1998; Slater et al., 1998]. The second category
consists of schemes with detailed internal snow-processes
[e.g., Anderson, 1976; Jordan, 1991; Brun et al., 1992;
Lehnings et al., 1998]. These models use multiple snow
layers (there could be as many as one hundred layers) and
fine temporal scales. The third category of schemes is
developed based on the schemes in the second category
but with substantial simplifications in physical parameter-
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izations and layering of snow pack [e.g., Loth and Graf,
1993; Lynch-Stieglitz, 1994; Sun et al., 1999; Boone and
Etchevers, 2001; Niu and Yang, 2003; Mocko and Sud,
2001]. The models in this category are aiming at the
applications in global and/or regional models. Studies have
shown that the intermediate-complexity schemes have pro-
duced better simulations than the simple snow schemes in
either off-line mode simulation [e.g., Jin et al., 1999] or
coupling with a general circulation model (GCM [e.g.,
Stieglitz et al., 2001]).
[4] The Project for Intercomparison of Land Surface

Parameterization Schemes (PILPS, [Henderson-Seller et
al., 1993]) has conducted two model comparison experi-
ments to evaluate the performance of land surface param-
eterizations with different levels of complexity at high
latitudes. In the first experiment (PILPS-2d), 18 years of
observed meteorological data from a grassland catchment at
Valdai, Russia were used for simulation [Slater et al., 2001].
The results showed that, although the models were able to
capture the broad features of the snow regime at both intra-
and interannual scales, weaknesses exist, especially in the
simulation of early season snow melting events. The pos-
sible effects of snow model structure, snow albedo, frac-
tional snow cover, and aerodynamic formulations were
discussed as the major factors, which contribute to the
scatter in the model simulations. In the second experiment
(PILPS-2e) the data sets from the Torne and Kalix River
system in northern Scandinavia were used [Bowling et al.,
2003; Nijssen et al., 2002]. The results from the PILPS-2e
indicated that although participating models captured the
broad dynamics of snowmelt and runoff, they had large
differences in the simulations of snow accumulation and
ablation, turbulence heat fluxes, and stream-flow. Nijssen et
al. [2002] also found that interpretation of the results was
difficult due to different parameterizations in the participat-
ing models.
[5] A number of studies have been designed to under-

stand the key processes at the snow-atmosphere interface
that have major impact on the snow simulation. For exam-
ple, Yang et al. [1997] and Lynch et al. [1998] found that
snow albedo and the treatment of partial snow cover caused
a large difference in simulations by the Biosphere-Atmo-
sphere-Transfer Scheme (BATS [Dickinson et al., 1993] and
other land models. In GCM simulations, Mocko et al.
[1999] found that separations of temperature prediction
and heat capacities of snow from those of ground layers
and consideration of the transmission of solar radiation
within the snow layer were important to produce proper
snow simulations for the Simplified Simple Biosphere
Model. Boone and Etchevers [2001] compared three snow
schemes from the three categories discussed earlier. They
found that the inclusion of water retention in an intermedi-
ate-complexity scheme (interactions between Soil, Bio-
sphere, and Atmosphere - Explicit Snow, ISBA-ES)
caused large differences in simulations of snow water
equivalent (SWE) and snowmelt runoff from a simple snow
scheme (ISBA-FS, force restore model). On the other hand,
differences in modeled SWE between the ISBA-ES and a
more complex scheme [Brun et al., 1992] were related to
contrasting surface flux parameterizations more than to the
internal snow physics. The effect of frozen soil on runoff
has also been investigated, but it has been found that this

effect was rather weak [Pitman et al., 1999; Cherkauer and
Lettenmaier, 1999] or inconclusive [Luo et al., 2003]. Using
the Russian soil moisture data, Xue et al. [1996b, 1997]
found that parameterizations of soil hydraulic conductivity
under freezing conditions and specification of soil proper-
ties could have an impact on cold region simulations.
[6] In this paper, we further investigate the parameter-

izations and parameters that are crucial for simulations of
snow. By using one host-biophysical model with different
snow schemes and parameterizations, and comparing the
simulated results with observational data, this study will not
only help us to understand the mechanisms governing the
water and energy budget in the cold season, but will also
shed light on which parameterizations may be more appro-
priate for snow and runoff simulations. This study should
also yield useful information for future field measurement
design.
[7] A biosphere model, Simplified Simple Biosphere

Model (SSiB [Xue et al., 1991]), and an intermediate com-
plex snow model, Simple Snow-Atmosphere-Soil Transfer
model (SAST [Sun et al., 1999]) are employed for this study.
The snow scheme of SAST has been coupled with SSiB
[Sun and Xue, 2001] to enhance SSiB’s simulation for
the cold season. Please note that in this paper, coupling refers
to the coupling between the biophysical model and the
snow scheme unless otherwise specified. Since the original
SSiB has a simple snow scheme, the intercomparisons
between the original SSiB and the enhanced SSiB (both
have the same biophysical model but with different snow
schemes) reveal the role of snow parameterizations. The
major differences in these two schemes, which cause
the most important simulation differences, are discussed.
Furthermore, a series of sensitivity studies using the
enhanced SSiB has been conducted to further test the role
of parameterizations in snow/atmosphere interactions and to
identify the key processes that may be crucial for snow
simulations.
[8] Although it is well known that vegetation cover has

an important impact on the warm season water and energy
budgets at the land surface and atmosphere, its role in the
cold season has not been extensively tested. In this study,
we also design sensitivity studies to investigate the impact
of land cover change on the water- and energy-related
processes in the cold season, in which the available net
radiation, which is largely controlled by downward long-
wave radiation and snow albedo rather than available water,
limits latent heat [Bowling et al., 2003].
[9] Several data from different locations are applied for

this study. They include the data from Col de Porte in
France, Gander in Canada, and Ovre Lansjarv in Sweden.
All these data are from cold regions with either snow depth
and/or runoff for validation. Col de Porte data also include
measured surface temperature.
[10] In this paper, section 2 briefly introduces the models

and the coupling strategy. Section 3 presents several data
sets for this study. Section 4 describes the numerical experi-
ments in this study. We first discuss the effect of snow
physics and snow albedo using the Col de Porte data and the
Gander data. It is followed by discussions of the experi-
ments that examine the role of the parameterization of eddy
transfer and melting snow albedo using the Ovre Lansjarv
data. Finally, the land cover effect in the Ovre Lansjarv
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simulation is also discussed. Our conclusions are then
summarized in section 5. We reserve a brief description of
the coupling methodology of SSiB/SAST snow scheme for
the Appendix.

2. Model Description

2.1. SSiB

[11] The SSiB is a biophysically-based model of land-
atmosphere interactions and is designed for global and
regional studies. The model is intended to realistically
simulate the controlling land-surface processes and to
provide fluxes of radiation, momentum, sensible heat and
latent heat to general circulation models and regional
models. It consists of three soil layers and one vegetation
layer. The model predicts soil wetness (W1, W2, W3, the
fraction of soil water content relative to saturation) for
three soil layers; temperatures of the canopy (Tc, K), near-
surface soil layer (Tgs, K), and deep-soil layer (Td, K);
snow depth on the ground (Wg, m), and intercepted water
on the canopy (Wc, m). Deardorff ’s [1977] force-restore
method is used to predict the surface and the deeper soil
temperatures. In the soil model, water movement is
described by a finite-difference approximation to the dif-
fusion equations. The soil layers receive water from
precipitation and melting snow, and they provide water
for evaporation from bare soil and transpiration from the
canopy. Surface runoff (Roff, m) and drainage (Rdra, m) are
produced in the surface soil layer and bottom soil layer,
respectively. In addition, each soil layer produces runoff
whenever it is saturated. SSiB describes the vegetation
complex of 12 biomes [Dorman and Sellers, 1989], each
of which represents some averaged (typical) soil and
vegetation characteristics.
[12] The aerodynamic resistance controls interaction

between the vegetated surface and the atmosphere. The
equations for heat flux transfer in SSiB are

lE ¼ rCp

g

U*
C�1
TN þ C�1

TT

em � eað Þ ð1Þ

for latent heat flux and

H ¼ r CP

U*
C�1
TN þ C�1

TT

Tm � Tað Þ ð2Þ

for sensible heat flux (W m2), where l is latent heat of
evaporation (J kg�1), E is evaporation rate (kg m�2 s�1), r is
the air density (kg m�3), CP is the heat capacity (J m�2

K�1), g is psycrometric constant (mb K�1), and U* is
friction velocity (m s�1). Tm(K), em, Ta, and ea are the
temperatures and water vapor pressure at the reference
height and canopy air space, respectively. Similarity theory
[Paulson, 1970; Businger et al., 1971] is used to calculate
the aerodynamic resistance (CTN

�1 and CTT
�1 ) from the

canopy to the reference height. CTN is the neutral heat
transfer coefficient and is controlled by the vegetation
height, surface roughness length, and reference height. The
non-neutral part, CTT, is determined by the atmospheric
stability conditions. Some adjustments based on the
vegetation conditions are also included [Xue et al., 1991,
1996a].

[13] The original SSiB has a simple snow package. It
characterizes the precipitation as snow that accumulates
when the surface air temperature is below freezing. Snow
can be accumulated on both the canopy and the ground,
which would in turn affect the surface albedo. The down-
ward short-wave radiation is attenuated through the canopy
with multiple scattering between canopy and ground. When
snow exists, an empirical relationship has been used to
establish the relationship between snow depth and snow
coverage. The multiple scattering between snow layers on
the canopy and snow layers on the ground is included in the
model, but the ground snow pack is considered as a bulk
layer and the attenuation of radiation within the snow layer
is ignored. Snow albedo is related to the snow coverage and
solar zenith angle. The aging effect of snow albedo is not
taken into account. During the snow melting processes, the
snow albedo is adjusted empirically to 60% of the fresh
snow albedo. The surface roughness is also modified under
snow conditions. However, the snow density is assumed
fixed, i.e. 0.2 g cm�3. The emissivities of vegetation and
snow for long-wave radiation are assumed to be one.
[14] Snow melting and freezing are also taken into

account in SSiB. If canopy/ground temperature is below
freezing, melting water and the water stored in the canopy is
frozen and accumulates there. If canopy/ground temperature
rises above freezing, accumulated snow begins to melt. The
melted water becomes runoff. This simple snow sub-model
has been tested using observational data [e.g., Robock et al.,
1995; Xue et al., 1997; Schlosser et al., 1997)].

2.2. Coupled SSiB///SAST Snow Scheme

[15] The snow package in the SAST model has been
introduced into the SSiB [Sun and Xue, 2001]. The layering
scheme is a critical part in the SAST model. After an
extensive investigation, it was found that three layers with
an appropriate layering scheme were adequate for most
cases. Preliminary testing using several snow data showed
the three-layer model was able to produce reasonable and
consistent results [Sun and Xue, 2001]. In the coupled SSiB/
SAST snow package, we fix the layer number in SAST to
three rather than varying with the snow depth to save
computing time in the GCM and regional models. When
the total snow depth becomes less than 5cm, the original
SSiB snow scheme is adopted.
[16] There are three prognostic variables in the SAST

snow package: specific enthalpy, snow water equivalent,
and snow density. Specific enthalpy (H1, H2, and H3 for
three snow layers, J m�3) is used in the energy balance
equation. The enthalpy of melting water is defined as a
reference value (=0.0). Therefore, the enthalpy value
carried by meltwater drainage and/or infiltration into the
underlying snow or soil layer or runoff is always zero. In
this way, the energy balance equation can be formulated
more precisely and concisely without complicated adjust-
ment for melting water flow, leading to a simpler program
and computational efficiency. In the surface energy budget,
snow is not considered as opaque to short-wave radiation;
rather, the radiation flux intensity decreases according to
Beer’s law. The short wave radiation flux, Rsw at the snow
layer is

Rsw Zð Þ ¼ Rsw 0ð Þ � 1� að Þ � EXP �kZð Þ ð3Þ
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where a is surface albedo, Rsw(0) is short wave radiation at
the top of the snow (w m�2), and k (m�1) is the extinction
coefficient to solar radiation. Snow depth (Z, m) increases in
the down direction.
[17] The mass balance describes the changes of snow

water equivalent, which is the sum of liquid water and ice
grain mass. Since the contribution of water vapor diffusion
and its phase change to mass distribution is neglected,
snow mass only changes with snowfall and rainfall, snow
melting, runoff, and evaporation at the snow surface. Each
sub-layer is able to store liquid water content up to a
threshold value. Outflow flux occurs when the total amount
of liquid water in each layer is larger than the threshold
value.
[18] The compaction processes determine snow density

and therefore the depth. The compaction includes three
components: destructive metamorphism (mainly for new
snow), densification process due to snow load or overbur-
den, and snow melting. These three components are deter-
mined based on parameterizations [Sun et al., 1999].
[19] In the coupled model, the snow parameterizations for

the canopy are kept the same as in the original SSiB, but the

one-layer snow scheme on the ground in SSiB is replaced
by the SAST snow scheme when the snow depth is larger
than 5cm. To ensure energy conservation in the interaction
processes, the prognostic equations of snow entropy and
surface soil temperature are solved simultaneously with a
backward numerical scheme (Appendix). Energy and water
balances are checked at every time step. The snow-covered
surface albedo is still calculated by the SSiB’s snow albedo
package. Figure 1 shows the schematic configuration of the
interactions and relations between different components.
em (Pa) and ea (Pa) are water vapor pressure at the reference
height and at the canopy air space, respectively. In addition
to aerodynamic resistance between the canopy air space and
the lowest atmospheric model layer (ra, s m�1), which is
traditionally the only resistance in the surface layer in
atmospheric models, SSiB also includes the aerodynamic
resistance between the ground surface and the canopy air
space (rd, s m

�1), and the resistance between the canopy and
canopy air space (rb, s m�1), and the stomatal resistance
(rc, s m

�1) control evaporation from the soil and transpira-
tion from the canopy, respectively. These parameters deter-
mine the flux exchange at the surface, and the surface

Figure 1. Schematic diagram of SSiB/SAST 3-layer snow scheme. The transfer pathways for latent heat
and sensible heat fluxes are shown on the left- and right-hand sides of the diagram, respectively. The
variables are defined in the text.
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energy partitioning into sensible heat (Hc, Hg, and H,
w m�2) and latent heat fluxes (Ec, Eg, and E, w m�2).

3. Data Set

[20] Several data sets are used for this study. We mainly
use two comprehensive data sets. One is from Col de Porte
(45�N, 6�E, 1320m) in the French Alps, operated by the
Centre d’Etude de La Neige in Grenoble, France. This site is
characterized by continuous snow cover in winter, usually
from late fall (November to December) to late spring (early
May). Air temperatures well above or below the freezing
point occur intermittently, so both rain and snow as well as
snow melting and refreezing occur during the winter. The
land cover is grass vegetation and some relatively tall trees
at the edge of the measurement site with loamy soil. All the
atmospheric forcing variables were measured hourly at the
site. In addition to the meteorological data, the snow depth
and surface temperature were measured. The data set covers
December to May for 1988–1989, 1993–1994, and 1994–
1995. Only the 1994–1995 dataset provided runoff mea-
surements. The snow depth data were taken hourly
from ultrasound measurements. The site also had weekly
snow pit measurement for SWE and density. However,
these measurements were not provided for this study.
Some discussions based on the SWE figures in Boone
and Etchevers [2001] will be presented.
[21] Another data set (the Ovre Lansjarv data) is part of

the data used from the PILPS experiment 2e, which vali-

dated models’ simulations using measurements that covered
the Torne/Kalix River system in northern Scandinavia,
which covers about 58,000 km2 from 65.8 N to 69.1 N
and from 18.1 E to 25.1 E. In this Arctic area, the
precipitation is characterized by an increasing gradient with
elevation: from approximately 1,600 mm year�1 at high
elevation to 500 mm year�1 over the basin. Annual average
temperature varies between 1�C in the south and �3.5�C in
the north, and the average number of days with snow cover
ranges between 176 and 225 days [Carlson, 1999]. For this
study, we only use the data from one sub-basin, Ovre
Lansjarv, which lies in Sweden at 66.5813�N, 22.3117�E,
just north of the Arctic Circle. It covers an area of 1341 km2

at an average elevation of 90 m. Different from Col de Porte
data, there are a total of ten sites (grid points) in this basin
with different vegetation and soil conditions. The primary
vegetation in this area is woodland, with some wooded
grassland. Lakes cover less than one percent of the area. The
primary soil type is sandy loam. Only total river runoff data
for this basin were measured, and the data cover the period
of 1979–1998. Most of the meteorological forcing data
were provided by the Swedish Meteorological and Hydro-
logical Institute [Bowling et al., 2003], but the incoming
solar radiation and long-wave radiation were calculated
based on the temperature, humidity, and clouds. The wind
speeds were taken from the daily surface wind fields of the
NCEP/NCAR reanalysis [Kalnay et al., 1996].
[22] In addition, a Gander (Newfoundland, 48.57�N,

54.34�W) data set was also used for model validation to

Figure 2. Measuring stations used for this study.
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confirm our conclusions from other data sets. This is a
lowland station close to the sea at the mid-latitudes. The
climate is characterized by the activity of cyclones. At this
location, maritime conditions dominate the snow develop-
ment. From October to April the type of precipitation can
either be snowfall or rain. Compared with other lowland
conditions at mid-latitudes, Newfoundland has a relatively
high precipitation rate due to frequently occurring mari-
time air masses [Loth and Graf, 1996]. Snow depth is the
only variable measured for validation. Because there was
no radiation data in the forcing data, we used both
reanalysis data and R. Pinker of the University Maryland’s
radiation data for forcing. Both data produced very similar
results. The locations of these three sites are shown in
Figure 2.

4. Simulations

[23] We have designed a series of experiments to under-
stand the processes at the snow/atmosphere interface and
to examine how the parameterizations influence these
processes. From these experiments, we found that snow
layering, snow albedo, snow albedo in the melting process,
and atmospheric stability conditions have a major impact on
our snow and runoff simulations. We will first present the
results using Col de Porte data, and then the results using
the Ovre Lansjarv data.

4.1. Testing Using the Col de Porte Data

[24] The observational data from Col de Porte, France
were used to drive the original SSiB (referred to as 1-Layer
model) and the coupled SSiB/SAST snow package (referred
to as 3-Layer model). The data covered December 17, 1988
to May 8, 1989, November 10, 1993 to May 20, 1994, and
December 17, 1994 to May 20, 1995. The observed con-
ditions were used to specify the initial variables in the
model run, and grassland was specified as the land cover.
The data from 1993 to 1994 were first used to calibrate the
model. The results from the simulations are referred to as

Case F193 for the 1-Layer model and Case F393 for the
3-Layer model.
[25] The fresh snow albedo was about 0.6 in the 1-Layer

model, but Boone and Etchevers [2001] showed that the
observed snow albedo was between about 0.7–0.9 between
December 1994 and February 1995. Because of the impor-
tance of the snow albedo, to isolate its effect, we set fresh
snow albedo to 0.6 (for Case F193a and Case F393a) and
0.85 (for Case F193b and Case F393b), respectively. The
variations of the surface albedo for these cases are shown in
Figure 3.
[26] Figure 4a shows the simulated snow depths for these

four cases. The snow started to accumulate in December
and January and the first major ablation occurred in March.
During the December and January accumulation processes,
there were many variations representing many short melting
and refreezing episodes. In early April, the snow started to
accumulate again but the ablation process soon kicked in,
which led to a complete melting. Before the end of
December and after April 1, when the snow depth was less
than 1m, the results of the four cases were similar and were
close to the observations. However, in both Case F193a and
Case F193b (referred to generally as Case F193), snow
depth was continually increasing in December and January,
and no short melting episodes appeared during this time
period. The simulation in early season ablation events has
been identified as a major problem in the snow simulation
in the PILPS-2d experiment [Slater et al., 2001]. Between
January and March, Case F193 produced very high snow
depth during the winter season, which was partially caused
by the missed melting in December and early January,
with less variability than observations. With realistic
snow albedo, the snow depth in Case F193b was almost
doubled. The correlation coefficients between observed and
simulated snow depth were 0.91 and 0.67, and the root-
mean-square (RMS) errors of the simulation were 0.64 m
and 1.33m for Case F193a and Case F193b, respectively,
which were more than 50–100% of the mean observed
snow depth.

Figure 3. The 9-day running mean surface albedo simulated by Cases F193a,b (1-Layer Model),
F393a,b (3-Layer Model).
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[27] The snow depth in Case F393a simulated the melting
and refreezing episodes in the accumulation period. Com-
pared with Case F193a, the simulated snow depth was
reduced substantially, with the RMS being only 0.30 m,
but it had a slightly lower correlation coefficient, 0.87, with
the observational data. Still, Case F393a also had obvious
deficiencies in simulating the snow depth during January,
February and March. The snow depth was too thin and the

snow melting was too fast due to unrealistic low albedo.
Both the first snowmelt during March and the second
snowmelt during April occurred about a half-month earlier
than observed (Figure 4a). Case F393b, which set the fresh
snow albedo at about 0.85 (Figure 3), produced the best
results with the correlation being 0.98 and the RMS error
being only 0.09m. The simulated snow depth followed the
observation closely. The differences between Case F193a

Figure 4. Simulated results for Cases F193a,b, and F393a,b for one winter season at Col de Porte:
(a) total snow depth (m) along with the snow observations; (b) SWE (m); (c) runoff; (d) surface air
temperature along with the observations (C�).

XUE ET AL.: SNOW PARAMETERIZATIONS OF COVER AND RUNOFF GCP 20 - 7



and Case F193b and between Case F393a and Case F393b
show the albedo effect, and the differences between
Case F193a and Case F393a and Case F193b and Case
F393b show the effect of other parameterizations. The
correlation coefficients and the RMS errors for these three
runs are listed in Table 1a.
[28] Consistent with the difference in snow depth, the

effect of snow albedo and other parameterizations on SWE
were also evident (Figure 4b), especially during the melting
stage. According to Boone and Etchevers’ [2001] Figure 3d,
Case F393b’s simulations (with multi-layer snow model and
proper snow albedo) were close to measured SWE. Please
note that in Boone and Etchevers [2001], the labels, such as
‘‘Jan,’’ ‘‘Feb,’’ in the figures, mean ‘‘Jan. 31,’’ ‘‘Feb 28.’’ It
is interesting to see that although the snow depths of
Case F193 were quite different from Case F393, the SWE
differences between Case F193a and Case F393b were, in
fact, not that large. However, during the melting stage (after
April 1), Case F193a still underestimated the SWE. For
example, the observed maximum SWE in the middle of
April was more than 0.3 m, while SWE in F193a was only
0.25m.
[29] The snow compaction played a major role in the

differences in the simulated snow cover. This effect
becomes evident only after late December when the snow
depth reaches around 1m. After the first significant snow
melting in late March, the snow depths in Case F193 and
Case F393 were close again during the accumulation.
But the effect of compaction in the second snow-melting
period was still very clear. There are three mechanisms in
the 3-Layer model that control the compaction as described
in the last section. Our sensitivity study revealed that

destructive metamorphism and densification processes were
dominant in Case F393 (not shown).
[30] All these four cases produced several intermittent

strong runoffs during the accumulation period, large runoff
during the first melting period, and very strong snow
melting during the last melting period (Figure 4c).
Case F193b produced extremely low runoff because most
snow was still not melted at the end of the time period of
integration (Figure 4b). The simulated timing and magni-
tudes of runoff were quite different between these cases.
Case F393 in general produced more variability compared
with Case F193 (Figure 4c). Case F393’s peak runoffs
were large. The surface snow layer of the model was quite
thin in the 3-Layer model (only 2cm). This made the
model more sensitive to the variability of the surface water
and energy balance. Higher albedo in Case F393b also
delayed the major runoff during the melting period for
about a half-month compared with Case F393a, which
was consistent with the delay in snow melting as shown
in Figures 4a and 4b. However, it did not affect the timing
of the runoff in the snow-accumulating period, only the
amplitude.
[31] The surface energy balance was also sensitive to the

snow parameterizations. In Case F193a, surface temperature
had less variability (Figure 4d) and was close to the freezing
point during most of the simulation because the snow pack
was treated as a large bulk. The results in Case F193b were
very similar to Case F193a but slightly cooler due to high
albedo (not shown). In Cases F393, simulated temperature
showed large variations because the surface snow layer was
rather thin. Figure 4d shows that the simulations followed
the observed variability quite well, at temperatures some-

Figure 4. (continued)

Table 1a. Comparison of Observed and Simulated Snow Depth

for the Col de Porte Site

Cases Correlation RMS, m Case Correlation RMS, m

Case F193a 0.91 0.64 Case F393a 0.87 0.30
Case F193b 0.67 1.33 Case F393b 0.98 0.09
Case F188 0.84 0.22 Case F388 0.85 0.13
Case F194 0.88 0.41 Case F394 0.99 0.14
Case G1 0.55 0.43 Case G3 0.90 0.14

Table 1b. Comparison of Observed and Simulated Surface

Temperature for the Col de Porte Site

Cases Correlation RMS, �K Case Correlation RMS, �K

Case F193a 0.52 4.0 Case F393a 0.60 3.9
Case F193b 0.46 4.2 Case F393b 0.66 3.9
Case F188 0.72 2.9 Case F388 0.91 2.3
Case F194 0.84 2.6 Case F394 0.91 3.0
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times as low as �15�C (Figure 4d). The correlation coef-
ficients were 0.52, 0.46, 0.60, and 0.66, for Cases F193a,
F193b, F393a, and F393b, respectively, which indicated
that the multi-layer model was able to capture the variability
much better, but the RMS errors for the four cases were in a
similar range (Table 1b). Case F393b has a cold bias. We
suspect that the observational error might contribute to this
bias. The observed temperature was higher than 0�C under
the condition of low snow depth. However, the modeled
temperature remained at or below freezing as long as snow
existed (Figures 4a and 4d). The average surface temper-
atures for observation, Cases F193a, F193b, F393a, and
F393b before March 1 were 268.9, 270.6, 270.1, 269.6, and
268.5, respectively. Between March 1 and May 1, when the
major melting started, the average surface temperatures for
observation, Cases F193a, F193b, F393a, and F393b were
272.4, 272.2, 271.7, 273.8, and 271.1, respectively. In
Case F193a, the low snow albedo led to an early complete
snow melting (Figure 4a) and higher surface temperature,
which helped produce results close to observations during
the snow-melting season. Essery et al. [1999] pointed out
that the observed snow-surface temperature was possibly
overestimated because of instrumentation being incorporat-
ed into the field of view of the radiation sensor, which was
used to derive the surface temperature. This problem seems
to be more apparent during the melting period. Apparently,
in this case, the measured variability was likely more
reliable than the absolute values.
[32] The study above showed that the 1-layer model

needed tuned albedo to get better results. Because the
albedo effects were so dominant in the cases discussed
above and this parameter is relatively easy to be tuned
should we have sites for calibration, in the further experi-
ments, we applied the realistic fresh snow albedo in
Case F393b for the 3-Layer model and the tuned albedo
in Case F193a for the 1-Layer model, respectively, to the
1988–1989 and 1994–1995 data for simulations. Thus,
these experiments would compare the best cases for each
model and would test the necessity for more complex snow
schemes rather than tuning the albedo. The results from the
3-layer model runs for these two years are referred to as
Case F388 and Case F394, respectively, and the results from
1-Layer model runs are referred to as Case F188 and F194,
respectively. The results from Case F188, F194, F388, and
F394 were consistent with those discussed in Case F193 and
Case F393 and are listed in Table 1a. For example, the
simulated SWE in Case 194 and Case 394 were similar
during the accumulation period and very different during
the ablation period. Persistent snow melting in Case F194
started from about March 10, and the snow was completely
melted around April 20. In Case F394, the snow melting
started around April 1 and ended May 5 (Not shown). The
SWE in Case 394 was more close to observation (based on
Figure 3e in Boone and Etchevers [2001]), while Case F194
again underestimated the SWE as in Case F193. The 1994–
1995 data set included measurements for the runoff.
Case F394 produced much better correlation and smaller
RMS than case F194 (Table 1c). The average observed
runoff over this time period was 9.5mm day�1. The 1-Layer
model significantly underestimated the runoff variability.
[33] The means of Case F188, F193b, and F194 and of

Case F388, F393b, and F394 are referred to as Case F1 and

Case F3, respectively. The simulations of snow depth, SWE,
and surface temperature of Cases F1 and Cases F3 are
shown in Figure 5. Case F3’s simulation was very close to
the observation. Case F1 overestimated the snow depth
during the snow accumulation period (snow density was
too low) and underestimated the snow depth during the
melting period, which then led to an early melting. Despite
the large difference in snow depth, the difference in SWE
was not that dramatic before the major snow melting kicked
in (around March 1). Based on the available data for 1993–
1994 and 1994–1995 as discussed before, Case F1’s
estimation was very likely underestimated. In addition, Case
F3 produced better variability of the surface temperature
during all three years (Table 1b). However, surface temper-
ature in Case F1 was more close to observation during
March and April. As discussed earlier, a number of inves-
tigators who used this data set have noted the higher bias in
observational temperature [Essery et al., 1999; Boone and
Etchevers, 2001]. For example, from April 1, 1995 to
May 15, 1995, the observed snow depth decreased from
1.5m to 0 yet the measured temperature was always above
0�C with a mean about 3�C. Boone and Etchevers [2001]
just set the surface temperature to 0 when snow cover
existed. In our study, due to lower snow albedo Case F1
had an earlier melting and its temperature became more
close to the actual observation.
[34] Different snow parameterizations also produced dif-

ferent surface energy partitioning. Figures 6a, 6b, and 6c
show the mean latent heat, sensible heat, and ground heat
fluxes, respectively, for Case F1 and Case F3. During snow
accumulation, the latent heat and sensible heat fluxes and
their differences between F1 and F3 were small. The main
differences were in the ground heat fluxes, which were
consistent with the differences in surface temperature. After
snow melting, the differences in latent heat and sensible
heat fluxes between these two parameterizations became
large. The averages of these fluxes before/after March 6,
when the major snow melting started, are listed in Table 2. It
should be pointed out that the results in this study were
obtained from an off-line test. Under interactive conditions,
the differences in surface fluxes between these two param-
eterizations could be larger and produce substantial feed-
back.
[35] To further confirm the discoveries in the Col de

Porte site, we also tested the Gander data, which cover
September 1, 1986 to May 31, 1987, September 1, 1987 to
May 31, 1988, September 1, 1988 to May 31, 1989, and
September 1, 1989 to May 30, 1990. The results from the 1-
Layer model and the 3-Layer model are referred to as
Case G1 and Case G3, respectively. Again, the sensitivity
study showed the snow albedo was very important for
proper simulation. In this area, we found that the best
results were obtained when the fresh snow albedo was set
to 0.75 in Case G3. Figure 7 shows the four-year mean
snow depth from observation and simulation. The statistics

Table 1c. Comparison of Observed and Simulated Runoff for the

Col de Porte Site

Cases Correlation RMS, mm

Case F194 0.52 12.4
Case F394 0.78 9.3

XUE ET AL.: SNOW PARAMETERIZATIONS OF COVER AND RUNOFF GCP 20 - 9



for the snow depth simulation are also listed in Table 1a. In
general, Case G3 produced better results. The 1-Layer
model showed much less variation (Table 1c). However,
during the accumulation period, Case G3 simulated less
snow depth, which indicated the compaction rate in Case G3
may be too high since Case G1 and Case G3 had similar

SWE during that period. In this relatively low snow case
(the SWE had a maximum of only 0.1m), despite the
relatively higher fresh snow albedo (0.75 in Case G3 versus
0.6 in Case G1), the snow melting period in Case G3 was
about one month earlier than in Case G1. The results from
Case G3 and Case G1 again confirm the results from the

Figure 5. Simulated results and observation for three winter means at Col de Porte: (a) snow depth (m);
(b) SWE (m); (c) surface air temperature (C�).
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French data: that snow layering and compaction, as well as
snow albedo, were crucial for proper snow simulations.

4.2. Testing Using the Ovre Lansjarv Data Set

[36] The Ovre Lansjarv data set was provided by the
PILPS-2e project to calibrate snow models for the Torne/
Kalix River system. During the calibration processes, we
conducted a number of sensitivity studies to investigate the
influence of parameters and parameterizations of the surface

model and the vegetation distribution on snow simulations.
Since snow layering and compaction have been extensively
tested in the previous section, they will not be further
discussed in this section. We will mainly examine the
effects of atmospheric stability, land cover conditions, and
snow albedo during the melting period on the 3-Layer
model simulation. The river discharge (runoff times basin
area, m3 sec�1) was the only data available for validation. In
this study, we ran the model for twenty years and only

Figure 6. Simulated results for three winter means at Col de Porte: (a) latent heat flux (w m�2);
(b) sensible heat flux (w m�2); (c) ground heat flux (w m�2).
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present the results for the last ten years’ simulation, as
requested by the PILPS-2e experiment.
4.2.1. Impact of Parameters and Parameterizations
[37] We have conducted very extensive tests to examine

the sensitivity of snow simulations to the parameterizations
and parameters using the Ovre Lansjarv data. Among these
tests, it was found that two factors (aerodynamic resistance
and snow albedo during the melting season) played a
crucial role in proper runoff simulation. From flux measure-
ments in Antarctica [King and Anderson, 1994], it was
also found that the estimation of the turbulent fluxes was
rather uncertain in the case of high stability and low wind-
speed. Martin and Lejeune [1998] further found that the
Deardorf’s parameterization of the turbulent flux was
underestimated during the stable condition under snow
conditions.
[38] In this section, we mainly present the results from

the experiments that tested two factors mentioned above.
Figure 8a shows the simulated ten-year mean discharge
from the 3-Layer model simulations (referred to as Case L1).
Although the general temporal variation in Case L1 was
close to the observed pattern (a large peak during the snow
melting and the second maximum during the summer),
Case L1 produced too much runoff and an early runoff
peak (about 10 days). Since soil moisture had no substantial
variations during the winter season, higher runoff indicated
a relatively lower evaporation.
[39] As discussed in section 2.1, the SSiB’s aerodynamic

resistance was derived based on Paulson’s [1970] parameter-
izations, which, although tested by numerous experiments

and able to produce reasonable results in the French
case, were not validated under rigid polar conditions.
Because atmospheric conditions were rather stable during
the polar winter, we suspected that the parameterization of
the aerodynamic resistance in the stable condition might be
responsible for the underestimation of the evaporation and
then the overestimation of the runoff. Due to lack of
measurements of the eddy transfer in the polar winter, as a
sensitivity test we just ignored the non-neutral adjustment,
CTT
�1 , in equations (1) and (2). This change would reduce the

aerodynamic resistance in the stable regime. We refer to this
experiment as Case L2.
[40] As expected, Case L2 enhanced the evaporation.

This increase is especially large during the winter. From
November through April, Case L2 produced 4.5w m�2

more latent heat flux (Figure 9a, please note that the lines
for Case L2 and Case L4 are often overlapped). In the
meantime, the sensible heat flux was reduced by 8w m�2

during the same time period (Figure 9b). The changes in
heat fluxes led to lower snow depth (Figure 9c) and lower
runoff. The average reduction of the snow depth was
about 0.1m from January to May. Figure 8b shows the
simulated discharge for Case L2. The average reduction in
Case L2 was about 2 m3 s�1, 11% of the simulated
discharge in Case L1. The runoff simulation in the
summer season was also changed, although it was not as
dramatic as during the spring. However, the shift of the
runoff peak in spring still existed. The correlation coeffi-
cient between the simulation and the observation was
0.88; actually it was slightly lower than the coefficient
in Case L1, 0.91.
[41] This peak shifting occurred during the melting pro-

cess, in which the snow albedo became lower. In SSiB, the
albedo was empirically adjusted to 60% of the fresh snow
albedo. Since this adjustment has not been validated by
observational data, we designed a test to investigate the
possible impact of this adjustment. In the test of the 3-Layer
model referred to Case L3, we changed the adjustment to
90%, i.e. the snow had higher albedo during the melting
season than in Case L1.

Table 2. Comparison of Simulated Fluxes Between Cases F1 and

F3 for the Col de Porte Site (w m�2)

Before March 6 After March 6

Case F1 Case F3 Case F1 Case F3

Latent heat 1.1 �0.3 10.2 1.8
Sensible heat �3.3 �8.9 5.0 �7.2
Ground heat 0.6 �0.4 49 28

Figure 7. Simulated and observed three-year means of total snow depth (m) at Gander.
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[42] Figures 9a and 9b show that Cases L1 and L3 had
almost identical evaporation and sensible heat flux except
during the spring melting season, in which Case L3 had
lower evaporation and lower sensible heat flux. The snow
depth became higher during that period. These changes
postponed the runoff peak and were more consistent with
the observations (Figure 8c). The correlation coefficient
between simulation and observation was rather high, 0.97,
but the simulated total runoff amount was too high.
[43] Because either Case L2 or Case L3 only solved one

problem from Case L1, we conducted another test, Case L4,
in which we included both changes from Cases L2 and L3.
Figure 8d shows that Case L4 produced the best results
with the proper runoff peak timing and the total runoff
amount. But the spring peak was still lower and the summer
maximum was still higher. The correlation coefficient
between the simulation and observation was 0.94. Case L2
is just a sensitivity test and more proper parameterization for
the aerodynamic resistance is necessary but pending on the
observational data available.
[44] The combined effect of Case L2 and Case L3 were

quite linear. The difference of the total discharge between
Case L4 and Case L1 (�1.9 m3 s�1) was close to the sum of
the difference between Case L2 and Case L1 (�2.1 m3 s�1)

and the difference between Case L3 andCase L1 (0.3m3 s�1).
The simulations of the snow depth and the heat fluxes in
Case L4 generally followed that in Case L2 (Figure 9). Only
during the snow melting season were the simulations in
Case L4 between those in Case L2 and Case L3. The
correlation coefficients and the mean discharge for these
four cases are listed in Figure 8.
[45] The information obtained from this calibration study

was applied to the PILPS-2e experiment for the entire
Torne/Kalix River system. Bowling et al. [2003] and Nijssen
et al. [2002] have comprehensively analyzed different
models’ (including SSiB) performance in the Torne/Kalix
River basin.
4.2.2. Impact of Vegetation Cover
[46] The Ovre Lansjarv site consists of woodland (71.7%),

evergreen trees (2.3%), wooded grassland (25.6 %), and
water surface (only 0.4%). The results discussed in the last
section took into account the land surface heterogeneity.
The model simulated the runoff, snow depth, and fluxes for
each land cover first. The average was then calculated based
on the percentage coverage of each type. To test the effect of
vegetation cover on the runoff and snow depth simulation,
we conducted three tests: in one test, only woodland, i.e.,
the dominant vegetation type, was used to specify the land

Figure 8. Simulated and observed discharge (m3 s�1) for Ovre Lansjarv: (a) Case L1; (b) Case L2;
(c) Case L3; (d) Case L4.
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cover (referred to as Case L5); in the second test, wooded
grassland was used to specify the land cover (referred to as
Case L6); in the third test, only bare soil was assigned for the
land cover (referred to as Case L7). The major vegetation
parameters for woodlands and wooded grasslands are listed
in Table 3.

[47] Case L6 produced more latent heat flux but less
sensible heat flux than Case L5 (Figures 10a and 10b).
Although woodlands produced slightly higher (2.4 w m�2)
snow evaporation from the canopy, wooded grasslands
generated higher snow evaporation (8.3 w m�2) from
the ground during the winter and higher transpiration

Figure 9. Simulated results for Cases L1, L2, L3, and L4: (a) latent heat flux (w m�2); (b) sensible heat
flux (w m�2); (c) snow depth (m).
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(by 5.4 w m�2) during the summer. The snow depth in
Case L6 was less than in Case L5, but the variability in
these two cases was very similar (Figure 11a). Despite the
lower total annual discharge rate in Case L6, 16.5 m3 s�1

versus 19.2 m3 s�1 in Case L5, the peak discharge for
wooded grasslands was much higher, 140 m3 s�1 versus 96
m3 s�1, due to less capacity for the soil to hold the water
(Figure 11b, Table 4). The timing of the peak in Case L6 was
about one month earlier than in Case L5. While Case L6

generated the peak runoff during the melting season (late
April to early May), Case L5 produced the peak after the
melting (late May).
[48] Case L7 can be considered as a deforestation case. It

had lower evaporation over the year compared with Cases L5
and L6 (Figure 10a). In particular, the downward sensible
heat flux was much less than vegetated surface during the
winter season. Snow depth was higher (Figure 11c) and
so was the annual mean discharge (22.1 m3 s�1). The
discharge peak was extremely high, about 220 m3 s�1,
which was 57% and 129% more than in Cases L6 and L5,
respectively. In addition, Case L7 also produced many
mini-peaks during the summer rainy season. High runoff
after deforestation has been observed in many locations in
cold regions. For example, it was found that flooding was
much enhanced in the European Alps in the last century,
after deforestation [Goudie, 2000]. For comparison, the
results from Case L1 were also shown in Figure 11. For
this site with only two main vegetation types, the results
from the area average and the dominant type are close; for
example, the annual runoff difference was only about 4%.
However, if the vegetation types were more diverse, based

Table 3. Vegetation Parameters for the Ovre Lansjarv Site

Woodland Woodgrass

LAI
Winter 0.424 0.366
Spring 0.830 0.804
Summer 2.067 2.183
Autumn 0.458 0.329
Fractional vegetation cover 0.95 0.95
Roughness length, m 1.00 0.15
Landcover height, m 10 1.5
Soil hydraulic conductivity (m/s) 3.47E-05 3.47E-05
Total soil depth (m) 3.5 1.49

Figure 10. Simulated results for Cases L1, L5, L6, and L7: (a) latent heat flux (w m�2); (b) sensible
heat flux (w m�2).
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on the results from this section, selection of the dominant
vegetation type as the area mean could produce large
errors.
[49] Table 4 also shows that during the snow-coved

period, vegetation enhanced downward sensible heat flux.
With different vegetation types, the canopy-received sensi-
ble heat flux was almost the same, but the trees prevented
more sensible heat flux from reaching the ground and
influencing the snow melting. For the latent heat flux, bare
soil produced very little evaporation. Trees produced more
evaporation from the canopy but less evaporation from the
ground compared with grassland.

5. Conclusion

[50] We designed a series of numerical experiments to
understand the physics at the soil-vegetation-snow-atmo-
sphere interface and to find the major parameterizations/
parameters, which are crucial to simulate the cold season
processes. Three observational data sets were used to help
us interpret the results.
[51] The study shows that snow layering and compaction

are important to simulate the snow depth and SWE during
the ablation period. The 3-Layer model produced signifi-

cantly different SWE during the melting period from the
1-Layer model. Although the estimation of the snow depth
in the 1-Layer Model during the accumulation period could
probably be improved by assigning a better value for a
constant snow density, its deficiency in the ablation period
is inevitable. Many studies have shown the ablation period
is crucial in determining the net variability in cold regions
[Thompson, 1997]. The multiple snow layers, which imply a
separation of the soil temperature and snow temperature, are
necessary to properly simulate the variability of snow-
covered surface temperature. With a bulk snow/soil layer,
the surface temperature would persistently be close to the

Figure 11. Simulated results for Cases L1, L5, L6, and L7: (a) snow depth (m); (b) discharge (m3 s�1).

Table 4. Simulated Mean Latent Heat and Sensible Heat Fluxes

(w m�2) for the Ovre Lansjarv Site Between 1 November Through

30 April

Cases

Latent Heat Flux Sensible Heat Flux

Ground Canopy Ground Canopy

L1 5.5 2.1 �20.5 �6.8
L5 4.6 2.4 �19.3 �6.3
L6 8.3 0.6 �25.6 �6.6
L7 �0.5 0 �16.4 0
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freezing point, and its variability is substantially hampered.
Furthermore, the variability and the amplitude of the runoff
during the snow-melting season could be severely under-
estimated in the 1-Layer Model. However, from the results
in this study, the impact of layering and compaction on the
surface fluxes during the snow accumulation period is rather
limited.
[52] The snow albedo, including the albedo during the

melting stage, is crucial for the simulations in all the cases
discussed in this study. While the 1-Layer model requires
relatively low snow albedo to produce reasonable simula-
tions, the multi-layer model needs to have realistic snow
albedo. When the albedo increases from about 0.65 to about
0.85, the timing for the completion of snow melting and the
runoff peak could be delayed by about half a month.
Meanwhile, the melting snow albedo alone could also affect
the timing of the runoff peak. Although we could tune
the snow albedo in an off-line test, in GCM or regional
model studies, realistic snow albedo is necessary. Recent
study showed that the snow albedo was scale dependent
(Rachel Pinker of University of Maryland, personal com-
munications, 2002). With the horizontal resolution less
than 1/8 degree, the remotely sensed snow albedo is about
0.8–0.9. However, when the horizontal resolution reaches
2 degrees, the snow albedo becomes about 0.6–0.7. It is
very likely the snow age, heterogeneity, and other factors
play a role (www.atmos.umd.edu/~srb/gcip).
[53] The parameterization of the stability condition is

another important issue in cold regions. The results from
Cases L1–L4 clearly indicate that the surface energy
partitioning is divided into two groups based on the param-
eterizations in the surface aerodynamic resistance. In this
study, although the difference in this study is not as
dramatic as the compaction, layering, and snow albedo,
parameterization of surface aerodynamic resistance is also
an important issue and there is so far no reliable data to
better understand this issue.
[54] Our last sensitivity study shows that although the

snow may fully cover the ground in cold regions during the
winter, vegetation still exerts an important role in the cold
region and cold season simulations. Less downward sensi-
ble heat flux over the bare ground produced thick snow
cover and extremely high peak runoff, which is a typical
deforestation scenario in cold regions.

Appendix. Coupling Methodology

[55] The coupling methodology is crucial to ensure energy
conservation at the vegetation-snow-soil interface [Xue et
al., 2001]. The changes in temperature and humidity in the
vegetation/snow layer should be consistent with the
flux exchange between these two layers. Although this
principle is simple and well known, its realization is a rather
difficult task. The SAST model only deals with the atmo-
sphere-snow-soil continuum, and the direct interactive effect
between vegetation and snow cover was not involved. When
the snow cover is sandwiched between vegetation above and
soil below in SSiB, the snow cover is directly interactive
upwards with the vegetation layer and downwards with the
soil surface. We briefly present the major coupling equa-
tions, and a detailed presentation can be found in Sun and
Xue [2001].

[56] The governing equation for canopy temperature Tc is
based on the energy conservation equation:

Cc

@ Tc

@ t
¼ Rnc � Hc � lEc ðA1Þ

where Cc(J m�2 K�1) Rnc (w m2) Hc, and lEc are heat
capacity of canopy, net radiation, sensible heat, and latent
heat fluxes at the canopy level, respectively. The budget
equation of enthalpy for each snow layer is

@ H Zð Þ
@ t

¼ @

@ Z

�
Gns Zð Þ � Rsw Zð Þ

�
ðA2Þ

where H (J m�3) and Rs (w m2) are the volumetric enthalpy
of water and short wave radiation flux at snow layers,
respectively. Rsw is calculated from equation (3). Gns (w m2)
is the heat flux through the snow layer.

Gns ¼
Rns � Hs � lEs þ Gpr at the snow surface

�K
@Ts Zð Þ
@Z

within snow layers

8><
>:

ðA3Þ

where K(W m�1 K�1), Ts, Rns, Hs, lEs, Gpr are effective
heat conductivity, snow temperature, net radiation, sensible
heat, latent heat fluxes at the canopy level, and heat energy
brought to the snow surface layer by precipitation,
respectively. The force-restore method is used to predict
the time variation of the ground temperature Tgs.

Cgs

@ Tgs

@ t
¼ Gns Z1ð Þ � 2pCgs

t
Tgs � Td

� �
ðA4Þ

where Cgs, Td, Gns(Z), t, Z1 are heat capacity of soil
surface, deep soil temperature, Gns at snow/soil interface,
day length, and the snow layer at snow/soil interface,
respectively. In the original SSiB, (A4) and (A1) are
coupled together to ensure energy conservation. In SSiB
and SAST coupling, the equations (A1) and (A2) are solved
by an implicit backward method. Equation (A1) can be
discretized as

Cc

�Tc

� t
¼ Rnc þ

@ Rnc

@ Tc

�Tcþ @ Rnc

@ Tz3

�T Z3ð Þ � Hc �
@ Hc

@ Tc

�Tc

� @ Hc

@ T3

�T Z3ð Þ � lEc �
@ lEc

@ Tc

�Tc� @ lEc

@ Tz3

�T Z3ð Þ

ðA5Þ

where Z3 is the snow layer at snow/air interface, �Tc =
Tc

(t+1) � Tc
(t) and �T(Z3) = T(Z3)

(t+1) � T(Z3)
(t). The

temperature in the snow layers can be calculated by the
following equation:

H ¼ Cv � T� 273:16ð Þ � f i � Lli �W� ri ðA6Þ

where Cv is the mean snow volumetric specific heat
capacity (Jm�3 k�1), fi is dry snow mass fraction of the
total snow mass, Lli is the latent heat of fusion for ice, W is
the volumetric SWE, and ri is the liquid water intrinsic
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density. From (A6) and (A2) after some numerical
manipulation, the numerical equation for (A2) at the top
snow layer becomes

Cv�T Z3ð Þ � LliW Z3ð Þ ri�f i Z3ð Þ
�t

¼ Rnz3 þ
@ Rnz3

@ Tc

�Tc

þ @ Rnz3

@ Tz3

�T Z3ð Þ � Hz3 �
@Hz3

@Tc

�Tc

� @Hz3

@Tz3

�T Z3ð Þ � lEz3 �
@lEz3

@Tc

�Tcþ @lEz3

@Tz3

�T Z3ð Þ

þGpr � Csn�T Z3ð Þ � Csn Tt Z3ð Þ � T Z2ð Þð Þ ðA7Þ

where Z2 is the second snow layer, Gpr represents the
enthalpy from the sum of rain or dry snow, and Csn is the
coefficient obtained during the derivation of Equation (A7).
From Equations (A5) and (A7), the variables with fast
changes, i.e., snow temperature and canopy temperature,
are solved simultaneously. Because the changes of
temperatures in the second and third snow layers, as well
as in the soil layer, are relatively slow under snow
insulation, a forward numerical scheme is adopted to obtain
these temperatures.
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