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Abstract Snow albedo is known to be crucial for heat
exchange at high latitudes and high altitudes, and is also
an important parameter in General Circulation Models
(GCMs) because of its strong positive feedback prop-
erties. In this study, seven GCM snow albedo schemes
and a multiple linear regression model were intercom-
pared and validated against 59 years of in situ data from
Svalbard, the French Alps and six stations in the former
Soviet Union. For each site, the significant meteoro-
logical parameters for modeling the snow albedo were
identified by constructing the 95% confidence intervals.
The significant parameters were found to be: tempera-
ture, snow depth, positive degree day and a dummy of
snow depth, and the multiple linear regression model
was constructed to include these. Overall, the inter-
comparison showed that the modeled snow albedo var-
ied more than the observed albedo for all models, and
that the albedo was often underestimated. In addition,
for several of the models, the snow albedo decreased at a
faster rate or by a greater magnitude during the winter
snow metamorphosis than the observed albedo. Both the
temperature dependent schemes and the prognostic
schemes showed shortcomings.

1 Introduction

Snow, with its high albedo, is known to be crucial for
heat exchange at high latitudes and high altitudes, and it
is an important parameter in General Circulation
Models (GCMs) because of its strong positive feedback
properties. A warmer climate leads to a reduction of
snow extent followed by a decrease in wintertime land
surface albedo (Houghton et al. 2001). This can create a
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positive feedback mechanism where the amount of
radiation absorbed is increased, leading to further
warming.

The classical model works of Wiscombe and Warren
(1980), Warren and Wiscombe (1980) and Warren
(1982) thoroughly discuss the various factors affecting
the albedo, such as snow depth, grain size, liquid water
content, solar incident angle and contamination (Han-
sen and Nazarenko 2003). Albedo is wavelength
dependent, and the albedo at a particular wavelength A
is defined as (Perovich et al. 2002):

Fi(4)

a(d) ===

Fi (%)’ ()

where Fr and F| is the spectral reflected and incident
shortwave irradiance, respectively. The wavelength-
integrated, or total albedo, «,, is found from integrating
the fluxes on the right-hand side of Eq. 1 over the solar
spectrum.

Current snow and sea-ice albedo parameterizations
are highly simplistic, but over the last two decades,
substantial knowledge of the reflective characteristics of
snow, glaciers, and sea ice has been gained, and a wide
variety of field measurements (Grenfell and Perovich
2004; Aoki et al. 2003; Winther et al. 2003; Gerland et al.
1999; Perovich et al. 2002; Ivanov 1999; Oerlemans and
Knap 1998; Perovich et al. 1998; Betts and Ball 1997;
Baker et al. 1991; Winther et al. 1999) and theoretical
studies (Brock et al. 2000; Gerland et al. 2000; Roesch
2000; Sergent et al. 1993; Winther 1993; Baker et al.
1990,Marshall 1989; Winther et al. 2002) have been re-
ported. Therefore, it seems timely to utilize this detailed
knowledge to improve the parameterization of snow
albedo in climate models. Some snow modeling studies,
where albedo was one of the investigated parameters,
have already been subjected to comparisons (Essery
et al. 1999; Jin et al. 1999; Boone and Etchevers, 2001;
Aoki et al. 2003; Yang et al. 1997; Slater et al. 1998), but
these comparisons included relatively few models which
were validated against in situ data from a few sites.
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The snow albedo models that include the snow cover
fractions are presented in Sect. 2; while in Sect. 3 the
data from Svalbard, the French Alps and six sites in the
former Soviet Union is described. In Sect. 4, the multiple
linear regression model is introduced, together with
some background theory. The main results and the
discussion are presented in Sect. 5 and the conclusions in
Sect. 6.

2 The GCM snow albedo models

The General Circulation Models (GCMs) are compu-
tationally very expensive, so in general, only very simple
albedo parameterizations are used. In this study the al-
bedo schemes were examined in an uncoupled system,
and no feedback effects were considered. Where the
model parameterizations included forest fraction, leaf
area index or surface slopes, these were ignored.

2.1 Snow albedo schemes

The seven GCM snow albedo models, summarized in
Table 1, were divided into two categories depending on
the model complexity. The temperature dependent cat-
egory, which included ECHAMS (Roeckner et al. 2003)
and UKMO (Essery et al. 2001; Essery et al. 1999), had
the simplest scheme with a temperature dependent snow
albedo, which varied linearly between a minimum value
at the melting point and a maximum value for cold
temperatures. Above and below these limits the albedo
was fixed. The surface albedo was a weighed value be-
tween the snow and ground albedo according to the
snow depth.

The prognostic albedo category consisted of all the
other models: ECMWF (Internet Page 2003), CLASS
(Verseghy 1991), ISBA (Douville et al. 1995), GISS
(Hansen et al. 1983) and BATS (Bonan et al. 2002). The
three models ECMWF, CLASS and ISBA had a prog-
nostic albedo scheme, i.e., the snow albedo value at a
time step was dependent on the snow albedo value at the
previous time step. The models had different decay
factors with time for melting and non-melting snow.
GISS had a prognostic procedure for snow age, where
the albedo was an exponential function of the age. These
models had the albedo value reset to its maximum value
for new snowfall above a certain precipitation threshold.
The surface albedo was weighted according to the snow
cover fraction, between the snow and bare ground al-
bedo. BATS had different parameterizations for the
visible and near-infrared band, and also for diffuse and
direct radiation, but the datasets used in this work
lacked this information, and BATS was reduced to a
prognostic albedo model for snow age, similar to the
ones given above. Again, the surface albedo was a
weighted mean dependent on the snow depth. The snow
cover fraction we used in BATS was not the one origi-
nally included in the model (Bonan et al. 2002), but the
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one introduced by Yang et al. (1997) to avoid the bias
due to underestimated snow cover fraction.

2.2 Snow cover fraction

The snow cover fraction plays an important role in the
total surface albedo, because if the snow cover fraction is
underestimated then the surface albedo will be also
(Roesch et al. 2001). The snow cover fraction parame-
terizations are given in Table 1 and illustrated in Fig. 1.
As can be seen, the snow cover fractions show the same
characteristics, with steep and sharp curves, but with
individual differences in the growth rate. At a snow
depth of 2.5 cm, the snow cover fractions vary between
0.4 (CLASS) to 0.89 (ISBA), while at a depth of 10 cm,
the fractions are above 0.9 for all the models. ISBA has
the fastest increase, while CLASS increases slowest for
shallow depths. Most of the models reach 1.0 for deep
snow depths. The parameterizations are in agreement
with the results from Baker et al. (1991), which showed
two distinct stages for the relationship between albedo
and snow depths, where the surface albedo increased
sharply as the snow depth increased until it reached a
critical depth, after which, the surface albedo increased
slowly as the depth increased.

3 In situ validation data

The snow albedo models were validated against in situ
measurements from Ny- Alesund, Svalbard, Col de Porte
in the French Alps and six stations in the former Soviet
Union (Fig. 2). These datasets were collected at point
sites, in contrast to the models which have a spatial
resolution on the scale of hundreds of km, and therefore
the assumption that the albedo and meteorological data
were representative of a specified grid square was made.

In Table 2 a summary of the sites and the available
meteorological parameters are presented. The data from
Ny-Alesund at 78.9°N 11.9°E was collected during the
years 1981-2002. The polar night, where the whole of
the Sun remains below the sea-level horizon, starts 25
October and ends 17 February. Ny- Alesund experiences
cold winters and summers and receives low amounts of
precipitation. Net shortwave radiation was determined
by means of two Kipp & Zonen pyranometers over the
wavelength band 305-2800 nm (Hisdal et al. 1992;
Hisdal and Finnekasa 1996). Hourly albedo values were
calculated when the global radiation was above a certain
threshold, and daily values were calculated based on a
mean of hourly values.

The data from Col de Porte in the northern French
Alps, located 1340 m above sea level at 45.3°N 5.8°E
was collected during the years 1993-1996. The average
air temperature at Col de Porte is about 0°C during the
winter months, and the pre01p1tat10n received is high
relative to Ny- -Alesund. The incoming and reflected
shortwave radiation were measured with an Eppley
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Fig. 1 Snow cover fraction (f) as a function of snow depth (d;) in
[m] for the albedo models. For CLASS a constant density of
200 kg/m® was used in this figure

Fig. 2 The in situ validation sites

Table 2 The available meteorological parameters from each vali-
dation site is marked with an X. C means corrected measurement,
while R is raw data. Est. is used when the snow depth is estimated
instead of being measured directly

Parameter Ny-Alesund  Col de Porte ~ FSU Stations
Surface albedo X X X

Air temp. X X X

Surface temp. X

Max&min temp. X

Wind speed X X X
Precipitation X(R) X(©) X(R)

Precip. type X

Cloud cover Fr. X X X

Snow depth Est. X Est.
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pyranometer over the wavelength band 280-2800 nm
(Lejeune and Martin 19995). Daily albedo data was ob-
tained by dividing the total reflected by the total
incoming shortwave radiation received during the day.
Only the hours where the incoming shortwave radiation
was greater than 10 W/m? and the snow depth was
above 10 cm were considered. In this way, this dataset
differs from the others since no data for snow depths
below 10 cm exists. The snow pack at Col de Porte was
affected by leaves from the trees, which influenced the
albedo values (P. Etchevers, private communication,
2004). The leaves darkened the snow and lowered the
albedo by about 10-15% compared to the clean snow
case (P. Etchevers, private communication, 2004). The
dataset from this site has been used for validation of
UKMO, ISBA and two hydrological and avalanche
models (Essery et al. 1999).

Datasets from six soil stations localized in the former
Soviet Union (FSU) for the period 1978-1983 were also
included (Robock et al. 2000). The stations were part of
the Hydrometeorological Service in the former Soviet
Union described by Vinnikov and Yeserkepova (1991)
and include Khabarovsk at 48.5°N 135.2°E, Kostroma
at 57.8°N 41.0°E, Ogurtsovo at 54.9°N 83.0°E, Tulun at
54.6°N 100.6°E, Uralsk at 51.3°N 51.4°E and Yershov
at 51.4°N 48.3°E. The upward and downward shortwave
radiation were measured by Yanishevsky Pyranometers
over the wavelength band 300-2800 nm (K.Y. Vinnikov,
private communication, 2004). The daily albedo values
were a mean of the three-hourly values when the Sun
angle was more than 20° above the horizon. The sun
zenith angle was calculated according to Igbal (1983),
using algorithms from R. Storvold (private communi-
cation, 2004). The same dataset has been used in testing
the BATS (Yang et al. 1997) and BASE (Slater et al.
1998) models.

Snow depth is not a standard measured parameter at
regular meteorological stations, so to estimate the snow
depth for the stations where it was missing, the hydro-
logical model HBV (Swedishe Meterological and
Hydrological Institute 2001) developed by the Swedish
Meteorological and Hydrological Institute, was used.
The HBV model is the standard forecasting tool used in
Norway and Sweden, and operational and scientific
applications of it are widely known. Only daily mean
values of temperature and precipitation are required
input for the model, and it calculates snow depth and
free water content in the snow at a fixed point in time.
The amount of water input into the HBV model is given
by the precipitation, so the quality of the precipitation
data is crucial (Killingtveit and Sether 2001). However,
it can almost always be assumed that measured precip-
itation is less than true precipitation (Hanssen-Bauer
et al. 1996), and several correction procedures for dif-
ferent precipitation gauges exist (Forland et al. 1996;
Hanssen-Bauer et al. 1996; Yang et al. 1997; Yang et al.
1995). The HBV model was tested with both uncorrected
and corrected precipitation measurements from Ny-
Alesund for the years 1998-2000, and compared with
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acoustic snow depth measurements from the same site
(not shown). Surprisingly, it was shown that the HBV
model with the uncorrected precipitation data corre-
sponded better to the measured snow depths than the
model with the corrected data, therefore the HBV model
with uncorrected precipitation data was used in this
study. The conversion between snow depth and snow
water equivalent was calculated from Pomeroy and
Gray (1995).

3.1 Climatology

The monthly mean surface albedo and its standard
deviation are shown for all sites in Fig. 3. As can be
seen, the monthly mean albedo differs greatly between
the sites. The high Arctic site of Ny-Alesund has the
highest monthly albedo with 0.86 in February and
March, followed by values greater than 0.81 for April
and May. None of the other sites have such high values.
The FSU sites have the lowest winter albedo values, with
values down to 0.65 for Khabarovsk in February. The
spring and autumn transitions at all sites are charac-
terized by large standard deviations in the albedo, with
Ny-Alesund having the highest.

The measured albedo at Col de Porte was 10-15%
lower than it would be in the clean snow case due to
darkening from leaves (P. Etchevers, private communi-
cation, 2004). Without this darkening, the albedo would
be about the same as for Ny-Alesund in February. In the
cold winter months, we would expect the albedo values
to be similar. For the rest of the winter, however, lower
albedo values were expected, and observed at Col de
Porte. The FSU stations showed substantially lower al-
bedo values. These values were lower than the leaf-
darkened Col de Porte values. The number of days with
air temperature above —1°C was counted to investigate

1
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Fig. 3 Climatology of the monthly mean snow albedo and the
standard deviation (as error bars) when snow is on the ground for
the months
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if melting could explain the large deviations between Ny-
Alesund and the FSU sites, but it was found that Ny-
Alesund and the FSU sites had the same number of
warm days (on average less than 3) in January and
February. Col de Porte, on the other hand, experienced
more than 10 warm days on average in January and
February. Also the winter snow depth plays an impor-
tant role in the determination of the snow albedo. For
some of the FSU stations, the low winter albedo values
can be partly explained by the shallow snow pack (depth
around 5-10 cm) for some of the years, which decreased
the monthly average albedo to unusually low values.
However, for the rest of the FSU sites such a clear
correlation between the snow depth and the albedo value
during the cold winter months could not be seen. We
suspect that the different spectrometer used for albedo
measurements can partly explain the difference in ob-
served surface albedo. Also, possible contamination at
the FSU sites may be an additional reason for this dis-
crepancy.

4 Multiple linear regression analysis

The general form of a multiple linear regression model
(MLRM) for k independent variables is given by
(Montgomery et al. 2001):

y = X2B + 2. )

In general y is the observations, X the matrix of
regression variables, f§ the regression coefficients, and &
is the random errors (Montgomery et al. 2001). It is
assumed that the error terms g have E(g)=0 and
Var(s,;)=02, and that the error terms are uncorrelated.
In this setup y represents the albedo and X is a matrix of
available meteorological parameters.

If some of the meteorological parameters are linearly
dependent (multicolinear) the least mean square estimate
of f will suffer from large errors. Instead,  was esti-
mated from ridge regression, where the rldge estimator
2 is the biased estimator with smaller variance than
the unbiased least mean square solution, and it is given
by (Montgomery et al. 2001):

2B = (X'X + bI)" X'y, (3)

where b > 0 is a biasing parameter (constant). The bias in
2f, increases with b, while the variance decreases as b
increases. b was chosen such that the reduction in the
variance was greater than the increase in the bias, as
(Montgomery et al. 2001):

_ ke (4)
262

where 28, and 62 were found from the least mean square
solution (Montgomery et al. 2001), and & is the number
of regressors.

The building of the multiple linear regression model
by including only a subset of the available meteorolog-

b=
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ical parameters involves a trade off between including as
many parameters as possible, so that the information
content is maintained, and including as few parameters
as possible because the variance of the prediction value
increases with the number of parameters used. So, the
multiple linear regression model was built to include
only the meteorological parameters that were of real
value in explaining the albedo response. Thus, the sig-
nificance of each meteorological parameter for modeling
the snow albedo was tested by constructing the 95%
confidence interval for each regressor coefficient as
(Kleinbaum et al. 1988)

Bi<tn/82C; (5)

where Cj; is the j-th diagonal element for the (X'X)™!

matrix, and ¢, =1¢ ., 1 is the quantile from the student
t distribution with n—k—1 degrees of freedom, where 7 is
the number of data points. If the regressor coefficient
confidence interval includes zero, the coefficient is not
significantly different from zero, and the corresponding
meteorological parameter should not be included in the
MLRM for snow albedo.

Positive accumulated degree days (i.e., a variable of
accumulated positive temperatures since last snowfall), a
dummy variable to indicate if snow is on the ground or
not and an offset (constant) were included in the pool of
candidate regressors. The positive accumulated degree
days is a non-linear function of temperature, and
therefore it makes sense to include both this parameter
and the temperature. This parameter was also included
in the regression models of Baker et al. (1990) and Brock
et al. (2000).

It is crucial to test the MLRM on data not included
in the building of the model (Montgomery et al. 2001). If
not, the prediction error will be underestimated. To
evaluate the prediction quality of the MLRM, the
available data for each site was divided into two sets:
one “training set”” and one “test set”. All the data, ex-
cept data from one year, was used to build the model
(training set), and the data of the last year was used to
test the predictive properties of the model (test set).

5 Results and discussion

The snow albedo MLRM was built by considering the
following meteorological parameters: temperature,
cloud cover, precipitation, wind speed, snow depth,
positive degree day and dummy snow fall. In addition a
constant was added. Only the days where the snow
depth was above zero were included in the calculations.
The regressor coefficients were calculated from ridge
regression, and the 95% one-at-a-time confidence
intervals for each regression coefficient are shown in
Fig. 4. For Ny-Alesund, the mean temperature, snow
depth, positive degree day, dummy snowfall and con-
stant were significant, for Col de Porte, the temperature,
cloud cover, positive degree day, dummy snowfall and

Pedersen and Winther: Intercomparison and validation of snow albedo parameterization schemes in climate models
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Fig. 4 The 95% one-at-a-time confidence interval for each mete-
orological parameter coefficient. The star gives the estimated
regression coefficient, while the bars give the upper and lower limits
of the confidence interval. The abbreviation used are the following:
Const = constant, Temp = temperature, CloudC = cloud cover,
Prec = precipitation, WindS = wind speed, SnowD = snow
depth, DegDay = positive degree day and DSnowF = dummy
snow fall

constant were significant, while for the FSU stations (on
average) the temperature, cloud cover, snow depth, po-
sitive degree day, dummy snowfall and constant were
significant (the results for the individual FSU stations
are summarized in Table 3). The multiple linear regres-
sion model was built to only include the parameters
shown to be significant in the snow albedo MLRM.

Snow depth proved not to be significant for Col de
Porte, which was the only site where snow depth was
measured and not calculated. The reason is probably
that the snow albedo was measured only for days where
the snow depth was above 10 cm. That is, the snow was
“optically thick”, and the snow depth played only a
minor role in the snow albedo determination. Marshall
and Oglesby (1994) surmised that snow aging, grain size
and temperature were relatively more important early in
the melt season, while decreasing fractional snow cover
(and thereby snow depth) appeared to be relatively more
important during the middle and latter stages of snow
melt.

5.1 General snow albedo model features

The GCMs and the MLRM were validated against
59 years of data from the eight sites. Based on the sea-
sonal observed and modeled albedo, some generaliza-
tions were made. First, the observed snow albedo at Ny-
Alesund and Col de Porte attained very high values,
above 0.95 for Ny-Alesund and 0.90 for Col de Porte for
new snow fall, which were well above what was given by
any models (the maximum albedo threshold for any
model was o, =0.85). For the six FSU sites the albedo
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Table 3 The significant meteorological parameters in the MLRM. X is significant, and —

357

is not significant. For precipitation, the first

symbol is for uncorrected precipitation, while the latter is for the corrected. The abbreviations are the same as in Fig. 4

Site Const Temp CloudC Wind Prec SnowD PosDegDay DSnowF
Ny-Alesund X X - - - X X X
Col de Porte X X X - - - X X
Khabarovsk X X X - —/X X X X
Kostroma X X - —/X X X X
Ogurtsovo X X X - —/— X X X
Tulun X X - X —/- X - X
Uralsk X X X - —/- X X X
Yershov X X X -/X X X X
All FSU X X X - - X X X

values were substantially lower, and the modeled values
were closer to what was observed. Second, the modeled
snow albedo varied more than the observed albedo for
all models and sites. This was especially the case for Ny-
Alesund and Col de Porte, where the observed snow
albedo stayed relatively high and constant through the
whole cold winter. Third, the modeled snow albedo de-
creased at a faster rate or by a larger magnitude during
the winter snow metamorphosis than the observed al-
bedo. For Col de Porte, which was a temperate site
where the snow melted and re-froze during the winter,
some of the model albedos decreased rapidly during the
melt.

During melt season, the modeled snow albedo was
very dependent on the snow cover fraction, which again
was determined almost entirely by the snow depth. All
the models showed the same characteristics, which sup-
ports the interpretation that the spring albedo’s main
determinant was snow depth. For Col de Porte, where
the snow depth was measured, the models responded
accurately by decreasing the snow albedo at a correct
rate and time. For the other sites, where the snow depth
was calculated from the HBV model, the results were
somewhat less satisfying. For Ny-Alesund, the models
had the spring decay just as often too early as delayed,
while for the FSU stations the modeled snow albedo had
a delayed spring decay. These changes were highly cor-

related with the degree of accuracy of the calculated
snow depth. However, we found this characteristic for
the FSU stations difficult to reconcile since the HBV
snow depths were calculated based on uncorrected pre-
cipitation data. By correcting the data, the amount of
precipitation would increase, leading to an increased
winter snow cover (Hanssen-Bauer et al. 1996), which
again leads to a delayed melt. So, if the corrected pre-
cipitation had been used in the HBV model, the bias
would have increased.

5.2 Model type features

There were also important features connected with the
models’ categories, as shown in Fig. 5 and described
below. The albedo time evolution of the two tempera-
ture dependent schemes, ECHAMS and UKMO, are
shown in the upper panel of Fig. 5a for Col de Porte in
1995. The lower panel shows the corresponding air
temperature, where the horizontal lines give the 0°C,
—2°C and —5°C temperature thresholds. The tempera-
ture dependent schemes showed a weakness by fixing the
albedo to its minimum value (o, =0.3 for ECHAMYS
and o, =0.5 for UKMO) when the temperature in-
creased above 0°C. At a temperate site like Col de Porte,
where the temperature was at 0°C several times during
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Fig. 5 Examples of model shortcomings from categories of snow
albedo parameterization schemes. a shows the temperature depen-
dent albedo schemes ECHAMS and UKMO (upper panel) together
with the surface temperature (lower panel) for Col de Porte in 1995.
b shows the prognostic ISBA albedo scheme (upper panel) and the
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reset of the snow albedo at large snow falls, together with daily
snowfall in [mm] (Jower panel) from Ny-Alesund in 2000. ¢ shows
the snow albedo schemes (ECHAMS5 and UKMO—upper panel)
sensitivity to snow depth in [m] (middle panel) and snow cover
fraction (lower panel) for Khabarovsk in 1981
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the winter without the observed albedo dropping sig-
nificantly, this feature became dominant and unrealistic.
Also in the melting period, the temperature dependent
schemes decreased the snow albedo too early and too
fast.

In Fig. 5b the prognostic ISBA snow albedo scheme is
shown together with the observed albedo for Ny-Alesund
in 2000 (upper panel). The snow albedo in the prognostic
schemes decreases exponentially with snow age. The
middle panel shows ISBA, where the snow albedo was
fixed at its minimum value o,;, =0.5, until a new snow-
fall above a certain precipitation threshold occurred. The
lower panel shows the precipitation, with the specified
precipitation threshold for ISBA (10 mm SWE - shown
as the horizontal black line). In a low precipitation site
like Ny-Alesund, a new snowfall above this threshold
rarely happens, and the albedo is wrongly fixed at its
minimum value for long periods. This shortcoming oc-
curred for all the prognostic albedo schemes, but was
predominant for ISBA because of its large precipitation
threshold. The new snowfall threshold (precipitation
threshold) varied among the models between 2—-10 mm
SWE. In addition, the precipitation measurements are
connected with large uncertainties, and the determina-
tion of the threshold value can cause large errors.

Figure 5¢ shows the surface albedo dependency of
snow cover fraction. The upper panel shows the ob-
served seasonal albedo together with the model results
from ECHAMS and UKMO from Khabarovsk in 1981.
The middle panel shows the snow depth, which is below
13 cm during the whole winter. However, the snow

Fig. 6 The monthly mean bias a
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cover fraction parameterizations for the models show a
snow cover fraction close to one (lower panel). It is clear
that the models overestimate the albedo because of an
overestimation of the snow cover fraction.

5.3 Objective validation of the snow albedo models

The monthly mean bias between the modeled and ob-
served albedo is shown for four of the sites in Fig. 6a—d.
Despite the differences in the models’ snow albedo
parameterizations all models show a similar bias pat-
tern. For Ny- -Alesund in Flg 6a, most of the models
underestimated the albedo in the winter and autumn,
but during snow melt in spring and snow accumulation
in late autumn the models overestimated the albedo. The
peaks should, however, be treated with caution, since
they were based on very few observations (only the days
where the snow depths were above zero were considered,
and these were few in spring and autumn). The clear
underestimation by all the models may indicate that the
albedo values for Ny- -Alesund during the cold winter
were unusually high. A similar pattern with the bias
going from underestimation to overestimation (or
smaller bias to higher bias) during the spring was also
found for the other sites (Fig. 6b—d). The smallest bias
was found for Col de Porte, where we know the albedo
was lowered due to leaves on the ground. This indicates
that the models underestimate the albedo.

The variance of the observed and modeled albedo are
shown in Fig. 7a—d for the same four sites. The variance
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was lowest in the early, cold winter and increased, dur-
ing the snow melting in spring. Loth et al. (1993) stated
that an albedo change from 0.7 to 0.35 in 4 days is
typical during melting periods, so large variances in
spring are expected. A variance peak also occurred
during snow accumulation in autumn. For Ny-Alesund,
the variance has an asymmetric shape, and it is clear that
the spring melt proceeds at a more rapid rate than the
autumn freezing. However, it is interesting that the
variance of the modeled albedo was smaller or of the
same size as the variance of the observed albedo for
many of the models and sites. This is in contrast to the
often unrealistic rapid and steep decay which was ob-
served for some of the models during the winter snow
metamorphose. The other FSU stations showed similar
characteristics to Khabarovsk and Kostroma, and their
figures were therefore omitted.

The root mean square errors (RMSE) and correlation
coefficients (p) between observed and modeled albedo
are given in Table 4. The RMSE measures the offset
between the model and observations, while p measures
the linear co-variance. Together these two measurements
describe the goodness of the fit. The lowest RMSE (0.07)
and highest p (0.79-0.80) were found for ECHAMS,
BATS and MLRM for various sites. The MLRM had
the smallest RMSE on average for all sites. There was a
clear difference between the models’ performance among
the sites, with the models overall performing better for
the FSU sites, because of their relative lower albedo
measurements. The high RMSE for ECHAMS in Ny-
Alesund and Col de Porte is explained earlier in con-

Fig. 7 The monthly mean
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nection to Fig. 5a. The shallow snow cover at Tulun had
the CLASS snow cover fraction, and thereby the CLASS
albedo, underestimated, giving a high RMSE at 0.30.
The corresponding low p at 0.06 occurred because of
changing signs on p making the average close to 0. Also
the relative low correlation coefficients between the
models ISBA, GISS and CLASS and the observed al-
bedo for the last four FSU stations were due to shallow
snow covers and underestimated snow cover fractions. A
scatterplot of RMSE against p is shown in Fig. 8. A
“good” model is characterized by a small RMSE and a p
close to 1.0, so the best models should be clustered in the
upper left corner of the figure. Although some trends can
be seen, the scatterplot shows no clear clustering of the
models, and no model can be considered to be superior
to all the others.

An unpaired ¢ test to determine if the mean modeled
and observed albedos were significantly different was
performed, by testing the null hypothesis Hy that the
mean of the modeled albedo was equal to the mean of
the observed albedo, against the alternative hypothesis
H, that they were not equal. The sample test statistics
were calculated according to Walpole et al. (2002). At a
significance level of «=0.05 the MLRM was the only
model where the modeled albedo was equal to the ob-
served albedo for all the sites. The CLASS model albedo
was equal to the observed for two sites (Col de Porte and
Khabarovsk), while the ECHAMS, BATS and ISBA
model albedos were equal to the observed means for one
site each. For all the other models the null hypothesis
was rejected for all sites.
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Table 4 Total average RMSE and p (in brackets) between the observed and modeled albedo. The mean RMSE and p are also given for
each model
ECHAMS UKMO ISBA GISS CLASS ECMWF BATS MLRM

Ny-Alesund 0.23 (0.48) 0.14 (0.52) 0.21 (0.33) 0.19 (0.43) 0.18 (0.45) 0.16 (0.47) 0.19 (0.41) 0.10 (0.55)
Col de Porte 0.31 (0.51) 0.14 (0.62) 0.11 (0.71) 0.11 (0.72) 0.09 (0.78) 0.10 (0.75) 0.08 (0.79) 0.08 (0.80)
Khabarovsk 0.11 (0.69) 0.14 (0.58) 0.11 (0.47) 0.10 (0.64) 0.12 (0.57) 0.14 (0.46) 0.11 (0.62) 0.10 (0.57)
Kostroma 0.09 (0.66) 0.08 (0.65) 0.08 (0.56) 0.08 (0.57) 0.10 (0.54) 0.10 (0.60) 0.07 (0.75) 0.07 (0.72)
Ogurtsovo 0.08 (0.75) 0.11 (0.63) 0.12 (0.19) 0.11 (0.44) 0.12 (0.47) 0.13 (0.40) 0.10 (0.51) 0.09 (0.66)
Tulun 0.07 (0.80) 0.10 (0.74) 0.12 (0.50) 0.11 (0.65) 0.30 (0.006) 0.11 (0.61) 0.08 (0.77) 0.09 (0.72)
Uralsk 0.09 (0.71) 0.08 (0.74) 0.12 (0.27) 0.11 (0.41) 0.14 (0.23) 0.10 (0.59) 0.09 (0.60) 0.09 (0.54)
Yershov 0.08 (0.74) 0.10 (0.74) 0.11 (0.35) 0.11 (0.47) 0.12 (0.47) 0.12 (0.62) 0.09 (0.60) 0.08 (0.70)
Mean 0.13 (0.67) 0.11 (0.65) 0.12 (0.42) 0.11 (0.54) 0.15 (0.45) 0.12 (0.56) 0.10 (0.63) 0.09 (0.66)

In order to further investigate the meaning of the
correlation coefficient p, a single sample test of Hy:
Pobs,i = Pobs,; Was performeda where Pobs,i (pobs,j) is the
correlation between the observations and model i (j).
That is, the correlation coefficient between the observed
albedo and one model was compared to the correlation
coefficient between the observed albedo and another
model. The test statistic was computed according to
Kleinbaum et al. (1988) using the sample correlations
between observations and models and between models.
For a large number of samples, the test statistic has
approximately a standard normal distribution under H,
(Kleinbaum et al. 1988). At a significance level of
o=0.05 it was found that the null hypothesis had to be
rejected for most of the model combinations, that is, the
correlation coefficients were not equal. Some exceptions
were that the correlation between ECHAMS and
UKMO (the two temperature dependent schemes) was
found to be equal for three of the sites and the corre-
lations between ISBA and GISS, CLASS and ECMWF
and the correlations between MLRM and UKMO,
CLASS and BATS were equal for two of the sites. A
tendency is that the temperature dependent schemes
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Fig. 8 Scatterplot of RMSE against p for all models. Each color
represents a model for all sites. A ““‘good’” model is characterized by
a small RMSE and a p close to one

were similar to each other and the prognostic schemes
were similar to each other.

6 Conclusions

The overall goal of this work was not to determine a
single “best snow albedo parameterization scheme”.
Instead the characteristics of the seven GCMs and the
multiple linear regression model were investigated, and
the models were intercompared with each other and with
in situ validation data. Eight sites covering the northern
hemisphere (Svalbard, the French Alps and six stations
in the former Soviet Union) were used as validation
data.

A multiple linear regression model was fit to the
validation data, and the significant meteorological
parameters for modeling the snow albedo were identified
to include: temperature, a dummy of snow fall and a
constant for all of the sites. In addition, for Ny-Alesund
snow depth and accumulated positive degree days were
significant, for Col de Porte accumulated positive degree
days and cloud cover were significant, while for the FSU
stations, snow depth and cloud cover were significant.
This means that when building a snow albedo model
(whether it is in GCMs or elsewhere), these meteoro-
logical parameters should be included.

Large differences existed between the observed albedo
in Ny-Alesund and the former Soviet Union stations,
with very high cold winter albedo values in Ny-Alesund.
The modeled snow albedo was more variable than the
observed snow albedo for all models and sites, and the
modeled albedo decreased at a faster rate or by a larger
magnitude during the winter snow metamorphosis than
the observed albedo. The snow albedo was also most
often underestimated by the models. During snow melt,
the modeled albedo was almost entirely determined by
the snow cover fraction, i.e., snow depth, and an
underestimated snow cover fraction led to an underes-
timated surface albedo, and vice versa. From the scat-
terplot of RMSE and the correlation coefficient, it was
clear that none of the models was superior to the others
for all sites.

The snow albedo schemes were divided into two
categories: temperature dependent schemes and prog-
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nostic schemes. The temperature dependent schemes
were too sensitive to temperatures, by fixing the albedo
to its minimum value when the temperature exceeded
freezing. We feel that the prognostic snow albedo
schemes are superior to the temperature dependent
schemes, but the new snowfall threshold, which varied
widely among the models, needs to be more carefully
examined.

More work remains to be done on the snow albedo
parameterization. The intercomparison needs to be con-
sidered on a larger spatial scale, i.e., GCM grids. Other
factors will then become important in the investigation,
e.g., the snow cover fraction will be of special interest, and
must be defined on a GCM grid. In situ ground validation
data could be replaced with remote sensing validation
data. For example, the Moderate Resolution Imaging
Spectroradiometer (MODIS) snow albedo product is
currently available, and could be a valuable data source in
this context (Klein and Stroeve 2002).
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