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Summary

Snow albedo is determined from the ratio of out-going to
incoming solar radiation using three years of broadband
shortwave radiometer data obtained from the Barrow,
Alaska, Atmospheric Radiation Measurement (ARM) site.
These data are used for the evaluation of various types of
snow-albedo parameterizations applied in numerical weath-
er prediction or climate models. These snow-albedo param-
eterizations are based on environmental conditions (e.g.,
air or snow temperature), snow related characteristics (e.g.,
snow depth, snow age), or combinations of both. The ARM

data proved to be well suited for snow-albedo evaluation
purposes for a low-precipitation tundra environment. The
evaluation confirms that snow-age dependent parameteriza-
tions of snow albedo work well during snowmelt, while
parameterizations considering meteorological conditions
often perform better during snow accumulation. Current
difficulties in parameterizing snow albedo occur for long
episodes of snow-event free conditions and episodes with a
high frequency of snow events or strong snowfall.

In a further step, the first two years of the ARM albedo
dataset is used to develop a snow-albedo parameterization,
and the third year’s data serves for its evaluation. This
parameterization considers snow depth, wind speed, and
air temperature which are found to be significant param-

eters for snow-albedo modeling under various conditions.
Comparison of all evaluated snow-albedo parameterizations
with this new parameterization shows improved snow-albedo
prediction.

1. Introduction

Large parts of North America and Eurasia are
seasonally snow-covered (e.g., Robinson et al.
1993). Thus, snow plays an important role in
the surface energy budget in these regions (e.g.,
Abdalati and Steffen 1997; Cline 1997; Pl€uuss
and Ohmura 1997; Baker et al. 1999) because
it changes the surface albedo from about 0.05
to 0.15 typical of dark soil, to about 0.95 or so
for fresh snow (e.g., Oke 1978; Robinson et al.
1993; Boone and Etchevers 2001). The enlarged
albedo of snow-covered surfaces will reflect
more incoming shortwave radiation to space
than snow-free surfaces do, thereby cooling the
surface and atmosphere. The resulting relatively
cooler conditions can lead to more snow refresh-
ing the surface albedo and potentially increasing
the snow coverage. Due to this positive snow-
temperature-albedo feedback General Circula-
tion Models (GCMs) and Numerical Weather
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Prediction Models (NWPMs) require a good rep-
resentation of snow albedo.
Snow albedo depends on precipitation history,

snow depth, radiation, sun angle, wavelength,
grain size and type, liquid water content of the
snowpack, meteorological conditions, and air
pollution effects (e.g., Warren and Wiscombe
1980; Wiscombe and Warren 1980; Brun et al.
1992; Essery and Etchevers 2004). In the pres-
ence of clouds, cloud properties alter snow albe-
do by changing the spectral distribution of the
incoming radiation (Curry et al. 1993). Each
snow event refreshes snow albedo. Since incom-
ing radiation penetrates some depth into the snow,
radiation still can be reflected from the sur-
face underneath thin snowpacks (Wiscombe and
Warren 1980). The absorption coefficient plays a
major role for snow albedo. The solar zenith
determines the angle of the radiation that reaches
the snow surface and thereby snow albedo. Crys-
tal size and type affect the reflection of light and
at all wavelengths snow albedo decreases as the
grain size increases and snow ages (Wiscombe
and Warren 1980). Liquid water reduces snow
albedo by increasing the grain-growth rate and
effective grain size (O’Brien and Munis 1975).
Thus, wet or refrozen snow is darker than fresh
dry snow. Since air and snow-surface tempera-
tures affect the melting of snow and freezing of
water, these quantities also influence snow albe-
do. In summary, snow metamorphism alters snow
albedo, as it modifies snow crystals, grain sizes,
snow density and snow depth by wind break,
phase transitions, meltwater percolation, compac-
tion and settling. Aerosols deposited on or in-
corporated in the snow decrease reflectivity and
albedo (Wiscombe and Warren 1980).
The Snow Models Intercomparison Project

(SnowMIP; Essery and Yang 2001; Essery and
Etchevers 2004; Etchevers et al. 2004) attempted
to identify processes important for various appli-
cations (e.g., numerical weather prediction, cli-
mate simulations, snow-physics modeling). Due
to the coarse grid resolution of NWPMs and
GCMs, and because such models usually address
questions where high-latitude processes are of
less relevance, simulation of snow albedo is of-
ten over-simplified in their land surface models
(LSMs). Snow-albedo parameterizations seldom
distinguish between the calculation of snow albe-
do from direct and diffuse radiation in visible and

near-infrared bands (Essery and Yang 2001), or
consider radiative conditions (Etchevers et al.
2004).

The simplest representations of snow albedo
use a fixed value. In the Semi-distributed Param-
eterization Scheme of the Orography-induced hy-
drology LSM, for instance, snow albedo is set
equal to 0.75 when snow depth reaches a critical
threshold (Shmakin 1998). Such simple changing
of surface albedo values to values typical for
snow, however, can lead to even opposite effects
in simulated surface fluxes, soil- and near-surface
temperatures than usually associated with a
snow-cover (Fr€oohlich and M€oolders 2002).

A second group of snow-albedo parameteriza-
tions relies on temperature conditions. The Best
Approximation of Surface Exchange (BASE)
scheme, for example, calculates a metamorphism
factor based on the snow-temperature regime.
Snow albedo will be 0.67 if the snow temperature
is 0 �C and will increase to a maximum value of
0.85 as snow temperature reaches �10 �C (e.g.,
Desborough and Pitman 1998; Slater et al. 2001).

A third type of snow-albedo parameterization
prognoses snow albedo depending on snow age
(e.g., the Hydro-Thermodynamic Soil Vegetation
Scheme (HTSVS); Kramm et al. 1996; M€oolders
et al. 2003).

Most snow-albedo parameterizations used in
GCMs or NWPMs apply combinations of various
environmental conditions and snow properties.
The Geophysical Fluid Dynamics Laboratory
LSM (Manabe 1969), for instance, prescribes a
snow albedo according to surface temperature and
snow depth; the Biosphere-Atmosphere Transfer
Scheme (e.g., Yang et al. 1997) and Common
Land Model (e.g. Zhou et al. 2003) consider
snow age, solar zenith angle and the effect of dirt
and soot to calculate snow albedo; and the Snow-
Atmosphere-Soil Transfer (SAST) parameteriza-
tion uses snow age, snow depth, cloud amount,
and sun elevation angle (Sun et al. 1999).

Snow physics models (e.g., Brun et al.
1989, 1992; Jordan 1991; Durand et al. 1993;
Flerchinger et al. 1996; Lehning et al. 1998) typ-
ically consider grain size and crystal structure to
determine snow albedo. Models developed to di-
rectly predict snow albedo base on radiation-
transport theory. They range from geometrical
optics (e.g., Bohren and Barkstrom 1974), two-
stream (e.g., Dunkle and Bevans 1956) to �-
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Eddington (e.g., Wiscombe and Warren 1980)
methods. Since such sophisticated snow (albedo)
models work on the small scale and since even
homogenous snow layers have considerable hori-
zontal variability (e.g., Brun et al. 1992), their ap-
proaches are not applicable in NWPMs or GCMs
that operate at the mesoscale or global scale.
The simple parameterizations are directly cali-

brated with field data of one or more sites (cf.
M€oolders et al. 2003; Pedersen and Winther 2005).
These simple parameterizations provide snow al-
bedo as the ‘‘outcome’’ of given (meteorological)
conditions rather than describing the actual phys-
ical processes. On the contrary, in sophisticated
snow models, snow-albedo parameterization ba-
ses on albedo measurements and metamorphism
laws derived from specific experiments in cold
laboratory or field. In laboratory experiments,
samples from the same snowfall are exposed to
different possible environmental conditions for
a defined time. Sub-samples taken at different
depths from each snow sample at specified time
intervals are characterized under the microscope to
determine crystal type, growth rate and mean radi-
us of curvature (e.g., Brun et al. 1992; Legagneux
et al. 2004). Concurrent snow-albedo measure-
ments permit deriving a relationship between
snow albedo and crystal size, type and age of the
snow surface (e.g., Wiscombe and Warren 1980).
Other parameters determined are snow density and
stratification (e.g., Domin�ee et al. 2002).
An intercomparison of seven GCM snow-albe-

do parameterizations and a multiple linear re-
gression model and validation against data from
eight sites showed that the prognostic param-
eterizations had a similar performance, as the
temperature dependent parameterizations were
similar to each other (Pedersen and Winther
2005). Temperature, snow depth, and positive de-
gree day are significant (at the 95% confidence
level) meteorological parameters for modeling
snow albedo for most of these sites.
By using snow albedo and snow-surface tem-

perature measurements the SnowMIP evaluated
several snow models with respect to their simu-
lation of the surface energy budget. For selected
periods without precipitation this study showed
that snow-albedo parameterizations based on
snow age alone are accurate for melting periods,
while surface-temperature based parameteriza-
tions are accurate for non-melting periods. In

most cases, however, more complex parameteri-
zations based on snow age and grain size are the
most accurate (Etchevers et al. 2004).

In GCMs and NWPMs, often a grid cell is only
partly snow-covered. Moreover, the snow albedo
of an area strongly depends on fraction of melt-
ing snow, terrain elevation, steepness and orien-
tation of slopes, and land cover (e.g., Roesch
et al. 2001; Liston 2004; Essery et al. 2005).
The presence of vegetation sticking out of snow
cover decreases snow albedo by providing shad-
ow, increasing the absorptance in the visible
range and masking snow from exposure to the
sun (e.g., Zhou et al. 2003). Masking of snow-
covered ground by the canopy of coniferous
forests, for instance, results in 60–75�N-area-
averged albedo of 0.43 with locally even lower
values (Robinson and Kukla 1985). GCMs and
NWPMs without consideration of explicit vege-
tative masking for vegetation reaching out of the
snowpack fail to capture the temperature-albedo
feedback; thus, they may be cold-biased during
spring when vegetative snow masking has its
greatest effect on the surface energy budget north
of 60�N (e.g., Tao et al. 1996). For these and
other reasons various parameterizations to deter-
mine heterogeneity of precipitation and snow
fraction have been developed (e.g., Leung and
Ghan 1995; Roesch et al. 2001; Liston 2004).
Some LSMs calculate snow-cover fraction as a
function of snow-water equivalent (e.g., Ek et al.
2003), while others relate snow fraction to snow
depth (e.g., Dai et al. 2001). Physically appropri-
ate calculation of the energy fluxes of a partly
snow-covered grid cell requires solving energy
balances for the snow-covered and snow-free
fraction separately (e.g., Liston 2004). Therefore,
typically grid-cell ‘‘total albedo’’ is an area-
weight of snow albedo and snow-free surface al-
bedo that are calculated separately (e.g., Dai et al.
2003). Satellite data are best suitable for evalua-
tion of snow-fraction parameterizations, regional
and=or grid-cell averages of albedo because the
satellite ‘‘sees’’ the vegetative masking effect
(e.g., Robinson and Kuhkla 1985; Zhou et al.
2003). Comparison of seven modern snow-frac-
tion parameterizations showed the same charac-
teristics of a steep increase of snow fraction with
snow depth, but differences in horizontal growth
rate (e.g., Pedersen and Winther 2005). However,
determining snow albedo correctly is an impor-
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tant pre-requisite for obtaining appropriate re-
gional and=or grid-cell albedo averages.
The goal of our study is to use an extended

radiometer dataset from the Atmospheric Radia-
tion Measurement (ARM) program (Stokes and
Schwartz 1994) available for the evaluation and
development of snow-albedo parameterizations
for low-precipitation tundra environments. The
remote location of the ARM site at Barrow,
Alaska (Fig. 1), guarantees that snow is relatively
pristine, i.e. the impact of air pollutants on snow
albedo is marginal. Most of the few Alaska pol-
lutants stem from far-range transport of constitu-
ents emitted in Eurasia (e.g., Shaw 1991; Cahill
2003). Moreover, the flat treeless terrain has a
closed snow cover until snowmelt. Out of the
variety of snow-albedo parameterizations used
in NWPMs or GCMs we chose representative
examples of common approaches. As a courtesy
to the reader we also indicate which other LSMs
apply these or similar parameterizations, and
compare our results to other evaluation studies.

2. Experimental design

2.1 ARM radiometric data

To determine snow albedo we use data of incom-
ing and outgoing shortwave radiation measured
in the ARM site (Ellingson et al. 1999) at Barrow
(71�180N, 156�470W) from 2001 to 2003. Barrow
is located on the North Slope at the northernmost
point in the United States, 1080 km north of
the Arctic Circle. Barrow has an Arctic climate
(About 1:74�106 km2 of the Northern Hemi-
spheric continents have Arctic climate) and is
located in a tundra landscape. Note that tundra
covers about 7:34�106 km2 of the global land-
mass (e.g., Matthews 1983). Temperatures stay
below freezing point for most of the year with
February being the coldest and July being the
warmest month. Spring starts in May, and sum-
mer ends in September. At Barrow, the sun re-
mains above the horizon from May 10 to August
2, and below the horizon from November 18 to
January 24 (Alaska Climate Research Center
2004). During polar night diffuse radiation is
negligibly small (e.g., Curry et al. 1996).

Down-welling and upwelling shortwave radia-
tion is measured at 1-min intervals by an unshad-
ed pyranometer with a hemispheric field of view
and an inverted Eppley Laboratory Inc., Precision
Spectral Pyranometer (PSP). The pyranometer
measures global hemispheric irradiance between
0.3 and 3 mm. The PSP is a World Meteorologi-
cal Organization first class radiometer and pro-
vides continuous measurements of broadband
shortwave (solar) irradiances for the upwelling
component. This instrument’s precision ground
and polished hemispheres of clear WG295
Schott optical glass are uniformly transparent be-
tween 0.285 and 2.8mm. This instrument’s re-
sponse time, sensitivity, and uncertainty are 1-s,
�9 mV=Wm�2, and �3% or 10Wm�2, respec-
tively. Once a day Monday through Friday, the
instruments are cleaned to remove water-vapor
deposits, frost and snow.

There is typically enough sunlight to obtain
values of the incoming and outgoing shortwave
radiation suitable for snow-albedo calculation for
about four months per year when we discard all
data with less than 20Wm�2. January does not
have enough sunlight for shortwave radiation
measurements. The snowpack has usually melted

Fig. 1. Photograph of the upward and downward viewing
radiometers used to determining the snow albedo at the
North Slope Barrow, Alaska (USA), ARM site. Source:
http:==www.arm.gov=instruments=instrument.php?id¼ 15
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by mid May. Fall gives less data than spring be-
cause of the relatively late onset of snow and
the decrease in daylight. For all remaining data
(February to about mid-May, October to early
November) we determine the snow albedo �
from the ratio of outgoing R"

s to incoming short-
wave radiation, R#

s by

� ¼ R"
s

R#
s

ð1Þ

Any measurements are generally burdened
with ‘‘errors’’ arising from natural (random) var-
iability as expressed by the variance or standard
deviation (e.g., Kreyszig 1970; Meyer 1975). In
this case, R"

s and R#
s have the standard deviations

(statistical uncertainty) �
R
"
s
and �

R
#
s
, respectively.

Consequently, any quantity calculated with these
values is ‘‘error’’-burdened. The standard devia-
tion of the calculated snow albedo can be deter-
mined by applying Gaussian error propagation
principles (e.g., Kreyszig 1970; Meyer 1975;
M€oolders et al. 2005). Thus, snow-albedo standard
deviation
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and relative error " ¼ ��
� 100% vary from 0.026

to 0.329 and 3.7 to 57.6%, respectively (Fig. 2).
Standard deviation decreases with increasing in-

coming shortwave radiation; i.e. albedo values
are more accurate late in spring, early in fall
and around local noon than early in the morning,
early in spring or late in fall. The relative error
nonlinearly decreases with increasing outgoing
solar radiation (Fig. 2).

2.2 Meteorological data

The meteorological station at the ARM site is
equipped with conventional Vais€aala in situ sen-
sors. We use 2-min vector-averaged wind speeds
recorded at 2-m height. The accuracy amounts to
�0.17m=s between 0.4 and 75m=s.
The cumulative snow is employed to deter-

mine snow age, i.e. the time since the last snow-
fall. If the cumulative snow (�hs ¼ �w�hw=�s
where �w and �s are the density of water and
snow and �hw is the change in water equivalent)
increases between any 2 time steps, this change,
�hs, is counted as a snow event and the snow age
is reset to zero. Snow depth is not directly mea-
sured within the ARM program at Barrow, so
we use the data measured at the nearby (200m)
National Oceanic and Atmospheric Administra-
tion Climate Monitoring and Diagnostics Labo-
ratory (CMDL). These measurements are taken
at three places and averaged to the full inch be-
cause of the often windy condition (Fathauer
2006, pers. communication). TheARMandCMDL

sites are surrounded by open fairly flat and sod-
den tundra, i.e. snowdrift conditions are com-
parable. Because of snowdrift snow depth often

Fig. 2. Standard deviation and relative error of
snow albedo (due to uncertainty in upward and
downward shortwave radiation measurements)
in dependence of upward and downward
shortwave radiation for snow albedo values
from 0.4 (dirty old snow) to 0.97 (Antarctica
dry fine-grain snow average over five days
(Liljequist 1956)). Note that contour lines of
relative error (values between 0 and 1) have
non-equal spacing. Note that these data do
not represent the standard deviation
over the day or season
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does not increase after snowfall (Figs. 3 and 4).
Note that at Barrow, trace precipitation occurs
with high frequency and varies spatially (Yang
and Woo 1999; Sugiura and Yang 2003), and
measurements underestimate snowfall by up to
30% (Dingman 1994) at the wind speeds typical
for Barrow. Because wind can suspend snow
crystals and deposit them elsewhere (e.g., Liston
and Sturm 1995), there is some uncertainty in
snow depth and age.
We also use the CMDL air-temperature mea-

surements since this is the more complete data-
set. Missing data are replaced by data from ARM

if possible. Temperature is measured every min-
ute at 2-m height with a precision of 1K.

3. Snow-albedo parameterization evaluation

Since a snow-albedo parameterization using a
fixed value will only occasionally provide the
right value by coincidence, we do not consider
these parameterizations in our evaluation. For
simplicity, in the following the snow-albedo pa-
rameterizations examined in this study as their
results are addressed with the name of the model
they are used in.

Since snow depth was measured every 24 h,
daily values are the highest resolution possible
for parameterizations using this quantity. Thus,
we averaged the meteorological data to daily
values. The albedo is determined every minute

Fig. 3. Daily mean values of air temperature,
snow depth, and wind speed at Barrow in 2002.
Note that there is no data on cumulative snow
available before Julian day 53, and between
Julian days 75 and 79

Fig. 4. Like Fig. 3, but for 2003. Note that
there is no data on cumulative snow available
between Julian days 85 and 111
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using Eq. (1), then averaged over the hours where
solar radiation exceeds 20Wm�2. Parameteriza-
tions not using snow depths are also run with the
high resolution data. The daily average albedo
values obtained this way marginally differ from
the ones obtained when forcing the parameteriza-
tions with daily averages. For the plots, evalua-
tion and the related statistics, daily averages are
used for all parameterizations to keep the com-
parison fair.
The following evaluations are performed us-

ing observed meteorological forcing (e.g., Figs. 3
and 4). In GCMs or NWPMs, however, predicted
winds and air temperatures are volume averages
representative for a grid cell of several kilometers
and meters in the horizontal and vertical direc-
tion; precipitation, radiation fluxes and snow depth
are area averages (e.g., Jacobson 1999; Friedrich
and M€oolders 2000; Pielke 2002). In nature, con-
ditions may vary appreciably in complex terrain,
where channeling effects may strongly modify
wind speed (e.g., Leung and Ghan 1995); snow-
drift, slopes and their exposition may affect snow
depth and distribution (e.g., Liston 2004). To ac-
count for these effects, some NWPMs and GCMs
consider subgrid-scale variability of precipita-
tion, snow depth, wind, temperature, and=or al-
bedo (e.g., Seth et al. 1994; Leung and Ghan
1995; M€oolders et al. 1996; Tetzlaff et al. 2002;
Liston 2004). However, even in these parameter-
izations the respective quantities represent a
large volume or area. Thus, one has to expect
that discrepancies in predicted area snow albedo
(even if the entire grid cell is snow-covered in
nature and the model world) will result from
using simulated forcing. Furthermore, discrepan-
cies between simulated and observed snow albe-
do will be larger than those presented here if the
snow-albedo parameterizations are driven with
predicted forcing. Any forecast errors, namely,
will propagate into errors of the calculated snow
albedo according to Gaussian error propagation
(cf. Kreyszig 1970; Meyer 1975; M€oolders et al.
2005).

3.1 Temperature-dependent albedo

The snow albedo parameterization of the Euro-
pean Center for Medium-range Weather Forecast
(ECMWF) model with the modification made at
the Max Planck Institute HAMburg (ECHAM)

depends solely on snow-surface temperature, Tsf
(Roeckner et al. 1996; Loth and Graf 1998)

� ¼ 0:8� 0:4
T sf � Tmin

Tm � Tmin

T sf>�10 �C

0:9 T sf��10 �C
:

(

ð3Þ
Here Tmin¼�10 �C and Tm¼ 0.01 �C. This for-
mulation leads to discontinuous behavior around
�10 �C. Since snow-surface temperature was not
measured at Barrow, we use air temperature in-
stead and limit its upper value to the freezing
point (temperature of an isothermal melting
snowpack). According to Eq. (3) minimum snow
albedo is 0.4. This value was reduced to 0.3 for
ECHAM5 (Roesch and Roeckner 2006).

Other examples for temperature dependent
snow-albedo parameterizations are the BASE,
HIRHAM (Dethloff et al. 1996), UK Meteoro-
logical Office (UKMO) model (Essery et al.
1999), and ECHAM5 (Roeckner et al. 2003).

3.2 Snow age

Most snow-albedo parameterizations that rely on
snow age distinguish between air temperatures
TR below and above the freezing point T0 by
different functions for these two regimes. Herein,
snow age is defined as the time passed since the
last snowfall. The parameterization of HTSVS

was derived from data published by the U.S.
Corps of Engineers (1950, as cited by Dingman
1994) by (M€oolders et al. 2003)

� ¼

0:35þ 0:18 exp
�tsnow

114048

� �
þ0:31 exp

�tsnow

954720

� �
; for TR>T0

0:61þ 0:23 exp
�tsnow

469411

� �
; for TR�T0

;

8>>>>><
>>>>>:

ð4Þ
where tsnow (s) is snow age. Like in many other
LSMs (e.g., Verseghy 1991; Loth and Graf 1998;
Bonan et al. 2002) a minimum snow depth
(1mm) is assumed. Thus, for the change from
snow-free to snow-covered conditions, the snow-
pack must exceed this threshold for snow albedo
to be calculated. If the snowpack exceeds al-
ready this value, snowfall must exceed 0.1mm
water equivalent for the snow age to be reset
to zero.
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In the Interaction between Soil, Biosphere and
Atmosphere (ISBA) parameterization, snow albe-
do is parameterized in accord with Verseghy
(1991) and Baker et al. (1990) for the melting
period and sub-freezing days, respectively (e.g.,
Douville et al. 1995; Boone and Etchevers 2001;
Boone 2002)

�n¼

�n�1�0:008
�t

86400
T sf<T0

;

�n�1��minð Þexp �0:24
�t

86400

� �
þ�min

T sf ¼ T0

8>>>>><
>>>>>:

ð5Þ
where �min ¼ 0:5 is the minimum albedo, �t (s)
is the model time step, Tsf is surface temperature,
T0 is the freezing point. Furthermore, �n and
�n�1 denote the albedo of the current and previ-
ous time step, respectively. A snowfall of at least
one centimeter water equivalent refreshes the
snow albedo back to its maximum value of 0.85.
The snow model of the Instituto Nacional de

Meteorologia (Fernandez 1998) uses the same
parameterization as ISBA. Other LSMs relying
on snow age for snow-albedo parameterization
are the Goddard Institute for Space Studies’
model (Hansen et al. 1983), Tohoku snow cover
model I (Kondo and Yamazaki 1990), Distributed
Hydrology Soil Vegetation Model (Wigmosta
et al. 1994), Biosphere-Atmosphere Interaction
Model (Mabuchi et al. 1997), and Tohoku
snow cover model with multi-layers (Yamazaki
1998).
Note that parameterizations wherein snow al-

bedo depends on the snow albedo of the previous
time step are called prognostic. From a compu-
tational view there is no difference between ex-
pressing the snow-age dependence by the time
after the last snowfall, tsnow, or the albedo of the
previous time step, �n�1. However, errors may
propagate for the latter procedure. Other LSMs
using a prognostic snow-albedo parameterization
are CLASS, SAST and ECMWF model (cf.
Pedersen and Winther 2005).

3.3 Combination of environmental conditions
and snow properties

In the SAST parameterization, snow albedo �n

at time n is a function of temperature, TR, snow

depth, hs, snow albedo of the previous time step,
�n�1, and snow age expressed by the model
time step, ��ðdÞ. The parameterization is based
on Gray and Ladine (1987) for shallow snow,
and Verseghy (1991) for deep snow (Sun et al.
1999)

�n ¼

�n�1 � 0:006�� TR�T0

0:5þ �n�1 � 0:5ð Þ expð�0:24��Þ
TR>T0 ^ hs>0:25m

�n�1 � 0:071�� TR>T0 ^ hs�0:25m

8>><
>>: :

ð6Þ
Every centimeter of new snow increases the snow
albedo by 0.1. The maximum albedo for fresh
snow is 0.92. Other examples for snow-albedo
parameterizations considering these quantities
are the Goddard Space Flight Center GCM

(Manabe 1969), the Regional Atmospheric Mod-
eling System (Strack et al. 2004), and the Arctic
Regional Climate System Model (ARCSM; e.g.,
Lynch et al. 1995).

4. Results

We evaluate the performance of the parameteri-
zations by comparison of simulated and mea-
sured snow albedo. To elaborate the differences
in overall performance and potential reasons
therefore, we calculate various skill cores (e.g.,
Anthes et al. 1989). The BIAS assesses system-
atic errors from consistent misrepresentation of
geometrical, physical, or numerical factors; the
Standard Deviation of Error (SDE) represents
random errors caused by uncertainty in initial
conditions or observations. The Root Mean
Square Error (RMSE) identifies the offset be-
tween simulation and observation. Together with
the correlation coefficient the goodness of fit can
be evaluated (Fig. 5). Results of out-layer tests
made for each parameterization will be discuss-
ed, if simulated and observed values differ more
than a factor of 2. A student t-test is performed
to examine whether simulated and observed
mean snow-albedo distributions are the same
(null hypothesis) or significantly different (at
the 95% confidence level). Note that the mean
snow albedo measured for Barrow is 0.81 for the
data used in this study with an average snow
albedo of 0.79 in 2001 and 2002 and 0.82 in
2003, respectively.
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4.1 Temperature-dependent albedo

At Barrow like in many other high-latitude loca-
tions air temperatures stay below �10 �C for pro-
longed periods during the cold season (Figs. 3
and 4). Thus, ECHAM’s snow-albedo parameter-
ization overestimates the snow albedo regularly
and is not able to capture the temporal pattern
(Fig. 6a). Maximum albedo seems too high. In
March and May 2002, for instance, simulated
and observed snow albedo disagree more than a
factor of 2 for 2 and 5% of the time. In 2001 and
2003, such disagreement occurs about 1 and 2%
of the time. During episodes with temperatures
warmer than �10 �C the parameterization per-
forms acceptably (e.g., Figs. 3 and 6a; Julian
days 115–118). Then, however, the SDE increases
because the inclusion of temperature contributes
observational uncertainty measured by the SDE,
while below this threshold, observational errors
occur only for snow albedo (Table 1). In episodes
without snow event, ECHAM overestimates the
temporal decrease (Fig. 6a). However, once a
strong snowfall occurs during relatively warm
conditions, it captures snow albedo well (e.g.,
Fig. 6a, in mid-May). Like found for other tem-
perature dependent parameterizations (UKMO,
ECHAM5; cf. Pedersen and Winther 2005;
HIRHAM; cf. Liu et al. 2007) ECHAM’s snow
albedo decreases too early and too fast during
snowmelt. The fixed minimum albedo seems un-
realistically low. Pederson and Winther (2005)
found similar results for ECHAM5. A sensitivity
study performed using the new minimum albedo

of ECHAM5 shows similar shortcomings than
ECHAM (Figs. 6a and 7a). These shortcomings
result into insignificant correlation of simulated
and observed snow albedo for 2001 and 2002 and
overall (Fig. 5) and even a negative correlation
for some months. The RMSEs obtained for
Barrow with ECHAM5 are slightly higher than
the mean RMSE of the eight sites examined by
Pedersen and Winther (2005), but are less than
their maximum RMSE. Allowing snow-surface
temperature to be above the freezing point (dirty
snow) slightly improves the correlation, but in-
creases the RMSE.

4.2 Snow age

Both parameterizations are very sensitive to the
snowfall threshold for reset of snow age. The
sensitivity to uncertainty in cumulative snowfall
measurements and threshold values was also
reported by Pedersen and Winther (2005) for oth-
er snow-albedo parameterizations.

The HTSVS snow-albedo parameterization
underestimates snow albedo especially in March
2002 and 2003, and April 2002 (Figs. 6b and 7b).
The rate of decrease in snow albedo is greater in
the simulation than in nature. This leads to re-
latively high RMSEs in February, March, and
October. Correlation between simulated and ob-
served snow albedo is often negative in February
and March, and results in an overall negative
correlation for 2001 and 2002 and the three years
(Fig. 5). However, the HTSVS snow-albedo

Fig. 5. Scatter plot of RMSE against
correlation of simulated and observed snow
albedo for the various parameterizations and
years. A good parameterization has a small
RMSE and high correlation coefficient. The
labels all, 01, 02, and 03 stand for 2001 to
2003, 2001, 2002, and 2003, respectively
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Fig. 6. Daily mean values of snow albedo
as simulated by the snow-albedo
parameterizations of (a) ECHAM, (b) HTSVS,
(c) ISBA, (d) SAST, and (e) the new
parameterization compared to the daily mean
snow albedo at the ARM site for February to
May 2002. Results for October and November
are not shown. Note that there is no data on
cumulative snow available before Julian day 53,
and between Julian days 75 and 79 so that
snow albedo cannot be determined for HTSVS
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parameterization performs well when temper-
atures increase in the melting season (e.g.,
Fig. 6b; Julian day 115 onwards). During snow-
melt, RMSEs, SDEs, and BIAS are about half of
those of the other months, and the correlation
coefficient increases to 0.621. The overall BIAS

is very small in 2001 and 2002, but about an
order of magnitude larger in 2003 (Table 1).
The choice of the maximum values plays a role.
Average observed snow albedo was higher in
2003 than 2001 and 2002, making a systematic
underestimation of snow albedo more likely as
reflected by the increased BIAS. By increasing
the maximum value to 0.89 the 2003 BIAS

decreases, and the 2001 and 2002 BIAS increase

and change sign. Some discrepancies result from
the data used for developing the snow-albedo
parameterization of HTSVS. Unlike in the conti-
nental US, where the data used in the parameter-
ization development were collected, in Alaska,
there is less industry and pollution. Thus, at
Barrow, aerosols deposit at a comparatively low-
er rate on the snow; this may explain the overes-
timation of the decrease in albedo. In summary,
this parameterization works better at relatively
warmer conditions than extremely cold ones.

In contrast to HTSVS, ISBA relies on the pre-
vious snow albedo for determination of the next
value rather than the time past since the last
snowfall. In 2002 and 2003 and overall, snow

Fig. 6 (Continued)
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albedo simulated by ISBA only agrees with the
observation within a factor of 2 in about 98, 99
and 99% of the cases. ISBA performs well as
long as there are numerous snow events so that
the snow albedo is reset to the maximum value
(e.g., Fig. 6c, Julian days 91–120). The param-
eterization underestimates the snow albedo in
months with few snow events (e.g., Fig. 6c,
Julian days 83–90). These findings well agree
with Pedersen and Winther’s (2005) results found
with ISBA for Ny-Ålesund another low precipi-
tation site. This shortcoming often leads to neg-
ative correlations in February and March that
then result in a negative correlation over the sea-
son (Fig. 5). Like HTSVS, ISBA performs best
during the melting season (e.g., Fig. 6c), but has
greater RMSE than HTSVS. ISBA’s overall
RMSE of about 0.13 obtained for Barrow (Fig. 5)
well fits into the range (0.08–0.21) found for the
eight sites evaluated by Pedersen and Winther
(2005), but the overall correlation is compar-
atively weaker for Barrow. During snowmelt,
however, correlation amounts 0.664.
For all years simulated and observedmean snow

albedo differ significantly. The 2003 RMSE is
smaller and the correlation is higher (Fig. 5),
but the BIAS is larger than for the other years

(Table 1). Overall there is more snow in 2003.
Obviously, the threshold and increment for re-
freshing snow albedo cause systematic errors.

The different BIAS behavior of ISBA and
HTSVS can be explained by the treatment of
snow age: In HTSVS, each snow event greater
than 1mm refreshes snow albedo to 0.84, while
in ISAB each centimeter of snow increase albedo
by 0.1 until 0.92 is reached (e.g., Figs. 6b, c, and
7b, c). Despite this advantage of HTSVS, we
conclude that both parameterizations have dif-
ficulties with low precipitation conditions and
perform best in the melting season. The fact
that the snow-age dependent parameterizations
perform best in the melting season well agrees
with findings from SnowMIP (e.g., Etchevers
et al. 2004).

4.3 Combination of environmental conditions
and snow properties

At Barrow, seldom temperatures are above freez-
ing and snow depth exceeds 0.25m at the same
time. Thus, for Arctic conditions SASTworks like
an age dependent only parameterization most of
the time (cf. Eq. (6)). Simulated snow albedo
gradually decreases until the next snowfall, i.e.,

Table 1. BIAS, SDE, and mean for snow albedo as obtained for ECHAM, HTSVS, ISBA, SAST

and the new parameterization. Mean snow albedo amounts 0.79, 0.79, 0.82, and 0.81 for 2001,
2002, 2003, and 2001–2003, respectively. Bold numbers indicate that the simulated and observed
means of snow albedo differ significantly at the 95% confidence level

ECHAM HTSVS ISBA SAST New
parameterization

2001

SDE 0.153 0.120 0.132 0.127 0.075
BIAS �0.061 0.006 �0.021 �0.099 0.012
Mean 0.851 0.801 0.811 0.890 0.769

2002

SDE 0.151 0.088 0.143 0.110 0.060
BIAS 0.020 0.009 0.029 �0.058 0.009
Mean 0.775 0.783 0.766 0.853 0.775

2003

SDE 0.161 0.089 0.088 0.099 0.092
BIAS 0.058 0.080 0.056 �0.043 0.064
Mean 0.764 0.754 0.782 0.866 0.760

2001–2003

SDE 0.162 0.103 0.124 0.112 0.08
BIAS 0.015 0.031 0.027 �0.062 0.032
Mean 0.790 0.778 0.777 0.867 0.766
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Fig. 7. Like Fig. 6, but for 2003. Note that
there is no data on cumulative snow
available between Julian days 85 and 111
so that snow albedo cannot be determined
for HTSVS
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like HTSVS and ISBA, SAST misses the tempo-
ral pattern between snow events (e.g., Fig. 6d).
Frequently, the amount of new snow is large
enough to refresh the snow albedo to the maxi-
mum value of 0.92 (e.g., Fig. 6d, Julian days 91,
102, 103, 109, and 114). This value seems to be
too high, for which snow albedo is overestimated
most of the time (e.g., Fig. 6d). Note that Liu
et al. (2007) also found overestimation of snow
albedo for ARCSM that considers surface tem-
perature and snow depth. Like for ISBA, any
snowfall less than one centimeter will not refresh
snow albedo in SAST. In March, differences be-
tween simulated and observed values are often
larger than �0.2 and SDE exceed those of the

other months. Here uncertainty in trace precipi-
tation and cumulative snow play a role. During
long periods without snowfall (e.g., Figs. 3, 4,
6d, 7d; Julian days 67–74, 83–90 in 2002, 63–
80 in 2003), snow albedo is underestimated be-
cause the simulated decrease is too rapid. The
often relatively low RMSEs (Fig. 5) are more
due to the closeness of simulated albedo to the
magnitude of the observed value than due to cap-
turing the temporal pattern. Often, SAST simu-
lates a decrease when snow albedo increases in
nature (e.g., Fig. 6d, Julian days 43–49, 118–
125). Consequently, correlations are negative for
some months and overall insignificant. For all
years, there is a negative BIAS (Table 1).

Fig. 7 (Continued)
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5. Development of a snow-albedo
parameterization

To develop a parameterization of snow albedo,
we use the temperature, wind speed, snow depth
and snow-age data, quantities that are usually
simulated or diagnosed by GCMs and NWPMs.
We split the ARM dataset into two parts using the
2001 and 2002 data for the snow-albedo param-
eterization development, and the 2003 data for
evaluation. The suitability of ARM data for the
development of snow-albedo parameterizations
is judged based on the 2003 data on the improve-
ment gained by the new parameterization as
compared to those evaluated before. Since snow
depth and precipitation data only exist on a daily
basis, we use daily averages in all analysis in-
cluding this quantity.

5.1 Influence of meteorological conditions
on snow albedo

The hypothesis that a meteorological parameter
contributes to modeling snow albedo is tested
versus that it does not using a 95% confidence
level. Temperature and wind are found as sig-
nificant parameters at the ARM site for 2003,
and snow depth for 2001 and 2002. Note that
Pedersen and Winther (2005) who applied such
a test for data from Svalbard, Cole de Porte,
Ny-Ålesund, and six sites in the former Soviet
Union, found temperature, snow depth, and posi-
tive degree-day as the significant parameters ex-
cept for one site where wind and temperature are
the significant parameters. At Barrow, tempera-
tures remain below zero on 94% of the days for
which snow-albedo data are available. Therefore
positive degree-day is an insignificant parameter.
The correlation between the snow albedo and

temperature, snow depth, wind speed and snow
age is analyzed using daily mean values from
206 days in 2001 and 2002 (e.g., Fig. 8). First
we calculate the correlation between albedo and
each variable separately using the Pearson corre-
lation coefficient of two vectors.
Snowalbedo and air temperature correlateweak-

ly (r¼�0.268), indicating a decrease of snow al-
bedo as temperature increases. This result agrees
with the expectations that snow albedo decreases
as temperature and hence effective grain size,
liquid water content and=or growth rate increase.

Fig. 8. Scatter plots of daily mean observed snow
albedo vs. (a) temperature, (b) wind speed, and (c) snow
depth for 2001 and 2002. Data base on 1-minute data
for albedo and temperature, 2-minute data for wind and
daily values for snow depth from February to snowmelt
and from onset of the snow season to mid-November.
Linear fit and its significance at the 95% confidence
level are superimposed
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According to the Bouguer-Lambert-Beer law
incoming shortwave radiation entering the snow
is exponentially reduced. The remaining intensi-
ty at a depth z depends on the initial intensity, the
extinction coefficient and depth z. For an ex-
tinction coefficient of 7� 10�4 m, for instance,
the radiation measured at 0.1m and 0.5m depth
amounts 50% and 3% of the incoming radiation
at the snowpack surface (Herrmann and Kuhn
1990). The upward reflected radiation is also ex-
ponentially absorbed and can be scattered. Thus,
the outgoing radiation is a mixed signal of reflec-
tance from various depths, i.e., the integrated
outcome of the processes occurring within the
snow. Note that in general, the extinction coeffi-
cient has even wider range of variability than
snow albedo. Unfortunately, no extinction-coeffi-
cient measurements and no radiation measure-
ments within the snow were made. For all these
reasons both a linear and exponential correlation
are examined. Snow albedo increases with in-
creasing snow depth with a correlation of 0.653.
An exponential fit provides a similar goodness of
fit than the linear fit, for which the former is not
considered any further.
Correlation between wind speed and snow al-

bedo is �0.210, i.e., snow albedo decreases with
increasing wind speed. The ice-crystal area that
reflects shortwave radiation is reduced when the
wind destroys ice-crystal structures. The wind
can also decrease the snow depth and therefore
reduce snow albedo as more radiation from the
ground is reflected. The increased wind also may
expose long grass=herbs thereby reducing the
albedo. Under calm conditions, albedo can in-
crease again by ice crystals that form on ob-
stacles sticking out of the snow and=or trace
precipitation (cumulative snow <1mm) (e.g.,
Julian days 61–64, Figs. 3, 6; 74–81, Figs. 4, 7).
The correlation between snow age and snow

albedo is 0.123, i.e., albedo increases as snow
ages. This result is contrary to the expectations,
but may be an artifact of the extreme light con-
ditions at Barrow. Note that the sun elevation and
length of daylight increase rapidly as time prog-
resses towards spring, and that the correlation
coefficient will switch its sign if the negative val-
ue of the standard deviation of the correlation
coefficient is added. The low correlation factor
is also caused by the unequal frequency of the
various snow ages. At Barrow, there are many

snow-albedo values for relatively new snow,
while there are fewer values for aged snow. On
average, snowfall occurs every two days (e.g.,
Figs. 3 and 4). The longest period without snow-
fall is 15 days in our dataset. Probably, snow
age affects snow albedo, but the influence of tem-
perature, wind speed, and snow depth are domi-
nant. The unknown exact time of onset and end
of snowfall may play a role why the dataset does
not really permit considering the effect of aging
snow for the non-melting season. Obviously the
governing physical processes are related to meta-
morphism (temperature gradient in the snow, set-
tling, and windbreak) rather than snow age under
these conditions. Since the correlation is insig-
nificant and negligible, and based on the results
found for snow-age dependent parameterization
in this study we conclude that snow age margin-
ally influences the snow albedo at Barrow.

Multiple correlation analysis provides a multi-
ple correlation of 0.672 between snow albedo,
temperature, and snow depth. Inclusion of wind
speed increased the multiple-correlation factor to
0.700 demonstrating the influence of wind speed
on snow albedo. The multiple-correlation be-
tween snow albedo and temperature, wind speed,
snow depth, and snow age is 0.705. In other
words, snow age only marginally increased the
multiple-correlation factor.

5.2 Parameterization of snow albedo

Based on the evaluation of ISBA and SAST for
Barrow, and on the results found for prognostic
snow-albedo parameterizations for eight sites by
Pedersen and Winther (2005), it is advantageous
not to use the snow albedo of the previous time
step to predict the new value because of error
propagation. Therefore, and because snow age is
not a significant parameter for snow albedo, and
because for climate modeling purposes a param-
eterization is advantageous that only relies on
variables calculated by the model (e.g., air tem-
perature, snow depth, wind speed), we do not con-
sider snow age in parameterizing snow albedo.

Data analysis shows that if snow depth ex-
ceeds 0.15m, temperature and wind gain im-
portance for snow albedo. Obviously, around
this depth, the snowpack becomes thick enough
so that the effects of the underlying ground are
obliterated. Warren and Wiscombe (1980) give a
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value of 0.02, 0.08, and 0.2m liquid water equiv-
alent for a snowpack with 100, 200, and 400 kg=
m3 snow density being thick enough to be semi-
infinite (i.e., at all wavelengths albedo is within
1% of that for an infinitely thick snowpack). In
Arctic tundra, snow density typically amounts
about 300 kg=m3 for February to March and in-
creases to about 450 kg=m3 later in the season
(e.g., Sturm and Holmgren 1998). Thus, a 0.15m
snow depth broadly corresponds to a water equiv-
alent of 0.045m meaning that the snowpack is
thick enough to not ‘‘see’’ the ground. By using
a multiple linear regression fitting method con-
sidering wind and temperature for snowpacks
deeper than 0.15m, and wind, temperature and
snow depth else wise, we obtain for snow albedo

� ¼

maxð0:35;0:79� 0:0018TR � 0:0045vÞ
hs>0:15m

maxð0:585;0:616� 0:001TR � 0:0076v
þ0:01hsÞ 0:0254m<hs�0:15m

0:565 hs ¼ 0:0254m

8>>>><
>>>>:

ð7Þ
where TR, hs and v are air temperature (�C) at
2-m height, snow depth (cm), and wind speed
(m=s). Note that because snow depth is rounded
to the full inch, it cannot fall below 0.0254m if
snow is present. The coefficients concerning tem-
perature are negative indicating that snow albedo
decreases as temperature increases, which well
agrees with theoretical expectations and other
observational evidence (e.g., O’Brien and Munis
1975; Wiscombe and Warren 1980). The high
coefficient for snow depth reflects the dominance
of the effect of optical depth before the snowpack
is thick enough to become effectively semi-infi-
nite. Independent of snow depth the impact of
wind speed is higher than that of temperature
despite the slightly higher correlation coefficient
found between observed temperature and snow
albedo. The minimum value ensures reasonable
values for extreme conditions of wind and tem-
perature like they may occur at high elevation on
glaciers in Antarctica or Greenland.

5.3 Evaluation of the new parameterization

For 2003 the new parameterization results in a
strong temporal variation of snow albedo sim-
ilar to that observed (e.g., Fig. 7). In February,

snow albedo is sometimes overestimated. In all
months, snow albedo is often underestimated af-
ter snowfall events. If snow depth is close to the
threshold decisive for inclusion or ignoring snow
depth in the snow-albedo calculation, the new
parameterization may provide an increase, while
a decrease is observed and vice versa (e.g., Figs. 4
and 7 around Julian days 57, 95). Close below
this depth, the snowpack’s optical depth may
sometimes be already thick enough in nature to
obliterate the ground signal, but the parameteri-
zation still considers the snow depth impact.
Consequently, snow albedo is underestimated.
Sometimes, however, close above this depth the
snowpack may be still too thin to obliterate the
ground signal, but the parameterization already
ignores the depth impact leading to an overesti-
mation of snow albedo. In 2003, the new param-
eterization predicts too strong a decay after snow
depth falls below 0.1m (Fig. 7e).

The 2003 RMSE and correlation coefficient
amount 0.091 and 0.483, respectively (Fig. 5).
The SDE (0.092) indicates low uncertainty
caused by observations. Based on the BIAS

(0.064), systematic errors are small. Simulated
and observed snow albedo differ insignificantly.
Based on these results we conclude that ARM

data are well suitable for development of snow-
albedo parameterization for low-precipitation
tundra environments.

5.4 Comparison with previous parameterizations

The new parameterization performs better when
the snowpack melts rapidly within a week (2002;
Fig. 6e) than slowly over a month (2003; Fig. 7e).
Snow albedo is underestimated as snow depth
falls below 5 cm. Here the fixed value (0.585)
and the uncertainty in snow depth measurements
play a role.

Since the 2001 and 2002 data have been used
for the development of Eq. (7), the correlation co-
efficients are higher and RMSE are lower than for
2003 or overall three years (Fig. 5). In contrast to
the other parameterizations, the new parame-
terization provides positive correlations between
simulated and observed snow albedo (Fig. 5)
and simulated and observed values insignificant-
ly differ (Table 1) for all three years. The new
parameterization provides better correlation be-
tween simulation and observations than all other
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parameterizations for all years (Fig. 5). Like
HTSVS and SAST, and in contrast to ECHAM

and ISBA simulated and observed values always
agree within a factor of 2. The 2003 BIAS of the
new parameterization is of similar magnitude
than those of the other parameterizations. The
2003 SDE of the new parameterization is about
the size as those of the age dependent parameter-
izations, while ECHAMs SDE is nearly twice as
large (Table 1).

6. Conclusions

The feasibility of data obtained radiometrically
at the Barrow, Alaska (USA), ARM site for use
in the evaluation and development of snow-albe-
do parameterizations is examined for a low-pre-
cipitation tundra environment. Various examples
of snow-albedo parameterizations commonly
used in NWPMs or GCMs are tested for the snow
seasons 2001–2003. Snow albedo derived from
the ARM data shows a complex temporal be-
havior that cannot be captured by a fixed value,
which is the approach used in some NWPMs and
GCMs.
As evidenced by the BIAS, parameterizations

are sensitive to a certain degree to thresholds (e.g.,
for the temperature regime, snow depth, cumu-
lative snow required for reset=refresh of albedo).
Frequent trace precipitation (<1mm), effects
from low snowfall rates and extended periods
without snowfall seem to be especially challeng-
ing for snow-albedo modeling. The choice of the
maximum and minimum snow albedo may cause
offsets. As demonstrated by comparison of the
ECHAM and ECHAM5 parameterization, the
choice of the threshold may improve the correla-
tion, but not necessarily the overall performance.

ECHAM, HTSVS, ISBA and SAST predict
less temporal variability in snow albedo than ob-
served. The ECHAM approach, an example of a
solely temperature-based parameterization, does
not perform well under Arctic conditions because
it reaches the maximum albedo (0.9) when tem-
perature falls below �10 �C. This is the case
most of the time in the snow season at high lati-
tudes. Consequently, this parameterization over-
estimates the snow albedo, and fails to capture
the temporal pattern; simulated and observed
snow albedo differ by a factor of 2 more than
2% of the time.

The snow-albedo parameterization of HTSVS,
which is an example of a snow-age dependent
parameterization, simulates a too rapid decrease
in snow albedo compared to the observations. In
general, it underestimates the snow albedo be-
cause maximum snow albedo is assumed too low.
It provides better results for the melting period
compared to the cold period.

The formulations used in SAST and ISBA

belong to the prognostic snow-albedo parameter-
izations. Their main shortcoming is that an ini-
tially incorrect snow albedo value will propagate
the error. During periods of frequent snow events
or strong snowfall, a too high maximum value
(e.g., 0.92 as used in SAST) leads to overesti-
mates, while a maximum value of 0.85 as used
in ISBA leads to a better agreement with observa-
tions. Both parameterizations predict a too rapid
decrease of snow albedo, and hence underesti-
mate snow albedo in periods without snowfall.
During snowmelt the parameterizations consider-
ing snow age (HTSVS, SAST, and ISBA) perform
better than the temperature dependent (ECHAM,
ECHAM5) parameterizations.

Analysis of the meteorological and radiation
data collected at Barrow during 2001–2002 shows
that snow albedo decreased with increasing tem-
perature and with increasing wind speed for
snow depth greater than 0.15m, while below this
depth it also decreased with decreasing snow
depth. Temperature, wind and snow depth are
significant parameters for modeling snow albedo
at Barrow, while the influence of the snow age is
insignificant. A new snow-albedo parameteriza-
tion based on these findings considers air temper-
ature, snow depth, and wind speed for snow less
than 0.15m depth, and air temperature and wind
speed only above that threshold. Data from 2003
serve for the evaluation of the parameterization
and comparison with the performance of the other
parameterization evaluated here. The developed
snow-albedo parameterization performs better
than the other snow-albedo parameterizations
evaluated. These findings demonstrate that the
Barrow ARM data stream is well suited for mod-
el development and evaluation purposes, and
fulfills the criteria to be achieved for climate eval-
uation purposes as they are lined out by Goody
et al. (2002).

Future work on snow-albedo parameterizations
requires the step from offline evaluation, where
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the parameterizations are driven by observations,
to evaluation in a coupled mode, where the param-
eterizations are driven by simulated forcing from
a NWPM or GCM. Such evaluation needs inclu-
sion of spatial variability and vegetative masking
effects by use of remote sensing data in addition
to ground based evaluation. It must include as-
sessment of the interaction between the snow-
albedo parameterization and the driving model
to elaborate whether failings are due to the forcing
or parameterization or the interplay of the param-
eterization and driving model.
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