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[1] Two commonly used snow surface albedo models were evaluated using albedo data
from the Airborne Visible/Infrared Imaging Spectroradiometer (AVIRIS), and their
influence on snowmelt timing and magnitude was assessed using a net radiation/
temperature index snowmelt model, a series of satellite-based snow covered area scenes,
and on-site snow surveys. Albedo estimates using an explicit representation of snow
surface temperature, snow age, and solar illumination angle, based on the Biosphere
Atmosphere Transfer Scheme (BATS), were within the 0.02 AVIRIS measurement error
for 78% of the snow-covered portions of the watershed. Conversely, albedo values
estimated using a simple model based solely on snow surface age underestimated AVIRIS-
observed albedo. Correlations between the timing of snowmelt and observed runoff using
the BATS albedo model (R2 = 0.69) were significantly better than those using the
age-based approach (R2 = 0.59) and were comparable to using AVIRIS data (R2 = 0.73).
Snow extent was simulated most accurately with the AVIRIS parameterization; average
map accuracy was 79 and 10% greater than when using the age-based and BATS albedo
parameterizations, respectively. The error in snow water equivalent for April was 14%
for BATS versus 39% for the age-based albedo; however, it was less than 1% for
simulations using AVIRIS albedo data. Thus the BATS albedo estimates performed better
than the age-based albedo but did not outperform simulations using AVIRIS albedo data.
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1. Introduction

[2] In many semiarid mountainous regions the mountain
snowpack is the fundamental hydrologic driver, with down-
stream hydrologic processes (e.g., groundwater recharge)
and water-ecosystem interactions being controlled by pro-
cesses at higher elevations. The processes controlling the
extent of snow coverage, the accumulation of snow water
equivalent and patterns of snowmelt are highly variable in
time and space, as gradients in physiography (e.g., topog-
raphy and vegetation) combine to create nonlinear mosaics
in energy fluxes, precipitation, and wind fields. In alpine
regions, energy exchange between the snowpack and the
atmosphere is dominated by radiative fluxes, accounting for
as much as 75% of melt energy in some cases [Cline, 1997;
Marks and Dozier, 1992]. Hence the representation of snow
surface albedo is particularly important for hydrologic
simulations [Blöschl, 1991].
[3] Snow-age-based albedo estimates [e.g., U.S. Army

Corps of Engineers, 1956] have been widely applied in
hydrology [Blöschl, 1991; Blöschl and Kirnbauer, 1991;
Cline et al., 1998; Molotch et al., 2004], due in part to their

computational simplicity. Albedo parameterizations that
explicitly represent snow grain size and the effect of solar
illumination angle on albedo, such as the two-stream
radiative transfer model of Warren and Wiscombe [1980],
are not widely transferable given the computational expense
of representing snow grain size within physically based
models, e.g., SNTHERM [Jordan, 1991] and CROCUS
[Brun et al., 1989, 1992]. A compromise between the
age-based approach and that of Warren and Wiscombe
[1980] are albedo parameterizations that approximate meta-
morphic state as a function of snow age and snow surface
temperature and include impacts of solar illumination angle
on albedo. Although developed for use in land surface
models (e.g., the Biosphere Atmosphere Transfer Scheme
(BATS) [Dickinson et al., 1993]), this type of parameteri-
zation has also found use in hydrologic applications
[Tarboton and Luce, 1997]. However, spatial evaluations
of these albedo models are lacking, because detailed spectral
measurements of radiation are rare in remote snow-covered
regions [Marks and Dozier, 1992]. Recent advances in
airborne hyperspectral remote sensing have afforded the
ability to make accurate spatial estimates of snow surface
albedo [Painter et al., 2003]. Spaceborne systems (e.g.,
Landsat) have also been used to measure the spatial distri-
bution of snow surface albedo over glaciated terrain [Greuell
and Oerlemans, 2004; Klok and Oerlemans, 2004].
[4] Using a relatively simple snowmelt model,Molotch et

al. [2004] showed that estimates of the timing and magni-
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tude of snowmelt can be improved using remotely sensed
snow surface albedo data from the aircraft-based Airborne
Visible/Infrared Imaging Spectroradiometer (AVIRIS)
[Painter et al., 2003] as compared to a widely used snow-
age-based albedo parameterization [U.S. Army Corps of
Engineers, 1956]. However, AVIRIS is a research instru-
ment with limited capability for covering large areas yield-
ing frequent data. Although satellite-based albedo data are
available from the Moderate Resolution Imaging Spectrom-
eter (MODIS), scenes are often obscured by clouds and
temporal resolution is dramatically reduced. Forest cover
further limits the utility of remotely sensed albedo data in
that viewable gap fractions are dramatically reduced for
operational sensors with high scanning angles [Liu et al.,
2004].
[5] The aim of the research reported in this paper is to

evaluate a more physically based albedo parameterization
for optically thick snow [Dickinson et al., 1993] versus an
age-based approach [U.S. Army Corps of Engineers, 1956]
using albedo data from AVIRIS. We compare the effect of
the different albedo parameterizations on snowmelt simu-
lations using a temperature index model that explicitly
accounts for radiative fluxes. We also address the question
of what are the physiographic and meteorological controls
on the spatial and temporal differences in albedo estimates
and snowpack mass balance model accuracies.

2. Study Area

[6] This research was performed in the Tokopah Basin
of the Sierra Nevada, California (36�360N, 118�40W)
(Figure 1), which has an area of 19.1 km2 and an elevation
range of 2629–3487 m. Granitic bedrock is exposed at the
surface throughout much of the watershed, with thin soils
and forest cover restricted to small areas of the valley floor.
The 1.2 km2 Emerald subbasin is a north facing cirque with
an average slope of 26� and an elevation range of 2801–
3372 m [Tonnessen, 1991]. The topography of the 1.5 km2

Topaz subbasin is relatively homogeneous and south facing,
with an average slope of 11� and an elevation range of

3188–3487 m. Both subbasins contain streamflow gages at
the respective basin outflows and meteorological stations
that record hourly air temperature, wind speed, incoming
solar and thermal radiation, and relative humidity (Figure 1).
The hydrology of the watershed is typical of the alpine
Sierra Nevada, with most of the annual precipitation inputs
occurring between October and April in the form of snow-
fall, and with snowmelt beginning in early April and
extending into June and sometimes August.

3. Methods

3.1. Snow Surface Albedo

[7] Albedo was estimated throughout the snowmelt sea-
son (i.e., 6 April to 27 July 1997) using three approaches:
(1) a pixel-specific albedo decay function based on
3 AVIRIS scenes (5 May, 21 May, and 18 June 1997)
[Molotch et al., 2004], (2) a decay function developed from
first principles for the BATS model, and based on solar
zenith angle, snow temperature, and snow age [Dickinson et
al., 1993], and (3) an empirically derived standard albedo
decay function (SADF) based solely on snow surface age
[U.S. Army Corps of Engineers, 1956].
[8] Snow surface albedo was obtained from the AVIRIS

scenes using a spectral unmixing model that has a measure-
ment error of 0.02 [Painter et al., 2003]. The 17-m
resolution AVIRIS data were degraded to 30 m to match
that of the digital elevation model. During time periods
without snowfall between two AVIRIS acquisitions, daily
pixel-specific albedo estimates were obtained by linearly
interpolating albedo as a function of time. When snowfall
occurred between two acquisitions and after the final
acquisition, albedo was estimated using a linear AVIRIS
albedo decay function (AADF) that we derived using the
AVIRIS-observed pixel-specific albedo and the snow age at
the time of observation. Snow age was determined from
precipitation and temperature data from the meteorological
stations in the catchment (Figure 1); snow age was set to 0
when precipitation occurred at temperatures below 0�C.
Pixel-specific albedo estimates were obtained from the
AADF as follows:

aAh ¼ ai � ai � akð Þ= xi � xkð Þ½ � � xi � xh½ � ð1Þ

where aAh is the estimated albedo for snow age xh, ai and
ak are AVIRIS-observed albedo values for acquisitions
corresponding to snow ages xi and xk respectively. After a
snowfall event the AADF was reset to the maximum
AVIRIS-observed albedo value of the 3 acquisitions (i.e.,
0.84); snow albedo tends to be fairly uniform immediately
after snowfall, becoming spatially heterogeneous as meta-
morphic processes occur at different rates across a basin.
Here we applied a single decay function for each pixel and
thus we assumed that the spatial variability in albedo decay
rates were relatively consistent after each snowfall event.
[9] The SADF estimates daily albedo using:

ash ¼ 0:8124þ 0:00001x4h � 0:0007x3h 7� 10�4 þ 0:0116x2h
�

� 0:0965xh� ð2Þ

where, ash is the SADF snow surface albedo estimate for
snow age xh.

Figure 1. Tokopah basin with a 50-m contour interval.
Streamflow gauges, meteorological stations, and the
Emerald and Topaz subbasins are also shown.
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[10] Hourly pixel-specific BATS albedo estimates, ab

were obtained using [Dickinson et al., 1993; Yang et al.,
1997]:

ab ¼ 0:5 aVIS þ aIRð Þ ð3aÞ

aVIS ¼ 0:95 1� 0:2fage
� �

þ 0:4fz 1� 0:95 1� 0:2fage
� �� �

ð3bÞ

aIR ¼ 0:65 1� 0:5fage
� �

þ 0:4fz 1� 0:65 1� 0:5fage
� �� �

ð3cÞ

fage ¼ ts= 1þ tsð Þ ð3dÞ

where aVIS is snow albedo for wavelengths <0.7 mm, aIR is
snow albedo for wavelengths >0.7 mm, and fage is
dimensionless snow age. We assume that snowfall events
deposited at least 10 mm of water equivalent and therefore
set ts and fage = 0 at the time of snowfall. After snowfall ts is
calculated as:

tNþ1
s ¼ tNs þ 0:0036 r1 þ r2 þ r3ð Þ½ � ð3eÞ

where N indicates the current time step; and r1 represents
the impact of vapor diffusion on snow surface grain growth:

r1 ¼ exp 5000
1

273:16
� 1

Tsn

� �� �
ð3f Þ

where Tsn (K) is snow surface temperature. The effect of
meltwater refreeze is represented by r2:

r2 ¼ r1ð Þ10
 1 ð3gÞ

The effect of dust and soot on snow surface albedo is
represented by r3 and is set to 0.3. The factor of solar
illumination angle, fz was calculated as

fz ¼
1

b

1þ b

1þ 2b cos qz
� 1

� �
ð3hÞ

where b is adjustable based on observations but was set to 2
(as per BATS) and qz is the pixel-specific solar illumination
angle determined using the method of Dozier and Frew
[1990].
[11] We mapped the spatial differences between the two

ground-based parameterizations and AVIRIS-observed
albedo on 5 and 21 May and 18 June 1997. Because the
BATS parameterization includes terms for solar illumination
angle and snow temperature we compared BATS albedo
estimates corresponding to the specific hour of each AVIRIS
acquisition as snow temperature and illumination angles
vary during the day.
[12] Multivariate linear regressions were used to relate

differences between AVIRIS-observed albedo and modeled
albedo to elevation, slope, aspect, average incident solar
radiation, and maximum upwind slope (i.e., variables that
potentially influence spatial variability in snow surface
metamorphic processes and therefore albedo). Elevation,
slope and aspect were derived from the level 1 standard U.S.

Geological Survey digital elevation model (DEM). Average
incident solar radiation throughout the snowmelt season was
calculated from the hourly solar radiation surfaces described
below. Maximum upwind slope, a terrain-based parameter
designed to account for the effect of wind redistribution on
snow accumulation [Winstral et al., 2002], is included
because wind can significantly alter snow surface roughness
and grain size.Molotch et al. [2005] provide a more detailed
explanation of the derivation of these variables.
[13] Meteorological influences on albedo differences

were also estimated using multivariate linear regressions
relating albedo differences in each pixel to corresponding
pixel values of accumulated degree days and accumulated
incident solar radiation. Accumulated degree days were
calculated as the summation of the average daily air
temperature above 0�C for each day between the last
snowfall event and the AVIRIS acquisition date. Accumu-
lated incident solar radiation was calculated as the summa-
tion of average daily incident solar radiation over the same
period. These two variables were used as solar radiative and
sensible heat fluxes account for the majority of energy
exchange between the snowpack and the atmosphere [Cline,
1997; Marks and Dozier, 1992] and therefore snowpack
metamorphism and snow surface albedo. The techniques
used to distribute air temperature and solar radiation obser-
vations over the basin are described in the next section.

3.2. Snowmelt and Snowpack Mass Balance

[14] Precipitation inputs to the snowpack during the
ablation season were small and therefore we calculate snow
water equivalent as:

SWEn ¼ SWE0 �
Xn
j¼1

Mj ð4Þ

where Mj is the melt flux at time step j, SWEn is the SWE of
each pixel at time step n, and SWE0 is the initial SWE or
SWE at the time step corresponding to the field campaigns.
By knowing any two of the three terms in the above
expression the mass balance can be closed. We manipulated
this expression in two independent simulations to estimate
snow water equivalent (case 1) and snow extent (case 2).
Field measurements of SWE were held out of case 1
simulations and then used as an independent check on
model performance. In the case 2 simulations field
measurements of SWE were used to initialize the model
and remotely sensed snow covered area (SCA) data, held
out of the simulation, were used to evaluate model
performance. This approach allows us to evaluate model
performance with respect to snowpack mass balance using
two measurements that are independent of streamflow.
Previous work has primarily used streamflow observations
to evaluate snowmelt model performance, potentially
misinterpreting results since streamflow incorporates the
combined processes of snowmelt, sublimation, infiltration
and evapotranspiration integrated over a range of conditions
throughout a watershed. Here, we used streamflow only to
evaluate model performance with respect to the timing of
snowmelt.
[15] SWE was measured during three intensive field

campaigns (6–12 April, 8–15 May, and 16–18 June,
1997) involving over 300 snow depth measurements and
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over 50 snow density measurements on average. Binary
regression trees were used to interpolate point observations
across the basin at 30-m resolution [Molotch et al., 2005].
[16] Case 1 simulations, aimed at reconstructing SWE at

the time of each snow survey, were performed by solving
equation (4) for initial SWE:

SWE0 ¼
Xn
j¼1

Mvj � SCAj

� �
ð5Þ

Here the daily vertical melt flux, Mvj was calculated
following Brubaker et al. [1996]:

Mvj ¼ S#j � 1� aj

� �
þ L#j � L"j

� �
�Mq þ Tdj � ar ð6Þ

where S#j (W m�2) is incoming solar radiation, aj is the
snow surface albedo, L#j (W m�2) is incoming thermal
radiation, L"j (W m�2) is outgoing thermal radiation, Mq

(0.026 cm day�1 W�1 m2) is an energy to water depth
conversion, Tdj (�C) is the average daily air temperature
above 0�C, ar is the restricted degree day coefficient
(0.09 cm �C�1) [Brubaker et al., 1996]. Hereafter we refer
to the product of Tdj and ar as ‘‘turbulent transfer’’ although
it is actually a parameterization rather than an explicit
calculation. SCAj (values range from 0 to 1) was obtained
using pixel-specific snow cover depletion curves:

SCAj ¼ SCAi � SCAi � SCAkð Þ

 Xn

i¼1

Mvi �
Xn
k¼1

Mvk

 !" #

�
Xn
i¼1

Mvi �
Xn
j¼1

Mvj

" #
ð7Þ

where SCAj is the estimated fractional SCA at time step j,
SCAi and SCAk are remotely sensed fractional SCA values
derived from Landsat TM data (described below) preced-

ing and subsequent to time step j, respectively, and
Pn
i¼1

Mvi

and
Pn
k¼1

Mvk are the vertical melt flux summation values

corresponding to the remote sensing acquisition time steps
i and k, respectively.
[17] The initial SWE estimates were then compared with

the interpolated observations of SWE from Molotch et al.
[2005]. Pixel-specific absolute errors for simulations using
the different albedo parameterizations were determined and
multivariate regression models, as previously described for
albedo differences, were used to assess physiographic
influences on model performance.
[18] In case 2, snow extent was simulated by subtractingPn

j¼1

Mvj from the interpolated observations of SWE from

Molotch et al. [2005]; when
Pn
j¼1

Mvj equals SWE0, SWEj

and SCAj are equal to zero. Errors of omission were
determined as the percentage of observed snow covered
pixels (i.e., % SCA > 0) simulated to be snow-free. Errors
of commission were determined as the percentage of ob-
served snow-free pixels simulated to be snow covered. Map
accuracies (percent) were then determined by subtracting
from 100 the sum of the omission and commission errors.

[19] Model forcings were distributed over the terrain,
using a combination of geometric models and interpolation
between point measurements. Air temperature surfaces were
created by deriving an environmental lapse rate in the basin
for each hour of the model run using air temperature data
from three meteorological stations. We then applied the
lapse rate to every pixel in the basin using the DEM [Colee
et al., 2000; Daly et al., 2000; Raskin et al., 1997; Thornton
et al., 1997; Willmott and Matsuura, 1995].
[20] TOPORAD [Dozier, 1980; Dozier and Frew, 1990]

was used to model incoming solar radiation at the Emerald
and Topaz Lake meteorological stations (Figure 1). Using
LOWTRAN7 [Dubayah, 1991; Kneizys et al., 1988], we
calculated the atmospheric transmission parameters that
caused TOPORAD to match the observed incoming solar
radiation values at the meteorological stations. This was
done for 5 different atmospheric conditions, ranging from
clear sky to cloud cover. Using these atmospheric parame-
ters, TOPORAD was then used to model the incoming solar
radiation across the basin.
[21] We modeled incoming thermal radiation using a

method similar to that of Colee et al. [2000] and Cline et
al. [1998]. Using the interpolated temperature surfaces (as
described above) and relative humidity surfaces (interpolated
using the same method as the temperature surfaces) we
applied the equations of Idso [1981] to the modeled relative
humidity and temperature of each pixel to compute the
incoming longwave radiation. The RMSE over the modeling
period was 34 W m�2 at the Emerald Lake meteorological
station and 40 W m�2 at the Topaz Lake station. A detailed
evaluation of the techniques used to distribute model
forcings is presented by Colee et al. [2000].
[22] Outgoing thermal radiation was estimated as

L" ¼ esT4
sn ð8Þ

where es is snow emissivity and is set to 0.99, and d is the
Stefan-Boltzmann constant (5.67 � 10�8 W K�4 m�2).
Snow temperature, Tsn at each pixel was set to the air
temperature value two hours before the current time step
(i.e., a 2-hour lag function) constrained to a maximum of
273.15 K.
[23] Seven satellite images from the Landsat Thematic

Mapper (TM) acquired on 6 and 22 April, 8 May, 9 and
25 June, and 11 and 27 July 1997 were used to construct
fractional SCA maps across the basin using the spectral
mixture analysis algorithm of Rosenthal and Dozier [1996].
AVIRIS scenes on 5 and 21 May were also used to obtain
fractional SCA using a spectral mixture analysis model for
subpixel SCA, grain size, and albedo [Painter et al., 2003].
AVIRIS SCA surfaces were also degraded to 30-m resolu-
tion from their native resolution of 17-m.

4. Results

4.1. Snow Surface Albedo

[24] Differences between BATS albedo estimates and
AVIRIS-observed albedo ranged from �0.15 to 0.05 on
5 May 1997 (Figure 2a), with BATS being higher by 0.005
on average; differences were below the AVIRIS measure-
ment error of 0.02 [Painter et al., 2003] for 78% of the
snow-covered portions of the watershed. BATS albedo was
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