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Abstract

Albedo is one of the variables controlling the mass balance of temperate glaciers. Mul-
tispectral imagers, such as MODerate Imaging Spectroradiometer (MODIS) on board
the TERRA and AQUA satellites, provide a means to monitor glacier surface albedo. In
this study, different methods to retrieve broadband glacier surface albedo from MODIS
data are compared. The effect of multiple reflections due to the rugged topography and
of the anisotropic reflection of snow and ice are particularly investigated. The meth-
ods are tested on the Saint Sorlin Glacier (Grandes Rousses area, French Alps). The
accuracy of the retrieved albedo is estimated using both field measurements, at two
automatic weather stations located on the glacier, and albedo values derived from
terrestrial photographs. For summers 2008 and 2009, the Root Mean Square Devi-
ation (RMSD) between field measurements and the broadband albedo retrieved from
MODIS data at 250 m spatial resolution was found to be 0.052 or about 10 % rela-
tive error. The RMSD estimated for the MOD10 daily albedo product is about three
times higher. One decade (2000—2009) of MODIS data were then processed to create
a time series of albedo maps of Saint Sorlin Glacier during the ablation season. The
annual mass balance of Saint Sorlin Glacier was compared with the minimum albedo
value (average over the whole glacier surface) observed with MODIS during the abla-
tion season. A strong linear correlation exists between the two variables. Furthermore,
the date when the average albedo of the whole glacier reaches a minimum closely
corresponds to the period when the snowline is located at its highest elevation, thus
when the snowline is a good indicator of the glacier equilibrium line. This indicates
that this strong correlation results from the fact that the minimal average albedo val-
ues of the glacier contains a considerable information regarding the relative share of
areal surfaces between the ablation zone (i.e. ice with generally low albedo values) and
the accumulation zone (i.e. snow with a relatively high albedo). As a consequence, the
monitoring of the glacier surface albedo using MODIS data can provide a useful means
to evaluate the inter-annual variability of the glacier mass balance. Finally, the albedo
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in the ablation area of Saint Sorlin Glacier does not exhibit any decreasing trend over
the study period, contrasting with the results obtained on Morteratsch Glacier in the
Swiss Alps.

1 Introduction

The surface albedo of glaciers, also referred to as the bi-hemispherical broadband
albedo (Schaepman-Strub et al., 2006) is defined as the reflected fraction of the in-
coming solar radiation. It largely governs the surface energy balance and thus the mass
balance of temperate glaciers (Hock, 2005; Sicart et al., 2008; Six et al., 2009). Dur-
ing the ablation season, large temporal and spatial variations of the albedo occur that
directly affect the amount of energy effectively absorbed by a glacier (Warren, 1982;
Hock, 2005). The crucial importance of the albedo on the energy budget of a glacier
in turn affects its mass balance. However, obtaining accurate and systematic ground
measurements of this parameter throughout a glacier surface, and over extended peri-
ods of time, remains challenging. Towards this goal, remote sensing technologies have
proven useful in allowing such variations to be monitored both spatially and temporally
(Dozier et al., 2009).

Multiple algorithms have been developed to estimate the albedo of snow and ice sur-
faces from visible and near infrared (NIR) space borne imagery. For example, data from
Landsat Thematic Mapper (TM) have been used to derive broadband glacier albedo
in Switzerland (Knap et al., 1999a,b) and in Sweden (Klok et al., 2003). Still in the
context of snow and ice targets, Greuell and Oerlemans (2004) proposed a set of
empirical equations for several sensors (i.e., Landsat TM, Advanced Very High Res-
olution Radiometer (AVHRR), MODerate Imaging Spectro-radiometer (MODIS), and
Multi-angle Imaging Spectro-Radiometer (MISR)) to convert measurements of narrow-
band albedo into estimates of broadband albedo. Many studies have since focused on
the potential offered by the MODIS instrument to retrieve snow and ice albedo (e.g.
Liang et al., 2005; Stroeve et al., 2006; Tedesco and Kokhanovsky, 2007; Zege et al.,
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2011), sometimes in conjunction with estimates of the snow grain size (Lyapustin et al.,
2009; Painter et al., 2009; Zege et al., 2011).

However, multiple sources of uncertainties can affect the accuracy of albedo retrieval
methods, particularly in mountainous terrain. We identify the main difficulties as being
those associated with: (i) the anisotropic reflection of snow and ice, (ii) the method
of conversion from narrowband albedo to broadband albedo, (iii) the effects of the at-
mosphere, clouds, and topography on the radiative budget of the surface, and (iv) the
errors associated with image geolocation and terrain modelling. Indeed, the latter prop-
agates to the computation of topographical derivatives (e.g. slope, aspect), which in
turn affects (i) and (iii) by compromising the accurate representation of the illumination
and viewing geometries.

In addition to the difficulty of estimating albedo from remote sensing data, the vali-
dation of retrieval methods is often complicated by: (i) the scale differences between
ground measurements and satellite data, and (ii) the effects of the topography on the
illumination and, therefore, on the measured radiance. Thus, most studies presented
above and involving MODIS have relied on measurements of albedo obtained on rela-
tively flat and homogeneous surfaces for the design and assessment of their method.

In the context of monitoring snow covered areas in mountainous terrain, Sirguey et al.
(2009) proposed and assessed a method to routinely map sub-pixel snow fraction at
250 m spatial resolution with MODIS. By implementing a comprehensive correction
of the atmospheric and topographic effects, the method allowed the ground spectral
reflectance of snow and ice to be estimated. This method was since adapted to retrieve
broadband albedo from terrestrial photography while taking into account the snow and
ice Bidirectional Reflectance Distribution Function (BRDF) (Dumont et al., 2011).

This study reports on a new method based on the work of Sirguey et al. (2009)
and Dumont et al. (2011) to retrieve broadband albedo of ice and snow surfaces from
MODIS. The latter is particularly adapted to mountainous environments as it allows
mapping the albedo with a spatial resolution of 250 m. The MODIS sensor onboard the
TERRA platform provides daily measurements of radiance at the top of the atmosphere
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(TOA) in the visible (VIS), near-infrared (NIR), and short wave infrared (SWIR) wave-
lengths. Despite its relatively coarse spatial resolution (250 to 500 m for the seven
spectral bands used in this study), MODIS’s spectral resolution and high temporal res-
olution make it a prime candidate to monitor the surface albedo of glaciers.

Section 2 briefly describes the validation site. Definitions and details on the retrieval
method are given in Sect. 3. Section 4 presents results obtained on Saint Sorlin Glacier
(Grandes Rousses area, France) and comparisons with broadband albedo obtained
from ground measurements and terrestrial photographs. Sources of error are dis-
cussed in Sect. 4. Section 5 presents the first results obtained on Saint Sorlin Glacier
while applying the method over the 2000—-2009 period and comparing albedo with mass
balance data.

2 Data and study site
2.1 Saint Sorlin Glacier

Located at 45.10°N and 6.10°E in the Western Alps of France (Grandes Rousses
area), Saint Sorlin Glacier covers 3km? (Fig. 1). The glacier extends from nearly
3500ma.s.l. at Etendard Peak to around 2700 m a.s.lat its terminus. Its mass bal-
ance has been monitored by the Laboratoire de Glaciologie et de Géophysique de
Environnement (LGGE, Grenoble, France) since 1957 (Vincent, 2002). The mean
Equilibrium-Line Altitude (ELA) is around 2950 m a.s.l. Much information about mass
balance measurements at this site can be found at http://www-Igge.ujf-grenoble.fr/
ServiceObs.

A permanent Automatic Weather Station (AWS) set on the moraine (2700 m a.s.|, see
location in Fig. 1) has recorded half-hourly data since 2005. Measurements of air tem-
perature and relative humidity are used to compute the solar irradiance as described
in Sect. 3.
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Finally, irradiance modelling and anisotropy corrections demand that accurate terrain
geometry be modelled (Stroeve et al., 2006). For that reason, we used the Global
Digital Elevation Model (GDEM) generated at 30 spatial resolution from stereo imagery
acquired with the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) (http://www.ersdac.or.jp/GDEM/E/).

2.2 Ground measurements

To estimate the accuracy of the maps of glacier albedo retrieved from MODIS, addi-
tional AWSs were set on the glacier during the ablation season: two stations (one in
the ablation area and the other located in the accumulation zone) during summer 2008
and one station during summer 2009 in the ablation zone. Locations of these temporary
stations are indicated in Fig. 1.

These temporary stations were equipped with a net radiometer Kipp and Zonen
CNR1. The two pyranometers facing upward and downward, respectively, were used to
measure the incident and reflected shortwave radiation (305-2800 nm) with a 15min
time interval. The ratio of both quantities allowed the bi-hemisperical albedo of the sur-
face to be estimated. Considering a possible tilt of the instrument with respect to the
surface of the glacier and the intrinsic accuracy of the sensor in both directions (+3 %
in terms of Root Mean Squared Error (RMSE), Six et al., 2009), the expected accuracy
of the measured albedo value is £10 % (RMSE) (Kipp and Zonen, 2009). The slope of
the surface below the sensor is relatively small, about 5°. The footprint of the device is
about 300 m? (the instrument is about 1 m above the surface) (Kipp and Zonen, 2009).

2.3 Terrestrial photography

As described in Dumont et al. (2011), two digital cameras, one visible and one near-
infrared, captured automatic photographs of the glacier three times a day which were
used to compute maps of glacier broadband albedo at 10m spatial resolution. It
was shown that the accuracy of the final broadband albedo retrieved from terrestrial
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photography is +£10 % and compared to the inherent accuracy of the albedo derived
from the net radiometer (Dumont et al., 2011). These maps were used to evaluate the
method of albedo retrieval from MODIS data.

2.4 MODIS data

This study relied on MODIS/TERRA Level 1B radiances available at http://ladsweb.
nascom.nasa.gov. These products give calibrated radiances at the top of the atmo-
sphere (TOA) at 250 m spatial resolution (bands 1 and 2) and 500 m resolution (bands
3 to 7). Information on the viewing and incident geometry are also provided. Tables 1
and 2 provide a more comprehensive description of these products. Images were cho-
sen so that the local time of the acquisition was approximately matching that of terres-
trial photographs to allow the comparison between the maps of albedo retrieved from
MODIS data and those derived from terrestrial photographs. Thirteen images were
processed over the summer 2008, and twenty one images over the summer 2009.

MODIS daily snow products, MOD10A1 processed by the National Snow and Ice
Data Center (Stroeve et al., 2006; Hall et al., 2007) also provide daily estimates of
the albedo of snow surfaces at 500 m spatial resolution. They are used in our study
for comparison with the albedo values produced using the retrieval method described
in the next section. However, it should be noted that broadband albedo estimates from
this data product correspond to directional-hemispheric reflectance (Klein and Stroeve,
2002). By considering irradiance from a collimated source only, this variable departs
in its definition from the bolometric albedo being estimated in this study which can be
referred to as the bi-hemispherical reflectance (Schaepman-Strub et al., 2006; Dumont
et al., 2011).
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3 Retrieval Method

This section gives first a brief description of the processing of MODIS data to retrieve
subpixel snow cover fraction in mountainous terrain (Sirguey et al., 2009) and then
outlines the developments performed to retrieve broadband albedo.

3.1 Retrieving subpixel snow cover and hemispherical-conical reflectance

The method used to map the snow and ice surfaces at subpixel level is extensively
described in Sirguey et al. (2009). MODIS images are first reprojected and resam-
pled. A multispectral fusion is applied between MOD0O2HKM (500 m, bands 3 to 7) and
MODO02QKM (bands 1 and 2) data to produce images with seven synthetic spectral
bands at 250 m spatial resolution (Sirguey et al., 2008). The Digital Number of each
pixel is then converted into spectral conic-hemispherical reflectance (Schaepman-
Strub et al., 2006) using atmospheric and topographic corrections from Bird and Ri-
ordan (1986) and Sirguey (2009). Maps of fractional snow cover are then calculated
using linear spectral mixture algorithm whose accuracy was assessed using concomi-
tant ASTER data (Sirguey et al., 2009).

3.2 Retrieving broadband albedo

In addition to the maps of fractional snow and ice cover, the method described above
enable the radiance at ground level to be estimated for the seven spectral bands ac-
counting for atmospheric effects and multiple reflections occurring in rugged terrain.
The retrieval method for albedo described below is then applied only to pixels identified
as show (i.e., containing more than 50 % of snow).

3.2.1 From radiance to directional-hemispherical reflectance

From the description provided by Dumont et al. (2011), it is possible to relate
the directional-hemispherical reflectance, a, hereafter called spectral albedo, to the
2370
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radiance measured by MODIS, Lyops, by accounting for the anisotropy factor
R(6s,60,,®,,1.), as follow:

ﬂLMODIS(éw d;v”lc)
Es(’lc) Ccos QSR(QW 95’ ¢v’ ’1c) + Ediff(’lc)

a(by,4;) = (1)

where 6, and ¢,, are, the viewing zenith and azimuth angle, respectively, expressed
in the reference frame attached to the pixel of the glacier and aligned with the azimuth
of the sun. E4(1) and Egyx(1;) are the direct and diffuse solar irradiances at ground
level, respectively. a(6,4) is the spectral albedo of the pixel. LMOD,S(éV,év,AC) is the
corrected MODIS radiance in the spectral band centred at A...

The anisotropy factor of snow and ice surfaces, R(,,6,,®,,A;), was estimated
using measurements of the BRDF obtained over snow and ice with a spectro-
gonioradiometer as explained in Dumont et al. (2010).

3.2.2 From directional-hemispherical reflectance to broadband albedo

The broadband albedo is inferred from the seven spectral albedo based on Look-Up-
Tables (LUTs) generated using DISORT (Stamnes et al., 1988) as described in Du-
mont et al. (2011). One LUT was produced for each of the two main classes of targets,
namely ice and snow. The LUTs gather spectral albedo values simulated using DIS-
ORT when varying the snow Surface Specific Area (SSA) (Domine et al., 2007), the
soot content and the incident zenith angle. Table 3 provides details about the varying
parameters used to create both LUTs.

It becomes then possible to quantify the departure between the measured spectral
albedo and each theoretical spectrum stored in the LUT. In turn, this provides a means
to infer a full spectrum based on discrete spectral albedo measurements.

The computation follows the steps outlined below:
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. Using the DISORT LUTs, the values of SSA and soot content that minimize the

spectral distance below are found

dyis = \I % > (amopis() - apisorT(1)))? (2)

i=(1,2,4)

The band 3 (blue) is not used here because it revealed for being too much affected
by atmospheric scattering.

. Using the DISORT LUTs, the values of Surface Specific Area (SSA) that minimize

the spectral distance below are found

6
dRr = \I % 2 (@mopis(A/) - apisort(4)))? (3)
i=5

. The two spectral distances above are computed for each spectrum stored in both

LUTs associated with snow and ice targets. The discrimination between snow and

. .. .. 2 2 2 2 .
ice is inferred from the minimum of dVIS,snow + le,snOW and dVIS,ice + dIR,ice’ which

indicates the best matching spectrum.

. Based on the best matching spectrum created with DISORT, the spectral albedo is

known over the whole spectrum. It is then integrated with weights that correspond
to the ground irradiance modelled by SPCTRAL2 (Bird and Riordan, 1986), thus
yielding an estimate of the broadband albedo value.

This method allowed the contrasting optical properties of snow and ice to be accom-
modated. Indeed, the soot content mainly influences the albedo in the first part of the
solar spectrum (up to around 1 um), whereas the albedo in the second part of the solar

20 spectrum is mainly influenced by the value of the SSA (Warren and Wiscombe, 1980).

Since the penetration of light is generally decreasing as the wavelength increases, the
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SSA value retrieved in step 1 corresponds to a “mean” value for the first centimeters of
the snowpack whereas the SSA value retrieved in step 2 reflects more the conditions
very close to the surface (Li et al., 2001).

As outlined above, the use of DISORT provides a means to compute the spectral
albedo value of the snowpack from the SSA and soot content. The broadband albedo
value corresponding to the actual ground irradiance (hereafter called clear sky albedo)
can thus be obtained. In addition, it becomes possible to estimate a value of the dif-
fuse albedo (albedo of the same surface under diffuse illumination only). Such a diffuse
albedo value is useful since it allows the evolution of the surface to be studied indepen-
dently of the seasonal variations of the solar zenith angle. This diffuse albedo will be
referred as diffuse equivalent albedo in the following.

Alternative conversion methods have been tested to assess the relevance of the
algorithm described above. Greuell and Oerlemans (2004) proposed two quadratic
combinations of MODIS spectral bands 1, 2 and 4 to estimate the broadband albedo
value. From their work we selected only Eq. (4) below as it proved to provide the best
results in our case study:

Ay =0.734ayiopis 1 — 0'717G§AODIS,1

u
+0.428ay0pis 2 + 0-4580% 0, 4 + 0011 ayopis 4 |n(?ef) (4)

where v is the water column vapour and v, its reference value. The former was esti-
mated directly from the MODIS image as explained in Sirguey et al. (2009).

4 Evaluation of the method and discussions

The method described above has been applied to MODIS images acquired during
summers 2008 and 2009. They were selected to match the dates when ground mea-
surements were available and cloud cover was minimal.
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4.1 Accuracy assessment using field measurements

Albedos values retrieved from MODIS level 1B images at the location of the AWS were
compared to field measurements in 2008 and 2009 under several scenarios. These
scenarios come from different options at the different steps of the retrieval method: (i)
assuming that snow and ice are lambertian or not lambertian surfaces (herefater called
“Iso” and “Ani”, respectively); (ii) assuming that there is no terrain reflection or correct-
ing from the terrain reflections (herafter called “no topo” and “topo”, respectively); and
(iii) using Eq. (4) or DISORT LUTs for spectral conversion (hereafter called “Eg4” and
“Disort”, respectively). In addition, the albedo values provided by MOD10A1 products
were also compared to field measurements.

Table 4 provides the statistics of the differences between the MODIS derived albedo
based on the different methods and values measured at the AWSs. Figure 2 illustrates
the dispersion between measured and MODIS-derived albedo values for the selected
methods. From these results, the effect of the different hypothesis (e.g. lambertian vs.
non lambertian surfaces, topographic vs. non topographic correction) on the retrieved
albedo values can be characterized.

In every case, accounting for the anisotropy of the radiation reflected by snow pro-
vides better performance. The correction of multiple reflections due to surrounding
slopes (i.e., “topo” vs. “no topo” in Table 4) also noticeably improved the retrieved value.
Correcting for the surrounding terrain reflections made the RMSD between MODIS-
retrieved and measured albedo values improved by 8.5 % (from 0.118 to 0.108) in the
case of Eq. (4) and 19 % using DISORT (from 0.069 to 0.058, not shown in Table 4) un-
der the assumption that surfaces are Lambertian. When accounting for the anisotropic
reflectance the RMSD is improved by 3.9 % (from 0.103 to 0.99) in the case of Eq. (4)
and 3.8 % using DISORT (from 0.054 to 0.052, results with DISORT, anisotropy correc-
tions and no topographic correction are not presented in Table 4). Nevertheless, taking
into account the anisotropic reflectance highly impacts the performance of the albedo
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retrieval. This sole correction made the RMSD decrease about 10 % all other things
being equal.

From Fig. 2, the coefficient of determination r? for each method is significant. It
culminates for the methods using Eq. (4), relying on spectral albedo being corrected for
anisotropic reflectance. Ignoring the increased radiation due to the surrounding slopes
introduced a positive bias since the retrieved radiance and in turn the corresponding
albedo values are higher. Notwithstanding the better correlations obtained from Eq. (4),
Table 4 reveals that these lesser dispersion in comparison with methods based on
DISORT are obtained at the cost of a considerable loss of accuracy. Indeed, all other
things being equal, the use of the DISORT-based method yielded a decrease of the
RMSD by over 45 %.

Finally, the albedo provided in the MOD10 data product exhibited the largest RMSD
value (Table 4). The positive bias of 0.117 although substantial could have been ex-
pected due to the type of albedo being retrieved in this global product. In considering
the directional-hemispheric reflectance only, Klein and Stroeve (2002) ignored the ad-
ditional diffuse radiation. The underestimation of irradiance logically results in an over-
estimation of the albedo value when compared to the bi-hemispherical albedo being
measured at the AWS and used as a reference in this comparison.

From these results, the method based on DISORT and combining topographic and
anisotropy corrections provided the better agreement with albedo values measured
in the field. Therefore, this method was preferred and is the basis of all the results
presented hereafter.

4.2 Comparison between MODIS and terrestrial photographs albedo maps

The maps of albedo retrieved from MODIS data were compared with the correspond-
ing maps of albedo derived from terrestrial photographs (Dumont et al., 2011). This
allowed the robustness and the spatial distribution of the computed broadband albedo
to be evaluated. The original broadband albedo values from terrestrial photographs
at a spatial resolution of 10m were first interpolated to fill missing values and then
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re-sampled using a true mean at 250 m. The terrestrial photographs having an accu-
racy on the albedo values estimated at 10 % at 10 m spatial resolution, the accuracy of
the maps resampled at 250 m is around 1 %. Thus, these maps provide an almost true
reference to evaluated MODIS data.

Differences between maps of albedo derived from MODIS and terrestrial pho-
tographs are illustrated in Fig. 3 which presents for each 250 m pixel of the glacier
the mean difference and the RMSD for 13 dates over the summers 2008 and 2009.
The RMSD over Saint Sorlin Glacier is 0.088, which is comparable to the accuracy of
the albedo retrieved from terrestrial photographs (Dumont et al., 2011). In addition, the
mean difference between MODIS and terrestrial photographs is 0.03, demonstrating
that the difference between the both datasets is barely biased.

However, those differences exhibit some spatial pattern worth to discuss (Fig. 3). The
differences between the albedo on MODIS and terrestrial photo maps are generally
higher on the edges of the glacier than in the central parts of the glacier. We believe
that this may be due to artifacts associated with the spatial resolution of the DEMs used
during the topographic correction. For the terrestrial photos, the original resolution was
10 m, much finer than the 250 m pixel size obtained from MODIS images. In turn, a pixel
of the DEM at 250 m fails to represent the spatial variability of the slope within its area
(6.25 ha) while the pixel of the 10 m DEM used for the topographic corrections in the
method using terrestrial photographs achieves such representation down to 0.1 ha. In
conjunction, the standard deviation of the slope is higher on the edges of the glacier
than in the centre. As the slope has an influence on the amount of both reflected and
incident radiation, depending on the illumination geometry (sun elevation, azimuth and
terrain aspect), the loss of accuracy in the slope within a 250 m pixel propagates to
the estimated albedo, thereby increasing its variance. Such variation being nonlinear
with respect to the slope can explain that the mean slope is not adequate to yield
a mean albedo, thus increasing the discrepancies on the edges, where the slope varies
substantially. A second and not less significant explanation for the loss of accuracy
close to the edges of the glacier may be that such pixels are often mixture of several
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materials (i.e. snow/ice and rock). As the method presented to retrieve the albedo does
not take into account the presence of rock, the accuracy of the method is expected to
decrease when the glacier surface comprises an important debris cover.

4.3 Error sources
4.3.1 Cloud detection

Before processing MODIS images, only those with a limited cloud cover were used. An
automatic cloud detection based on MODIS reflective and emissive bands was imple-
mented in the algorithm (Sirguey et al., 2009), before proceeding to the topographic
correction of MODIS bands one to seven. Pixels identified as cloudy were not included
in the computation of spectral albedos. In their visual inspection of MODIS images,
Sirguey et al. (2009) reported that some problem of classifications sometimes happen
between snow and clouds at the edges of the snow cover. The conclusion about the
efficiency of the cloud detection method in the present study is the same.

4.3.2 Atmospheric correction

The atmospheric model used in this study is an adaptation of the single layer SPC-
TRAL2 model (Bird and Riordan, 1986), and is described in more details by Sirguey
et al. (2009). To assess its performance at estimating the different irradiance contri-
butions, Sirguey et al. (2009) conducted a thorough comparison with outputs from the
more comprehensive 6S model (Vermote et al., 1997). RMSEs were computed be-
tween the two datasets for direct and diffuse solar irradiance, diffuse environmental
irradiance, and atmospheric intrinsic radiance. Discrepancies generally less than 10 %
compared to the output of the 6S model in the seven MODIS spectral bands justified
implementing the much simpler SPCTRAL2 model in this study. Further testing with
data collected on Saint Sorlin Glacier confirmed the good agreement of this irradiance
model (Dumont et al., 2011).
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4.3.3 Geolocation

The albedo retrieved from MODIS images is sensitive to the good registration between
the satellite image and the DEM. Aster DEM is known to have a £30m planimetric
accuracy (http://www.ersdac.or.jp/GDEM/E/), while MODIS images are registered with
a £50m planimetric accuracy (Wolfe et al., 2002). To evaluate the impact of DEM
and/or image mis-registration on the retrieved albedo, the Aster DEM was translated
horizontally by 100 m. This yielded differences in the accumulation area up to RMSD
<0.06, where the albedo is higher and the terrain is more rugged. In the ablation area,
where the slope is less variable and ice replaces snow during the summer, values
are less sensitive to the mis-registration (RMSD < 0.03). This stresses the fact that the
albedo retrieval method remains substantially sensitive to mis-registration between the
image and the DEM especially where the slope is important and/or in highly irregular
terrain.

4.3.4 On the grain size retrieval and the anisotropy correction

The anisotropy correction used in this work remains based on measurements and does
not take into account variations of anisotropy factors due to grains size and shape. More
sophisticated models accounting for the shape of grains (Zege et al., 2011) have been
used for snow grain size, impurity content, and albedo retrieval. Nevertheless, it was
believed unnecessary to implement a more comprehensive anisotropy correction be-
cause: (i) due to the accuracy of our method, considering the shape of the grains would
not bring significant improvements; and (ii) despite the effect of surface roughness on
the albedo (Hudson and Warren, 2007; Zhuravlela and Kokhanovsky, 2011), this pa-
rameter is ignored by Zege et al. (2011). Such refinements (i.e. detailed BDRF models
accounting for the shapes of grains and for the surface roughness) will be the subject
of future work.
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5 Application to Saint Sorlin Glacier from 2000 to 2009

Ten years (2000—2009) of MODIS data have been processed on Saint Sorlin Glacier
using the algorithm presented and assessed in the previous sections, namely using
topographic and anisotropy corrections and DISORT. Cloud-free images were selected
over the period from May to October in order to cover the whole ablation period. This
represents a total of 405 maps of albedo over ten years.

Figure 4 shows an example of albedo map obtained on 16 July 2007. All the coloured
pixels are the one used hereafter for computing the average glacier albedo. Values of
the pixel indicated by a cross in Fig. 4 were used to monitor the albedo relative to the
ablation zone.

5.1 The albedo of the ablation zone

Figure 5 shows the evolution of surface albedo for the pixel in the centre of the ablation
zone of the glacier represented with a plus on Fig. 4, from July to mid-September,
when the glacier surface is generally comprised of bare ice. The albedo presented
here is the diffuse equivalent albedo as explained in Sect. 3.2.2. Consequently, this
albedo is not affected by the illumination conditions and only reflects the evolution of the
surface. Since maps of albedo are produced on an irregular temporal basis resulting
from possible cloud cover, averaging maps over time makes little physical sense. In
addition, to grasp the evolution of the albedo of ice, the effect of snowfall during the
period must be avoid. Figure 5 therefore plots the minimum value of the albedo for
a ten-day moving window calculated every fifth day.

Figure 5 suggests that there was no obvious trend of decrease in the typical albedo
of ice during this decade. This was similar for all other pixels of the ablation zone.
This contrasts with a study on Morteratsch Glacier (Swiss Alps) whereby Oerlemans
et al. (2009) reported a decrease in the albedo of ice from 0.32 to 0.15 over the period
2001 to 2006. This decrease was believed to be caused by an enhanced deposition
of dust from lateral moraines on the glacier surface. In this context, the topography
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of the ablation zone of Saint Sorlin glacier is different as the terminus is quite wide
regarding to the length of the glacier, and lateral moraines are smaller compared to
those of the Morteratsch Glacier. This difference could explain the contrasting trends
in the evolution of the albedo for both glaciers.

5.2 Albedo and mass balance

We now consider the evolution of the albedo averaged over the whole glacier surface.
The pixels chosen for averaging are coloured in Fig. 4 and entirely included within the
glacier outlines, 29 pixels in total. Potentially mixed pixels on the right hand side of the
ablation zone were ignored to reduce biases. In this section, only images for which
none of the selected pixels were cloudy were considered.

Figure 6a shows the measured annual mass balance versus of the annual minimum
value of this mean surface albedo (clear sky and diffuse equivalent) for each year of
the 2000—-2009 period. The annual mass balance values were obtained from field mea-
surements and are reported with a RMSD of 200 kg m~2 (Cogley and Adams, 1998).
The RMSD of the mean albedo values, computed as 0.052/\/29, are also indicated
in Fig. 6a. The red crosses are for the clear sky albedo value whereas the blue dia-
monds are for the diffuse equivalent albedo. The coefficient of determination between
the albedo and the mass balance is 91.6 % for the clear sky albedo and 94.6 % for the
diffuse equivalent albedo. When disregarding the year 2001, the only positive mass
balance value, the coefficient of determination is 89.3 % for the clear sky albedo and
89.6 % for the diffuse equivalent albedo. The minimum albedo for year 2002 is the one
with the poorest fit to the regression line calculated using the method from York et al.
(2004), i.e., taking into account the error for each variable.

Figure 6b also illustrates a significant and strong anti-correlation between the annual
mass balance and the ELA (Rabatel et al., 2005). To facilitate the identification of the
ELA on Landsat and SPOT satellite images, a spectral bands combination has been
used (5, 4, 2 for Landsat and 4, 3, 1 for SPOT). Then, the ELA has been delineated
manually and its average altitude computed using the ASTER DEM. The error on the
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ELA calculation results from the accuracy of the DEM, the pixel size of the images
(ranging between 10 and 30 m), the slope of the glacier at the level of the ELA, and
the standard deviation of the calculation of the average ELA along its delineation. The
latter is the most important contributor. The RMSD for the ELA and the mass balance
are reported on the graph. The coefficient of determination between the ELA and the
mass balance is 94.7 %. All the correlation coefficients in Fig. 6 are significant at the
95 % confidence level.

The strong correlation shown in Fig. 6 is physically based. Indeed, the date of the
minimum albedo is close to the date when the snowline has reached its uppermost
position and so to the date when the snowline can be considered as an good indicator
of the equilibrium-line (Rabatel et al., 2005, 2008). For each year, this date ranges
between mid-August and mid-September. At this date the mean albedo of the glacier is
then representative of the relative share of areas between the ablation zone (made of
ice) and the accumulation zone (covered with snow). The best correlation is obtained
for the diffuse equivalent albedo which confirms our choice to use this variable instead
of the clear sky albedo to monitor the glacier surface conditions. The departure of year
2002 from the regression line may be explained by the snowy end of the summer on
this year. Indeed as shown in Fig. 4, the albedo of the ablation zone reaches minimum
values higher than 0.5 in August. This indicates that there were several periods of
snowy weather. Most of the MODIS data from this period were not usable due to clouds.
This may also have prevented satellite observation to be obtained for the day where
the snowline is the highest. This illustrates one of the limitations of the methods which
is inherent to the use of visible images.

While the correlation obtained between the albedo and the mass balance compares
to that with the ELA, we believe that the albedo contains more information about the
surface of the glacier than the ELA does. In addition, the configuration of the glacier,
with several orientations in the accumulation zone may complicate the determination
of the mean ELA.
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These results further stress the significance of the albedo on the mass balance of
this kind of alpine glaciers (Dumont et al., 2012). The strong linear correlation shown in
Fig. 6 proves that mass balance variations may be inferred from the minimum albedo
of the glacier during the ablation season. This hypothesis would however benefit from
being tested on several glaciers under different climates and this work should be pur-
sued in this direction. The method proposed here for retrieving interannual variations
of mass balance is comparable to the study made by Greuell et al. (2007) on the Sval-
bard glaciers and on the method proposed by Rabatel et al. (2005, 2008) to retrieve
the mass balance variations from the ELA.

6 Conclusions

This study presents a new method to retrieve glacier broadband albedo from MODIS
images at 250 m resolution under clear-sky conditions based on previous work of Sir-
guey et al. (2009) and Dumont et al. (2011). Broadband albedo over the entire solar
spectrum is computed by taking into account rugged topography, as well as snow and
ice anisotropy. The narrow-to-broadband conversion is performed by minimizing the
distance to spectral forms computed by the DISORT radiative model and is shown to
be more efficient than other existing equations (Greuell and Oerlemans, 2004). RMSD
between measured and MODIS retrieved albedo is £0.052 or about 10 % relative er-
ror. In comparison, the RMSD found for the MOD10 snow albedo product is about
three times higher. Comparison between MODIS and terrestrial photographs albedo
maps also revealed a good temporal consistence between the two data sets. The main
source of errors may stem from a mis-registration between the satellite image and the
DEM used for topographic correction, the presence of mixed pixels (including ice/snow
and rocks/debris), and/or the presence of undetected clouds.

This method has been applied over ten years of MODIS data (2000-2009) on Saint
Sorlin Glacier. No obvious decreasing trend could be detected relative to the typical
summer surface albedo in the ablation zone. This contrasts with results reported by
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Oerlemans et al. (2009) on Morteratsch Glacier whereby the surface albedo exhibited
a significant decrease over the period 2001-2006. In addition, the annual mass bal-
ance of Saint Sorlin Glacier was compared with the minimum albedo value (spatial
averaged over the whole glacier) observed with MODIS during the ablation season.
A strong linear correlation exists between the two variables. Furthermore, the period
when the albedo reaches a minimum over the glacier closely corresponds to the time
at which the snowline is found to be at its highest elevation and is thus considered as
a good indicator of the glacier equilibrium-line. This suggests that the strong correlation
can be explained by the fact that this minimal albedo contains a high degree of infor-
mation regarding the relative share of areal surfaces between the ablation zone (i.e.
bare ice with a generally lower albedo) and the accumulation zone (i.e. snow covered
with a relatively high albedo).

This work has to be extended to other glaciers and climates and it could therefore
be of great use to monitor and understand the energy balance of several glaciers over
the ablation season and its sensitivity to climate change. One of the limitations of the
method is that it may not work on debris covered glaciers, at least to compute the
mass balance of glaciers with a debris covered-terminus. The high linear correlation
between the minimum albedo and the annual mass balance can be used to retrieve
inter-annual variations of the glacier mass balance. Many other possible uses of these
albedo maps exist. For instance they can be useful to investigate the mid-term temporal
trends of the glacier albedo in relationship with climate trends or for the assimilationof
albedo values in surface energy balance models to improve the simulation of spatially
distributed glacier mass balance (Dumont et al., 2012).
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Table 1. Description of the MODIS products used in this study.

Product name

Description

MODO02QKM
MODO02HKM
MODO021KM
MODO03

MOD10A1

Reflectance at the top of the atmosphere, for bands 1 and 2, at 250 m
Reflectance at the top of the atmosphere, for bands 3 to 7, at 500 m
Reflectance at the top of the atmosphere, for bands 8 to 36, at 1 km
Geolocation, geometry and topography parameters, such as solar and
sensor azimuths and zeniths

Daily snow cover (albedo, lake ice, snow cover) L3 500 m grid
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Table 3. Description of the DISORT Look-Up-Tables used to infer SSA and soot content from mass balance

spectral albedo values. The SSA range chosen for snow is the maximum range found in the

literature (Domine et al., 2007). The soot content is based on the one described in Gardner © M. Dumont et al.
and Sharp (2010). The parameters for ice were chosen so that the range of spectral albedo §
corresponds to the measured ice albedo range found in the literature (Gardner and Sharp, 7
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Table 4. Comparison between albedo values retrieved from MODIS and field measured albedo
values for summers 2008 and 2009. In the methods, “Iso” means that snow and ice were con-
sidered as lambertian whereas “Ani” means that an anisotropy correction was applied. “topo”
vs “no topo” is relative to the correction of the multiples reflections due to surrounding slopes.
“Eq4” is relative to the use of Eq. (4) for the narrow-to-broadband conversion whereas “disort”
refers to the method describes in Sect. 3.2.2. The statistics given in this table are: b for the
mean difference between MODIS albedo values and the measured values, rmsd stands for the
Root Mean Square Deviation between both values and n is the mean absolute relative error in
percent. The last two lines of the table indicate the number of pixels used in the statistics for
MOD10A1 and for all the other methods based on MODO02. This number is lower for MOD10
since in many cases the glacier pixels were misclassified as land or cloud.

Method Summer 2008 Summer 2009 All

Iso b =-0.085 -0.066 -0.076
Eq4 rmsd = 0.145 0.073 0.118
no topo n=28.0% 23.6 29.4
Ani -0.062 —-0.048 —-0.056
Eq4 0.130 0.056 0.103
no topo 23.9 17.7 25.6
Iso -0.035 -0.039 -0.037
Eq4 0.138 0.051 0.108
topo 24.5 15.9 20.6
Ani -0.017 -0.024 -0.020
Eq4 0.129 0.035 0.099
topo 21.7 111 16.9
Iso -0.017 0.018 -0.000
Disort 0.056 0.061 0.058
topo 10.8 15.9 13.2
Ani -0.000 0.030 0.014
Disort 0.050 0.054 0.052
topo 10.4 12.2 11.2
0.131 0.095 0.117
MOD10 0.219 0.102 0.184
26.8 28.6 27.5
N, mod10 17 10 27
N, mod02 24 21 45
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Fig. 1. Map of Saint Sorlin Glacier. Location of the AWS used for validation during summer
2008 and summer 2009 are indicated on the glacier. The cameras take photographs from the
hut. Etendard peak is also indicated.
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Fig. 2. Measured broadband albedo values versus MODIS retrieved albedo. The different sym-
bols are for 1/diamonds, accumulation zone, summer 2008, 2/circles, ablation zone, summer
2008 and 3/crosses, ablation zone, summer 2009. The colours correspond to the method used
to retrieve the albedo value and the determination coefficient, 2, for each of the methods is
also given in the legend of the figure. The 1: 1 ratio line is indicated in grey.

2394

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

TCD
6, 2363-2398, 2012

Glacier albedo and
mass balance

M. Dumont et al.

10


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/2363/2012/tcd-6-2363-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/2363/2012/tcd-6-2363-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

(a) Pixel RMSD - MODIS vs photos (b) Pixel mean difference - MODIS vs photos

Fig. 3. Comparison between albedo retrieved from MODIS and terrestrial photographs.
(a) RMSD for each pixel of the glacier for 13 epochs over summer 2008 and summer 2009.
(b) Mean difference for each pixel for the same 13 epochs. RMSD and difference are indicated
in albedo values. The contour of the glacier as it was measured in 2003 is also indicated with
the thick black line on the two charts.
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Fig. 4. Clear sky albedo retrieved from MODIS on 16 July 2007. This map has been retrieved
using anisotropic/topographic corrections and DISORT. The pixel indicated by the plus is the
pixel used for the monitoring of the albedo in the ablation zone. All the coloured pixels are used

to compute the mean albedo of the glacier.
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Fig. 5. Minimum diffuse equivalent albedo retrieved from MODIS data in the ablation zone for
summers 2000-2009. This figure shows the evolution of the minimum albedo of one pixel of
the ablation zone, the crossed pixel in Fig. 4. It shows minimum value of albedo over 10 days
each 5 days.
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