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Abstract. Accurate knowledge of temperate glacier mass The broadband bihemispherical reflectance of a surface
balance is essential to understand the relationship betweefBonnefoy, 2001) — referred to as albedo in the following
glacier and climate. Defined as the reflected fraction of in-— is defined as the fraction of the incident irradiance that is
cident radiation over the whole solar spectrum, the surfaceeflected by the surface over the whole solar spectrum. Thus,
broadband albedo is one of the most important variable in ghe albedo governs the amount of shortwave radiation that
glacier's mass balance. This study presents a new method tie effectively absorbed by the material. Since shortwave ra-
retrieve the albedo of frozen surfaces from terrestrial pho-diation plays a major role in the energy budget of temper-
tography at visible and near infrared wavelengths. Thisate glaciers (Sicart et al., 2008; Slaymaker and Kelly, 2007,
method accounts for the anisotropic reflectance of snow ang. 57), the albedo is one of the leading variables controlling
ice surfaces and uses a radiative transfer model for narrowthe energy balance (Six et al., 2009). Consequently, an accu-
to-broadband conversion. The accuracy of the method wasate estimation of the surface albedo is essential to compute
assessed using concomitant measurements of albedo dwerrectly the mass balance of glaciers.

ing the summers 2008 and 2009 on Saint Sorlin Glacier
(Grandes Rousses, France). These albedo measurements g

performed at two locations on the glacier, one in the abla-SnOW down to around 20 % for dirty ice (Warren, 1982; Oer-

tlon_ area and_ the other in the accumulatlon_ zone, with a Nefomans and Knap, 1998). These variations are due princi-
radiometer Kipp and Zonen CNR1. The main sources of un-

. . . : ally to the variability in size and shape of the ice grains,
certainty are associated with the presence of high clouds anﬁ1e distribution, type, and content of impurities, the surface
the georeferencing of the photographs. ' ' !

roughness, the liquid water content, and the characteristics
of the irradiance (Warren, 1982; Aoki et al., 2007; Jin et al.,
2008; Dozier et al., 2009). In the context of modeling the
mass balance of glaciers and/or modeling global climate,
spatial and temporal estimates of the albedo of ice and snow
The energy transfer at the surface of a glacier is controllec®® required. In practice, this variable is often parameterized
by meteorological variables (e.g., air temperature and hu{Hock, 2005; Gard.ner and Sharp, 2010). However, aIbgdp
midity profiles, wind speed) as well as surface variablesvalues obtained with such empirical methods often exhibit

(e.g., albedo, surface temperature, surface roughness) (Hocﬁybstantial discrepancies with ground measurements (Peder-

2005). Temperate glaciers, which are characterized byatems—en and Winther, 2(;)0(15)' gher?fore, F:jore systjematic mea-
perature being close to the melting point (Paterson, 19945U'€Ments are needed to develop, validate, and improve pa-

p. 12), are very sensitive to these variables (Vincent, 2002). rameterizations schemes.

The albedo of glaciers is highly variable, both temporally
Ha spatially. It can range from more than 90 % for fresh

1 Introduction

Terrestrial and spaceborne remote sensing has proven to
be a desirable and efficient way to monitor the temporal and

Correspondence to: M. Dumont spatial variations of snow properties (Corripio, 2004; Dozier
BY

(marie.dumont@meteo.fr) etal., 2009). For instance, studies have reported on the use of
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remote sensing to retrieve snow albedo (Dozier et al., 2009)2 Definitions
fraction of snow covered area (Sirguey et al., 2009), or grain
size (Lyapustin et al., 2009; Jin et al., 2008). The retrieval The Bidirectional Reflectance Distribution Function (BRDF)
of snow and ice albedo from remote sensing techniques i® (¢, $i. 6, ¢v, ) is defined as the ratio between the radiance
based on the combination of measured spectral reflectanck(®i, ¢i,0v,¢v, ) reflected upward in the viewing direction
which often implies errors larger than 10% (Dozier et al., (v, ¢v) and the irradiance of a collimated bean(o;, ¢i, )
20009). originating from the incident directio(®;, ¢i) (Schaepman-

In addition it has been shown that ignoring the anisotropicStrub et al., 2006; Nicodemus et al., 1977). Thus, the BRDF
reflection pattern of snow surfaces in the computation ofis formulated as
albedo can introduce an additional error on the order of L(6i,¢i,0y, vy, A)
10%, especially when the incident solar zenith angle isp(9i1¢i’9Vf¢V’)‘):F(9i—M’ @)
high (Painter and Dozier, 2004; Hudson et al., 2006; Du- . A .
mont et al., 2010). Most of these studies propose differentvherei is the wavelengtht; andéy (< [0, 90°]) are the zenith
solutions to address the two main difficulties encountered®ndles of the incident and viewing directions, respectively,
while converting remote sensing reflectance measurementgi @ndéy(€ [0,360]) are the corresponding azimuth angles.
into albedo values: (i) the fact that snow and ice are not Lam-The relative geometry of the source, the target, and the sensor

bertian surfaces, meaning that the reflected radiance varig§ illustrated in Fig. 1. _ _ o
over the overlying hemisphere (Hudson et al., 2006, 2010; N general, the relative azimuthy —¢i is sufficient to de-
Lyapustin et al., 2009): (ii) the conversion from narrow band SCfibe the BRDF (Warren et al., 1998). In addition, when

measurements to broadband values required when computir{?ere is no preferred orientation of the surface roughness in
the radiative budget of the surface. the azimuth direction, the BRDF can be considered to be

Corripio (2004) developed a method to retrieve g|aciersymmetrip with rgspect to the solar principal plane. The lat-
albedo from terrestrial photography that addressed the topot-er contains the incident beam gnd the normal to the surface
graphic effects on incident and reflected radiation. Neverthe{Hudson et al., 2006). Accordingly, the BRDF can be as-
less, this method does not take into account the anisotropy ofumed to depend only on the absolute value of the relative
the surface. In addition, it requires at least one measuremefzimuth.¢=¢i—¢y|.
of albedo to be made in the field at a location visible in the _The spectral albedar(6;,), also referred to as the
image to estimate the albedo in the remaining pixels. Thigdirectional-hemispherical reflectance_ (Nlcodgmus et al.,
shortcoming arises from the fact that the system designed977; Schaepman-Strub et al., 2006), is the ratio between the
by Corripio (2004) is not readily capable of providing es- reflected_ ra_dlant flux_ integrated over the upper hemisphere
timates of the spectral ground reflectance to allow a direc@nd the incident collimated flux as a function of the wave-
spectral conversion of the image into broadband albedo. IH€ngth. Using Eq. (1), the spectral albedo can be written
addressing most topographic and atmospheric effects on the 2t %
irradiance, Sirguey et al. (2009) proposed a method to rea(@i,k)zf / 06,6y, d,))co,Sinbydbyde. 2)
trieve spectral ground reflectance values in mountainous ter- 0 Jo
rain from remotely sensed data. Although this technique did In order to isolate the angular dependence of the
not readily implement the effect of directional reflectance, it snow surface reflection, the anisotropic reflectance factor
provided an incremental step towards the direct mapping ofR (6;,6y,¢,2) can be formed (Hudson et al., 2006). It mea-
the surface albedo in rugged terrain. sures the fraction of the radiant flux effectively reflected by

Building on the work of Corripio (2004) and Sirguey et al. the surface to that which would be reflected if the surface
(2009), this study reports on the design of a new method tavas perfectly diffuse (i.e., lambertian) under the same con-
retrieve glacier surface albedo from terrestrial photographydition of illumination. Thus,R is simply a normalization of
while accounting for the anisotropic reflectance of the frozenthe BRDF value given by
surface. In the first section, a precise definition of the albedo !

. . L . 0(6i,0y,0,2)
and the related radiometric quantities used in the paper ar® (6;,0y,¢,A) =7 ————=.
provided. The study site (Saint Sorlin Glacier, French Alps) o (6. 4)
and measurement devices are presented in Sect. 3. Sectioridthe case of lambertian surfacR¢9;, 6y, ¢, 1) is uniformly
describes the algorithm that was designed to map the albedequal to 1.
from visible and near IR digital photography of the glacier. The albedo represents the reflected fraction of the total
The results obtained with this method on the validation sitehemispherical incident flux integrated over the whole so-
during the 2008 and 2009 summers are presented in Sect. far spectrumA) (Bonnefoy, 2001). It identifies to the bi-
Finally, the advantages and accuracy of the method are didaemispherical reflectance defined by Schaepman-Strub et al.
cussed in Sect. 6. (2006) and integrated ovexi. It can be obtained by inte-

gration of the spectral albedo given in Eq. (2) weighted by
the incident spectral solar radianég(6;, ¢i, ) originating

®)
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Fig. 1. (a)Geometric configuration of the lighting and observation directi@imsDefinition of the relative geometry between a glacier pixel,
the sun, and the camera (adapted from Sirguey et al., 2009).

from an elementary solid angle in directiéf, ¢i). Thus,

S Table 1. Wavelengths of maximum spectral sensivity of the
the albedo is given by

two cameras. The measurements of camera spectral sensitivity
(Demircan et al., 2000) have been conducted using a monochro-
matic source and a spectro-gonioradiometer (Brissaud et al., 2004).
In this study, the spectral sensitivity of each channel is approxi-
mated by a Dirac delta distributiah,..

& JS a6 ) Li6, i, 1) codisinbidbid idh

A 7
T JE [2 Li(6r, i, 1) cospisinbid6id gid

(4)

In the following, the subscriptrefers to the viewing direc-
tion of the camera anglto the sun. Tilded angles are defined
in the reference frame attached to the considered pixel of the \visible EOS 400D
glacier (see Fig. 1b and Appendix A). Modified EOS 400D

Channelland4 Channel2 Channel 3

600 nm
680 nm

Camera

550 nm
710nm

480nm
830nm

3 Study site and instrumentation

September. The first camera is a standard off-the-shelf cam-
era based on a body Canon EOS 400D.2224.8 CMOS
sensor with 10.1 million effective pixels). The second (mod-

. . i ified EOS 400D) is also based on a EOS 400D body, but
France (Grandes Rousses area), Saint Sorlin Glacier Cove(g, <o sensor was modified to capture near-infrared radia-

3kn? (Fig. 2). The glacier extends from around 2700ma.s.|.tion (NIR). Table 1 provides the wavelengths of maximum

at its terminus to nearly 3500 ma.s.l. at Etendard peak. Its L :
. . Spectral sensitivity (Demircan et al., 2000) for each channel
mass balance has been monitored by the Laboratoire d P fvity ( I )

. . . . VB) of both . In thi h I
Glaciologie et de Geophysique de I'Environnement (LGGE,ﬁq ) of both cameras. In this study, the spectral sensitivity

LN f h channel i roxim Dir Ita distribution
Grenoble, France) for several decades (the monitoring prop each channel is approximated by a Dirac delta distributio

. : " “centered inc. Both cameras were equipped with a Canon
gram sta}rteq n 1957.) (Vincent, 2002). Much !nformauon EF 18 mm lens to provide a field of view encompassing the
about this site is available at http://www-Igge.ujf-grenaoble. whole glacier
fr/ServiceObs. . » I

. . A radiometric calibration of both cameras was conducted
A permanent Automatic Weather Station (AWS) set on the

. T o determine the response function of the sensors. The lat-
moraine (2700 ma.s.l., see location in Fig. 2) has recordecﬁ b

data si 2005. M ts of air t i er relates the digital number of a pixel in each channel to
ata since - Vieasurements of air temperature, préssurg, . spectral radiance received by the camera sefggsko
and relative humidity are used to compute the solar irradianc

3.1 Saint Sorlin Glacier

Situated by 45.10N and 6.10E in the Western Alps of

q ibed in Sect. 4 ?Grossberg and Nayar, 2004). It was measured under pre-
as described in Sect. 4. cisely controlled illumination using Lambertian surfaces of
known reflectance (Labsphé&rsamples). More details about

3.2 : L o
this calibration are given in Dumont et al. (2009).

Imaging radiometer system

Two digital cameras were set up next to a hut, above the
glacier tongue, nearby the permanent AWS (note the loca-
tion of the hut in Fig. 2). They imaged automatically the

whole glacier several times a day over the period from June to

www.the-cryosphere.net/5/759/2011/ The Cryosphere, 5, 759-771, 2011
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Saint Sorlin glacier

326500.0] ermanent QRN P L G2 b

326000.0]
325500.0]
325000.0]

324500.0]

\

/i 4

324000.0]

Projection Lambert IlI N 2500

| o 1 1 |
899500.0 900000.0 900500.0 901000.0 901500.0 902000.0 Elevation m.a.s.|

Fig. 2. 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.

3.3 Measurements of reference albedo NIR) of the glacier. In this study only clear-sky photographs
were considered so as to enable a simple model to be used

In order to assess the accuracy of the maps of albedo derivetdwards the computation of the solar irradiance at the ground

from the photographs, measurements of the albedo were colevel and to avoid cloud shadows on the surface of the glacier.

lected. Additional AWS were installed on the glacier during

the ablation season (i.e., summer). From June to Septembér1l Preliminary processing of the digital photographs

2008, two stations were set in the ablation and accumulation

areas, respectively. During summer 2009, a single AWS wad he digital photographs of the glacier were saved in raw for-
set in the ablation zone. The locations of the temporary stamatto avoid unwanted distortions of the DN values measured

tions are indicated in Fig. 2. by the camera sensor. Using the IRIS image processing soft-

These temporary stations were equipped with a net rgwvare (http://astrosurf.com/buil/), the 3 channels from each
diometer Kipp and Zonen CNR1. The two pyranome,[ersphotograph (i.e., visible and NIR) were isolated. Thus, mea-

facing upward and downward, respectively, were used tgSurements of spectral radiance for each central wavelength
measure the incident and reflected shortwave radiation (305&C (as indicated in Table 1) CO_Uld be obtained. _

2800 nm) with a 15 min time interval. The ratio of both quan-  BOth cameras are placed in a box. When replacing the
tities allowed the albedo of the surface to be estimated. ConMemory card and thus removing the cameras from their
sidering a possible tilt of the instrument with respect to the PoXes. @ slight tilt and/or translation may occur. Therefore,

surface of the glacier and the intrinsic accuracy of the sensof2h Photograph was rectified using the method described
in both directions £3 % in terms of Root Mean Square Er- In Corrlplo (2004) ar_1d a Digital Elevat_lon MOdEI (DEM_) _Of
ror (RMSE), Six et al., 2009), the expected accuracy of thethe glacier. To provide perfect co-registration of the visible

measured albedo value4s10 % (RMSE) (Kipp and Zonen, and near IR photographs, a co-georeferencing of both pho-

2009). The albedo reference data selected for estimation dP9raphs was conducted using manually identified ground
control points and then accounting from the tilt and/or trans-

the method accuracy have an illumination zenith angle vary-"~
ing from 25 to 65. lation of the cameras. _ o

The DEM of the glacier used in this study was generated
from airborne altimetric laser measurements performed on
6 August 2008. The horizontal and vertical accuracy of the
DEM is better than 50 cm. The original 1 m spatial sampling

Jvas resampled to create a DEM with 10 m pixel size using

4 Method

This section describes the method implemented to retrieve’®?. ) -
the albedo from two digital photographs (i.e., visible and & Pilinear interpolation.

The Cryosphere, 5, 759-771, 2011 www.the-cryosphere.net/5/759/2011/
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4.2 Calculation of the incident radiation contribute to the total irradiance received by a pixel of the
glacier. Both contributions involve multiple reflections be-

The photographic measurements are related to reflected raween the surface and the sky, and between adjacent slopes.
diation only. Since the albedo is the ratio between the re-These effects can be addressed by means of an iterative
flected and the incident radiant flux, it is necessary to eSmethod to estimate the incident ground irradiance (Sirguey
timate the spectral irradiance received by each pixel of theet al., 2009). At each iteration, the ground reflectamce),
glacier. The latter was estimated using the simple parametrignd ground irradiance are calculated for each pixel of the
transmittance model described in Sirguey et al. (2009). Thehoto (see also Sect. 4.3). They are used to update the inci-
ground spectral incident irradianég(2) is the sum of three  dent irradiance. The convergence of the method is discussed
contributions: in Sirguey et al. (2009). Considering Egs. (11), (23)—(25) in
Eg(h) = ES(A)cos§S+E(’§(k)+Et(k), (5) Sirguey et al. (2009), the ground incident radiation at each

) . o . iteration(i) can be written as
whereEs(2) is the direct solar irradiancé§ (1) is the total

diffuse irradiance on slope‘gt(k) is the irradiance reflected ED 11—~V (Ci+Cy)
by the adjacent slopes, a#ddis the illumination angle de- 9 1—q VG
fined as the relative angle between the normal to the surface (

(6)

and the solar direction (see Fig. 1b and Appendix A in this _
paper and Eqg. (6) in Sirguey et al., 2009).

_(i—1) 5
E;+ Eq+ EsCOS) coy
r al _S(,-,l) se ) |:Ts s+(1—Ts)Vd:|
—ag

coYs
4.2.1 Spectral solar irradiance +EsCOPs

_ . . . where the wavelength has been omitted for clarityy and
Es(2) is computed as the extra-terrestrial solar irradiancec, are the sky-view and terrain configuration factors, respec-
weighted by the sun-to-ground atmospheric transmittanc;ely Both were obtained from an analysis of the DEM as
Ts(») for each pixel of the DEM. Both are calculated Us- joscribed in Sirguey et al. (2009 is the solar zenith angle.
ing a modified version of the SPCTRAL2 radiative model p a4 are the downward Rayleigh and aerosols scattering
(Bird and Riordan, 1986) described in Sirguey et al. (2009).jdiance estimated using the modified SPCTRAL2 model.

The total water vapour column is derived from Prata (1996);_; ) is the environmental reflectance averaged on the whole
using air temperature, pressure, and relative humidity meagacier g (5.) is the mean terrain reflectance computed in the

sured near the terminus of the glacier by the permanent AW eighborhood of each pixel by means of a 1 km moving win-

(see Sect. 3). The aerosol optical depth has been measured, average.

several times on the glagier using a spn-photometer and is The effects of shadow were ignored and only parts of the

assumed to be constant in the study since the measured OBracier in direct sunlight were taken into account.

tical depth does not vary significantly between the different

days (measurements were performed at the same hour). The3  From measured radiance to spectral albedo

ozone total columns are obtained from the Ozone and Wa-

ter Vapour Group (OZWYV, http://www.esrl.noaa.gov/gmd/ We are now able to compute the irradiance received by each

ozwv) and this punctual measurement is considered to b@ixel of the glacier. To retrieve the albedo, we must also

valid for the whole extent of the study area. estimate the total reflected irradiance by each pixel from the
In terms of accuracy, Sirguey et al. (2009) demonstratedneasurement made by the cameras.

that this modified version of SPCTRAL2 was in very good

agreement with the more rigorous radiative model 6S (Ver-4-3.1 Radiance measured by the camera sensor

mote et al., 1997). Since spectral measurement of solar ir- i o ,

radiance were not available at the study site, the solar irra:r 0 re_:trleve_ the alb_edo, 't_ IS necessary to estimate th(_a total

diance estimated from SPCTRAL2 was integrated over thehemlspherlcal radiant exitance reflected by the considered

spectral domain (305-2800nm) and compared to the meapixel from the measurements obtained from the photographs.

surements from the CNR1 sensor installed on the moraine’ 'St the camera instantaneous field of view (IFOV) for

Individual measurements obtained over 10 days at a 60 mifd pixel is not infinitesimal so that the quantity measured by

sampling interval demonstrated that the discrepancies pethe camera is not truly a directional quantity. Nevertheless,

tween the two estimates was less than the inherent achhe IFOV is small (less than _I@sr). The_ effect of this solid
racy of the CNR1 sensor for incident irradiance (i3 % angle was accounted for while measuring the response func-

RMSE, Six et al., 2009) tion (Dumont et al., 2009). Therefore, the measurement can
’ B ' be assumed directional. Second, the reflected radiance is at-
4.2.2 Accounting for topographic effects tenuated by atmospheric content (mainly water vapour and

aerosols) before it reaches the camera. The pixel-to-sensor
As described in Eq. (5), both the diffuse environmental ir- transmittance was accounted for following the method de-
radiance and the irradiance reflected by the adjacent slopescribed in Corripio (2004). The horizontal transmittance was

www.the-cryosphere.net/5/759/2011/ The Cryosphere, 5, 759-771, 2011


http://www.esrl.noaa.gov/gmd/ozwv
http://www.esrl.noaa.gov/gmd/ozwv

764 M. Dumont et al.: Glacier albedo retrieval from terrestrial photography

computed using MODTRAN (Berk et al., 1989) with rural 4.4 From spectral reflectance to albedo

aerosol profile as a function of the distance between the cam-

era and the considered pixel. The previous section demonstrated how the spectral albedo
In the channel., the radiance originating from a pixel and Was estimated for each pixel of the glacier in the six wave-

measured by the camera depends on their relative orientatiofengths corresponding to the three channels of each camera.

This radianCGLphoto(év,ﬁv,)»c) is the sum of the reflections The fingl objective rema.ins to estimate the albedo (Eq. 4) for

of incident radiance.q(6;, ¢, A.c) originating from all the di- each pixel. Towards this goal, a narrowband to broadband

rections of the overlying hemisphere: conversion must be considered whereby the discrete values
o of spectral albedo are used to estimate the albedo with re-
Lphoto(6v, $v, Ac) (7)  spect to the whole spectrum.
2t % ~ B
=/ / Lg(0i,¢i,1c) p (01, 6y, i — by, hc) COPi SinGidbid i 4.4.1 Database of spectral albedo for snow and ice
0 0

As explained in Sect. 4.2, the ground incident irradianceTO perform this conversion, a database of spectral albedo for
accounts for a direct and a diffuse contributidiyi (%) can ~ Show and ice was created using the radiative transfer code
be inferred from Eq. (5) afiir (1) =E{’ (\)—Es(\)cosds. ~ DISORT (Stamnes et al., 1988). This database was created
Egitr(») is formed by the diffuse atmospheric radiation on With the Surface Specific Area (Legagneux et al., 2002) rang-
slope E}j(») (Sirguey et al., 2009), and the terrain reflected ing_from 30 to 150 nzlkg__l for snow while it was set to
irradianceE;(1). 1P kg1 for ice. Two kinds of impurities were taken into

The diffuse atmospheric contribution can be considered tc@ccount: mineral dust and soot. The imaginary part of the
be isotropic (Schaepman-Strub et al., 2006) and, in a first apsPectral refraction indices of impurities were obtained from
proximation, Ey(1) is assumed to be isotropic as well. Con- the Gestion et Etudes des Informations Spectroscopiques At-
sequently, the incident radiance originating from a directionmospheriques (GEISA) database (http://ether.ipsl.jussieu.fr/

(6,47 can be written as etherTypo/?id=950&L=0). Impurity content ranging from 0
to 200 ppm was used for mineral dust and from 0 to 100 ppm
Lo, i) = Es() o2 o)+ Editt (4) (8  forsoot. The database totalized the simulated spectral albedo
sindg %0 of 754 snow targets and 19 ice targets for 16 incident zenith

_ ) ) ) ~angles.
where Sg 0(9,¢) is the two-dimensional Delta dirac dis-
S»

tribution defined asaeg o(6:9)=0, (0—05)°+¢%#£0 and 442 Optimisation

f02” fo% 35 o0 d)dodp=1. For each pixel, the algorithm searches the database to find the

Indeeols: Eq. (8) verifies spectral albedo which minimizes the distance to the six spec-
tral albedos points estimated from the images. For most types
of snow and ice, we assume tha®,1)~h(1)g(0,1) where
g(0,2) is independent of the grain size (hypothesis 1). Fig-
ure 3 shows that hypothesis (1) is acceptable w800 nm

Iz 21
f ’ f Lg(6i,¢i,1)Sin6i coshidbid i = Es(A)coFs+ Eit (1) (9)
0 0

Consequent, and introduces a maximum uncertainty in terms of spectral
Lphoto(fy: bv: Ac) (10) albedo oft5 %. Sincer"® =830 nm, this hypothesis is ap-
~ - o~ . Egift (Ac) . plicable here.
= Es(Ac)COPsp (0s,0v, —dv, Ac) + d'f; Cay,re). Let [,, M(1)di be the numerator of Eq. (4). Using

Eq. (8), the radiant exitandd (1) can be expressed as

4.3.2 Snow and ice anisotropy MG) =

T

, L o z
Theﬂrst s_tepto perform towards the estlmat.|on ofthe albedoEs(/\)coysa(es,A)+2Edifff (61, 1) coBisinGid6i.  (12)
is to retrieve the spectral albedo as defined in Eq. (2). 0

Since p(0,0y,¢—y,A)=p(6y,0,dpv—¢,21) (Helmotz reci-
procity principle, Bonnefoy, 2001), rearranging Eq. (11) and
using Eq. (3) yields M) =

Using hypothesis (1), it comes that

7 Lphoto(Ov. v Ac) (11) h(3) [Esmcos?sg(és, A) + 2E git /0 *g(6r.2)cos Sin@ideii| . (13)

Ot(9~v, kc) = = v .
Es(Ac)CODsR (Oy, 05, Py, Ac) + Ediff (Ac)

g(0,)) was calculated from the analysis of the DISORT
R(0y,0s, ¢y, rc) was estimated using measurements ofdatabase of ice and snow for each impurity type and content.
the BRDF obtained over snow and ice with a spectro-The simulated value of the spectral albadfisort(6y,2i)
gonioradiometer as explained in Dumont et al. (2010). at each center wavelength and observation anglé\(, ¢)
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a) Pure snow b) Snow contaminated with soot, 1ppm
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, for six wavelentghs and as a function of the incident zenith afglé) Pure snow(b) snow contaminated

was calculated for all the targets in the database. Fomulation zone was still covered by snow whose albedo was
each pixel,hphoto(Ai) Was computed based on the estima- estimated to reach 0.7.

tion of the spectral albedo obtained from the photo (Eq. 11)

and the hypothesis (1). Then, the database was search&2 Comparison with measurements

to determine the target that minimized the spectral dis-

tance Sz\/Z?:l(hphoto(Ai)—hmgom(ki))z. The function
hpisort Of this target was used to estimafé (i) with
Eq. (13). Finally, the albedat could be obtained using
Eq. (4) for each pixel of the glacier.

The scatter plot in Fig. 5 shows the values of albedo re-

trieved from the terrestrial photography at the locations cor-

responding to the AWgRcumulatiorzoos and AW Sipiation2008

(see Fig. 2). Figure 5 shows the albedo retrieved based on
two hypothesis: (1) snow and ice were assumed to be Lam-
bertian surfaces; (2) the BRDF effects were not ignored and
the anisotropy factor described in Sect. 4.3.2 was considered.
Figure 6 is similar to Fig. 5 and illustrates the comparison

The retrieval algorithm was tested on the Saint Sorlin GlaciefP€tween the retrieved and measured albedo values during the
(Sect. 3) during the summers 2008 and 2009. The weathefummer 2009. During summer 2009, only one AWS was set
conditions enabled 12 pairs of photographs to be capture@n the glacier. Therefore, the time of the photography (i.e.,
during the summer 2008 (the acquisition time was betweerP9:00, 12:00 and 15:00 LT) is illustrated in Fig. 6 with differ-
12:00 and 13:00 LT), while 62 pairs were acquired during the€"t Symbols. - _

summer 2009. During summer 2009, acquisition times were The summary statistics between the aIbedp retrieved from
set at 09:00, 12:00 and 15:00LT in order to capture morelerrestrial photography and that measured with the AWS are
comparison points, as well as giving an opportunity to inves-Shown in Table 2. The distribution of the retrieved albedo

tigate the diurnal variation and the impact of the variations of @hiPits a non significant bias when the anisotropy factor is
the solar incident zenith angle on the retrieval method. Ref.considered. The bias is larger when the surfaces are assumed

erence values of albedo were measured simultaneously witfp b€ lambertian. Similarly, the root mean square deviation

5 Results

the AWS described in Sect. 3. (RMSE) values are generally reduced when using the correc-
tion for anisotropic effects. These statistics suggest a better
5.1 Estimated maps of albedo accuracy of the retrieved albedo when the anisotropy factor

is introduced compared to the lambertian assumption. The
Figure 4 shows two photographs of the surface of the glacie®9 % confidence intervals (Cl) for the RMSE were computed
captured by the unmodified camera on 12 June and 4 Augusis described in Sirguey (2009, Appendix B). When consider-
2009 along with the corresponding map of albedo estimatedng all sampled data (i.e., the total columns in Table 2), the CI
using the method described above. On 12 June, the wholér the RMSE values computed with and without anisotropic
surface was covered with snow. The albedo ranged from 0.3actor do not overlap. This demonstrates that the implemen-
(dirty old snow) near the terminus to 0.8 (fresh snow) at thetation of the anisotropy factor allowed the RMSE to be sig-
top of the glacier. On 4 August, most parts of the surfacenificantly reduced (at the 99 % confidence level).
exhibited dirty ice surfaces with albedo values as low as 0.3. In addition, Fig. 6 suggests that low albedo (ice) are over-
Only a fraction of the surface at high elevation in the accu-estimated by the method except for the photographs captured
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Fig. 4. Visible photography of the Saint Sorlin Glacier (left) and the derived albedo map (right) on 13 June 2009 1@pand 4 August
2009 12:00 LT(b).
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Fig. 5. Comparison between the albedo retrieved from terrestrial photography and the albedo measured by the AWS during the summer 2008.
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from the photographs while ignoring the anisotropic reflectance of snow and ice. The dots and crosses show the albedo estimated while
modelling the anisotropy.
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Table 2. Mean {n) and root mean square deviatiay) ©f the difference between the albedo retrieved from terrestrial photography and the
albedo measured at the AWS. The subscript iso corresponds to the results when ice and snow were assumed to be Lambertian surfaces. Tl
subscript ani corresponds to the results obtained while considering the anisotropy factor. The confidence intgt@ajs\@are computed

at the 99 % confidence level as explained in Sirguey (2009, Appendix B).

2008 2009

AWSaccu AWSgpa  total 09:00LT 12:00LT 15:00LT total
10Pmiss  —1.9 -23 —21 -38 1.3 2.1 -11
10Pmani  —14 -16 -15 -0.83 0.83 1.4 0.10
10%giso 4.8 5.2 5.0 7.6 5.0 4.4 6.4
10%qani 5.6 3.7 4.8 5.8 4.7 4.3 5.2

lOZCIiso [4.7,49] [5.1,54] [4951] [7578] [495.2] [43,46] [6.3,6.5]
102C|ani [5.5,5.7] [3.7,3.8] [47,49] [57,59] [4.6,48] [41,44] [51,53]

at 15:00LT. Figure 6 also reveals five points (20 July andimplementation of an anisotropic model of reflectance im-
20 June 09:00 and 12:00 LT, and 5 July 09:00) with very low proves the accuracy of the estimated value of albedo.

retrieved albedo values. Finally, on 3 July 09:00 and 2 July | Fig. 6, three data points collected on 3 July 09:00 LT and
09:00 and 15:00LT, the values of albedo are overestimatedy jyly 09:00 and 15:00 LT exhibit an overestimated albedo.
Possible explanations of these features are given in Sect. 6.t js pelieved that an error while georeferencing the pho-
tographs could have caused this difference. The glacier was
visited on 3 July and the AWS was located close to the tran-

To evaluate the spectral consistency of the retrieval algorithn‘?’Ient show I_m_e (Fig.7). Th_e latter _Ilne Is the boundgr_y k_)e-
ween remaining snow and ice and is close to the equilibrium

(i.e., to assess whether the retrieved spectral distribution of‘, h d of the ablati i f bal
aipnotd(+) is close to the simulated distributiomisorr()), o o e end B e aplation season ('“be ol zere ase .
a distancel between the spectral albedo retrieved from pho_ance). us, the difference in albedo above and below the

tography and that of the corresponding surface obtained fron‘\A‘WS was nqt negligible. Consequently, a slight error while
the DISORT simulation is defined. It is formulated as the g_eoreferencmg the photographs C_OUId have r?S“'t_ed in the re-
root mean square spectral difference between both quantitie'g.Ieval of the albgdo of old snow .(|nstead of dirty |ce). at the
as follows: pixel corresponding to the location of the AWS. This was
supported by the strong albedo gradient found at this loca-
18 tion on the map of albedo. In addition, the operator noticed
d= 6 Z(O‘photo@i) — apisorT(Ai))?. (14) the presence of a large amount of liquid water at this location
i=1

which might also have affected the accuracy of the algorithm.

d ranges from O to 1 and is homogeneous to a spectral albedo, The presence of high clouds (cirrus) could explain the
thus facilitating its interpretationd=0 indicates a perfect underestimation of the albedo on other dates (e.g., 20 July
match between the simulated and estimated spectral albedo89:00 and 12:00LT, 20 June 09:00 and 12:00 LT and 5 July
while d=1 indicates the largest inconsistency. For summerQ9:00 LT, see Fig. 6). High clouds reduce the incident irra-
2009, the average distance over all 63 measurements watiance at the ground level although they are ignored by the
d=4.90x 102 (d=4.65x 10-2 for summer 2008 on 12 pho- atmospheric transmittance model. Thig,could have been
tographs). overestimated and underestimated. To test this hypothe-
sis, the level of cirrus reflectance given by MODIS level 2
— Cloud Products (1 km spatial resolution) was investigated.
From all the images that matched the photographs (day and

This section provides explanations of the results presented ifie) only one day was found to exhibit a high value of cir-

Sect. 5 and discussions on the accuracy and sensitivity of thE'S refl_e_ctange (20 June 2009). On 5 July 09:00LT, clc_)uds
retrieval method. were visible in the NIR photography. On 20 July no high

cloud was visible on satellite data. Nevertheless, snow fell on
6.1 Results interpretation 18 July. On 19 July the algorithm provided suitable estima-

tion since the glacier was covered with fresh snow. However,
The results presented in Table 2, Figs. 5 and 6 illustrate then 20 July patches of melting snow and ice were present on
performance of the retrieval method and demonstrate that théhe lower part of the glacier. At 09:00 LT, the retrieved map

5.3 Spectral distance

6 Discussion
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Fig. 6. Comparison between the albedo retrieved from terrestrial photography and the albedo measured by the AWS during the summer 2009.
The gray area depicts the uncertainties of albedo measuremeti®4). The squares and the circles correspond to the albedo estimated
from the photographs while ignoring the anisotropic reflectance of snow and ice. The dots and crosses show the albedo estimated while
modelling the anisotropy.

Fig. 7. Visible photography of the glacier on 3 July 2009 at 9:00 LT.

of albedo revealed a high interpixel variability in the direct 6.2 Sources of error
neighborhood of the AWSy(is ranging from 0.4 to 0.6 from

pixel to pixel). At 12:00 LT, the interpixel variability reduced 6.2.1 Georefererencing
(a ranging from 0.4 to 0.5). However, it is believed that the

CNR1 (10 m-diameter circular detection at the surface) wasag noticed above, the rectification of the photographs can in-
still facing melting snow (the measured value of albedo wasoquce errors in terms of pixel location. The maximum geo-
0.572) although the pixel was mostly formed by bare ice.eferecing error was found to be less theo m. In addition,
This could explain the discrepancy between both values otne georeferencing error is sensitive to the accuracy of the
the albedo. Digital Elevation Model. Elevation and macroscale rough-
ness of the surface of the glacier (often created by channels of
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Table 3. Sensitivity to errors in the Digital Elevation Model. 6.2.3 Anisotropy

DEMgpia is based on the original DEM for which all cells located U . | _ f h . f th
in the ablation area of the glacier (below the equilibrium line) were ncertainties can also originate from the correction of the

lowered by 4m. DEMmwc is based on the original DEM and @nisotropy. Itis true that the correction applied by means of
includes six surface melt water channels in the lower part of the@ Simple anisoptropic factor is relatively rough. Full BRDF
glacier (width 10 m, length1 km and depth 2m). The table reads models (Tedesco and Kokhanovsky, 2007; Lyapustin et al.,
meanm and root mean square deviatignfor the difference in ~ 2009) could have also been used but they require more infor-
albedo retrieved based on the original and the modified DEM. mation about the targets. Nevertheless, as the surface rough-
ness and elevation of the glacier is changing over the sum-
4 Aug 2009, 12:00LT 13 Jun 2009, 12:00LT mer, an exact knowledge of the viewing and illumination
angles is not achievable. Therefore, the implementation of

DEMgpla  m=3.32x107° m=—2.90x10"3 o .
¢=1.53<10"3 ¢=5.04x 102 a more accurate BRDF correction is believed unnecessary as
4 . the roughness of the surface and the variations of elevation
DEMsmwe  m=2.00<10 m=>5.78x10 are not accurately known.
g=7.7x10"3 g=4.10x1072

6.2.4 Spectral content

Finally, it should be stressed that no spectral information was
melt water) is changing during the summer as snow and iceneasured for wavelengths greater than 830 nm (Table 1). Ad-
melt. To investigate the effect of change of the macroscalditional uncertainties may result from the fact that the effect
roughness and/or surface elevation, the DEM was modifiedf grain size and shape on spectral albedo become signifi-
and the difference in terms of retrieved albedo was computedcant at wavelengths greater than 1000 nm (Warren, 1982). To
The results of this comparison are indicated in Table 3. Forevaluate this uncertainty, two spectral albedos were selected
both scenarios, the difference in terms of retrieved albedan the DISORT database of snow (see Sect. 4.4.1) with same
is smaller than the uncertainties introduced by the methodcontent of impurity but different values of Specific Surface
The differences are larger in June, when the albedo is largefrea. The values of albedo were calculated for maximum
(snow is present instead of ice), than in August. It appearsand minimum SSA using typical ground irradiance on Saint
that the retrieved albedo value is not very sensitive to reasonSorlin Glacier during summer. Maximum and minimum SSA
able errors in the DEM (i.e., errors typically less than 4 m in were set so thatr (SSAnax) —a (SSAmin)|~0.05 albedo unit

elevation). at 800 nm (i.e.d=0.05, see Sect. 5.3). The maximum rela-
_ _ tive difference in terms of albedo was found to be less than
6.2.2  Atmospheric modelling +2%. Thus, it is argued that the fact that no spectral infor-

i o i i . mation is available foi.>830nm does not imply an error
The modelling of the atmospheric irradiance in the mOd'f'edlarger thant2 % on the final retrieved albedo value.

SPCTRAL2 model is another source of uncertainty. Under

clear-sky, this error was evaluated by Sirguey et al. (2009) to

be less thant10% of the total irradiance. Obviously, the 7 Conclusions

error can increase in the presence of high clouds as noted

above. This study presents a new method to retrieve surface glacier

The other underlying hypothesis in the method is the factalbedo from terrestrial photographs while taking into ac-
that diffuse irradiance, atmospheric as well as terrain re-count the anisotropic reflectance of snow and ice. Narrow-
flected, is considered isotropic. However these two diffuseto-broadband conversion is performed using the DISORT ra-
radiances originate from exclusive regions of the overlyingdiative model (Stamnes et al., 1988). The accuracy of the
hemisphere: the region where the sky is visible for the atmo-method is estimated to be better th#l0% under clear-
spheric diffuse contribution and the region where the terrainsky conditions. However, the presence of high clouds and
is visible for the terrain reflected contribution. Consequently, high intra/inter-pixel variability negatively affect the accu-

a more rigorous approach would be to keep both Componentgﬁcy. The method described in this StUdy allows retrieval of
separated and to modulate them with the sky view factorProadband albedo under clear sky conditions. Nevertheless,
Nevertheless, we believe that the isotropic assumption is jus@lbedo varies significantly with cloud cover (Dozier et al.,
tifiable with respect to the limited amount of radiation that 2009). Thus a future refinement of the method will be to
is involved compared to the direct radiance provided that thdmplement a new solar irradiance model which takes into ac-
ilumination angle is not too high (typically less than°0  count the effect of the cloud cover and allow retrieval of the
which is the case on most of the photographs_ albedo under C|0Udy conditions. Finally, the georeferencing

process is one of the main sources of uncertainty.

The range of albedo reference measurements is quite large
(25 to 65). Thus, the method can also be easily applied to
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polar glaciers. Probably the anisotropy correction at largemwhich corresponds to
zenith angle and the surface roughness will be crucial. Forcosj (A5)
. . . . . vV
illumination zenith angles larger than§%he anisotropy fac-
tor used in this study might need further improvements. bt
This method allows the spatial and temporal variations of sindssingy
surface albedo to be monitored closely. This has the deAcknowledgements. The authors are grateful to the French obser-
sirable potential to contribute towards better modeling of vatory GLACIOCLIM and to all the people who helped with the
glacier mass balance. Indeed the albedo maps retrieved frofWS for the measurements on Saint Sorlin Glacier. They also want
the photographs can be assimilated into an energy baland@ aCknOWledge J. Gardelle for her help with MODIS Cloud data,
model to accurately simulate the spatial distribution of theJ--C- Galletfor his help with DISORT, C. Vincent for providing the
glacier mass balance during the ablation season (Dumo pographic Qata of the glacier and N. Cullen for his kind review of
etal., 2011). the manuscript.
The method is also applica}ble to satellite data such A% yited by: A. Klein
MODIS. Indeed, currently available MODIS products have
often large spatial and temporal resolution and are validated
on rather flat areas (Dozier et al., 2009). The method pre:
sented in this study applied to MODIS radiances, thanks t¢
accurate topography and anisotropy corrections, will prob-
ably allow retrieval of broadband albedo on highly rugged
topography at 250 m resolution. Although satellite data have
often poorer spatial resolution than terrestrial photography,
their synoptic view provides a larger spatial coverage. Therne publication of this article is financed by CNRS-INSU.
application of the method to satellite data will allow moni-
toring of several glaciers, while avoiding the setup and main-
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