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Abstract. The broadband albedo of surface snow is deter-calculated from density, SSA, BC and dust profiles using
mined both by the near-surface profile of the physical andthe DISORT model (DIScrete Ordinate Radiative Transfer,
chemical properties of the snowpack and by the spectral an&tamnes et g1.1988 and compared to the measured val-
angular characteristics of the incident solar radiation. Simul-ues. Results indicate that the energy absorbed by the snow-
taneous measurements of the physical and chemical propepack through the whole spectrum considered can be inferred
ties of snow were carried out at Summit Camp, Greenlandwithin 1.10 %. This accuracy is only slightly better than that
(72°36'N, 38°25 W, 3210 m a.s.l.) in May and June 2011, which can be obtained considering pure snow, meaning that
along with spectral albedo measurements. One of the maithe impact of impurities on the snow albedo is small at Sum-
objectives of the field campaign was to test our ability to pre-mit. In the near infrared, minor deviations in albedo up to
dict snow spectral albedo by comparing the measured albed.014 can be due to the accuracy of radiation and SSA mea-
to the albedo calculated with a radiative transfer model, usingsurements and to the surface roughness, whereas deviations
measured snow physical and chemical properties. To achievap to 0.05 can be explained by the spatial heterogeneity of the
this goal, we made daily measurements of the snow spectrainowpack at small scales, the assumption of spherical snow
albedo in the range 350-2200 nm and recorded snow stratgrains made for DISORT simulations and the vertical reso-
graphic information down to roughly 80 cm. The snow spe- lution of measurements of surface layer physical properties.
cific surface area (SSA) was measured using the DUFISS&t 1430 and around 1800 nm the discrepancies are larger and
instrument (DUal Frequency Integrating Sphere for Snowindependent of the snow properties; we propose that they are
SSA measuremenGallet et al, 2009. Samples were also due to errors in the ice refractive index at these wavelengths.
collected for chemical analyses including black carbon (BC)This work contributes to the development of physically based
and dust, to evaluate the impact of light absorbing partic-albedo schemes in detailed snowpack models, and to the im-
ulate matter in snow. This is one of the most comprehen{provement of retrieval algorithms for estimating snow prop-
sive albedo-related data sets combining chemical analysigrties from remote sensing data.

snow physical properties and spectral albedo measurements

obtained in a polar environment. The surface albedo was
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1 Introduction spectral albedo is weakly influenced by the presence of im-
purities and mostly determined by the snow microstructural
Surface snow is an important component of the climate sysproperties. In that part of the spectrum, the solar radiation
tem Flanner et al.2011). One of the most powerful drivers is scattered and absorbed mainly by the snow grains and the
of climate and the main characteristic of snow-covered ar-albedo is then highly sensitive to optically-equivalent snow
eas is their high albedo (i.e. the fraction of solar light that grain size Wiscombe and Warrer198Q Aoki et al,, 2003.
is reflected) compared to land cover types on Earth. A re- The notion of “snow grain size” has been often used to
duction in the snow cover will lead to increased absorptiondescribe the snow and its interaction with the incoming so-
of energy that further warms the planet in what is called thelar radiation Giddings and LaChapell&961, Warren 1982
snow albedo feedbackd@ll, 2004. In this context, research Grenfell et al, 1994, but it has not always been well defined
efforts are continuing to find out more about the energy bal-(Grenfell and Warrerl999. In this study, to characterize the
ance of snow-covered surfacée(nke et al.2007), and ac-  optically relevant size of snow grains, we use the snow spe-
curately modelling snow albedo becomes of crucial impor-cific surface area (SSA). The snow specific surface area is
tance. defined as the ratio between the area of the air—snow inter-
Several factors influence snow albedo, starting from theface and the mass of the snow sample, and can be expressed
index of refraction of ice\\Varren and Wiscomhd 980. In in m®kg~1 (Nolin and Dozieyr 200Q Domine et al, 20073.
addition, the albedo depends on snow physical propertiesThis variable is inversely proportional to the optical radius
specifically density and optically-equivalent grain size, and(rqpy), i.€. the radius of a collection of disconnected spheres
on the presence of impurities within the snowpadkafren featuring the same surface area/volume ratio:

1982 Flanner et al.2012. Finally, it is also affected by the 3
angular and spectral distributions of incoming solar radiationSSA= ——, 1)
(Warren and Wiscomhe.980. Topt X Pice

Snow albedo varies greatly across the solar spectrunwherepice is the density of ice. The SSA is therefore a critical
(Warren and Wiscomhel98Q Warren 1982, according  characteristic of the optical properties of the snowpack and
mainly to the spectral variations of the ice refractive index. is very important for assessing its energy budget. In addition,
In the visible region X = 0.40-0.75 um), ice absorption is SSA is impacted by snow metamorphism. Indeed, the over-
weak and the radiation can be scattered back to the atmaall ice—air interface area generally decreases during snow
sphere or may penetrate into the snow down to several tens aghetamorphism, leading to a SSA decrease over time. The
cm. At these wavelengths, the albedo is generally above 0.8neasured SSA values vary from 224kg~1 for diamond
for snow with low to moderate amounts of impurities. In the dust crystalsomine et al, 2012 to less than 2 kg1 for
near and short-wave infrared region=£ 0.75-3.0um), ice  melt-freeze crustsomine et al. 20078. This variable can
is more absorptive: a = 1.5 um, for example, the incoming easily be measured in the field using DUFISSS (DUal Fre-
solar radiation is absorbed within the top few millimetres of quency Integrating Sphere for Snow SSA measurenizatt,
snow and albedo values are lower than Wh(ren 1984). let et al, 2009, a device allowing the rapid retrieval of snow

Scattering and absorption of sunlight in snow are deter-specific surface area from infrared reflectance measurements
mined by the profile of the physical and chemical propertiesat 1310 nm.
of the snowpack. Since a photon has a chance of being scat- Snow surface albedo is not an intrinsic property of snow,
tered at the air—ice interfaces and a chance of being absorbegk it also depends on the spectral and angular distributions of
inside the ice crystals3ardner and Shayg010, in the visi- the incoming solar radiationNiscombe and Warreri98Q
ble part of the spectrum, where the optical depth is greateivang 2006. In particular, the albedo depends on the solar
than in the infrared and the number of interfaces crossedenith angle (SZA), with larger values at grazing angles. The
by a photon is large, there is a high probability of scatter-diffuse radiation fraction also influences the albedo, because
ing and thus a high albedo. Here, precisely because of thishe purely diffuse radiation results in an albedo similar to
weak ice absorption, even small amounts of absorbing im-that of direct radiation with a SZA of 50° over a horizon-
purities, such as black carbon (BC), dust and volcanic ashtal snow surfaceWiscombe and Warrerd980. Finally, the
can significantly reduce snow albedadherty et al. 2010. surface roughness can affect surface albedo by trapping radi-
The impact of these impurities on snow broadband albedation (which leads to lower albedo values) and by modifying
is not negligible, because they reduce albedo at wavelengththe effective angle of incidence relative to a flat surface. At
where most of the incoming solar radiation occurs. This ishigh zenith angles, this can have a significant impact on the
why they can have a large impact on the overall energy budbroadband albed@fiuravlieva and Kokhanovskg017).
get of the snowpack. Compared to other impurities that de- Direct ground-based measurements of snow and ice op-
posit on snow, notably dust, BC absorbs solar radiation mostical properties are sparse and discontinuddansen and
efficiently and accordingly it is an important climate forc- Nazarenkp 2004 Wang and Zender2011). The avail-
ing agent Flanner et al.2011). On the contrary, in the near- able field data cover only few areas and a small range
infrared (NIR) region, where ice absorption is stronger, snowof snow and ice types. The database is limited especially
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for remote regions such as the Arctic and AntarcKor- the possibility to calculate the albedo from snow properties;
dratyev and Cracknelll998. Meirold-Mautner and Lehn- thus, in our analysis we did not focus on the time evolu-
ing (20049, for instance, measured the transmission of lighttion, but we considered each albedo spectrum individually.
thought the snowpack at Summit. At the same location,We then compared the measured snow spectral albedo with
high quality measurements of hemispherical-directional re-the albedo computed from density, SSA, BC and dust pro-
flectance factors (HDRF) and spectral albedo were carriediles using the DISORT radiative transfer model (DIScrete
out by Bourgeois et al(2006, under solar zenith angles Ordinate Radiative TransfeGtamnes et 3l1988. The ac-
from 49 to 85 and for different snow surface types. These curacy of this model to simulate the albedo was tested, ex-
measurements are crucial in order to improve satellite-basedmining especially the effects of impurities and investigating
albedo retrievalsWuttke et al, 2009 as well as for vali-  the properties of the surface snow layers.

dating parameterizations for climate modef§téma et al.

2009 Fettweis et a].2011). Indeed, nowadays remote sens-

ing algorithms to retrieve albedo and other snow propertie® |nstruments and methods

from space Kokhanovsky and Schreig2009 Roman et al.

201Q Nolin, 201 need further evaluation. In the same way, 2.1 Field measurements

numerical schemes of snow albedo incorporated into surface

energy balance model®¢dersen and Winthe2005 Flan- 2.1.1 Location and dates

ner and Zender2006 van Meijgaard et a/.2008 Vionnet

et al, 2012 can still be improved. Summit Camp is located at the peak of the Greenland

The seminal paper &arren and Wiscomb@ 980 ended  ice cap (7236 N, 38°25 W), at 3210 m a.s.l.http://www.
emphasizing the need “to make simultaneous measuremengummitcamp.org/ Summit is a research station that supports
of snow spectral albedo, snow grain size, soot concentraa diversity of scientific research, including for instance inves-
tion and soot size distribution.” This has not proved an easytigations of air—snow interaction#\lpert and Shultz2002
task, especially due to the difficulty of measuring the snowDibb and Fahnesto¢l2004 Dibb et al, 2007). Moreover, it
grain size in the field in a precise and objective manner. Foiis the site of one of the 18 automatic weather stations (AWS)
example,Perovich(2007 measured the light reflection and covering the Greenland ice-sheet that make up the Greenland
transmission in a quasi-laboratory setting in Hanover (NH,Climate Network Steffen et al.1996.

USA), but in this study the “snow grain size and grain shape At Summit snowfall can occur in all seasorilifert and
were subjectively determined using a scale and eyepiece adawley, 2000, but the accumulation rate, about 65 cmyr
well as photographs.” More recent{yallet et al(201) used  is not seasonally uniform, since more new snow falls dur-
DUFISSS to measure the snow specific surface area in thang the summer monthsDf{pb and Fahnesto¢ck2004). In
Antarctic plateau and were able to calculate the snow albedaddition, the temperature and wind conditions change dra-
from the vertical profiles of SSA and density. However, they matically during the yearAlbert and Shultz2002. These
had not performed chemical analysis of light-absorbing im-variations in meteorological conditions strongly affect the
purities and, above all, they had not taken albedo measureamnicrostructure of surface snow and account for the great
ments directly in the field. Another open issue regarding Arc-variability of the snowpackAlbert and Shultz2002. Low

tic snowpacks is the potential presence of a thin, high SSAamounts of impurities are present in the snow, BC and dust
surface layer, which could greatly affect the snow albedo.being the types with the strongest effect on the alb&War{
Grenfell et al.(1994), for instance, needed to invoke a thin ren and Wiscomhel 980 Hagler et al.20073.

surface layer (0.25mm) with very small grains (radius of Figure 1 shows meteorological data collected by instru-
30 um) in order to reconcile their simulations with the spec-ments placed on the Summit AWS. All reported measure-
tral albedo measured at the South Pole. On the Greenland iaments were acquired in May and June 2011. During that
cap, the possible presence of such a layer and its effect on thgeriod, the air temperature, measured at 3.7 m above snow
albedo have not yet been investigated. with a type-E thermocouple (estimated accuracy o Q)

In this work, we present measurements carried out at Sumwas always negative. No liquid water was ever found in the
mit (Greenland) in May and June 2011. This site, charac-snowpack. The wind speed data recorded by a RM Young
terized by a low impurity content within the snowpad#at propeller-type vane (estimated accuracy of 0.1/)sndi-
gler et al, 20073 and by the fact that snowmelt rarely oc- cate that there were no strong wind events, except on 4 June
curs during summer monthSteffen et al.1996), is particu-  (with a wind speed higher than 11 m. The short-wave
larly suitable for studying the link between the snow phys-incoming radiation was measured using a Li-Cor photodi-
ical properties and surface albedo. During our field cam-ode with a nominal accuracy of 15%. Values at 11:00 lo-
paign we obtained, to the best of our knowledge, one of thecal time (LT hereafter), when our daily albedo measurements
most comprehensive polar environment data sets combiningvere performed, ranged between about 300 and 800 %Wm
all the complementary measurements needed for snow spet-astly, the snow height, monitored by a Campbell SR-50
tral albedo calculation. Our main purpose was to evaluatenvith 1 mm precision, shows that, despite frequent small
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Fig. 1. Meteorological data collected in May and June 2011 by instruments placed on the Summit@Vi&ily average (solid line)
and daily maximum and minimum (dashed lines) air temperature at 3.7 m above(bh@aily average (solid line) and daily maximum
and minimum (dashed lines) wind speed at 3.7 m above s@ourly short-wave incoming solar radiation; values at 11:00 LT are also

highlighted.(d) Daily averaged snow height since 1 May 2011 at 00:00 LT. Error bars in the top two panels correspond to one standard
deviation.

amounts of precipitation, no significant accumulation oc-2.1.2 Overall strategy
curred.

Additional snow al_bedo_sp_ectra were acquired "_ﬂ theThe measurements were carried out in the Summit clean air
Col de Porte (CdP) field site in March 2012. The aim of sector, an area of undisturbed snow located south-east of the
these measu_rements was to test the |anuence_of the SNOW5se. During our field campaign we measured, almost every
pack properties and of the measurement device on Som8ay at 11:00 LT, the downwelling and upwelling spectral ir-

discrepancies between model predictions and observationlsddi‘,jmce (Sect. 2.1.3). Once these measurements were com-
found in the infrared region (at 1430 and around 1800 nm). A aan

he Cd ion. | 4in th h Al | . rﬁ_lleted, at about 11:30LT, we dug a pit at the same spot to
The CdP station, located in the French Alps at an elevation, o oq e the vertical profile of the snow physical properties,
of 1325m a.s.l., has been used for over 50 yr for snow re

h and d d loaical variabl including density and specific surface area (Sect. 2.1.4). Fi-
Search and records snow an meteorological variables at aWaIIy, we collected samples for chemical analysis, to estimate
hourly time resolution Nlorin et al, 2012. There, we per-

. ) the BC and dust concentrations in snow (Sect. 2.1.5). Ev-
formed snow physical properties and albedo measurement%,ry day the sampling location was moved about 5 m away to
but no chemical analyses. avoid contamination from previous days’ activities. In addi-
tion to regular vertical profiles, during periods of intensive
sampling, we also measured simultaneously surface snow
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sky conditions, such as passing clouds, or errors in instru-
mental level. All the measurements which met the quality
criteria listed above were retained and averaged, obtaining
a single spectral albedo curve for each date. Standard devia-
tion values are lower than 0.3 % of the albedo over the whole
spectrum, except around 1825-1900 nm, where there is no
reliable signal due to a low signal/noise ratio.

RCR response

The angular response of the RCR used during our field cam-
paign at Summit was characterized in laboratory, in order to
evaluate its deviation from an ideal cosine response and to
qguantify the impact of this deviation on the measured fluxes.
For this purpose, the RCR was mounted on a optical table
allowing us to control its angular position with respect to a
fixed light source. Intensity measurements for zenith angles
varying from—90° to +90° were performed using the ASD
device. Then, the RCR was rotated by @@ound its symme-

try axis to change the azimuth angle and the calibration curve
in zenith angle was acquired again. Relative intensities nor-
malized byI (0°) were compared to the true cosine response,
allowing us to compute the cosine collector fractional devia-
Fig. 2. Set-up of the ASD spectroradiometer during data acquisi-tion (€2) as a function of the zenith angle of the incident light

tion. The solid angle viewed by the sensor is corrected through thd0s):
anglesy and¢, which are used to computg, andC to take into

account the presence of the observer. %gﬁ; — COYs
&3 (fs) = ————r. @
COYg
SSA and albedo at several spots in order to study the spaife chose to normalize the ASD signal By0°) following
tial variability of these variables (Sect. 2.1.6). other studiesl{ubin and Vogelmann2011). The measured
intensity could have also been normalized by other factors
2.1.3 Radiation measurements such as the intensity integrated over the hemisphere, which
would affect the values aof; but not their variations with the
Raw data zenith angle. Nevertheless, since we are dealing with albedo

) . and not absolute fluxes, the choice of this normalization con-
Spectral albedo measurements were obtained using an ASQ, ¢ has no influence on the final corrections of this study.
FieldSpec Pro spectroradiometer (see Fig. 2)._Th|s instru- Figure 3 shows the RCR measured response at 500 nm.
ment has a spectral range of 350 to 2200 nm, with a spectratyg \qjues obtained for the two azimuth angles are repre-
resolution ranging from 3nmin the UVito 12nmin the IR. It o104 by blue and red markers. The RCR angular response is
was equipped with a remote cosine receptor (RCR), a lighty,nsistent with whatubin and Vogelmanif2013) reported
diffusing fore optic used for upwelling and_downwelllng flux i, their study. In the spectral range 400-1000 nm, our RCR
measurements. The albedo was then simply computed bye,iation from a perfect cosine response does not exceed 10—
ma!qng the ratio of these fluxes. The downyvel!mg diffuse 14 04 Lubin and Vogelmani{2011) reported that the max-
radlatl.on was also measured k,)y manua}lly shielding the SP€Gimum deviation given by the constructor is approximately
troradiometer receptor from direct sunlight. 10%. A similar behaviour was also described ldgyw-

Four repeated measurements were made at each loc@;, g Ramanathafi999. At 1600 nm, the RCR devia-
tion. The raw data were carefully examined, removing those;i;, petween 0 and 75 is lower than 5% whereasubin
affected by errors. Specifically, we have removed ind@vid— and Vogelmanr(2011) reported a deviation lower than 2%,
ual albedo measurements which were greater than 1 in thg, e, though in their case the investigated range of zenith an-
UV/visible range, displayed instrumental error on the f'rStgles was shorter (@60°). In the following, to implement the

detector (wavelengths 976 nm), or were obvious outliers R correction of the albedo we took the mean between co-
compared to the three other measurements, which otherwisgo qeviations measured at both azimuth angles

showed high repeatability. The outlier data were clearly in-
fluenced by measurements made during periods of variable
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Fig. 3. Angular response of the RCR sensor at 500 nm, for incidence angles ranging&@nto 90°. The true cosine response is represented

by the dashed black line and the relative intensities normalizet(@3) are represented by blue circles. Blue triangles represent absolute
values of the deviation of the measured response from a true cosine response (see Eq. 2). The RCR response has also been measured a
rotating the sensor along its axis by°9@ed circles and triangles).

Corrections of spectral albedo: methods over¢; in our case, the field of view is obstructed from 0 to
¢im - Lastly, we defingd (0, ¢, 1), which describes the angu-

Field measurements of spectral albedo can be influenced biar distribution of the deviation betweefneas,. and Firye 1.:
various artefacts, some of which were addressed in our data

processing. This concerns the already discussed RCR devi- F©,6,%)
ation from a pure cosine response (see Eqg. 2), but also thél (0, ¢, A) = ”F— (4)
field-of-view obstruction due to the presence of the observer trug x

and the fact that these previous artefacts need to be correctékhe latter expression allows us to reformulate Eq. (3) as
in light of the fact that the upwelling and downwelling ir-

s

radiances are not isotropic. In particular, assuming that the 2 H®,0,0) 1©6) .
reflected radiation is isotropic may lead to errors, depend-Fmeasr = Ftruex/ TWSIHW&ML (5)
ing mostly on the incidence and measuring angisifgeois 0 dim

et al, 2000; a strong forward scattering occurs, for instance, o _ ' o _
at high solar zenith angles, especially at NIR wavelengthsThe downwelling irradiancefy; o, can be split into dif-

(Odermatt et a).2005 Dumont et al. 2010. Let Fiuex be  fuse and direct components. If we caﬂ)[{dif the measured

fjr;znf:g(lgx ai?F“]l?ﬁZ\ rtr:]:a?&zzufrﬁj ?( fcl:lg;]a;:oec)iatriistgdraésdownwelling diffuse radiation, assumed isotropic, a?quir
1 P54)- P the downwelling direct radiation, then the corrected down-

follows: welling irradiance can be written as
7 2n 1) Fid'
) 1 1 A, dir
— F, =G CF ¢+ —————. 6
Fmeasx_/ / F(0,4,1) T sinddode. 3) rues, = CACLFy gif + 15 e, 05) (6)
0 iim

C, is a correction factor accounting for the RCR deviation

In Eq. (3), all the above-mentioned artefacts influencing(Grenfell etal, 1994:
the spectral albedo are considered. The normalized intensity 0.5
measured by the RCR(6)/1(0°), describes the effect of the “~* = 1 ’
deviation of the RCR from a true cosine response; in case of Jou@+er(u)du
a perfect response, this factor is equal to éhs(he reduc-  whereu = cosd. The coefficienC |, here assumed indepen-
tion of the field of view due to the presence of the observerdent of2, is derived from the solid angle viewed by the sen-
is taken into account by changing the range of integrationsor calculating the exact projected area of the observer with

Q)
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Fig. 4. Impact of corrections on the measured spectral albedo for 20 June 2011. Black line refers to raw ASD data obtained by averaging 4

daily spectra; the resulting standard deviation is represented in grey. The effect of the field of view obstruction by the observer is represented
by blue curves, the impact of cosine collector deviation is represented by red curves and the total correction is represented by green curves
In each case, dashed lines show the effect of taking into account the anisotropy of reflected radiation on the correction of spectral albedo (see
Eq.9.)

a 50 SZA (see Fig. 2). The observer is considered perfectlyFinally, assuming that the reflected radiation is isotropic
absorbing, even if this assumption is not always realistic, es{H (6, ¢, 1) = 1), Eq. (9) reduces to
pecially at NIR wavelengths.

T
For the upwelling irradiance, ., the relationship be- CLCr By it
true A rueison = . (10)
tween measured and corrected fluxes can be easily derived FY gir
from Eq. (5): G.C, Fx dit * Tren@
Equation (10) is analogous of Eq. (3)@renfell et al(1994),

7t with the addition of two coefficients;y andC, accounting

FtIue;k A, dif (8)  for the field of view obstruction due to the presence of the
5 r2m H@O,p,0) 1(0)
I f¢|im T 1) 5'n9d6’d¢ observer.

h F h q lling diff i Corrections of spectral albedo: impact on our
whereF;, y; is the measured upwelling diffuse radiation. measurements

Therefore the corrected albedo can be calculated from the
measured fluxes combining Eq. (6) and Eq. (8): Figure 4 shows the impact of the corrections described above
(obstruction of the field of view and RCR correction) on the

9 measured spectral albedo, along with the effect of taking into

) ; -
" account or not the anisotropy of reflected radiation. Spectra
Fy, dif in Fig. 4 refer to 20 June; all other dates display the same
behaviour. We started by assuming an isotropic reflectance.

A, dir 2r H(O,p,A) 1(6)

<CAC¢ adif T 1+ak(93))f0 oim w109 " SiNOdOd$  Than in order to correct the albedo for the field of view

Utrugr =
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obstruction due to the presence of the observer, we calcural accuracy of the measured radiance varies from 4 % in the
lated the correction factor§y and C; of Eq. (10). In our  visible up to 7 % at the near-infrared wavelengths.
case, these coefficients are equal to 1.0133 and 1.0157, re-
spectively. The resulting difference between corrected albed@.1.4 Profiles of the snow physical properties
(solid blue curve in Fig. 4) and raw albedo is less than 0.01
over the entire spectrum. Regarding the impact of the RCRTrenches were dug exposing a planar, vertical snow face
response, the albedo corrected taking into account the cdrom the surface down to about 80 cm. Their study allowed
sine collector deviation from a true cosine response (solicthe complete characterization of the surface layer properties
red curve in Fig. 4) differs from the ASD raw signal by about and was done in several steps, followiRigrz et al.(2009.
1% in the visible region. First of all, we identified the snow layers and determined
In order to estimate the effect of anisotropy, we used thetheir depth below the surface and their thickness. The hard-
measured anisotropy facto®(#,p,A) from Dumont et al. ness was estimated through the conventional hand test, as-
(2010 at an incidence angle of 60For the sake of sim- signing to each layer a value between 1 (for very soft snow,
plicity and in the absence of measured spectral values of theuch as surface hoar) and 5 (for very hard snow, such as
hemispherical-directional reflectance factfiryvalues were ice crusts). We subsequently identified the dominant grain
used as a surrogate for the normalized HDR¥=£ H). types in each layer, examining the snow, gently scraped with
This means that we considered snow illuminated by natu-a plastic card, with a hand lens. We determined in this way
ral light as being as anisotropic as snow illuminated by athe size and the shape of the snow crystals, according to the
collimated light at a 6D incidence angle. If we only cor- international classification for seasonal snow on the ground
rect for the obstruction of the field of view by the observer (Fierz et al, 2009. The density was measured by sampling
(blue curves in Fig. 4), taking into account the anisotropy the snow with a 250 cAvectangular steel cutteFierz et al,
gives albedo values slightly higher, at visible and NIR wave-2009 Conger and McClung2009. Samples obtained were
lengths, than those obtained by assuming an isotropic reweighed on a scale to retrieve the snow density wittla %
flectance. The RMSD (root mean square deviation) betweemccuracy. The vertical resolution of our density measure-
these two curves is 0.0102 in the range 450—1400 nm. If wanents was about 4 cm.
only correct for the RCR deviation from a pure cosine re- We measured the snow specific surface area using the DU-
sponse (red curves), the effect on the albedo is the oppoFISSS device Gallet et al, 2009, whose working princi-
site: between 450 and 1400 nm, albedo accounting for theple relies on the relationship between the hemispherical re-
fact that snow reflection is anisotropic is lower than that flectance of snow at 1310 nm and its SS2onine et al,
computed by assuming an isotropic reflection (RMSD of 2006 Matzl and Schneebel2006 Painter et al.2006. For
0.0108). Finally, the combined effects of anisotropy on boththe mean density and SSA values we found during our cam-
field of view obstruction and cosine response (green curvespaign, the penetration depth of the 1310 nm radiation is of
compensate each other, leading to small differences betweethe order of 1 cm Gallet et al, 2011). Thus, the retrieved
albedo with isotropic and anisotropic corrections (RMSD of SSA can be considered as a weighted average over about
0.0026). Around 1800 and 2100 nm, albedo values are afa 1 cm depth. The estimated accuracy of SSA measurements
fected by the low signal/noise ratio of the RCR calibration. is £10 % Gallet et al, 2009. DUFISSS requires the sam-
If we exclude these two spectral bands, the estimated error gble to be prepared and presented to the instrument. For sam-
assuming an isotropic reflectance ranges from 0.2 to 0.4 %pling, a special tool was used to take a cylindrical snow
These values are of the same order of magnitude of the esteore, which was pushed with a piston into the sample holder
mated accuracy of our spectral albedo measurements. In th®.3 cm in diameter and 3 cm thick). The snow sticking out
following, in the absence of knowledge on its angular dis- of the sample holder was then shaved off with a sharp spat-
tribution, the measured upwelling diffuse radiation will be ula and small particles generated by shaving were brushed
considered isotropic. off. Great care was taken to handle the surface snow layers,
first because they can evolve rapidly during events such as
snowfall, blowing snow, rime or surface hoar formation and
secondly because their effect on albedo is greatest. For the
Additional albedo measurements top-cm SSA measurements we therefore followed a differ-
ent procedure: in order to be sure to measure the very surface
Albedo measurements were also performed at Col de Portlayer, the snow sticking out of the sampler was not shaved off
(see Sect. 2.1.1) using another spectroradiometer, the SVBut gently compacted. Previous tests revealed that such han-
HR1024 fttp://www.spectravista.com/HR1024.h)miThis  dling does not affect the IR reflectandgd]let et al, 2009.
instrument was equipped with a 2m optical fibre and an in-Given that the samples taken were 3 cm high, sampling on
tegrating sphere, which eliminates the need of the RCR. Th& adjacent spots about 20cm apart allowed SSA measure-
sensor, placed approximately 50 cm above the snow surfacenents with a 1 cm vertical resolution. This was done for the
has a spectral resolution between 3.5 and 9.5nm. The nomiop 10cm, whereas below that a 2 to 4 cm resolution was
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used. Overall, we obtained a total of 25 to 45 values along2.2.1 Simulations of snow albedo
the whole vertical wall of the pit.
Simulations of snow albedo were run using the DISORT ra-

2.1.5 Chemical analyses diative transfer modelStamnes et 3l.1989. Mie theory

, ) .(Mie, 1908 was used for computing the single scattering
Daily surface snow samples were collected in the clean aitqnerties of snow, namely the absorption and extinction co-
sector of the camp for analyses of both elemental (EC)eficients and the moments of the single scattering phase
and organic (OC) carbon as well as dust particles. The OGyction. The application of Mie theory assumes that snow
and EC sample collection and analyses followed the protoyains are modelled as a collection of individual spheres.
col described byHagler et al.(2007ab). In summary, pre-  This assumption has been discussed in many previous stud-
cleaned glass bottles were used to collect about 101 of th?es, e.g.Warren and Wiscombé1980, Grenfell and War-
top-most 1-3 cm of surface snow from the clean air SeCtorren(lggg, Kokhanovsky and Zeg€004 andDumont et al.

each day. The snowmelt water samples were then filteredyn1) These studies revealed that the error implied by the
through quartz fiber filters that were sealed in airtight, baked-,

i : = J spherical assumption cannot be neglected if the aim is to
aluminum foil petri dishes and analysed at Georgia Tech us

¢ , X model the angular distribution of the radiation reflected by
ing the NIOSH thermal/optical transmittance (TOT) method snow; in this case, taking into account the real shape of the
(Birch and Cary1996.

i snow grains is critical. However, the spherical assumption is
_ A wide range of elements was also measured, and of para.centaple to model only the bi-hemispherical reflectance of
ticular relevance to this work are the major crustal elements;ow as in the present studgrenfell and Warren1999.
(Al, Ca, K, Fe, Na, Mg, and Si), which were used to esti- \joreqver, this approach is consistent with the assumption
mateT the total dust_ concentration. Duplicate samp_les Werehade by DUFISSS for retrieving SSA from reflectance at
obtained by sampling the top 1-3cm of snow using pré-1310nm. The model needs as input the ice optical refractive
cleaned, acid washed polyethylene bottles. Analyses Werghdex, which primarily depends on wavelength. We used the

conducted using a high-resolution ICP-MS. The samplesy ot recent compilation of this index presentediiarren
were acidified with ultra-high purity 16 N nitric acid just 5.4 Brand(2008.

prior to analyses. Field blanks were also analysed and used 5SORT allows to simulate the optical properties of

to determine both blank levels and detection limits. a plane-parallel multilayer snowpack. Considering the pen-
etration depth of the solar radiation (several tens of cm in
the visible wavelengths), we used the detailed stratigraphy of
the upper 10 cm and we discretized the vertical profile of the

The spatial variability of the surface snow properties at Sum-SnOW physical properties on a 1 cm vertical grid. For density,

mit is mostly due to the effect of windAfbert and Shultz W€ assigned to each numerical layer the closest measured
2002. Changes in wind speed and direction strongly im- value. The thickness of the bottom layer was setto 1 m, in or-
pact the snow surface characteristics. Within a few metresder to mimic a semi-infinite snowpack. Tests were conducted

the surface layer can be made of precipitation particles, rimel©® compare the albedo simulated using measurements down
more than 10cm. The discrepancies between the albedo

surface hoar crystals or wind-transported snow particles, thalP ; X X -1t e
are present in the form of small, closely packed grains. inmodelled using either the first 10 or 20 cm are insignificant
order to quantify this horizontal variability, we made several (€S than 0.001), meaning that the first 10 cm were enough
spatial surveys. On 15 May, for example, spectral albedo andP Simulate snow albedo. In all these simulations, the snow
SSA were simultaneously measured at a chosen spot and thé&&in size distribution was assumed to be log-normal, with
1, 4,8, 12 and 16 m away in the four cardinal directions. Re-2 980metric standard deviation= 1.6, to reduce biases due
sults for the surface SSA are presented in Sect. 3.1 and jud® discretization and resonance effed@a(let et al, 2009).

tify our choice to carry out daily albedo-SSA measurements!n @ny case, the reflectance simulated by DISORT depends

2.1.6 Spatial variability of surface snow physical
properties

at the very same spot. only slightly on the exact dist_rib_ution chos_,eﬁ_z(llet et a}, .
2009. The angular characteristics of the incident radiation
2.2 Numerical modelling are also needed to be able to compare the simulated and the

measured albedo. Consequently, the solar zenith angle at the
In this section, we describe the approach followed to simulatdime of the albedo measurements was given as input to DIS-
the snow albedo from the physical properties of the snow-ORT, together with the measured, spectrally resolved fraction
pack and from the characteristics of the solar irradiance. Thef diffuse radiation.
implementation of the impurities into the model is also de- The simulations were run with a wavelength step of 10 nm,
scribed. which is a good compromise between the computational cost
and the possibility to compare the simulated albedo with
the measured one, the spectral sampling of the ASD varying
from 3 to 12 nm depending on the spectral range considered.
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Fig. 5. Diffuse albedo of a semi-infinite snowpack with SSA = 35kg~1, simulated with DISORT from 350 to 950 nm. The curves
correspond to different assumptions of the snow-BC mixture: black line for pure snow, red circles for external mixture with constant radius
(extern and blue triangles for internal mixture with small graitsuggemain For each assumption, the solid line is for a BC content of
10ngg 1 and the dashed line is for a BC content of 100 idg

2.2.2 Impurities modelling refractive index of an internal mixture of ice and impurity, is
only applicable when inclusions are smaller or comparable to

The impurity content can significantly impact snow albedo the wavelengthRlanner et al.2012. This condition is met

in the visible wavelengthaXiiscombe and Warre1980. In by most BC particles, but not by dust. Consequently, dust in-
this study we consider only two types of impurities, black clusions were modelled as external mixtures, following the

carbon and dust. Black carbon has proven to be the most eﬁiz_assumption_('i). Or_1 the contrary, a_ssumption (ii) was applied
cient absorber in snovF{anner et al.2013), but its content in to BC impuirities, since recent studies suggest that a large por-

Summit snowpack is low, the highest value given in the liter- i 0f BC in surface snowpack may reside within ice grains
ature being 1.5-2 ngg (Hagler et al, 2007a Doherty et al, (Flanner_ et al.2012. Flgure_5 shows that the Bruggeman
2010. Dust is less absorptive, but its concentration at Sum-formulation has a stronger impact on the simulated albedo
mit is considerably higher than that of BC, at least 46Tl g than the_external mixture assumption. Using the Bruggeman
(Steffensen1997). All the other impurities that we did not formulation thus provides an upper limit of the effect of BC

take into account, such as brown carbon and organics, ar@" albedo.

less absorbing than BC and less concentrated than dust; thus, 1 1€ Physical and optical properties of BC have been cho-
also their impact on the albedo is less significant. sen followingFlanner et al(2012. The density of BC parti-

Several assumptions could be made to include the imCles was set to 1270 kgm and their effective radius was

purities in the snowpack. The impurities can be consideredOnsidered as being 95nm. This value is lower than the

as external mixtures, i.e. outside the snow grains, or as inf@nge of wavelengths considered, ensuring the applicabil-

ternal mixtures, i.e. inside the snow graifi@anner et al. ity of assumption (ii). In addition, this choice guarantees
2012. They can also have different size distributions. In that the Bruggeman formulation gives effective refractive in-
this study, we tested two assumptions: (i) external mix- dices close to those calculated using other BC size distri-
ture with a constant radius for the impurities and (ii) in- _but,ons (Fig. 3 inFlanner et al.201%. The BC refractive

ternal mixture in the approximation of inclusions smaller indices were calculated as a function of wavelengths fol-

than the wavelengths considered, i.e. Bruggeman formulaloWing Egs. (13) and (14) ifrlanner et al(2012. For the
tion (Chylek et al, 19838. In the case of an external mix- dust grains, we used an external mixture with a constant ra-

ture, the Mie theory is used to derive independently the singleius Of 2um and a density of 2500 kgth (Bergin et al,
scattering properties of ice and impurity; the optical proper-lgga' The dust refractive indices were taken fr@alkanski

ties of the mixture are the weighted average of the propertie§t & (3097)’ considering a mixture with a hematite content
of the two media. In the case of an internal mixture, the di-©f 1.5 % in volume. Since dust and BC contents were mea-

sured only in the upper 1-3 cm of the snowpack, we did not

electrical constant of the medium made of ice and impurities ) - X _
is calculated solving a second degree polynomial equationhave any information on the impurity amounts further down.

following the theory ofChylek et al.(1983ab) also detailed | NS, We have implemented the impurity concentrations in
in Flanner et al(2012. The Bruggeman formulation, as well WO different ways: using the daily measured impurity con-
as other effective media approximations for computing thetent either for the whole vertical profile or only for the first
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Fig. 6. The main snow types observed at Summit in May and June 2011, from stratigraphic inspections down to aboa)8&tehar
dendrites (PPsd)b) columns (PPco)(c) rime (PPrm),(d) surface hoar (SH)e) faceted rounded particles (RGxf), atfil wind-packed
particles (RGwp). All pictures were taken in the Summit clean air sector between 15 May and 20 May.

2cm, using the mean values over the entire field campaigr8 Results

below that depth. Since we found that both these approaches

gave almost the same results, hereinafter we presentonly rey 1 Field measurements
sults obtained using the first one.

2.3 Quantitative comparison of spectral albedo data We obtained, in all, 19 workable simultaneous measurements

of snow physical and chemical properties and albedo, from
The evaluation of the agreement between model and obsei6 May to 25 June 2011. During that period, the character-
vations depends on the viewpoint chosen. For the spectrdbtics of the snowpack changed. Figure 6 shows the main
albedo, itis convenient to define the quantityj,, whichrep-  snow types observed during our field campaign, together
resents the RMSD between measured and modelled albedwsith some of their properties. The surface layer was often

of a given spectrum: made up of precipitation particles, such as stellar dendrites
(33 % of the days) or columns (11 %). The formation of rime

> (emeasi. — a,\)z and surface hoar crystals was also frequent (11 and 34 % of

Aglp = N, ) (11) the days, respectively). The rest of the time, well sintered

rounded grains were dominant at the surface. Deeper, down
whereameas). anda;, are respectively the measured and sim-to 60—80 cm, the snowpack was generally a layered system
ulated spectral albedo amd, is the total number of con- of hard wind slabs interspersed with faceting rounded grains.
sidered wavelength ranges,, is expressed in albedo units Near surface layers of such crystals may further transform
(i.e. unitless) and can be computed for each date over a chdnto depth hoar, given adequate conditions which include
sen wavelength range. an elevated temperature gradient. This has been reported to

Since the solar incoming radiation is unevenly distributed happen in summerA(ley et al, 1990. From hand-lens in-

over the solar spectrum, it is also relevant to compute the difspections of crystals in the field, typical grain sizes were be-
ference between model and observations in terms of broadtween 0.4 and 0.8 mm for faceting rounded grains and about
band energy absorbed by the snowpack. In order to do thaf).2 mm for wind-packed particles. The average density of

we define a second quantity, namég,: the top 50 cm was- 330 kgnT3, with values ranging from
130 kg2 for the surface hoar to more than 400 kg#for
Aen= f(l —a;)LdA — /(1 — ameasy) 1,02, (12)  thewind slabs. These results are similar to those obtained by
J ] Albert and Shult£2002) in June 2000. The snow SSA varied

between 50 to 70 Akg~! (corresponding to an optical radius

wherel, is the solar irradiance, obtained by multiplying the of 47 to 65 um) at the surface when fresh snow, rime or sur-
broadband incoming short-wave radiation at 11:00 LT by theface hoar were present, and about Zkgr ! (corresponding
irradiance spectral distribution. The former was measured usto an optical radius of 160 um) for layers deeper than 60 cm.
ing a Li-Cor photodiode and the latter was calculated for To address the issue of the hypothetical presence of a high
a typical Arctic summer atmospheric profile using SBDART SSA layer at the very surfac&(enfell et al, 1994, sev-
(Santa Barbara DISORT Atmospheric Radiative Transfer,eral tests were performed. On 16 June, for instance, 0.2cm
Ricchiazzi et al.1998. Aen, is expressed in Wi? and can  of rime were present at the snow surface. The SSA of the top
also be computed in percent of the absorbed energy. cm, including this thin rime layer and about 0.8 cm of faceted
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a greater vertical variability, with higher values at the sur-
face. In addition, the data reveal that SSA decreased over
time, while density increased slightly. More precisely, our
first 8 profiles, from 5 May to 19 May, show, between 2 and
15 cm deep, a SSA mean value of-8BnPkg~! and a den-

sity mean value of 31% 13kgnt 3. These values become
respectively 23 3 m? kg1 and 335t 20 kg nT 2 for our last

8 profiles (11-25 June). This evolution of the snow density
and the grains size is a seasonal process that can be visible
with a downward periodicity of about 65 cm, the yearly ac-
cumulation at Summiti¥ibb and Fahnesto¢R004).

During May and June 2011, the BC content measured
over the first 1-3cm of the snowpack varied from 0.03 to
1.23ngg?, with a mean value of 84+0.3ngg L. These
results are consistent with previous investigatioHadler
et al, 20073. The concentration of dust in the upper 1-3cm
is significantly higher than that of BC, ranging from 49 to
310ngg?, with a mean value of 13869 ngg 1, three times
higher than the value given ISteffenser{1997.

3.2 Numerical modelling

In this section, the measured spectral albedo is compared
to the albedo simulated using DISORT. Three spectra cor-
responding to three different dates are shown in Fig. 9. On
19 May, the sky was nearly cloudless, with heavy diamond
dust precipitation; on 7 June, thin clouds and low wind

rounded grains, was 519kg 1, as measured by presenting (4 ms1) were present; on 20 June, the sky was bright. In
the surface layer to DUFISSS. Removing rime and samplingall cases, regardless of the different weather conditions, dif-
from 0.2 to 1.2cm depth gave a slightly lower SSA value, ferences are generally lower than 0.02, except around 1430
45 kg~1. The value obtained by carefully sweeping rime and 1800 nm, where they reach 0.1. All the other dates show
directly in the sample holder was 6&ky 1. Analogous re-  the same behaviour.

sults were found for other dates: all show that the SSA of the Figure 10 presents a more quantitative comparison be-
top few mm never exceeded 76ky 1, whether this thin  tween model and observations in terms &, and Aen.

layer was made up of precipitation particles, rime or surfaceFor each of the 19 spectra, these quantities were computed
hoar crystals. These tests on the SSA of the first few mm werdor three ranges of wavelengths: the visible region (400—
not performed every day; for most of the dates we only know750 nm), the infrared region (750-2200 nm) and the whole
the weighted average of the snow SSA over about a 1 cnspectrum (400—-2200 nm). For each range, we considered the
depth. case without any impurity (pure snow) and the case in which

At Summit, the surface snow layer can display a sig-we added to our simulations the measured concentrations of
nificant horizontal variability. A spatial survey on 15 May, BC and dust. These results are provided in the following sec-
whose results are shown in Fig. 7, allowed to quantify thistions, focusing on one range of wavelengths at a time.
variability for the top-cm SSA. These measurements indi-
cate that 1 m away from the central location SSA can vary by3.2.1 Visible region of the spectrum (400-750 nm)

26 %, while 4 m away this variation can reach 63 %.

Figure 8 shows two profiles of the physical properties The differences between simulated and measured albedo are
of snow, for 5 May and 15 June. Both profiles are domi- smaller at visible wavelengths, compared to the rest of the
nated by faceting rounded grains, with density ranging fromspectrum: if the DISORT simulations are run with no impu-
280 to 350 kgm3 and SSA ranging from 20 to 354kg~1. rities, Aap varies between 0.004 and 0.051, with a median
Less dense higher-SSA surface layers (precipitation partivalue of 0.018. SimilarlyAen varies betweer-16.62 W2
cles, surface hoar, rime) and denser lower-SSA wind slabsnd 037 Wn2, with a median value 0f5.58 Wm 2, corre-
were always thinner than 1 cm. Therefore, our snow densitysponding to 1.03 % of the energy absorbed by the snowpack.
profiles, measured with a vertical resolution of about 4 cm,If we prescribe the measured BC and dust contexis, and
were almost constant along the top 80 cm, whereas the SSAdep are slightly lower; for example, the median value/qf,
measured with a vertical resolution of about 1 cm, showedbecomes—5.40 Wni 2, or 1.01% of the absorbed energy.
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400-2200 nm) on the bottom. Histograms show the number of spectra as a functiovabfes for pure snow and snow contaminated by
impurities. The minimum and maximum values are reported as well, along with the median (in brackets)AEgrthe percentages of the
energy absorbed by the snowpack corresponding to the median values are also presented.

Aen Values obtained in the visible region are systematicallytheir effect is negligible in this spectral region. The discrep-
negative, meaning that observations are almost always lowesncies can rather be explained by considering the function-

than simulations.

ing of DUFISSS. As described in Sect. 2.1.4, this instrument

Our simulations show that the impact of BC on the sim- allows us to retrieve SSA from infrared reflectance measure-
ulated albedo is small, even if the BC is implemented un-ments at 1310nm and has a vertical resolution of 1 cm. For
der the assumption of an internal mixing (see Sect. 2.2.2)about half the dates, the disagreement between measured and
On 31 May, for instance, we measured a BC content ofsimulated albedo at 1310 nm exceeds 0.02. Since we took
0.32ngg?! and a dust content of 132 nglj these values are  great care to handle the surface snow layers (see Sect. 2.1.4),
close to the means over the entire campaign. At this date, theve are confident that we measured the average SSA over
diffuse albedo of pure snow at 500 nm was 0.9929 and theghe whole first cm and this difference can be explained by

diffuse albedo of snow contaminated by 0.32 ng @f BC

the spatial heterogeneity of the snowpack at Summit. When

over the whole profile was 0.9923. The impact of dust wasthe agreement between model and observations at 1310 nm is
about twice as strong, since 132 nggeduced the albedo within 0.02, instead, differences for longer wavelengths are
to 0.9912. To obtain the same decrease with only BC, weprobably due to our sampling resolution of 1 cm. At the sur-

should have to increase its amount to 0.8 n§ @verall, the

face, in case of the presence of precipitation particles, rime

coupled effect of dust and BC remains weak, leading to a deer surface hoar, the SSA of the first few mm may be higher
crease of less than 0.2 % in the simulated albedo at 500 nnthan that of the whole first cm (see Sect. 3.1). Then, the up-

3.2.2 Near-infrared region of the spectrum
(750—2200 nm)

per layer given as input to our simulations, which uses the
weighted average of the SSA over 1cm, may not perfectly
reflect the real vertical heterogeneity of the snowpack. For
wavelengths greater than 1310 nm, where penetration depth
is less than 1 cm, this should result in a slight underestima-

At the near-infrared wavelengths, like in the visible region, tion of the simulated albedo, because the SSA of the very
differences are generally lower than 0.02 (see Fig. 9). How-syrface is usually the highest.

ever, for some wavelengths these differences are higher, up to
0.05. Obviously, they cannot come from the impurities, since
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Fig. 11. Impact of the surface layer properties on the simulated albedo at Summit, on 15 June 2011. The black solid line represents the
measured albedo and the red dashed line the simulation with experimental data, using in particular the SSA value measured in the first crr
of snow. All the other curves correspond to simulations in which the first cm was split into two sub-layers and different combinations of
thickness and SSA (reported in the legend) were tested: the blue and green dashed-dotted lines represent attempts to match the observi
values and the cyan dotted line is the simulation with values fBsenfell et al.(1994).

In order to evaluate the impact of properties of the sur-resulting albedo overestimates the observed data at 1500 and
face layer on the simulated albedo, we made several tests iBO00 nm. Similar results were obtained for other dates.
which we changed the profiles input into DISORT. In partic-  Although changing the surface layer characteristics im-
ular, the upper numerical layer (1 cm thick) was divided into proves the agreement, it does not allow to overlap model
two sub-layers: we increased the SSA of the top few mm andand observations around 1430 and 1800 nm: there, the dis-
we used a lower SSA for the remaining of the layer, in ordercrepancies exceed 0.05 and are found for all the dates, in-
to obtain the same albedo value measured by DUFISSS alependent of the surface snow properties. This means that,
1310 nm. Of course, several combinations of SSA and layeeven if we divide the top cm into two sub-layers, no com-
thickness can be found. Modifying the density is equivalentbination of SSA and layer thickness matching the observed
to changing the layer thickness: in our simulations, we forceddata at these wavelengths can be found. Figure 12 shows,
the top sub-layer to 150 kg™, leaving the other values un- for instance, the difference between measured and simu-
changed. It should be pointed out that these tests only aimethted albedo on 20 June. This difference is withi.02
to investigate the influence of the surface layer propertiesalong most of the spectrum, but is greater around 1430 and
on the modelled albedo; our final simulations afdval- 1800 nm. To exclude any influence of the ASD spectrora-
ues (see Sect. 2.3 and Fig. 10) use the original field datadiometer and the RCR themselves on these results, we per-
Figure 11 shows an example for 15 June. At that date, thdormed several albedo measurements at Col de Porte, in the
SSA of the first cm was 42fkg~L. The model reproduces French Alps, using another instrument equipped with an in-
the observed albedo at 1310 nm well, but for longer wave-tegrating sphere (see Sect. 2.1.3). The difference between
lengths it underestimates the observed data, suggesting theeasured and simulated spectral albedo at Col de Porte on
presence of a thin, high SSA surface layer. Indeed, as high9 March 2012 is also plotted in Fig. 12. At CdP, the dis-
lighted by the stratigraphy, surface hoar crystals were presertrepancies around 1430 and 1800 nm are less strong than at
at the surface during our SSA measurements. Splitting the&summit but still present, meaning that instrument bias and
first cm into two sub-layers allows us to reconcile the modelsnowpack conditions cannot explain all the discrepancies.
with the observations. For example, if we use 3t ! for We investigated whether errors in the ice index of re-
the bottom sub-layer, we can have at the surface 0.4 cm witliraction could explain this behaviour. Figure 13 shows sev-
a SSA of 45mMkg~1. Alternatively, setting the bottom sub- eral values of the imaginary part of the ice refractive index
layer to 35 kg1 can give a thinner surface layer (0.05cm) (mim) available in the literature, for the range 1400-1900 nm
with a SSA of 70 ikg~1; at 1310 nm, both of these combi- and for different temperatures relevant to this study. Thick
nations reproduce the measured albedo well. Figure 11 alsgrey lines correspond to values inferred to obtain a simu-
shows the albedo computed by adding a very thin layer oflated albedo withint0.02 of the albedo measured at Col
very high SSA, similar to that whickrenfell et al.(1994 de Porte on 9 March 2012 (see Fig. 12). This spectrum was
had to invoke in order to reconcile their simulations with the chosen since it presents a nearly perfect agreement with the
spectral albedo measured at the South Pole; in this case, theodelled albedo between 1200 and 1300 nm and between
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Fig. 12.Differences between measurements and simulations at Summit, on 20 June 2011 (blue circles) and at Col de Porte, on 9 March 2012
(red triangles). Grey vertical bands correspond to wavelengths at which, at the lower elevation of the CdP, water vapour absorption is so
strong that there is no reliable signal for the SVC.

1500 and 1600 nm. Regions with no data correspond to wave+5° in the SZA can mimic the effect of the surface rough-
lengths for which the signal to noise ratio of the device is tooness on the bi-hemispherical albedo. In Fig. 14, we compared
low (as grey bands in Fig. 12). For most wavelengihg, the albedo measured on 20 June to that simulated by varying
from Warren and Brandf2008 is located inside the mea- the SZA, the density and the SSA. Results indicate that these
sured range of variation. Around 1430 nm and between 168Wariations have only a negligible impact in the visible region
and 1800 nm, the ice index frokvarren and Brand{2008 of the spectrum: here, the RMSDs between the albedo simu-
is outside this range. At 1430 nm, no compilation reproducedated with the measured SZA, density and SSA and that com-
the measured values well, the best being, in any dése, puted by varying these values #10 % are less than 0.002.

et al.(1993 andGrundy and Schmitf1998. Warren(1984) In the infrared wavelengths, however, the impact of the SZA
andGrundy and Schmiit1998 seem to better match the ob- and SSA accuracies is more significant, giving RMSDs rang-
servations between 1680 and 1800 nm. Similarly, the saméng from 0.010 to 0.014, which are of the same order of mag-
comparison made on the albedo measured at the South Potétude asAgjp. In principle, the fraction of diffuse radiation
from Fig. 4 in Grenfell et al.(1994 reveals that simulated can also influence the albedo. However, considering the fact
and measured albedo are in better agreement around 1800 nitmat during our field measurements the SZA varied between
usingmim values fromWarren(1984) than using those from 49 and 52 and that the diffuse radiation has an effective an-

Warren and Brand2008. gle of about 50 (Wiscombe and Warreri980, in our case
the accuracy of the diffuse ratio has almost no impact on the
3.2.3 Whole spectrum (400—2200 nm) simulated albedo.

Going back to Fig. 10, we now look at the whole spectrum4 Discussion
(400-2200 nm). Just as in the visible region, the best re-
sults (i.e. the lowes absolute values) are obtained using In this work, the snow spectral albedo measured at Summit
the measured concentrations of impurities; in this cagg, (Greenland) was compared to the albedo computed from the
varies between-2858 W2 and 6.82 Wm?, with a me-  snow density and specific surface area profiles and the impu-
dian value of—6.29 Wni 2. The addition of impurities leads rities’ concentrations, using the DISORT radiative transfer
only to a small improvement in our ability to predict the en- model.
ergy absorbed by the snowpack over the whole spectrum, In the visible region of the spectrum (400-750 nm), the
which can be estimated with an accuracy of 1.12 % in casesimulated spectral albedo has a satisfactory agreement with
of pure snow and 1.10 % in case of contaminated snow. the observed values, even without taking into account the im-
Since the simulations have as input the vertical profile ofpurities. Indeed, assuming that the snow is completely pure,
the snow physical properties and the incidence angle of theA 3, has a median value of 0.018 and, has a median value
solar radiation, it is interesting to evaluate the impact of theof —5.58 Wm2, corresponding to 1.03 % of the energy ab-
measurement accuracy of these variables on the simulatesbrbed by the snowpack. This means that, even if in principle
albedo. The estimated accuracies of the density sampler ande have to know the impurity content to correctly simulate
the DUFISSS device are abotitl0 %, while a variation of  the spectral albedo, in practice in our case the addition of
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Fig. 13.Imaginary part of the ice refractive index from the literature and inferred from our albedo measurements. Several compilations are
presentedWarren(1984 at 266 K (black solid line)WWarren and Brand2008 at 266 K (black dashed linelou et al.(1993 at 248 K (blue

solid line),Gosse et al1995 at 251 K (green solid line with error bars, as reported in their stu@indy and Schmii1998 at 250K (red

solid line) and 270K (red dashed line). Thick grey lines correspond to the values of the refractive index needed to obtain a simulated albedo
within £0.02 of our measurements at Col de Porte (see Fig. 12).
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Fig. 14.Measured and simulated albedo at Summit, on 20 June Z&)lmpact of a variation oft5° in SZA. (b) Impact of a variation of
+10 % in density(c) Impact of a variation of=10 % in SSA.

impurities only slightly improves the accuracy of our simu- light absorption than BC is consistent with previous studies
lations. This is particularly true for the BC, whose impact on in other areas of the worldVang et al(2013, for instance,
the simulated albedo is negligible due to its very low amount.found that in inner Mongolia BC is responsible for only about
Since the dust content is about 400 times higher than that o& third of total particulate light absorption, and in the Qil-
BC, its effect is more important. However, the coupled effectian Mountains (north of Tibetan Plateau) snow absorption
of dust and BC remains weak, leading to a decrease of onlys strongly dominated by dusGautam et al(2013 pointed
0.2% in the modelled albedo at 500 nm. The fact that dustout the importance of dust deposition toward the darkening
due to its higher concentration, may have a stronger effect of the Himalayan snow cover. The weak effect of BC on
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the energy budget of high Asian glaciers was further con-surface hoar are present at the very top surface, prescribing
firmed byMing et al. (2012, who estimated that BC depo- one SSA value over 1 cm does not account for this vertical
sition causes a mean forcing of only 5% of the total forcing heterogeneity and results in an underestimation of the sim-
and therefore is not the major factor impacting the meltingulated albedo beyond 1310 nm. Several tests were made to
of most glaciers in this area. The vertical distribution of the investigate the influence of the surface layer properties on
impurity content also has an impact on the computed albedothe simulated albedo. These tests demonstrate that splitting
albeit it is small; for examplehen values computed using the the first cm into two sub-layers and prescribing to the top
measured BC and dust amounts either for the entire profilene reasonable thickness, density and SSA values improves
or only for the top 2 cm differ by just 0.02 Wn3. Some dis-  the overall agreement. This also allows to make another in-
crepancies between model and observations may partially beeresting remark. At the South Pol@renfell et al.(1994
due to the fact that the optical constants of Bajnce eta).  were forced to add to their simulations a thin surface layer
2012 and dustBalkanski et al.2007) are uncertain. In addi-  (0.25 mm) with very small grains (SSA of 11Gkg1) in
tion, we did not consider other types of absorbing impurities,order to match the albedo observations. At Summit, instead,
such as brown carbon and organics, that are also present ime do not need to invoke the presence of this very high
Summit snowpackBergin et al, 1995. In any case, beyond SSA surface layer to reconcile the discrepancies. Indeed, in
the impact of impurities, we believe that most of the discrep-our case the SSA values needed for a good matching are
ancies come from our albedo measurements, except for theever larger than 70fkg—! (see Fig. 11). This is further
two spectral bands around 1430 and 1800 nm, which are diseonfirmed by our SSA measurements obtained by carefully
cussed below. Several hypotheses were made in order to cosweeping surface grains, such as rime or surface hoar, di-
rect the raw albedo signal: for instance, the field of view of rectly in the sample holder; none of these measures gave val-
the instrument was corrected considering a perfectly absorbues beyond 70 &kg~—1. Grenfell et al.(1994 stated that in
ing observer and the measured upwelling radiation was asthe Antarctic the presence of very small grains at the surface
sumed isotropic. These errors add up and may be responsible plausible because of the prevalence of wind drifting. Fur-
for the deviations between measured and simulated spectréhermore, as wind-drifted snow settles when the wind speed
albedo in the visible region. diminishes, the smallest suspended grains would be expected
At the near-infrared wavelengths (750-2200 nm), the dif-to fall out last; thus, even aged snow can have significantly
ference between model and observations is generally lessmaller grains at the surface. Our data indicate that at Summit
than 0.02. The accuracy of radiation and SSA measurementthis process probably does not take place.
and the effect of surface roughness (mimicked by a varia- Around 1430 and 1800 nm, the discrepancies between
tion of £5° in the SZA) may account for deviations up to measured and computed albedo exceed 0.05 and the model
0.014. Larger discrepancies, up to 0.05, can be instead exclearly underestimates the observed values. At these wave-
plained by the spatial heterogeneity of the snowpack: everengths, the differences cannot be due to the snow properties,
if we took great care to choose an area over the ASD fieldsince changing the surface layer characteristics does not al-
of view as spatially homogeneous as possible, the horizontow to match model and observations. We also excluded that
tal variability at small scales can be responsible for part ofthey came from the ASD device itself, since albedo measure-
the mismatch between calculations and observations. Thesments performed in the French Alps with another spectrora-
discrepancies up to 0.05 can also come from the assumpdiometer gave similar results. Briefly, the difference between
tion of spherical snow grains made for DISORT simulations, measured and simulated albedo at these wavelengths is sys-
from our sampling protocol and from the functioning of the tematic and does not depend on the input stratigraphic pro-
DUFISSS instrument, which retrieves SSA from infrared re-files nor on the instrument used to measure the albedo. Our
flectance measurements at 1310 nm, where penetration depéxplanation is that these discrepancies are mostly induced by
is about 1 cm. Indeed, since wind slabs thinner than 1 cnthe uncertainty on the value of the ice refractive index. In
were present within Summit snowpack, as well as a veryour simulations we used the most recent compilation of this
thin, high SSA surface layers (see Sect 3.1), a higher resindex Warren and Brangd®2008, but Fig. 13 provides evi-
olution in SSA measurements could improve the DISORTdence favourind<ou et al.(1993 and Grundy and Schmitt
simulations. When the disagreement between measured an{d998 at around 1430 nm an@arren (1984 and Grundy
simulated albedo at 1310 nm exceeds 0.02, we can invokand Schmit{1998 at around 1800 nm. Even if at these wave-
the spatial variability of the snowpack; in this case, our SSAlengths the energy is weak compared to that involved in the
and density measurements were not completely representaisible, a more thorough study of the ice refractive index
tive of the state of the snow over the ASD field of view. When could be helpful, not only to interpret the data presented here,
the agreement at 1310 nm is within 0.02, instead, differencesut also for remote sensing retrieval of snow properties.
for longer wavelengths may be due to the DUFISSS verti-
cal resolution, which does a weighted average of the SSA
over 1cm and cannot isolate the characteristics of a thinner
surface layer; indeed, when precipitation particles, rime or
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