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Abstract

In the present paper spectral reflectance measurements of Himalayan seasonal snow
were carried out and analysed to retrieve the snow albedo and effective grain size.
The asymptotic radiative transfer (ART) theory was applied to retrieve the plane and
spherical albedo. The retrieved plane albedo was compared with the measured spec-5

tral albedo and a good agreement was observed with ±10% measured error accuracy.
Retrieved integrated albedo was found within ±6% difference with ground observed
broadband albedo. The snow grain sizes retrieved using different models based on
ART theory are compared for different snow types and it was observed that presently
grain size model using two channel method (one in visible and another in NIR region)10

can work well for Himalayan seasonal snow and it was found consistence with temporal
increased grain size. This method can work very well for clean dry snow like in upper
Himalaya but sometime due to low reflectances (<0.2) using wavelength 1.24 µm ART
theory can not be applied, which is common in lower and middle Himalayan old snow.
This study is of importance for monitoring the Himalayan cryosphere using air-borne15

or space-borne sensors.

1 Introduction

Snow is an important natural resource. Due to high albedo of snow and its large areal
extent on the terrestrial surface it has significant effects on the planetary climate. The
snow albedo also influences the rate of melting and thus it is an important factor for the20

various activities related to seasonal snowcover. Therefore many studies have been
carried out on albedo measurement and mapping the snow cover. The snow grain size
and the impurities in snow are known as very important factors for changing the snow
albedo (Wiscombe and Warren, 1980; Warren and Wiscombe, 1980; Aoki et al., 2003).

The Himalayan cryosphere has its importance because the presence of snow cover25

in Himalaya is due to its high elevations unlike the polar regions and the source of
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origin for many rivers. The vast area of Himalaya receives snowfall during winter and
ablates during the summer. The climatic conditions of Himalaya vary with the moun-
tain ranges or geographically which affects the snow metamorphism significantly. The
western Himalaya can be divided in to three different snow climatic zones (Sharma
and Ganju, 2000). The upper Himalayan zone is characterized by comparatively low5

temperatures, light snowfall and severe wind activities. The middle Himalayan zone
is characterized by fairly cold temperatures, heavy and dry snowfall with strong wind
action. The lower Himalayan zone is characterized by moderate temperatures, heavy
snowfall and short winter period. The study of albedo and grain size can describe the
snow metamorphism, snowmelt and regional climate of the Himalayan regions.10

To retrieve the information of large snow cover extent from space-borne satellite
sensors, it is important to understand the spectral signatures of different types of snow
on ground because of the complex internal structure of snow and inhomogeneity in
the snowpack (Massom et al., 2001). The advantages of field spectral measurements
can be used in calibration of remote sensing sensors, predicting the optimum spectral15

bands for particular application, and development/testing of models relating to remote
sensing data (Milton, 1987; Milton et al., 2009). Such systematic study provides the
possibility of retrieving snow information from air-borne or space-borne sensors in dif-
ferent spectral regions as well as for the validation of satellite retrieved information.

In the present study reflectance measurements of different types of snow were mea-20

sured at nadir viewing and attempts were made to retrieve snow properties i.e. snow
albedo (plane, spherical and spectrally integrated) and snow grain size. The asymp-
totic radiative transfer (ART) theory was used for the different retrievals from snow
signatures collected in lower Himalayan region. The selection of temperate region was
because in this region one can get different types of metamorphosed snow signatures25

in a shorter duration to test the grain size retrieval models based on radiative transfer
theory for snow, as the albedo reduction varies significantly for snow surface tempera-
tures above −10 ◦C (Aoki et al., 2003).
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2 Field measurements

Reflectance measurements of Himalayan basin snow cover were carried out in field us-
ing ASD spectroradiometer in the spectral wavelength range of 350 nm–2500 nm with
3 nm spectral resolution in VIR and 10 nm spectral resolution at SWIR region. The ref-
erence surface used in the reflectance measurement was spectralon, a nearly perfect5

Lambertian reflector (Analytical Spectral Devices, 1999). To explore the ART theory
for retrieving different parameters from spectral signatures of Himalayan snow, field ex-
periments were made on seasonal fresh snow and old snow data with hourly temporal
variations over a plane surface (Fig. 1). This investigation provided the different char-
acteristics of snowpack such as new, old, dry, wet, homogeneous vs. inhomogeneous10

to explore the different analytical radiative transfer equations. All the experiments are
carried out under clear sky conditions, i.e. direct solar radiation. The experiment was
carried out within 5–10 min to minimize the atmospheric effect on snowpack. For fresh
snow the field experiment was conducted on 29 January 2005, on day 1 after the
cessation of snow storm, at latitude 32◦16′21′′ N and longitude 77◦10′58′′ E. This new15

snowfall was 10 cm on the top of existing snowpack and this set of reflectance mea-
surements are termed as “Type-I snow”. The old/metamorphosed snow reflectance
measurements were carried out on 19 February 2008 at latitude 32◦19′03′′ N and lon-
gitude 77◦09′20′′ E. The previous snowfall that occured on existing snow buildup was
only 3 cm and 4 days old. This set of observations is named as “Type-II snow” in the20

present study. The physical parameters measured at the time of field investigation are
given in Table 1. The grain size was measured as average maximum grain diameter
(EGD) using crystal gauge with magnifying hand lens. This method was found prac-
tical at the time of field investigations; although now advanced methods can be found
in literature (e.g. Matzl and Schneebeli, 2006; Painter et al., 2007). The observations25

were carried out at nadir, i.e. viewing zenith angle was 0◦.
Spectral albedo measurements were also carried out with each set of reflectance

measurements to make the comparison with retrieved spectral albedo using ART
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theory (Kokhanovsky and Zege, 2004). The spectral albedo was measured using re-
mote cosine receptor (RCR) connected to the spectroradiometer with fiber optic cable,
by measuring downwelling irradiance followed by upwelling irradiance. Longer wave-
lengths (beyond 1800 nm) are removed from the spectrum due to very poor SNR of
the measured spectral albedo. To validate the integrated albedo (i.e. using spectro-5

radiometer) with broadband albedo (using field albedometer), we used another set of
observations where we have both the measurements simultaneously for two days just
after the snowfall. These experiments were made on 27 and 28 February 2006 in the
same Himalayan basin at latitude 32◦21′18′′ N and longitude 77◦07′35′′ E.

3 ART theory10

The remote sensing of snowpack was initially modeled by different researchers (Bohren
and Barkstrom, 1974; Warren and Wiscombe, 1980; Warren, 1984) as a layer of
dispersed spherical snow grains. The snow retrieval algorithms were made from re-
flectance characteristics for different satellite data using the model mentioned above
(Nolin and Dozier, 1993; Fily et al., 1997; Hori et al., 2001; Li et al., 2001). This model15

uses Mie theory to obtain single scattering characteristics and radiative theory to relate
radiative properties of snow to snow local optical characteristics.

However, snow on ground consists of irregularly shaped non uniform snow grains.
The optical properties of snow not only controlled by size but also by the shape of the
particles (Mishchenko et al., 1999, 2002; Kokhanovsky, 2003; Kokhanovsky and Zege,20

2004). Therefore more realistic snow model with non-spherical snow grains are pro-
posed by different researchers (Kokhanovsky and Zege, 2004; Zege et al., 2008) and
retrievals were made using different satellite sensors (Kokhanovsky et al., 2005, 2011;
Tedesco and Kokhanovsky, 2007; Lyapustin et al., 2009; Kokhanovsky and Schreier,
2009). In the present study, this approach has been considered, which introduce model25

of snow as fractal grains rather than spherical in order to account for their irregu-
lar shape, geometrical optics equations instead of Mie calculations for snow optical
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characteristics, and analytical asymptotic solutions of the radiative transfer theory for
snow optical properties (Kokhanovsky and Zege, 2004). According to this theory snow
reflection function can be modeled using approximate analytical solution in the form of
the following equation valid for weakly absorbing snow layers (Kokhanovsky and Zege,
2004):5

R (µ,µ0,ϕ) = R0 (µ,µ0,ϕ)Af (µ,µ0,ϕ), (1)

Here R(µ,µ0,ϕ) is reflectance of a semi infinite snow layer; µ0 = cosϑ0; µ= cosϑ; ϑ0,
ϑ and ϕ are solar zenith, viewing zenith and relative azimuth angle, respectively. Also
it follows:

A=exp
{
−4s/

√
3
}

and s =

√
1−ω0

1−gω0
, (2)10

Here, A is spherical snow albedo, ω0 is the single scattering albedo and g is the asym-
metry parameter. The function f (µ,µ0,ϕ) is given by the following ratio:

f (µ,µ0,ϕ) =
u(µ0)u(µ)

R0(µ,µ0,ϕ)
, (3)

Function u(µ0) is called the escape function. It determines the angular distribution of
light escaping from the semi-infinite nonabsorbing media and can be approximately15

given by Kokhanovsky (2003):

u(µ0) =
3
7

(1 + 2µ), (4)

where R0 is the reflection function of a semi-infinite snow layer under assumption that
the single scattering albedo is equal to one, and R0 can be calculated using, the Fourier
components of the reflection function in the visible (for a nonabsorbing snow). These20

are tabulated using a code developed by Mishchenko et al. (1999). The code solves the
Ambartsumian nonlinear integral equation for the harmonics Rm (µ,µ0) of the reflection
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function. These harmonics can be stored in LUTs. Thus, the reflection function at any
relative azimuth angle is found as:

R0(µ,µ0,ϕ) = R0 (µ,µ0) + 2
Mmax∑
m=1

Rm (µ,µ0)cos(mϕ), (5)

Here µ= cosϑ and the value of Mmax is chosen from the condition that the next term
does not contribute more than 0.01% in the sum (Eq. 5). Alternatively the function R05

can also be calculated using approximation given by Kokhanovsky (2005):

R0(µ,µ0,ϕ) =
A + B(µ + µ0) + Cµµ0 + p(θ)

4(µ + µ0)
, (6)

where A=1.247, B=1.186, C=5.157, p(θ)=11.1exp(−0.087θ) + 1.1exp(−0.014θ),
θ is given in degrees and defined as θ=acos(−µµ0+ss0cosϕ).

The theoretical reflectance spectra for a semi-infinite turbid medium can be obtained10

by solving the nonlinear integral equation derived by Ambartsumian, using the invari-
ance principles. However, such an approach is not suitable for the inverse problem so-
lution, because of the computational burden (Kokhanovsky, 2006). Therefore, to make
the faster retrievals the approximate relations have been used for spherical albedo,
plane albedo, and grain size estimation.15

4 Retrievals

The reflection function R (µ,µ0,ϕ,ϕ0) is defined as the ratio of the intensity of light
(upwelling radiance) reflected from a given turbid layer to the solar flux density reflected
(direct irradiance) from the perfectly reflecting lambertian surface for a given incident
beam direction and observation direction (Kokhanovsky, 2004a, 2006). Thus, R is20

determined by solar zenith angles ϑ0, viewing angle ϑ, solar azimuth angle ϕ0 and
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viewing azimuth angle ϕ1. R is equal to 1 for lambertian surface. Namely it follows:

R (µ,µ0,ϕ1,ϕ0) =
πL(µ,µ0,ϕ1,ϕ0)

µ0E
dir
d (µ0,ϕ0)

, (7)

where, L is the upwelling radiance and Edir
d is the incident direct irradiance. The re-

flectance measurements carried out during field investigation provide the above func-
tion, which was further used to make different retrievals.5

4.1 Albedo

a. Plane albedo is also called as directional hemispherical reflectance and defined
as the integral of reflectance function “R” over all reflection (viewing) angles, and
can be derived from following equation:

rp =
1
π

2π∫
0

dϕ

1∫
0

R(µ,µ0,ϕ)µdµ, (8)10

where, µ is the cosine of viewing angle and ϕ is the relative azimuth angle.

b. Spherical albedo is also called as bi-hemispherical reflectance or diffuse albedo
and defined as the integral of plane albedo “rp” over all solar angles, and can be
given by following equation:

rs = 2

1∫
0

rp(µ0)µ0dµ0. (9)15
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c. Broadband albedo can be obtained by integrating the plane spectral albedo rp(λ)
over the wavelength, weighted by the incident solar flux F↓(λ):

a =

∫
rp(λ)F↓(λ)dλ∫

F↓(λ)dλ
. (10)

The albedo defined by Eqs. (8) and (9) are not possible to determine from satellite
sensors because measurements are performed with fixed solar and viewing angles.5

Kokhanovsky et al. (2007) presented an alternative possibility for direct determination
of the spherical cloud albedo from single reflection function measurements, for the spe-
cial case of optically thick cloudiness. This technique requires no a priori information
on the particles size and optical thickness. It has also shown that the absolute value of
error is below 3% at optical thickness τ ≥ 10 for all considered solar zenith angles and10

nadir observations, which is suitable in case of snow study.
From Eq. (1), using the ART theory, spherical albedo “A”, can be retrieved from

reflection measurements (Rmeas =R(µ,µ0,ϕ)) at a fixed geometry and can be given by
following equation:

A = rs =
(
Rmeas

R0

)1/f

. (11)15

Thus spherical albedo can be retrived by substituting the value of f and R0 from Eqs. (3)
and (6), respectively. Once we know spherical albedo, the plane albedo can be deter-
mined by following relation (Kokhanovsky, 2002, 2004b):

rp = Au(µ0) (12)

or20

rp =
(
Rmeas

R0

)R0/u(µ)

,

where, A and u(µ0) can be substituted in Eq. (12) from Eqs. (11) and (4).
2345
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4.2 Grain size

The remote sensing provides the effective optical size of snow grains, which can be
defined by average volume V and average projection area S of a snow grain, and can
be represented as follows:

aef =
3
4

(
V/S
)
, (13)5

where V and S represent the particle volume and projected area, respectively (Jin
et al., 2008; Kokhanovsky, 2011). In case of monodisperse spheres, the aef is the
same as actual radius. It is a possible to determine aef using optical measurements on
ground, aircraft or satellite (Dozier et al., 2009), since it has a physical sense, as the
snow reflection function is governed mostly by the value of the probability of photon10

absorption (PPA) (Kokhanovsky et al., 2005). However, it is difficult to measure the
aef with a microscope on ground, a lot of averaging procedures are to be required to
derive the value of aef as given by Eq. (13). The other way to measure aef is the spe-
cific surface area (SSA), which can be measured by different direct techniques such as
methane adsorption technique (Legagneux et al., 2002), microtomography (Schnee-15

beli and Sokratov, 2004), near-infrared photography (Matzl and Scheebeli, 2006), and
stereology (Matzl, 2006). The relation between SSA and aef is given by (Domine,
2008):

SSA =
Σ

ρiV
, (14)

where ρi is the density of ice (0.9167 g cm−3, at 0 ◦C) and Σ, V are the averaged sur-20

face area and average volume with respect to the size/shape distributions of grains,
respectively. In case of monodisperse spheres SSA can be defined as:

SSA =
3

ρiaef
. (15)
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Therefore with the optical measurements of aef, one can also determine the SSA.
Different authors has used ART theory to retrieve grain size (Kokhanovsky and

Zege, 2004a; Kokhanovsky and Nauss, 2005; Tedesco and Kokhanovsky, 2007;
Kokhanovsky and Schreier, 2009). Now this theory has also been used by considering
soot effect in NIR region in addition to ice absorption (Zege et al., 2008; Kokhanovsky,5

2011) and as ratio techniques of different ice absorption channels (Lyapustin, 2009).

a. Single channel method: Kokhanovsky and Zege (2004) first defined the snow
grain diameter (d ) by physically based equation:

d =
1

αb2 f 2
ln2
(
R
R0

)
, (16)

where α=4πχ (λ)/λ is the ice absorption coefficient, parameter b depends on the10

grain shape and asymmetry parameter (considered ≈3.62 for fractal particles;
and ≈4.53 for spheres), R is the measured reflectance at NIR channel, and other
terms are same as mentioned in Sect. 3. In the present study fractal particles
are considered and R0 is estimated using approximation method given by Eq. (6).
Imaginary part of ice refractive index (χ ) was used as tabulated by Warren and15

Brandt (2008).

b. Two channel method: Kokhanovsky et al. (2011), has proposed the two channel
method to estimate the grain size and soot concentration using following equa-
tions:

R1 = R0exp(−γ
√
β1) (17)20

R2 = R0exp(−γ
√
β2) (18)

where, R1 and R2 are the reflectance in visible and NIR channel. β1 and β2
are PPA in visible (i.e. 0.443 µm, light absorption due to soot presence) and NIR
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(0.865/1.05/1.24 µm; light absorption due to ice and soot) channel respectively,
and γ is given by:

γ =
4f√

3(1−gω0)
. (19)

In the present case, the difference of ω0 from 1.0 in Eq. (19) was neglected.
Solving the Eqs. (17) and (18) for the PPA due to ice βi ,2 in NIR channel (i.e. total5

PPA in NIR: β2-PPA due to soot in NIR: βs,2) to retrieve grain size:

βi ,2 =
ln2(R2/R0)

γ2
−
λ1

λ2

(
ln2(R1/R0)

γ2

)
. (20)

Subscript 1 and 2 denote the visible and NIR channel respectively, and imaginary
part of refractive index for soot in visible and NIR channel is considered constant
(0.46).10

Finally, the effective grain radius was defined by Kokhanovsky and Nauss (2005):

aef = (Kαi ,2)−1 ln
[

β∞
β∞ − βi ,2

]
, (21)

where the value of K = 2.63 was considered in this study for fractals and αi ,2 is
a linear absorption coefficient for ice α = 4πχ (λ)/λ in NIR channel. β∞ is the
limiting case of probability of photon absorption for an ice crystal, which absorbs15

all radiation penetrated inside the particle (considered β∞ = 0.47), and βi ,2 can
be substituted from Eq. (20).

Kokhanovsky et al. (2011) used LUTs approach, a code developed by Mishchenko
et al. (1999) as discussed in Sect. 3 to estimate R0, but presently we have used
approximation method given by Eq. (6) so that the theory can be used to make20

fast snow retrievals using inversion technique.
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c. Two channel ratio method: Lyapustin et al. (2009) also used the ART theory given
by Kokhanovsky and Zege (2004), instead of single band they used the band
ratio method, where the role of R0 reduced to the second order effect manifested
in function “f ”. They defined the snow grain diameter (d ) using two channels with
different ice absorption by:5

d =
1

4πb2 f 2

[
ln
(
R1

R2

)
/(
√
χ2/λ2 −

√
χ1/λ1)

]2

. (22)

This equation is valid for vertically homogeneous snow. Here R1 and R2 are such
that light penetration depth in snow are similar between the two wavelengths, and
these can be selected as 1.05 and 1.24 µm. For inhomogeneous snow one ice
non-absorbing channel (λ1 in visible) and another ice absorbing channel (λ2 in10

NIR) are required. In this case Eq. (22) can be given by:

d =
λ2

4πχ2b2 f 2
ln2
(
R1

R2

)
, (23)

where R1 and R2 are the measured reflectance at visible and NIR channel, re-
spectively. From Eqs. (16) and (23), it can be well observed that the difference
is in the logarithmic part where R0 is replaced with measured reflectance in vis-15

ible channel. Lyapustin et al. (2009) has used the radiative transfer code for R0,
which is used to estimate “f ” in Eq. (23). However in the present study, R0 is
again estimated from approximation method (Eq. 6). In this study the wavelength
0.645 µm is selected in the visible instead of 0.443 µm because the wavelength
closed to channel 0.443 µm is more effected by contamination like soil/ash (Negi20

et al., 2009). Channels 0.645, 1.05 and 1.24 µm are used in the combination of
(0.645 and 1.05 µm) and (0.645 and 1.24 µm).

d. Three channel method: Zege et al. (2008) defined new algorithm to retrieve
snow grain size and pollution amount from satellite data using three channels
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reflectance measurement, with no priori snow optical model (i.e. for R0). They
defined effective size of snow grain by:

aef =

 1
A(qj − qi )u(µ0)u(µ)

R
qj

i

Rqi
j


1

qj−qi

ln

(
Ri

Rj

)
2

, (24)

where i and j are spectral channel, parameter A depends on shape of the particles
and ranges from 3.5 to 6.5 (fractals to spheres; similar as denoted in Eq. (16) by “b”)5

and qi is given by:

qi =

√
4π

(χi + 0.2Cs)

λi
, (25)

where Cs is relative soot concentration (i.e. soot and snow grain volumetric concentra-
tion), the detail analytical solution for estimating Cs is given by Eqs. (14–19) of Zege et
al. (2008). There is one assumption that the effect of soot pollution on the light extinc-10

tion in snow is zero. In the present study channels R2 (0.645 µm), R3 (0.859 µm), R4
(1.05 µm) and R5 (1.24 µm) are used in the combination of (R2, R3, R4) and (R2, R3,
R5).

All the above discussed methods were used for the retrievals of snow grain size, and
compared. In the present study the effective grain diameter “d ” has been considered15

as retrieved snow grain size. Further by knowing the “d ”, spherical and plane albedo
can be retrieved using approach described by Kokhanovsky and Zege (2004):

rs = exp(−b
√
γd ), (26)

and

rp =exp(−u(µ0)b
√
γd ). (27)20
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5 Field validation and discussions

5.1 Albedo

The plane and spherical albedo determined from temporal spectral reflectance mea-
surement for Type-I and Type-II snow are shown in Figs. 2 and 3. The difference
between the spectral reflectance and albedo is attributed to the presence of snow5

reflectance anisotropy, as the radiation reflected by snow surface is not distributed
uniformly into all angles. An anisotropic reflection function (ARF), is defined by the
ratio of reflectance to spectral albedo. It can be observed from the Fig. 2 (Type-I
snow), the variation (ARF) in NIR region is throughout present (Fig. 2a to f), how-
ever in visible region this is varying with the solar zenith angle (SZA). As the SZA is10

decreasing with day time, the difference between reflectance and albedo is also de-
creasing in the visible region. In Fig. 2e, at low SZA, when Sun is around overhead
(i.e. at 1150 h) the anisotropy is negligible in the visible region. For (Type-II snow), this
anisotropy was observed along the whole spectrum i.e. visible and NIR region. The
presence of anisotropy in the visible region could be explained by impurities in snow15

(e.g. clay/dust contamination and soot), as this anisotropy is consistent with respect to
spherical albedo observations.

It has been observed that spherical albedo is lower than plane albedo for Fig. 2
(Type-I) and Fig. 3a–b (Type-II), and higher for Fig. 3d–e (Type-II). This difference be-
tween the plane and spherical albedo can be attributed by variation in albedo under20

diffuse radiation condition explained by Warren (1982), i.e. when SZA greater than 50◦

the spherical albedo (i.e. diffused albedo) decreases, however for SZA below 50◦, the
spherical albedo increases and remain unaltered around 50◦ (Wiscombe and Warren,
1980), which can be observed in case of Fig. 3c (SZA ∼48◦).

The comparison between retrieved plane albedo and measured spectral albedo in25

field are shown by Fig. 4. It has been observed that the retrieved spectral albedo using
ART theory is in good agreement with the measured spectral albedo in NIR region.
The departures between retrieved and measured albedo in visible region are attributed
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to the measuring instrument response i.e. poor signal to noise (SNR) ratio in the visible
region. Such difficulties during the measurement of spectral albedo in field under clear
sky condition are also highlighted by other researchers (Warren, 1982; Warren et al.,
1986; Aoki et al., 2000). However, the measurements were carried out over plane
snow surface and leveling of the sensor has been taken care during the observations.5

Secondly in Fig. 4a–c, the measured spectral albedo in the visible region should not
decrease being for a new snow (Type-I). The comparison of retrieved temporal albedo
for snow Type-I and Type-II shows an agreement within 10% error in measured albedo
at wavelength 1.05 µm and 1.24 µm (Fig. 5).

The integrated albedo was estimated using direct measurement of spectral albedo10

(i.e. using RCR) and retrieved plane albedo (using above theory), and compared with
direct broadband albedo measurements (Fig. 6). Figure 6a and b show that integrated
albedo data from spectroradiometer (direct and retrieved from reflectance) are close
to broadband data. Generally all the integrated albedo using direct measurement hav-
ing slightly less values than retrieved integrated albedo from reflectance data, this also15

proves the systematic error in our measured spectral albedo data in the visible region.
The retrieved integrated albedo was found within ±6% difference error from ground
observed broadband albedo. The coefficient of correlation between broadband and in-
tegrated albedo using spectral measurements was 0.89 with standard error (SE) 0.028
(Fig. 7a), however it was improved for intergrated retrieved albedo using reflectance20

i.e. 0.94 with SE 0.020 (Fig. 7b). This indicate that albedo retrievel form reflectance
using ART theory can work well for Himalayan snow.

5.2 Grain size

The field reflectance measurement data in R1(443 nm), R2(645 nm), R3(859 nm),
R4(1050 nm) and R5(1240 nm) channels for retrieving grain sizes by different models25

are given by Fig. 8a and b for snow Type-I and Type-II, respectively. A slight varia-
tion in reflectance can be observed in R1, R2 and R3 channels due to variations in
atmospheric and snow conditions with time under natural field environment but for R4
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and R5 decreasing trend was observed which is attributed to increasing trend of snow
grain size. Field measured parameters (Table 1) also indicate temporal increasing in
grain size for both types of snow, as the snow grain size increases due to clustering
of snow grains at snow temperature close to 0 ◦C (Colbeck, 1982). For snow Type-II,
the reflectances at R5(1240 nm) are less than 0.2, where the ART theory fails as the5

theory is only valid for semi infinite media with low absorption (Kokhanovsky and Zege,
2004) and therefore grain size was not retrieved for such low reflectances.

The grain size retrievals were made using four methods as discussed in Sect. 4.2,
and shown by Table 2. The retrieved grain size for snow Type-I were underestimated
compared to ground measured snow grain sizes in first three methods, this suggests10

that the ground measured grain size i.e. maximum equivalent grain diameter of is not
a correct measure. Aoki et al. (2000) also reported after observing three types of grain
equivalent measurements on ground and found that effective grain size falls in the
range of measured lengths of narrower portions of broken crystals. Unfortunately we
could not make such fine level length measurements using field instruments available15

to us for new snow, however as the snow become rounded due to metamorphism, the
retrieved grain sizes are in agreement with measured one (snow Type-II). The three
channel method retrieved larger grain sizes and found to be much more sensitive to
difference between reflectance observed in visible and NIR region. Since in this method
one additional NIR channel R3 was used so we are not considering this method to20

compare with other models where only one NIR channel was used to retrieve the grain
sizes.

From Table 2 and Fig. 9, a good agreement can be observed between retrieved
grain sizes with temporal increment using the single channel method and two channel
method. However, slight variation was observed using two channel ratio method. All25

the three methods retrieved almost similar grain sizes once the snow was new (snow
type-I) with very fine grain and dry (snow surface temperature less than 0 ◦C). How-
ever, two channel ratio method retrieved smaller grain size as compared to two chan-
nel method once the snow metamorphosed (snow Type-II). This difference in retrieved
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grain sizes from other two methods attributed to replacement of R0 by visible channel
reflectance (R2), where a large difference can be observed between R0 and measured
R2. The deviation in retrieved grain sizes using three channel method with grain sizes
retrieved from other methods may be due to the exclusion of R0 using visible chan-
nel. Therefore the two channel ratio method or three channel method can work well5

for the snow covered area where the visible channel reflectance is high, like in Polar
Regions or upper Himalaya but not for lower and middle Himalayan seasonal snow
due to higher temperature and proximity to habitat area. The single channel method
and two channel method have similar grain size trend with slight difference in sizes
derived from 1.05 µm for snow Type-I and Type-II (Fig. 9). This difference is due to soot10

effect at 1.05 µm, which can be observed negligible for channel 1.24 µm. Secondly it
was found that the grain sizes derived using two channel method are more close to the
ground measured grain diameter, in comparison to grain size derived from single chan-
nel method. Therefore we propose two channel method for various type of Himalayan
seasonal snow.15

Retrieved grain sizes using channel 1.05 µm and 1.24 µm for snow Type-I, using all
the methods showed a linear relations for small grain sizes i.e. early hours of the day
(Fig. 10). However, this deviation is more for larger grain sizes i.e. with respect to time,
which indicate the presence of vertical inhomogeneity in the snowpack at late hours of
the day, as wavelength 1.05 µm penetrates more in snow than that at 1.24 µm. Ground20

snow cover information also supports the vertical inhomogeneity at later day time as
the fresh snowfall produced only 10 cm of snow on existed snowpack, which become
thin by the later hours and thus the variation in retrieved grain sizes was observed due
to underlying old snow with different grain sizes.

Further, the spherical and plane albedos can also be modeled using ART theory25

once the effective grain diameter “d ” was correctly estimated. The theoretical spheri-
cal albedo and the retrieved spherical albedo from reflectance measurement for snow
Type-I was observed well in agreement up to 1400 nm and for larger wavelength er-
ror increased due to limitation of theory for large absorption (Fig. 11). But such good
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agreement between theoretical albedo and retrieved albedo can not be observed for
snow Type-II, as the low reflectances in visible region cause lower actual albedo.
Therefore one can retrieve the albedo from single channel in NIR using ART theory
for clean snow but we suggest for the Himalayan-like seasonal snow the narrow band
to broadband (NTB) albedo can work well for albedo estimation from the space, where5

NTB albedo can be retrieved from reflectance as discussed in Sects. 4.1. and 5.1.

6 Conclusions

The main advantage of the ART theory is analytical solutions of the radiative trans-
fer theory for retrieving the snow properties. This makes the fast retrievals instead of
running radiative transfer codes. Therefore this technique can be used to generate10

the operational snowcover grain size and albedo maps using airborne or spaceborne
mutispectral sensor data. Before directly applying the theory to retrieve the snow prop-
erties from satellite data of Himalayan region, it was an important step to understand
how it behaves for the different types of seasonal snow.

With this study, it was found that the ART theory can work well for retrieving sea-15

sonal snow albedo (i.e. plane and spherical). This is also an important input for re-
trieving narrow band to broadband albedo. The comparison of retrieved grain sizes
using different models for different type of snow helped in understanding the advan-
tage and limitations of these methods for Himalayan region. The two channel method
was found suitable for all the type of snow studied, this method can use any NIR chan-20

nel (0.865/1.05/1.24 µm) as it can take care of absorption in NIR channel due to soot.
The other grain size methods using directly visible channel reflectance for R0 to retrieve
grain sizes are found sensitive to visible snow reflectance and such models are incon-
sistent for retrieving the grain sizes. The detection of vertical inhomogenety within the
snowpack using grain retrievals by different ice absorption channels can be very helpful25

in snow avalanche study of Himalayan region to find the stability of the snowpack.
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Table 1. Field measured snow parameters at the time of reflectance observations (Not meas.
is no measurement recorded).

Snow type Time Solar zenith Snow thickness Snow surface Grain size
and date (LT) angle (degree) (cm) temperature (◦C) (mm)

Type-I

09:30 63.9 27 −2.0 0.0–0.5

29 January 2005

10:20 57.6 27 −2.0 0.0–0.5
10:45 54.9 26 −1.5 0.5–1.0
11:20 52.2 24 0.0 0.5–1.0
11:50 51.0 23 0.0 1.0–2.0
12:20 50.7 22 0.0 1.0–2.0

Type-II

09:20 60.9 136 −1.0 1.0–2.0

19 February 2008

10:10 53.5 Not meas. −0.5 1.0–2.0
11:00 47.9 Not meas. 0.0 1.0–2.0
12:00 44.6 Not meas. 0.0 1.0–2.0
13:00 45.8 Not meas. 0.0 1.0–2.0
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Table 2. Retrieved snow grain size “d ” (i.e. 2×aef) using single channel method, two channel
method, two channel ratio method and three channel method: R1, R2, R3, R4 and R5 are the
reflectance at channel 0.443, 0.645, 0.859, 1.05 and 1.24 µm, respectively.

Snow type and Time of Grain size (mm) using Grain size (mm) using Grain size (mm) using Grain size (mm) using
date of observation observation single channel method two channel method two channel Ratio method three channel method

(LT) R4 R5 R1, R4 R1, R5 R2, R4 R2, R5 R2, R3, R4 R2, R3, R5

Type-I

09:30 0.14 0.15 0.14 0.14 0.12 0.14 0.33 0.37

29 January 2005

10:20 0.17 0.15 0.16 0.15 0.11 0.13 0.35 0.30
10:45 0.28 0.32 0.27 0.31 0.22 0.29 0.94 0.87
11:20 0.36 0.34 0.35 0.33 0.23 0.28 0.72 0.65
11:50 0.48 0.52 0.45 0.51 0.34 0.45 1.07 1.14
12:20 0.81 0.89 0.76 0.91 0.43 0.69 1.34 1.80

Type-II

09:20 1.81 – 1.70 – 0.69 – 1.64 –

19 February 2008

10:10 1.80 – 1.66 – 0.66 – 1.67 –
11:00 2.04 – 1.91 – 0.85 – 2.28 –
12:00 2.11 – 1.96 – 0.84 – 2.26 –
13:00 2.07 – 1.95 – 0.94 – 2.43 –
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Fig. 1. Field experiment set-up of spectral reflectance measurements (winter 2008).
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. Field measured reflectance for new snow and retrieved spherical and plane albedo;
(a) 09:30, (b) 10:20, (c) 10:45, (d) 11:20, (e) 11:50 and (f) 12:20 local time.
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(a) (b)

(c) (d)

(e)

Fig. 3. Field measured reflectance for old snow and retrieved spherical and plane albedo;
(a) 09:20, (b) 10:10, (c) 11:00, (d) 12:00 and (e) 13:00 local time.
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(a) (b)

(c) (d)

(e) (f)

Fig. 4. Comparison of retrieved plane albedo with field measured spectral albedo; (a)–(c) are
for snow Type-I at 11:20, 11:50 and 12:20 local time, and (d)–(f) are for snow Type-II at 09:20,
11:00 and 12:00 local time, respectively.
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(a)

(b)

Fig. 5. Comparison of retrieved temporal albedo with measured spectral albedo with 10%
measurement error at wavelength 1.05 µm and 1.24 µm for (a) snow Type-I and (b) Type-II.
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(a)

(b)

Fig. 6. Comparison between integrated albedo (measured and retrieved) with observed broad-
band albedo: (a) day 1 after snowfall 27 Feburary 2006, (b) day 2 after snowfall 28 February
2006.
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(a)

(b)

Fig. 7. Comparison between (a) broadband albedo and integrated albedo (using field measured
spectral albedo); (b) broadband albedo and integrated albedo (using plane albedo retrieved
from reflectance measurement data).
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(a)

(b)

Fig. 8. Field measured reflectances of snow at wavelength 443, 645, 859, 1050 and 1240 nm
(a) snow Type-I and (b) snow Type-II.
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(a) (b)

(c)

Fig. 9. Comparison of retrieved snow grain sizes; (a) snow Type-I using 1050 nm channel; (b)
snow Type-I using 1240 nm channel and (c) snow Type-II using 1050 nm channel.
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Fig. 10. Retrieved grain sizes using channel 1050 and 1240 nm for snow Type-I.
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(a)

(b)

Fig. 11. Comparison between theoretical spherical albedo using ART (grain size from two
channel model) and retrieved spherical albedo from the measured reflectance for snow Type-I
(a) 09:30 and (b) 10:20 local time.
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