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Abstract. Observations of spectral albedo and bidirectional reflectance in the wavelength 
region of X = 0.35-2.5 tzm were made together with snow pit work on a flat snowfield in 
eastern Hokkaido, Japan. The effects of snow impurities, density, layer structure, and 
grain size attained by in situ and laboratory measurements were taken into account in 
snow models for which spectral albedos were calculated using a multiple-scattering model 
for the atmosphere-snow system. Comparisons of these theoretical albedos with measured 
ones suggest that the snow impurities were concentrated at the snow surface by dry fallout 
of atmospheric aerosols. The optically equivalent snow grain size was found to be of the 
order of a branch width of dendrites or of a dimension of narrower portion of broken 
crystals. This size was smaller than both the mean grain size and the effective grain size 
obtained from micrographs by image processing. The observational results for the 
bidirectional reflection distribution function (BRDF) normalized by the radiance at the 
nadir showed that the anisotropic reflection was very significant in the near-infrared 
region, especially for X > 1.4 tzm, while the visible normalized BRDF (NBRDF) patterns 
were relatively flat. Comparison of this result with two kinds of theoretical NBRDFs, 
where one having been calculated using single-scattering parameters by Mie theory and 
the other using the same parameters except for Henyey-Greenstein (HG) phase function 
obtained from the same asymmetry factor as in the Mie theory, showed that the observed 
NBRDF agreed with the theoretical one using the HG phase function rather than with 
that using the Mie phase function, while the albedos calculated with both phase functions 
agreed well with each other. 

1. Introduction 

Snow cover is very sensitive to a climate change and has 
large feedback effects on the climate system. The former is 
because local climate affects the phase change of ice (snow) 
and the latter is caused by the high albedo in the visible region. 
The modern radiative transfer model for the snow albedo has 

brought us a better understanding of the optical properties of 
snow in the shortwave spectral region. For example, the effects 
of solar zenith angle, snow grain size, impurities, snowpack 
thickness, and incident condition on the spectral albedo were 
examined by Wiscombe and Warren [1980] and Warren and 
Wiscombe [1980] using the delta-Eddington approximation and 
Mie theory. Warren [1982] reviewed the historical development 
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of snow albedo modelings and snow albedo observations and 
also described the possibility of remote sensing to estimate the 
snow physical parameters such as snow grain size and impuri- 
ties. Satellite remote sensing of snow is important for the 
studies of climate change because of the large impact of the 
cryosphere on to the climate system. Li [1982] calculated the 
bidirectional reflection distribution function (BRDF) of snow 
using Mie theory and the "doubling method" and showed the 
anisotropic reflection property of snow. This is important for 
satellite remote sensing of a snow surface. Hah [1996] devel- 
oped the snow BRDF model using the discrete ordinate 
method and Mie theory to retrieve the surface albedo from 
satellite measurements in the Arctic. Leroux et al. [1997, 1999] 
developed the polarized BRDF model using the "doubling and 
adding" model, together with Mie theory and ray optics, and 
compared the theoretical values with measurements in the 
principal plane at ,k - 1.65 /•m. They demonstrated that the 
snow grain shape strongly affects the BRDF in the near- 
infrared region and that hexagonal particles rather than spher- 
ical particles give a better agreement with measurements. Le- 
roux and Fily [1998] developed the BRDF model, including the 
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effect of sastrugi with regularly spaced identical rectangular 
protrusions. Aoki et al. [1999] examined the atmospheric ef- 
fects, such as atmospheric molecules, absorptive gases, aero- 
sols, and clouds, on the spectral and spectrally integrated snow 
albedos at the surface and at the top of the atmosphere. Thus 
the snow albedo models have been incorporated into the at- 
mosphere-snow system and have become applicable to the 
remote sensing of a snow surface with BRDF properties being 
taken into consideration. 

To study the optical properties of snow, it is necessary to 
make spectral measurements of snow as well as to apply the- 
oretical approaches. Liljequist [1956] has observed the albedos 
in four visible bands using a photoelectric cell and color filters 
and reported that the maximum albedo was 0.97 in the band of 
,k = 0.52 rim. Measurements of albedo with higher spectral 
resolution have been made by Grenfell and Maykut [1977] for 
,k = 0.4-1.0 rim using a prism spectrometer on ice and snow in 
the Arctic sea. They demonstrated an effect of the aging of 
snow on albedo and that the maximum albedo of dry snow was 
in the range of ,k = 0.4-0.6 rim. Kuhn and Siogas [1978] 
reported results on spectral albedo for a wider spectral range 
of ,k - 0.39-1.55 rim for different types of snow in the Ant- 
arctic using a spectrometer. The visible albedos observed by 
Grenfell and Maykut [1977] and Kuhn and Siogas [1978] were 
too low compared to the theoretically predicted ones for pure 
snow in the polar region. O'Brien and Koh [1981] observed the 
shallow snow reflectance in the six near-infrared bands from 

,k -- 0.81 to 1.80 rim using a radiometer equipped with band- 
pass filters. They determined the snow grain size through im- 
age processing for replicated snow samples. Since this was 
actually the size of snow aggregates, the theoretically predicted 
grain size of new snow, as estimated from the values of the 
near-infrared reflectance, was much smaller than that esti- 
mated on the basis of image processing. Spectral albedo mea- 
surements for a wide solar spectrum range (,k = 0.38-2.45 rim) 
have been made by Grenfell et al. [1981] on a snowfield in the 
Cascade Mountains in the United States using the spectrom- 
eter described by Grenfell [1981]. They examined the effects of 
snow grain size and impurities on the spectral albedo for a wide 
range of snow lifetime from new snow to granular snow. Gren- 
fell and Perovich [1984] observed spectral albedos for different 
types of sea ice in the Arctic sea. They concluded that the 
variation in albedos is due primarily to differences in vapor 
bubble density, crystal structure, and free water content of the 
upper layers of the ice. Warren et al. [1986] observed the spec- 
tral albedo for ,k = 0.3-2.5 rim in Antarctica using two kinds of 
spectrometers, including the type described by Grenfell [1981], 
and obtained a high value (close to unity) at visible wave- 
lengths, as was theoretically predicted for pure snow. However, 
in the near-infrared region the observed albedos were higher 
than those predicted for homogeneous snow, suggesting that 
the snow surface was covered by smaller snow grains. Grenfell 
et al. [1994] observed spectral albedos on an Antarctic snow- 
field under cloudy conditions which showed a good agreement 
with the theoretical ones calculated by means of a two-layer 
snow model. On the other hand, some discrepancies remained 
at the near-infrared wavelengths under a clear sky. The reason 
for these discrepancies was not yet realized although they 
quoted the following possibilities: underestimation of snow 
grain size, inaccurate correction of the instrument, and a fault 
in the model. Sergent et al. [1998] showed the dependency of 
spectral hemispherical-directional reflectance on four types of 
snow in the region of ,k = 0.9-1.45 rim in a cold laboratory. 

Aoki et al. [1998] examined the spectral albedos for ,k = 0.35- 
2.5 rim using a grating spectrometer on a snowfield at Barrow, 
Alaska, under a cloudy condition, and demonstrated that the 
optically equivalent grain size (although they originally used 
"optically effective grain size," we will use this term to avoid 
any confusion with "effective radius" used for the size distri- 
bution) is of the order of the branch width of dendrites for new 
snow. 

Most measurements mentioned above were made under 

cloudy conditions. However, it is necessary to examine the 
optical properties of snow under a clear sky in preparation for 
the satellite remote sensing of snow using an optical sensor. 
The measurement of spectral albedos under clear conditions is 
very difficult due to the following three reasons [Warren et al., 
1986]: The incident radiation is primarily a direct solar beam, 
while the upward radiation is diffuse. (1) A little deviation of 
the level setting of the instrument causes an error. (2) The 
deviation from the so-called "cosine property" of the incident 
angular sensitivity of the instrument must be corrected pre- 
cisely. This correction must be applied to the diffuse compo- 
nent as well as to the direct component, where the correction 
factor generally depends on the wavelength. (3) Even a gentle 
slope of the snow surface can cause the snow albedo to be 
computed erroneously if not accounted for. In general, an 
optically thin cosine collector, which measures transmitted 
light, has an incident angle dependence that deviates much 
from the perfect cosine property. Although this deviation 
would become small for an optically thick cosine collector, the 
transmittance becomes degraded as the thickness increases. 
This causes a poor signal to noise (SNR) ratio. Therefore for 
the accurate spectral albedo measurement under a clear sky, 
the following are required: (1) introduction of a measurement 
technique with fewer systematic errors, (2) appropriate correc- 
tion on the measured spectrum, and (3) careful selection of the 
snow surface on the observation site. We have obtained the 

spectral albedo under a clear sky by means of an observation 
system using a white reference standard together with correc- 
tion for errors due to the observation system. These albedos 
were compared with the theoretically calculated ones, and the 
effects of snow physical parameters on the spectral albedo 
were investigated. 

BRDF observation of a snow surface is very important for 
satellite remote sensing of a snow surface or of the atmosphere 
above a snow surface because of the anisotropic feature of 
snow reflectance. The early BRDF observations of snow sur- 
faces were made for broad spectral regions on the snowfield 
[Salomonson and Marlatt, 1968; Kuhn, 1974; Dirmhirn and 
Eaton, 1975] and in the cold laboratory [O'Brien and Munis, 
1975; O'Brien, 1977]. These studies showed the anisotropic 
reflection properties of snow. Kuhn and Siogas [1978] observed 
the monochromatic BRDF at ,k = 0.45 rim at the South Pole 
in Antarctica and reported the effect of sastrugi. Taylor and 
Stowe [1984a, b] demonstrated the basic features of BRDF at 
the top of the atmosphere for snow, cloud, land, and ocean 
with Nimbus-7 ERB data. Kuhn [1985] examined the BRDF at 
,k = 0.45, 0.514, 0.75, and 1.0 rim under specific geometric 
conditions at several Antarctic sites and an alpine snow sur- 
face. Steffen [1987] demonstrated the effects of snow grain size 
and snow type on BRDF properties from measurements using 
an instrument with a bandpass filter of ,k = 0.4-0.5 rim in the 
Tienshan Mountains of China. Brandt et al. [1991] advanced 
Kuhn's work and showed the effects of the direction of sastrugi 
on the BRDF at ,k = 0.9 rim as obtained from measurements 
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Figure 1. Map showing the locations of observation sites in 
eastern Hokkaido, Japan. The Sea of Okhotsk was mostly 
covered by sea ice during the observation period. The prevail- 
ing wind at the time of snowfall was northwestern. 

at the South Pole in Antarctica taking advantage of the con- 
stant solar zenith angle over the course of a day. Carlson and 
Arakelian [1993] reported that the most anisotropic reflection 
in the principal plane was observed at • = 2.0 •m as deter- 
mined from reflection data from 0.5 to 2.3 •m at Vostok in 
Antarctica. Grenfell et al. [1994] showed the BRDF pattern 
averaged over all Sun-sastrugi azimuth angles at X = 0.9 •m at 
the South Pole in Antarctica. Steffen [1997] made the same 
observation as Steffen [1987] in Greenland and showed the 
BRDF patterns for several geometric conditions. Warren et al. 
[1998] studied the effect of surface roughness on the BRDF at 
X = 0.6, 0.66, and 0.9 •m observed at the South Pole in 
Antarctica from the point of view of satellite remote sensing. 
Thus BRDF observations have been made for some extent of 

snow conditions, wavelengths, and geometry. However, since 
natural snow surface conditions show wide variations, BRDF 
observations are required under various snow conditions with 
narrow spectral resolution in a wider spectral range and under 
various geometric conditions. On the other hand, it may be 
said that more theoretical studies on BRDF of snow are still 

required. For example, the BRDF is very sensitive to snow 
grain shape in the near-infrared region. Thus we have to in- 
vestigate what kind of a phase function is suitable for BRDF 
calculation. It is not clear if the hexagonal ice plate shown by 
Leroux et al. [1999] is applicable to all snow type. For such 
subjects it is necessary to compare the measured BRDFs of 
snow under various conditions with the theoretically calculated 
ones. 

The first objective of this study is to investigate the effects of 
snow physical parameters (snow grain size, impurities, and 

layer structure) on spectral albedo under clear conditions using 
the spectral data, snow pit work data, and a radiative transfer 
model. The second objective is to investigate the BRDF prop- 
erties of snow and obtain the basic knowledge required to 
develop an accurate BRDF model. This work is linked with the 
satellite remote sensing program, which is to retrieve snow 
grain size and snow impurities using data obtained by means of 
an optical sensor GLI (global imager) mounted on the Japa- 
nese satellite ADEOS II (Advanced Earth Observing Satellite 
II), which will be launched in 2000 [Nakajima et al., 1998]. 
Therefore the BRDF analysis was done for six selected wave- 
lengths in the visible and the near-infrared regions from among 
the 36 channels of GLI. 

2. Observation Conditions 

Spectral albedo observations with snow pit work were made 
on February 22-25, 1998, at three sites on a snowfield around 
Kitami in eastern Hokkaido, Japan (Figure 1, Table 1). These 
observation sites were seasonally snow covered flat farms, 
where there were no shadows caused by surface roughness, 
although slight undulation was seen. The spectral albedo data 
were selected under the conditions where the solar zenith 

angle was close to 53 ø which was the value at local solar noon, 
and the snow surface was illuminated by a direct solar beam. 
The sky conditions were clear except on February 22 as shown 
in Table 1. A new snowfall was observed on February 20 with 
a depth of about 10 cm and on February 21 with a depth of less 
than 1 cm. Snow conditions at the snow surface changed from 
new snow to faceted crystals or granular snow during the ob- 
servation period, as shown in Figure 2, and those in the lower 
part were depth hoar throughout this period. Snow grain size 
(radius) was estimated using a handheld lens together with 
micrographs to provide the size distribution. In situ measure- 
ments with a handheld lens gave two kinds of dimensions of 
grain size: one was one-half the length of the major axis of 
crystals or dendrites (r•), and the other was one-half the 
branch width of dendrites or one-half the dimension of the 

narrower portion of broken crystals (r2). Figure 3 shows mi- 
crographs for the surface snow (Figures 3a-3d) from February 
22 to 25 and those for 5- and 20-cm depths on February 23 
(Figures 3e-3f). These micrographs together with other pic- 
tures were used to estimate the size distribution of circle- 

equivalent radius for the projected grains by means of the 
image-processing software "Image Hyper II" made by Inter 
Quest Inc. (Japan). The procedure of this image processing 
was as follows: The digitized image of each micrograph of snow 
grains was converted to binary tone with an adequate threshold 
level. Highly aggregated grains were masked automatically. 
For the remaining grains the projected area was directly mea- 
sured for independent grains. In the case of a few grains at- 
tached to each other they were separated into independent 
grains by estimating the area of overlapping between individual 

Table 1. Locations and Conditions of Observation of Snow Albedo 

1998 Site Latitude/Longitude Height Local Time 00 Sky Condition 

Feb. 22 A 43ø56'20"N/143ø39'25"E 105 m 1126-1141 54.20-54.3 ø 5/10 Cu and 1/10 Ac 
Feb. 23 B 43ø45'33"N/144ølO'26"E 57 m 1014-1015 56.80-56.9 ø 1/10 Cu 
Feb. 24 C 43ø45'55"N/144øll'18"E 75 m 1223-1225 54.40-54.5 ø clear 
Feb. 25 B 43ø45'33"N/144ølO'26"E 57 m 1034-1036 54.70-54.8 ø clear 

Value of 00 means the solar zenith angle. 



10,222 AOKI ET AL.: SNOW PHYSICAL PARAMETERS AND OPTICAL PROPERTIES 

February 22,1998 / Site A Observed in 10:20 - 12:20 LT 
Air temperature = -8.5 øC at 10:20 LT 

Snow type 

HI+S1 h 
HI 

HI+G 

H2 

c • 
H2 

1 

5 

20 

29 

Snow grain radius Temperature Density Impurities 
(r•/r2, p.m) (øC) (g/cm 3) (ppmw) 

100- 750/50-100 ---6.6 

250- 750 / 75 - 200 •0.12 .•( 3'7 980222A1) 
-7.7- - 1- 0.19 - --•.i -- :250-1000/75-250 •J•0.16 _•980222A2) 250 - 750 ........ 8.1 - * - 0.33 ...... 

1000 - 2000 ....... 6.3 .... 0.20 

( .............. 4.6 - - - 0.23 ........ 
1000 - 3000 

............... 2.6 - - - 0.22 ......... 

February 23,1998 / Site B Observed in 09:40 - 10:45 LT 
Air temperature = -9.1 øC at 09:40 LT 

5 

10 • 

15 'g 
2o 

Snow type 

0 ['- SI+H1 
1[ H2+H1 I 

• 17 
• 18 

H2 

30 

Snow grain radius Temperature Density Impurities 
(r•/r 2, p.m) (øC) (g/crn) (ppmw) 

300- 500/50-150 -10.5 0 

500- 750 / 75 - 300 (2cm) J•0.16 • 4.0 250- 750 ......... 11.0 - t - 0.34- (980223A1) 
750- 2500 -n.1 - ß -0.21- (9_8_02_23A2• 

-8.8 f ................ 0.25 ........ 

0.23 750 - 3500 -6.6 - 20 

1..2 - 25 

3ø 

5 

15 '• 

grains by means of a sphere-separating algorithm. The circle- 
equivalent radius was calculated from the projected area, and 
the mean radius (•image) and the effective radius ' eff [Fimage, area- 
weighted mean radius [after Hansen and Travis, 1974]) were 
obtained. Grenfell et al. [1994] and Grenfell and Warren [1999] 
argued that spheres of equal volume-to-area (V/A) ratio are 
more appropriate as the optically equivalent snow grain size. 
Unfortunately, we could not estimate the radius of the equal- 
V/A sphere accurately for irregular snow grains on our micro- 
graphs. The optically equivalent snow grain size will be dis- 
cussed using the roughly estimated radius of the equal-V/A 
sphere in section 6.3. The resultant size distribution is shown in 
Figure 4. The size distribution of the snow grain radius was 
wider on later days than on early days, and the mean radius 
•image was also larger on later days. The values of •image were 
closer to r2 than r• at the snow surface in Figure 2 and were 
close to the highest values in the range of r2. From Figures 2 
to 4 we see that the surface grain size increased with the lapse 
of time, and it was generally smaller at the surface than in the 
deeper layers. These facts are due mainly to the formation of 
faceted crystals or depth hoar. The snow density around the 
surface was lowest on February 22 and became higher on later 
days. The snow impurities (water-dissolved solid particles in 
the snowpack) were filtered within a day using Nuclepore fil- 
ters with a diameter of 25 mm and the pore size of 0.2 /•m, 
after melting the snow samples of the surface layer (0-5 cm) 
and of the subsurface layer (5-10 cm). The concentrations of 
impurities were estimated by direct measurements of the 
weight of the Nuclepore filters, before and after filtering, using 
a balance. 

(C) February 24, 1998 / Site C Observed in 11:00 - 12:10 LT 
Air temperature = -3.7 øC at 11:00 LT 

• 21 

34 

Snow type 

I H2+H1 

H2 

;2 

Snow grain radius Temperature Density Impurities 
(rdr 2, p.m) (øC) (g/cm 3) (ppmw) 

100 - 500 / 50 - 150 • -8.0 

250 - 750 / 25 - 150 (2cm) f•0.19 _•_ 4'3 500 - 2000 / 50- 150 - - -5.6- -]- 0.20- (980224A1) •0.16 -_•_--- 750 - 2500 ....... 6.6 - - - 0.31 - (980224A2) 

............... 5.5 -I•.i 6- 
1000 - 4000 -4.4 - -•- 0.20 

000 - 3500 tbottom 1 -1.9 

February 25,1998 / Site B Observed in 09:15 - 10:30 LT 
Air temperature = -9.9 øC at 09:20 LT 

15 • 

20 • 

3. Instrumentation 

The spectral albedo was observed using a grating spectrom- 
eter, "FieldSpec FR," made by ASD Inc. (United States). The 
scanning spectral range of this instrument was 0.35-2.5 /•m 
with the spectral resolution of 3 nm for X = 0.35-1.0/•m and 
10 nm for X = 1.0-2.5/•m. The scanning time was 1 s with a 
sampling interval of 1 nm for the full spectral range. The 
detectors were one-dimensional Si photodiode CCDs for X = 
0.35-1.0 /•m and two different types of InGaAs photodiodes 
for X = 1.0-1.8/•m and X -- 1.8-2.5/•m. To obtain the albedo, 
measurements of downward and upward fluxes were necessary. 
However, it was very difficult to measure the downward flux 
accurately under clear conditions, as stated by Warren et al. 
[1986]. Thus we made an albedo observation system (Figure 5) 
using a white reference standard (WRS) of BaSO 4 "SRT-99" 
made by Labsphere Inc. (United States). The WRS was at- 
tached horizontally to the tip of a pipe (black part in Figure 5, 

Snow type Snow grain radius Temperature Density Impurities 
HI+G HI (r•/r2, p,m) (øC) (g/cm 3) (ppmw) 0. [- [- . 250- 750 / 50-150 •--11.4 

11 . • . ' I •00 - 500 / 50 - 200 (lcm) ..... ,•, n 95 •' 5.2 M/_.+M1 • •5 2 [2cm) '- 4 M -'•'•1'• I - ' • ' '•]t'(980225A1) 
I Hi I- 250- 500- [ ........ 9.7 ...... 'I- ...... 

all 084 250 - 1000 / 75 - 200 (2cm) H2 1000 - 3000 ........ 8.5 ...... 
c i ............... ............. 

5///////, 

Figure 2. (opposite) Vertical profiles of snow parameters 
obtained from snow pit work from (a-d) February 22 to 25, 
1998. Snow types are indicated as NS for new snow, H1 for 
faceted crystals, H2 for depth hoar, S1 for fine-grained old 
snow, C for crust, and G for granular snow. Snow grain sizes 
were measured with ---10-/•m resolution using a handheld lens 
for two kinds of dimensions, where one-half the length of 
major axis of crystals or dendrites (r•), and the other is one- 
half the branch width of dendrites or one-half the dimension of 
the narrower portion of broken crystals (r2). Snow impurities 
were collected on the Nuclepore filters and the concentration 
was estimated by means of a balance. The snow sample name 
is indicated in parentheses below the concentration of impurities. 
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Figure 3. Micrographs of snow grains (a-d) for the surface from February 22 to 25, 1998 and (e-f) for 5-cm 
and 20-cm depths on February 23, 1998. 

bottom) stretching from the mount set on the top of a tripod. 
The length of the pipe was 0.9 m. The downward flux was 
observed by directing the optical fiber tip of the spectrometer 
downward to the upper surface of WRS. In the case of the 

upward flux observation an arm holding the optical fiber tip 
(hatched parts in Figure 5, bottom (hereinafter referred to as 
the "optical fiber arm")) was turned by 180 ø around the pipe. 
The optical fiber had a conical field of view (FOV) subtending 
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Figure 4. Size distributions of sphere-equivalent radius of 
snow grains at the surface obtained by image processing from 
(a-d) February 22 to 25, 1998. The values •image and-elf /'image are 
the mean radius and the effective radius, respectively, and N is 
the total number of processed snow grains. The highly aggregated 
grains on the micrographs were excluded in image processing. 

a full angle of---25 ø. The distance of WRS from the snow 
surface was about 0.3 m. 

This method has some advantages, as follows: (1) the level of 
WRS can be set accurately by means of a spirit level and does 
not change throughout the measurements; (2) it is not neces- 
sary to know the absolute reflectance of WRS for albedo mea- 
surements; and (3) the cosine property of reflection is gener- 
ally better than that of a cosine collector. The deviation from 
the perfect cosine behavior of the cosine collector used by 
Grenfell et al. [1994] was, at maximum, 10% at the incident 
angle of 60 ø and 40% for 80 ø , and its wavelength dependence 
was also very large. In our case, it was about 8% at the incident 
angle of 60 ø and about 20% for 80 ø with slight spectral depen- 
dence (Figure 6a). Our system, however, underestimated the 
fluxes due to the shading by the optical fiber arm. These effects 
were corrected as will be shown in the next section. The spec- 
tral albedo for one snow surface was calculated by averaging 

(a) 

Optical fiber 

Weight To the spectrometer 
g 

WRS 

i., /••///////• 
;.',.'•,• •[ m Optical fiber 

Tripod •½ % 

(b) 

Figure 5. Albedo observation system: (top) photograph of 
the observational setup, and (bottom) schematic diagram of 
the setup for downward and upward flux observations. The 
downward flux was observed by directing the optical fiber tip of 
the spectrometer downward to the upper surface of the white 
reference standard (WRS) which was attached horizontally to 
the edge of a pipe (black part) with a length of 0.9 m stretching 
from the mount on a tripod. In the case of the upward flux 
observation, an arm holding the optical fiber tip (hatched 
parts) turned by 180 ø around the pipe. The distance of WRS 
from the snow surface was about 0.3 m. 
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five spectral albedos obtained from five pairs of measurements 
for downward and upward (snow reflected) solar fluxes. In 
general, it takes less than a few minutes to measure these 
quantities under clear conditions. However, on February 22 it 
took 16 min due to the presence of broken clouds. The stan- 
dard deviation for these five observed albedos was also calcu- 

lated to check the data quality. 

4. Corrections for Radiant Flux and Albedo 
Two kinds of effects should have been taken into account to 

obtain the radiant flux with our instrument: one was the devi- 

ation from the cosine property of WRS and the other was the 
influence of shading by the optical fiber arm. The former was 
calibrated in a laboratory (Figure 6a), where WRS was illumi- 
nated from different incident angles by a direct solar (parallel) 
beam led by the mirror of a heliostat. In this calibration there 
were no data for the incident angles less than 20 ø due to the 
shadow of the optical fiber tip on WRS. Since the deviation 
from the cosine property would be very small at small incident 
angles, we assumed that the reflectance of WRS for the inci- 
dent angles less than 20 ø followed the cosine property. Figure 
6a shows that the spectral dependence of the reflection prop- 
erty of WRS was very small. In the atmospheric absorption 
bands the SNRs of measured spectra in this calibration were 
not very good due to the use of direct solar radiation. Thus we 
used the calibration curve at )t = 0.52/•m with high SNR for 
all wavelengths. The influence of shading by the optical fiber 
arm is also shown in Figure 6a, where the azimuthally inte- 
grated shading fraction is plotted for each incident angle 
viewed from the center of the field of view of the optical fiber 
on WRS. 

Figure 6a shows that our observation system would have 
underestimated the radiant flux due to the two factors men- 

tioned above. We now define a factor f(0, O) as the ratio of 
the observed value to the true one for the radiant flux coming 
only from the incident angle 0 and the azimuth angle O. For the 
incidence of isotropic diffuse radiation the ratio of the ob- 
served radiant flux to the true one fdiff is given by 

•r/2 fdifi -- 2 f(O) sin 0 cos 0 d 0, 
d 0 
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Figure 6. (a) Deviation from the perfect cosine property in 
the incident angle dependence of the reflectance of WRS 
(shown by characters) and the azimuthally integrated shading 
fraction by the optical fiber arm for each angle of incidence 
viewed from the center of the field of view of the optical fiber 
on WRS (solid line). The underestimate of radiant flux due to 
the imperfect cosine property of WRS was 5.36% for complete 
diffuse illumination and 6.19% for direct solar beam at 0 o = 
56.8 ø . The total shading fraction by the optical fiber arm was 
6.56% for complete diffuse illumination. (b) Fractions of the 
diffuse component (rdiff(0o, X), thin dashed line) and the direct 
component (rdir(00, ,k), thick dashed line) in downward solar 
flux theoretically calculated for 0 o = 56.8 ø, and correction 
coefficients for was arm upward solar flux (CFu C Fu, middle solid p p 

WRS arm ( Fan ( O ) ( X), thin solid line), downward solar flux C 0 , )t CFd, 00, 
line), and albedo (Calbedo(00, X), thick solid line) on February 
23, 1998. 

where f(0 ) is the azimuthally integrated value of f( 0, 4>) and 
is given by 

f(O) = 2•w f(O, &) d&. (2) 

For the direct solar beam the ratio of observed radiant flux to 

the true one is expressed byfdir(0 , 4)) -- f(O = 00, 4) = 4)0), 
where 0 o and &o are the solar zenith and solar azimuth angles, 
respectively. Although the upward flux and the diffuse compo- 
nent in the downward flux are anisotropic in the strict sense, we 
assumed these fluxes are isotropic here. In our system the 
ordinate in Figure 6a corresponds to f(0) for WRS and I - 
f(0) for shading by the optical fiber arm. In the case of WRS 
the qb dependence of f(0, &) is so small that we assumed 
f(0) = f(0). For the direct solar beam we also assumed 
f•iirRS(00, qbo) : f(0o). Putting the data of Figure 6a into (1), 
fdV•ff Rs = 0.946 and f3['•f -- 0.934 are obtained, respectively, for 
WRS and the shading by the optical fiber arm. The correction 

of WRS should be made for both the direct and the diffuse 

components in downward solar flux, and the correction coef- 
ficient r'WRS(0o, X) for downward flux is given by '-' Fdn 

rdir(00, ,k) rdiff(00, 
cWRS/ '4- (3) Fdn k00, •) -- WRS reWRS , fd,r (00) Jdfff 

where f•iirRS(00) is obtained from the data for WRS in Figure 
6a, and r dir(00, ,k) and r diff (00, ,k) are the fractions of direct and 
diffuse components in downward total flux (i.e., r diff = I - 
r dir) , respectively. We calculated these fractions using the ra- 
diative transfer model for the atmosphere-snow system, which 
will be described in section 5. The calculated values of rdir and 
rdiff for February 23, 1998 (0 o = 56.8 ø) are shown on the 
right-hand ordinate in Figure 6b. Since the optical fiber arm 
held the fiber tip on the opposite side from the Sun and did not 
affect the measurement of direct solar radiation for 0 o > 20 ø, 
only the diffuse component should be corrected in the down- 
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ward solar flux, and the correction coefficient t'-'armt'a /k) is ß -- Fdnk t,0, 

given by 

r diff( 00, /• ) 
carm{0o, ,•): rm ß (4) Fdn k f•diff 

For upward solar flux the correction coefficients r-WRS for "-' Fup 

WRS and /--,arm for the optical fiber arm are simply given by "-' Fup 

1 
cWRS _- Fup -- fWRS, (5) 

J diff 

1 
c arm __ Fup •d[f•' (6) 

The total correction coefficients for downward and upward 
solar fluxes are given by r-WRS ['-,arm/ •'-'Fdn (00, /•) 0 0 ,k) and • Fdn k , 

WRS/-,arm respectively, and thus the resultant net correction Fup •' Fup, 
for albedo is expressed by 

WRS•,'• arm 
Fup •--' Fup 

Calbedo(00, /•) -•- ['-,WRS{ arm ß (7) •'-'Fdn k O0, /•)CFdn(00, /•) 

The correction coefficients for February 23 are shown on the 
left-hand ordinate in Figure 6b. In our system the correction 
coefficient for upward flux was larger than that for downward 
flux. However, for the calculation of albedo they canceled out 
each other in part, and the resultant net correction was less 
than 1.06. 

5. Radiative Transfer Model 

5.1. Basic Features of the Radiative Transfer Model 

A multiple-scattering radiative transfer model for the atmo- 
sphere-snow system was used for calculating the fractions of 
direct and diffuse components in downward solar flux men- 
tioned in the previous section and was used to compare the 
observed spectral albedo of snow with the theoretical one. In 
the model, snow grains were assumed to be mutually indepen- 
dent ice particles, and radiative transfer was treated in the 
same manner as in the usual multiple-scattering model in an 
atmosphere containing aerosols or cloud particles. Radiative 
transfer calculations were based on Mie theory for single scat- 
tering and the doubling and adding method for multiple scat- 
tering omitting polarization. The details of this model have 
been described by Aoki et al. [1999]. However, in the present 
study, the imaginary part of the complex index of refraction of 
ice revised by Kou et al. [1993] was used only for A _> 1.45/•m. 
In the calculation for the fractions of direct and diffuse com- 

ponents in downward solar flux, we assumed the model atmo- 
sphere of midlatitude winter [Anderson et al., 1986] together 
with the rural model for aerosols [Air Force Geophysics Labo- 
ratory (AFGL), 1985]. The aerosol optical depth was assumed 
to be 0.1 at A = 0.5 /•m from the Sun photometer measure- 
ments in winter from 1993 to 1998 [Japan Meteorological 
Agency (JMA), 1999; JMA, unpublished, 1999] at Ryori Station 
(39ø02'N, 141ø50'E, 230 m), which was a background monitor- 
ing station nearest to our observation sites. For the calculation 
of spectral albedo for the comparison with the observed one, a 
simplified model atmosphere was employed in the radiative 
transfer model for the atmosphere-snow system. This was be- 
cause the effects of gaseous absorption and aerosols with an 
optical depth of 0.1 on the spectral snow albedo were both 
small enough for 0o -< 63.1 ø [Aoki et al., 1999], at which our 

observation was made, so we assumed the aerosol-free Ray- 
leigh atmosphere without gaseous absorption. 

The BRDFs of the snow surface were calculated at six wave- 

lengths (0.52, 0.71, 1.05, 1.24, 1.64, and 2.21 Fm) selected from 
among the GLI 36 channels using the radiance model for the 
atmosphere-snow system extended from the flux model men- 
tioned above. Since there is no strong gaseous absorption at 
the wavelengths concerned, we assumed the Rayleigh atmo- 
sphere, including aerosols mentioned above without the gas- 
eous absorption for BRDF calculation. The adopted definition 
of BRDF is the commonly used one given by 

00, 
BRDFx(0v, 00, 3,4))= Fx(0o) ' (8) 

where 0v and 0o are the viewing angle and the incident zenith 
angle of direct solar beam, respectively; zXqb is the relative 
azimuth angle of the viewing direction from the solar direction; 
I x(0v, 0o, zXqb) is the reflected radiance from the snow sur- 
face; and Fx(0o) is the downward solar flux. 
5.2. Optical Characteristics of Snow Impurities 

Warren and Wiscombe [1980] demonstrated that snow impu- 
rities reduce the spectral snow albedo in the visible region and 
have no effect on spectral albedo for ,k > 0.9 ktm where ice 
itself becomes a strong absorber. The reduction of visible al- 
bedo is different depending on the mixing type, such as exter- 
nal and internal mixtures [Chfiek et al., 1983]. To examine the 
mixing type, we took scanning electron microscope (SEM) 
photographs of snow impurities collected on the Nuclepore 
filters (Figure 7). Since these particles comprise a large variety 
in terms of size and shape, it is considered that a large pro- 
portion of them were materials of soil origin. A small amount 
of spherical particles (maybe minerals) or particles that ap- 
peared to be coagulated (maybe soot) were also recognized. 
These morphological characteristics suggest that they were 
anthropogenic aerosols produced by fuel burning. The concen- 
tration of these impurities at the snow surface increased with 
time, as shown in Figure 2. In view of these observations, most 
of the snow impurities were considered to be contained in 
snow as an external mixture. 

When the effect of snow impurities on spectral albedo is 
simulated as an external mixture, it is necessary to calculate the 
single-scattering parameters for the particles of impurities. For 
such calculation the Mie theory is used, where the particle size 
distribution and the complex refractive index of impurities are 
required. To obtain the size distribution of the impurities from 
the SEM pictures, a sample with a low concentration of impu- 
rities on the Nuclepore filter was required. However, since 
some particles in our collected samples were overlapping each 
other on the Nuclepore filter, it was difficult to estimate the 
size distribution accurately. We determined only the mean 
particle radius as 1.0 ktm from the SEM pictures, including 
Figure 7, and assumed a standard size distribution of the 
gamma type [Hansen, 1971] with an effective variance of 0.125. 
The imaginary part of the refractive index of the impurities is 
the most important factor that affects albedo reduction, and it 
is obtained from the absorption coefficient by the following 
relation: 

(9) ]T/lm(X) : 4•' ' 
where m im(,k) is the imaginary part of the refractive index and 
/3a('k) is the volume absorption coefficient. For measurements 
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of the absorption coefficient, many techniques have been de- 
veloped [Clarke, 1982]. Lindberg and Laude [1974] measured 
/3,(X) from the diffuse reflectance of impurities mixed with the 
BaSO 4 diluting agent based on the Kubelka and Munk theory. 
Since this technique requires a sample of several milligrams 
and it makes the sample unsuitable for the use in SEM analysis 
after the measurement, this method was not applied to our 
samples. Clarke [1982] developed the integrating sandwich (IS) 
method in which a Nuclepore filter loaded with the impurities 
sandwiched between two high-reflectance diffusing wafers, and 
the total transmittance is measured. This method can be ap- 
plied only to well-scattered samples and was not applicable to 
our samples due to the overlapping of particles on the filter. 
We employed the integrating plate (IP) method [Linet al., 
1973; Clarke, 1982] to measure/3,(,X) from our samples col- 
lected on the Nuclepore filters. In this method the diffuse 
transmittance of the Nuclepore filter loaded with the sample is 
measured. Since our sample was somewhat thick for this 
method, multiple scattering by particles in the sample might 
have caused overestimation of/3,(;•). Furthermore, according 
to Clarke [ 1982] the value of/3, (;•) obtained by the IP method 
could be overestimated due to the internal reflection of the 

Nuclepore filter and multiple reflection between the Nucle- 
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Figure 8. Spectral variations of refractive indices of snow 
impurities estimated from measurement of the transmittance 
of a Nuclepore filter on which the impurities in the snow 
sample 980223A1 had been collected. Imaginary parts 
(mim(,&)) are shown by solid lines with the left-hand ordinate, 
and real parts (mr½(,X)) are shown by dashed lines with the 
right-hand ordinate. Values for soot [AFGL, 1985], dust-like 
aerosol [AFGL, 1985], and ice [Warren, 1984; Kou et al., 1993] 
are also plotted for comparison. The fitted curve of m im0X) 
obtained by means of a cubic equation of wavelength for the 
snow sample is given by mim(h ) = -O.0141A 3 + O.0611A 2 - 
0.0478h + 0.0317. 

pore filter and the surface of the substrate (opal glass diffuser). 
To eliminate the third influence, we used an integrating sphere 
as a light source and made the illumination diffuse without 
using an opal glass diffuser. The value of/3,(,X) is obtained 
from the spectral measurement for net transmittance of impu- 
rities T(,X) as 

1 

/3,,(•) = - • In (T(h)), (10) 
where d is the depth of the layer of impurities on the Nucle- 
pore filter. The value of d is estimated from the weight w of the 
impurities, their density Pi and the filtration area S t (= 2.27 
cm 2) of the Nuclepore filter by the relation 

Figure 7. Scanning electron microscope (SEM) photographs 
of snow impurities collected on Nuclepore filters for the snow 
samples (top) 980223A1 (0-5 cm) and (bottom) 980223A2 
(5-10 cm) on February 23, 1998. 

a = . p•S t. 
We used the values measured with balance for w as mentioned 

in section 2 and took the typical value of soil 2.0 g/cm 3 for p• 
[Japanese National Astronomical Observatory, 1999]. We 
thereby obtained the imaginary part of the refractive index of 
snow impurities, m im(,&), as shown on the left-hand scale in 
Figure 8 for sample 980223A1. The values of m im(,& ) for all 
samples from February 22 to 25 lie in the range 1.4 x 10 -2 --- 
2.7 x 10 -2 at ,X = 0.5/•m and 4.1 x 10 -2 • 7.2 x 10 -2 at ,X = 
2.0 /.tm. Warren and Wiscombe [1980] reviewed the measure- 
ments of snow impurities and showed that the values of the 
imaginary part of the refractive index in the visible region are 
of the order of 10 -2 . However, those for pure substances 
generally vary widely over a large range of wavelength and are 
different from each other [Bohren and Huffman, 1983]. Figure 
8 also shows the values of m•m(,X) for soot [AFGL, 1985], 
dust-like aerosol [AFGL, 1985], and ice [Warren, 1984; Kou et 
al., 1993] on the same scale just for comparison. Our estimated 
values of m•m(,X) were somewhat higher than the values for 
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Figure 9. Observed spectral albedo (left-hand ordinate), its 
standard deviation (right ordinate) on February 23, 1998, and 
theoretically calculated spectral albedos for four kinds of snow 
models shown in Figure 10. Observed data are thinned down to 
one twentieth and only those for which the standard deviation 
was less than 0.1 are shown. Other observation conditions are 
shown in Table 1. 

snow impurities reviewed by Warren and Wiscombe [1980] and 
for dust-like aerosol compiled by AFGL [1985]. This may owe 
to three possible reasons: (1) the overestimation of/3a(/t) due 
to the multiple scattering by the overlapped particles of impu- 
rities, (2) the overestimation of /3a(• ) due to the internal 
reflection in the Nuclepore filter as described by Clarke [1982], 
and (3) the containing of soot in our samples as mentioned in 
the first paragraph of this section. Since the effect of the 
second reason is evaluated to be as much as 30% [Clarke, 
1982], the first or the third one could be the main reason. Since 
the measured values of m im(/t) were scattered in the regions of 
/t < 0.4/•m and/t > 1.8/•m due to low SNR (see Figure 8), the 
fitted curve of tr/im(,• ) obtained by means of a cubic equation 
of wavelength was used in calculation of the spectral albedo of 
the snow surface. We obtained the curves of m im(,• ) for all of 
our samples. On the other hand, the real part of the refractive 
index, m r½(/t), is generally measured by the immersion oil tech- 
nique [Patterson et al., 1977], in which the sample is immersed 
in an oil whose indices of refraction and dispersion are known. 
This technique also makes the sample unsuitable for the use in 
SEM analysis after the measurement. We therefore assumed 

the value of mr½(/t) for dust-like aerosol compiled by AFGL 
[1985] as shown on the right-hand scale in Figure 8. 

6. Effects of Snow Physical Parameters on 
Spectral Albedo 
6.1. Snow Layer Structure 

The spectral albedo observed on February 23 was compared 
with the theoretical values, as shown in Figure 9, where the 
observed and theoretical spectral albedos are shown on the 
left-hand scale, and the standard deviation of observed albedo 
is on the right-hand scale. At the wavelengths where a large 
standard deviation was observed, the energy of the downward 
solar flux was relatively weak compared with the sensitivity of 
the detector of our spectrometer. This is due mainly to the low 
sensitivity of the detector itself (A --- 0.95/•m and A > 1.8/•m), 
and the energy of the downward solar flux was low because of 
the atmospheric absorption bands (A --- 0.4, 1.4, 1.9, and 2.5 
/•m). Except for these wavelengths, low values of standard 
deviation less than 0.005 were obtained. The theoretical spec- 
tral albedos were calculated for four kinds of snow models 

(Figure 10), in which layer thickness, effective snow grain ra- 
dius (rcff), and the concentration of impurities (s) were varied. 

Model 1 consists of a pure snow layer with rcff = 55/•m and 
a semi-infinite snow depth. The grain size was determined 
from a comparison between the observed spectral albedo and 
the theoretical one in the region of A > 1.4/•m. This was based 
on the theoretical calculation by Warren and Wiscombe [1980], 
in which there are no significant effects of impurities on spec- 
tral albedo in this wavelength region because of the high value 
of m im(A ) for the ice and its much larger volume fraction 
compared with the impurities. The theoretical albedo agrees 
with the observed one very well in this wavelength region. The 
value of ref f -- 55/•m agrees with r 2 better than r•, where r• is 
one-half the length of the major axis of crystals or dendrites, 
and r 2 is one-half the branch width of dendrites or one-half the 
dimension of the narrower portion of broken crystals as shown 
in Figure 2. The relation between the near-infrared albedo and 
snow grain size will be further discussed in section 6.3. In the 
region of A < 1.4/•m the observed albedo is lower than the 
theoretical one. Some situations in parameters such as total 
snow depth and vertical profiles of snow grain size and impu- 
rities could be considered as the reasons for this discrepancy 
between the albedos. To examine this, the observed albedo was 
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Figure 10. Snow models for which the theoretical spectral albedos were compared with the measurement on 
February 23, 1998, where rcff is the effective snow grain radius, p is the snow density, ands is the concentration 
of impurities. In the column of m im the name of the snow sample is indicated from which the imaginary 
refractive index of impurities was derived. 
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compared with the theoretical one calculated for Model 2 
without impurities, in which the snow grain size, depth, and 
density were determined from the results of snow pit work. The 
observed snow grain size (particularly r2) varies drastically 
near the surface (see Figure 2b). To simulate this condition, in 
Model 2 we assumed three pure layers with rcff - 55/xm (0-1 
cm), 110/xm (1-5 cm), and 1000/xm (5-30 cm). In the second 
layer the value of ret- f = 110/xm was assumed to be twice that 
of rcff = 55/xm in the top layer according to the measurements 
of r 2. For snow density the observed value p = 0.16 g/cm a was 
assumed for the top layer and a constant value p = 0.2 g/cm -• 
was assumed for the two lower layers. The visible albedo is 
reduced in Model 2 but is not sufficiently low. This is due to the 
snow impurities, as we have mentioned above. The measured 
concentration of impurities was 4.0 ppmw in the layer of 0-5 
cm and 1.2 ppmw in the layer of 5-10 cm. We made Model 3, 
which was the same as Model 2 except for the impurities whose 
concentration was assumed to be s - 4 ppmw for the top two 
layers and s = 1 ppmw for the bottom layer. The theoretical 
albedo for Model 3 is further reduced in the region of X < 1.0 
/xm but does not yet correspond to the observed one. Now we 
considered that the snow impurities might have been concen- 
trated at the surface, and Model 4 was made in which the 
concentration of impurities was assumed to be s = 18 ppmw 
for the top 0- to 1-cm layer and s - 1 ppmw for the two lower 
layers. The concentration in the top layer was set to keep the 
total column amount of impurities in the layers of 0-5 cm as 
determined from the observed value of 3.6 /xg/cm 2, where it 
was 3.7/xg/cm 2 for Model 4. We can see the best agreement 
between the observed albedo and the theoretical one with 

Model 4. These results suggest that only a thin top layer rather 
than the whole depth of 0-5 cm of snow was highly contami- 
nated, and this occurred due to dry fallout of atmospheric 
aerosols. This conclusion holds even if the values of the ab- 

sorption coefficients of impurities were overestimated due to 
multiple scattering by the particles of impurities as mentioned 
in section 5.2. A small discrepancy in the albedo between 
observed and calculated values is noted only in the region of 
1.2 < X < 1.4 /xm. Similar results were also found from the 
data of the other days as will be shown in section 6.2, although 
the reason is not clear at this stage. 

6.2. Estimation of Snow Impurities 
Theoretical calculations of spectral albedo using snow mod- 

els similar to Model 4 were performed for February 22, 24, and 
25 and compared with the observations as shown in Figures 
11a-11c. The snow models assumed for these three days are 
shown in Figures 12a-12c, respectively. The effective grain 
radius (rcff) and snow density (p) were determined by the same 
method as in the previous section 6.1. In the case of February 
22 the best agreement is obtained using the value of s close to 
the measurement. However, on February 24 the value of s by 
which the theoretical albedo agrees with the observed one is 50 
ppmw in the layer of 0-0.5 cm. In this case the total column 
amount of impurities in the layer of 0-5 cm is 5.7 /xg/cm 2, 
which is somewhat larger than the measured value (4.1 /xg/ 
cm2). This result may be due to an error in the thickness of 
snow sampling because it is not easy to take a snow sample of 
the layer of 0-5 cm precisely. In the case of February 25 a good 
agreement is obtained for s = 20 ppmw with a total column 
amount of impurities 5.8/xg/cm 2, in the layer of 0-5 cm (the 
measured value was 6.0/xg/cm2). From these analyses we can 
delineate the daily change in snow contamination as follows: 
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Figure 11. Same as Figure 9 for Model 4 but for (a) Febru- 
ary 22, (b) February 24, and (c) February 25 in 1998. Obser- 
vation conditions are shown in Table 1. 

On February 22 just after the snowfalls (February 20 and 21), 
the snow surface was comparatively clean and had a high 
visible albedo. Thereafter, snow impurities gradually became 
concentrated at the surface due to dry fallout of atmospheric 
aerosols. The measured concentrations of snow impurities in 
the layers below a 5-cm depth on February 22 were higher than 
those on the other days. Possible reasons are the difference in 
observation sites or an error in the thickness of snow sampling. 
However, even if the value of s - 1 ppmw is assumed for the 
5-30 cm on February 22, the spectral albedo increases, at 
maximum, only by 0.001 at X = 0.5/xm. 

In the above analyses, small discrepancies in elbedos be- 
tween observed and calculated values are still found at around 

1.3 /xm for all cases in Figures 11a-11c, as was found on 
February 23. These results suggest that a systematic error in 
the calculation and/or observation had been present in this 
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Figure 12. Snow models on (a) February 22, (b) February 24, 
and (c) February 25, 1998, for which the theoretical spectral 
albedos were calculated and compared with the measurements 
as shown in Figure 11. 

work, but it has not been clarified at this stage. Sergent et al. 
[1998] discussed that the optical radius (equal to our optically 
equivalent radius) determined from the measured hemispher- 
ical-directional reflectance at ,• = 0.99/xm makes the theoret- 
ical value of the spectral hemispherical-directional reflectance 
agree with the measured one in a wide region of ,• = 0.9-1.45 
/xm. If such measurement is extended to longer wavelengths, 
the uncertainty in the presen• study would be clarified. 

6.3. Snow Grain Size 

In this section we will compare the optically equivalent snow 
grain size, which gives the best fit to theoretical spectral al- 
bedo, with the in situ measured snow grain size and that de- 
termined from micrographs by image processing. Grenfell et al. 
[1981] noted that the observed albedo was lower than that 
theoretically predicted from the measured snow grain size on 
the basis of snow pit work, where they defined the snow grain 
size as 0.5 times the smallest dimension of typical particle. 
O'Brien and Koh [1981] reported that the grain size of new 
snow theoretically predicted from the near-infrared reflectance 
was much smaller than that determined on the basis of image 
processing for replicated ice crystals. Setgent et al. [1998] 
showed that the mean convex radius (defined as the inverse of 
the mean curvature of the grain contour obtained by the im- 
age-analysis system) of snow grains was larger than the optical 
radius except for large grains, as determined from measure- 
ments of hemispherical-directional reflectance at ,• = 0.9-1.45 
/xm in a cold laboratory. Aoki et al. [1998] demonstrated that 
the optically equivalent grain size is of the order of the branch 
width of dendrites for new snow. The different relations of 

observed grain size to model grain size found by these different 
authors are most likely explained by different choices of equiv- 
alent sphere. 

We examined in detail the relation between the optically 
equivalent snow grain size of sphere and the measured geo- 
metrical grain size. Table 2 shows the comparison of the grain 
radii obtained from snow pit work (r• and r2) , image process- 
ing (•image and .eff \ rimage} , and spectral albedo fitting in the region 
of ,• > 1.4/xm (rfit). The value of r• is the size commonly used 
in glaciological measurements, with which the values of rfit do 
not correspond. Most values of rfit are in the range of r2; that 
is, the optically equivalent size is of the order of a branch width 
of dendrites or of a dimension of the narrower portion of 
broken crystals, just as was found by Aoki et al. [1998]. The 

Table 2. Comparison of Grain Radii (/xm) of Snow Surface 
Obtained From Snow Pit Work (r• and r2), Image Processing 
(•image, .eff and rvA), and Spectral Albedo Fitting in the t'image 
Region ,• > 1.4/xm (r•t) 

-- _ eff 1998 rl r 2 rimag e rimag e FVA rfit 
Feb. 22 100-750 50-100 89 140 42 35 
Feb. 23 300-500 50-150 109 163 57 55 
Feb. 24 100-500 50-150 132 195 77 65 
Feb. 25 250-750 50-150 143 220 96 85 

Value of r• is one-half the length of the major axis of crystals or 
dendrites, and r 2 is one-half the branch width of dendrites or one-half 
the dimension of the narrower portion of broken crystals. The values 
•image and - eff rimag e are the mean radius and the effective radius, respec- 
tively. The radius of the equal-V/A sphere rVA is given by the equation 
(12). The value ofrfi t is a theoretical effective radius of the top layer of 
snow that gives the best fit to observed spectral albedo in the region of 
X > 1.4/•m. 
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values of Fimag e are 1.6-2.6 times larger than rfit , and the values 
of - eff - rimag e are ---1.5 times larger than /'image' Thus both of the 
snow grain radii estimated by image processing are not appli- 
cable as the optically equivalent grain size to our irregular 
snow particles. Grenfell and Warren [1999] showed that the 
scattering and absorption properties of a nonspherical ice par- 
ticle are represented using equal-V/A spheres from the theo- 
retical calculations for a randomly oriented infinite long cylin- 
der of ice. Although we cannot estimate the radius of the 
equal-V/A sphere accurately for irregular snow grains in our 
micrographs, we could roughly make an estimate of a radius of 
the equal-V/A sphere by assuming our snow grains to be hex- 
agonal columns and to lie along the c axis in our micrographs. 
According to Grenfell and Warren [1999] the radius of the 
equal-V/A sphere rv^ for a hexagonal column is given by 

3•ac 
rv^: 4c + 2 x/-•a ' (12) 

where a is the length of each side of the hexagon, and c is the 
length of the column. The projected area (not a surface area) 
measured by image processing is 2ac and is equal to qT•mag e. 
We here need the ratio 2a/c, i.e., the width/length ratio of 
each snow grain. This ratio increases from February 22 to 25 as 
shown in Figure 3. We roughly estimated the ratios 2a/c from 
our micrographs to be 1/5, 1/4, 1/3, and 1/2, respectively, from 
February 22 to 25. Thus the values of rv^ are obtained as 
shown in Table 2. These values agree with/'fit as discussed by 
Grenfell and Warren [1999]. 

The grain radius can be defined as the radius of (1) the 
equal-volume sphere, (2) the equal-surface-area sphere, (3) 
the equal-projected-area sphere, (4) the equal-V/A sphere, (5) 
half the long dimension, or (6) half the short dimension. Gren- 
fell et al. [1981] and Aoki et al. [1998] used definition (6), and 
the analyses by image processing use definition (3). In general, 
the snow grain sizes by the definitions, except (4) and (6), are 
larger than the optically equivalent one. In the paper by 
O'Brien and Koh [1981], very small particles less than 50 
were not identified as replicated ice crystals, and thus their 
estimated grain size for new snow as determined by image 
processing might have been larger than the theoretically pre- 
dicted one. On the other hand, we confirmed that there was no 
liquid water in the network of snow grains in our observation. 
If water exists in the snowpack, it would act to increase the 
optically equivalent grain size by bonding snow grains. 

7. Effects of Snow Physical Parameters on BRDF 
7.1. Observation of BRDF 

The BRDF observation was carried out on the same snow 

surface for the albedo measurement on February 25 at Site B 
of which the results were shown in the previous section 6. This 
observation was made using two types of optical heads: one 
was the bare optical fiber whose field of view (FOV) was 25 ø 
for full angle and the other was a foreoptics head with 1 ø FOV 
attached to the optical fiber. The former was set up as in the 
case of the albedo observation system (see Figure 5) without 
WRS, where the azimuth and zenith angles were controlled by 
turning the azimuth direction of the mount and the viewing 
direction of the optical fiber arm, respectively. The latter (fore- 
optics) was set to a goniostage (angle-setting device) on a 
tripod on the snow surface. Since the distance from the snow 
surface to the foreoptics was about 1.0 m, even a slight undu- 

lation of the snow surface could affect the BRDF pattern 
observed with the foreoptics, especially at low 0v. On the 
contrary, at high 0v the FOV of the optical fiber was too broad 
to measure the target accurately. We thus made a composite 
BRDF pattern from the measurements obtained with the op- 
tical fiber for 0• -< 70 ø and from those obtained with the 
foreoptics for 0• -> 80 ø. 

In the calculation of BRDF it is necessary to measure 
Fx(0o) as shown in (8). However, it was difficult to obtain its 
accurate value in measurement with the foreoptics and WRS 
because the foreoptics head was large in size (60 mm & x 120 
mm) compared to that of WRS (150 mm x 150 mm), and it 
obstructed the light coming from the zenith direction. In many 
studies involving the BRDF observation the anisotropic reflec- 
tion factor Rx(0 v, 0o, A&) has been used [Taylor and Stowe, 
1984a, b; Brandt et al., 1991; Grenfell et al., 1994; Warren et al., 
1998] which is defined as 

,rBRDFx(0v, 00, 
R•(Ov, 0o, Ark)= A•(0o) , (13) 

where .4 x (0o) is the spectral albedo. The resulting R x ( Ov, 0o, 
A&) has an average value of 1.0 over the (0v, A&) hemi- 
sphere. The value of Rx(0v, 0o, A&) is expressed only by the 
upward radiance Ix(Ov, 0o, A&) and is given by 

R;,(O•, 0o, A&) 

Oo, 

fo2• f•/2I;t(O•, 0o, A&) sin0cos0 dO d(A&) 
d0 

(14) 

The merit ofusingRx(Ov, 0o, A&) is that it is not necessary to 
know the value of Fx(0o) in (8). However, the complete an- 
gular measurement of Ix( 0v, 0o, A &) is required, and it was 
not obtained in the case of our observations. We therefore 

calculated the normalized BRDF (NBRDF) by taking into 
account the radiance at the nadir. The composite NBRDF 
pattern was also calculated from each NBRDF obtained by 
means of the optical fiber and the foreoptics. 

Plate 1 shows the observed composite NBRDF for six wave- 
lengths, where we used the display method employed previ- 
ously by Taylor and Stowe [1984a, b] and Warren et al. [1998]. 
The anisotropic reflection property is very significant at X = 
1.64 and 2.21 /xm, while in the visible region, the NBRDF 
patterns are relatively flat. The reason for this was explained by 
Leroux et al. [1999] as follows: since in the visible region the 
single-scattering albedo is close to unity due to the weak ab- 
sorption of ice, the BRDF is not influenced by the single- 
scattering parameter and vice versa in the near-infrared region. 
A similar result was obtained in the principal plane by Carlson 
and Arakelian [1993] in the measurement of anisotropic reflec- 
tion in Antarctica. Our result was expected in view of the 
findings of Warren et al. [1998] where the BRDF pattern was 
found to become more anisotropic with a relatively strong 
forward peak for X > 0.9/xm, where snow is more absorptive. 
The maximum NBRDF is observed at O v - 85 ø in the forward 
scattered direction (the bottom of each map) being 2.2 at • = 
0.52/xm and 16.2 at • = 1.64/xm. In the side-scattered direc- 
tions (the left- and right-hand directions on each map), the 
NBRDF decreases to some degree with the viewing angle in 
the visible region and increases in the near-infrared region. 
Observation by ADEOS II/GLI will be made only in the range 
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Plate 1. Composite normalized bidirectional reflection distribution function (NBRDFs) of snow for six 
wavelengths as obtained from measurements of anisotropic reflectance with an optical fiber of 25 ø field of view 
(FOV) for O, -< 70 ø and those obtained with foreoptics of 1 ø FOV for 0•, -> 80 ø. The measurements using 
the optical fiber were made in 1222-1258 LT (0 o = 54.0o-56.0 ø) and using the foreoptics in 1320-1334 LT 
(0 o = 57.9o-59.3 ø) on February 25, 1998, at Site B. All reflectances are normalized by the value at the nadir. 
The plus signs on each NBRDF map indicate the observed points. The radial coordinate is proportional to the 
viewing angle 0,, which is zero at the center of the circle (nadir) and is 90 ø on the circle. The illumination from 
the Sun comes from the lower direction of each map, so the bottom of each map is the forward scattering 
direction. 
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0v -< 45 ø, where the NBRDF varies from 0.94 to 1.14 at ,k = 
0.52/am and from 0.88 to 2.19 at ,k = 1.64/am. If the appro- 
priate correction on BRDF is not made in the satellite remote 
sensing, a large amount of error would be present in the re- 
trieved snow parameter values, especially in the near-infrared 
channels. Furthermore, even the uncertainty of 10% in the 
snow reflectance at ,k = 0.52/am could bring the serious error 
for the remote sensing of snow impurities. 

7.2. Theoretical Calculation of BRDF and Comparison 
With Measurement 

Plate 2 shows the theoretically calculated patterns of 
NBRDFs using two different phase functions under the same 
snow conditions as used in Figure 11c. The first one (left-hand 
side) was calculated using the single-scattering parameters cal- 
culated for spherical ice particles by Mie theory and the second 
(right-hand side) using the same parameters except for the 
phase function of Henyey-Greenstein (HG), which was calcu- 
lated from the same asymmetry factor as in the Mie theory. 
The most conspicuous difference between these two NBRDFs 
is the presence of a rainbow in the case of using Mie phase 
function, where it can be significantly seen at X = 1.64/xm, and 
it appears at any wavelength although it cannot be seen clearly. 
On the other hand, no rainbow is seen at any wavelength in the 
measurements shown in Plate 1. The second point to be no- 
ticed is the maximum value of NBRDF that is seen at just 
below the horizon in the forward scattering direction. It is 
higher in NBRDF using the Mie phase function than in using 
the HG phase function: the values of NBRDF at 0• = 85 ø are 
3.0 (Mie), 2.2 (HG), and 2.2 (observation) for ,k = 0.52/am and 
are 23.4 (Mie), 14.2 (HG), and 16.2 (observation) for ,k = 1.64 
/am. From these comparisons of the theoretical NBRDFs with 
the measured ones, we see that the HG phase function simu- 
lates our measurement of NBRDF better than the Mie theory. 

Figure 13 shows Mie and HG phase functions of snow grains 
in the top layer of the snow model used in these NBRDF 
calculations. The peak at the scattering angle of around 135 ø in 
Mie phase function causes the rainbow of BRDF, and the 
forward scattering peaks in both phase functions are respon- 
sible for the maximum value of BRDF. These phenomena can 
easily be explained where single scattering by snow grains is 
dominated. Since multiple scattering by snow grains is domi- 
nant in the visible region due to the weak absorption of ice, the 
pattern due to the single scattering is hidden by the multiple 
scattering. On the contrary, in the near-infrared region, low- 
order scattering is dominant due to the strong absorption of 
ice, and this makes the rainbow or maximum value in the 
forward scattering region in BRDF. As a result, the shape of 
the phase function affects the BRDF of snow, and thus the 
snow grain shape also affects the BRDF. From these points of 
view it seems that the general hexagonal shapes are not suit- 
able for BRDF calculation, and the spherical shape is not 
suitable either, because the halo is not usually seen on the 
snow surface itself although it occasionally appears in the Ant- 
arctic Plateau [Warren et al., 1998]. The shapes of snow grains 
are different from each other and change in the course of the 
aging of snow. Even in cirrus clouds, the halo does not neces- 
sarily appear. In measurements with a polar nephelometer by 
Gayet et al. [1998], examining cirrus of irregular shape, a 
smooth phase function was observed at forward scattering angles. 

Studies on single-scattering properties of nonspherical ice 
particles in clouds can provide us with useful information for 
our BRDF studies of the snow surface. One suggestive work 

was done by Macke et al. [1996a] who had calculated the phase 
function for randomized triadic Koch fractals and found that it 

becomes smooth with increasing distortion. In this case the 
complicated shape of the ice particles eliminates particular 
peaks such as the halo or rainbow in the phase function. 
Smooth phase functions have been obtained in theoretical 
calculations for ice particles with inclusions of such as air 
bubbles or soot [Macke et al., 1996b; Mishchenko and Macke, 
1997], imperfect hexagonal ice crystals [Hess et al., 1998], a 
randomly oriented oblate spheroid [Mishchenko and Travis, 
1998], and a plate of hexagonal ice particles [Leroux et al., 
1999]. Comparison of the observations with these models is the 
next coming item of the present study. In addition, it will be 
necessary to conduct studies on (1) direct measurement of the 
phase function of snow particles at each stage of snow age and 
(2) calculation of single scattering for irregular ice particles. 

We have seen in this subsection that the shape of the phase 
function is important for BRDF calculation. It is now worth 
checking the effect of the phase function on albedo. Figure 14 
shows a comparison of theoretical spectral albedos obtained 
using Mie and HG phase functions for the snow model of 
February 25. We see that there is almost no difference in 
spectral albedo between Mie and HG phase functions. This 
result holds except for the large 0o. This means that the asym- 
metry factor is important for albedo, but the detailed shape of 
the phase function does not affect the albedo. It leads us to 
safely say that the use of Mie phase function is appropriate for 
snow albedo calculations. However, the results presented in 
this subsection indicate that the observation of only the snow 
albedo is insufficient for the ground truth in satellite remote 
sensing of snow. 

8. Conclusions 

Spectral albedo and BRDF observations in the wavelength 
range from 0.35 to 2.5/am were made on a flat snowfield in the 
midlatitude region. From comparisons of the observed spectral 
albedos and theoretical ones obtained in calculations using a 
multiple-scattering model for the atmosphere-snow system, the 
reduction detected in visible albedo could be explained by the 
high concentration of snow impurities at the surface (_<1 cm), 
where the total column amount of impurities in the layer of 
0-5 cm was as much as that measured in snow pit work. This 
suggests that the high concentration of impurities at the sur- 
face was caused by dry fallout of atmospheric aerosols. The 
optically equivalent size of snow grains was estimated on the 
basis of the albedo in the near-infrared region of ,k > 1.4/am 
and was found to be of the order of a branch width of dendrites 

or of a dimension of the narrower portion of broken crystals. 
This size was smaller than both the mean grain size and the 
effective grain size obtained from micrographs by image pro- 
cessing. However, if the snow grains on the micrographs were 
assumed to be hexagonal columns, the radius of equal volume- 
to-surface-area ratio sphere became close to the optically 
equivalent snow grain size. These results suggest that careful 
interpretation of retrieved data will be necessary in satellite 
remote sensing of snow grain size and impurities in the future. 

In the measurement of BRDF the anisotropic reflection 
patterns were significant in the near-infrared region of ,k > 1.4 
/am, while the visible BRDF patterns were relatively flat. Com- 
parisons with the theoretically calculated BRDFs showed that 
the HG phase function was more suitable than the Mie phase 
function, while the spectral albedos calculated with both phase 
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Plate 2. Theoretical NBRDFs of snow for six wavelengths. The semicircular maps on the left-hand side were 
calculated using Mie phase function and those on the right-hand side using HG phase function. The mesh 
points on each of the NBRDF maps indicate the grid points where calculations were made. 
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Figure 13. Mie and HG phase functions of snow grains for 
X = 0.52 and 1.64 •m in the top layer of the snow model (see 
Figure 12c) of February 25, 1998. The curves for X = 1.64 •m 
are displaced upward by a factor of 102. 

functions agreed with each other with negligible error. This 
indicates that the phase function (thus the grain shape) affects 
the BRDF of snow, and an asymmetry factor is generally im- 
portant for the spectral albedo. The shapes of individual snow 
grains are generally so different that a particular shape such as 
a sphere is not employable for BRDF calculation. It is thus 
desirable to pursue studies such as the direct measurements of 
the phase function of snow grains at each stage of the aging of 
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Figure 14. Comparison of theoretical albedos using Mie and 
HG phase functions (left-hand ordinate) for the snow model of 
February 25, 1998. The difference between the two albedos is 
shown on the right-hand ordinate. 

snow together with theoretical calculations for the irregular ice 
particles. These are important steps required for making a 
successful satellite remote sensing of snow surface. 
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