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PREFACE 

The measurements described in this report were made in order to 
provide data required for the USA CRREL monograph Properties of 
snow. The work was carried out by Mr. Malcolm Mellor, Experimental 
Engineering Division (Mr. K. A. Linell, Chief) . 

USA CRREL is an Army Materiel Command laboratory. 

Department of the Army Project IV02500 1Al30 
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SUMMARY 

Spectral extinction measurements for the visual range were made 
on homogeneous snow samples prepared under controlled conditions, 
with snow density and grain size as variables. Comparative measure
ments were made on coarse-grained natural snow. Extinction coefficient 
v was in the range 0. 8 to l. 7 em - 1 for fine-grained dense snow, and 
0.16 to 0. 37 cm- 1 for thecoarse-grained snow. In the fine-grained 
snow, where scattering is thought to be the dominant attenuating pro
cess, there is a general decline in v as wavelength ~ increases from 
0. 4 to 0. 7 n1.icrons. In the coarse-grained snow, where absorption 
becomes significant, spectral selection was slight, with a weak mini
mum in the region 0. 5 to 0. 6 microns. When v is related to density it 
must have a maximum value; limited data for fine-grained snow show this. 
maximum in the density range 0. 45 to 0. 60 g/ cm3 , and the density for 
maximum extinction is inversely related to wavelength. For a given 
density v decreases as grain size increases, the rate of change varying 
with wavelength. Spectral reflectance measurements on natural snow 
are reported, and attenuation data are interpreted to give surface 
reflectivity for fine-grained snow. Diffuse reflection from fine-grained 
snow is believed to have little spectral dependence in the visual range, 
but with coarse-grained snow reflectance is expected to become in
versely dependent on wavelength. It is suggested that optical principles 
might be applied in the measurement of snow structure, and also for 
remote sensing of snow-covered terrain. 

/ 



Introduction 

OPTICAL MEASUREMENTS ON SNOW 

by 

Malcolm Mellor 

The optical properties of snow profoundly influence metamorphism and ablation 
which, in turn, determine mechanical properties and stability of a snow cover. Since 
optical properties vary with the structure and condition of snow, they offer a means 
for the investigation of snow types, both in large masses and in small samples. 

Apart from gross albedo measurements, there have been few experimental 
studies of optical effects in snow, and a compilation of available data produces a 
picture which is not entirely clear {Mellor, 1964). To check on some of the puzzling 
features reported in the literature, simple measurements were made using available 
equipment. These measurements were incidental to another project, so that the study 
was in no way comprehensive. 

Homogeneous samples of fine-grained snow were prepared in the USA CRREL 
cold rooms and extinction measurements were made as a function of wavelength in 
the visible spectrum. Grain size and density were varied separately, and compara
tive measurements were made on natural spring snow. Extinction measurements 
were made on wet snow during the Icefield Ranges Research Project*, together with 
spectral reflectance measurements on various snow surfaces and under different 
lighting conditions. 

Absorption and scattering 

Light entering a mass of very clear ice is absorbe9; disregarding scattering 
from minute .inclusions and imperfections, there is no reflection from beneath the 
surface in a deep mass of competely clear ice. Absorption is selective with respect 
to wavelength, being stronger at the red end of the, visible spectrum than at the blue 
end {see USA SIPRE Report 4). Hence a thick layer of clear ice appears blue by 
transmitted {white) light, and blue also by reflected light when underlain at moderate 
depth by a white reflecting surface. When ice contains air bubbles, entrant light is 
scattered; attenuation of transmitted light is greater than in clear ice, and sub
surface reflection {back-scattering) contributes to the gross reflectance. Spectral 
selection, however, is still likely tb be governed by absorption rather than scattering. 
In polar glacier ice, bubble size is large compared to light wavelength and is also 
about an order of magnitude smaller than bubble spacing; under these conditions 
theory of independent single scattering may be applied for thin layers (van de Hulst, 
1957) and, as shown by cloud and fog studies, no marked spectral selection by 
scattering is to be expected. 

In ~now the particles and cavities are closely packed, and single scattering 
theory is no longer applicable .. Postulating a theoretical model for reflectance and 
transmittance of snow, Dunkle and Bevans {1956) consider that spectral selection is 
controlled by absorption, while scattering is taken to be independent .of wavelength. 
Applying this model to analysis of field data, Ambach and Habicht (1962) show the 
absorption coefficient increasing with wavelength while the scattering coefficient 
remains constant. However, since cold, wind-blown snow is a finely powdered 
dielectric it is not clear why absorption should be considered of prime importance; 
at first sight it seems more likely that scattering might ·dominate extinction and 
reflection processes. 

"~'Sponsored jointly by the Arctic Institute of North Arne rica and the ·American Geogra
phical Society, the I. R. R. P. operates in the St. Elias Mountains of the Yukon 
Territory, Canada. 



2 OPTICAL MEASUREMENTS ON SNOW 

Extinction as a fu,.)lction of wavelength 

Attenuation was measured by a modified slab method using the arrangement 
shown in Figure 1. Light passing through a snow sample to a black-body receiver 
was measured by a filtered detector, and transmitted intensity was plotted loga
rithmically against slab thickness to give the extinction coefficient for exponential 
attenuation. 

(WHITE) 

BAFFLE TUBE 
(BLACK) 

SEALING RINGS 

CARDBOARD TUBE 
(WHITE INSIDE) 

I 
~2.0m---+---l/ -1.22m--------t 

OBJECTIVE 

~~~)-----~-N-TE_R_N_A_L_L_Y_B_L_A_C_K-EN_E_D __ S_T_OV_E_P_I-PE---------, 

~ 12.6 em DIAM. 

"SPECTRA" I UB 1.5 

(
WITH EXTERNAL METER) 

AND POWER SUPPLY 

Figure 1. Experimental arrangement for cold room attenuation measurements. 

Samples of varying grain size were prepared by grinding and sieving natural 
snow at -1 OC and compacting the sieved aggregate to a controlled degree in 11. 1 ern 
diarn cardboard tubes. The samples were sintered at -1 OC for 3 weeks, and tests 
were made at -lOC. The snow cylinders were trimmed to the required length on a 
band saw, and the finely powdered residue left by the saw was carefully brushed from 
the faces. After ea.rly difficulties a system of light baffles was arranged on the 
sample holder as shown in the detail of Figure 1. 
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Samples were diffusely illuminated by a cold white fluorescent lamp consisting 
of 11 concentri.c tubes. A central hole in the lamp permitted detector sightings from 
behind. 

The detector used was an ultra-sensitive brightness meter (Spectra, Model UB 
11), in which an optical system accepts light from a 11° angle and focuses it on a 
phototube. The output from. the phototube is amplified electronically and indicates· 
on a large scale of an external meter. The indicating meter has 100 scale divisions, 
and the instrument has five sensitivity ranges (100, 10, l. 0, 0.1, 0. 01). A xlOO 
neutral density filter extends the range for high intensities. Regulated stable voltage 
is provided by a special power supply. The instrument is calibrated in foot-lamberts 
for use with a filter which simulates the spectral response of the human eye, but 
since external filters were used directly with the S-4 phototube in the present work, 
the readings taken were in arbitrary units. 

The filters used were narrow band pass interference filters which isolate 10 
uniformly spaced bands in the visible spectrum (Spectracoat "Monopass" filters by 
Optics Technology, Inc.). The filters, which are individually calibrated, have no 
secondary transmission peaks in the wings. 

To make a set of measurements a sample was trimmed to length L 1 and placed 
in the holder, while lamp and detector were turned on and left to "warm-up" for 15 
minutes. All room lights other than the test source were turned out, and the entire 
detector end of the "black-body•• tube was shrouded with a black cloth. With the 
detector trained on the center of the sample's dark surface, readings of transmitted 
intensity were made using each filter in turn. The procedure was repeated with the 
sample trimmed successively to lengths L 2 , L 3 , etc. 

The precautions to exclude stray light were found by experience to be necessary. 
Light baffles around the sample were not used at first, as it fitted snugly into the 
holder, but with large slab thicknesses light leaking around the sample gave a spur
ious reading for transmitted intensity (Fig. 2, A). It was also found that the detector 
had two leaks which permitted stray light to reach the phototube: the light cut-off 
shutter was not completely effective, and the sighting eyepiece allowed light to 
enter."" Before the necessary corrections were made, plots of log intensity against 
thickness showed curvature, implying that extinction coefficient decreased with in
creasing depth. When stray light was excluded the effect disappeared (Fig. 2, C). 
A decrease of extinction coefficient with increasing depth has been predicted and 
reported previously (e. g. Giddings and LaChapelle, 1961). 

A specimen plot of extinction data is shown in Figure 3 (complete data tabu
lations are given in Appendix A). It provides adequate justification for representing 
the attenuation in this experiment by a Bouguer-Lambert type of law: 

I = 1 0 X 

-vx 
e 

where I is the intensity of radiation transmitted through a thickness x to the black 
body, I0x is the net radiation entering the snow in the x-direction, andJ'v is the 
extinction coefficient for the wavelength under consideration. The values of v 
obtained from plots like Figure 3 are summarized in Figure 4. 

In all cases for fine-grained snow the extinction coefficient decreased with 
increasing wavelmgth. Since this trend is contrary to that which might be expected 
if absorption controlled the attenuation, the implication is that spectral selection in 
extinction for cold, fine-grained snow is due primarily to scattering effects. 

"" These instrument faults were serious in open daylight, and much reflectance data 
taken before their discovery had to be discarded. 
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I0-..,_0 __ ......___~4--...1...6--...1...8.--I..L..O--I..L..2-~14 

X THICKNESS, em 

Figure 2. Attenuation curves before 
and after elimination of light leaks. 
Line A was obtained with the original 
arrangement, line B after baffles 
were fitted to the sample holder, and 
line C after additional light leaks in 
the detector were eliminated. The 
three curves do not refer to exactly 

the same type of snow. 

10-50 4 

SAMPLE No: 2/3/64 
GRAIN SIZE: 600~-L 
DENSITY: 0.476a/em5 

X THICKNESS, em 
Figure 3. Specimen plot of log 
intensity agaip.st sample thick
ness for different wavelengths. 

Previous reports show an oppQsite trend; an increase of extinction coefficient 
with increastng wavelength was found in field tests by Liljequist {1956}, Thomas 
{1963} and, with some qualification, ·Ambach and Habicht (1962}. This might be 
expected in coarse-grained snow, as is argued later, but Liljequist1s .strong 

14 

selection was measured in dry polar snow, There may be a possibility that 
Liljequist 1s results: obtained by inse'rting sensors into the wall of a snow pit, were 
influenced by the cavity (Holraum) effect. A cavity in snow often looks blue, 
presumably .because of selection by multiple reflection .. The color is not due to 
selective transmission, as is commonly believed; white light transmitted through 
snow· to the receiver tube in the experiment had no definable color when viewed by eye. 

2 
Snow particles are very large compared with light wavelengths (the Mie parameter 

1Ta /X., where a is particle radius, is in the range l to 5 x l 03 for the prepared snows), 
arid in a dispersed cloud such particles would not be expected to show much selective 
scattering. However, the refractive index of ice is about 1. 4o/o higher at X. = 0. 4 f.1 

than at X. = 0. 7 f.L, so that the reflectivity for direct incidence is about 6. 8o/o greater 
at o. 4 f.1 than at 0. 7 f.L, and under conditions of dense packing this may significantly 
affect the characteristics of multiple scattering. 
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MEAN{--- 0.2mm (VERY UNIFORM) 
GRAIN --- 0.3mm <RANGE 0.2 to 0.7mml 
SIZE ----- 0.6mm (RANGE 0.2 to 1.1 mm l 

0.532 

----:::::-___ ::-....-....... --"":::-::--
----'----~ --~.:-::::- 0.429 

--~ ---=:::::::-.:-::--
~- o.~i7~~8.!___ -------- ~~~- ---------~~~~-

.............................. -..-.......~--- Q470 
........................ -......::::....----------------

.................... - 0.3s-;;--- _..:::.:::...-:.:--~~-

------------------------- -----
0.371 ----------

SPRING SNOW (-/OC) 
MEAN GRAIN SIZ~-2.0mm (RANGE 0.5 to 5.0mm) 

0.41 

WET COARSE GRAINED SNOW (SLAB METHOD) 0.51 
MEAN GRAIN SIZE-t.Omm 

WAVELENGTH, fL 

Figure 4. Summary of results for the attenuation experiment. 
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Measurements on refrozen spring snow did not show the same continuous decrease 
of extinction. coefficient with increasing wavelength. The test snow was extracted 
from a natural snow cover by a special Plexiglas sampling tube, and after refreezing 
of the-·free water the experiment was run at -1 OC. The extinction coefficient 
decreased, as wavelength increased from 0. 400 fJ. to 0. 566 f.L, and thereafter gradually 
increased again as wavelength increased to 0. 700 fJ. (Erig. 4). In the absence of 
further information it was tentatively assumed that thl.s was caused by a combination 
of scattering and absorption effects. 

The apparatus shown in Figure l was unsuitable for testing w_et snow, and so a 
slab experiment was made in the field. A fluorescent lamp consisting of three 
concentric tubes' {maximum diameter 46 em) was placed in a white box and covered 
by a sheet of frosted glass. A slab of wet snow, 63 x 63 x 15 em thick, was set on 
top of the frosted glass, and the brightness meter was sighted vertically down onto 
the center of the slab. After each set of readings the thickness of the slab was 
reduced by trimming in place with a hand saw. The experiment was performed at 
night inside a dark tent. Minimum extinction coefficients were found at wavelengths 
0. 466 f.L, 0. 500 fJ. and 0. 533 fJ. {Fig. 4). There was an increase as wavelength drop
ped from 0. 466 fJ. to 0. 400 f.L, and also a steady increase as wavelength increased 
from 0. 533 fJ. to -0. 7_00 1-L· 

Alth~ugh lin~ited, th~ results suggest that as trans-parency increases because of 
grain growth and smoothing of angularities, . especially by melting, absorption tends 
to become more important than scattering, so that spectral selection is gradually 
·reversed. 
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Extinction as a function of snow density 

Ambach and Habicht (19b2} show extinction coefficient decreasing linearly with 
increasing snow density, and results by Thomas (1963) also plot linearly in the same 
sense (Mellor, 1964). It is obvious that such a relation cannot be valid for low 
densities, as extinction coefficient must tend to zero as density tends to zero. 

In the present experiment density was varied independently of grain size, but the 
range of densities was insufficient to define a general relation. In most cases 
extinction coefficient increased with increasing density, as can be seen from inspection 
of Figure 4, but there was an intriguing exception. 
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...: z 
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IL 
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0 
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z 
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t= 
X 
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1.8~-----.....--------r--------, 

GRAIN SIZ£: 200 p 

0.5 0.6 0.7 

DENSITY, Q/Cm 3 

Figure 5. Extinction coefficient 
as a function of density for fine
grained snow. The parameter is 

wavelength in microns. 

When extinction coefficient was plotted 
against density with wavelength as parameter, 
the results for snow having a mean grain 
diameter of 200 ~ showed an interesting 
trend (Fig. 5}. Since both air and ice are 
more transparent than snow, the curve relat
ing extinction coefficient and density must 
have a maximum; it appears from the limit
ed data in Figure 5 that the density at which 
this maximum occurs is dependent on wave
length. In this fine-grained snow the densi-
ty for maximum extinction decreases with 
increasing wavelength, from about 0. 63 g/cm3 
at 0. 400 ~ to about 0. 485 g/ cm3 at 0. 700 ~· 
Figure 5 further implies that the degree of 
spectral selection in extinction changes with 
density: at 0. 44 g/cm3 the ratio of extreme 
values (X. = 0. 400 ~. X. = 0. 700 ~) is l. 20, 
while at 0. 62 g/cm3 the same ratio is l. 53. 

Judging from Figure 5, the general 
curve relating extinction and density may 
have one or more inflections in the low 
density range, for there cannot be an inter
cept on the density axis. Attempts to explore 
the low density region by measuring trans
mission through blowing snow during the 
hours of darkness were foiled by lack of 
suitable weather conditions. 

Extinction coefficient as a function of grain size 

A plot of extinction coefficient ·against grain size was prepared (Fig. 6} by read
ing values for density 0. 45 g/ cm3 from the graphs of extinction coefficient versus 
density. Extinction coefficient is inversely related to grain size, and the relation
ship is influenced by wavelength. The curves in Figure 6 appear to converge as 
grain size both increases and decreases from the range studied; the indication of 
convergence for increasing grain size is supported when the data for refrozen spring 
snow (density ·a. 41 g/cm3, grain size 2mm) are added to the plot (Fig. 7}. Some 
data for longer wavelengths are omitted from Figures 6 and 7 for clarity; when 
plotted on expanded scales these CU.i ves intersect between grain sizes of 600 ~ and 
2 mm, since v for the spring snow was a minimum at X. = 0. 566 ~-

Although inadequate, the data indicate that extinction coefficient increases 
sharply as grain size falls below 200 ~; they also" suggest that spectral selection 
may disappear for very small particle sizes. Attempts to prepare very finely ground 
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D£NSITY: 0.45 Q/cm3 

Figure 6. Extinction coefficient as a 
function of grain size for snow of density 
0. 45 g/cm3. Numbers on the curves give 

wavelength in microns. 
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Figure 7. Extinction coefficient as a function of 
grain size. 
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aggregates failed because of spontaneous bonding between grains, presumably as a 
result of high surface energy and perhaps electrical effects. As grain size increases, 
absorption must assume the dominant role in extinction, and the absorpti-on coef
ficients for ice can probably be taken as limiting values for extinction as grain size 
tends to infinity. 

Reflectance as a function of wavelength 

On simple reasoning, both preferred back-scattering of blue light and preferred 
absorption of red should tend to make reflectance decrease with. increasing wave
length, but published data do not always show this effect. In fact, some investigators 
show a pronounced increase of reflectance with increasing wavelength. 

To complement the extinction measurements, reflectance measurements on the 
same samples were planned, but they could not conveniently be made because of 
space limitations, and field observations were substituted instead. Data obtai ned 
in Hanover proved unreliable owing to the instrument problem mentioned earlier, 
but dependable readings were made on a flat snowfield (elevatl.on 8500 ft) at the head 
of the Kaskawulsh and Hubbard glacier systems in the St. Elias Mountains, Yukon 
Territory. The brightness meter already described was mounted on a gantry frame 
and directed vertically downward toward· undisturbed snow, while accessories 
(power supply, indicating meter, filter box) were placed in a case at some distance 
from the test plot. The normal component of reflected radiation was measured at 
each filter wavelength by taking alternate readings on the snow and on a freshly 
scraped magnesium oxide block set flush with the snow surface. At first three pairs 
of readings were made at each wavelength, but the number was later increased to 
six pairs. 

Results are given in Figure 8. In all cases the lowest reflectance was found at 
0. 700 1-l (the limit of the range studied), but the trend of spectral selection differed 
according to the lighting conditions. With diffuse light from a uniform overcast,* 
spectral selection was not very strong, and there was a weak maximum at abou't 
0. 466 1-l - b. 500 1-l· With direct sunlight from a cloudless sky there was a distinct 
decrease of reflectance with increasing wavelength, although it should be noted that 
the method used was ill-suited for measurement under direct lighting conditions, 
since specular effects are involved. It might be mentioned in passing that the data 
of Figure 8 for direct sunlight are in good agreement with the theoretical predictions 
of Dunkle and Bevans, who assumed that absorption controlled spectral selection. 

To supplement the field data, results of the extinction experiment were reex
amined. If the intercept for x = 0 on graphs like Figure 3 is regarded as the intensi
ty of entrant light I 0 , the reflectivity of the snow surface can be calculated when the 
incident intensity I. is known, since the reflected intensity I is (I. - ~ ). Incident 
intensity for each Alter was measured by replacing the extirfction lgainple with a 
magnesium oxide disk of known spectral characteristics and observing the normal 
reflection with the brightness meter through a hole in the center of the fluorescent 
lamp. The resulting values for surface reflectivity are shown in Figure 9.· They 
give no significant evidence of spectral selection in reflection from the first surface; 
this first reflection accounts for about 40~80% of the total reflected intensity, and it 
seems to be inversely related to grain size (Table I). 

Broadly following Dunkle and Bevans, the surface reflectivity may be translated· 
to a scattering coefficient by dividing it by the particle radius, although such a coef-· 
ficient certainly cannot represent scattering behavior in subsurface layers. The 
range of values thus found from the data of Figure 9 is 10 to 75 em -I anci, since these 

* Infrequency of occurrence of uniformly dense overcasts or completely clear skies 
at the test site limited the opportunities for study. 



OPTICAL MEASUREMENTS ON SNOW 

1.0~----------~-----------.------------.------------.------------r-----------, 

0.4 

--- SKY OVERCAST 

:::::::-== DIRECT SUNLIGHT 

0.5 0.6 

WAVELENGTH , fL 
Figure 8. Summary of results from field measure rnents of reflectance. 

(l) Fresh snow (dry), 0. 28 g/crn3, OC. 
(2) 1-2 ern fresh snow (0. l g/crn3) on older snow (0.4 g/crn3), OC. 
(3) Metamorphosed snow, 0.43g/crn3, OC. 
(4) Slightly metamorphosed new snow, 0. 2 g/crn3, OC. 
(5) Wet snow, 2 days old, 0. 4 g/.crn3, melting during test. 
(6) Same as (5) after 5 hours more melting. 

. 0.7 

values are 3 to 5 orders of magnitude greater than Sauberer1s values for ice ab
sorption coefficient (see USA SIPRE Report 4), a simplification of the Dunkle and 
Bevans expression for extinction coefficient seems justifiable if the coefficients for 
subsurface multiple scattering are of comparable magnitude to the surface coef;,.; 
ficients. Thus 

where k is absorptio.n coefficient and r is the scattering coefficient. 

9 

The crude results of Figure 9 suggest that diffuse reflection from the surface, 
or single back-scatter, is non-selective with respect to wavelength. If this surface 
reflectivity is high, as is the case with fine grains,. reflectance will show little 
dependence on wavelength. When surface reflectivity is low, as with coarse grains, 
subsurface scattering and absorption significantly affect the reflectance and a 
selection favoring blue light might be expected. Spectral selection by subsurface 
back-scattering can be simply demonstrated by sticking a metal pipe into the snow 
to eliminate the surface reflection; when an observer peers down the pipe the light 
seen is blue. 

Conclusions 

Extinction in snow depends on scattering and absorption. In fine-grained snow, 
such as cold wind-packed snow, scattering is dominant and extinction coefficient 
diminishes as wavelength increases. Extinction coefficient is inversely related to 
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Table I. Mean surface reflectivity_ (0. 400 p. - 0. 700 f..l) deduced from extinction data. 

Snow density 
-(g/ cm3 )_ 

Mean grain size 

0.43 
0.44 
0.53 
0.62 
0.38 
0.49 
0.54 
0.37 
0.47 
0.48 

_(f.L) 

200 
200 
200 
200 
300 
300 
300 
600 
600 
600 

~ o.e, MEAN GRAIN SIZE= 300fL I 

~07~----=--= . --J w Q- . ' : 
~oo• -~ 
a: o.!S / / 
w ~/ 

~ 0.~ 
a: 
~ . . 
en 0.4 - b. 

0.37 
MEAN GRAIN SIZE: 600 fL 

~----------~ 
0.~ 0.6 0.7 

~. WAVELENGTH, fL I 
c. 

Figure 9. Surface reflectivity of cold! 
room samples calculated ·from the intei-

cept of the attenuation curves. 

Mean surface reflectivity 

0.573 
0. 690 
0.709 
0. 642 
0.625 
0. 688 

. 0. 551 
0.610 
0.351 
0.452 

-grain size; it increases sharply as grain 
size decreases below 300 f-1• the rate of 
increase being directly related to wave
length. In low density·. snow ext,i.nction 
increases with increas:ing dens-ity, eventu
ally reaching a ma~im~m and ~hereafter 
declining as density tends to the ice limit. 
The density for maximum extinction 
varies with wavelength and pr'obably also 
with grain size. In coarse-grained snow 
typical of a melting snow cover absorption 
becomes important. As grain size in
creases and angularities are s,ubdued, 
spectral selection in extinction tends to 
reverse, so that extinction gradually be
c?mes directly related to wavelength. 

The reflectance of fine- grained St).OW 

is not greatly dependent on wavelength, 
since surface reflectivity is high and 
single back-scatter from the first layer 
of grains is apparently not vefy selective 
with respect to wavelength. As grain 
size increases the reflectance and the 
surface reflectivity are expected to de

-crease; a relatively large proportion of 
·the reflected light is back-scattered from 
beneath the surface, so that reflectance 

. p~comes inversely dependent on wave
length. 

Extinction coefficient is more heavily 
dependent on grain type than on density 
for the kinds of snow usually enco.untered 
in surface deposits, so that extinction 
coefficient may be a useful descriptive 
parameter in snow studies. Construction 
of an inexpensive extinction meter for 
field use would be quite feasible. 

Since the magnitude and wavelengtB, dependence of reflectance vary with snow 
type, remote sensiilg of snow covers m:ay have some useful application. Under 
suitable lighting conditions the author has air-photographed wind-drift patterns in 
color on the Greenland Ice Cap with an ordinary 3 5 mm camera; with special 

\. 
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equipment it might be possible to detect' more subtle differences of snov: type. 

Studies need to be extended into the infrared range, and toward this end simple 
compari?ons of visible and infrared extinction- have been initiated. 

~ 
'\ 
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APPENDIX A: ATTENUATION OF TRANSMITTED LIGHT 

Sample 25/2/64 

Density 0. 540 g/eml 

Grain size ~ 0. 3 mm (range 0. 2-0. 5) 

Temperature -10C 

~~arbitrary units) 

Wavelength (~J.) ~{em) ~(em - 1) 

13. 6 11.8 9. 1. 7.5 5. 6 3.8 2.6 1.4 0. 8 

Open (S-4) . 0002 . 0010 . 0048 . 0215 . 150 1. 40 8.0 28 . 98. 1.328 
·Visible (0. 552.) . 0002 • 001 • 0049 . 031 .25 1.2 3. 5 11. l. 223 
iRed (0. 585) . 0006 • 0028 . 018 • 13 . 64 1.77 5.3 1. 190 
Blue (0. 445) . 0001 . 00057 . 0045 . 0595 .425 1.7 6.3 1. 518 

0.400 . 0007 . 013 • 11 . 70 2.5 1. 728 
0·. 433 . 00215 . 035 .26 1.4 4.4 1. 630 
0.466 . 00365 . 16 1.1 1.2 3. 6 Filter unseated 
0.500 . 00555 . 061 .325 1.7 3.9 1. 364 
0.533 ~ 036 .34 1.9 2. 1 3.05 Filter unseated 
0.566 . 0108 . 093 .395 1.3 3.57 1. 189 
0.600 . 0033 . 027 . 113 .36 1.0 1. 186 
0.633 . 0007 • 006 • 0243 . 0785 . 205 1. 171 
0.666 • 00007 . 0007 • 00305 . 0095 . 0247 1. 188 
0.700 . 00003 . 0003 • 0012 . 004 . 010 1. 181 

Sample 26/2/64 

Density 0. 384 g/cml 

Grain size ~ 0. 3 mm (0. 2-0. 7) 

Temperature -lOC 

11. 6 9.7 7. 5 5.5 3.4 2.2 0.9 

Open . 00935 . 0263 . 173 . 653 6.4 17. 0 0.864 
Visible . 0021 . 00583 . 0345 . 115 .99 2.3 12.5 0.833 
Red . 0012 . 00335 . 0197 • 0677 . 527 1. 17 6.47 0.812 
Blue . 0002 • 00073 • 00557 • 025 • 33 1. 05 7. 8 0.986 

0.400 • 00083 • 00597 • 087 .40 3. 0 1. 268 
0.433 . 00277 • 016 .197 . 818 5.45 1. 152 
0.466 . 00407 . 0203 . 202 . 74 4.3 1. 061 
0.500 . 00657 . 031 .26 • 867 4.65 0.985 
0.533 - .00817 . 034 . 255 • 76 3. 67 0.938 
0.566 . 0115 • 0493 .322 . 93 4.2 0.889 
0.600 . 00372 . 0145 . 0943 • 253 1.1 0. 872 
0.633 . 00077 • 00323 • 02 • 0555 .24 0.852 
0.666 I . 00008 • 0003 7 • 00235 • 00685 • 0287 0.880 
0.700 I . 00003 • 00013 . 00098 • 00273 . 0113 0.891 

I 

Sample 28/2/64 

Density 0. 489 g/cml 

Grain size ~ 0. 3 mm (0. 2-0. 7) 

Temperature -lOC-

12. 3 10. 5 8.55 7.2 5.6 4.6 3.4 2.55 1.1 

Open . 00035 . 00144 . 0078 . 0447 • 189 . 744 3.7 9.67 51. 1 1. 166 
Visible • 00005 . 00033 • 00177 . 0105 . 0384 • 133 .595 1. 42 6.26 l. 046 
Red . 00017 . 00103 • 00583 . 0213 • 0753 .310 . 731 3. 12 1.047 
Blue . 00003 .00013 . 0011 • 0058 . 0283 . I 73 .515 3.22 l. 342 
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A2 APPENDIX A 

Sample 28/2/64 

Density 0. 489 g/cm3 

Grain size ~ 0. 3 mm (0. 2-0. 7} 

Temperature -lOC 

Intensity (arbitrary units) 

Wavelength (fl.) x (em) ~ (cm-1 ) 

12.3 10. 5 8.55 7.2 5. 6 4.6 3. 4 2.55 1.1 

0.400 .00013 . 00128 . 00595 . 0444 . 142 I. 13 1. 491 
0.433 . 00051 . 003 91 • 015 . 102 .322 2. 19 I. 378 
0.466 . 0008 . 0054 • 0187 . 11 . 307 1. 85 1. 263 
0.500 . 0015 7 . 00902 . 0297 • 151 . 393 2. 15 1. 181 
0.533 . 00208 • 0104 . 0322 . 149 . 365 l. 66 1. l 04 
0.566 . 00335 . 0158 . 0468 .20 .472 1. 98 1. 046 
0.600 . 00103 . 00489 • 0137 - • 0585 . 13 . 555 1.028 
0. 633 . 00022 . 00106 . 00308 . 0122 . 0287 • 113 1. 035 
0.666 . 00003 . 00012 . 0004 . 00157 . 00363 . 014 1. 010 
0.700 . 00002 • 00006 .00013 . 00063 . 00143 . 0061 0.976 

Sample 2/3/64 

Density 0. 476 g/cm3 

Grain size ~ 0. 6 mm (0. 3-1. o) 

Temperatu-re -10C 

11. 5 9.3 7.3 5.6 3.9 1.8 0.95 

Open . 00087 . 0096 . 081 . 577 3. 61 44.3 1. 152 
Visible .00018.00227 . 016 . 098 .57 5.5 12.3 1. 047 
Red . 0001 . 00135 . 0096 . 0583 .30 2. 72 6.38 1. 012 
Blue . 00024 . 00262 . 0238 .18 2.75 7.4 1.244 

0.400 . 00003 . 00039 . 00505 . 0463 . 947 2. 77 1. 408 
0.433 . 00011 . 0012 7 . 0127 . 101 1. 83 5. 06 I. 293 
0.466 . 00015 . 00175 . 0152 .105 l. 56 4. 12 1. 231 
0.500 . 00029 • 00298 . 0227 . 140 1.77 4.52 1. 162 
0.533 . 00042 . 00348 . 0242 . 132 l. 47 3.58 1~ 086 
0.566 . 00073 . 0055 . 035 .18 1.77 4. 13 l. 051 
0.600 . 00022 . 00168 . 0102 • 0553 • 498 l. 09 1. 027 
0. 633 . 00006 . 00038 . 00238 • 0115 . 103 . 237 0.991 
0.666 . 00003 . 00028 • 00147 . 0125 . 0292 0.994 
0.700 . 00002 . 00009 • 0006 . 0108 . 0112 l. 018 

Sample 4/3 I 64 (A) 

Density 0. 470 g/cm3 

Grain size ~ 0. 6 mm (0. 2-l. 0) 

Temperature -10C 

9.8 4.6 2.8 1.2 

Open . 0202 4.67 26.4 l 02 1. 000 
Visible .00445 . 732 3.58 11. 3 0.921 
Red . 00258 .382 l. 78 5. 65: 0.899 
Blue • 00056 .247 l. 58 6.42i 1. 066 

0.400 • 00009 . 0678 . 543 2.42 1. 202 
0.433 .00027.148 l. 07 4.33 1. 127 
0.466 . 00039 . 147 .90 3.54 1. 062 
0.500 . 00073 . 187 l. 05 3.97 1. 000 
0.533 . 00088 • 176 . 92 3. 08j 0.943 
0.566 . 00147 . 232 l. 12 3. 67, 0.906 
0.600 . 00043 . 068 .32 . 98: 0.900 
0. 633 . 00008 . 0142 . 0693 .208 0.910 
0.666 .00182 . 00858 . 02$6 0.870 
0. 700 . 00072 . 0035 . 0101 0.870 
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Sample 413164 (B) 

Density 0. 371 glcml 

Grain size ~ 0. 6 mm (0. 3-1. 2) 

Temperature -1 OC 

APPENDIX A 

Wavelength (fl.) 

Intensity (arbitrary units) 

~(em) 

Open 
Visible 
Red 
Blue 

0.400 
0.433 
0.466 
0.500 
0.533 
0.566 
0.600 
0. 633 
0.666 
0.100 

10. 9 7.3 

.023 .337 

. 00502 . 063 7 

. 00292 . 034 7 

.0007 .0127 

. 00009 . 00261 
• 0003 . 00743 
.0005 .00918 
. 0008 . 013 
.00106.0145 
.00173.0212 
~ 00049 . 00665 
.00011 .00143 
• 00002 . 00016 

Sample 22 I 5 I 64 

Density 0. 619 glcm3 

4.6 

4.83 
. 732 
.383 
.244 

.. 0678 
• 147 
. 149 
. 192 
. 177 
.24 
. 0705 
. 0146 
.00188 
. 00075 

Grain size ~ 0. 2 mm (very uniform) 

Temperature -1 OC 

9.3 7. 1 

Open . 0007 . 00817 
Visible . 0001 . 00148 
Red . 00001 . 0008 
Blue . 00003 . 0002 7 

0.400 
0.433 
0. 466 
0.500 
0.533 
0.566 
0.600 
0. 633 
0.666 
0. 700 

Sample 2315164 (A) 

Density 0. 532 glcm3 

5.9 

. 0305 

. 006 
•. 00313 
. 00098 

. 00022 

. 0006 
• 00073 
. 00128 
. 0015 7 
. 00217 
. 00065 
. 00022 
. 00007 
. 9001 

Grain size.~ 0. 2 mm (very uniform) 

Temperature -lOG 

8.0 6. 0 4.3 

Open .00805.018 .241 
Visible . 00097 . 00305 . 0362 
Red . 00048 . 00162 . 018 
Blue . 0004 . 00078 . 0113 

4.8 3.3 1.8 

.170 1. 78 15.8 

. 0297 • 2 71 2. 13 

. 0155 . 136 1. 02 

. 0063 . 083 . 93 

. 0013 7 . 0218 .312 

. 0037 . 0528 .. 635 

. 00445 . 055 . 573 

. 00723 . 0758 . 69 

. 007.'73 . 0714 . 573 

. 0098 . 0925 . 698 
• 00297 . 0255 • 191 
. 00072 .00584 . 041 
. 00015 . 00077 . 00545 
. 00017 .. 00042 . 0023 

3.0 0. 9 

1. 85 46.3 
.248 5.28 
. 121 2.52 
. 10 3. 03 

0. 7 

72. 
7.9 
3.85 
4.62 

1. 82 
3.28 
2.68 
2.94 
2.34 
2.67 

.72 

. 15 

. 0185 

. 0079 

0.853 
0.796 
0.781 
0.932 

1. 045 
0.981 
0.912 
0. 811 
0.815 
0.785 
0.793 
0.781 
0.744 

1. 457 
1. 353 
1. 33 0 
1. 587 

1. 751 
1. 661 
1.580 
1. 496 
l. 410 
1. 3 65 
1. 367 
1.288 
1. 163 
1. 143 

1. 543 
1. 477 
1. 438 
1. 645 

15 
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A4 APPENDIX A 

Sample 23/5/64 (A) 

Density 0. 532 g/cml 

Grain size~ 0. 2 mm -(very uniform) 

Tem:eerature -lOC 

Intensity (arbitrary units) 

Wavelength (f.L) ~(em) ~ (em -I) 

8.0 6.0 4.3 3.0 0.9 

0.400 . 00025 . 00335 . 0313 1. 15 1. 718 
0.433 . 00052 . 00765 . 0673 2.13 1. 630 
0.466 • 00055 . 00795 . 0635 1.7 1. 570 
0.500 . 00084 . 0105 . 0805 1. 92 1.525 
0.533 . 00087 . 01 • 0713 1.5 1. 460 
0.566 . 00115 . 0124 . 0863 1.7 1. 435 
0.600 • 00033 • 00342 . 0222 .453 1. 422 
o. 633 .00013 . 00078 . 00497 . 098 1. 410 
0.666 . 00007 • 00015 . 00073 . 0117 1. 280 
o. 700 . 00007 . 0001 . 00035 . 00517 1. 262 

Sam:ele 23/5/64 (B) 

Density 0.429 g/cml 

Grain size ~ 0. 2 mm (0. 1:-0. 3) 

Tem:eerature -10C 

6.5 4.4 2.7 1.3 

Open . 0753 1.0 1 o. 47. 1 1. 262 
Visible . 012 .145 l. 32 5.4 1. 183 
Red . 0069 . 0787 . 665 2.6 1. 172 
Blue . 0033 . 0538 . 64 3. 08 1.348 

0.400 • 00092 . 0143 .218 l. 16 1. 410 
0.433 .00212.0331 . 432 2.16 1. 361 
0.466 . 00235 . 0327 . 378 1.77 1. 303 
0.500 . 0 0 3 3 7 . 041 5 .44 1. 93 1. 250 
0.533 • 00333 • 03 76 . 364 1. 51 1. 209 
0.566 • 0046 . 0495 ; 444 1. 74 1. 163 
0.600 .00134.0135 • 118 . 472 1. 166 
0. 633 . 00035.0031 . 026 • 095 l. 115 
0.666 • 0001 . 00045 . 0033 . 0119 l. 053 
0.700 . 0001 . 00022 . 00143 .00511 1. 023 

Sample 24/5/64 (A) 

Density 0. 440 g/cml 

Grain size ~ 0. 2 mm (very uniform) 

Tem;eerature -10C 

7.5 5. 7 4. 1 2.4 1.4 

Open . 00845 . 0995 • 875 8.32 28.0 1. 328 
Visible • 00135 . 0146 .116 l. 02 3.21 l. 285 
Red • 00067 . 00805 . 0620 . 505 1. 55 1. 280 
Blue . 00032 . 00485 . 0477 .496 1. 80 1. 405 

0.400 . 00123 • 0137 . 167 . 686 1. 470 
0.433 . 00297 • 0299 .336 1. 22 1.396 
0.466 . 00309 • 0293 .294 1. 04 1. 350 
0.500 . 00433 . 0376 .327 1. 08 1. 278 
0.533 . 00440 . 0322 . 292 . 945 1. 275 
0.566 . 00552 • 0410 . 344 1. 05 1. 23 7 
0.600 .00142 • 0104 . 0928 • 286 ·, 1.244 
0.633 . 00027 . 00235 . 0191 . 0612 1. 253 
0.666 . 00005 . 00032 • 00248 . 00788 1. 183 
o. 700 • 00004 .00012 . 0011 . 00315 l. 224 
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APPENDIX A AS 

Sample 24/5/64 (B) 

Density 0. 41 g/cm3 

Grain size ~ 2. 0 mm (0. 5-5. 0) 

Temperature -lOC 

Source Spring snow from Ramseier 1s lawn 

Intensity (arbitrary units) 

Wavelength (fl.) ~(em) ~(em ;.. 1) 

ll. l 8.6 6. 6 4.9 3.2 

Open 6. 71 13. 6. 27.0 45.2 83.7 0.315 
Visible . 825 l. 66 3. 16 4.96 8.78 o.·299 
Red . 403 . 815 1.5 2.42 4.27 0 .. 299 
Blue . 411 . 89 1.8 3. 01 5.6 0.32~ 

0.400 . 12 7 . 295 . 658 l. 17 2.22 0. 368 
0.433 . 272 . 608 1.2 2. 13 3.86 0.336 
0.466 . 242 . 512 1.0 l. 63 3. 06 0.324 
0.500 .282 . 59 l. 12 1.84 3.3 0. 311 
0.533 . 23 .. 476 . 89 1.4 2.5 o. 303 
0.566 . 275 0 . 551 l. 02 l. 63 2.86 0.297 
0.600 . 0758 . 143 . 273 . 442 . 766 0.299 
o. 633 . 015 . 0302 . 0577 . 093 . 158 0.299 
0.666 . 0018 . 003 65 . 00697 . 0107 . 0192 0. 301 
0.700 . 00068 . 00145 . 00272 . 0045 . 0079 0. 311 

Sample 24/7/64 {Glacier Divide, St. Elias Mts.) 

Density 0. 51 g/cm3 

Grain size ~ l. 0 mm (with water film) 

Tem,eerature oc 

14.5 12 .. 0 l 0. 5 9.7 9.0 6. 0 4. 5 

0.400 5.4 9.8 12.2 13. 5 14.7 26.4 34.0 0.174 
0.433 12.8 20.6 25.0 28.0 29.7 57.0 69.3 0. 167 
0.466 ll. 7 18.3 2.2. 5 24 .. 8 26.5 49.5 62.2 0. 163 
0.500 13. 8 20.7 25.5 28.0 30.5 55.3 69.7 o. 163 
0.533 ll. 0 . 16.8 20.5 22.0 24.7 44.5 55.7 0.162 
0.566 16. 2 23.7 29.3 33.0 35.5 67.2 83.7 0.166 
0.600 5.45 7.93 9.8 10.7 11.8 / 22.3 27.3 0.168 
0. 633 l. 05 l. 57 2.02 2.23 2.48 4.90 6. 05 o. 176 
0.666 . 117 . 170 .218 .250 . 282 . 570 . 700 o. 186 
0.700 . 0425 . 0623 . 082. . 094 . 100 .210 . 265 o. 196 



18 OPTICAL MEASUREMENTS ON SNOW 

A6 APPENDIX A 

SPECTRAL REFLECTANCE OF SNOW 

Date: 9 July 1964 

Snow: Fresh snow, 

Wavelength (f.L) 

Location: Glacier Divide, St. Elias Mts. 

temp~ OC, density~ 0, 28 g/cm3 ~: 

Snow: MgO ratio (mean of 3) 

1. 010 

Variable density overcast 

'Reflectance 

0.400 
0.433 
0.466 
0.500 
0.533 
0.566 
0.600 
0. 633 
0.666 
0,700 

1. 015 
1. Oi5 
l. 005 
l. 003' 
0.994 
0.991 
0.974 
0.974 
0.967 

0.940 
0.952 
0.955 
0.952 
0.952 
0.947 
0.946 
o. 930 
o. 930 
0.924 

Date: 13 July 1964 Location: Glacier Divide, St. Elias Mts. 

Snow: Slightly metamorphosed new snow, temp 0C, density::::: 0. 2 g/cm3 ~: Clear sky, bright sun, 
---1600 hr local 

0,400 
0.433 
0.466 
0.500 
0.533 
0.566 
0.600 
0.633 
0.666 
0,700 

Date: 21 July 1964 

Snow: Metamorphosed snow, OC, 

0.400 
0.433 
0.466 
0.500 
0.533 
0.566 
0.600 
0.633 
0.666 
0.700 

Date: 24 July 1964 

1. 065 
1. 015 
0.947 
0.962 
o. 929 
0.916 
0.889 
0,866 
0. 826 
0.820 

'"Location: 

density of top 5 em 0, 43 g/ cm3 

l. 03 7 
1. 005 
1.000 
o. 965 
0. 965 
0.959 
0.939 
0.916 
0.891 
0,888 

Location: 

0.992 
0.952 
0.893 
0.910 
0.883 
0.873 
0.848 
0.827 
0.789 
0.783 

Glacier Divide, St. Elias Mts. 

~: Clear, bright sun, 1200 local 

0.966 
0.943 
0.942 
0.913 
0\ 916 
o.\913 
0.896 
0.875 
0.851 
0.848 

Glacier Divide, St. Elias Mts. 

Snow: l - 2 em fresh snow (0. l g/ cm3) 
lying on older snow (0. 4 g/ cm3) Temp OC 

Sky: Uniform density overcast , 163 0 local 

o. 400 o. 979 
o.· 433 o. 992 
o. 466 o. 985 
o. 500 o. 985 
o. 533 o. 966 
o. 56q o. 955 
o. 600 o. 950 
o. 633 o. 938 
0. 666 o. 932 
0.700 0.919 

0.912 
0.930 
0. 928 
0.932 
0.918 
0.910 
0.906 
0.891 
0.886 
0.873 
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APPENDIX A 

Date: 29 July 1964 Location: Glacier Divide, St. Elias Mts. 

Snow: Wet snow, i days old, density~ 0. 4 g/cml. Melting during test ~: Clear sky, bright sun. 
--1000-1130 local 

Wavelength (fl.) 

0.400 
0.433 
0.466 
0.500 
0.533 
0.566 
0.600 
0.633 
0.666 
0.700 

Date: 29 July 1964 

Snow: MgO ratio_ (mean of 6) 

1.027 
l. 020 
l. 003 
0.986 
0.981 
0.959 
0.948 
0.926 
0.897 
0.883 

Location: 

Reflectance 

0.957 
0.956 
0.944 
0.933 
0.932 
0.913 
0.904 
0.884 
0.856 
0.843 

Glacier Divide, St. Elias Mts. 

Snow: Wet snow, 2 days old. Density~ 0. 4 g/cml &: Scattered cirro-stratus. 1500 local 

o. 872 o: 400 
0.433 
0.466 
0.500 
0.533 
0.566 
0.600 
0.633 
0.666 
0.700 

0.936 
0.910 
0.929 
o. 921 
0.922 
0.889 
0.873 
0.882 
0.814 
0. 792 

0.853 
o.875 
0.872 
0.876 
0.847 
0.832 
0.843 
o. 777 
0.757 
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