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AB S TRACT 

Snow cover spectral reflectance and attenuation characteristics 
.;. 

were observed using a Li-1800 portable spect~oradiometer st 

Schefferville, Quebec. A specially designed fiber optic probe 

was U$ed for measurements in the snow cover. A Radio Shack 

TRS-80 model 100 portable computer was used to transfer data 

from the spectroradiometer to 3.5 inch microdisks in the field. 

This great1y increased the throughput of the field 

instrumentation and made it possible to col1eçt data at high 

spectral resolution in the wavelengths between 400 to 1100 nm. 

The effect of 1iquid water content of snow on its spectral 
) 

ref1ectance was investigated by measuring the change in 

spectral reflectance associated with changes from a melting ta 

non-melting and aga!n ta melting condition of the snow caver. A 

drop in reflectance of 18 per cent was observed around 960 nm 

when the snow changed from dry to wet. A rise of 9 per cent was 

observed at the same wavelength for a chan~e from wet to drYa 

The study shows that the ratio between wavelengths 580-600 and 

960-980 nm is generally greater than 1.34 for melting snow and 

less than 1.30 for dry snow. These observations suggest that_ 

the wavelengths around 960 nm could be more indicative of the 

liquid water content of snow than other regions of the 

electromagnetic spectrum between 400 to 1100 nm. 

Spectral attenuation of solar radiation was measured by 

/ 

... ~ ...... 
- - , 

'", 

1 • 

~ 



o 

o 
.. 

• c, 

XI 

mu1ti-leve1 observations of s01ar radiation intensity in the 

snow cover. Th~owest ~ttenuation was observed around·580 nm 

and the maximum from 990 to 1100 nm. Th~ extinction coefficie~t 
varied depending on the depth of observation inside the snow 

pack. The attenuation was greater in winter than in spring. The 

maximum penetration depth was observed around 580 nm, where 

radiation can penetrate up to 140 cm in spring. The minimum 

penetration of only a few millimeters occurs in the wavelengths 

between 1000 to 1100 nm. 
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RESUME 

La réflectance spectrale et les caractér~stiques d'atté­

nuation du manteau nival ont été observées à Schefferville, 

Nouveau-Québec,'à l'aide d'un spectroradiomètre port~if 

Li-1800. Une sonde de fibre optique spécialement créée a été 

utilisée pour la prise de m sures dans le manteau nival. Un 

ordinateur portatif Radio TRS-80, modèle 100, a servi 

etir le terrain à transfére données fournies par le spec-

troradiomètre vers des micr disques de J.5 pouces. Ceci a 

permis d' augmenter largement rendement des instruments sur 

le terrain et de rendre possible l'enregistrement de données 

d'une haute résolution spectrale, pour des longueurs d'onde 

variant de 400 à 1100 nm. 

III 

0n a étudié l'effet de la teneur en eau liquide de la 

neige sur sa réflectance spectrale en comparant cette ·dernièrp. 

aux changements survenant lorsque le manteau nival passe de 

l'état de fusion à l'état gelé, ~uis lorsque la neige se remet 

à fondre. On a noté une baisse d~ réflectance de 18% autour 

de 960 nm lorsqu~ fa neige sèc~e devint mouillée. De plus, 

une augmentation de 9% a été observée à la même longueur d'onde 

lors de l'assèchement de la neige mouillée. L'étude indique 

que le rapport entre les bandes 580-600 nm et 960-980 nm dépasse 

généralement 1.J4 pour la neige en fusion et n'excède pas 1.JO 

pour la ne~ge sèche. Ces observations suggèrent que les lon­

gueurs d'onde voisines de 960 nm pourraient indiquer la teneur 
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en eau liquide de la neige ~ieux que n'importe laquelle autre 
'i , 

région du spectre électromagnétique entre 400 et 1100 nm. 

L'atténuation ~ctrale du rayonnement solaire a été 

mesurée en observant l'intensité du rayonnement solaire à 

plusieurs niveaux dans le manteau nival. La plus faible 

atténuation a été notée aux environs de 580 nm alors que 

l'atténuation maximale se situait entre 990 et 1100 nm. Les 

coeffïcients d'extinction variaient suivant la profondeur du 

point d'observation dans le ~anteau nival. Aussi, l'atténua­

tion était plus élevée en hiver qu'au printemps. La plus 

grande pénétration a été observée autour de 580 nm; 

à cette longueur d'onde, au printemps, le rayonnement peut 
" pénétrer jusqu'à une profondeur de 140 cm. Par contre, on a 

enregistré une pénétration de quelques millimètres seulement 

pour les longueurs d'ortde entre 1000 et 1100 nm. 
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1. INTRODUCTION 

1.1 Research objective 
, . 

r 

The objective of this investigation 
J 

is t~ofo1d; First, it aims 

to document the spectral reflectance and attenuation of sular 

radiation by a natural snow cq.ver. i Second1y, it aims to 
< 

develop a better understanding or the effects of 1iquid water 

and grain size on the spectral ref1ectance and attenuation of 
, . 

solar radiation \by snow in the visible and near-infrared ~egi.on 

of the electromagnetic spectrum. 

" 
1.2 Background 

The rapid1y growing population of the world has increasingly 

imposed demands upon water resources. I~ order to meet these 

additiona1 demands, existing water supplies must be managed' 

efficiently. Runoff from melting snow contributes considèrably 

to stream flow. The knowledge of snow pack characteristics and 

~unoff relationships is important in efficient and overall 

management of water resources. 

One of the tools in water re~ources management is hydrologie 
\ 

modelling of river basins. Information generated from satellite 
, . 

images can be used in ,,·these models (Rango, 1985). However, in 

order to derive 

it ia essential 

the proper information from sateilite imag~s, 

to understand the 
il-

effects of th" changing_ 

\ . -," 
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physlcal properties of snow on its spectral reflectance and 

attenuation of 'solar radiation., Two important physical 

properties are the free water content of the snow pack and its 

grain size. Grain size ls important, because the Albedo of snow 

decreases with an increase in grain size (Dozier et al. 19811 

Warren 1982). 

The liquid water content of snOw provides pertinent 

information, since it may be used to distinguish betwee~ a 

meltlng and non melting snowcov~r. This information can· be 

incorporated in snow-melt runoff models. In satellite images a.l 

reduction in the near-infrared spectral reflectance of a., 

snowcover h,as been observed due. to me1 ting of a snQw pack 

(Barnes et' al., 1975; Kulkarni and Nava1gund, 1982). Using an ,> 

a1bedo model, Doz.ler-et al. (1981) predicted that the lower ing-~' 
" , 

of reflectance is not caused by an increase in 1iquid water 

content, b~ rather by an increase in grain size. This 

prediction was supported by 1aboratory observations of O'Brtan 

and Munis (1975), who reported that an increase in spectral 
\ 

reflectance was not '''-observed after refreezing of snow. 

However, Staenz and Haefner (1981) did observe a distinct 

increase in the ratio between Landsat 4 MSS bands (SOO to 600 
) 

nm) and 7 (800 to 1100 nm) due to me1ting snow, (i.e. a 

greater drop in near infrared refiecta~be than' in visible .. 
;eflectance due to melting snow). 

In erder te interpre~ sat,llite imagesJand understand the 
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spectral reflectance characteristicef of snow, it is important 

to know more about the mechanisms involved \in the att~nuation 
> 

of s01ar- radiation by snow. If a significant amount of solar 

radiation can penetrate through the snow pack, then the 

characteristics of the substrate can affect the reflectance of 

~e snow surface and influence the runoff processes at- the 

snow-soil interface. Even though a significant amount of 

theoretical work has been do ne to understand ,the penetration of 

solar radiation through snow (Giddings and LaChapelle, 1961; 

Barkstrom and Ouerfeld, 1975; Wiscombe and Warren, 1981 y, not 

Many field investigations -have been conducted to verify these 

models. 

1.3 Organization of the thesis 

The organization of the present thesis reflects the planning 

and execution of the investigation. A literature review and 

theoretical background is given in Chapter II. The chapter is 

subdfvided into five sub~ections dealing with (i) general 

theory of radiative transfer, (ii) factors affecting the 

spectral reflectance of snow, (iii) factors affecting the 

penetration of ~~lar radiation throug~ snow, (iv) techniques 

used to estimate the liquid water content of snow and (v) 

techniques used to estimate grain size. 

Chaptar 3 concerns field methods. The data acquisition ~ystem, 

the techniques to collect radiometric dat,a, measurements of 

-
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liquid water content and gr.ain size of snow and acquisition of 

other data are discussed. 

Field, observations on the effects of liquid water and grain 

size of snow èn its spectral reflectance are discussed in 

Chapte.r 4. In Chapter 5 measurements - relating to the 

attenuation of solar' radiation by .snow are discussed. In 

Chapter 6 the conclusions of this study and sorne 

recommendations for futufe work are given. 

1.4 Study area and fieldwork 

The present investigation was conducted at a site near 

Schefferville, Quebec, Canada (54
0 

48'N, 66
0 

49'W). The 

locations of the field sites are indicated in Figure 1.1. Site 

1 was used in May 1985 and Site 2 in February and Aprll 1986. • 

These sites are weIl protected from wind causing admixture of 

foreign matter and were selected for easy access. 

(, 
.-

Reconnaissance field work was conducted in February, 1985. In 

May 1985, field data were collected to study effects of l~quid 

water and grain size on spectral reflectancè of the snow pack.' 

The fieldwork relating to spectral attenuation of solar 

radiation by the snow cover was undertaken in February , and 

April, 1986. The data collection schedule ls given in Table. 

1.1. A complete set of plots of the attenuatlon data ls glven 

in Appendlx A. 
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Figura l.l: A. Location map showing Schefferville. B. Locat~on map showing 

Field aita 1 and Field s~'tè 2 • 

\1 

, 

5 

" 



_~~'l~ ~ ~ 

J. ..... 
-: 

,\, 

(' 

o 

o 

- .. 
6 

----------------------------------------------------------
'" 

Fi1es/ • Fi1es/ Files/ Date , , Date Date 

profile profile pr,ofi1e 

---------.------------------------------------------------
4/25/85 0125 5/03/85 0139 5/07/85 0141 

0126 0140 0142 
0127 

5/08/85 0143 5/12/85 0151 5/13/85 0153 
0145 OI54 

OI55 
OI56 

) 

5/14/85 0157 2/13/86 OA25 2/18/86 OAl 
0158 OA26 OA2 
0159 OA27 

OA28 

2/20/86 BC 4/21/86 MOl 4/23/86 WEl 
CO M02 WE2 
SE 

4/26/86 SR 4/29/86 TU1 
TU2 

------------------~-------_:_-_:~------------------------

~l: Data collection schedule 
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2. LITERATURE REVIEW AND THEORET~CAL BACKGROUND 

2 .1 Definitions 

The radiation balance at a snow surface can be described by 

the following equation: 

On :: G - So + Li Lo 

where On = Net all wave radiation at snow surface 

G = Incoming or global shortwave radiation 

SA = Reflected or outgoing shortw,ave radiation 

Li = Incoming longwave radiation 

La = Outgoing.longwave radiation 

(2.1) 

.. 
Reviews of this topic are given by Petzold ~1974) and Male 

and Granger (1981). 

," 
The global radiation cons~sts of direct and diffuse solar 

radiation. The diffuse radiation component is .produced by 

atmospheric scattering.' Both components are reflected, 

absorbed and transmi tted by the snow cov~,r. 

1 

The ability of snow to reflect solaI radiation ia generally 

referred to as its albedo (A), which ls defined as .. 
A '. R / l (2.2) 

_ rK~~ 

1 
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where R is the reflectèd and l is the incident-radiation. 

The albedo of snow varies with wavelength, ~n91e of 

incidence of the incoming ,radiation and character of the' 

surface (Sauberer, 1938; Trainor, 1947; Barkstrom, 1972; 

Barkstrom and Ouerfe1d, 1975 and Q'Brian and, Munis, 1975). 

Therefore, the ref1ectance, r of a snow surface ls usua11y 
~ 

defined for narrow spectral intervals. ~he albedo May then 

be defined as (Mantis, 1951; Male and Gray, 1981) 

À2 
A = fr>. IX dÀ (2.3) 

XI 

The limits of integration are XI and A2 and represent the 

lower and upper apeçtral limita of the m~asurlng_instrument. 

For a homogeneous snow pack the attenuation of solar 

radiation may be approxima~ed by the Bouguer-Lambert law 

(Trainor, 1947; Mantis, 1951; Dunkle and Bevans, 1956 and 

Giddings and La Chapelle, 1961): t. 

Iz = Io e~p (-bz) (2.4) 

w~ere lz = Radiation intensity at any depth z (W/m2);-

10 = Radiation intensity at tne snow surface (H/m2), 

b = Extinction coefficient Cl/cm) and 

~ z = Depth (cm). • 

The<m&gnitude,of the extinction coêfficient depends on sqch 

factors as wa~elen9th, part.icl~ size, snow density and depth 

, u 

1-
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of snow (Mellor, 1966: Bohren and Barkstrom 1974: O'Neill 
-

and Gray, 1972). In addition, radiation penetration is 

extremely sensitive to foreign matter i~ the snow (Manz, 

1974) . 

2.2 Spectral reflectance of snow 

~n general, the reflectance of snow is high in the red end 

of the visible spectrum -(600 to 700 ~J--# It tends to decline 

in the near infrared region untill090 nm (Figure 2.1), 

where a s1ight gain in reflectance occurs and gives a minor 

peak at approximate1y 1090 to 1100 nm (Trainor, 1947; 

O'Brian and Munis, 1975; Bolsenga and KistIer, 1982). The 

reflectançe also shows minor peaks around 1830 and 2240 nm 

with a strong depression of the reflectance arQpnd 1950 and 

2050 nm (D'Brian and Munis, 1975). 

The reflectance of snow decreases with increasing grain 

size~ Bohren and Barkstrom (1974) predicted that the albedo 

under diffuse illumination is independent of density and 

proportional to the square root of grain size._ Dozier (1984) 

pxaàicted that snow ref1ectance is sensitive to grain size 

in Band 4 of the Thematic Mapper (TM4) (780-900 nm) but not 

in the TMI (450-520 nm) or TM2 (530-610 nm) bands (Fig_ 

2.2). A . delta~Eddin9ton radiative transfer 

Thematic Napper data from Landsat 4 ~ere used. 

model and 

,. 

9 
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Fig. 2.1: Variation of snow spectral reflectance with wavelength 
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snow surface. TM 1, TM 2 etc. are the Thematic 11apper 
spectral bands and R is grain size (after Dozier. 1984) • 
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The natural agin~ processes of snow can significantly 

transform snow grain size, shape and cohesion (Colbeck, 

1982) • Therefore, aging can in a general way influence 

reflectance. Dunkle and Bevans (1956) predicted that the 

albedo of snow ~should decrease with increased age. This 

general I?rediction was supported by the laboratory 

observations of 0' Br ian and Munis (1975). They observed a 

significant decrease in reflectance in the near infrared but 

a small increase in the red région, of the spectrurn. 

Staenz and Haefner (1981) observed that the albedo of snow 

decreased due to an increase in liquid water content. Such a 

decrease rnay be due to an effective incfease in grain size 

because of clustering of two or three snow crystals under 

wet snow conditions (Colbeck; 1979; Dozier et al., 1981). 

For wavel~ngths less than 1000 nm, the spectral refractive 

index of ice is very close to that of snow (Irving and 

12 

Pollack, 1968). Therefore, a decreased a1bedo may be due 't-o 

the increased crystal size rather than the liquid water J 
content (Dozier et al., 1981; Wiscornbe and Warren, 1981). 

This prediction was further supported by O'Srian and Munis 

(1975), who observed neg1igible increases in reflectance 

. (except near 1400 and 2100 nm) after refreezing of snow. 

The effect of snow contaminants su ch as atmospheric aerosols 
. 

or carbon soot is at a maximum in the visible region and 

declines with increasing wavelength. The drop in reflectance 
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ls at a maximum between 300 and 700 nm and declines up to 

1300 nm (Figure 2.3). The effect of contaminants is 

neg1igib1e beyond 1300 nm (Warren and Wiscombe, 1981). 
~ 

Mel10r (1966) observed that 20 to 60 percent of the 

ref1ected intensity from dense dry snow in the visible-

spectrum were due to subsurface backscattering. The 
, 

thickness of snow therefore influences its reflectance. 

Giddings and La Chapelle (1966) reported that if the grain 

size of snow is greater than 0.5 mm and the snow depth is 

greater ~han 10 to 20 cm, then the spectral reflectance(; 

becomes effectively i~ependent of snow thickness. By using 

an extinction coefficient, Barkstrorn and Querfeld (1975) 

predicted that the spectral reflectance ls independent of 

thickness beyond 5.3 mm. 

On the other hand, Wiscombe and Warren (1981), by using a 
~ 

delta-Eddington approximation for multiple scattering, and 

Mie theory for single scattering predicted an effectively 

- serni-infinite snow Qepth for a melting snow pack of a~water 

equivalent of 20 cm. Observations of O'Brian and Koh (1981) 

Agree with this prediction. 

2.3 Spectral attenuation of solar radiation by a snow pack 

A variety' of techniques have been used to study the 

transmission of solar radiation through a snow pack. 
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Fig. 2.3: Effect of soot on anow albedo 
and Wiscombe, 1981). 
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Sauberer (1938), using a photoelectric cell and a variety of~ 

filters, observed that more energy was transferred in the 

blue and violet and that a' large pe,rcentage of radiation was 

absorbed at 800 nm for wet snow. Manz (1974) reported that 

radiation penetration is extremely sensitive to the foreign , 

matter content of the snow. The extinction coefficient 

between 450 and 950 nm is more sensitive to foreign matter 

than to variations in wetness or dens i ty of the snow (Fig .. 
'" 2.4; Male and Gray, 1981). Weller (1969) reported' tb?t in a 

ripening snowpaèk the extinction coefficient decreases as 

the grain size of the snow increases (O'Neill and Gray, 

'1972) • 

Schwerdtfeger arid Weller (1977) observed the extinction of 

the allwave radiation flux in clean and dry snow on the 
.. 

Antarctic Plateau. Warren '( 1982) using this data set 

observed that the exponential decay does not apply in the 

top 40 cm or, so due to rapid change in the spectral -
composition of the downward flux. In addition, he predicted 

that visible radiation can penetrate up to 100 cm and tnat 

blue li.9ht around 460 nm/,,,can penetrate more than 100- cm due 

to a low absorption coefficient at these wavelengths. 

t 
2.4 Different techniques to estimate the liquid 

water content of snow 

The liquid water content of snow la gene~ally expresaed as a 

'" 
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Fig. 2.4: Extinction coefficient of diffuse radiation for different 
sndW wetness and foreign matter contents (after Manz,.1974). 
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percentage of liquid water either by weight or by volume of 
l 

the sample. Existing methods to estimate Iiquid water 
a 

content are based on the centrifugaI, the capacitive, the 

solution and the calorimetrie principles. There are other 

possible methods which have not yet been applied to snow, 

such as nuclear magnetic resonance, time-domain 

ref lectometry, Raman scattering and acoustic methods 

(Colbeck, 1978; Miller, 1972). In the foI10wing section, ,. 

only those methods are discussed which have actually been 

employed for an estimation of the liquid water content of 

snow. 

2.4.1 The cent~ifugal method 
\ 

~ 

In this method, wet snow samples~are centrifuged to extract 

tbe water. Unfortunately some mel ting-· of the samples can 

occur and, therefore, measurements obtained using this 

technique- May not represent a true water content (Langham, 

1973). This error May be accounted for by spinning samples 

several times in the centrifuge and plotting a graph of 

successive measurements of extracted water. The graph can_be 

extrapolated back to the origin before centrifuging started. 

However, errors are introduced by variations in the grain 

size (Wakahama, 1968). Yosida (1967) and LaChapelle (1956) 

have noted a partial retention of water by centrifuged 

samples. 
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• 
2.4.2 The capacitance method 

This method was first tested by Linlor (1915). The free 

-water content of a snow samp1e is estimated by measuring its 

die1ectric constant. The die1ectric constant i5 a 1inear 

function of snow wetness. Snow structural properties may 

introduce errors in the measurements. Therefore, the change 

in dielectric constant as the snow sample is frozen by dry 

ice is measured. Colbeck (1978) noted that even though the 

dielectric constant of snow is very sensitive to small 

chan~es in the volume of liquid water present, it is 
. 

difficult to interpret the liquid water content from the 

dielectric constant of the sOlid-liquid-gaseous mixture. 

This difficulty arises from the importance of shape factors 

to the contribution of each phase to the dielectric constant 

of the mixture. 

2.4.3 The solution method 

This method was first proposed by Bader (1948) and was based 

on measuring the concentration changes of a sodium hydroxide 

solution when mixed with w~t snow. A.variety of different 

solutions have been used by different workers including 

fluorescent dye (Davis and Dozier, 1984), indla ink 

(Grenfe11, 1986) and hydrochloric acid (Davis et. al., 

1985) , 

/, 
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2.4.4 The calorimetrie method 

The calorimetrie method ls based on measurement of the 

amount of energy required to melt or freeze a known quantity 

of 8npw (Leaf, 1966; Stiles and U1aby, 1980) • The 

calorimeter is generally a thermos bott1e where provision 

has been made for measurement of temperature .. The free water 

content ls estlmated by monitoring the heat required to melt 

or freeze the snow samp1es. The melting calorimetric' 

technique has Inherent disadvantage because wetness values 

are generally small while large amounts of heat are required 

to melt the sample. Therefore, it is necessary to take small 

dlfferences between large numbers. Hence large errors are 

possible (Radok, et al.~ 1961; Colbeck, 1978). 

A new calorimeter has been develop~d by,Fisk (1986). The 

ca10rimeter uses'methanol to dissolve snow samples. This 

produces a temperature depression whlch can be linear'ly , 

re1ated to the 1iquid water content of the snow sample. 

The freezing ca10rimeter method was used in this study. This 

method was selected because Jones et al. (1981) have shown 

that consistent results can be obtalned by using the 

freezin9 calorimeter. If a calorimeter is assumed to be 

without 108S, then 

Bi -= Hf (2.S) 
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Where Hi = Initial heat content of all constituents and 

Hf = Final heat content of all const! tuents. 

The initial and final heat content are obtained by following 

equations: 

Hi = Ti [Wi+Ec]Cti + L Wf + Ts Wd Cs + 

Ts Wf CW 

Hf = Tf (Wi + Ee ) Ctf + Tf Ws Csf 

Where Ti = Initial temperature of the freezing agent 

(degrees C), 

-Wi = Weight of the freezing agent (g), 

Cti = Specifie heat of the freezi~g agent 

at Ti (J/g degree C), 

L = Latent hea t of fusion of wa ter (J/g), 

Wf = Weight of free water in snow (g), 

Wd = Weight of d~y snow (g), 

( 2.6 ) 

( 2.7 ) 

Cs ~ Specifie heat of snow at Ts (J/g degree Cl, 

Cw = Specifie heat of water at Ts (J/g degree Cl, 

Tf = Th~ final equilibrium temperature (degrees Cl, 

Ctf = Specifie heat of the freezing agent 

at Tf (J/g degree Cl, 

Csf = Specifie heat of snow at Tf (J/9 degree Cl. 

By using the above mentioned equations and solvi~9 for the \ 

fraction of free water-

\ 
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mw/lOOcWf/Wsz(Wi+EC) (Tf etf-Ti Cti)/ws(Ts Cw+Lf)+ . , 
(Tf Ws Csf-Tf Wd"l:=s)/Ws(Ts Cw+Lf) ( 2.8) 

and by making the followi~9 approxinmtions 

" Ctf = Cti ( 2.9) 
> , 

.. 

Cs = Csf ( 2.10) 

Ts = 0 , ( 2 .11) 

~ 

the final equation can be written as: 

.mw/lOO = (Wi + Ec) (Tf - Ti) èt/ Ws L + 

Tf Cs/ L (2.12) 

'. 

Dur il!~ this study a temperatqre .gradient inside the 

calorimeter was observed. The~efore, te 'g~t the final 

temperature Cl'f the snow-toluene mixture, -,the t~~pérature 

changes inside the calor imeteç, were monitored at two 

different levels. The final temperature was ebtained 'by 

averaging the tempera ture at the tWQ. levels. Therefore, in 

this experiment the .i:'nit·fal (Ti) and final (Tf) temperatures 

are obtained by 

Ti = (Tti + Tbi)/2 ( 2 .13) 

where Tti = Initial temperat~re.of the top thermistor and 

Tbi z Initial temperature of the bottom. thermistOr. 

D • 

/ 
1 
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Simi1ar1y, the final temperatur& can be obtained by: 

-
Tf = (Ttf + Tbf)/2 ( 2.14) 

~ 
Where Ttf = Final temperature of the top thermistor and, 

--. 
Tbf = Final temperature of the bottom thermistor. By 

adding equations 2.13 and 2.14 the final equation éan be 

written as: 

mw/lOO = [Wi+Ec][ «Ttf+Tbf)/2)-( (Tti+Tbi)/2)Ct/ 

Ws L + [(Ttf+Tbf)/2)Cs/L 

2.5 Techniques ~of estimating grain size 

( 2.15) 

A variety of techniques have been used to estimate the grain 

s~ze of snow. They vary from simple manual to sophisticated 
-

computerized methods. One common1y used method is visual 

estimation of grain siae. This method is- convenient to use 

in the field but 1eads to large errors. 

Q'Brian and Roh (1981) useq Formvar replicas to measure 

grain size. These replicas were made by pressing a 

Formvar-coated microscope slide against the side of a 
. 

sharply eut snow pit. A Millipore partiele measurement 

computer was used to determine the size characterlstics of­

the repIieated snow .granules. 
~ 

. .. <-
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A third method, sieve analysis, has been used successfully 

for cold and friable snow in the estimatioQ of grain size 

distrfbutions (Keeler, 1969; Granberg, 1984). Bowever, 

sieve analysis is not successful in war~ snow, where the 

snow tends to agglomerate in the sieves, or in fine grained, 

weIl bonded tundra snow (Granberg, 1984). 

J 

Thè sieve teohnique was used for grain size deterrnination in 

this study as the temperature conditions were such that good 
1 

,resu1ts cou1d be obtained. The sieve technique was also used 
, 

in the preparation of snow samples of uniforrn grain size •. 

\ 

l' 

\ 

• 
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3. METHODS OF DATA ACQUISITION 

3.1 Int roduet ion 

Field data were eollected during spring 1985, winter 1986 and 

spring 1986. In spring 1985 data were collected to study the 

effect of grain size and liquid water content on spectral 

reflectanee., In winter of 1986 the data were collected to study 

the effect of grain size on spectral reflectance and 

attenuation of solar radiation by t~e snowpack. In the spr i ng 

of 1986 data were col1ected to study the attenuation of solar 

radiation by the snowpaek. 

3.2 Data Acquisition System 

3.2.1 Radiation measurernents 

-
A LI-1800 spectroradiometer ',was used for aIl field 

measurements. The ïnstrument utilizes a holographie grating and 

a stable, high quantum ,efficieney silicon detector. The light 

passes through a filter wheel before it enters the 

monochromator. Eaeh fi 1 ter in the wheel cor responds to a 

partieular wavelength range. The LI-l800 automatically selects 

the appropriate filter. The light enters into the holographie 

gratiQg monochromator whieh is used to disperse light into 

individual wavebands. The rnonochrom~tor has three eomponents: 

(i) the" enttance slit, (ii) the grating and (iii) the exit 
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slit. The radiation from the entr~Ge ~lit strikes the gràting. 

The grating diffracts and reflects light towards the exit slit. 

By changing the angle between tHe è~rance slit an~ the face. of 
r 

the grating, selected wave1engths of light can be passed 

through the exit alite The light that passes through the exit 

s1it strikes a silicon detector. This generates a current which 

is amplified, converted into a voltage and passed to an 

analog-to-digital converter.which is sampled by the·computet. 

The above mentioned operations are controlled by the computer. 
, 

The LI-1800 has two interface connectors: a terminal port for 

control and data transfer and an output port fo~ data transfer. 

The output port can function in one of three modes: RS-232, 

audio cassette tape and analog millivolt. The memory capacity 

of the spectroradiometer is 16 K. Therefore, it can only hold 

~ata from six measurements " , 
at full spectral resolution. The , 

. , , 

'-spectroradlometer can be equipped wi th a tape recorder for 

dumping of memory contents in the field. However, the necessary 

equipment for data ~trieval from the tape is costly and was 

not available to the author. This severely limited the quantity 

of field data that could be collected in one field visite An 

improvement was introduced in the winter of 1986. Data were 

then 
',r 

transferred from the radiometer to a TRS-80 model 100 

portable computer, from which the data were transferred to 

cassette tapes. During spring 1986, this method was further 

improved. After acquiring a portable 3.5 inch disk drive, data 

could be stored on microdisks rathir than cassette tapes. Thi~ 

.. 
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greatly incr~ased the throughput of the field data acquisition 

system. In the laboratory the data were ~ferred from the 

TRS-80 model 100 computer to a- Hewle'tt Pac~ard computer system. 

3.2.1.1 Reflectance measurements 

The LI-ISOO was used for aIl field measurements. A remote 

cosine receptor was at.taehed to the extension arm of a 

photographie tripode ~is arm was rotated to get refleetance 

readings from a barium sulfate plate and from the snow surface 

without changing the view anglE of the casine receptor (Figure 

3.1) . 

During the spring of 1986, data to study the effects of grain 

size ano 'liquid wat~r eont~nt on reflectance we-re collected in 

·intervals ot la nm from 300 to 1100 nm. The output' from the 

radiometer was converted into reflectance values using the 

following relationship: 

Rb = Lr, t / Lr, s ( 3. l) 

Where Rb 

Lr,t 

Lr,s 

= Reflectanèf compared to barium sulfate, 

= Refleated/ radiation of the snow into a 
( 

fini te solid angle and 

= Reflected radiation of the barium sulfate 

plate into the same solid angle. 
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Fig. 3.1: Set up for spectral reflectance data collection, 
(A) Li-1S00 spectroradio.meter, (B) photographie tripod, 
(C) barium sulfate p-late. 
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3.2.1.2 Attenuation measurements 

A new Eiber optics probe was designed to measure the 

attenuation of solar radiation at different depths in a-­

snowpack (Granberg, in prep.). This probe was deslgned, and 

supplied by Dr. H.B. Granberg. The first 70 cm of a" -1.2 m 

fiber optics cable is enclosed in- a hard plas~ic tube, forming 

a rigid probe. The other end is connected to the flber optics 

light conductor supplied by the manufacturer of the LI-1800 

radiometer. The optically polished, fIat end of the flber 

optics cable (4 mm in diameter) was used direct,ly as llght 

collector. The probe was attached to a specially designed 

stand, enabling the probe to be inserted into the snow to 

precisely determined depths to measure the upwelling radiation 
) 

'(Figure 3.2). 

The spectral distribution of solar radiation was measured at 2 

or 10 cm depth intervals by lowering the probe along with the 

extension arm of the stand. The data was collected at a 

spectr~l resolution of 2 nm and at 10 cm depth intervals, 

during the winter of 1986. Improvements in the field data 

acquisition system permitted data to be collected at a spectral 

reso1ution of l or 2 nm and at 2 cm depth inte~va1s during the 

spr ing oE 1986. 

' .. ~.. . 
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Fig. 3.2: Set up for spectral attenuation data collection, 
(A) fiber optics probe, (B) stand, (e) Li-l800 
spectroradiometer. 
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3.2.1.3 Sources of error 

The stability of a silicon detector beyond 850 nm degenerates 

markedly under - extreme temperature condi tions. l j: can affect 

the '"( re1ationship between detector signal ~nd spectral 

irradiance. This is not a prob1em when the tempe.ratures of 

calibration and mea!:Airement are the sarne (Li-cor Instruc~ional 

manual, 1982). In this investigation the sample and reference 

scans were taken at the same temperature. 'l'her;efore, the error 

from this source is considered neg1igib1e. Another possible 

source of errOI; is variation in solar zenith angle. Staenz and 

Haefner (1981) observed for old and moist snow that the 

variation in sun zenith angle from 24 to 49 degrees had 

neg1igib1e effect on the spectral ref1ectance. Most of the 

meaS:urements of . the present investigation were made under 

re1ative1y similar sun zeni th angles (excepting the winter 
\ 

measurements). Therefore, errors ,from this source are a1so 

considdred negligible. 

3.2.2 ~easurements of the liquid water content of snow 

3.2.2.1. The Freezing Calorimeter Equipment 

The different parts of the equipment requi red fOT freezing 

ca10rimeter measurement$ are: 
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a. Ca1orimeter: The ca10rimeter was constructed from a wide 

mouth vacuum thermos bottle made of stainle~ steel. 

b. Temperature probes: Thermistors were used to monitor the 

temperature inside the ca1orimeter. The temperatures were 

measured to the nearest 0.01 degree C using a digital 

multimeter. A Campbell Scientific CR7 datalogger was used to 

-measure tempe ratures during the dete rmi na t i on of the 

calorimetric constant. 

c. Scale: A Mett1er 1000 electronic balance was used ta measure 

weights with an accuracy of 1 mg. 

d. The freezing agent: A freezing agent was used to freeze the 

1iquid water of the snow samples. The freezing agent should 

ha~e a low viscosity and a high flash point. Silicon oi1 was 

used by hJones et. al. (1981), butin order to reduce costs, 

toluene was used in this investigation. 

e. Material to cool the freezing agent: The freezing agent was 

cooled using a mixture of palcium chloride and snow. The 

eutectic composition of the calcium chloride-water system is 

approximate1y 68% water and 32% calcium chloride by weight 

(Keyser, 1981). The temperature of the mixture at the eutectic 

composition ls -52 degrees C • 
• 

f. Snow. sampler: Snow was col"lected and placed into the 
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calorimeter using a cy1indrical sampler, made from a syringe. 

The sampler was 5 cm in diameter and 15 cm in length. 

3.2.2.2: Estimation' of the calorimetrie constant 

The calorimetrie constant is used to compensate the heat 
.; 

balance equation for the amount of energy absorbed by the 

calorimeter due to temperature changes during the mixing 

process. For the convenience of use in the equation, the 

calorimetrie constant is genera11y expressed in terms of the 

equivalent weight of freezing agent. The constant was 

determined by using the fo11owing equation (Jones and Rango, 

1981). 

wtl [(Csw + CS2)/2] (Tw - .!l'2) = 

=(Wt2 + E) [(Csl + Cs2)/2] (T2 - Tl) 

where Wtl = Weight of the warm fluid (g), 

Wt2 = Weight of the cold fluid (g), 

E = The calorimetrie constant expressed in 

the equiva~ent weight of fluid (g), 

Tw = Initial temperature of the warm fluid 

before mixing (degrees Cl, 

Tl = Initial temperature of the cold fluid 

before mixing (degrees Cl, 

T2 = The final temperature of the fluid 

mix (degrees C), 

- (3.2) 
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Csw = TRe specifie heat of the fluid at the tem-

perature of the warm fluid (J/g degrees C), 

Csl = The specifie heat of fluid at the temperature 

of the cold fluid (J/g degrees C) and 

Cs2 = The specifie heat of the fluid at the final 

temperature of the mix (J/g degrees C) • 

To determine the calorimeter constant, calorimeter temperatures 

were monitored at one-minute intervals using copper-constantan 

thermocouples and a Campbell CR-7 data logger. The temperatures 

at the bot tom and the top of the calorimeter were recorded for 

a period of ten minutes prior to insertion of the cold fluid 

and 30 minutes after the insertion. 

3.2.2.3 Field procedure 

1. A known volume of toluene was stored in a glass bottle. The 

bottle was immersed in the snow and calcium chloride mixture 

for half an hour to reduce the temperature of its contents to 

-20 degrees C. 

2. The thermistors were inserçed at two leve~s inside the 

calorimeter and their resistance monitored. 

3. The toluene was poured into the ealorimeter and the entire 

contents were shaken. Temperature changes were monito~ed for 

ten minutes to get the initial temperature of the toluene • 
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4. The snow sample was inserted into the calorimeter and the 

entire contents were shaken. The temperature was monitored at 

the top and bottom of the calorimeter for an hour at one minute 

intervals. 

_ 5. Tne weight of the total mixture was measured. 

3.2.3 Grain Size Measurements 

The si~ve technique was used ta fractionate snow into samples 

of uniform grain ~ize in the study ~f the effects of grain size 

variations on spectral reflectance. The reproducibility of 

sieve analysis results in cold condition have been discussed by 

Granberg (1984). The same procedure was used in the present 

investigation. A ~ck of standard sieves (4,'2, l, .5, .25 and 

.125 mm) was used with an automatic sieve shaker. Analyses were 

conducted when air temperatures were between -20 to -30 degrees 

C in an unheated, weIl ventilated porch of the McGill Subarctic 

Research Station in Schefferville. This qave a low ambie~t, 

temperature and also protection fr~m wind and drifting snow. 

The sieved snow samples of uniform grain size were stored in 

cardboard boxes. Three boxes for grain sizes from .5 ta l, 1 to 

2 ànd 2 ta 4 mm respectively were filled. The spectral 
~ 

reflectances of these samples wer~ measured the next'day. 

{ -
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3.2.4 Other Data 

Other data 1ike deptn and density 'of snow and maximum, minimum 

and ambient air temperatures were cpllected during scanning_ 

These parameters were measured using equipment such as a snow 

ruler, a Swedish snow density samp1e~ (Granberg and Kingsbury, 

1984) and Mercury thermometers respectively. The maximum and 

minimum temperatures 

meteorological station. 

--...---- .........--

.' 

were t;aken 

" 

" 

.," 
from the Schefferville 

," 

.. 

-" 

\ 

'. 
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4. THE INFLUENCE OF CHANGE IN LIQUID WATER CONTENT 
" 
AND GRAIN SIZE OF SNOW ON SPECTRAL REFLECTANCE 

4.1 Introduction 

This section ia divided into ' 
l, 

three subsections. In the first 

and second subsections the efftects , of change in liq\lid water 
\ 

content and grain size are dis~uBsed separately. In the third 

subsection their combined effects are 'discussed. 

4.2 Effects of Liquid Water Content 

In order ta study the effects of liquid water content on 

spectral reflectance, the c change fn reflectance ~rom 

non-melting to m~lting,~d f~om me1ting to dry snow conditions 
• v 

were observed. In the present analysis reflectance measurements 

from May 12, 1985 to May 14, 1985 are used. these days were 

se1ected because of c1ear and sunny weather conditions and 
• , ' 

because of ideal changes in night (below freezing) and day 

(above freezing) temperatures. 

4.2.1 ~iquid Water Content of Snowpack 

The 1iquid water content of snow was 'estimated using equation 

2.15. The initi'al (Ti) and final (Tf) 
\ 

tempe ratures of the 

freezing agent and the snow-freezing agent mixture respectively 

were estimated from graphs of temperature vs. time (Figures 
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4.1 and 4.2). The 1iquid water content, expressed in per cent 

by weight, is given in Table 4.1. 

4.2.2 Change in ref1ectance from dry to wet snow. 

A comparison was made between the ref1ectance measured at 9:30 

and 13: 56 respect i ve1y on May 13, 1986 (Figure 4.3). The 

minimum temperature recorded at the McGi11 Subarctic Research 
.. 

Station was -11.6 degrees C. At the experirnental site, during 

scanning, a ternperature of -3.0 degrees C was recorded. The 

liquid water content of the snow pack at 9:30 on May 13, 198'~, 

is therefore assumed to be zero percent. The ternperature at 

13:56 on the sarne day was +5 degrees C. A liquid water content 

of 13% by weight was estimated using the fre~zing calorimeter 

technique (Table 4.1). 

The ref1ectance values observed at 13:56 were subtracted from 

those observed at 9:30 (DI53 - DI55) to get the change in 

ref1ectance. The differences were converted into a percentage 

of maximum possible reflectance (i.e. 1). The resu1ts are 

plotted in Figure 4.4 . .. 

The smallest drop in ref1ectance (8%) was observed in the 

visible band around 600 nm. The change ~ncreases wi th 

wavelength up to 970 nm, where a maximum of 17% occurs. The 

change in reflectance decreases from "970 to 1100 nm. 

.. 
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Table 4.1 
Liquid water content of snow samples. 

----------------------------------------------------------
Date of Initial Temp. Final Temp. snow \ Liquid 
invest. Tti Tbi Ttf Tbf weight water 
----------------------------------------------------------
May 7,85 -16.98 -16.79 -10.00 -10.00 97.9 12.3 

May 8,85 -08.69 -08.86 -06.04 -02.78 77.6 09.1 

May 9,85 -18.06 -17.82 -07.78 -10.66 198.5 07.7 

May 12,85 -12.59 -13.37 -OSl.89 -06.87 88.00 13.3 

May 13,85 -17.15 -18.13 -09.81 -10.51 98.7 1.3 • 3 

May 14,85 -12.12 -12.36 -06.86 -07.58 86.7 10.5 
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4.2.3 Change in ref1ectance from wet to dry snow 

To study this condition, spectral reflectance of snow at 12:48 

on May 12, 1985 and 9:30 on May 13, 1985 were compared (0151 
~ 

and DI53 respectively; Figure 4.3). The free water content of 
, 

the snow pack at 9:30 on May 13 is assumed to be zero percent. 

On May 12, 1985 at 12:48, the air temperature at the site was 

+4 degrees C. The 1iquld water content was estimated at 13:47 

the same day and indicated 13 per cent by weight. Therefore, 

the snow condition at 12:48 was considered wet. A simi1ar 

procedure to that mentioned above was used te estimate the, 

difference in ref1ectance between May 12 and May 13, 1985 

(Figure 4.4). 

• 

The graph shows th~t from 400 ' .... to 900 nm, the rise in 

reflectance was between 4 and 5 percent. From 900 nm onward the 

dlfference increases and a maximum ef 8.3 percent ls observed 

at 960 nm. The difference decreases from 960 te 1100 nm. The 

peak dlfference around 960 run. posslbly eccurs because the 

difference between the absorption coefficient of ice and water 

is· greater at 970 nm (0.34) than at 'any other wavelength 
\ 

between 400 and 1100 nm (Irving and Pollack, 1968; Grenfe11 and 

Perovich, 1981). 

4.2.4 Repeatablllty of the resu1ts 

The results showlng changes in reflectance from dry to wet and 
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wet to dry condi tions are plot.ted in Figures 4.5 and 4.6 

respectively. The numer ical values are given in Table 4.2 and 

4.3. On May 8, 1985 the peak 10ss is shifted from 960 te 1030 

ftIn (dry to wet) ( Table 4.2) • The difference in loss between 

~50 and 1030 is smail; however, on the same day the maximum 

rise in reflectance from wet to dry was observed at 950 nrn 

(Table 4.3). These resUlts support the earlier observations 

that the spectral region around 960 nm is sensitive to changes 

in the 1iquid water content. 

It can a1so be seen from Figures 4.5 and 4.6 that although the 

maximum drop in reflectance from dry to wet was 17%, the 

maximum rise after refreezing was only' 8%. To further 

investigate this, phenomenon the ratio bétween reflectances in 

580 to 600 nm (which are least strongly affected by the liquid 

water content) and 960 to 980 nm (which are most strongly 

affected by the 1iquid wa~er content) were computed and 

tabulated (Table 4.4). The ratios are less than 1.3 for dry 
• 

snow and greater than 1.34 for wet snow. For dry snow, it 

varies from 1.22 ta 1.29, for wet snow it varies from 1.35 to 

1.64. For dry snow, the minimum value of 1.22 was observed for 

fresh snow. This ratio tends to increase as the snow goes 

through several freeze and thaw cycles. Even aft,er (tlany freeze 

and thaw cycles; however, a significant difference la noticed 

between the ratios for wet and dry snow. 

On May 14, 1985, it was observeà that as the air temperature 
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Table 4.2 
Drop in spectral ref1ectance from dry to wet snow. 

Drop in ref1ectance Air tempo 

From To A B 
A B 

% liq. water 

A B 

Average 
differ. 

'" 950 to 
o 980 nm 

-----------------------------------------------------------
May 8 May 8 -5 +1 dry wet 13.07 
Il:01 12:10 

May 8 ' '.May 8 -3.5 +1 dry wet 13.1 
Il:11 12:10 

May 13 May 13 -3 +2 dry wet 12.9 
09:50 12~53 

May 13 May 13 -3 +5 dry wet 16.3 
09:50 13:56 

May 14 May 14 0 +5 dry wet 17.3 
09'412 14:17 

\ 
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Table 4.3 
Rise in spectral reflectance from wet to dry snow 

----------~------------------------------------------- ----
Drop in reflectance 

From 
A 

May 7 
13:35 

May 12 
12:48 

May 13 
13:56 

To 
B 

May 8 
11:01 

May 13 
09:50 

May 14 
1 09: 12 

. '-, \-
. , 

Air tempe 

A B 

+1 -3.5 

+4 -3 

+5 0 

% lig. water 

A B 950 

12.2 àry 

13.3 dry 

13.1 a1most 
dry 

... ' q 

Average 
differ. 
to 
980 nm. 

6.1 

7.3 

6.8 

" , 

- I~ 
J. 
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'- Table 4,4 • 
RatiG>s between the visible and near infrared 

radiation for dry and wet snow. 
---

File Time of Air Snow % 1iquid Ratio 
number reading tempo condition water 580-600/ 

960-980 
--------------~------------------------.------------------
April 25 OI:26 12.00 -7 Dry 1.22 

May 3 OI39 10: 10 -2 Dry 1.28 
..... --

---~-

May 7 OI41 13: 35 +1 Wet 1.35 

May 7 OI42 14:35 +1 Wet 1.35 
, 

May 8 0143 11.05 -2 Dry,,> 1.~' 

May 12 Ot51 12: 48 +4 Wet 1.34 

May 13 0153 09:50 -3 Dry 1.28 
" 

May 13 0154 12: 53 +2 Wet 1.40 

May 13 0155 13: 56 +5 Wet 13.1 1.49 .. 
Mal-r13 OI56 15: 12 +3.5 Wet 1.46 

May 14 0158 1 13:06 +4 Wet 10.4 1.63 

May 14 0159 14:17 +5 Wet 1.64 
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increased f~m +1 ta +5 degrees C, the ratio increased from 
J 

1.37 ta 1.64. Similarly, on May 14, 1985, as the air 

temperature increased fram -3 to +5 degrees C, the ratio 

increased fram 1.28 to 1.49. However, later on the sarne day as 

the air temperature decreased from +5 to +3.5 degrees C, the 

ratio decreased from 1.49 to 1.46. 

To assess the best ratio for detection of melting snow, 

different ratio techniques were attempted. The results are 

shown in Figure ~ and Table 4.5. The differences between 

files DI57 and DI59 were plotted in two ways. In the first 

example the ratio between wavelengths 1000-1030 nm and 600-630 

nm were computed for wet and dry snow reflectance. The ratio of 

wet snow was subtracted fram that of the dry snow condition and 

multiplied by 100 to get the difference in per cent. This 

technique was used for positions 1 to 5 in Table 4.5 and Figure 

4.7. second example the reflectance of . dry snow' in In the 

wavefength 1000-1030 and 600-630 was subtracted from that of 

"-the wet snow. The ratios of the difference were calculated and 

multiplied by 100 to obtain the difference in perc~ThiS 

method was used for positions 6 and 7 in Table 4.5. The 

differences range from Il.3 ta 164.5 per cent. The maximum 

difference of 164.5 was obtained when the second procedure was 

used 9nd wavelengths o~ 960 to 990 and 600 to 630 were used. 
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Table 4.5 

Difference in ratio due to var iation in liquid water . 

Ratio (wavelength in nrn) . Position in figure % di ffer. 
--------------------------------------------------------------• 
1000 to 1030;600 to 630 

600 to 630;1000 to 1050 

550 te 580/1000 te 1030 

550 te 600;1000 te 1050 

600 te 650;1000 te 1050 

DI57(600 to 630)-0159(600 to 630) 
---------------------------------
0157 (1000 to 1030) -0159 ( 1000 to 1030) 

0157(960 to 990)-0159(960 to 990) 

---------------------------~-----
0157(600 to 630)-0159(600 to 630) 

OIS7 (1000 te 1030) -DI59 (1000 to 1-030) 

1 

2 

3 

4 

5 

6 

7 . 

--------------------------------- 8 
OI57(600 to 630)-0159(600 to 630) 

11 

35 

35 

30 

33 

149 

164 
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4.3 Effect of grain size of snow on spectral reflectance 

To study the effect of grain size on spectral reflectance, snow 

samp1es of different, uniform grain sizes were obtained as 

descr ibed in Section 3.2.3. The spectral ref1ectance of each' 

snow sample with reference to bar i um sulfate was plot ted 

(Figure 4.8). 

In aIl grain sizes, the maximum reflectance occurs between 400 

nm and 700 nm. The reflectance decreases from 700 to 1010 nm, 

with minor peak~ arounti 730 and 910 nm. The low~st reflectance 

occurs around 1010 nm and then it increases up to 1090 nm, 

giving a minor peak at 1090 nm. As the grain size increases 

from 0.5-1 mm to 2-4 mm, the general trend remains as given 

above, but a significant drop in reflectance is observed. The 

decline in reflectance may vary from wavelength to wavelength 

but it is noticed in aIl wavelengths from 400 to 1100 nm with 

increasing grain size. 

The drop in spectral reflectance (in percent) due to increase 

in grain size from 0.5-1 mm to 2-4 mm was plotted (Figure 4.9). 

The<graph was computed by subtracting the spectral reflectance 

values for 2-4 mm from those measured over the 0.5-1 mm sample. 

The values were converted ~nto percent of maximum possible 

reflectance (i.e. 1). The difference in percent was then 

plotted against wavelength. The difference is at a minimum and 
r 

almost constant from 400 to 750 nm. From 750 nm onward the 
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difference increases with increasing wavelength until 1020 nm. 

The maximum difference of 16 per c~nt was obtained around 1020 

nm. After 1030 nm a minor decrease was noticed up to 1100 nm, 

wi th minor peaks near 790 and 940 nm. Sirni1ar resu1ts were 
/ 

obtained when the grain size was increased from 0.5-1 to 1-2 

mm, except the amount of èhange in ref1ectance was smaller. 

4.l.J-Repeatability.of the Results. 

Simi1ar experiments were repeated in February, 1986. These . -
results are plotted in Figure 4.10. The figure shows a clear 

trend of successive change in reflectance for a change in grain 

size from 0.25-0.5 to O.5-1(A); 1-2(8); 2-4(C) mm. The 

reflectance decreases with an increase in grain size in aIl 

wavelengths. The reduction in reflectance ls almost constant 

for wavelengths between 400 and 750 rom. After 750 nm, the 

difference increases with increasing wavelength., The peak is 

observed around 1020 nm and after that there is a decline to . 

1100 nm. Figure 4.11 (graphs A, B, C) a1so shows that as grain 

size increases the difference between visible and near infrared 

reflectance also increases. 

To assess tpe _ best ratio for detection of grain size 
----

variations, different ratios were attempted as shawn in Figure 

4.12 and Table 4.5. The procedure to compute these ratios is 

similar to that given in section 4.3. The analysis shows that 

the ratio between wave1engths 1000-1030 and 600-630 nm is the 
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one that is qtost sensitive to variations in grain size. 

4.4 Grain size vs. liquid water content 

One of the important object~ves of this investigation is to 

assess, whether or not the effects of grain size and liquid 

water content can be differentiated. Therefore, the change in 

reflectance due to liquid water content and grain size are 

plotted in Figure 4.13. The graph A shows -difference in 

reflectance betw~en grain size 0.5-1 and 1-2 mm. The graph B 

shows change in reflectance due to change in snow condition 

~from dry to wet snow (0153 to OI55) and grapho C due to change 

in snow condition from wet to dry (0155 to 0157) (Figure 4.13). 

Figure 4.13 shows that the maximum change in reflectance due to 

change from dry to wet and wet to dry snow condition occurs 

around 960 nm. The maximum difference due to variations in the 

grain size of the snow is observed around 1020 nm. Therefore, 

dlfferentiatlon of effects of grain size and liqu~d water 

content appears possible. 

4.4.1 Repeatability of the Results 

In order to assess the repeatability of the above mentioned 

results additional, similar cases were investigated; The change 

in reflectance between dry te wet conditio~ (DI57 to 0159), wet 
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to dry condition (OI51 to DI53) and change in grain size from 

0.25-0.5 to 1-2 mm (OI29 to DI31) were plotted in ~i9ure 4.14. 

It shows that above mentioned results are repeated. 

Further, the ratio between reflectances at 580-600 and 960-980 

was computeF (Table A.4). The ratio between' 580-600/~60-980 is 

more than 1.31 for melting snow and less than 1.31 for 

non-rne1ting snow of different grain size (File numbers 0126 and 

OI27 in Table 4.4). On the other hand the ratio between 

600-630;1010-1030 is more sensitive to variations in grain size 

than to variations in the liquid water content (Bar number 8 in 

Figure 4.15). This phenomenon was observed during and after 

many freeze and thaw cycles. Therefore, contrary to ear1ier 

predictions (Oozier et al. 1981), the reflectance in this 

region of the electromagnetic spectrum is not on1y sensitive 'to 

grain size variations but is also significant1y sensiiive to 

variations in the 1iquid water content. 
~ 
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5. ATTENUATION OF SOLAR RADIATION BY THE SNOW CaVER 

5.1 Introduction 

In this section, field measurements conducted during the winter --- '- -~~ ... 

and spring of 1986 to study the attenuation of solar radiation' 

by t~e snow cover are analysed and discussed. The chapter deals 

with four main topics: (i) variations in the attenuation of 
. 

solar radiation with wavelength, ( i i ) '~ar la t Lons in the 
.-

extinction coefficient with depth, (ii iJ . èhanges in 
~ 

the 
" 

extinction coefficient from winter 
.. .. 

ta spring and Civ) 

var iations in the depth of p'enetration with- wavelength in 

winter and spr 1ng. ~ 

-~ .. 

5.2 DifferentiaI attenuation of solar tadiation with 

wavelength 

" In order to -examine the spectral a~tenuatipn "Of solar raCliatïon-. ~ , 
in the wavelengths from 400 to 1100 nm,"both the attenuàtion of 

.~ 

. 
solar radiation in percent of incoming solar radiation and the 

" 

extinction coefficient were plotted in Figure 5.1.,The data 

were collecte~ in April, 1986 (Profile SR), at a s~ectral 

interval of 2 nm. 

( 

In section A of Figure 5.1, the top gtaph represents the 

incoming'solar radiation, expressed in mV. rt was obtained by 

-measuring the refleéted radiation from a barium " . ' sulfate plate 
. , 

.. 

. , 
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and then diviëiing it ;by the absolute ref'lectance of barium. 

sulfate (Grum anQ ,Luckey, 1968). Each successive graph in 

section A of Figure S.~ 'represents the spectral variations in 

solar radiation (Iz) measured at depth intervals of,lO cm . 

In section B of Figure 5.1, the attenuation of solar radiation 

was plotted at 10, 20 and 30 cm depths. The attenuation was 

obtained by subtrac~ing the solar radiation measured at 

individual depths from the incoming radiation at each 

wavelength. These values were converted into percent of 

incoming solar radiation. 

In section C of Figure 5.1, the spectral extinction 

coefficients were plotted against wavelength. The top graph 

represents the extinction coefficients obtained from radiation 

data cOllected,at 10 cm intervals starting at a depth of 10 ~. 
-, 

The extinction coefficient,s for individual wavelengths were 

estimated using equation 2.4. 
-....... -

) . \' 

About 60 petcent of .the incoming solar radiation at 400 nm was 

attenuated at a, depth of 10 cm (section ,B, ,Fig. 5.1). The 

attenuation decreases up to 580- run. The lowest attenuation of 
~ ., -

38 per cent,. was f>bserved around 580 JUIl. After 580 rvn, the 

.ttenuation increases with increaslng wavelength. Almost 100 
~ 

per cent attenuation was observed at 990 nm. These results are 

\ a110 reflected by -'the ext;inction coefficient, where the lowest 
\ . 

Y~lue was observed near 580 nm and the maximum value was found 
{ 
• . '\ 
~ 
-. 

l, 
'1 

.' 
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betfieen 990 and ltJ.OO nm (Fig. 5,.1). The patterns of attenuation 

and extinction are repeated at greater depths in the snow 

cover. In general, the green part of the solar ~pectrum shows 

the maximum and the near inf rared region the minimum 

penetration. 

5.2.1 Repeatabi1ity of the results 

To assess the repeatability of the resu1ts, the attenuation of 

solar radiation and the extinction coeff icient were plotted in 

Figure 5.2. This data set was coilected in February 1986 at 

intervals of 10 cm (Profile BC). The graphs show that the 

results observed in the ear1ier section were repeated in 

February, 1986 (See aiso plots in Appendix A). 

5.3 Variations in the extinction coefficient with depth. 

The extinction coefficient was determined using equation 2~4. 

This equation Is generally applicable to a homogenous snow . ) 
pack. However 1 a natural snow pack is rarely homogenous and the 

attenuation of solar radiation is therefore not necessarily 

uniform throughout its depth. 

,.-
To study the variation in extinction coeffiçient with depth in 

the snow pack, the radiation int~nsiSy was measured at an 

interval of 2 cm fram the top of the snow pack down to 18 cm 

and then at an interval of 4 cm from 18 cm to 30 cm. This data'<-'/ 

,. · 
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Fig. 5.2: Measured solar radiation CA), attenuation' (B) and extinction 
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set was collected on Apr il 23, 1986 under c1ear sky condi t ions 

(Figs. S.3a and 5.3b). The extinction coefficients p10tted in 

Figure S,3a were obtained from data co1lected at depths of 2 to 

18 cm. In Figure 5.3b, the extinction coefficients are p10tted 

for depths from 18 to 30 cm. 

A significant drop in the extinction coefficient was observed 

from Al . to AB, where Al represents a depth of 2 cm and AB a 

depth of 18 cm. The drop in the extinction coefficient is not 

uniform with depth. The maximum drop was observed in the top 10 

cm. A lesser drop was observed for depths from ~o to 30 cm. 

5.4 Depth of penetration of solar radiation in winter 

and spring respectively 

5.4.1 Depth of penetration of salar radiation in winter 

To i1lustrate the penetration of solar radiation during the 

winter, a data set that was co11ected on February 18, 1986 is 

used. Measurements were made at the snow surface and at 10 cm 

interva1s for depths from 10 to 60 cm. The attenuation and the 

extinctio~ coefficients at each depth are p10tted in Figure 5.4 

(Prof i le DA3). AS. in a11 other cases " the maximum energy on 

this day was transmitted in the spectral region around 580 nm • 
. 

The solar r~diation in the wav~lengths fram 880 to 1100 nm, 780 
1> 

to 880 nm, , 710 to 780 and 660 to 710 1 nm were completely 

attenuated between depths 0 ta 10, 10 to 20, 20 to 30 and 30 to 

,. 



... t . 

o 
. ., 

-

0 

p 

69 

.. 0000 PROFILE HE 

Depth: 0-1B cm 

30000 Depth t~te,.val:2 cm 

> 
1: 

20000 

Il 

- .8 e 
u .... - .s -• 

~, .4 u 
• 

t-
fj .2 

0 
'lBB SBB 600 70S· B0S 9BS IBBB IIBB 

HAVELENGTH (nm) .",fi 

Fige 5.3a: V~iations in extinction coefficient due to depth of observation 
"'in a .now pack. Keasured ~olar radiation (1) and extinctioD 
coefficieDt (II) from ,data 2 (Al) to 18 cm depth at interva1S 
of 2 Cil. 

\ 

. " 



", 

o 

.... 

~', 

> 
1: 

..... 
e 
u , -..... 
• ..... 

w 
0 
u . 
t-x 
w 

.B 

.6 

.4 

.2 

B 
4BB 

t 

l., 
) 

Fig. 5.3b: 

, L 

.\ 
\ 

\. 

PROf"ILE HE 
Depth: 18 -30 cm 
Depth Int~rval:4 cm 

" 

50B' 6BB 7BB BB0 9BB lBBB 1100 

HAVELENGTH (nm) 

Variations in extinction coefficient due to ù~pth of 
observation in a SDOW pack. Measured solar radiation 
(1) and extinction coefficient (II) fram 18 (1) to 
30 cm (4) at intervals of 4 cm. 

,'1 

70 

... ··~~~h~ 

. " 



,', 
t 
" 

~, 

,~ 

" 
'" (II 

( 

, 
t: • 
'<r 

o 

,,-.:, .. . ~, , -~
i: . 

{ .. ~""" -:' ,. 

IBB 

..... se 
~ 

. - BB \ 

~ 79 
a: 

S9 

SB 

..... ' 1 
S 
Ud .B , -- .6 • 
l!J .4 8 

• .2 
~ 
l&J 8

4fSB 5BB 

.• 

PROfILE DA3 
Depth: a-3B cm 

t. 

Depth Interval: 19 cm 

A 

2 c 

'688 70B BBB 9B' 1 BBB 11 B0 
HAVELENGTH (!"lm) 

FiS. 5.4: Attenuation and extinction coefficient of solar radiation in 
winter. (A) Measured solar radiation st 0 cm (1), 10 cm (2), 
20 cm (3) and 30 cm (4); (B) Attenuation and extinction 
coaf ficiant (C). 

" . . . 
. ~.' 

71" 

l 
- ::'] 



o 
72 

40 c. respective1y. A small quantity of energy was furthef 

transmitted to a depth of 60 cm at 580 nm. The amount of energy 

was very small, i.e. 25 mV as compated to 30,000 mV at the 

surface. 

5.4.2 The depth of penet~ation of solar radiation in spring 

The attenuation of solar radiation by snow in spring is 

illustrated by the M02 profile (Fig. 5.5). The data were 

collected in April~ 1986. The top graph of portion A ~epresents 

thé incoming sclar radiation. The second and third graph$ 

represent total radiation measured at 10 and 20 cm depth 

respectively. 
\ 

T~e first graph from bot tom represents the attenuation by snow 

at 10 cm and the second at 20 cm depth. The solar radiation 
f 

from 900 to 1100 nm, 780 to 900, 760 to 780 and 700 to 780 nm 

were attenuated from depths of ° to 10, 10 to 20, 20 to 30 and 

30 ta' 40 cm respectively. 1 

f 

The extinction coefficient was estimated using equation 2.4. 

The variations in extinction coefficient with wave1ength and 

depth are given in Figures 5.1 and 5.3. The results show that 

the lowes't extinction coefficient occurs around 580 nm. 
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5.4.3 Comparison of the depth of penetration .of 

solar radiation in winter and spring 

To compare the attenuation in winter and spring, the spectrql 

attenuation and the extinction 
., 

coe6ficient were plotted in 

Figures S.6a and 5.Gb. The attenuation at 10 and 20 cm and on 

the other hand 20 and 30 cm were plotted in Figures S.Ga and 

5.6b, respectively. The basic pattern of attenuation from 400 

to 1100 nm does not change from winter to spring. However, the 

amount of ·attenuation changes. In winter, the amount of 

attenuation measured at 580 nm. and 10 cm depth was almost ai\. 

In spring, at the identical depth and wavelength, only 59 per 

cent of the incoming radiation was attenuated (Fig. 5.6a). 

Lower attenuation of solar radiation was observed in spring 

than in winter in aIl wavelengths and at aIl depths (Figs. 5.Ga 

and 5.6b). These results are also reflected in a lower 

extinction coefficient observed in spring than in winter (Figs. 

5.6a and 5.6b). These results in a general way support earlier 

predictions by Bohren and Barkstrom (1974), who predicted an 

extinction coefficient inversely proportional to the square 

~oot of grain size. Generally the grain ~ze of the snow pack 

increases from winter' lto spr ing. 
\ 

OUfing the winter, radiation data in the ~op 10 cm layer was 
1 

not collected. Therefore, it ia not possible to compare the' 

attenuation in the top layer for winter and spring. Usually 

contarninants accumulate in the top layer. Therefore, a higher 
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". 
extinction coefficient was expected in top layer during sprinq 

than dur ing winter due to absorbtion by contaminants in 

wavelengths from 300 to 700 nm (Warren and Wiscombe, 1981; 

Maze, 1974). The ,present results show a decrease in extinction 

coefficient from winter to spring at depths fJ'om 10 to 40 cm. 

5.5 The maximum penet ration depth of solar radiation 

The penetration depth of a snow pack, i.e. the maximum depth to 

which solar radiation can penetrate in a snow pack can be 

est imated using the observed extinction coefficient. The 

extinction coef'ficient was estlmated using Equation 2.4. The 

depth of penetration into the snowpack can be estimated using 

the fo11owing relationship: 

z = ln(1/Io)*b (5.1) 

where Z = Penetration depth of radiation (cm) 

Radiation intensity ~ sno surface 10 = (mV) 

b = Extinction coefficient (l/cm) 

Equation 5.1 is modified from equÇltion 2.4. Iz, i.e. the 
,./" 

/ 

radiation i~t~nsity .at depth z is considered to be 1 rv. The 

ra'diation int;ensi ty at the snow surface, _ 10, measured 0 April 

23, 1986 a-t 12: 09 was used in aIl calculations. The sample 10 

was used in order· to avoid errors due. to different 'int'ensities 

at different times of day and year. The resul.ts _ are ana1Y!led 
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with respect to three main SUbject~ (i) the var iation of 
o 

penetration depth with wavelength, (ii) the variation in 

penetration depth due to variations in the extinçt~on 

coefficient and (i i i ) the variation iylmaximum penetration 

depth from winter to spring. 

5.5.1 Var~ations in penetrati~n depth with wavelength 

The variations in penetration depth with wave1ength is given in 

Figure 5.7. This data set was co1lected in April, 1986. ~he 

penetration depth was estimated at interva1s of 2 nm us~pg 

eiquation 5.1. 

The maximum penetration depth varies considerably from 
rd '­

r 

wavelength to wave~ength. The range is from 140 cm to~less than 

3 mm (Fig. 5.7). The maximum penetration/depth of 140 cm occurs 

around 580 nm. At 400 nm a penetr~i~n depth of 80 cm was 
\ 

, 
observed and it increa$es with wave1ength to 578 nm. From 584 

nm, the penetration depth drops continuously t' 1100 nm. The 

lowest value was observed between 1000 and 1100 nm, where the 

maximum penetration depth was less than 3 mm. 

5.5.2 Variations in the penetration depth due te 
-,// 

varfations-in the extinction coefficient. 
1 
1 

As ~xplai~ed 
1 

• 1 

coefficte~t 
) 

in section 5.3, t~ magnitud~ of 

can depend conside~ably upon 

the extinction. 

the depth of 

11 
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obs~rvat ion. Consequently, the depth of observat ion can also 

affect the penetration depth as is demonstrated in Figure 5.8. 

---====--This data set was collected in February, 1986. The bottom graph 

represents the maximum penetration depth if Iz is collected at 

a depth of 10 cm. Each successive graph was estimated from 1z 

collected at further depth increments of 10 cm. The graph shows 

that during winter the maximum penetration depth can increase 

with the depth of the observation that was used ta determine 

the extinction coefficlent. This may not be true in the snow 

, mel t season as Figure 5.9 shows , possibly because of high 

concentra t ion of con taminan ts a t the top and sI ush a t the 

bot tom of the snow pack. 

5.5.3 Changes in maximum penetration depth from' 

win ter ta spring 

C).I/ 

The maximum penetration depth was \estimated by 

lowest exfi9Ction coefficient for Joh wavelength. 

taking the 

For example 

in Figure 5.10, at a wavelength of 400 nm, the extinction 

coefficient was estimated from 1z collected at depths from 2 cm 

to 30 cm at an interval of 2 cm and at 35 and 40 cm. The lowest 

extinction coefficient was taken to 'f!stimate the maximum 

penetration depth. The same procedure was used to estim~te the 

maximum penetration depth for wavelengths 400 ta 1100 nm, at an 

interval of 2 nm in the spr ing and 4 nm in the winter. 

In both winter and spring, -the maximum penetration depth was 
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observed around 580 nm (Fig. 5.10). The maximum value in winter 

was observed to be 1ess than 100 cm, whereas it was observed to 

vary from site to site frpm 120 to 175 cm in spring. The 

variations for different wavelengths are given in Figure 5.10 . 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

6.1.1 Spectral ref1ectance 

/' 
\ 

This investigation ~as examined the effects of grain size and 

1 iq\Jid wate r con tent on the spectral ref1ectance and 

attenuation of solar radiation by the snow cover. Effects of 

liquid water content were monitored qy measuring the change in 
• 

spectral ref1ectance assaciated with changes fram a me1ting ta 

'non-me1ting and again ta a melting canditibn of the snow caver. 

A drop in ref1ectance of 18 per cent was observed around 960 nm 

when the snow changed fro~ dry ta wet and a rise of 9 per cent 

was observed for a change from wet to dry. This shows that the 

rise in reflectance upon refreezing, although significant, does 

not reach the premelting 1evel. This observation is contracy 

to ear1ier observations of O'Brian and Munis (lY75), who 

observed no increase in reflectance upon refreezing. 

The ratios between the reflectance at 580-600 nm ta the 

reflectance at 960-980 mm were more than 1.34 for melting snow. 
~ 

and less than 1.30 for non-me1ting snow. These observations 

were repeated 

sU9gesting that 

even after multiple ~reeze 

the wavelengths arou~ 960 

and thaw cycles 

nm could be more 

sensitive to the 1iquid water content of snaw than any other 

\ 
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region of the electromagnetic spectrum between 400 and 1100 nm. 

~his t~ possibly because of the high absorption coefficient of 

water for wavelengths around" 970 rune Available data from the 
,\ 4 

literature suggests that in the range 400-1100 nm the 

difference between the absorption coefficients of ice and water 

reaches a maximum near 970 nm (Irving and .Po11ack, 1968; 

GrenEell and Perovich, 1981). 

The effects of grain size on spectral reflectance were examined 
d 

using different si ze fractions of snow sa,mples. For a change in 

grain size from 0.5-1 mm to 2-4 mm, a maximum difference of 16 

per cent was observed around 1020 nm and a difference of 11 

percent was observed at 960 nm. The r eflectance showed an 
"\ 

overall decrease wi th ~ncreasing grain size. 

The significant rise in reflectance as the snow ~anges from 
~~ 

wet to dry (even after multiple freeze and thaw cycles), the 

consistent difference in the ratio between reflectance at 

580-600 and 960-980 nm for me1ting and non-melting snow and the 

relatively sma11 influenee of grain size as compared to liquid 

water content suggest that the spectral band around 960 nm 

could be useful in remote sensing of the liquid water content 

o-f snow. 

Sorne Qf the results obtained in this ~tudy disagree with 

earller models by Dozie-r et al (1981) and Wiscombe and Warren 
1 

(1981), where a change in reflectance ls considered to be due 
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only to an increase in grain size rather than changes in the 

l~quid IJ water content. However, the results of this 

investigation are based upon observations taken at one site 

only. In order to avoid the possibility of unknown errors due 

to local effects, further studies should be made in different 

locations and snow pack conditions to better assess the causes 

~f this disagreement. 

6.1.2 Spectral attenuation 

Measurements of the attenuation of solar radiation by the snow 

pack show that the lowest attenuation occurs near 580 nm and 

the maximum attenuation between 990 and 1100 nm. Similarly, 

the lowest extinction coefficient was observed at 580 nm « 0.1 

per cm) and the maximum between 990 and 1100 nm (up to 2.5 per 

" cm) • 

--
The extinction coefficient was observed to vary dependin~ upon 

t the depth of observation inside the snow pack. It generally 

decreased with increasing depth below the snow surface. 

-
, The attenuation of solar radiation by snow was greater in 

winter than in spring. At 580 nm wavelength, at a depth of 10 

cm below the snow surface 60 percent of the incoming solar 
~ " 

radiation were attenuated in spring, while almost 80 percent 

were attenuated in winter (Fig. 5.6a). 

, ~ 

. .., 
;, 



o 

,0 

( 

, ' 
~, 

o 

l, 

The maximum penetration depth was observed around 580 nm, where -solar radiation can penetrate from 120 td 175 cm in spring, 

while it penetrates on1y to about 80 cm in winter. The lowest 

penet~ation of on1y a few mi11imeters occurs in wave1ength~ 

between 1000 and 1100 nm. These results are comparable with 

earlier estlmates of S~werdtfeger and WeIler (1977) and War~en 

(1982), where penetration of visible radiation to a depth of 

100 cm was predicted. The present resu1ts do not agree wlth the 

prediction of Warren (1982), where the maximum penetration was 

forecasted in the blue part of the spectrum (i.e. around 460 

nm). In the presen t study the maximum penetration was observed , 

at 58~ nm which ls in the green part of the spectrum. 

6.1.3 Additional conclusions 

The Li-1800 spectroradiometer performed satisfactorily under 

extreme temperature ~conditions at Schefferville. The data 

transfer from the radiometer to the TRS-80 model 100 computer 

and then to disk in the field greatly increased ~he throughput 

of the field data acquisition system. 

6.2 Some recommendations for future research 

( 

The--effects of the liquid water confent of snow on the 

spectral reflectance were studied in the field under different 

sun elevations, changinq physical characteristics of the snow 

cover and (not easily monitored) vari~tions in its water , 
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content. These measurements were also performed in only one - . 
location. It would be useful to undertake these studies under 

controlled .laboratory conditions and to repeat sorne oE the 

measrrements at different locations and under different snow 
J 

co~'r conditions. In addition, during this investigation the 

data used in the study of liquid water content were collected 

at a spectral interval of 10 nm. Additional investigations at 
. 

narrower band width would help to locate more accurately the 

limits of the liquid water sensitive band near 960 nm. 

The solar raaiatiôn data collected at the s~rface and in the 

snow pack were not con"{erted' into irradiance, because of lack 

of appropr ia,te calibration of the fiber opt ics probe. 

, Therefore, in this investigations only a relative analysis was 

done. It would be use fuI to convert the instrument response 

into irradiance values, so that- the availability of solat 

radiation at each depth could be exactly known. 

The pr~s..ent data set was collected a t very high spectral 

resolution and at closely spaced depth interva~s in t~ snow 

cover. rts usefulness has by no means been exhausted in -this 

thesls. The data " set and the field data acquisition system 

developed as part of this thesii could provide much additional 

service in further model development and testing • . ' 
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APPENDIX A 

GRAPHS SHOWING·SPECTRAL ATTENUATION AND 

EXTINCTION COEFFICIENT AT SITE 2 
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