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M
. G

R
A

Y

designing hydraulic structures and flood control w
orks, and m

elt w
ater flow

t
o
 
o
p
t
i
m
i
z
e
 
i
t
s
 
u
s
e
 
f
o
r
 
h
y
d
r
o
-
e
l
e
c
t
r
i
c
 pow

er generation
,
 
r
e
c
r
e
a
t
i
o
n
 
a
n
d

irrigation. R
ecently, there has been a greater em

phasis on studies of the
im

pact of snow
 on the agricultural industry (crop production) and the

environm
ent. T

he interactions betw
een hum

an activities (for exam
ple

deforestation
, urban developm

ent) and the snow
m

elt regim
e are receiving

i
n
c
r
e
a
s
i
n
g
 
e m

phasis.
T
h
e
 
m
o
s
t
 
c
o
m
p
r
e
h
e
n
s
i
v
e
 
s
t
u
d
y
 
o
f
 
s
n
o
w
m
e
l
t
 
p
u
b
l
i
s
h
e
d
 
t
o
 
d
a
t
e
 
i
s
 

Snow
H

ydrology 
prepared by the U

. S. A
rm

y C
orps of E

ngineers (1956). A
lthough

the investigations sum
m

arized in this report w
ere conducted in m

ountainous
regions in the U

nited States their findings have served as a foundation for
m

any subsequent studies undertaken in other parts of N
orth A

m
erica. In

particular , the results and m
ethods described in this publication form

 the basis
for m

any of t
h
e
 
s
n
o
w
m
e
l
t
 
r
u
n
o
f
f
 
m
o
d
e
l
s
 currently used to forecast

stream
flow

. T
he m

ajor S
oviet publication on snow

m
elt is that by K

uz
m

in
(1961) and deals prim

arily w
ith conditions on the R

ussian Steppes. T
his w

ork
contains a thorough d

i
s
c
u
s
s
i
o
n
 
o
f
 
t
h
e
 
p
h
y
s
i
c
a
l
 
p
r
o
c
e
s
s
e
s
 influencing

snow
m

elt, and an excellent sum
m

ary of em
pirical m

ethods for estim
ating

m
elt rates suitable for incorporation in stream

flow
 forecasting procedures

and for other w
ater m

anagem
ent purposes.
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In m
any countries snow

 constitutes a m
ajor w

ater resource; its release in the
form

 of m
elt w

ater can significantly affect agriculture, hydro-electric energy
production

,
 
u
r
b
a
n
 
w
a
t
e
r
 
s
u
p
p
l
y
 
a
n
d
 
f
l
o
o
d
 control. T

he a
b
l
a
t
i
o
n
 
o
f
 
a

snow
cover or the net volum

etric decrease in its snow
 w

ater equivalent is
governed by the processes of snow

m
elt, evaporation and condensation

, the
vertical and lateral t

r
a
n
s
m
i
s
s
i
o
n
 
o
f
 
w
a
t
e
r
 
w
i
t
h
i
n
 
t
h
e
 snow

cover and the
infiltration of w

ater to the underlying ground. I
n
 
t
u
r
n, w

ater yield and
stream

flow
 runoff originating from

 snow
 are g

o
v
e
r
n
e
d
 
b
y
 
t
h
e
s
e
 
s
a
m
e

processes as w
ell as the storage and the hydraulics of m

ovem
ent of w

ater in
channels. In recent years it has becom

e apparent that a better understanding
of the physics of the ablation process is central to im

proving techniques of
forecasting the tim

e of m
elt,

 
t
h
e
 
q
u
a
n
t
i
t
y
 
a
n
d
 
r
a
t
e
 
o
f
 
w
a
t
e
r
 
r
e
l
e
a
s
e
d, the

volum
e of w

ater entering the soil and the am
ount of evaporation.

R
egular forecasting of runoff from

 snow
m

elt in N
orth A

m
erica w

as first
attem

pted at L
ake T

ahoe, N
evada, in 1909. E

ngineers of the local pow
er

com
pany correlated changes in the lake w

ater levels during the spring w
ith the

w
ater content of the snow

 on M
ount R

ose (as determ
ined from

 snow
 surveys

m
ade by D

r. J. E
. C

hurch). T
his correlation allow

ed the com
pany to regulate

releases from
 the lake to prevent spring flooding and to use the m

elt w
ater

m
ore efficiently for pow

er production. F
rom

 this early b
e
g
i
n
n
i
n
g
,
 
r
e
s
e
a
r
c
h

into the snow
 ablation phenom

enon has increased significantly. M
ost studies

have been concerned w
ith the prediction of floods and peak discharge rates for

P
H

Y
S

IC
S

 O
F

 S
N

O
W

M
E

LT

G
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Seasonal snow
covers norm

ally develop from
 a series of w

inter storm
s and

are m
odified by the action of freezing rain

, w
ind and diurnal m

elting and
refreezing at the surface. A

s a result , both deep snow
packs in the m

ountains
and the shallow

 covers in regions of low
 relief develop a characteristic layered

s
t
r
u
c
t
u
r
e
 
(
G
e
r
d
e
l
,
 
1
9
4
8
;
 L

angham
, 1

9
7
4
)
 
w
i
t
h
 
" ice

"
 
l
a
y
e
r
s
 
o
r
 relatively-

im
perm

eable
,
 
f
i
n
e
-
t
e
x
t
u
r
e
d
 
h
i
g
h
-
d
e
n
s
i
t
y
 
l
a
y
e
r
s
 
a
l
t
e
r
n
a
t
i
n
g
 
w
i
t
h
 
c
o
a
r
s
e
-

textured, low
 density

and highly perm
eable layers. E

arly in the m
elt sequence

vertical drainage channels develop in the snow
 contributing further to its

heterogeneity. T
he internal structure significantly i

n
f
l
u
e
n
c
e
s
 
t
h
e
 
r
e
t
e
n
t
i
o
n

and m
ovem

ent of m
elt w

ater through the snow
, m

aking a detailed analysis of
the transm

ission process extrem
ely difficult. H

ow
ever , during m

ost of the
m

elt period the total m
elt w

ater produced is governed by the energy exchanges
at the upper and low

er snow
 surfaces.

W
hen the pack is prim

ed to produce m
elt it is at a t

e
m
p
e
r
a
t
u
r
e
 
o
f
 
O
O

throughout and its individual snow
 crystals are coated w

ith a thin fim
 of

w
a
t
e
r
;
 
a
l
s
o , sm

all pockets of w
ater m

ay be found in the a
n
g
l
e
s
 
b
e
t
w
e
e
n

c
o
n
t
a
c
t
i
n
g
 
g
r
a
i
n
s , norm

ally am
ounting to 3 to 5%

 of the snow
 by w

eight
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although som
e investigators have m

e
a
s
u
r
e
d
 
v
a
l
u
e
s
 
a
s
 
h
i
g
h
 
a
s
 25%

 (de
Q

uervain , 1948). A
ny additional energy input produces m

elt w
ater w

hich
subsequently drains to the ground. W

hen m
elt rates are at their highest, 20%

(by w
eight) of the pack or m

ore m
ay be liquid w

ater, m
ost of w

hich is in transit
t
h
r
o
u
g
h
 
t
h
e
 
s
n
o
w
 
u
n
d
e
r
 
t
h
e
 
i
n
f
l
u
e
n
c
e
 
o
f
 
g
r
a
v
i
t
y
.
 

T
he am

ount of energy available for m
elting snow

 is determ
ined from

 the
energy equation. T

his equation is applied to a volum
e of snow

 w
h
o
s
e
 
u
p
p
e
r

and low
er surfaces are the snow

-air and snow
-ground interfaces respectively,

and m
ay be w

ritten as:

B
 
=
 
t
h
e
r
m
a
l
 
q
u
a
l
i
t
y
 
o
r
 
t
h
e
 
f
r
a
c
t
i
o
n
 
o
f
 
i
c
e
 
i
n
 
a
 
u
n
i
t
 
m
a
s
s
 
o
f

w
e
t
 
s
n
o
w
,

For norm
al m

elt conditions hc =
 333.

5
 
k
J
 

k
g
 
a
n
d
 

=
 1000 kgj m

. T
hus, E

q.
2
 
r
e
d
u
c
e
s
 
t
o

Q
r
n
 
=
 
Q
s
n
 
+
 
Q
l
n
 
+
 
Q
h
 
+
 
Q
e
 
+
 
Q
g
 
+
 
Q
p
 
-
 
d
U
 

M
 
=
 
Q
r
n
j
(
3
3
3
5
 
B
)
.
 
9
.

A
s m

entionea previously, a m
elting snow

pack generally w
il retain 3 to 5%

w
ater (by w

eight) against free drainage , corresponding to a therm
al quality

betw
een 0.95 and 0. 97.

T
able 9.1 indicates the m

agnitude of the various energy fluxes during the
m

elt period for clear days in Saskatchew
an at a site w

ith no vegetation
protruding above the snow

 surface. T
he w

ide range of possible values for each
of the fluxes is evident. T

he presence of a cloud cover w
ould produce an even

g
r
e
a
t
e
r
 
v
a
r
i
a
t
i
o
n
.
 
R
e
l
a
t
i
v
e
 changes in the fluxes can be attributed to changing

w
ind conditions, relative hum

idity, air tem
perature and tim

e of year , factors
considered in detail below

. T
able 9. 1 also show

s the dom
inant size of the net

radiation Q
n during snow

m
elt in open areas.

w
here

Q
rn =

 energy flux available for m
elt

Q
sn =

 net short-w
ave radiation flux absorbed by the snow

Q
ln =

 net long-w
ave radiation flux at the snow

-air interface
Q
h
 
=
 
c
o
n
v
e
c
t
i
v
e
 
o
r
 
s
e
n
s
i
b
l
e
 
h
e
a
t
 
f
l
u
x
 
f
r
o
m
 
t
h
e
 
a
i
r
 
a
t
 
t
h
e
 snow

-
a
i
r
 
i
n
t
e
r
f
a
c
e

Q
e
 
=
 
f
l
u
x
 
o
f
 
t
h
e
 
l
a
t
e
n
t
 
h
e
a
t
 
(
e
v
a
p
o
r
a
t
i
o
n, sublim

ation
, conden-

sation) at the snow
-air interface

Q
g
 
=
 
f
l
u
x
 
o
f
 
h
e
a
t
 
f
r
o
m
 
t
h
e
 
s
n
o
w
- ground interface by conduc-

tion
Q

p =
 flux of heat from

 rain
, and

dU
 

jdt 
=

 rate of change of internal (or stored) energy per unit area
of snow

cover.

T
he net long-w

ave radiation and convective heat transfer processes are
operative 

at 
the snow

-air interface w
hereas the short-w

ave radiation exchange
is strongest at the surface although lim

ited am
ounts penetrate into the pack.

T
he ground heat flux

, w
hich is usually sm

all, m
ay produce sm

all am
ounts of

m
elt near the snow

-ground interface. W
ater is released from

 this low
er layer

w
h
e
n
 
t
h
e
 
s
n
o
w
 
r
e
a
c
h
e
s
 

and is holding the m
axim

um
 liquid. R

ain m
ay

penetrate considerable depths into the snow
 resulting in a m

ass transport of
heat w

hich is distributed m
ore uniform

ly throughout the pack than the heat
obtained from

 other sources. H
ow

ever, m
elt w

ater is generated prim
arily at

the snow
-air interface.

T
he daily am

ount of m
elt produced by a given value of 

Q
r
n
 
(
k
J
 

2 . d) (see

E
q. 9.1) m

ay be calculated by the expression

M
 =

 Q
rnj(phC

B
),

T
able 9.

SE
L

E
C

T
E

D
 D

A
IL

Y
 E

N
E

R
G

Y
 FL

U
X

 T
R

A
N

SFE
R

 (kJ/m
)
 
D
U
R
I
N
G

T
H
E
 
M
E
L
T
 
P
E
R
I
O
D
 
I
N
 
T
H
E
 
A
B
S
E
N
C
E
 
O
F
 
V
E
G
E
T
A
T
I
O
N
 

(B
A

D
L

A
K

E
, SA

SK
A

 T
C

H
E

W
 A

N
).

D
ate

Q
sn

Q
ln

(D
ayjM

onjY
r)

11-4/75
8090

6320
1770

186
855

-
 
4
5

12-4/75
9620

8480
1140

782
-
 
2
2

14-4/75
12290

9430
2860

395

17-3/76
4630

4500
130

1830
555

27-3/76
7200

7720
-
 
5
2
0

1517
208

237

28-3/76
7790

7120
670

201
Ill

29-3/76
9070

7660
1410

532
-
 
6
0

180

30-3/76
9290

6040
3250

827
140

270

a positive values indicate an energy gain by the snow
.

b
 
t
h
e
 
d
a
i
l
y
 
n
e
t
 
r
a
d
i
a
t
i
o
n
 
f
l
u
x
 
t
r
a
n
s
C
e
r
:
 Q

n =
 Q

sn +
 Q

ln,

in w
hich

M
 
=
 
s
n
o
w
m
e
l
t
 
w
a
t
e
r
 
e
q
u
i
v
a
l
e
n
t
 

(cm
j 

d),
hc =

 latent heat of fusion
,
 
(
k
J
 

kg),
=

 density of w
ater

(kgjm
\ 

and
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S
h
o
r
t
-
w
a
v
e
 
(
S
o
l
a
r
)
 

R
adiation

Incident radiation

T
he radiation w

hich influences snow
m

elt is electrom
agnetic radiation

em
itted from

 a m
edium

 by virtue of its tem
perature and falls in the w

avelength
range from

 about 0.2 to 100,um
. W

ithin this range tw
o types of radiation are

disti?
g
u
i
s
h
e
d
.
 
S
h
o
r
t
-
w
a
v
e
 
r
a
d
i
a
t
i
o
n
 
(
e
m
i
t
t
e
d
 
b
y
 
t
h
e
 
s
u
n
)
 
i
s
 generally

conslder
s
 
t
h
a
t
 

o
r
t
i
o
n
 
f
a
l
l
n
g
 
w
i
t
h
i
n
 
t
h
e
 
r
a
n
g
e
 
f
r
o
m
 
0
.
2
 
t
o
 
2
.2 ,urn; long-

w
ave radiatIO

n (em
itted by the atm

osphere and the earth) lies betw
een 6.8 and

100 ,urn.
R

adiation from
 the sun is short-w

ave radiation falling w
ithin a very narrow

w
avelength band w

ith m
axim

um
 intensity at 0.47 ,urn. A

t the top of the earth'
atm

osphere extra-terrestrial solar radiation incident on a surface perpendic-
ular to the sun

s rays at a m
ean earth-sun distance of 149.

5
 
x
 
1
0

km
 is equal to

sol
r constant

,
 
1
.365 kW

 / m
. T

his value varies by about 7%
 during a year

pnm
anly because of the changing distance betw

een the earth and the sun. T
he

am
ount of solar radiation penetrating the earth's atm

osphere to be received at
the surface varies w

idely depending on l
a
t
i
t
u
d
e
,
 
s
e
a
s
o
n
,
 
t
i
m
e
 
o
f
 
d
a
y
,

topo
aphy (sl

pe and
orientation), vegetation

, cloud cover and atm
ospheric

t
u
r
b
i
d
i
t
y
.
 
W
h
i
l
e
 
p
a
s
s
l
O
g
 
t
h
r
o
u
g
h
 
t
h
e
 atm

osphere radiation is reflected by
clouds

,
 
s
c
a
t
t
e
r
e
d
 
d
i
f
f
u
s
e
l
y
 
b
y
 
a
i
r
 
m
o
l
e
c
u
l
e
s, dust and other particles and

absorbed by ozone, w
ater vapor, carbon dioxide and nitrogen com

pounds.
T

he absorbed energy increases the tem
perature of the air w

hich in turn
increases the am

ount ofIong-w
ave radiation em

itted to the earth's surface and
t
o
 
o
u
t
e
r
 
s
p
a
c
e
.

ort-w
ave radiation reaching the surface ofthe earth has tw

o com
ponents:

a direct beam
 com

ponent along the sun
s rays and a diffuse com

ponent
atte

e
d
 
b
y
 
t
h
e
 
a
t
m
o
s
p
h
e
r
e
 
b
u
t
 
w
i
t
h
 the greatest flux com

ing from
 the

lrec
lO

n of the sun. T
he daily am

ount of direct beam
 radiation is a com

plex
function of the factors m

entioned above. G
arnier and O

hm
ura (1970) have

presented a useful m
ethod for analyzing the interaction betw

een these factors.
T

hey express the direct clear day radiation Id falling upon a slope as

I
d
 
=
 

00/ 

m
 cos (X

A
S)dH

9.4
w

here

10 =
 solar constant

r
 
=
 
r
a
d
i
u
s
 
v
e
c
t
o
r
 
o
f
 
t
h
e
 
e
a
r
t
h
'
s
 
o
r
b
i
t
,
 
(
t
h
e
 
d
i
s
t
a
n
c
e

from
 the centre of the sun expressed in term

s of the
length of the sem

i-m
ajor axis of the earth'

s
 
o
r
b
i
t
)
,

p =
 m

ean transm
issivity of the atm

osphere along the
zenith path; this is a m

easure ofthefraction of solar
radiation w

hich reaches the earth's surface w
ithout

being scattered or absorbed
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m
 =

 optical air m
ass w

hich is the ratio of the distance
the sun

s rays travel through the atm
osphere to the

depth of the atm
osphere along the zenith path

cos (X
A

S
) =

 cosine of the angle of incidence of the sun
s rays

o
n
 
t
h
e
 
s
l
o
p
e , (X

 is a unit norm
al vector pointing

aw
ay from

 the s
u
r
f
a
c
e
 
a
n
d
 
S
 
i
s
 
a
 
u
n
i
t
 
v
e
c
t
o
r

expressing the sun
s position), and

H
 =

 hour angle m
easured from

 solar noon
,
 
t
h
e
 
i
n
t
e
-

gral being taken over the duration of sunlight on the
slope.

V
a
l
u
e
s
 
f
o
r
 
1

, rand m
 a
r
e
 
g
i
v
e
n
 
b
y
 
L
i
s
t
 
(
1
9
6
8
)
.

Figure 9. 1, w
hich is calculated using E

q. 9.
, show

s the annual variation in
d
a
i
l
y
 
v
a
l
u
e
s
 
o
f
 
s
o
l
a
r
 
r
a
d
i
a
t
i
o
n
 
r
e
c
e
i
v
e
d
 
b
y
 
a
 
h
o
r
i
z
o
n
t
a
l
 
s
u
r
f
a
c
e
 
a
t
 several

latitudes; p is assum
ed to be 1. 0

,
 
i
m
p
l
y
i
n
g
 
t
h
a
t
 
a
l
l
 
t
h
e
 
e
n
e
r
g
y
 
r
e
a
c
h
e
s
 
t
h
e

surface. T
he i

n
f
l
u
e
n
c
e
 
o
f
 
t
r
a
n
s
m
i
s
s
i
v
i
t
y
 
i
s
 
i
l
u
s
t
r
a
t
e
d
 
i
n
 
F
i
g
.
 
9
.
2
.
 
B
y

m
ultiplying the data in Fig. 9. 1 by the ratios of Fig. 9.

, the daily radiation
values received by a horizontal surface can be calculated for any atm

ospheric
transm

issivity. For exam
ple

, at 50
N

 latitude, ifp is 0.
, the radiation w

ould
be 18 x 0.405 =

 7. 29 M
J/m

2 on M
arch 1

13.9 M
J/m

on A
pril I , about tw

ice

the value of a m
onth earlier. T

he tim
e of year obviously is an im

portant factor
governing the solar radiation flux incident on the earth' s surface. S

ince this

flux is a m
ajor com

ponent in the total energy flux ofthe snow
, the tim

e of year

also has an im
portant influence on the m

elt rate -
 
a
 fact w

ell know
n to

h
y
d
r
o
l
o
g
i
s
t
s
 
i
n
v
o
l
v
e
d
 
i
n
 
f
l
o
o
d
 
f
o
r
e
c
a
s
t
i
n
g
.
 

s a rule , t
he 

l
o
n
g
e
r
 
t
h
e
 
s
p ring

elt is delayed the greater the danger of fl
ding... T

1
s due parttrro

increases in the radiative flux a rid partly to the i ncreased
proba

lity o fiai
T
h
e
 
t
r
a
n
s
m
i
s
s
i
v
i
t
y
 
p
 
i
s
 
t
h
e
 

high
;t in w

int
r ;rd

low
es nnsum

m
eT

bec

the atm
osphere contains m

ore w
ater vapor during sum

m
er. It also varies

som
ew

hat w
ith latitude , increasing northw

ards. K
ondratyev (1969) reports 

m
ean annual value for p at P

avlovsk , U
SSR

, of 0. 745 w
ith a deviation of 1.

0
5
 
d
u
r
i
n
g
 
t
h
e
 
y
e
a
r
s
 
1
9
0
6
- 1936. W

iliam
s et al. (

1
9
7
2
)
 
s
u
g
g
e
s
t
 
a
v
e
r
a
g
e

m
onthly values ranging from

 0. 92 to 0. 50 for four locations in m
iddle latitudes

(Pavlovsk
,
 
U
S
S
R
;

B
enson

,
 
U
.

;
 
P
a
r
i
s
,
 
F
r
a
n
c
e
;
 
T
a
c
u
b
a
y
a
,
 
M
e
x
i
c
o
)
.

K
uz

m
in (1961) recom

m
ends the use of 0. 80 1. 0. 05 for the snow

m
elt period

w
ithin the E

uropean U
SSR

.
It is a com

m
on observation that snow

 on a south- facing slope m
elts faster

than snow
 on a north-

f
a
c
i
n
g
 
s
l
o
p
e
,
 
t
h
e
 
r
e
a
s
o
n
 
b
e
i
n
g
 
t
h
a
t
 
t
h
e
 
o
r
i
e
n
t
a
t
i
o
n
 ofthe

slope affects the am
ount of direct beam

 solar radiation the area receives. T
he

effect of slope and orientation is illustrated in Fig. 9. 3
.
 
T
h
e
 results are

sym
m

etric about a north-south line; as m
ight be expected the influence of

orientation dim
inishes tow

ards the sum
m

er solstice. E
ven on a 

slope the

effect of orientation can be significant; e. g., at 50
N

 onA
prill , a south- facing
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slope receives approxim
ately 40 percent m

ore direct beam
 radiation than a

north-
f
a
c
i
n
g
 
s
l
o
p
e
 
(
s
e
e
 
F
i
g
.
 9.3a). T

he r
a
t
i
o
s
 
i
n
 
F
i
g
.
 
9
.
3
 
a
r
e
 
c
a
l
c
u
l
a
t
e
d

assum
ing p =

 1.0
;
 
a
n
d
 
d
e
c
r
e
a
s
e
 
s
l
o
w
l
y
 
a
s
 
p
 
d
e
c
r
e
a
s
e
s, becom

ing about 5
percent less for p =

 0.
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n recent years m
odels of solar radiation transfer have b

e
e
n
 
d
e
v
e
l
o
p
e
d

w
hIch m

ore cIose
y
 
a
p
p
r
o
x
i
m
a
t
e
 
t
h
e
 physical processes occurring in the

atm
os

re (Suckl
ng and H

ay, 1976; D
ozier, 1979). In these m

odels separate
t
r
a
n
s
m
I
S
S
I
O
n
 
f
u
n
c
t
I
O
n
s
 
a
r
e
 
d
e
f
i
n
e
d
 
f
o
r
 
t
h
e
 
a
t
t
e
n
u
a
t
i
o
n
 
o
f
 
r
a
d
i
a
t
i
o
n
 resulting

from
 

bsorptio
b
y
 
o
z
o
n
e, w

ater vapor, oxygen
, carbon dioxide

, m
ethane

and m
r
o
u
s
 
o
X
I
d
e
,
 
a
n
d
 
f
o
r
 
s
c
a
t
t
e
r
i
n

b
y
 
a
t
m
o
s
p
h
e
r
i
c
 
m
o
l
e
c
u
l
e
s
 
(
R
a
y
l
e
i
g
h

scattenng) and a
erosols. ,

ach functIO
n depends on the optical path length

and the attenuatIO
n coeffcIent for each atm

ospheric constituent.
In m

ountai?ous terrain shadow
s play an im

portant role in determ
ining the

am
o

n
t
 
o

dlre
t
 
s
o
l
a
r
 
r
a
d
i
a
t
i
o
n
 
r
e
a
c
h
i
n
g
 
a
 
g
i
v
e
n
 p
o
i
n
t
.
 
M
e
t
h
o
d
s
 for

conslderatm
g thIs effec

have. been developed by W
illiam

s et aI. (1972) and
D

oz
er (! 979). T

he r
glO

n bem
g analyzed is divided into a uniform

 grid. B
y

conslderm
g the elevatIO

n at each grid point and searching along the line of the
sun

s aZ
Im

uth for points high enough to block the sun
, the grid points in

shadow
 at any hour angle m

ay be found.
Forest canopy further com

plicates com
putation of the surface net radiation

flux. T
he forest canopy is a heterogeneous, anisotropic m

edium
 that absorbs

sca
s and reflects the direct beam

 solar radiation and em
its long-w

av
radIatIO

n. T
he am

ount of direct radiation received by the snow
 surface has

been reduced by the shading of the trunks and canopy. T
o c

a
l
c
u
l
a
t
e
 
t
h
e

reduced am
ount the inc

m
ing direct radiation Id is usually m

ultiplied by the
factor (I-V

); w
?ere V

 IS a beam
-shading function depending on the solar

angl
.
 
V
 effectively averages the surface in the shade w

ith those in the sun.
D

ozle
r
 
(
1
9
7
9
). describes a com

plete solar radiation m
odel w

hich includes a
shadm

g functIO
n.

T
he 

iffuse com
ponent of the short-w

ave radiation reaching the earth'
surface IS

 less am
e

able to m
at?em

atical com
putation and is often ignored in

energy balance estIm
ates; the dIrect beam

 com
ponent is then taken as an index

f t
total short-w

ave flux. H
ow

ever, the diffuse com
ponent m

ay be the
slg

lfl
a
n
t
 
e
n

rgy flux: on clear, bright days it m
ay be 10%

 of the short-w
ave

radiatIO
n received

hile on partly cloudy days it m
ay be m

ore than 50%
 and

on overcast days It IS 100%
.

nder clear sky conditions the am
ount of diffuse radiation depends on the

altItude of the sun above the horizon
, the atm

ospheric transm
ittance and the

am
ount of incident radiation reflected by the underlying surface. K

uz
m

in
(1961) reports that the increase in scattered radiation over snow

 relative to
t
h
a
t
 
o.ver bare ground ranges from

 65%
 (solar elevation rv 00

)
 
t
o
 
1
2
9
1
 
(
s
o
l
a
r

eleva
lO

ns: 36 to 55
)
.
 
V
a
r
i
o
u
s
 m

ethods have been suggested for calc
lating

the diffuse flux under cloudless sky conditions (K
uz

m
in

,
 
1
9
6
1
;
 
L
i
s
t
,
 
1
9
6
8
;

K
ondratyev

, 1969) but to obtain precise energy balance data over snow
, direct

m
easurem

ents are norm
ally m

ade.
T

he sim
plest expression for calculating D

o, the diffuse radiation flux on a
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horizontal surface under cloudless conditions is given by L
ist (1968, p. 420

attributed to F
ritz):

D
o =

 0. 5 ((-aw
 - ao )It - Id), 

9.5

w
h
e
r
e
 
a
w
 =

 radiation absorbed by w
ater vapor (assum

ed to be 7%
),

ao =
 radiation absorbed by ozone (assum

ed to be 2%
),

- It =
 extra- terrestrial radiation on a horizontal surface,

It =
 (Io

cos Z
s dH

w
here r is the radius vector of the earth (see E

q. 9.4) and 
is the sun

s zenith distance (values of It are tabulated by L
ist

(1968
, p. 418)) and

Id =
 direct radiation reaching a horizontal surface of the earth
(see E

q. 9.4).

T
he factor 0. 5 applied in E

q. 9. 5 expresses the assum
ption that half of the

direct solar beam
 is scattered tow

ard the surface and half is scattered aw
ay

f
r
o
m
 
i
t
.
 
O
t
h
e
r
 
e
m
p
i
r
i
c
a
l
 m

ethods of calculating D
o are described by L

iu and
Jordan (1960) and Stanhill (1966). T

o use these procedures som
e estim

ate or
m

easurem
ent of the total (or global) short-w

ave flux (direct and diffuse
com

ponents) on a horizontal surface is required. M
odels h

a
v
e
 
a
l
s
o
 
b
e
e
n

developed to calculate the diffuse com
ponent by taking the scattering process

into account. D
ozier (1979) presents a com

puting schem
e in w

hich the
am

ount of radiation initially s
c
a
t
t
e
r
e
d
 
o
u
t
 
o
f
 
t
h
e
 beam

 is determ
ined by

w
avelength- dependent coefficients for aerosol and R

ayleigh, scattering and

for ozone and w
ater vapor absorption. T

his type of m
odel is com

plex

requiring estim
ates of the ozone and w

ater vapor distributions w
ith altitude

and the change in air pressure w
ith altitude.

A
n im

portant source of diffuse radiation to the snow
 surface is the back-

scattered short-w
ave radiation

,
 
i
.e., that portion of the incom

ing radiation
reflected at the snow

 surface w
hich is again scattered and reflected dow

nw
ard

by the atm
osphere. B

ackscattering m
odels have been developed by H

ay
(1976) and D

ozier (1979). T
he critical param

eter in m
odel calculations is the

reflectance or albedo of the snow
 surface

, considered below
.

F
or a sloping surface the diffuse com

ponent can be calculated from
 the

expression of K
ondratyev (1969), assum

ing that the diffuse radiation field is
isotropic; that is , it has the sam

e properties in all directions:

0
=
 
D
o
 
C
O
S 2
 
(
8
/
2
)
,
 
9
.

w
here 8 is the angle of inclination of the slope. In m

ountainous regions any

s
l
o
p
e
 
i
s
 
l
i
k
e
l
y
 
t
o
 have a sky dom

e that is restricted by the surrounding
topography. T

he fraction by w
hich the dow

nw
ard scattered radiation is

reduced can be calculated by assum
ing that the radiation intensity is constant

from
 all parts of the sky dom

e
,
 
i
.e., isotropic. For a speC

ific location the




