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GENERAL

A rapid method for computing the amount
of heat from solar radiation available on the
earth's surface would be useful in investiga
tions on the application of the solar-heat
supply to civilian and military activities.
The amount of solar heat absorbed by a
surface depends upon its thermal capacity
and reflectivity, which is a function of the
spectral characteristics of the surface.

The thermal capacity of a substance is the
number of gram calories required to raise
the temperature of one gram of the material
by 1CC, or the number of British Thermal
Units required to raise one pound by 1°F.

The reflectivity of a number of metals and
paints reported by Dunkle ami Gier (1953)
for the wave lengths between 1.0 and 2.5
microns, a range covered by the usual pyr-
heliometric measurements of solar radiation,
are included in Table II, which gives the
thermal and radiational characteristics of

various materials.

The temperature of an object subject to
solar radiation depends upon a number of
factors in addition to the thermal capacity
and reflectivity of the material. Air tempera
ture and humidity, wind velocity and air tur
bulence, thermal conductivity of the material
itself and the objects with which it may be
in contact, utilization of the heat to cause
a change in state, all influence the stable
temperature of the object receiving solar
radiation.

Some examples of the influence of solar
radiation are listed below:

a. Solar heating of objects on or above
surface

(1) Solar heating of vehicles, planes,
buildings, landing mats, etc. The
solar heat absorbed by objects may
be transferred to the adjacent
snow or ground, and affect such
properties as bearing capacity,
trafficability, and structural sta
bility.

(2) Utilization of solar heat for pro
duction of fresh water from sea

water by distillation,; either at
large stationary plants or with

smaller emergency units such as
those presently supplied for life
raft use by the Navy and the Air-
Sea Rescue Service of the Air
Force.

(3) Utilization of solar heat as a sub
stitute for fuels now used for heat

ing buildings or producing power.
b. Solar heating of objects beneath sur-

^ face

(1) Solar heating of objects which
have been covered by snow either
naturally or deliberately to evade
detection. By taking into consider
ation the thermal characteristics of

the buried objects and the radia
tion transmission capacity of snow,
the length of time during which a
snow cover would be an effective

camouflage can be estimated. Pene
tration of radiation through snow
is effective also in thawing frozen
ground and ice beneath a snow
cover. The solar radiation which

penetrates the snow cover and is
absorbed by buried objects or by
the ice or ground is not lost at
night through long-wave radiation,
as is much of that which is ab

sorbed in the immediate surface of

the snow.

c. Diurnal temperature changes in surface
layer

A diurnal temperature cycle is produced in
the upper layers of snow or exposed ground
by the changing balance between short-wave
and long-wave radiation. The depth of pene
tration of the diurnal cycle affects the meta-
morphism and ablation of the snow surface
or the freezing and thawing of the ground.

CONSTRUCTION OF NOMOGRAPHS

Scope. To provide a simple but comprehen
sive method of computing radiational heat
supplies, several charts have been prepared
by assembly and adjustment of data from a
variety of sources. They are presented in this
report in the form of nomograms.

Chart I provides a means of graphically
computing the daily amount of solar and sky
radiation available at the earth's surface for
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latitudes north of 40°. By reference to Table
I, the radiation values obtained from this
chart may be adjusted for elevation. Chart
II permits the determination of the amount
of radiational heat available at the snow sur
face and the amount absorbed by the snow,
after adjustment is made for albedo (reflec
tivity of the surface). It also provides a
means of determining the net radiational
heat balance after deduction of long-wave
radiation losses. From Chart III, the amount
of solar heat available at any depth below
the snow surface may be obtained.

Solar heat supply, Chart I.
Daily totals of solar and sky radiation: The
values used in this chart were computed from
the formula used by Kennedy (1949) :

I = h av (1)

where a = atmospheric transmission co
efficient

/ — total solar and sky radiation
received on horizontal surface
at the ground

h = total insolation received on a
horizontal surface at the ex

terior of the atmosphere
m = solar air mass (mean for time

sun is above horizon).
By substituting in equation (1) the values

of h and m for various latitudes and time of
year as given by Kennedy, and assuming an
atmospheric transmission coefficient of a .=
0.90, corresponding to cloudless sky condi
tions, values of solar and sky radiation at
mean sea level have been computed for lati
tudes above 40° North. These values have

been plotted on Chart I so that entry can be
made from the bottom of the chart for the

period from 22 December to 22 June and
from the top for dates between 22 June and
22 December.

Effect of a cloud cover: The presence of a
cloud cover causes a decrease in the amount
of incident radiation received at the earth's

surface. Wallen (1948-49) has presented
curves, prepared from measurements made
on the Karsa Glacier in Swedish Lapland,
which show the relationship between incom
ing radiation and mean cloudiness between
0800 and 1800 hours during different parts
of the summer. Up to five-tenths cloud cover,
the decrease in incoming radiation is small.
Between five-tenths cover and complete over
cast, the decrease becomes large. Values for
incident solar radiation received at the
earth's surface for different amounts of
cloud cover, as derived from Wallen's curves

and expressed as percentage of that received
on a clear day, are presented below:

Mean cloudiness Percent of clear day
during daylight hours incident radiation

0 100
5/10 90

10/10 50

These values have been used to provide an
adjustment in Chart I for the mean daily sky
condition. The procedure for making the
necessary adjustment is described in the sec
tion on "Use of the nomographs."
Correction for elevation above mean sea level:
Angstrom (1931) introduces the effect of
elevation on solar air mass by consideration of
the ratio of barometric pressure at the two
levels. The modified air mass, mu is computed
from the equation:

pressure at upper level
nti = =z f=— m. (2)

pressure at sea level

The ratio of mean barometric pressure at
indicated altitudes to that at sea level as com
puted from equation (2) is:

Altitude Mean pressure Ratio

(1000's of ft.) (in. of Hg)

29.900 1.00
2 27.78 .93
4 25.81 .86

6 23.98 .80

8 22.28 .74
10 20.70 .69

Values of incident solar and sky radiation
for various latitudes and days were deter
mined for 2000-foot increments of altitude
by substitution of mx for m in equation (1).
The corrections, in terms of a percentage to
be computed and added to the radiation at
sea level for various combinations of time

of year and latitude, are incorporated in
Table I. The percentage correction to be ap
plied to the graphically obtained values for
radiation are given opposite the appropriate
date and below the applicable latitude, for
each 2000 feet of altitude above sea level.
For periods prior to the summer solstice, the
correction is obtained by using the date
column on the left side of the table. After
the summer solstice, the date column on the
right side of the table should be used. The
tabular values may be interpolated to the
appropriate altitude and latitude, but it
should be recognized that the natural varia
tion in the amount of incident radiation and

the amount absorbed by snow or other ob-



COMPUTATION OF RADIATION HEAT SUPPLY

jects is large. A correction applied for one
effective phenomenon may be offset by an
other for which no generalized adjustment
can be provided. The correction is greatest
for combinations of season and latitude re
sulting in large values for the solar air mass.
The percentage correction for elevation may
be added directly to values obtained from
Chart I or may be added graphically when
using Chart II, as described under "Use of
the nomographs."

Radiational heat balance of the snoiv cover,
Chart II. This nomogram permits conversion
of the solar radiational heat supply obtained
from Chart I to the net radiational heat bal
ance of a snow cover, including the volume
of melt water produced when snow tempera
tures are at 0°C. A graphical means for
applying the necessary corrections for eleva
tion and albedo of the snow surface is pro
vided in this chart.

Correction for elevation: Correction for eleva
tion is obtained by selecting the appropriate
point, determined by reference to Table I,
within the family of diagonal solid lines des
ignated on Chart II as "Percent Correction
for Elevation."

Adjustment for albedo: The amount of radia
tion absorbed by a snow cover is a function
of the reflectivity or albedo of the snow
surface. The albedo is usually expressed as
a percentage or as a decimal fraction of the
total incident radiation. A newfallen snow
may reflect most of the solar radiation re
ceived at the surface, while an old snow may
absorb as much as half the incident radia
tion. Albedo varies with the age of the snow
and is influenced by the air temperatures
which prevail during the aging process.
When temperatures are persistently below
freezing, the albedo changes slowly. If tem
peratures are above freezing or freezing and
thawing cycles take place, the albedo changes
rapidly. In arctic climates, where low air
temperatures prevail and solar radiational
heat supplies are negligible during the winter
months, the albedo may be very high and
change slowly. Since very little solar radia
tion is available during the season when al
bedo is persistently high, the nomographs do
not provide adjustments for an albedo in ex
cess of 83 percent. Adjustment for albedo is
obtained by determining the applicable value
from the small insert graph in Chart II and
then selecting the appropriate point within
the family of dashed line curves designated
as "Albedo of Snow."

Adjustment for long-ivave radiation loss: Some
of the solar heat absorbed by the snow sur

face is lost by long-wave radiation at night
as well as by day. Long-wave radiation meas
urements made over a snow surface at the
Central Sierra Snow Laboratory near Donner
Summit, California, show a net loss of about
150 cal/cm2 in a 24-hour period under cloud
less sky conditions. Differences in snow-sur
face temperature do not produce marked
changes in this long-wave heat loss, but clouds
which screen the snow from the clear, cold
sky have a great influence on the radiational
heat balance.

The effects of cloud cover on outgoing
long-wave radiation may be estimated from
the following equation presented by Ang
strom (1915):

Rc =* RQ (1 - aC) i (3)
where Rc = effective outgoing radiation

at cloudiness C

R0 = effective outgoing radiation
with clear skies

C = cloud cover in tenths
a = 0.09.

Substituting into equation (3) a long-wave
radiation value for R0 of 150 cal/cm2-24 hr
gives the following outgoing long-wave radia
tion values for five-tenths and ten-tenths
(overcast) cloud cover:

Cloud

cover

0

5/10
10/10

C

0

5

10

aC 1 — aC Ro (1 — <*C)

0

.45

.90

1.00

.55

.10

150

82

15

The net radiational heat values for differ
ences in cloud cover, derived from these fig
ures, have been plotted on Chart II under
the heading "Sky Condition." This part of
the nomograph permits determining the ef
fect of mean daily cloud cover on the net
radiational heat balance at the snow surface.

Effect of net radiational heat balance on snow
cover. Morphological processes which take
place in the snow as a result of absorption
of solar radiation are not readily subject to
numerical evaluation or nomographic inter
pretation. One process which is readily eval
uated, however, is that which causes a
change of state. Since the heat of fusion of
snow is 80 cal, the amount of melt water
produced by the net radiational heat balance
of the snow cover can be computed. This has
been done and is presented graphically on
Chart II in a form which permits determina
tion of the thickness of the film or layer of
water produced by a melting snow surface
receiving a given radiational heat supply.
Where 24-hour long-wave radiational losses
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exceed the gain from solar radiation, the
nomograph indicates a net heat loss and no
melting occurs.

Solar heat transmission through snozv cover,
Chart III. Solar radiation penetrates a snow
cover to a considerable depth, warming the
snow and objects beneath it. Just as the
amount of incident radiation which is ab

sorbed by snow is a function of the reflec
tivity of the snow surface, the amount which
penetrates to any depth is a function of the
internal spectral reflectivity or the diffusion
characteristics of the snow. A low-density,
new snow has a high surface albedo and high
internal reflectivity, so only a small part of
the total incident radiation is passed through
the surface and most of it is absorbed in the

surface layer. An older snow, of higher den
sity, reflects less solar radiation from the
surface and, since there is much less diffu
sion within the higher-density snow mass,
there is not only a greater amount passed
through the surface but also more is trans
mitted to greater depths. The long-wave ra
diational heat losses are confined to a very
thin layer of snow at the surface, hence the
solar radiational heat which penetrates the
snow surface is largely cumulative. Those in
terested in the processing of snow to increase
its density, such as accomplished by the us
ual compaction procedures, should recognize
that some of the gain in strength achieved
by high density may be offset by higher tem
peratures and weaker bonding between
grains in the processed snow. A thin layer
of high-density snow will transmit solar ra
diation to underlying materials which, as
they warm up, may cause rapid decrease of
subgrade bearing capacity.

Lambert's law for diffusing media:

I = he (4)

where h is the radiation transmitted through
the surface, / the intensity at depth z, and
v the absorption coefficient, appears to hold
true for snow.

Chart III has been prepared from the ab
sorption coefficients for. different densities
given by Gerdel (1948). It may be used to
determine the amount of solar heat available

at any depth in a snow cover, or, conversely,
the insulating value of the snow cover, since
the difference between the amount transmit

ted through the surface and that available at
any selected depth constitutes the amount
absorbed by a snow cover of given thickness
and density.

USE OF THE NOMOGRAPHS

The simplest way to explain the use of the
nomographs is to set up an example problem
and follow it through each of the charts.
For the purpose of illustrating the proce
dure, the following conditions are assumed:

1. Date 10 April
2. Latitude 45 °N

3. Sky condition
(cloud cover) 5/10

4. Elevation of site 4000 ft msl

5. Age of snow surface 3 days
(time since end of last
snow fall)

6. Maximum daily
temperature +12°F

7. Density of snow 30%

The heavy dashed line, marked la, lb, Ha,
lib and He, shows the steps to be used in fol
lowing the above conditions through Charts
I and II. Chart I is entered at the bottom at
the 10 April date, proceeding upward (la)
to the 45° point, midway between the curves
for 40° and 50° north latitude, moving hori
zontally (lb) to the intersection with the
sky-condition lines and then downward paral
lel to the closest diagonal line to the five-
tenths cloud cover line. A value of 490

cal/cm2-day is indicated as the total avail
able solar radiational heat supply at .sea level
for a condition of five-tenths average cloud
cover for the day. To correct at this point
for elevation, reference is made to Table I.
For the latitude of 45°N, and the period be
tween 3 April and 16 April, the correction,
determined from Table I, is between 2 and
3 percent or 2.5 percent per 2000 feet. At
4000 feet therefore, a correction of 5 per
cent must be added to the indicated avail

able radiation. The corrected value for the

total daily solar and sky radiation received
by a horizontal surface at this site would
then be 490 + (490 X .05) = 514.5 cal/cm2.

To determine the actual amount of the

radiational heat which may be absorbed by
the snow, the correction for elevation should
be made graphically; and Chart II is entered
by proceeding horizontally (line Ha) from
the original value of 490 cal on Chart I to
intersection with the 5 percent elevation cor
rection curve line on Chart II. At this point
a correction for the albedo of the snow sur

face must be introduced. For a 3-day old
snow surface which has not been subject to
temperatures above freezing, a 75 percent
albedo is indicated by the graph inserted in
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Chart II. From the 5-percent elevation cor
rection, it is necessary to move upward (lib)
to the point representing 75-percent albedo
within the family of dashed lines for the
albedo of the snow surface. By proceeding
horizontally from this point (line He), the
total amount of solar radiation absorbed by
the snow cover is determined to be 125
cal/cm2-day.

As explained previously, a portion of the
solar radiation absorbed by the snow cover
is lost by back (long-wave) radiation to the
sky. The less the cloud cover, the greater the
loss by day and by night. To obtain the net
heat balance for the conditions set up in the
example problem, line He must be extended
horizontally to the sky-condition lines, then
projected downward parallel to the diagonal
lines to the five-tenths cloud cover line. At
this point, a net radiational heat gain by the
snow cover of 40 cal/cm2 for the 24-hour
day is shown.

The amount of melt water produced by
this heat supply when the snow temperature
is 0°C is indicated on the equivalent melt
line to be 0.5 cm of liquid per 24-hour day.

The radiational heat available at various
depths below the surface may be estimated
by use of Chart III. In the above example,
the solar radiation absorbed by the snow
cover was determined to be 125 cal/cm2-day.
To estimate the amount of radiational heat
which would be available at 10 cm below the
surface of 30 percent density snow the scale
on the left side of Chart III is entered at the
value of 125 cal/cm2-day. A line is then pro
jected from this point through the intersec
tion of the 10-cm depth line and the 30-
percent density line in the center of the
chart to the vertical line for 30-percent den
sity on the right of the chart. The projected
line intersects the 30-percent density line on
the right of the chart at a value of 16
cal/cm2-day, which is the amount of solar
radiation available at 10 cm below the sur
face of 30-percent density snow. This is the
amount which could be absorbed, for instance,
by an object buried at that depth below the
snow surface.

No measurements have been made of ra
diation transmission through snow of low
density (< 0.2). Low-density snow has a
very high internal reflection, and its trans
mission capacity is very low and cannot be
computed with confidence from existing data.
Experiments now in progress may fill the gap
in information but, for the present, no pro
visions have been made on Chart III for de
termining the amount of radiation transmit
ted through snow with a density less than
0.2. Newfallen snow seldom retains a low
density for more than a few hours after
deposition, and the increase in density to ap
proximately 0.2 is very rapid under the
influence of solar radiation.
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Table II. Thermal and Radiational Characteristics

of Various Materials

REFLECTIVITY FOR SOLAR RADIATION

Material Reflectivity, %

Copper 87
Aluminum, sheet 80
Aluminum, commercial finish 55
Aluminum, foil 85
Iron, galvanized 55
Lumber, untreated 5 - 15
Paint, flat black 5
Paint, white 55
Paint, aluminum 45
Water 5 - 10
Ice, fresh water 40 - 50
Snow 50 - 90

THERMAL PROPERTIES

Thermal Conductivity,
Material Specific Heat

0.09

cal/cm-sec-°C

Copper 1.00
Nickel 0.10 0.14
Aluminum 0.21 0.50
Iron 0.12 0.11 - 0.15
Wood 0.42 .0001 - .0003
Water 1.00 .0012 - .0014
Ice 0.50 .0050 - .0060
Snow 0.50 .0001 - .0015

LATENT HEAT OF H,0

Heat of fusion
Heat of vaporization (0°C)
Heat of sublimation (0°C)

g-cal

80
599
679

B.t.u.

144
1078
1222

HEATS OF COMBUSTION OF SOME FUELS

Fuel

Wood
Coal
Alcohol
Fuel oil
Gasoline

g-cal/g B.t.u./lb.

4,000 7,000
8,000 14,500
6,500 11,500

10,500 19,000
11,500 21,000

(Heat values vary with grade of fuel)

CONVERSION FACTORS

1 g-cal = 0.004 B.t.u.
1 g-cal/cm' = 0.026 B.t.u./ina
1 g-cal/cma = 3.69 B.t.u./fta

GPO 805937

1 B.t.u. = 251.90 g-cal
1 B.t.u./in" = 39.06 g-cal/cm*
1 B.t.u./ft1 = 0.27 g-cal/cm"

DATE
NORTH LATITUDE

DATE

Read Up
June

to
December

Read Down

December
to

June

40° 50° 60° 66° 70° 75° 80° 85° 90°

Percentac
Per 2000

e Increase
' elevation

11/23-12/21 4 5 la:
i i i i

i Sun 11/23-12/21

12/22-1/21 3 4 7 10 Below 1 /5 - 11/22

1/22-2/8 3 3 5 9 11 Horizon 10/21 -11/4

2/9 - 2/23 3 3 4 6 7 10 10/7- 10/20

2/24 - 3/8 2 3 4 4 5 7 12 9/24- 10/6

3/9 - 3/21 2 3 3 4 4 5 7 11 9/11 - 9/23

3/22- 4/3 2 3 3 3 4 5 6 8 7 8/28- 9/10

4/4 - 4/16 2 3 3 3. 3 4 6 5 4 8/13 - 8/27

4/17- 5/1 2 2 3 3 3 4 4 3 3 7/24 - 8/12

5/2 - 5/21 2 2 3 3 3 3 3 3 2 6/22-7/23

5/22—6/21 2 2 3 3 3 2 2 2 1 5/22-6/2

"551 Arctic Circle

Table I. Elevation Correction for Solar Radiation

For each 2000 feet above sea level, radiation values derived
from Chart I should be increased by the percentage indicate^
for date and latitude.



hi

SOLAR RADIATION TRANSMISSION THROUGH SNOW COVER
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