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The sudden application of large quantities
of atmospheric heat to a snow cover may have
considerable effect on traffic conditions during
military operations. It is of interest to know
whether melting or evaporation will predom
inate, since melting might result in slushy,
muddy, or flooded conditions, seriously ham
pering traffic, while evaporation would cause a
reduction in the snow cover and possible im
provement in traffic conditions. An attempt
is here made to compute the relative rates of
melting and evaporation of snow under atmos
pheric conditions conducive to evaporation,
such as low relative humidity, high air tem
peratures, and high wind velocities. The effect
of heat on melt water after it leaves the snow

cover is not considered in this paper. The ef
fect of solar radiation is intentionally disre
garded, since the heat transferred to the snow
cover by this process is assumed to be the
same for the various atmospheric conditions
considered in this paper and, as will be shown
later, is relatively small compared to the
quantity of heat transferred by turbulent
processes.

Wilson (1941) presented graphs for esti
mating the theoretical amount of snow melt
or evaporation caused by air of different tem
peratures, dew points, and wind velocities.
Light (1941) used Sverdrup/s (1936) equa
tions for heat and water vapor flux to develop
an equation for predicting theoretical rates of
melting or evaporation. Neither writer com
puted the quantities of snow that might be
evaporated and melted at the same time by the
application of atmospheric heat. Sverdrup
(1935) emphasized the well known fact that
evaporation from snow will take place only
when the vapor pressure of air is less than
the vapor pressure of the snow over which
the air is moving and states: "It is therefore
evident that evaporation by no means always
occurs if warm and dry air blows over a snow
surface." Croft (1944) has made measure
ments which show that evaporation from snow
is closely related to the vapor pressure differ
ence between snow and air. In a recent paper,
Ives (1950) discusses the evaporation of deep
snow covers by chinook winds which have high

temperatures, low relative humidity, and high
wind velocity. Meteorological data associated
with a chinook and the disappearance of a
snow cover in Colorado between 0600 hr and

1600 hr on 12 March 1934 are presented by
Ives. An analysis of the thermograph and
hygrograph traces for Boulder, Colorado for
this period shows that, during 3 of the 10
hours, the vapor pressure of the air was less
than 6.11 mb, which is the vapor pressure of
ice at 32°F, and only during these hours
would evaporation of a snow cover be possible
in the area downwind from Boulder. During
the other 7 hours, the vapor pressure of the
air was greater than 6.11 mb, and no evapora
tion would have been possible. This indicates
that the disappearance of the snow cover was
probably due to melting rather than evapora
tion. There have been other accounts of the

sudden evaporation of snow covers by chi-
nooks but, since there were no concurrent
measurements of streamflow, ground water,
and soil moisture in the same area, the exact
amounts of evaporation and melt are not
known. It is possible that the snow may melt
and enter the soil and be evaporated from
there. That a chinook can cause considerable
melting along with evaporation is shown by
Hoover (1948) in his paper on the effects of
chinooks on snow cover and runoff in Western
Canada. Hydrographs of streams in the area
under the influence of a chinook all showed

rapid rises in stream flow following the onset
of the chinook and the disappearance of the
snow cover.

The atmospheric conditions conducive to
high evaporation rates also tend to produce
turbulent transfer of considerable heat to the

snow cover. When such quantities of heat are
being received by the snow, some evaporation
and melting is inevitable, since the quantity
of heat required to raise the temperature of
snow is extremely low and the low thermal
conductivity of snow causes the snow surface .
to retain most of the heat the snowpack re
ceives from the atmosphere.

An approximation of the quantity of heat
transferred to the snow by turbulent processes
and the amount of evaporation or sublimation
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from a snow surface may be computed from
the following equations given by Sverdrup
(1936):
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= heat transfer in cal cm-2 sec-1
= evaporation in g cm-2 sec-1 (cm sec"1)

cv = specific heat of air at constant pres
sure, 0.24 cal g"1 "C-1

P = density of air, 1.276 x 10 :t g cnr
1000 mb and 0°C.

Ua = wind velocity at height a, cm sec"
t = air temperature at height b, °C.

t, = snow surface temperature, °C.
e = vapor pressure of air at t, mb.

e, = vapor pressure of snow at t,, mb.
K„ = Von Karman's constant, 0.42.

So = roughness parameter, 0.25 cm
snow, from Sverdrup (1936).

P = surface pressure, assumed 1000 mb.
a = height of temperature and humidity

element, assumed 2 m to approximate
height of instruments in shelter.

b = height of anemometer, assumed 6 m.
The evaporation of F g cm"2 sec-1 of snow

requires a quantity of heat equal to 680F
cal cm-2 sec-1 to satisfy the heat of vaporiza
tion requirements. If there is insufficient heat
to satisfy the heat of vaporization require
ments the snow surface temperature will be
lowered with a subsequent lowering of the
vapor pressure of snow. This decreases the
vapor pressure difference between snow and
air and reduces the amount of heat required
to establish vapor pressure equilibrium.

If a given quantity of heat is transferred
to a snow surface from air above 0°C, it is
used in the following processes:

1. A very small amount of the heat will be
used to raise the temperature of the
snow surface to 0°C if it is below that
temperature.

2. A portion of the heat will be used in the
evaporation of snow, which melts prior
to evaporation. According to the phase
diagram for water substances, ice at 0 °C
must pass through the liquid stage be
fore evaporation takes place. In this
process, the snow may appear to pass
directly from the solid to the vapor state
without the appearance of a visible li
quid state. The snow crystal may melt
slightly on the surface and acquire a

0
F

at

for

microscopic liquid film from which evap
oration can take place. Whether the ice
actually melts or only develops a liquid
surface film prior to evaporation, the
heat required in the transfer of a given
quantity of snow to the vapor state is
the same.

3. The remainder of the heat is used to

melt snow, which may be either stored in
the liquid state, or refrozen at lower
depths in the pack, or discharged as run
off. This process is hereafter referred to
as melting.

If heat transferred from air to snow at

temperatures above 0°C is insufficient to sup
ply the heat of vaporization required to satisfy
the moisture deficiency of the air, the snow
temperature will drop, remaining below 0°C.
Evaporation will then take place without
melting.

If heat is being transferred from air to
snow when the temperature of the former is
below 0°C, the heat is used in the following
processes:

1 A portion of the heat is used to raise the
temperature of the snow to the air tem
perature.

2. The remainder of the heat is used in the
evaporation of snow.

If insufficient heat is transferred from air

at temperatures below 0°C to snow to satisfy
the heat of vaporization requirements, the
snow-surface temperature will remain lower
than the air temperature.

The amount of heat which a snow surface

may receive by turbulent transfer from air of
different temperatures as computed by equa
tion (1) is presented in Table I. The heat re
ceived by a snow surface from solar radiation
during the spring months varies from 100 -
200 cal cm-2 day-1, which is much less than the
amount of heat transferred from air to snow

under the conditions assumed here (Miller,
1950).

It is assumed that the air having the tem
peratures listed in Table I has a relative
humidity of 20 percent to simulate dry con-

Table I. Heat Transfer From Aib of Different Temperatures
to Snow

(1)
Air

temperature

(?)
Snow

temperature

(3)
Wind

velocity

(4)
Heat

transfer

°C °C m sec"1 Cal cm"2 day"1

6 0 20 900

10 0 20 1790

16 0 20 2690

SO 0 SO 3590
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ditions. The amount of snow which can be
evaporated into air of 20 percent relative
humidity at different temperatures as com
puted from equation (2) is presented in
Table II.

Table II. Evaporation from a Snow Surface at 0°C to Air of
Different Temperatures

(1) (2) (8) (4)
Air Relative Wind Snow

temperature humidity velocity evaporated

5

10

16

20

20

20

20

20

m sec"1

20

20

20

20

gm cm"1 day"1

2.02

1.69

1.25

.67

The decrease of evaporation with rising
temperatures shown in Table II is in agree
ment with the observations by Kaitera (1939),
which showed a decrease in the amount of
evaporation from snow at higher air temper
atures.

Evaporation from a snow surface occurs
only when the vapor-pressure gradient is from
snow to air. Since the saturation vapor pres
sure of air increases with, increasing temper
ature, warm air must have a lower relative
humidity than cold air to have the same vapor
pressure as the cold air. The vapor pressure
over snow at 0°C is 6.11 mb, and the air must
have a lower vapor pressure than 6.11 mb f or
evaporation to occur. The maximum relative
humidity which air can have at different tem
peratures to have a vapor pressure less than
6.11 mb is listed below:
Air

Temperature, °C: 0 5 10 15 20
Relative

Humidity, %: 99.9 70.0 49.7 35.7 26.0
The amount of snow evaporated is propor

tional to the vapor-pressure gradient, other
conditions being the same. Evaporation from
snow to both cold and warm air is equal when
the vapor pressure of each air is the same,
and this occurs when the relative humidity of
warm air is less than that of cold air. Table
III lists the humidities required for different
air temperatures to have the same amount of
evaporation.

The air transferred to the snow surface may
be dry enough to permit absorption of the
vapor equivalent of a unit of snow but not
warm enough to supply the heat necessary to
convert that unit of snow from a solid to the
vapor state. In Table I, 900 cal cm-2 day-1 is
transferred from air to snow by air of 5°C

Table III. Conditions for Equal Evaporation from a Snow
Surface at Varying Air Temperatures

ft

•a I Act h
CO • Pi

IS
•91

mb mb m sec"1- gm cm"* day"1

5 8.719 20.0 1.74 20

10 12.277 14.2 1.74 20

15 17.054 10.2 1.74 20

20 28.301 7.4 1.74 20

2.02

2.02

2.02

2.02

and a velocity of 20 m sec-1 With this air at
a relative humidity of 20 percent, 2.02 g cm-3
of snow will be evaporated in a day (Table
II). Since the heat required to evaporate this
amount of snow is 1390 cal, while the snow
receives only 900 cal from the air, the defi
ciency in the required heat will be supplied
by a lowering of the snow surface temperature
below 0°C. While the effect of solar radiation
has been disregarded, it should be pointed
out that, where insufficient heat is transferred
from air to snow to satisfy vaporization re
quirements, solar radiation may supply the
deficient heat. The amount of heat transferred
from air to snow and used in both the evapor
ation and melt process and the quantity of
snow evaporated and melted is shown in
Tables IV and V.

Table IV. Evaporation and Snow Melt

(1) (2) (3) (4) (5)»
73 (C

(6)
V

(7) <8>

«
14

5
at

«

•*»! « 3

St °
° 09
c >

CO V

Heattransfefromau tosnow Heatrequireinevaporatic process

1* !
e
at

a

e
o

't

53 »

°c % g cnr* cal cm-* cal cm"* cal cm * gem-c

day"1 day1 day-1 day-1 day"1

5 20 2.02 900 1370 0 0

10 20 1.69 1790 1150 640 8.0 4.7

15 20 1.25 2690 850 1840 23.0 18.4

20 20 .67 3590 460 3130 39.1 58.4

"Heat required in evaporation process is equal to heat trans
fer from air to snow phis heat obtained by a lowering of
snow-surface temperature.

As the air temperature rises, more heat is
transferred to the snow, but, if the relative
humidity remains the same, the evaporation
potential of the air decreases and more heat
becomes available for melting.'For the evap
oration potential of the air to remain the same
with increasing air temperature, the relative
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Table V. Evaporation and Snow Melt

(1) (2) (3) (4) (5)» (6) (7) (8)

«

3
-M

Pi
it
.5 S
4> 9

T3

cS
S-

k °

2 *
CO w

9
<H

03

c
0) M .

a> o

W£.S

41 *

eg
? as

« ?
W.S.S.

3* o
c
to

a
©

*» Pi

°c % gem-2 cal cm"* cal enr" cal cm2 gm cm"'
day1 day1 day1 day"1 day1

g 20 2.02 900 1370 0 0

10 14 2.02 1790 1370 420 5.2 2.6

15 10 2.02 2690 1370 1320 16.5 8.2

20 7 2.02 3550 1870 2220 27.8 13.8

*Heat required in evaporation process is equal to heat trans
fer from air to snow plus heat obtained by a lowering of
snow-surface temperature.

humidity must become extremely low. Even
warm air at extremely low relative humidities
causes the evaporation of much less snow
than it melts (Table V).

The decrease of evaporation potential with
increasing air temperature for a relative hu
midity of 20 percent and snow temperature
of 0°C is illustrated in Figure 1.

When the mean air temperature is less than
the snow-surface temperature there is no
heat transfer from air to snoW and the only
major heat source for evaporation and melt
ing is solar radiation. The amount of heat
transferred to the snow surface from below

is very small because of the low thermal con
ductivity of both snow and soil. During the
spring months, the snow cover has a net radia
tion balance of about 100 - 200 cal cm"- day"1
(Miller, 1950), and while the snow surface
does not retain all this heat, some passing-
through to layers below the surface, this
amount of heat would cause the evaporation
of only 0.2 to 0.4 g of snow. Hence appre
ciable evaporation will occur only when there
is turbulent transfer of heat from air to

snow.

When the temperature and relative humid
ity of the air and the snow-surface tempera
ture are known, the occurrence of evaporation
or condensation from a snow cover can be
predicted by the use of Figure 2.

The results of this study indicate that very
little evaporation of snow may occur without
simultaneous melting, and usually much more
snow Will be melted than evaporated. These

2 4 6 8 10 12 14 16 18 20

AIR TEMPERATURE (°C)

Figure 1. Decreas£ of Evaporation Potential with Increasing
Snow-Air Temperature Difference

Relative humidity assumed to be 20%.

results agree with Wilson's (1952) findings
on Mt. Whitney, which showed that evapora
tion of snow was but a small amount in re

lation to the melting.
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Figure 2. Conditions for Condensation and/or Evaporation from a Snow Surface

If measured relative humidity of air is greater than that shown on chart for given air and snow temperatures, conden
sation will take place; if lower, evaporation will take place. Example: Air temperature -20%°C; snow temperature -24%°C.
If relative humidity is higher than 69% then condensation will take place. If relative humidity is lower than 69%, snow will
evaporate.
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