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Energy balance and forlllation of sun crust in snow 
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ABSTRACT. The mechanism of sun-crust formation was investigated through labora
tory experiments in a cold wind tunnel. The experiments were carried out by controlling 
the energy balance and the sun crust formed was consistent with that observed in Nature, 
i.e. a thin ice layer composed of ice p~rticles and cavities due to internal meltin9" beneath 
the sun-crust layer. The surface-coolmg rate was between ~50 and ~ 100 'vV m -, a nd the 
absorption of shortwave radiation exceeded 200 W m- 2 The energy balance during the 
formation of the sun crust is consistent with the data observed in Nature. 

The sources ofH9 0 for the sun-crust formation were investigated through changes in 
6 180. Taking into ac~ount that the 6 value of sun crust was larger than t h~t of the snow 
beneath it and the calculations of the latent-heat emission with the sun-crust formation , it 
was concluded that the retention of meltwater by capillary force and refreezing in a thin 
layer was the dominant mechanism of t hi s metamorphism . 

INTRODUCTION 

Sun crust is a thin, glittering ice layer which sometimes 
forms on the surface ofa snowpack on sunny days in winter. 
Seligman (1936) defined sun crust as a type of snow which 
has been superficiall y melted by heat and refrozen into a 
crust, like a firn-snow lying above softer snow. From his 
observations of film crust formed on the edge of a rock or a 
snow mound on a calm hot day, he defined film crust as a 
layer of very thin ice found on top of hard snow but sepa
rated from it by a small air space. LaChapelle (1969) classi
fied sun crust asJirnspiegel, a German word meaning "firn 
mirror". He suggested that sun crust was formed by cold 
air, radiation cooling and evaporation, a ll working together 
to chi ll the snow surface while sunlight passed through to 
cause melting in the sub-surface snow layers. The meltwater 
from snow is re frozen at the surface and forms a thin layer of 
clear ice. The new "International Classification for Seasonal 
Snow on the Ground" (Colbeck and others, 1990) classifies 
sun crust, film crust andJirnspiegel as sun crust. 

Ozeki and Akitaya (1996) observed sun-crust formation 
in Hokkaido, Japan. The sun crust observed in their study 
was a thin ice layer, which was 1 ~2 mm in thickness and 
composed of ice particles with cavities formed beneath it. 
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Fig. 1. Schematic diagram qf apparatus 1. 

In particular, they clarified t he energy balance. Longwave 
radiative f1ux and latent-heat f1u x cooled the snow surface 
but beneath the surface, shortwave radiation was absorbed 
and internal melting occurred, giving rise to cavities. They 
suggested the longwave radiation refroze some of the melt
water which remained withi n the layer near the surface and 
a thin ice layer was formed . 

As mentioned above, there have been few quantitative 
studies of sun-crust formation due to the difficulty of direct 
observation. In this study, the mechanism of sun-crust for
mation is investigated by laboratory experiments. The 
energy balance and water movement are also discussed. 

EXPER IMENTS 

The conditions for sun-c rust formation were investigated by 
laboratory experiments. Two experimental apparatuses 
were set up in a cold wind tunnel at the Institute of Low 
Temperature Science, Hokkaido University. 

Apparatus 1 

A schematic view of the apparatus used for experimental runs 
I ~ 11 is shown in Figure I. A snow block with dimensions of 
45 cm x 50 cm x 16 cm was covered with an insul ator except 
for the upper side. Dual photoref1 ector lamps were used with 
tracing paper to reproduce solar radiation. Since the bright
ness temperature of the lamp was 5500 K , the shortwave 
radiation from the light source had a spectrum similar to 
that of solar radiation. In order to enhance the transport of 
sensible heat a nd latent heat to and from the snow surface, 
the whole apparatus was housed in a small wind tunnel 
(approxi mately 58 cm x 72 cm x 30 cm ). Thus, both. sensi
ble- and latent-heat iluxes were the only heat sin ks acting on 
the snow surface. The air temperature in the cold room was 
maintained at about ~5 ° ± 4°C. Pyranometers were used to 
measure the incoming and outgoing shortwave radiation. 
Relative humidity was measured by a static electric-capaci
tance hygrometer at a height of 2 cm above the snow sur-
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Fig. 2. Schematic diagram qf apjJaratu5 2. 

face. Vertical wind-velocity p rofil es in the wind tunnel were 

measured with a hot-wire anemometer. All measurements 
were made on or above the snow 40 cm downstream from 
the edge of the snow. All the data were recorded by a data
recording system. 

Apparatus 2 

Apparatus 2 was set up in order to make experiments under 
condi tions which minimized the heat-t ransfer fluctuations. 
The air temperature of apparatus 1, which was set up in small 
cold room, flu ctuated between - 9° and - 1°C due to the rad
iation of the lamps. The air temperature at the center of ap
paratus 2 was maintained at about - 3° ± 1°C. A schematic 

view of the apparatus used for experimental runs 12-26 is 
shown in Figure 2. The experiments were performed in a cold 
wind tunncl. It is a closed-circuit wind tunnel situated in a 
la rge cold laboratory. The working section is 50 cm x 50 cm, 
and up to 8 m in leng th is available depending on experimen

ta l requirements. A box with an open top, in which the snow 
sample with dimensions of 65 cm x 50 cm x 10 cm was kept, 
was placed at the end of the working section as shown in Fig
ure 2. The wa lls of the box we re lined with a heat-insul ating 
materi al. A windward pa rt on the wind tunnel's fl oor of65 cm 
in length was covered by snow. The surface of the snow 

sample was prepa red as smoothly as possible. 
Six photorefl ector lamps (brightness temperature: 

5500 K ) were used with tracing paper to reproduce solar 
radiation. Pyranometers were used to measure the incoming 
and outgoing shortwave radi ation. The negative heat source 
fo r the snow surface was the sensible- and latent-heat trans

fers. Relative humidity was measured with a hygrometer at 
mid-height in the tunnel. The reference wind velocity of the 
tunnel was measured with a micro-ul trasonic anemometer, 
with a probe span of 5 cm a nd a time resolution of 20 H z. 
The anemometer was install ed along the center line and at 
mid-height of the tunnel. In addition, vertical profiles of 
wind velocity, air temperature and water-vapor pressure 
were measured over the snow surface. The profile of wind 
velocity was measured with a hot-wire anemometer. The 
temperature and wa ter-vapor pressure profiles were 
observed with three pa irs of copper- constantan thermo
coupl es, 0.2 mm in diameter, which consisted of dry and 
wet bulbs. Snow-surface temperatures were measured with 
a thermistor sensor. The light was turned off during the 
measurements of the temperature profile, in order to avoid 
the effect of radiation. All of these measu rements were made 
on or above the snow at 110 cm downstream from the edge of 
the snow as illustrated in Figure 2. All the data were re
corded by a data-recording system. 
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Estimation of heat flux 

Empirical fo rmulae of sensible-heat transfer and latent-heat 
transfer over a melting snow surface have been obtained by 
Ishi moto and Kojima (1973) using the wind tunnel shown in 
Figure 2. T hese a re expressed as follows: 

QH = 9. I 'V2T2 

QE = 1.8'V2(e2 - eo) 

(I) 

(2) 

where the rate of sensible heat Q H and latent heat Q E a re 
related to the a ir temperature T2 (O C ), wind speed V2 
(m s \ and water-vapor pressure e2 (hPa) at a height of 
2 cm above the snow surface, as well as to the water-vapor 

pressure eo at the snow surface. 

Characteristics of the energy balance 

Twenty-six experiments were carri ed out, changing both 
the snow type and the snow density, as well as the conditions 

for the heat transfer. The bulk density of the snow sample 
was 3.5 x 102 to 5.2 X 102 kg m 3, which is within the Ol'din
ary range observed for old coarse-grained snow during the 
snowmelt season and the di ameter d of the snow pa rticles 
was l mm < d < 2 mm. The snow samples were carri ed 
from a natural snowpack in Sapporo. The experiments were 

sta rted a fter the temperature of the snow sample was con
sidered to have corresponded to the room temperature. The 
intensity of the shortwave radi ation was controlled by ad
j usting the number of lamps and was fixed during each ex
periment. On the other ha nd, the surface cooling rate was 
controlled by the wind speed, thus varying both latent
and sensible-heat transfer. 

A sun crust was formed in eight out of the 26 experimen
ta l runs. A picture of the sun crust formed in the experi
ments is shown in Figure 3. The surface grains bonded to 
each other, forming a sun crust within the duration of the 
experiments which las ted from 2 to 5 hours. The structure 
of the sun crust was the same as that observed in the fi eld 
(Fig. 4): an ice layer of approximately I mm in thickness 
formed over cavities which were due to internal melting 
under the sun-crust layer. 

The energy balance during the formation of sun crust 
was calculated. A comparison of the absorbed shortwave 
radiation and cooling by the sensible- and latent-heat fluxes 
is shown in Figure 5. Under what conditions a sun crust 
formed is indicated by the solid circles, the error bars con'es
ponding to the standard deviation of the measurements. A 
sun crust was formed when the sum of latent-and sensible
heat flu x lay between - 50 and - 100 W m 2 and the absorp
tion of shortwave radiation exceeded 200 W m 2. 
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Fig. 3. vertical cross-section qfa sun crust produced in the wind 
tunnel under controlled conditions. 

Fig. 4. Vertical cross-section qf a natural sun crust. 

On the other hand, runs for which the snow surface 
melted and a sun crust did not form are shown as open 
squa res. Their ordinates indicate insufficient surface cooling 
and melting at the snow surface. 

The open triangles indicate the experimenta l runs for 
which the snow near the surface did not metamorphose into 
an ice layer. In these cases, internal melti ng was not observed 
beneath the surface. Furthermore, either the absorbed short

wave radiation was lower or the cooling rate was la rger than 
for the cases for which a sun crust was formed. 

DISCUSSION 

Cotnparison with the observations 

T he above res ults are compared with the fi eld data ofOzeki 
a nd Akitaya (1996). In Fig ure 6, the solid circles indicate the 
experimental data shown in Fig ure 5, whereas the crosses 
indicate the fi eld data averaged for each sun-crust forma
tion. The heat balance for the sun-crust formation obtained 

by the experiments is, on the whole, consistent with that 
obtained from fi eld observations. H owever, we can see that 
a sun crust may be formed with less short wave absorption in 
the laboratory than in the fie ld. This is probably because the 
experiments were sometimes carried out under suitable con
ditions for longer periods of time, as observed in the fi eld. 

The open squa res in Figure 6 indicate the experimental 
da ta when the snow surface melted. During these experi-
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Fig. 6. Comparison qfexperimental and observational data. 

ments, the snow surface tended to be rough. T his is probably 
because both sensible- a nd latent-heat flu xes were the on ly 
heat sinks acting on the snow surface. The concave a rea of 
the surface, where sensible and latent heat were weak, was 
melted by short wave radiat ion more than the convex a rea 
and the surface became rough even under the sui table 
energy balance for sun-crust formation. 

Sources of H 20 for sun-crust fortnation 

The sources of H 20 for sun-crust formation was investigated 
through changes in 8180 in sun-crust form ation, using data 
obtained in the field and from laboratory experiments. Water 
supply to the surface snow layer must be considered because 
surface snow, the bulk density of which was approx imately 
4 x 102 kg m 3

, metamorphosed into an ice layer during the 
sun-crust formation. Generally, the concentration of a heavy 
stable-isotope IBO changes with phase changes (evaporation 
or condensation) and depends on the temperature of the 
phase change (Dansgaard and others, 1973). T he oxygen-iso
topic composition can be expressed in terms of 8180 as : 

6180 = R - R;\IOI, X 1000 (%0) (3) 
Rs~ ! ()\\ 

where R is the isotopic ratio (H 2IBO /H 2160 ) of the sample and 
!lsIIOIl is the isotopic ratio of Standa rd Mean O cean "Vater. 

Two processes for H 20 supply a re conceivable. O ne is 
the condensation of water vapor. During sun-crust forma
tion, the snow surface is chi ll ed by radia tive cooling and 
evapora tion, while the local temperature beneath the sur-
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face rises a nd internal melting occurs. Thus, a vapor-pres
sure gradient may cause the water vapor to be transported 
from the lower melting layer to the crust layer. Sato and ''''a
tanabe (1985) conducted experiments to investigate the 0\80 
profi le in snow with a temperature gradient and proposed a 
model. According to their results, under the conditions that 
the upper side with a cap, such as an ice crust or ice lens, is 
colder than the lower, the 0 value of the upper snow 
becomes smaller (lighter water) than that of the lower snow. 

The other possible process for H 20 supply is the refreez
ing ofliquid water in the crust layer. In this process, internal 
melting makes cavities which act as an impermeable layer 
under the surface, the meltwater remains within the layer 
near the surface due to capilla ry force and refreezes due to 
negative heat fluxes at the surface. The isotopic composition 
of the solid and liquid parts of the wet snow changes during 
grain coarsening; 0180 of ice becomes larger than that of 
water (Nakawo and others, 1993). In addition, the dropping 
of liquid water has often been observed during sun-crust for
mation and, therefore, it is poss ible that the lighter residual 
liquid water drops out from the sun-crust layer, making the 
layer heavier. In this case, the 0 value of the upper snow 
should be larger (heavier water) than that of the lower part. 

In this study, samples were taken from the crust layer 

and the snow layer of I cm in thickness beneath the crust 
both in the fi eld and the laboratory experiments. Changes 
in the 0180 profile near the surface snow and changes in the 
sun crust with time were investigated. 

A comparison of the 180 content of the sun crust and the 
snow layer beneath it is shown in Figure 7. The 6180 in the 
snow layer is distributed between - 9.3 and - 13.6%0. On the 
other hand, 0180 in the sun crust is di stributed between - 4.7 
and - 12.5%0. Furthermore, the 0 value of sun crust was 
larger (heavier water) than that of the snow beneath it. 

The heat transfer from the atmosphere to a crust surface 
is calcul ated for both cases, i. e. water-vapor condensation 
and re freezing of liquid water. When the snow metamor
phoses into an ice layer (I mm in thickness ) by condensation 
of water vapor, the latent heat due to the condensation is es
timated to be 1.5 x 106 J m - 2. On the othe r hand, the aver
age cooling rate of the snow surface, estimated from field 
observations, was - 61 W m - 2 during sun-crust formation . 
This means that about 7 hours are necessary for the sun 
crust to be formed . Since fi eld observations show that su n 
crust usually forms in less than 6 hours, it seems reasonable 
to suppose that water-vapor condensation is not important 
for sun-crust formation. 

Considering the case of H 20 being supplied by the re
freezing of liquid water, it requires 1.7 x 105 J m - 2, which is 
one order smaller than the heat of condensation. Taking into 
account the above cooling rate in the fi eld, metamorphism 
by refreezing needs only I hour. Thus, it is fairly certain that 
the refreezing of the meltwater makes the sun crust. As a 
result of the changes in 6180 and the heat-transfer calcula
tion, we may conclude that refreezing of liquid water is the 
dominant mechanism in this process. 

CONCLUSIONS 

The energy balance of sun-crust formation has been clari
fi ed through laboratory experiments in a cold wind tunnel. 
Intense shortwave radiation and snow-surface cooling have 
been reproduced in the laboratory. The experiments were 
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carried out by changing the heat conditions and the sun 
crust formed was consistent with that observed in Nature. 

') 

The surface-cooling rate was between - 50 and - 100 VV m -, 
and the absorption of shortwave radiation exceeded 
200 W m 2. The energy balance during the form ation of 

the sun crust agreed with the data observed in Nature. 
The sources of H 20 for the sun-crust formation were in

vestigated through changes in 0180 both in the field and in 
laboratory experiments. Since the 0 value of sun crust was 
large r (heavier water) than that of the snow beneath it, it 
was concluded that the refreezing of meltwater was the 
dominant mechanism in this metamorphism. This was also 
supported by the calculation of latent-heat emission with 
the formation of the sun crust. "Ve therefore a rgue that the 
rise in meltwater up to the snow surface by capillary attrac
tion a nd refreezing in the thin layer near the surface are key 
processes for sun-crust form ation. 
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