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Wavy tetnperature and density distributions fortned in snow 
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ABSTRACT. Precise measurements of temperature and density distributions in snow 
under an applied temperature gradient showed that a lternation of evaporation and con­
densation zones is formed and causes the wavy patterns in qu asi-steady temperature and 
density di stributions. In samples with a snow density of 200- 500 kg' m 3, the waveleng th 
was 3- 7 cm and the amplitude was roughly 2°C. The present res ul t gives a clue to explain­
ing the wide range of previously measured water-vapor diffusion coeffi cients in snow. 

INTRODUCTION 

' '\Then a temperature g radient is applied to a snow cover, 
heat fl ows and water vap or diffuses towards the colder side. 

H eat flu x is usually divided into three components: conduc­
tion in the ice matrix (heat conductivity of porous a ir is 
roughly 100 times lower th an the heat conductivity of ice 
which is why heat t ranspor ted in stagnant air is usua lly 
omitted from calculations of heat-transfer characteristics ), 
heat transp orted by diffusing water vapor and heat trans­

p orted by air convection. According to previous works, the 
m ain part of heat flux without convection is conduction 
(Yen, 1963; Albert and M cGilvary, 1992), though mass trans­
port is one of the most impor tant processes for modifying 
the internal structure and properties of a natural snow cov­
er. A n understanding of the detailed mechanism of the con­
duction- diffusion coexistence is required to model correctl y 
heat, mass and isotope transport in relation to the meta­
morphism of snow. 

It has been assumed for calculations of the characteris­
tics of the heat conduction and water-vapor diffusion in 
snow that the steady-state temperature distribution in 

homogeneous snow was linear, as in other materials. 
O bserved non-linearity of temperature di stributions were 
often related to density variations (e.g. K ondrat'eva, 1954) 
or some additional phenomena such as air fl ow (Sturm and 
J ohnson, 1991). T he present authors (Sokratov and M aeno, 
1997a) also noted that the quasi-steady temperature distri­
butions in snow were not a lways linear but convex towards 
the warmer side. Similar non-linear temperature di stribu­
tions have already been reported by Voytkovskiy and oth ers 
(1988), but the possibili ty of inadequate thermal insulation 
has been anticipated (Colbeck, 1993) and no physical 
expla nations have been given by the authors. T he values of 
possible effective heat conductivities calculated in Sokratov 
and M aeno (1997a ) could not be explained by density varia­
ti ons along the sample length during the experimental run 
and did not make sense physically. Consequently, we con­
ducted additional exp eriments which indicated the presence 
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of wavy tempera ture and density di stributions in snow. The 
present pa per describes the details of the measurement of 
wavy temperature distributions together with wavy density 
distributions formed in snow under a temperature gradien t. 

EXPERIMENTAL PROCEDURE 

T he exp erimental set-up and procedure have been des­
cribed in detail in Sokratov and M aeno (l997a). The rectan­

gul a r snow sample (cross section 18 x 18 cm ) was insula ted 
on four sides. One of the uninsul ated sides was in contact 
with a brass tank th rough which kerosene at a controlled 
tem perature was circul ated. T he opp osite face was main­
tained at a temperature of - 14°C. Snow samples we re main­
tained at a uniform temperature before the application of a 
temperature difference to their opposing faces. After the 
kerosene flu x was switched on, the resulting temperature 
change in the snow was measured by sensitive thermoco u­
ples install ed at 2 cm intervals on the central axis of the 
snow sample parall el to the direction of heat transfer. The 
length of the snow samples was 10, 20, 30 and 40 cm, and 
the applied temperature difference to the opposite non-iso­
lated faces was va ried from 4.8 to 12.1 cc. 

T h e snow samples were obta ined from sifted natura l 
snow. Snow density ranged from 199 to 518 kg" m -3 After 
fi nishing an experimental run each snow sample was cut 
into thin slabs (about I cm thick) p erpendicula r to the direc­
tion of heat t ransfer, a nd the final density distribution was 
determined by weighing the slabs. C utting was done by 
tense nichrome wires heated electrically. The original den­
sity was almost uniform throughout the whole sample, 
which was checked by cutting of simila r pre-prepa red snow 
samples a fter sifting but before applying the temperature 
difference. 

EXPERIMENTAL RESU LTS 

Wavy tetnperature dis tributions 

All measured temperature profil es for the different sample 
lengths and densities showed quasi-steady non-linear temp­
erature distributions as previously reported (Sokratov and 
M aeno, 1997a). Furthermore, in some snow samples, unex-
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Fig. I. Temperature distributions in a 40 cm snow sample. 24 days q/9.4 QC temperature dijJere1!ce was aj)fJlied with the cold end 
kept at - 14.0 cc. Initial snow density 199 kg m 3 Time isfrom the beginning q/the experimental run. 

0 ,----------------------------------------, 
- -0- -Quasi-steady state 0 - Initial 

U -2,:--...... X 30min -- -+ -- lh30min 
~ -4 >f -: _ ~_ .t:l- ° 3 h 10 min - - -0 - - 5 h 
~ -6 ' ($ - ~ 'J:f. -- -X 10 h 6 15 h 

~ 8 +. ,~, ~i' .'R-
8. -io +. +' ~, o x - =.rt?~~~.,_ 
~ -12 X---X " <> 0 - ;( - jK : .. : .Q-----~ 

L... <> - ' 0 - - 0 - r1 ' !:J. . - - - -
r -14 X · +. <> <> '-0 - ... '-._ -~ , -- - ,-' 

--0--0-0 ---=-;t .. ..::±--~~-. -' +. ,~~ - ~ --~ IJ~"'-'--'-- IJ 
-16 - ~ ~ , , ! I ~ -. , j 

o 0.05 0.1 0.15 0.2 0.25 0.3 

Distance from the warm end (m) 

Fig. 2. Temperature distributions in a 30 cm snow sample. 9 days 0]9.2 QC temperature difference was applied with the cold end 
kept at - 14.0 Q C. Horizontal heat and mass jluxes, initial snow density 492 kg m 3. Time is from the beginning q/ the experimental 
run. 
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Fig. 3. Temperature distribution in a 30 cm snow sample. 8 days 0]10.9 QC temperature difference was applied with the cold end 
kept at - 14.0 cc. Upward heat and massfluxes, initial snow density 421 kg m 3. Time isJrom the beginning rfthe experimental 
run. 
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Fig. 4. TemjJerature distribution in a 30 cm snow samfJle. 8 days q/ 10.7 QC temperature dijJerence was applied with the cold end 
kept a/ - 14.0 cC Downward heal and massjluxes, initial snow density 428 kg m J. Time isfrom the beginning iflhe experimen­
tal run. 
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pected waves were observed on the quasi-steady temper­
ature distributions near the warm ends of the samples (Sok­
ratov and Maeno, 1997b). Figure 1 shows a typical example 
of the temperature distributions in a 40 cm snow sample, in 
which a clear wave appeared in a warmer region 10 minutes 
after beginning the experiment. In this run, the thermocou­
ples were situated at shorter distances only in the warm 

part, so that the wave was detected. If the wavelength is 
shorter than the distance between the thermocouples it can­
not be recognized. The wavy pattern of temperature distri­
bution had been reported previously for a natural snow 
cover (Samoylyuk, 1988) but had not been related to the 
physics of simultaneous heat and water-vapor transfer. 

Then several experimental runs were performed with 
2 cm distances between thermocouples for 30 cm samples of 
va rious densities by applying different temperature difTer­
ences. Figure 2 represents the temperature di stribution in a 
hori zonta l snow sample, Figures 3 and 4 show the temper­

ature distributions for samples with upwa rd-directed heat 

flux and downward-directed heat flu x, respectively. In Figure 
2 we can recognize about five waves in the whole sample. The 
waves remained as a quasi-steady state during the whole ex­
perimental p eriod of 9 days. The experimenta l runs of Fig­
ures 3 and 4 were carried out to check the possibility the 
waves were caused by thermal convection. Figure 3 shows 

the case of a vertical upward heat flux in which thermal con­
vection was in theory possible. It is not clear if the wave for­
mation is especially enhanced or not. On the other hand, 
waves are also evident in Figure 4 in which heat flows verti­
cally downward and no convection could be expected. As 
waves were formed not only in horizontal and vertical up­

ward fluxes but also in the vertical downward Duxes, the wave 
formation cannot be attributed to thermal convection. 

Each wave consists of a region of temper ature decrease 
in the direction of heat and m ass fluxes, and a region where 
temperature is uniform or even increasing in the direction 
offluxes. M easured wavelengths are listed inTable I with ex­
perimental conditions. In general, all the recognized waves 
had lengths of about 5 cm and the temperature variation 
a round the convex trend was roughly 1°C. In our experi­
ments, the waves appeared in snow almost immediately 
after the change in temperature of one sample face. Though 
further experimental work is necessary to define more accu­

rately the wave characteristics, we could not obtain notice­
able relations between wavelength and applied temperature 
gradient, sample length or initial snow density. 

Wavy d en s ity dis t r ibut ions 

Density distributions obtained by slab weighing showed a 
wavy pattern similar to the temperature distribution. The 
density variations were about 10 times larger than density 
va ri ations observed in the samples before applying a temp­
erature gradient. As the accuracy of the density measure­
ment is not very good and the initial density of each snow 

sample is not always uniform, the density da ta were aver­
aged in individual regions of waves recognized on wavy 
temperature di stributions. An example is shown in Figure 
5 for the snow sample, the temperature da ta of which a re 
shown in Figure 2. It is noted that the density decrease and 
increase correspond to colder and warmer parts in temper­
ature wave, resp ectively, suggesting that the waves a re 
related to latent-heat exchange in evaporation and conden­
sation zones. 
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DISCUSSION 

If the wavy pattern of temperature and density distributions 
is related to condensation-evaporation processes in alter­
nating zones, the mechanism of heat and mass transfer can 
be interpreted as follows: when temperature on one end of a 
snow sample with initi ally uniform temperature distribu­

tion is suddenly changed to a higher value, ice grains con­

duct heat much quicker than the porous air. As a res ult, 
water vapor in the p orous space near the heat source is un­
dersaturated rela tive to the grain temperature and evapora­
ti on takes place. The concentration g radient formed by th e 
applied temperature gradient forces t he evaporated materi­
a l to be transferred in the direction of heat flu x. The temp­

erature of ice grains decreases in the di rection of the heat 
nux, while the amount of water vap or increases in the same 
direction as more material is added to the water-vapor nux 
by evap oration. Thus at some di stance from the warm end, 
the water-vapor concentration can be supersaturated to 

cause condensation of water vapor. The latent-heat release 
in the condensation zone may warm the surrounding ice, 
forming the wavy pattern of temperature distributions 
observed in the present study. The mass t l-ansfer from an 
evaporation zone to a condensation zone may also produce 
the wavy pa ttern of final density distributions also noted in 
the present experiments. 

Waves are actually couples of neighboring evaporation 
and condensation zones where colder temperature zones 
a re associated with evaporation a nd wa rmer temperature 
zones with condensation. The end of one wave is considered 
as the beginning of the next wave in the direction of heat 

and mass Duxes. According to the present results, alterna­
ti on of evaporation-condensation zones is maintained 
under quasi-steady state conditions at least for the time per­
iods used in the present experimental runs (9- 24 days). 

CONCLUSIONS 

The main new finding in the present work is the observation 
of a wav y di stribution of temperature and density in snow 
subjected to a constant temperature difference between two 
opposing faces. These waves can be explained as the heat 

Table 1. E xperimental data qf wavelength 

Sample Temperalllre TemjJeralure Initial 11 aveienglh 
length difference snow 

apt!lied density 
cm ' C ' C kg m .I cm 

10 ~ 14 4.8 458 5~ 7 

ID ~ 1+ 5.3 474 5 7 
10.5 14 9.2 325 5~ 7 

20 ~ 14 7.4 500 3- 5 
30 ~ 14 9.3 515 5~8 

30 ~ 14 7.4 492 3- 5 
30 ~ 14 9.2 492 5 7 
30 14 10.7 418 6 8 
30 14 10.9 421 + 6 
30 ~ 14 7.3 428 6 8 
30 14 7.3 431 6- 8 
40 ~ 1+ 9.4 199 5- 8 
40 ~ 14 10.7 518 5~8 

40 ~ 14 12. 1 325 ' ~3 
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Fig. 5. Local density change measured Jor the snow sample shown in Figure 2. Averaging distances ( horizontal bars) were deter­
mined on the basis if recognized temperature waves. 

and mass transport in snow, representing a lternation of eva­
poration and condensation zone. Resu lting temperature dis­
tributions in snow have a wavy pattern of about 5 cm 

wavelength, and mass redistribution takes place mostly in 
these intervals. The present result may explain the wide range 
of previously measured water-vapor diffusion coefficients 
from 0.9 x 10 5 m2 

S-I (Voytkovskiy and others, 1988) to 
13.3 x 10 5 m 2 s- I (Pavlov, 1965). The temperature distribu­
tion in snow is a result of the applied heat flux and latent­

heat release in the evaporation- condensation process and 
often shows distinct waves. Consequently, the water-vapor 
difTusion coefficient of snow must be estimated from the real 
vapor flux and concentration gradient, which vary locally 
as waves. However, many previous researchers have used 

an averaged constant temperature gradient through a snow 

sample, which may lead to incorrect larger water-vapor dif­
fusion coefficients. If we estimate the water-vapor flux from 
the density change as shown in Figure 5 and the grad ient of 
water-vapor concentration from the local temperature gra­
dient in waves, we can obtain the real water-vapor diffusion 

coefficient. Such analyses are under way (paper in prepara­
tion by Sokratov and Maeno) and typical values are 1-
2 x 10 5 m 2 S- I. Thus, the waves can explain long-term con­
tradictions in previously obtained heat conduction and 
water-vapor diffusion characteristics (Yosida, 1955; Gid­
dings and LaChapelle, 1962; Colbeck, 1993). 
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