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STRONG SNOW-STORMS, THEIR EFFECT ON SNOW COVER 
AND SNOW ACCUMULATION 
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and N. T. MAMAYEVA 

(D epartment of Railroad Construction , Institute of Railroad Engineers, ul. D. K ovalchuk 191 , 
Novosibirsk 630023, U .S.S.R.) 

ABSTRACT. Snow-drifts have been studied by m a ny researchers both in fi eld and labora to ry conditions, 
however these investigations h ave b een carri ed out m os tly a t wind speed s up to 20 m js whereas in many 
areas of our pla net snow-storms occur a t winds up to 40 m js and more. During the winter seasons o f 1972- 76 
the authors carried out a great number of experiments with a n artificial snow-storm in a specia l w ind tunnel 
27 m long. The wind speeds reached 40 mjs (60-65 m js a t the 10 m a nem ometer height) . T he existing 
theori es a nd h yp otheses of snow-drifting, and in pa rticular the " diffusion " model, were tes ted in a series of 
the experiments. These have not confirmed the assumptio n of the Austra lia n scientists on the decisive role of 
diffusion in drift m echanism a t la rge wind speeds. The problem of strong snow-storm effec t on snow accumu­
lation on avala nche-danger slopes, in pa rticular, wind redistribution of snow is no less importa nt. 

The results obta ined may be used for the determina tion of snow accumulation in avala nche starting 
zones due to defla tion . This is especially importa nt for forecas ting very d a n gerous and frequently-occurring 
avalanches due to snow-storms. The investigations p erformed enable us to es timate the sn ow d eposition 
produced by stro ng a nd superstrong snow-storms, to accoun t for the peculia rities of such sn ow-storms and 
the means of pro tection, to forecast snow distribution in m ountainous regions, and to d e fine the role of 
snow-storms in glacier mass bala nce. 

R EsuME. Fortes tempetes de neige, teurs effets physiques sur le manleau neigeux et l'accumulatioll de la neige sur les 
pentes dangereuses pour les avalanches. La forma tion d e congeres de neige a e te etudiee pa r d e nombreux 
chercheurs a la fois sur le terrain e t en laboratoire, cependant ces recherchcs ont surtou t e te fa ites a des 
vitesses de vent a tteignant 20 m js ta ndis qu 'en bien d es points de notre p lanete des tem petes d e neige se 
produisent pa r d es vents de plus d e 40 mjs . Penda n t les hivers 1972 a 1976 les auteurs d e ce ra pport ont 
effcctue un gra nd nombre d 'experiences avec des tempe tes de neige a rtifi cielles dans un tunnel special de 
27 m de long. L es vitesses de vent ont a tteint 40 m js (60 a 65 m js a 10 m d'a ltitude de la giro uette). Les 
theori es e t hyp o theses exis tan tes sur le chasse-neige, le m odele "diffusion" en particuli cr ont ete essayees 
dans la serie d es essa is. lis n 'on t pas confirme les hypotheses des savants a ustraliens sur le ,'ole d ecisif de la 
diffusion da ns le m ecanisme clu ch asse-neige aux gra ndes vitesses de vent. L e probleme de I' e ffe t des fortes 
tempetes de neige sur l'accumula tion cle la neige cla ns les pentes dangere uses p our les ava la nch es, en parti­
culier la redistri b u tion cl e la neige pa r le vent n 'es t pas m oins impor tant. 

Les resulta ts obtenus peuvent etre utilises pour le d e term ination de l'accumulation de la ne ige dans les 
zones de clepa rt d 'avala nche en ra ison d e la deRation, Ceci est specialem ent im portant pour la prevision des 
avalanches tres d a ngereuses qui suiven t souvent les episodes neigeux avec tempete. Nos inves tiga tions nous 
permettent d 'estimer I' importance d es degats de neige engendres par les tempetes de neige fortes et tres 
fortes, de prendre en compte les p a rticularites de ce typ e d e chutes de neige e t les moyens de s'en proteger, 
et de definir le role d es tempetes d e n eige clans les bilans glaciaires, 

ZUSAMMENFASSUNG, Starke ScllIleestiirme, ihr physikaliscller Einjluss atif die Schneedecke wld die Schneeakkunwlation 
atif lawillengifahrlicllel! H angen, Die Schneedrift ist von vielen Wissenscha ftl ern sowohl im F eld wie unter 
Laborbedingungen un tersucht word en, doch wurd en d iese Studien m eist bei Winclgeschwind ig kcitcn bis 
zu 20 m js durchgefuhrt, wahrend in vielen Gebieten unseres Planeten Schnees tiirme mi t Winden bis zu 
40 m js und m ehr vorkommen, In d en Win tern von 1972 bis 1976 nahmen die Autoren dieses Be itragcs viele 
Versuche mit kunstlichen Schneestii rm en in einem W indka nal von 27 m L a nge vor. Die W indgeschwindig­
keiten reichten b is zu 40 m js (60- 65 m js in I Q m R oh e uber dem Boden ) , Die vorhandenen T h eoricn und 
H ypothesen d er Schneedrift, besonders cl as " Diffusionsm od el l", wurden in d iesel' Versuchsseri e uberpruft. 
Es erg ab si ch ke ine Bestatigung d el' A nnahme austra lisch er Forscher einer wesentlichen R olle d el' Diffusion 
im Duft-Mccha nismus bei hohen Winclgeschwindigkeiten, Die Frage d es E inRusses sta rkcr SchneestUrme 
auf die Schneeakkumulation a n lawinengefahrlichen H a ngen, besonders d ie U mlagerung d es Schnees durch 
Wind ist nicht we niger wichtig, 

Die gewonnenen E rgebnisse konnen zur Bestimmung d er Schneeakkumul a tion in Bereichen h era ngezogen 
werden, in den en durch Entblossung L awinen ausgelost werden. Dies ist besonders wichtig fur die Vorhersagc 
sehr gefahrlich er unci haufiger L a wi nen, die von Schnees turmen ausgelost wcrden. Die durchgefti hrtcn 
Uritersuchung'en ermoglichen die Abschatzung del' Schneeablagerung durch starke und uberstarke Schnee­
sturmc, d ie Berucksichtigung d er Besonclerhciten solch er Schneesturme und der entsprechenden Schu tzmass­
nahmcn, die V orhersage del' Schneeverteilung in Gebirgsregionen und die Bes ti mmung d es A n tcils von 
Schnecs tiirmen a n einem Gictscherhaushalt. 
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LIST OF SYMBOLS 

Y 
Ysol 

Ya 

Qmax 

Qs 
Q 

l lSi, Vs k 

V,(Xj ) 

Vg 

Vrn 

w 

s 

P 
ps 

J-L3 
K 

time coordinate 
space coordinate 
mean w eight concentration of bearing phase, g/cmJ 

mean weight concentration of solid phase, g jcmJ 

concentration of falling snow particles , Mg/m l 

mean density of snow, Mg/m 3 

components of mean weight flux of bearing (a ir) phase, g /cm2 s 
components of mean weight flux of solid (snow) phase. g jc m2 s 
maximum solid flux of snow-storm, g /m s 
total solid flux of snow-storm, g/m s 
weight of blown snow, Mg/m l 
components of mean velocities of bearing phase, cm/s 
compo nents of mean velocities of solid phase. cm/s 
wind speed at xJ-Ievel, m /s 
wind speed at the heig ht h from the snow surface, m!s 
wind speed at beginning of snow transpo rt, m /s 
wind speed at 0.2 m height, m/s 
wind speed at [ 0 m height, m /s 
group speed of the snow p a rticles, m/s 
mean speed of snow-storm current, m js 
friction velocity, cm/s 
falling velocity of snowflakes, m/s 
magnitude and i-component of the gravitationa l acceleration , m/s2 
sum of correlation moments between weight concentra tion pulsations and veloci­
ties of both bearing and solid phases, g jcm Z s 
sum of correlation moments between the w eight-flux pulsation and velocities of 
bearing a nd solid phases, g /cmz s 
tensor of molecular stresses in a two-phase m edium, g/cm Z 

generalized tensor of stresses, g/cm2 

dimension less volumetric concentration of snow particles in mixture "snow+air" 
mass d ensity of air, g sZ/cm 4 

mass d ensity of snow, g s2/cm4 

quasi-static pressure diffe rence, g/cm Z 

diffusion coefficient, cm 2 /s 
Karman's constant 

r criterion of stability of saltation layer 
Xo linear index of roughness, cm 
h thickness of the snow cover, cm 
d size of snow particle, cm 

Xp 

size of surface snow particles, cm 
slope angle, grade 
limit length of transporting uniform snow, m 
growth length of snow-storm, m 

I. UTILITARIAN PROBLEMS 

The larger part of the Soviet Union lies in the zone of snow-storm activity that greatly 
interferes with the normal functioning of traffic, industrial and power units. In economic 
development of high-latitude areas of the Northern Hemisphere, man in his practical activity 
will have to face the effect of especially strong snow-storms on engineering structures. 
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The scientific and applied significance of such natural two-phase flow as snow-storms is 
enormous. The formation of glaciers and snow avalanches, the regime of water-flow from 
snow melt, water conservation on agricultural land, snow-drifts on settlements, roads and 
enterprises- this is not a complete list of the phenomena greatly dependent on snow-storms. 

The regularities of mountain snow-storms and snow-drift during the strong blizzard 
conditions are not sufficiently studied . Methods of control of heavy snow-storms are not 
fully worked out. All these utilitarian problems are consequences of one important theoretical 
problem-the mechanism of deflation in suspended streams. Therefore interest in the theory 
of snow-storms is quite natural. 

Any generally adopted concept of the main causes of solid-particle movement in two-phase 
flow is until now missing. Shulyak (1971 ) supposes that deflation is a consequence of a 
development of the initial disturbance of the surface of the loose medium. Radok (1970) 
considers that the main cause of deflation is turbulent diffusion of the suspended particles. 
We are convinced of the decisive role of the quasi-static pressure field in the boundary layer 
of two-phase flow. 

Theoretical , field and experimental researches on snow-storms (Dyunin, 1963; Dyunin 
and others, 1973) show that the main zone of deflated snow-storm action is a comparatively 
thin boundary layer 2- 3 m thick; more than 90 % of the total drifting snow being the lowest 
sublayer about 10- 20 cm thick. 

In the strongest winds some small snowflakes can rise to a considerable height, but they 
constitute only an insignificant part of the total solid flux of the snow- wind flow. The deflated 
particles move over the ground unevenly by means of "saltation" . This essentially facilitates 
the study of such complex phenomena as up-snow-storms in hilly and mountainous regions. 
Up-snow-storm is the atmospheric snow-flake drift until the moment they touch the Earth's 
surface. Deflation and up-snow-storms have strictly defined zones of action and do not 
essentially " hamper" each other. 

2. BASIC THEORIES OF SNOW-STORMS 

2. I. General theOlY of two-phase flow 

The theoretical foundations of snow-storm mechanics "re the common equations of mass, 
impulse and energy balances of the multicomponent continuous medium. The differential 
equations of continuity and balance of impulse flows for a two-phase medium averaged in 
space and time terms are (Dyunin and others, 1965) : 

r( y+ys) O(YVk + YsVsk) cM'1.: 
ot OXI.: OX I.: 

(I) 

o( qt + qsi ) O( qkVi+qskVsi ) a o k!" ki ot + a = (Y+ys ) qi - g -.,- IT ki - - ,,-, 
~ ~k ~ 

where t, Xk are time and space coordinates respectively; y , Ys mean weight concentrations 
bearing air and solid phases; (qi, qk), (qSi, qSk) compol'~nts of mean weight flux of bearing 
(air) and solid (snow) phases respectively, (Vi, Uk), (Vsi, Vsk) components of mean velocities 
of the bearing and solid phases respectively, g, gt modulus and i-component of the gravity 
acceleration respectively, M' k sum of correlation moments between weight concentration 
pulsations and of both phase velocities, M" ki is the sum of correlation moments between 
the weight flux pulsation and velocities of both phases, lht is the tensor of molecular stresses 
in a two-phase medium that is considered to be continuous. 

Equation (2) supplies information on the analysis of the suspension of heavy impurities. 
Let Tki be the generalized tensor of stresses defined as 

!\Irk! 
Tki = lhi+--. 

g 
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It should be noted, that 

I' = (I -S) pg; 

where s is volumetric concentration of impurities in mixture, p, Ps are mass densities of air 
and snow respectively. 

Let us consider a flat and stationary flow directed along the xI-axis, over the horizontal 
plane X3 = o. Using the ergodics of the stationary process, let us choose a region of space for 
averaging in the form of a thin parallelopiped whose extension along the xI-axis is large 
enough to neglect the dependence of averaged terms on XI> and conform to the condition 
qs = QS3 = o. 

Having a projection of Equation (2) on the x3-axis directed vertically upwards and using 
Equations (3) and (4) we can easily find for the given case that 

Ys = I-(~/ps) (pg+ ~::3). 
Equation (5) shows that the quasi-static pressure excess T S3 ought to be considered the 

main factor in suspending impurities, since p ~ ps. Impurity suspension will only be possible 
when 'ihdoX3 ~ pg. The measurements show that this excess differs from zero only at the 
contact with the bed surface, i.e. there are no essential factors promoting the continuous 
soaring of impurities inside the snow- air flow (Dyunin and others, 1965; Dyunin, 1966). 

The above theory is very consistent with the field and laboratory data. 

2.2. Diffusion model of snow-storms 

A simplified "diffusion" snow-storm model is possible, the most recent usmg only the 
continuity equations ( I). Let us assume, that 

, sI's 
M k = -/-Ls -::;-- , 

UXk 
(6) 

where fLs is the diffusion coefficient. Taking the previous assumption of a stationary regime 
we find ys from Equation (I) with accuracy to a constant vector. 

since yVk ~ YsVsk . 

Taking Equation (7) as the initial equation Radok (1970) supposed that 

fLs = 
K2X3VJ (x 3) 

In X3 

Xo 

(8) 

vsg = w, (9) 

where V1 (X3) is the wind speed at the X3 level, K K arman's constant, Xo the linear index of 
roughness, w the fall velocity of the snowflakes. The model of impurities diffusion is considered 
to be similar to the Karman's model of the turbulent diffusion of homogeneous flow. Accord­
ing to Equation (8) the diffusion coefficient is intensively increasing with height so that the 
greater part of snow mass must be transported as a suspension in the upper boundary layers 
of the atmosphere. 

Analysing the diffusion equations, the Australian researchers (Budd and others, 1964) 
indicate that weight concentration of the impurities in some layer does not depend on wind 
speed. Therefore weight concentration in this layer is not increased with wind speed and an 
addition to drifting matter has been produced by diffusion of solid particles to the upper layers. 
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Owen (1964) introduced the criterion for saltation layer stability 

pu.2 

y = psgd ' 

where u¥ is the friction velocity, d is the particle size. 
According to Budd and others (1964) 

u¥ ;:::;; 3. 78vlo, 

445 

( IQ) 

where VIO is the wind speed at the 10 m heig ht. Making the substitution u¥ = 3.78vlo in 
Equation ( 10) gives 

r = 1.83 X 10- 5 V2 1O/ p"a. 

The zone of possible saltation is up to the inequa lity 

0.01 ~ r ~ 1.0. ( I I) 

When r > 1 .0 the shearing force exceeds the particle weight and all particles will be carried 
into suspension . Let us calcula te the values of VIO when r = 0 .01 or r = 1.0 and ps = 0.9 
g/cm3 (the density of Antarc tic snow particles) a nd d = 0 .01 cm. 

We have 

V I O = 2.2 I m/s when r = 0 .01 a nd VIO = 22 . I m /s when r = 1.0. 

Thus, saltation is possible under the range of wind speed from 2. 2 I to 2 2 . I m /s (a t 10 m 
height) when d = o. I mm . Therefore when V I O > 22 . I m /s snow particles will be carried 
into suspension since r > 1.0. 

We shall call the boundary of such a tra nsition the threshold of mass suspension. An 
experimenta l verification of the diffusion model would be r educed to detecting the deep 
qualitative changes in the m echanism of snow drifting when the wind speed reached the 
threshold of mass suspension . The vertical distribution of solid flux in a layer near the snow 
surface would be uniform a ll over the sec tion. In other words when VIO > 22. I m/s the 
distribution of solid flux with height in a sec tional wing-like tra p of the kind used by R. 
Bagnold will be uniform. 

This hypothetical sta temen t was subjected to experimenta l test in a wind tunnel. The 
results of these experiments a re given in section 3. 

T he verification of the theoretical models in a wind tunnel is possible when the following 
conditions a re assured: ( I) the vertical profile of wind speed is similar to the wind profile in 
Nature ; (2) the turbulent two-phase boundary layer has time to stabilize, i .e. the growth 
length (accelera tion length ) of a snow-storm is confined to the working zone of the wind tunnel. 

3. EXPERIMENT AL R ESU LTS 

All these conditions were sa tisfied in the wind tunnel designed by Istrapilovich (1972). 
The length of the working zone of the wind tunnel is 27 m , its cross-section 0. 5 X 0.6 m2. 
The fan u: 9-57 N 8 with its m aximum ra te of revolution ( 1 000 r.p.m.) and wi th completely 
open throttle has provided a flow velocity up to 43 m/so The cooling is na tura l. 

The distribution of solid flux with height is found by means of a Bagnold wing-like trap. 
The effect of tunnel dimensions (its cross-section) on wind-speed profile was studied on 
several wind tunnels with different cross-sec tions . A scale factor was defined on tunnels with 
sections from o. 15 X 0.5 m 2 to 0 .5 X 0.6 m 2 • Some of the experimental results a re published 
in Dyunin (19 74). 

At present a wind tunnel of length 27 m a nd cross-section 1.0 X 1.5 m2 is being used . 
T his tunnel will permit an approach to na tural conditions on the scale I : I and a llow us to 
simulate flow around the small models of the mountainous r egions. 
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The experimental results are given in Figure 1 , 

maximum solid flux calculated from the equations 
which also shows theoretical curves of 
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Fig I. Graph of dependence of maximum solid flux all wind speeds. 
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As Figure I shows, the m easurements lie far beyond the limits of the threshold but signifi­
cant deviation from the "pre-threshold" tendency was not detected. 

Figure 2 shows the snow and sand contents in the trap sections (in %) from the total 
weight of the material collected by the Bagnold trap. The distribution of solid flux with height 
appeared to be similar both at weak and strong wind speeds. The main part of the snow is 
transported near the snow surface. 

30 
o -Snow 

u:. =337M /S' q2 I /' 

-------3~50 
22,90 

- 2~60 Sand 

/ '6,70 

/ / 10,00 
-"""-..... ;,.~'!=;. _~"-'§: __ ~.""'~ __ ;;:;."-; __ ;;: __ ;;::;~~--".~ __ ~z M IS 

, !, ! ! ! 

o .5 70 15 20 25 30 .35 4{j 45 50 55 60 65 70 

K.,00"/o 
L)!-t 

Fig. 2. Vertical distribution of solid .flux at different wind speeds. 

Nevertheless the boundary-layer structure is essentially reconstructed when the Owen­
Radok criterion r > I is satisfied. When r > I at the beginning of deflation, the zone of 
negative quasi-static pressure differential is more strongly marked. Pressure differential is 
also observed inside snow cover, where it inevitably influences the snow metamorphism . 
These internal pressure differentials play a decisive role in the formation of cones of erosion 
around obstacles . In the literature the role of vortex rollers in the formation of erosion cones 
is grossly exaggerated although they are only secondary phenomena. 

4. INFLUENCE OF SNOW- STORMS ON SNOW COVER IN MOUNTAINS 

In mountainous regions, snow-storms influence the redistribution of snow on the slopes 
and in the valleys. They a lso greatly influence the avalanche regime. 

Investigations on mountainous snow-storms are very difficult because of the extreme 
variety of mountainous microclimate in sma ll space and time intervals. 

Let us consider the plane movement of a snow-storm along a slope inclined to the horizon 
at a n angle QC (Fig. 3). 

Having calcula ted the solid flux in the parallelopiped abed we find (Dyunin and others, 
1973) : 

where h is the thickness of the snow cover on the slope m easured vertically, ")'a the concentra­
tion of falling snow particles, w the falling speed of these p a rticles, Ys the mean density of snow, 
Q the weight of snow blown through the edges of the pa rallelopiped abed, .Pn the limit length 
of transporting uniform snow. 

15 
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~I 

Fig. 3. Theoretical model of s/ww-stoml on a mountainous slope. 

With a constant falling speed of the snow particles w, and average snow-cover thickness 
H we have : 

( IS) 

where B = Vg / V m is constant and where Qs is the total solid flux of snow-storm, Vrn the mean 
speed of snow-storm current, and Vg the group speed of the snow particles. 

The total solid flux Qs, according to our field data and modelling the snow-storms in a 
specially inclined wind tunnel , depends slightly on the slope angle at IX < 30- 40°, 

In general form: 
<D (Vh- VO) 3 

Qs = , 
(.:-~) In .!: 

P ps 8s 

( 16) 

where Vh is the wind speed at the height h from the snow surface, Vo the wind speed at the 
beginning of snow transport, p and ps the mass densities of air and snow respectively, and 
8s the size of the surface snow particles. 

<D is the compound periodic function of Xl given in Figure 4. The distance Xp called as a 
growth length and the wave length depend on the spectrum of turbulent wind pulsations, 
its gusts. In the mountains, wind gusts are extremely marked. 

Equations (14)-( 16) give the following important parameters when the influence of snow­
storm on the snow cover must be taken into consideration : the values of <D and Xp, the 
absolute value of wind speed Vh and its direction, the gradient aVh /ax 3 (vector pulsations of 

1-----.2:0 - - -----1 

O ~------------L----r-------------------X, 

t--- - - x p--

Fig. 4. Graph of approximate dependence of <I> on limiting length of snow transport x, , 
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wind speed), the gradient oQs/ox" evaporation intensity during snow-storms, growth length 
!f n, the gradient ovm /ox1 of blowing solid precipitation. 

The role of up-snow-storm in snow accumulation in the mountains differs from the 
influence of deflated snow-storm. Snow transport during deflated snow-storm is carried along 
mainly by saltation. During up-snow-storm a simple falling of snow particles is observed, 
which is however sharply distorted near large obstacles. Deflated and up-snow-storms have 
strictly defined action zones. 

5. CONCLUSIONS 

I. Drifting snow is transported mainly by saltation at a ll conceivable wind speeds. 
2. The gravitation field , the kinematic field of the wind speed, its pulsations, and the 

quasi-static pressure field in the snow-storm stream and the loose-medium influence the 
formation of deflational snow-storm and snow cover. 

3. Up-snow-storm and deflational snow-storm can be considered as independent factors 
when the distribution of snow in the mountains is estimated. 
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