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Dependence of new-snow density on slope angle 

YASOIC HI E N DO, Y U]I K OMINAMI, SHOU]I NIWANO 

Tohkamachi Experiment Station, Forest1) and Forest Products Research Institute, Tohkamachi City, Niigata 948, Japan 

ABSTRACT. The mass per unit horizonta l area, vertical height and density of new 
snow acc umula ted on various slopes of 0° to 75 ° we re measured. Although the mass of 
new snow on these slopes was nearly the same, vertical height increased and density 
dec reased with increase of slope angle. D ifferences in heights and densi ties of new snow 
due to slope angle were explained by considering both acc umulation and densification 
processes on the slop es. 

INTRODUCTION 

Under windless conditions, mass per unit horizontal a rea, 
vertical height and density of new snow accumulated on 

slopes are usua lly considered to be equa l to those on a hori
zontal surface. It was found fi rs t by Takahashi and Nogami 
(1952) a nd confirmed by Shidei (1952) that the ver tical 
height of new snow on a slope increases with slope angle 
and density decreases with slope angle, though the mass 
per unit hori zontal area is nearly the same whether on a 
slope or on a hori zonta l surface. H owever, this result did 
not receive much attention and was forgotten. The depen
dence of height a nd density on slope angle is not only essen
tial as basic knowledge but m ay also play an importa nt part 
in avalanche formation. H ence, we re-investigated this de-
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Fig. 1. Relation between mass H N TV of new snow jJer unit 
horizontal area and sLope angle e. 
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pendence in a fi eld expe ri ment. Here, the results a re shown 
and the causes a re expla ined. 

METHOD OF FIELD EX PERIMENT 

In order to measure mass, vertical height and density of new 
snow on various slopes, we constructed six wooden slopes 
90 cm long a nd 60 cm wide inclined at 0°, 15°, 30°, 45°, 60° 
and 75° on fl at ground at the Tohkamachi Experiment Sta
tion. T hey were surrounded by a sheet 3 m high to reduce 
irregular accumul ation of new snow due to strong winds or 
sunshine. Meas urements of m ass H NW per unit horizonta l 
a rea and vertical height H N of new snow accumulating on 
the slopes during intervals of 3 to 24 hours were made using 
snow samplers and measuring rul ers, cut so they were par
allel to the slope when inserted vertically into the snow. 

M ean densities p of new snow were calculated by 
p = H N W / H N. This experiment was carried out during 
the winters of 1990- 91, 1991- 92 and 1992- 93 inTohkamachi . 

RESULTS OF FIELD EXPERIMENT 

All m asses H NW measu red during the th ree winters were 
plotted against slope angle e in Figure 1, where open circles 
connected by a solid line represent H N W of new snow ac
cumulated on each slope during a measuring interval. Va r
iations of H N V-V a re small on slopes below 45 ° but decrease 

on slopes above 60°, because of sliding and rolling of snow 

pa rticles. 
If snow fall s verticall y under wind less conditions and ac

cumulates on a slope without slipping down, H NW should 
be independent of slope angle. In order to study the depen
dence of height and density on slope angle, we needed to in
vestigate new snow which had accumulated uniformly on a 
slope without the influence of wind, sunshine or sliding. We 
therefore selected cases where the ratio of H N W on a slope 
to tha t on a horizontal surface was within 100 ± 5% , a nd 
plotted densities p of new snow against slope angle e. Figure 
2 shows that the density p of new snow on a slope decreases 
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Fig. 2. ReLation between densil) P if new snow and sLo/le 
angLe e. 

as the slope increases. Consequently, the vertical height 
HN, being inversely proportional to density P for similar 
masses H NW, increases as the slope increases. 

DEPENDENCE OF HEIGHT AND DENSITY ON 
SLOPE 

I n Figures 3 and 4, vertical heights H Ne and densities Po of' 
new snow on a slope of angle e are plotted respec tively 
against heights H No and densities Po on a hor izontal surface 
e = O. These fi gures show that HNe and Po respecti\'ely are 
well approxim ated by the following stra ight lines 

HNe = (l/B)HNo and Po = Bpo· 

H ere, the mean values of B obtained from the straight lines 
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Fig. 3. Relation between vertical height H No ifnew snow on 
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in Figures 3 and 4 are 0.975 for e = 15", 0.917 for e = 30°, 
0.804 for e = +5° and 0.687 for e = 60°. Then, plotting the 
obtained va lues of log B against log( cos e) , we obtain ed 
the foll owi ng rclation 

B = pe / po = H No/ H Ne = (coset (1) 

with a = 0.57 for new snow acc umulated during measuring 
interva ls of 3- 2+ hours. T he solid curve in Figure 5 is the 
plot of Equation (I), wh ile open ci rcles are the plots of B 
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Fig. 5. Relation between the ratio Po / Po and s/o/Je angle e. 
Open circles are the values B obtainedfrom straight lines in 
Figures 3 and 4; crosses mark the ratios pO/ Po for the 
3- 7 hour intervals; solid circles tllOsefor the 17- 24hollr inter

vals. The solid curve is the plot of Equation (1); the broken 
curve at the plot if po/ Po computedfor ao = 0 over an inter
valql7 hours; and broken CZlrlJes a, band (Ihe /J/ots if pe/ Po 
for ao = 0, 0.3 and 0.5 over a 24 hOllr inlerval. 
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against e. As shown in Figure 5, the values of B a re well ap
proximated by Equation (1). 

To investigate the influence of the leng th of the measur
ing interval, we plotted the ratios pe/ po obta ined for each 
measuring interval against 8 in Figure 5, where crosses a re 
for the intervals 0[3- 7 hours; and solid circles a re for those 
of 17- 24 hours. Although the data for the interva ls of 
3- 7 hours a re few, most are di stributed above the plot or 
Equation (I). T hat is, the value a for the short inlervals of 
3- 7 hours, ranging from a = 0.2 to 0.5, is smaller than the 
value for those of 17- 24 hours. Such an increase of a with 
the length of measuring interval suggests that the depen
dence of density on slope is caused pa rtly by differences in 
snow densification on slopes. 

DENSIFICATION OF SNOW ON SLOPES 

Studies based on viscous compression models to estimate the 
density profil e or a snow cover have been conducted success
fully by Koj ima (1967), Endo (1992) and others. We com
puted densities of new snow on various slopes to compare 
with measured values, using the following empirical 
rela tion be tween compress ive viscosity TJ and density P 
found for snow with a density range of between 40- 300 
kg m -3 by E ndo and others (1990): 

TJ = Cpo (2) 

where C ~ 0.392 Pa s (kg m -3) - n and n ~ 4.0. 

Fig. 6. Model qf a snow cover on a slope. 

Now we consider a thin snow layer called i layer which is 
acc umulated at time ti, as shown in Figure 6. Let hi(t ) and 
Pi (t) be vertical thickness and density of i layer at time t , 
and Wi(t ) be weight per unit horizonta l a rea of snow lying 
on i layer at time t. Then, normal stress and shear stress ex
erted on i layer a re respectively (J" = W;(t)(cos e)2 a nd 
T = Wi(t )cos 8 sine. The i laye r is compressed in the nor
mal direction by (J", and sheared parallel to the slope by T 

which does not a ffect a thickness of i layer. If i layer is com
p ressed by (J" to have a thickness hi - dh; and a density 
Pi + dPi in a short time interval dt , a compressive strain rate 
E: in the di rection normal to i layer is given by 

E: = -(I / h j )(dhi/dt ) = (1/ pi)(dpd dt ). As snow is a vis-

16 

cous compressive materi a l, we assume tha t the rela tion 
bet ween (J" and E: is given by (J" = TJ E: . Then, we have 

Wi(t)(cos 8)2 = TJ(I / Pi)(dp;jdt ). (3) 

Substituting Equation (2) into Equation (3) and integrating 

both sides a fter sepa rating the variables, we have as an 
equation giving the time va riation of snow density 

where Pi,O( t ) is the snow density ofi layer on a slope e at time 

t , Pinit,e the initial density on a slope e, and Qi (ti' t) the 
time-integration of weight per unit horizontal area of snow 
lying on i layer from t ; to t: 

t t 

Qi(ti , t) = J Wi(t) dt = J (t - ts)dWs 

t, t, 
(5) 

t 

= J (t - ts)q(ts)gdts 
t , 

where Wi(t) is a weight per unit hori zonta l area of snow ly
ing on i layer at time t, dWs = q(ts)gdts a weight of s layer 
accumulated from time is to t s + dts, q(ts ) an accumula
ti on rate at time ts, and 9 is g ravitationa l acceleration. Con
sequently, if hourly precipita ti on from time ti up to t is 
known, we can compute numerically the density pi,e(t) of i 
layer on a slope 8 at time t from Equa tions (4) and (5). 

Since the vertical thickness hi,o(t ) of i layer on a slope e 
at time t is given by q( ti)di;j Pi,e( i ), the vertical height H Ne 
of new snow accumulated on a slope e from time t ; to t is 
given by 

t 

HNo = J {q (ts)/ps,e(t)}dts (6) 
t, 

and the mean density Po of the new snow on a slope e 
becomes 

t 

Pe = [J q( ts)dtsl/ H No. (7) 
I, 

Now consider a ease that Qi (ti' t ) satisfi es the following con
dition: 

Qi(ii, t )>> (C/ n)(cos e)- \ pi l1it ,ot. (8) 

Then, Equation (4) becomes 

? 1 .£ 
pi,e( t ) = { (n / C) (cos et Q; (ti , i))" = (cos e)"pi,O(t ) 

where p;,o( i) is a density of i layer on a hori zonta l surface 
e = 0 at time t. If most new snow layers accumula ted from 
time t ; to t satisfy Equation (8), the ratio pe/ Po for the mean 
density of the snow is given by 

B = pO/Po = H No/ HNo = (cos e)t . (9) 

This result indicates that the value of pO/Po approaches 
Equa tion (9) unrela ted to the initial snow density, as the 
measuring interval is long. Since the value n is about 4 ac
cording to Endo and others (1990), Equation (9) is nearly 
equal to Equation (1) obta ined for the measuring intervals 
of 3- 24 hours. However, it is not certain whether our meas
urements satisfy Equation (8). 

In order to study that relationship, we computed mean 
densiti es PO of new snow acc umulated under constant rates 
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on various slopes. In the computations, we ass umed that the 
initial density Pin it ,e was rela ted to the initi a l density Pini t ,O 

on a horizonta l surface by 

Pinit ,e / Pinit ,O = (cos e)"," (10) 

where ao is a for the initia l density, using the foll owing 
va lues: q(t s ) = 1.0 kg m 2 h I (= 1.0 mm water h - \ Pillit,O = 
50 kg m 3, ao = 0, 0.3 and 0.5, time interval equa ls 7 and 
24 hours. The computed ratios pe/po are shown by broken 

curves in Fig ure 5, where the curve a' represents the relation 
for ao = 0 over a 7 hour interva l and the curves a, b a nd c 
represent relations for a o = 0, 0.3, and 0.5 over an interva l 
of 24 hours. 

As shown in Figure 5, the obse rved da ta a re best rep
resented by the broken curves b and c for ao = 0.3 a nd 0.5, 
and hence we can say that the observed difference of snow 
density due to slopes can be explained by the process of snow 
densification in cases where ao ranges from 0.3 to 0.5, bu t 
not in cases where ao = O. When ao = 0, the initia l snow den
sity just after accumula tion does not va ry with slope angle. 

DIFFERENCE OF INITIAL SNOW DENSITY DUE 
TO SLOPE 

In order to investigate differences of initia l snow density on 
va rious slopes, we measured densities of the surface snow ly
ing up to 3 cm below the surface directly with a snow sam
pler, 3 cm high, 6 cm wide and 5.5 cm long. The results a re 
shown by open circles in Figure 7, where the numeral in pa r
entheses by the open circle shows the time which passed 
from accumulation of snow to its measurement. Figure 7 in
dicates that densities of new snow acc umulated before I or 
5 hours depend on slope angle; and the va lues of a range 

from 0.2 to 0.5. Such a dependence just after snow accumula
ti on must be caused by the process of acc umul ation of snow 
crystals or snow fl akes on the slopes. 

From these results, we can say that the dependence of 
snow density on slope angle originates in the process of both 
accumulation and densification of snow on the slopes; the 

value of a, ranging from 0.2 to 0.5 for the initial snow densi
ties just after acc umulation, comes to about 0.56 for the 
mean densiti es of new snow acc umul ated during about 
I day. Theoretically, the va lue a is considered to approach ~ 
with n equa l about 4, as the lapse of time is long enough to 

satisfy Equation (8). 

PROCESS OF SNOW ACCUMULATION ON SLOPES 

H ere we discuss the dependence of initia l snow density on 
slope angle. The shape of new snow can be classified into 
plate-like crystals such as plates and stella r crys tals, needle
like crystals such as needles a nd columns and sphere-like 
crysta ls such as spatial dendrites and graupel. Acc umula
ti on of plate-like and needle-li ke crystals on slopes is consid
ered to be different from that of sphere-like crystals. As 
shown in Figure 8, plate-like crysta ls tend to accumulate 
parallel to a slope under windless condition. Then, if we 
assume that all plate-l ike crysta ls (including needl es ) accu
mulate parallel to slopes, the rela tion between vertical 
height H Ne and H N o of new snow composed of pla te-li ke 
crystals is given by HNe = (1/ cos B)H No. On the other 
hand, sphere-like crystals are considered to accumulate on 
slopes at random unrelated to slope angle, H No for sphere-
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Fig. 7 ReLation between tlte ralio Po / Po and sLope angLe e for 
the sU1Jace snow just after accumuLation. 

like crysta ls is equal to H No. H ence, d ivid ing the height of 
new snow on a horizontal In-face in to two pa rts of plate-like 
and sphere-like crysta ls, and denoting a ratio of plate-like 

crystals to tota l height ex', we have the foll owing equati ons 
as those giving the difference of height and density just a fter 
snow accumula ti on 

H No = {(1 - a') + a'/ cosB} H No ~ (cos B)- n'H No 

PO = {(I - a') + a' / cos er 1 Po ~ (cos e)"" Po . 

(11) 

Takahashi and Nogami (1951) observed snow crystals of 
about 10 pieces falling a t 1000 h and 1600 h every day during 
the winter of 1950- 51 inTohkam achi , and showed that 38% 
of the crysta ls were plate-like including needle-like crysta ls. 

Though the ratio of plate-like crystals is high in number, the 
ratio a' of those to the tota l height of new snow may be less 

Fig. 8. PLate-Like crystaLs accumuLated paralLel to a sLope. 
Photo by Eizi Akitaya. 
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Fig. 9. Supposed accumulation process if snowflakes by rota
tion and shear diformation. 

than 0.1 because the thickness of plate-like crystals is much 
smaller than the diameter of sphere-li ke crysta ls. 

In Tohkamachi, snow fa ll s as snowflakes more than as in
dividual snow crystals. Often large snowflakes fall horizon

tally through the air. Though snowfl akes often break when 
landing on a slope, they and their fragments are considered 
to li e para llel to the slope by their rotation and shear defor
mation, as shown in Figure 9. When a ll snowflakes li c on 
slopes by their rotation, the relation between H No and 
H No is given by H No = (1/ cos B)H No- In the process of 
shear deformation, H Ne is equal to H No. Then, if the prob
abili ty ci of rotation on a slope is given, the dependence of 
height and density just after the accumulation is given by 
Equation (11). However, it is unknown whether rotation 
and shear deformation take place on a slope or not. 

18 

The dependence of initial snow density on slope angle is 
considered to be caused by the accumulation processes of 
new snow as mentioned above. 

CONCLUSIONS 

We have confi rmed tha t the vertical height of new snow on a 
slope increases with increasing slope angle and density de
creases wi th slope a ngle. The weight of new snow per unit 
hori zontal a rea does not vary much with slope. In addition, 
we have shown that the ratio of snow density on a slope to 
that on a horizonta l surface can be expressed as a power 
function of the cosine of the slope angle and that such a de
pendence of snow density on slope angle is caused by the 
processes of both accumulation and densification of snow 
on the slope. 
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